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Chemical mechanical planarization (CMP) has been proven to be the best
method to achieve within-wafer and within-die uniformity for multilevel
metallization. Decreasing device dimensions and increasing wafer sizes con-
tinuously demand better planarization, which necessitates better under-
standing of all the variables of the CMP process. A recently highlighted critical
factor, pad conditioning, affects the pad surface profile and consequently the
wafer profile; in addition, it reduces defects by refreshing the pad surface
during polishing. This work demonstrates the changes in the postpolish wafer
profile as a function of pad wear. It also introduces a wafer material removal
rate profile model based on the locally relevant Preston equation by estimating
the pad thickness profile as a function of polishing time. The result is a
dynamic predictor of how the wafer removal rate profile shifts as the pad ages.
The model helps fine-tune the pad conditioner operating characteristics
without the requirement for costly and lengthy experiments. The accuracy of
the model is demonstrated by experiments as well as data from a real pro-
duction line. Both experimental data and simulations indicate that the
smaller conditioning disk size and extended conditioning sweep range help
improve the post-CMP wafer planarization. However, the defectivity tends to
increase when the conditioning disk sweeps out of the pad radius; hence, the
pad conditioning needs to be designed by considering the specific requirements
of the CMP process conducted. The presented model predicts the process
outcomes without requiring detailed experimentation.
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INTRODUCTION

Chemical mechanical planarization (CMP) has
been widely adopted as the method of choice in
semiconductor manufacturing to provide a planar
wafer surface for subsequent photolithography
steps. Decreasing critical dimensions (CDs) of
microelectronic devices with increasing wafer sizes
continuously require better control of the CMP
process variability to achieve a desired metal or
dielectric film thickness and to enable both

within-wafer (WIW) and within-die (WID) thick-
ness consistencies of the planarized layers.1

Irregularities in film thickness are driven by local
and global density differences on the wafers,
resulting in local CD variations that reduce the
specified CD budget as the dimensions become
smaller.2 These variations make the inline process
control difficult and may be responsible for end-
of-line failures that result in defective devices and
loss of revenue.

In addition to the incoming pattern layout and
the deposited film thickness profile variations, the
operating conditions during the CMP process also
affect the postpolish thickness profiles on the
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wafers. Since the incoming factors are generally
better controlled than the CMP-related process
variability, there are standard methods imple-
mented in process flows, such as adding dummy
structure fields to even out the pattern density
distributions.3 The main difficulty in mitigating
the CMP process variations is that they are often
consumable-age dependent. A number of wafer-
to-wafer4–7 and run-to-run5,6 controllers have been
outlined in the literature, but these schemes
address wafer- or lot-level average thickness con-
trol challenges and do not account for the shifts in
removal rate (RR) profiles due to the aging of con-
sumables. To account for the shifts in RR profiles,
one needs more complex polishing equipment (i.e.,
tools with multizone polishing heads) that can
employ multivariable control strategies to adjust
the pressure distribution within multiple zones to
achieve an optimum thickness range.8,9 However,
such methods also have limitations, particularly
near the very edge of the wafer and in regard to the
complexity of both the implementation and the
equipment maintenance.

This work focuses on the optimization of the
conditioner sweep configuration with the objective
of optimizing the pad thickness profile to obtain a
desired RR profile. Pad conditioning serves three
main functions in CMP: (i) prevent glazing of the
pad surface by inducing surface roughness through
abrading the polymeric pad material with dia-
monds embedded in the conditioner surface,
(ii) reduce defectivity by cleaning the pad fibers
from the polishing residue, and (iii) maintain a
stable material removal rate by distributing the
polishing slurry onto the pad surface and
throughout the pad radius.10,11 There have been
studies focusing on modeling and improving the
pad conditioning in an effort to understand how
different pad materials respond to conditioning12

and how the conditioning changes the pad surface
microstructure.13 Furthermore, there have been
modeling studies both aimed toward understand-
ing how the pad profile changes during pad con-
ditioning via characterization of the changes in pad
surface morphology13 and using the perspective of
a single diamond abrasive trajectory on the pol-
ishing disk.14 In this investigation, pad wear due to
conditioning is studied experimentally by using
three different conditioning sweeps and evaluating
the impact on postpolish wafer profiles for shallow
trench isolation (STI) CMP. Additionally, the de-
fect performance evaluations are presented. More-
over, a physical model that can predict the
postpolish wafer profile through pad wear charac-
terization is introduced. The model is also evalu-
ated against the experimental results; accordingly,
an optimized pad conditioner parameter is pre-
sented. The final section of the paper focuses on
implementation of the developed model in a high-
volume manufacturing (HVM) environment along
with a demonstration of its benefits.

