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ABSTRACT

A novel semi-empirical model was developed for predicting the material removal rate (MRR) dur-
ing chemical mechanical polishing (CMP) based on the following assumptions: plastic contact at the
wafer—particle interface, elastic contact at the pad-particle interface, a particle size distribution, and
a randomly distributed surface roughness of the polishing pad. The proposed model incorporates the
effects of particle size, concentration, and distribution, as well as the slurry flow rate, pad surface topog-
raphy, material properties, and chemical reactions during the silicon dioxide (SiO;) CMP. To obtain the
unknown parameters and ensure the validity of the model, a SiO, CMP experiment was conducted by
using various-sized CMP slurries. The spatial distribution of the MRRs is expressed with respect to the
normal contact stress distribution and the relative velocity distribution. The proposed MRR model can
be used for the development of a CMP simulator, the optimization of CMP process parameters, and the
design of next-generation CMP machines.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Chemical mechanical polishing (CMP) is a process of smoothing
and planarizing wafer surfaces by using a combination of chemi-
cal reactions and mechanical forces [1]. Numerous parameters are
involved in the material removal process, such as the type of abra-
sive, pressure on the wafer, relative velocity between the polishing
pad and the wafer, slurry chemistry, polishing pad, and substrate
characteristics [2-5]. The modeling of the material removal rate
(MRR) is crucial to understand the complexity of the CMP process,
and considerable research efforts have been concentrated on this
topic. The fundamentals of silicon dioxide (SiO,) CMP are under-
stood via studies of glass polishing. The predominant mechanism
responsible for SiO, removal is the mechanical abrasion followed
by the hydration of the SiO, surface in the presence of an alkaline
slurry [6,7]. The hydrated layer is rapidly formed on the SiO, sur-
face by the indentation of the silica particles against the SiO, film
in the slurry [8].

Early models of CMP were based on glass polishing technol-
ogy and the MRR was described by Preston’s equation [9], which
indicates that the product of the pressure and the relative velocity
between the wafer and the polishing pad contributes significantly
toward the MRR. Alternatively, Runnels and Eyman [10] replaced
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the applied pressure and the relative velocity with normal and tan-
gential stresses at the wafer-pad interface in Preston’s equation.
In addition, Liu et al. [11] developed a CMP model based on elas-
tic theory and the kinematics of an abrasive particle moving in the
gap of a pair of surfaces in rolling contact. Fu et al. [12] assumed
that perfect plastic deformation occurred when particles abraded
the softer hydrated layer on the SiO, surface. Luo and Dornfeld
[13] investigated the material removal model under the follow-
ing assumptions: plastic contact between the wafer-abrasive and
the pad-abrasive interfaces, a periodic roughness of the polishing
pad, and a normal distribution of particle size. The synergetic effect
of chemical and mechanical forces was represented by a dynamic
hardness of the wafer surface. Zhao and Chang [14] proposed a CMP
model for silicon wafer based on contact mechanics. In their model,
plastic contact at the wafer-particle interface and elastic contact at
the particle-pad interface were assumed for calculating the inden-
tation depth of the particle in the wafer surface. The line density
of uniformly dispersed particles in the slurry and the real contact
area between the wafer and the polishing pad were used to calcu-
late the number of active particles. Qin et al. [15] took into account
the chemical and mechanical interactions involved in a typical CMP
process, using the thickness of the thin chemically modified layer
and the indentation depth of the particle into the wafer surface to
understand the nonlinear behavior of the MRR. Lin [16] described
the relationship between the polishing parameters and the MRR
with an analytical model on the basis of elastic and elastic—plastic
deformations during a polishing process. Jiang et al. [17] modified
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Fig. 1. Schematic of the pad surface topology in contact with the chemically modi-
fied layer on the wafer surface and the distribution of the pad asperity heights (P is
the pressure; his the height of the asperity; Vi, is the relative velocity; R, is the aver-
age radius of curvature of the tip of the pad asperity; and ¢ is the normal distribution
function.) [15].

Zhao and Chang’s model to understand the removal of the amor-
phous layer on the wafer surface by a single particle based on the
viscous flow of the amorphous layer.