MATERIALS AND METHODS

Experimental Procedures

CMP experiments were carried out on an AMAT
Mirra 3400 model 200-mm platform tool using a
silica-based slurry (SS25, supplied by Cabot Micro-
electronics Corporation) with a high-selectivity
additive on blanket tetraethylorthosilicate (TEOS)
wafers and plasma-enhanced chemical vapor depo-
sition (PECVD) oxide-deposited patterned (STI
level, 130-nm node) wafers. The slurry flow was
maintained at 140 mL/min on the platen. The wafer
polishing was conducted on a single platen to
observe the change in wafer profiles independent of
platen variations. IC1000/Suba IV stacked polish-
ing pads were used combined with TBW Industries
Grid-Abrade perforated 4-inch diamond pad condi-
tioner disks. A 2-inch TBW disk was also used to
demonstrate the effect of disk diameter on the
variations of the pad profile. Figure 1 shows a
schematic of the polishing setup.

Three different types of conditioner sweeps were
evaluated in the experiments: (i) a commonly used
sinusoidal sweep (SS), (ii) custom sweep 1 (CS1) in
which the sweep is adjusted so that the conditioner
disk spends a fixed time in each zone, and (iii) cus-
tom sweep 2 (CS2) in which the conditioner disk
spends an equal amount of time per unit pad area;
i.e., the residence time per zone is proportional to
the area of the zone, so that the disk spends more
time at the outer radius of the pad, where the total
area is larger, and less time close to the center,
where the total area is smaller. Figure 2 illustrates
the time trends of the conditioner displacements for
the three types of conditioner sweeps. The fre-
quency of the conditioner sweeps was 10 times per
minute for 10 zones. The conditioner was confined to
the surface area of the pad to prevent diamond loss
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Fig. 1. Schematic representation of a CMP process showing the
relative locations of the wafer, pad, conditioner, and slurry feeder.
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and edge pad wear, which may result in more
defects. The conditioner downforce was set to 5 psi,
and the polish head downforce was set to 6 psi. The
polish head was oscillated with a sinusoidal profile
at 10 sweeps per minute. The platen rotation was
set to 85 rpm, while the head rotation was main-
tained at 100 rpm.

A set of three unpatterned TEOS wafers with a
blanket oxide thickness of 18,000 Å and patterned
wafers with a PECVD oxide thickness of 6200 Å
were polished on new and aged pads after 1 h of
conditioning with the conditioner sweep profiles
mentioned above. All wafers were characterized for
thickness, pre- and postpolish, to quantify the
removal rate profile and the defectivity performance.
The defectivity analyses were conducted with a KLA
TENCOR SFS SP1 tool for the blanket oxide wafers
and with a KLA 213X tool for the patterned wafers.
The thickness measurements were collected using a
KLA TENCOR ASET F5. The polishing pads were
removed and cut in half, and then the Suba IV
subpad was removed. The pads were analyzed using
Vernier caliper measurements through the radius of
the pads to establish postpolish profiles. The exper-
imental results were simulated based on the model
developed, and the simulation results were com-
pared with experimental observations.

Model

Pad conditioning is a critical component of the
CMP process. Its purpose is to clear out the polish-
ing byproducts from the holes and grooves of the
pad while continuously regenerating the surface of
the pad to maintain a uniform polishing rate. In
doing so, some pad material is removed during each
pass of the conditioner. The absolute amount of pad
material lost depends on various factors, including
the diamond grain shape and protrusion, the rota-
tion rate of the conditioning disk, and the pressure
applied to the back of the disk. These factors are

determined based on the specific requirements of
the film being polished. However, the radial
dependence of the wear rate depends on the sweep
profile and the geometry of the conditioner. The
model that is introduced in this study relates the
wafer-level parameters to the aforementioned con-
ditioner characteristics.

The model is based on the locally relevant Preston
equation that relates the removal rate (RR) to the
pressure (P) and the velocity (V) through the Preston
constant, K12, all of which can be expressed as a
function of position in the most general form of Eq. 1.

RRðrÞ ¼ dhðrÞ
dt
¼ KðrÞPðrÞVðrÞ: (1)

Earlier modeling studies outline the application of
this expression to the wafer-polishing pad subsys-
tem10,11 and the conditioner pad subsystem to
optimize the conditioner operation.15,16 The model
in this study combines the pad wear rate and the
resulting radial pad profile into the Preston equa-
tion for the wafer–pad system using a modified
Preston constant.17 The constant takes into account
the pad thickness and what the wafer is exposed to
at any point at a given time.

In the model, there are three separate coordinate
systems, as shown in Fig. 3. The absolute origin
(0, 0) is located at the center of the platen coordinate
system, denoted by (xp, yp). The polish head that
supports the wafer is denoted by the coordinate
system (xw, yw) and rotates about the point (x0h; y

0
h),

which is a function of time as defined by the carrier
sweep. The arm that moves the conditioner block is
similarly represented by the coordinate system
(xc, yc), where the conditioner rotates about a point
(x0a; y

0
a), which is a function of time as defined by the

conditioning arm sweep. The system is a 200-mm
Mirra platform on which the head generally sweeps
back and forth along HH¢ and the conditioner
arm sweeps along AA¢. However, the equations
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Fig. 2. Conditioner sweep profiles for the sinusoidal sweep (SS),
custom sweep 1 (CS1), and custom sweep 2 (CS2).
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Fig. 3. The coordinate systems used to develop the pad wear
model.
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developed for this model do not impose any restric-
tion on, but are generalized to fit, any profile that
can be defined in time. They will be introduced in
two parts as (i) the pad–conditioner system and
(ii) the wafer–pad system.

(i) Pad–Conditioner System:

To characterize the pad wear rate via the condi-
tioner movement as a function of pad radius, the
Preston equation is used in the following form of
Eq. 2 for the pad–conditioner system:

RRpðrpÞ ¼
dhpðrpÞ

dt
¼ KpcPcVpcðt; rpÞ; (2)

where RRp(rp) is the removal rate of pad material by
the conditioner, hp(rp) is the height of the remaining
pad material, Kpc is the Preston constant between
the pad and the conditioner, Pc is the pressure
applied on the back of the conditioner, and Vpc(t; rp)
is the relative velocity of the conditioner with
respect to the pad.

The major assumption in quantifying the pad wear
is that the majority of the pad material is abraded by
the conditioner, while the pad material lost due to the
impact between the polishing head and the wafer is
negligible. Therefore, the integration of Eq. 2
between two points in time with the appropriate ini-
tial conditions will determine the pad thickness at
any given radius, as expressed in Eq. 3.

hpðrpÞ ¼ KpcPc

Ztf

t0

Vpcðt; rpÞdt: (3)

Equation 3 can be evaluated at any number of
desired radial points on the pad (more points result
in higher resolution at the expense of computational
power). When the constants are taken out of the
integration operation, the remaining part relates

the time-dependent relative velocity to the opera-
tional parameters of the polisher.

The relative velocity can be expressed as a com-
bination of the x-y components of the velocity vector
as shown in Eq. 4:

Vpcðt; rpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vx2

pc ðt; rpÞ þ Vy2
pc ðt; rpÞ

q
: (4)

Vx
pcðt; rpÞ is the x-component of the relative velocity of

the conditioner with respect to the pad, and Vy
pcðt; rpÞ

is the y-component of the relative velocity of the
conditioner with respect to the pad.

The individual velocity terms can be further bro-
ken down to expressions (5) and (6):

Vx
pcðt; rpÞ ¼ xpyp � xcyc; (5)

Vy
pcðt; rpÞ ¼ xpxp � xcxc: (6)

xc is the rotational speed of the conditioner, xp is the
rotational speed of the pad, xp, yp is the pad coor-
dinate system, and xc, yc is the conditioner block
coordinate system.

By using the following linear coordinate
transformation,

yc ¼ yp � y0aðtÞ (7)

xc ¼ xp � x0aðtÞ (8)

x0aðtÞ; y0aðtÞ are the center coordinates of the condi-
tioner block in the pad coordinate system the indi-
vidual velocity terms appearing in Eqs. 5 and 6 are
transposed to the pad coordinates, as shown in
Eqs. 9 and 10.

Vx
pcðt; rpÞ ¼ ðxp � xcÞyp þ xcy

0
aðtÞ; (9)

Vy
pcðt; rpÞ ¼ ðxp � xcÞxp þ xcx

0
aðtÞ: (10)

Before inserting Eqs. 9 and 10 back into Eq. 3,
the following coordinate system transformation is
carried out:

xp ¼ rp cosðhpÞ ¼ rp cosðxptÞ; (11)

yp ¼ rp sinðhpÞ ¼ rp sinðxptÞ; (12)

where rp, hp are the polar coordinates of the pad
system.

The final form of Eq. 4 becomes

Equation 13 can then be inserted into Eq. 3 and
then integrated to determine the pad thickness
profile.

(ii) Wafer–Pad System:

Similar to the pad–conditioner system, the Preston
equation is expressed as shown in Eq. 14 to model
the wafer–pad system.