The MRR distribution in SiO, CMP is determined by the distri-
butions of relative velocity and normal stress between the wafer
and the polishing pad [18]. Hocheng et al. [19] proposed a model
for material removal using abrasive cutting, which provided a part
of the analytical background for the empirical Preston’s equation.
The uniformity of the relative velocity between the wafer and the
pad at any point was determined by a kinematic analysis. Kim and
Jeong [20] calculated the velocity distribution, sliding distance of
the wafer, and sliding distance of the polishing pad in order to ver-
ify the effect of the process conditions on the velocity uniformity
and the wear distance of the pad and the wafer.

Researchers studying the MRR distribution in CMP have focused
on the stress distribution caused by the applied pressure of the
carrier by using a finite element analysis (FEA) method or a math-
ematical analysis. Wang et al. [21] introduced the concept of a
Von Mises stress in the analysis of the MRR distribution by using
commercial FEA software. Subsequently, many researchers began
applying a Von Mises stress in the analysis of CMP processes.
Srinivasa-Murthy et al. [22] investigated the variations in the Von
Mises stress on the wafer surface using a 3D model in rectangular
Cartesian coordinates. Chen et al. [23] utilized the normal contact
stress as a stress indicator in CMP and concluded that the Von Mises
and normal contact stresses are not equivalent, which is a signif-
icant finding. The normal contact stress is an appropriate stress
index because the frictional force is proportional to the normal con-
tact stress. Lee and Jeong [24] integrated the effects of the normal
contact stress, relative velocity, and chemical reaction rate distri-
butions of Cu CMP by an empirically obtained spatial parameter.

However, there is still room for a better theoretical understand-
ing of removal mechanisms for modeling the CMP process, because
the MRR models and the MRR distribution models have been stud-
ied independently. In this paper, we propose an integrated MRR
distribution model that incorporates the effects of the material
properties of the particles, wafer, and polishing pad, and process
conditions such as pressure, relative velocity, and slurry flow rate.

2. Model development
2.1. Real contact area and contact pressure

Fig. 1 shows the pad surface topology in contact with the chemi-
cally modified layer on the wafer surface and the distribution of the
pad asperity heights. The polishing pad is made of porous urethane.
The distribution of the pad asperity height follows the normal dis-
tribution function. The roughness of the wafer surface is small;
compared to the pad, the wafer surface is assumed to be a smooth
plane.

Based on the Greenwood-Williamson model [25] and contact
mechanics [26], Qin et al. [15] reported that the real contact area

(Ay) for CMP between a smooth, flat wafer and a randomly rough
pad under a normal force (F) can be expressed as

1/2
- )(2)"

where o is the standard deviation of the pad asperity height (z)
distribution; f; is the area density of the up-features divided by
the area of a flat pad; R is the average radius of curvature of the
pad asperity tips; and Epw(Epw = ((1 - v3)/Ep + (1 — vzw)/EW)_l) is
the composite Young’s modulus of the pad and the wafer. In a CMP
process, Cis a constant with a value between 0.3 and 0.4 when h/o),
is in the range of 0.5-3.0 [15]. C can be taken as approximately 0.35
because any practical situation in a typical CMP process is within
this h/op range [15].
The contact pressure (Pr) can be calculated as

n= () (%) o

where P is the applied pressure and Ay, is the nominal area of the
wafer surface.

The contact pressure does not depend on the normal force.
Instead, the real contact area increases linearly with increasing
normal force because it is assumed that the applied load is sup-
ported by the pad asperities at the wafer-asperity contact surface.
The hydrodynamic pressure is negligible because commercial pads
have grooves or perforations to prevent hydroplaning and ensure
uniform slurry distribution [15]. The area density of the up-features
divided by the area of a flat pad, fs (0<f; <1), was reported to be
0.83 for an IC1000 (k-groove) pad [27].

2.2. Number of active particles

Previous research on calculating the number of active particles
in CMP has not considered the slurry flow rate because the active
particles were only calculated from the volume concentration of
the particles in the slurry [14-17]. If we consider the previously
reported line density of particles given by Ref. [14], we see that the
MRR becomes independent of the size of the particles. In order to
overcome these analytical shortcomings, we obtained a line den-
sity from an imaginary slurry volume on the apparent wafer-pad
sliding area (Al), which was calculated from the total contact area
between the rotating wafer and the polishing pad during the pro-
cess.