RRw ¼
dhwðrwÞ

dt
¼ Kpwðt; rwÞPwðrwÞVpwðt; rwÞ; (14)

Vpcðt; rpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxp � xcÞrp sinðxptÞ þ xcy0aðtÞ
� �2þ ðxp � xcÞrp cosðxptÞ þ xcx0aðtÞ

� �2
q

: (13)
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where RRw is the removal rate of material on the
wafer, hw(rw) is the remaining film thickness on
the wafer, Kpw(t; rw) is the Preston constant
between the pad and the wafer (note the time
dependence due to pad thickness interactions),
Ppw(rw) is the pressure applied on the back of the
wafer (being a function of wafer radius), and Vpw

(t; rw) is the relative velocity of the pad with
respect to the wafer.

In the wafer–pad system, the breakdown of the
constant term and the time-dependent terms is
slightly different from that in the pad–condi-
tioner system because the pad thickness changes
continuously in the wafer–pad system as a result
of conditioner movement, which affects its
interaction with the wafer surface. Hence, the
Preston constant needs to be broken down into a
constant and a variable pad thickness as shown
in Eq. 15.

dhwðrwÞ
dt

¼ K 0pwhpðt; rp � rwÞPwðrwÞVpwðt; rwÞ: (15)

K 0pw is the constant portion of the Preston constant
between the pad and the wafer (which does not
include pad thickness effects), hp(t; rp � rw) is the
height of the remaining pad material (expressed in
terms of the wafer coordinate system), and Pw(rw) is
the pressure applied on the back of the wafer (being
a function of wafer radius).

The amount of material removed from the
wafer surface is determined in Eq. 16 through the
integration of Eq. 15, where the integrand now
includes the solution to Eq. 3, coupling the

removal rate of the wafer with the thickness of
the pad.

hwðrwÞ¼K 0pwPwðrwÞ
Ztf

t0

hpðt;rp� rwÞVpwðt;rwÞdt: (16)

The derivation of the relative velocity is identical
to the previous section and starts with the break-
down into the orthogonal components of the velocity
vector

Vpwðt; rwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vx2

pwðt; rhÞ þ Vy2

pwðt; rhÞ
q

: (17)

Vpw(t; rw) is the relative velocity of the pad with respect
to the wafer, Vx

pwðt; rwÞ is the x-component of the
relative velocity of the pad with respect to the wafer,
and Vy

pwðt; rwÞ is the y-component of the relative
velocity of the pad with respect to the wafer.

The orthogonal components are expressed in
Eqs. 18 and 19.

Vx
pwðt; rwÞ ¼ xpyp � xwyw; (18)

Vy
pwðt; rwÞ ¼ xpxp � xwxw; (19)

where xw is the rotational speed of the wafer.
Once again, the pad coordinate system is con-

verted to the wafer coordinate system through
Eqs. 20 and 21.

yp ¼ yw þ y0hðtÞ; (20)

xp ¼ xw þ x0hðtÞ: (21)

x0hðtÞ; y0hðtÞ are the center coordinates of the pol-
ishing head that holds the wafer in the pad coordi-
nate system.

From these, the following equations result:

Vx
pwðt; rwÞ ¼ ðxp � xwÞyw þ xwy0hðtÞ; (22)

Vy
pwðt; rwÞ ¼ ðxp � xwÞxw þ xwx0hðtÞ: (23)

Vx
pwðt; rwÞ is the x-component of the relative

velocity of the pad with respect to the wafer, and
Vy

pwðt; rwÞ is the y-component of the relative velocity
of the pad with respect to the wafer.

The equations finally yield the explicit form of
Eq. 17 as expressed in Eq. 24

through the transformation into the polar coordi-
nate system by Eqs. 25 and 26.

xw ¼ rw cosðhwÞ ¼ rw cosðxwtÞ; (25)

yw ¼ rw sinðhwÞ ¼ rw sinðxwtÞ: (26)

xw, yw is the wafer coordinate system, and rw, hw are
the polar coordinates of the wafer system.

Simulation

The main simulation and visualization program
was coded in MATLAB 7.1. There were supporting
routines written in Visual Basic 6.0 to define the
sweep profiles using a similar interface to the
AMAT Mirra platform. The approach was expres-
sion of the three subsystems of the polisher as

Vpwðt; rwÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxp � xwÞrw sinðxwtÞ þ xwy0hðtÞ
� �2þ ðxp � xwÞrw cosðxwtÞ þ xwx0hðtÞ

� �2
q

; (24)
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meshes of the appropriate resolution to ensure the
stability and convergence of the simulations.20 The
integrals in Eqs. 3 and 16 were then numerically
evaluated for each point on the mesh, and the
parameters of interest were stored in memory for
later manipulation.