Earlier studies indicate that the size distribution of the particles
satisfies a probability density function (®(D)) [14]. All of the parti-
cles are spherical in shape and estimated to be uniformly dispersed
in the slurry. We assumed that the particles are rearranged in the
imaginary slurry volume in the apparent wafer-pad sliding area as
they participate in the polishing and that the particles embedded
in the polishing pad participate in the material removal process.

The weight of a single particle (w(D)) can be calculated as

w(D) = %J‘[D3pa, (3)

where D is the diameter of a particle and p, is its density.
The total number of particles in the slurry container can be writ-
ten as
XpsCa

Np=—Psa 4
* [T ®(D)w(D)D @

where p;s is the density of the slurry; C, is the weight concentration
of the particle; ®(D) is the probability density function; and X is the
total slurry volume during CMP.
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Fig. 2. Schematic diagram of kinematic system of the CMP process.
The apparent wafer-pad sliding area is calculated as

2
AL, = mnp|(re +2rw)* — 2] (5)

where n, is the number revolutions of the polishing pad; rc is
the length between the center of the polishing pad and the inner
boundary of the wafer sliding area; and r,y is the radius of the wafer,
as shown in Fig. 2.

The imaginary slurry thickness (ts) in the apparent wafer-pad
sliding area can be obtained from Eq. (6).

X

ts = AT (6)

The distance (I) between rearranged particles in the hypothet-
ical slurry volume that contains N, particles can be obtained by
solving

5 (2«/A5,+t5> e (2«/Aa,ts+/\£,> " < AT ¢, > o

Np—1 Np—1 Np—1

The area density of particles (q) can be obtained from the dis-
tance between particles:

2
(\/ATV/I + 1)

q= T . (8)

The particles in the CMP slurry are statistically distributed and
have a mean diameter with a standard deviation. Because some of
the particle sizes are much smaller than the nano-scale roughness
of the polishing pad, not all of the particles participate in the mate-
rial removal process. In this paper, the abrasive particles that are
involved in the removal process are called active particles. They
have a diameter that is greater than the critical particle diameter
(D¢r), as shown in Fig. 3 [28]. Therefore, the total number of active
particles (ng) that participate in material removal during CMP is

Active particle

Inactive particle

Fig. 3. Schematic of active particles and the critical diameter (D).

expressed as

(\//E/tﬂ)z

Al

1/2 +00
fs Rp PAw
* (E) (a,,) Epw/D ®(D)D. ®)

where D¢ is the critical particle diameter of particles that can par-
ticipate in the material removal process.

+o00
Ng = qAr/ d(D)dD =
Der

2.3. Calculation of average MRR

Because the pad material is much softer than the wafer mate-
rial, the particles at the wafer-pad interface are located on the
contact asperities of the pad surface after the wafer presses on
the polishing pad. The down-force is sustained by the contact
asperities and embedded particles in the pad surface. With respect
to particle indentation, the polishing pad and the wafer experi-
ence different modes of deformation because they have different
mechanical properties. Zhao and Chang[14] reported that the parti-
cle indentation deformation associated with the pad is elastic and
the deformation associated with the wafer is fully plastic. Wang
et al. [29] proposed an equation for the indentation depth of a sin-
gle particle into the pad surface by using a parabolic approximation
for the profile of a sphere. In this study, we adopted Wang’s nonlin-
ear and micro-contact model for a single particle and incorporated
large elastic pad deformation from the particle-pad contact. Addi-
tionally, according to Zhao and Chang’s research, we assumed that
there is plastic deformation at the wafer—particle interface and
elastic deformation at the pad-particle interface.

The indentation depth of the particle in the wafer—particle-pad
system is determined based on the force equilibrium of the
particle participating in the wear process. Fig. 4 shows the
wafer-particle-pad micro-contact. The parabolic approximation of
the profile of the spherical particle (diameter, D) [29] is

f(x)=9— (9)2 (ax)*> and ng.

3 3 (10)
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Fig. 4. Schematic of pad-wafer—particle contact [29].