There was also a comprehensive visualization
routine used to demonstrate the real-time progress
of the variables of interest, shown in Fig. 4. Based
on the simulation, lighter colors represent less-
conditioned regions, and darker colors represent a
higher degree of conditioning. The information was
conveyed by averaging the two-dimensional (2-D)
mesh results into a one-dimensional (1-D) plot as a
function of radius via numerical integration with
respect to angle (as all variables of interest in this
work are symmetric with respect to radial position).
Various nonuniformity metrics were also calculated
and reported. The most general form of the algo-
rithm is numerically inefficient due to the lack of
restrictions in the simulation parameters. However,
the code is modular; the execution can be optimized
with analytical expressions for sweep profiles,
resulting in closed-form analytical solutions where
possible (i.e., a sinusoidal sweep for the conditioner
and/or the polishing head). Simulations for this
study were carried out on a computer driven by a
2.41-MHz Intel Pentium processor.

RESULTS AND DISCUSSION

As outlined in the ‘‘Introduction,’’ pad condition-
ing in CMP processes prevents pad glazing and
defectivity while enabling continuous material
removal by opening the pad fibers to the slurry. In

the process of conditioning, the pad surface is
abraded by the conditioner disk, which results in
profile changes on the pad as well as on the wafer.
In this section, the impact of the pad conditioning
sweep changes on the pad and wafer profiles will be
discussed. This is followed by an analysis of the
impact of pad conditioning on the defectivity and a
description of how to optimize the pad conditioning
to improve postpolish profiles of patterned wafers in
an HVM setting.

Pad and Wafer Profile Analyses

Initial studies on the pad profile change due to
conditioning were conducted on the blanket oxide
wafers. Figure 5a illustrates the pre and postpolish
wafer thickness profiles from diameter–thickness
scans of the wafers with an 18,000-Å-thick depos-
ited blanket oxide. This set of experiments was run
after the polishing pads were broken in using the
designated conditioner sweep profiles for 10 min.
Two blanket oxide wafers were run on the pad to
stabilize the pad’s surface before the three wafers
used for testing were polished. The wafers were
polished for a total of 90 s. The change in the con-
ditioning sweep profile did not affect the postpolish
wafer profile in the beginning of the pad life. All of
the wafers had a faster polish rate at the wafer
center with more material removal and a slower
polish rate at the wafer edges with less material
removal (and hence a thicker edge profile). The
material removal rate was higher for the sinusoidal
sweep at the wafer center (�1200 Å/min) compared
with CS1 and CS2 (�650 Å/min). However, the
postpolish wafer profiles were comparable in shape.

Fig. 4. A snapshot of the visualization routine output that enables monitoring the real-time progress of the polishing system and all relevant
variables. Light colors represent areas exposed to least amount of conditioning, and darker colors represent a higher degree of conditioning.
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After 1 h of continuous conditioning of the pads
with the designated conditioning sweeps, the pol-
ishing tests were repeated on three blanket oxide
wafers. In this case, the postpolish profiles showed
significant differences as a function of the applied
conditioner sweep profile, as shown in Fig. 5b. The
postpolish pad surface profile obtained with CS2,
where the conditioner spends an equal amount of
time per unit area (i.e., more conditioning time is
spent at the wafer edges and less time at the cen-
ter), was flatter than the other two profiles. The
postpolish profiles obtained using SS and CS1
remained similar to the profiles obtained at the
beginning of the pad life. To understand the chan-
ges in the postpolish profile as a function of pad
conditioning, the radial profile of the pads (because
the polishing head only sweeps within the radius of
the pad) used for the experiments were measured
and compared with the pre and post profiles of the
blanket TEOS wafers, as shown in Fig. 6. It is clear
that CS2 created a concave-down abrasion on the

pad radius which is similar to the prepolish profile
of the TEOS wafers as they face towards the pad
surface. This combination resulted in the most
uniform postpolish oxide thickness profile on the
blanket wafer. SS and CS1 polished the protruded
wafer center faster than they polished the edges,
which resulted in a more planar abrasion on the pad
surface. It is believed that the initial silicon profile
was matched on the oxide surface by polishing with
the CS1 abraded pad surface, achieving a more
uniform oxide thickness profile.