The indentation depth of the particle into the pad is [26]

l !
F® gy (11)

0 \/1-—x2

The force equilibrium (Faw(D) = Fap(D)) of the plastic contact
between the particle and the wafer (Fgy) and the elastic contact
between the pad and the particle (Fy) with a boundary condition
on the indentation depth (Faw(D) = HwxDj,,, (D)) allows the inden-
tation depth of a particle into the wafer surface to be calculated by
solving [29]

<HW)2__1Q§+(;—1x—3+\/9+12;»2 12
Eap ~ 872 (2 _ {)2(_3 + /9+ .12{) ’

dp(D) =

where

26p(D)
§=—p

The indentation depth of a particle into the wafer (6 (D)) [29]
is defined as

Sw(D) = ( _ %) D. (13)

InEgs. (10)-(13), §5(D) is the indentation depth of the particle of
diameter D in the polishing pad, H,y is the hardness of the film to be
removed, §,,(D) is the indentation depth of the particle of diameter
D into the wafer surface, and Egp is the composite Young’s modulus
of the pad and particle.

After the slurry chemicals change the material properties of the
wafer surface, the chemically reacted surface layer can be removed
by the mechanical action of the abrasive particles. Assuming that
the reacted surface layer is thick enough, the indentation of the
particles into the wafer surface causes plastic deformation in the
reacted surface layer. The chemically reacted surface is softer than
the original surface and is more readily removed by the sliding par-
ticles. In Fig. 4, AS(D) is the cross-sectional removal area calculated
from the indentation depth of a single particle of diameter D for
the original surface and S(D) is the cross-sectional removal area
for the chemically reacted surface. §,,(D) is the equivalent indenta-
tion depth of a single particle of diameter D for the original surface
and &'y(D) is the equivalent indentation depth for the chemically
reacted surface. To calculate the real MRR, it is assumed that S(D)
is proportional to AS(D) and the proportional constant is obtained

from the comparison of the model and the experimental data. S(D)
is expressed as

S(D) = kAS(D) = gk(SW(D)\/(SW(D)D. (14)

Based on the number of active particles and the particle inden-
tation, the average MRR (MRRqyg) is expressed as follows:

2
4] (1/A$v/l+l> <f5> (Rp)]/zpvre,avg( §>3/2
il A (L) vl Tlreavg (45

3 AT

MRRqyg = ¢) o z

Epw

: / ®(D)DdD, (15)
Der

where k is a constant obtained from the experimental data and
Vreavg is the average relative velocity of the wafer.

The equivalent indentation depth of a single particle can be cal-
culated from the experimentally obtained k value, as shown below:

5,(D) = k2/38,,(D) = (1 _ %) k23D, (16)

Therefore, the average MRR in Eq. (15) is rewritten with the
equivalent indentation depth as follows:

( AT J1=1

2
1/2 3/2
MRRqyg = ﬂi) 5 (R /L/'e"”g 1-& /
SCE ] AT Cc) \op Epw 2

w

/ @(D)D?dD, 17)
Der

where

{=2-K32-20).

2.4. MRR distribution model

The spatial distribution of the MRR can be expressed by using
a spatial parameter consisting of the normalized normal contact
stress and the normalized average relative velocity distribution, as
shown below: [24]

o B
MRR(X, y) = MRRqyg - { (O‘n(x’ y)> ( Vre.avg(X, Y)> } s (18)
On.avg Vre.avg

where op(x,y) is the normal contact stress at an arbitrary position
on the wafer; on.avg is the average normal contact stress; Vieqvg(X.y)
is the average relative velocity at an arbitrary position on the wafer;
and Vie qavg is the average relative velocity of the wafer. The normal
contact stress distribution can be obtained from an FEA simulation
and the relative velocity distribution can be calculated using a kine-
matic analysis that accounts for the operating conditions. However,
it is inappropriate to compare the influence of each parameter on
the MRR distribution because the units and magnitudes of the nor-
mal contact stress and the relative velocity are different. All of the
parameters are normalized with respect to their average values to
represent their deviations; @ and f are constants that represent the
influence of each normalized parameter. When the angular velocity
of the carrier equals that of the platen, the value of Vie avg(X.y)/Vre.avg
is “1” and the MRR distribution depends only on the normalized
normal contact stress. In this study, we only considered the normal
contact stress distribution by setting the angular velocities of the
carrier and the platen equal to each other.
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Table 1
CMP slurries for experiments.