Figure 7 shows the same comparison with the
STI-patterned wafers at a 110-nm node with the
PECVD oxide. It can be observed that the prepolish
deposition profile had a hump at the wafer center,
which is typical of a shallow trench oxide deposition
profile. In this case, SS provided the best match
between the pad surface profile and the prepolish
wafer profile. SS and CS1 created a planar surface
finish, with a dip towards the edges of the wafers
(which is consistent with the similar pad profiles
they generated); CS2, which created the most pla-
nar profile on the blanket oxide wafers, unex-
pectedly created the least planar profile for the
patterned wafers, with extreme overpolishing at the
edges and underpolishing at the center. Because
CS2 resulted in a dipped profile at the mid-radius of
the pad surface, there was a reduced removal rate at
the wafer center. The enhanced overpolishing at the
wafer edges was caused by the elevated pad profile
at the wafer edges, exposing the edges of the wafer
to a higher pressure, which increased the edge
removal rate. Additionally, the changes in the pat-
tern density at the wafer edges (incomplete patterns
and edge exclusion) added to the polish rate differ-
ences between the edge of the patterned and
unpatterned wafers during CMP. It should also be
noted that the change in the material removal rates
at the oxide/nitride interface after the bulk oxide
was removed and the sacrificial nitride layer was
exposed also could have affected the material
removal rates. The response of the patterned wafers
to the pad profile changes indicates that the overall
pattern layout, product design, and process inte-
gration need to be evaluated before the pad profile is
changed using a customized sweep for CMP during
high-volume manufacturing (HVM). However, as an
example, the bulk of the material can be planarized
on a pad installed on the first platen of the polisher
that is shaped with CS2 before the interface is
uncovered at a subsequent platen using SS. Overall,
it is critical to be able to predict the pad profile as a
function of pad life for better control of the post-
polish wafer profile.

Figure 8 shows the measured pad profiles com-
pared with the profiles predicted using the pad wear
rate model. There is good agreement between the
experimental and predicted results, and it is clear
that the difference in the pad thickness profile that
is exposed to the wafer is translated to the post-
polish wafer profile. To optimize the pad wear
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Fig. 5. (a) Diameter profiles of the pre-CMP and post-CMP blanket
TEOS wafers with the SS, CS1, and CS2 sweep profiles at the
beginning of the pad life; the profiles obtained with all three sweep
profiles are comparable. (b) Diameter profile of the pre-CMP and
post-CMP blanket TEOS wafers with the SS, CS1, and CS2 sweep
profiles at the end of the pad life, after 1 h of continuous conditioning
with the designated conditioning sweeps; the profiles obtained
demonstrate differences.
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profile to obtain the most planar post-CMP wafer
profiles, the modeling approach introduced previ-
ously was utilized to observe the impact of condi-
tioner radius and sweep range variations on
postpolish profiles.

Conditioner Radius Optimization

The conditioner radius has been reported to be a
significant modulator of the pad wear profile in lit-
erature.18–20 The simulations that resulted from the
model developed in this work also confirmed the
impact of the disk radius on the pad wear profile for

the three sweep profiles studied. Figure 9 illus-
trates the simulated profiles for the SS, CS1, and
CS2 pad wear profiles as the disk diameter is
changed from 4 inches to 3 inches to 2 inches to
1 inch. Among the three profiles, CS1 is the most
sensitive to the conditioner radius. Both SS and CS1
converge to a constant wear rate in the center zone
of the pad (excluding approximately 25 mm from
either edge) when the radius reaches 1 inch. The
CS2 exhibits the same trend for all conditioner
diameters considered, although the peak is less
pronounced and closer to the edge as the conditioner
disk gets smaller. As expected, more uniform pad

Fig. 6. Post-CMP pad surface radial profiles obtained with the three different conditioning sweeps compared with the pre-CMP and post-CMP
wafer diameter profiles on blanket TEOS wafers at the end of the pad life. CS2 provided the most complementary pad surface shaping, resulting
in the most planarized postpolish wafer profile.
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profiles result in more uniform wafer profiles. Fur-
thermore, Fig. 10 demonstrates the postpolish pro-
files of the blanket TEOS wafers, which are polished
with 2-inch and 4-inch conditioner disks using SS
profiles after 1 h of conditioning. The postpolish
wafer profile is more planar for the pad conditioned
using the 2-inch-diameter disk, in agreement
with the simulation from the modeling approach.
Although the removal rates were lower with the
smaller size disks, which may be attributed to the
less effective slurry delivery at the wafer–pad
interface (due to a reduced abrading disk size), the
control of the postpolish profiles was significantly
better, as demonstrated by the more uniform pad
wear profiles in Fig. 9. Additionally, the larger

conditioner blocks had a higher edge velocity. Thus,
a 4-inch-diameter disk will be four times more
effective than a 1-inch-diameter disk in wearing the
pad material. Hence, when the material removal
rate needs to be increased while keeping a planar
post-CMP profile, more aggressive conditioning may
be applied by increasing the conditioner sweep fre-
quency, the block rotation speed, or the down force
using smaller-diameter disks instead of increasing
the disk size.

Conditioner Sweep Range Optimization

Another possible modulator to achieve material
removal rate uniformity is optimization of the sweep

Fig. 7. Post-CMP pad surface radial profiles obtained with the three different conditioning sweeps compared with the pre-CMP and post-CMP
wafer diameter profiles on patterned STI-level 130-nm-node wafers at the end of the pad life.
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range. Smaller disks produce a more uniform profile
because the sweeps in each zone are more inde-
pendently controlled. This is especially pronounced
at the edge of the pad. As an example, the edge of a
12-inch-size pad conditioned by a 4-inch-size disk
is not effectively abraded when the disk sweep is
extended to the pad edge, and the disk center
reaches the edge of the pad, resulting in half of the
disk rotating away from the pad surface. This effect
can be mimicked by simulating the extension of the
sinusoidal conditioner sweep at 0 inches, 1 inch,
2 inches, and 3 inches beyond the edge of the pad,
as demonstrated in Fig. 11. The extension of the
disk sweep beyond the pad radius helps to achieve a
more uniform pad profile, which is also related to
the aggressiveness of conditioning observed as a

function of the disk size. Because the disk is 4
inches in diameter in the simulation, the advantage
of a higher relative velocity at the edge of the disk
is realized. A commonly observed downside of
extending the conditioning sweep out of the pad
radius is the probability of increased scratches on
the wafer because the disk sweeping inside and
outside of the edge of the pad may result in diamond
loss as well as tearing apart of pad pieces, as
discussed in the next section.

Defectivity Analyses

One of the main functions of pad conditioning
is to reduce the CMP-related defectivity (typically
microscratches) on the wafer surface by cleaning the
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Fig. 8. Comparison of the simulated radial thickness profiles of the pads worn by 1 h of conditioning with SS, CS1, and CS2 versus the
measured thickness profiles.
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pad surface of postpolish residues and agglomerated
slurry particles; this is accomplished by combing the
pad fibers and allowing fresh slurry to be introduced
to the pad–wafer interface.1,21 However, it is also
common to observe macroscratches on the wafer

surface originating from a diamond abrasive that
came loose from the conditioner. The probability of
the conditioner disk losing a diamond abrasive is
higher when the sweep is extended outside the
pad radius. Additionally, the protruding diamond
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particles can result in chunks of pad material being
torn apart at the pad edges, which can also result in
surface scratches. Figure 12a shows the defectivity
analyses conducted on the blanket oxide wafers
polished with a 4-inch conditioner disk with SS
extending out of the pad radius by 2 inches on a pad
broken in for 10 min, as is typical in conventional
production. Scratches were formed on the wafer
edges, as shown by the KLA-SP1 scans of the pol-
ished wafers.

In addition to the conditioner sweep extension,
pad aging also affects the probability of defect for-
mation during CMP. Figure 12b shows a compari-
son of the defect counts on the blanket TEOS wafers
for the three conditioning sweeps that swept the
pad radius after 10 min versus after 1 h of pad
conditioning (before polishing was conducted). As
expected, as the pad aged, the defect count
increased. Inevitably, the extended pad condition-
ing leads to more pad wear and enhances the

probability of slurry particles agglomerating and
embedding in the pad surface, which will elevate
the surface defectivity.

HVM Implementation Example

The findings in the previous sections were
implemented on a production line for a 90-nm STI
CMP process. The SS sweep range of the baseline
process was extended by 22.5%, resulting in a part
of the 4-inch conditioner drifting beyond the edge of
the pad at the maximum extension. As was dem-
onstrated by the simulation results in Fig. 11, the
extension of the conditioning pad sweep resulted in
increased pad wear towards the edge of the pad. The
sweep extension is expected to reduce the pressure
applied at the edge of the wafer and therefore cause
a reduction in the oxide removal rate at the wafer
edge, as shown in Fig. 13. This removal rate profile
is indeed in agreement with the STI oxide deposi-
tion profiles and should result in a reduction in the
thickness range of the post-CMP oxide. In agree-
ment with these expectations, the extended condi-
tioner sweep profile resulted in a significant
improvement of the post-CMP product oxide thick-
ness range; this is demonstrated in Fig. 14, which
illustrates the oxide thickness range for the tested
90-nm STI process over a 12-month timeframe,
compared with data generated by the baseline pro-
cess. The improvement in the range was mainly
driven by the measurement sites that were located
near the edge of the wafer (beyond a radius of
75 mm, where the most drastic change is predicted
by the model). The wafer edge consistently polished
faster despite the increased pad aging throughout
the testing. Along with the implementation of the
extended sweep, the pad life was increased by 20%,
indicating that the new, optimized sweep condition
was able to maintain a better uniformity throughout
the pad usage. The dataset and simulations outlined
above are evidence of the fact that the pad wear
profile does not necessarily need to be uniform but

(a)

(b)

Fig. 12. (a) Postpolish defect map on the blanket TEOS wafer pol-
ished with a sinusoidal conditioning profile extending 2 inches out of
the pad radius. The scratches formed on the wafer edges are circled
on the wafer map. (b) Defect count comparison on blanket TEOS
wafers polished with the SS, CS1, and CS2 conditioning profiles
confined within the wafer radius in the beginning and at the end of the
pad life. The increase in the defect counts clearly shows the impact
of pad aging on defect elevation.
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that it needs to match the incoming wafer thickness
profile within the limits of the pad life that are
specified by the process requirements.