Slurry Mean (nm) Standard deviation (nm)
D13 133 3.7
D22 224 44
D61 60.9 125
D118 117.7 26.4

3. Experimental conditions

An IC1000/SubalV stacked pad (Nitta Haas Inc., Japan) was used
as the stacked form, composed of an IC1000 (polyurethane pad) as
the top pad and a SubalV (felt-type pad) as the base, and it was
designed for easy use and for improving the performance consis-
tency. A plasma-enhanced chemical vapor deposition (PECVD) was
used to deposit a silicon dioxide (SiO;) film (1.5 pm thick) on an 8-
in. (200 mm) silicon wafer. The CMP process was performed using
a rotary CMP polisher (GnP POLI500, GnP Technology, Korea). The
distance from the center of the platen to the center of the carrier
was 130 mm. The carrier was estimated to be devoid of oscillations
during the CMP process. The operating pressures were 27.58 kPa for
the wafer and 34.47 kPa for the retaining ring. The relative velocity
was 65.312 m/min, and the slurry flow rate was 150 ml/min. Four-
types of CMP slurries were prepared for the experiments, as shown
in Table 1. The particle diameter was measured with a particle-size
analyzer (ELS-8000, OTSUKA Electronics Co.). The mean particle
diameters for the four slurries were 13.3 nm (D13), 22.4 nm (D22),
60.9nm (D61),and 117.7 nm (D118). The concentration of particles
was fixed at 12.5 wt%. During CMP, the conditioning process was
ex situ at a pressure of 5.88 kPa and rotational velocities of 40 rpm
for the conditioner disk and 60 rpm for the platen. After polishing
for 1 min, the thickness of the SiO, films was measured using a
reflectometer (K-Mac ST5030-SL). The MRRs of the SiO, films were
measured at 41 points on each wafer, and the edge exclusion was
3 mm.

4. Experimental verification and discussion

Park and Jeong [30] reported the real contact area ratio (real con-
tact area/nominal contact area) without considering the grooves of
the polishing pad before and after conditioning. When the applied
pressure was 34.47 kPa, the real contact area ratio of the as-received
polishing pad was 0.0027, and the real contact area ratios after
a conditioning process with a random diamond disk (RDD) and
a uniform diamond disk (UDD) were 0.0089 and 0.0145, respec-
tively. Considering the area density of the up-features divided by
the area of a flat pad (f;: 0.83), the real contact area ratios at 5 psi
were calculated to be 0.0074 and 0.0120 for the RDD and the UDD,
respectively. These values of the real contact area are similar to the
experimentally reported range. According to Eq. (1) and the mate-
rial properties in Table 2, the real contact area ratio in this study

Table 2

Material properties for CMP modeling.
Variable Description Value Unit
op Standard deviation of pad asperity 30 m
Ry Average radius of pad asperity 25 pm
E, Young’s modulus of pad material 10 MPa
vp Poisson ratio of pad material 0.2 -
Eq Young's modulus of silica particle 94 GPa
Vg Poisson ratio of silica particle 0.26 -
Pa Density of silica particle 2270 kg/m?
Ps Density of slurry 1040 kg/m3
Ey Young's modulus of silicon dioxide 66 GPa
Vw Poisson ratio of silicon dioxide 0.3 -
Hy, Hardness of silicon dioxide 18 GPa

0.4
—u=D 13 nm
—e—D 22 nm
—4a=—D 61 nm
0.3 —v—D 118 nm —
A‘A 2 A
| AN
_g ..\ A X/ v
£ ! / v
o1t \,{ .
i 'o‘ /'\ AN
0.0

0 50 100 150 200 250
Particle size (nm)

Fig. 5. Particle size distributions of slurries.

at 34.47 kPa is 0.0086. For a pressure of 27.58 kPa, the real contact
area ratio is calculated to be 0.0052.

For the model, D is assumed to be 22 nm. The MRR at a par-
ticle diameter of 118 nm was used to calculate the value of k, and
k was obtained from the comparison between the model and the
experimental datato be 1.21. The size distribution of the particles is
measured as a discrete probability density distribution, as shown in
Fig. 5. The discrete probability density function is used to calculate
the total number of particles.

The value of k indicates that the SiO, surface is softened by the
chemical reaction with the slurry because the chemicals in a CMP
slurry change the mechanical properties of the wafer surface. This
chemically reacted surface layer is then removed by the abrasive
mechanical action of the sliding particles in the slurry. If the chem-
ically reacted surface layer is thick enough, the indentation of the
particles into the wafer causes plastic deformation of the reacted
layer. According to Sorooshian et al. [31], the etch rate of SiO, in the
oxide slurry is approximately zero. The predominant phenomenon
responsible for the removal of SiO; is a combination of chemical and
mechanical interactions that first hydrate the SiO, surface owing to
the presence of the alkaline slurry and then mechanically abrade
the surface with the particles present in the slurry. In SiO; CMP,
material removal by chemical etching is negligible for the modeling
of MRR.

Fig. 6 shows the experimentally obtained average MRRs and the
calculated average MRRs as a function of particle diameter, with the

300
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—eo— Model
250

200
v °
150 /

100 |-

50 |-

0 Q L " L " 1 " 1 A 1 1
0 20 40 60 80 100 120
Particle Diameter (nm)

Material removal rate (nm/min)

Fig. 6. Average MRR as a function of average particle size.
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Fig. 7. Average MRR as a function of particle concentration (D118).

particle concentration fixed at 12.5 wt%. The MRR increases from
D13 to D61, and decreases slightly from D61 to D118. Zhou et al.
[32] obtained similar results in the CMP of a SiO; film using six kinds
of colloidal silica slurries with different mean particle diameters of
10, 20, 50, 80, 110, and 140 nm. They found that the 80 nm silica
particle exhibited the highest MRR and best surface finish. Zhang
et al. [33] also reported a similar experimental result on the effect
of the mean particle size on the MRR. As is seen in Fig. 6, the MRRs
predicted by the model are in agreement with the experimentally
measured MRRs under the same CMP conditions.

Fig. 7 shows the experimentally measured average MRRs and
the predicted average MRRs from Eq. (15) as a function of parti-
cle concentration for the D118 slurry. The particle concentration
was varied from 5wt% to 17.5wt%. Mahajan’s experiment [34]
showed a similar trend for SiO, CMP with 0.2 pum silica parti-
cles. The MRR increases with the particle concentration, indicating
that the presence of more active particles increases the material
removal of SiO,. However, Choi et al. [35] showed that the increase
in particle concentration leads to an increased MRR for low par-
ticle concentrations; conversely, for high particle concentrations,
the MRR decreases with increasing particle concentration. How-
ever, they used 0.2, 0.5, 1.0, and 1.5 wm particles, which are larger
than the particles used for this study. They explained their exper-
imental results via the dynamic motion of silica particles: sliding
motion for low particle concentrations and rolling motion for high
particle concentrations. Only the CMP results using 0.2 pum particles
show a similar trend to our experimental data and modeling results.
Our model cannot predict the effects of rolling motion because
we assumed that the SiO, film is removed by a two-body abra-
sion caused by the sliding motion of the imbedded particles in
the pad surface. However, the typical particle size in CMP is less
than 200 nm [2,36], and the size distribution is tightly controlled
to prevent particle agglomeration that results in scratches. Zhou
et al. [32] concluded that for SiO, CMP, the MRR increases with
the increase in particle concentration for the nano-scale abrasives,
which is different than the trend for micro-scale abrasives. There-
fore, the proposed model is plausible for explaining the MRR for
SiO, CMP processes involving nano-scale abrasives.

Normal contact stress uniformity is a key parameter in wafer-
level CMP performance because it relates to the frictional force. In
this study, the normal contact stress distribution in the CMP pro-
cess is considered with a 2D axisymmetric model. The CMP finite
element model consists of a polishing pad, wafer, and carrier film.
The pressure on the back of the carrier is assumed to be uniformly
distributed. The following assumptions are also made: all the mate-
rials are isotropic and homogeneous; the surfaces of the backing
film, wafer, retainer ring, PC film, and pad are smooth; the wafer

350

300k 0 D13 (Exp) ==—=D13(Model) _ |
| o D22 (Exp) =——D22 (Model)
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200
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Material removal rate (nm/min)
(4]
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Fig.8. Experimental and calculated MRR distributions for various particle diameters
(Cq: 0.125).

and the polishing pad are in contact at every point of the interface
at which small sliding occurs; and the relative velocity between
the wafer and the polishing pad is constant at all positions. For the
model, a quadrilateral mesh was used, and the numbers of nodes
and elements were 115,496 and 34,780, respectively. Because the
rotational velocity of the carrier is equivalent to that of the platen,
the relative velocity distribution does not influence the theoretical
MRR distribution.