The main concern of extending the conditioner
sweep beyond the edge of the pad is the increasing
number of defects. The box plot of the normalized
scratch density for the HVM testing demonstrated
that extended sweeps increased the scratch density,
as shown in Fig. 15. There was a slight increase in
the defect density with the extended sweep profile,

as expected and verified by the p value, reported as
0.022, based on a statistical t-test evaluation. The
impact of defectivity versus profile improvements
needs to be evaluated on a case-by-case basis,
because some CMP layers can tolerate additional
defects, and the improvement in thickness range is
more important for these layers. It must be noted
that nonuniform pad wear rates will result in a
dynamic removal rate profile, which is a function of
pad life. If the cut-rate for a certain process is high,
this may result in a narrow operating window in
pad life. One approach could be to initially use a
shaping conditioner sweep to customize the pad
profile as desired and then switch to a uniform
sweep profile to preserve the achieved pad profile for
the remainder of the pad life.

CONCLUSIONS

A comprehensive model relating pad thickness
profiles shaped by conditioner sweep parameters
was developed and validated using experimental
data on three different types of sweep profiles. The
changes in the pad thickness driven by the condi-
tioning wear modulated the slurry flow character-
istics and the local pressure applied on the wafer
surface, resulting in a direct correlation between the
pad thickness profile and the postpolish wafer
thickness profile. The model was experimentally
validated on blanket TEOS wafers, on patterned
test wafers, and on a production line for STI CMP;
all three types of applications demonstrated good
agreement between the simulated and experimental
values. The main conclusion is that the radial pad
profiles can be tuned through conditioning wear to
achieve the most complementary shape to the
incoming wafer profile to improve planarization.
Therefore, the first requirement to achieve

Fig. 14. Oxide thickness range change as a function of time of the 90-nm STI process, when SS was confined to the pad radius and extended
out of the pad radius. Recorded range values were normalized by taking the baseline process mean range as 0.

Fig. 15. Box plot of the defect density for the extended and nonex-
tended pad conditioning sweeps for the 90-nm STI CMP process. It
can be observed that the extended sweep profile results in an
increase in the defectivity of the polished wafers.
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improved planarization is an analysis of the
incoming wafer profile; one type of pad conditioning
cannot compensate for every incoming profile.
However, the results obtained in this study give us a
strong tool that can optimize the shape of the pad
wear through conditioning to improve the material
removal rate profiles and achieve the most planar
postpolish thicknesses. It can also be recommended
that the pad conditioning be set up to be different
from platen to platen, to enable better planarization
of the bulk film material on the initial platen polish
while keeping the pad more planar on the sub-
sequent platens once the interface is reached. This
also indicates that the pad break in procedures for
different platens needs to be different for this
multistep CMP procedure.

Using the model, it was also shown that smaller
conditioner radii and extended sweep ranges
improved the pad thickness uniformity. It is not
possible to infinitely improve pad range by increasing
the sweep zones and fine-tuning the residence time in
each zone; as long as the conditioner has a radius
greater than the zone width, part of the conditioner
will still be in the adjacent zones. This impact can be
remedied by using as small a conditioner diameter as
possible (which has the disadvantages of possible
underconditioning and/or a short conditioner life) or
by extending the sweep of the conditioner beyond the
edges of the pad (which may cause increased scratch
levels, as the conditioner will introduce more large
particles by sweeping onto the pad from the edge).
The 90-nm process example from the HVM environ-
ment demonstrated that, by simply extending the
conditioner sweep range, the post-CMP product oxide
thickness range can be improved significantly with
the added benefit of increased pad life. The increased
pad life is due to matching the pad profile to the
incoming thickness profile at the wafers, but this
occurs at the expense of slightly increased scratch
densities.

The presented study is not only important for
highlighting how conventional conditioning prac-
tices can be improved through experimentation but
also for introducing a simulation method to predict
the process outcomes without a detailed experi-
mental requirement. Additionally, to emphasize the
optimization challenges of CMP, the defectivity
performance of the alternative processes were pre-
sented, and the necessary trade-offs between perfect

planarization and reduced defectivity were
discussed.
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