Figs. 8 and 9 show the distributions of the measured and pre-
dicted MRRs. Specifically, Fig. 8 shows the measured and predicted
results of the model using various particle diameters with a concen-
tration of 12.5 wt%. Fig. 9 shows the experimental and calculated
MRR distributions of the D118 slurry for various particle concen-
trations. o was calculated to be 3.77 from the comparison between
the experimental data and the proposed model. The constant in
the regression is negligible. The average normalized MRRs of each
measuring point in the experiments on particle size effect were
compared with the normalized stress distribution because the par-
ticle concentration may largely impacts MRRs near the edge of
the wafer. Both outermost measuring points were ignored because
of the irregularity. The correlation coefficient was 0.818 and the
stress distribution positively correlated with the MRR distribution.
Table 3 shows the normalized stress distribution and the average
normalized MRR for regression analysis. The distribution of the
MRRs follows the distribution of the normal contact stress. The
results show that the MRRs are distributed uniformly at the center

400
= 350-, o 5.0wt% (Exp) ==5.0wt% (Model)
E o 7.5Wi% (Exp) ====7.5wi% (Model)
E 300} & 12,5 wWt% (Exp) ==12.5wt% (Model)
= ! v 17.5wt% (Exp) == 17.5wt% (Model)
(]
2 250
e ! A -
T 200 h%
>
o]
g 150 - N
m 3
1=
= 100
2 i
= 50
= L

0 1 i 1 r 1 s
-100 -50 0 50 100

Distance from wafer center (mm)

Fig. 9. Experimental and calculated MRR distributions for various particle concen-
trations (D118).
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Table 3
Normalized stress distribution and average normalized MRR for regression analysis.

Position Normalized stress Avg. normalized MRR
-95 0.9268 0.6835
-90 0.9644 0.8342
-85 0.9932 1.0449
-80 1.0092 1.1298
-75 1.0152 1.1316
-70 1.0155 1.0962
—-65 1.0134 1.0584
—-60 1.0109 1.0334
-55 1.0089 1.0065
-50 1.0074 0.9957
—45 1.0065 0.9821
—40 1.0062 0.9697
-35 1.0062 0.9780
-30 1.0065 0.9684
-25 1.0067 0.9763
-20 1.0066 0.9675
-15 1.0063 0.9628
-10 1.0062 0.9554
-5 1.0067 0.9472
0 1.0067 0.9276
5 1.0067 0.9440
10 1.0062 0.9528
15 1.0063 0.9489
20 1.0066 0.9786
25 1.0067 0.9495
30 1.0065 0.9477
35 1.0062 0.9586
40 1.0062 0.9662
45 1.0065 0.9581
50 1.0074 0.9707
55 1.0089 0.9771
60 1.0109 0.9874
65 1.0134 1.0348
70 1.0155 1.0518
75 1.0152 1.1089
80 1.0092 1.1215
85 0.9932 1.0872
90 0.9644 0.9261
95 0.9268 0.7506

of the wafer; however, the MRRs near the edge of the wafer reduce
and then increase at the outermost radius, according to the nor-
mal contact stress distribution. Some errors near the wafer edge
may be caused by the slurry flow, which was not considered in the
model. Nevertheless, the predicted results and measured results
show good agreement.

5. Conclusions

Based on contact mechanics, this paper proposes a MRR model
for Si0, CMP, incorporating the effects of particle size, particle con-
centration, slurry flow rate, area density of the pad surface, and
chemical reactions. It is assumed that the polishing pad has a ran-
domly rough surface, plastic contact occurs at the wafer-particle
interface, and the polishing pad deforms elastically via particle
indentation. The proposed model includes the line density of parti-
cles from an imaginary slurry volume in the wafer-pad sliding area,
which has not been included in previous models. The predicted
results show good agreement with the experimentally obtained
results. The proposed MRR model can be used for the development
of a CMP simulator, the optimization of process parameters, and
the design of the next-generation of CMP machines.
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