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Roles of Colloidal Silicon Dioxide Particles in Chemical Mechanical Polishing

of Dielectric Silicon Dioxide
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Chemical mechanical polishing (CMP) is carried out using slurry particles in contact with a wafer and a pad. The size and
distribution of particles between the wafer and the pad play a crucial role in achieving desired CMP performance. Polishing
rates and friction forces were measured as a function of particle size and solids loading, and surface finishes of silica wafers
polished with colloidal silica particles were analyzed to validate the polishing mechanism. On the basis of polishing rate,
friction force and surface finish, polishing occurring at the pad-particles-wafer interface was analyzed and an interfacial
contact model was proposed. Understanding the polishing mechanism using colloidal particles makes it possible to achieve
desired CMP performance. [DOI: 10.1143/JJAP.44.8383]
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1. Introduction

Chemical mechanical polishing (CMP) has been devel-
oped to achieve global planarization of metal and dielectric
films in the microelectronic fabrication industry. The CMP
process consists of a resilient pad, a wafer to be polished,
and an abrasive slurry.1) During the CMP process, a rotating
wafer is pressed face down onto a rotating polishing pad
while a slurry of abrasive particles and chemical additives
flows between the pad and the wafer.2) The synergistic
interaction of mechanical abrasion and chemical reaction
leads to removal of material from the wafer, making the
CMP process more complicated.3) Understanding the syner-
gistic interaction may result in the improvement of CMP
performance in terms of global planarization, low defect
density, and appropriate removal rate, which significantly
depend on slurry polishing conditions. Therefore, more
thoroughly understanding the effect of the polishing slurry
on the polishing mechanism is critical to achieving a desired
CMP performance.

A commonly used CMP system utilizes abrasive particles
that are dispersed in a slurry.1) The interfacial interaction of
abrasive particles dispersed in a slurry is indispensable for
desired CMP performance. The polishing rate, surface finish
and surface defects are simultaneously affected by slurry
particles.4,5) The effects of particle size and solids loading on
polishing rate and surface finish have been studied to
understand the polishing mechanism and achieve optimized
polishing performance. Some have proposed that an increase
in both particle size and solids loading leads to an increase in
polishing rate,6,7) while others have suggested that polishing
rate is increased as particle size decreases or it is independent
of particle size.5,8) Zhou et al. proposed that polishing rate
increases with increasing solids loading and that a maximum
polishing rate is achieved using 80 nm colloidal silica
particles.9) Their work also suggested that the agglomeration
of nanosized particles (e.g., 10 and 20 nm) has a detrimental
effect on surface finish and reduces polishing rate. Li et al.
suggested that an increase in specific surface area of colloidal
silica particles leads to an increase in silanol group concen-
tration, resulting in polishing rate.10) This indicated that an
increase in the polishing rate may be achieved by increasing
the contact area of colloidal silica particles. Our previous

studies suggested two removal mechanisms with solids
loading for various particle sizes:11) one is a contact-area-
based removal mechanism, the removal rate of which
increased with an increase in the total contact area of
particles in contact with the wafer surface. The other is an
indentation-based removal mechanism, the removal rate of
which increased with an increase in the indentation depth of
single particles. As has appeared in previous reports, polish-
ing performance in terms of parameters such as polishing rate
and surface finish is significantly related to particle size and
solids loading. Even though previous studies have provided
insights into polishing mechanisms related to particle size
and solids loading, consensus has not been achieved on the
effects of particle size and solids loading on polishing
performance, no polishing mechanism due to colloidal silica
particles has been validated, and no investigation into the
interfacial interaction during polishing has been carried out.

This study provides insight into the mechanism of silicon
dioxide chemical mechanical polishing carried out with
slurries containing nanosized colloidal particles. The effects
of particle size and solids loading on polishing rate, surface
finish, and friction force are described to delineate a
polishing mechanism. An advanced micro-contact polishing
model is proposed that includes consideration of the
interfacial contact of colloidal particles between the pad
and the wafer that varied during polishing.

2. Experimental

Levasil abrasive silica slurries obtained from Bayer
Company were used for this study. Slurries were diluted to
2, 5, 10, 15, and 30wt% by adding deionized water. The pH
was adjusted to 10.5 using 0.1M HNO3 and 0.1M NaOH.
The size and distribution of particles were measured using a
Honeywell Microtech UPA 150 particle size analyzer
utilizing a light scattering technique. The shape and size of
particles were directly analyzed by scanning electron mi-
croscopy (SEM). Polishing experiments were conducted to
validate a polishing mechanism using a Struers Rotopol 31
tabletop polisher. Process conditions for the polishing tests
were as follow: downward pressure (4.5, 7.5, 10.5, and
15 psi), rotation speed of the pad and wafer (110 cm/s), and
flow rate of slurry (100ml/min). The polishing samples
1:5� 1:5 in.2 were prepared by clipping 8 inch silicon
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wafers deposited with silicon dioxide using plasma enhanced
chemical vapor deposition (PECVD). The IC 1000/Suba IV
stacked pad was utilized as a polishing pad. The polishing
pad was conditioned using a Grit-Abrade diamond condi-
tioner to maintain the roughness and porosity of the pad
surface. The polishing rate was calculated from the thickness
of the silica layer measured using a J. A. Wollan variable
angle specroscopic ellipsometer (WVASE) before and after
polishing. The surface topographies and surface roughness
of polished layers were characterized using a Digital
Instruments Nanoscope III atomic force microscope (AFM).

In situ friction force measurements were carried out to
delineate the interfacial interaction of particles between the
pad and the wafer during CMP. The in situ friction force
instrument was assembled on the Struers Rotopol 31 tabletop
polisher as shown in Fig. 1. Data on the friction force were
acquired every 250ms via a Sensotec model 31 load cell.
The friction forces were measured under these conditions:
downward pressure (3.5 psi), rotation speed of the pad
(110 cm/s), and flow rate of slurry (100ml/min). The
friction forces were measured at intervals of 45 s for each
run. De-ionized water was used for a baseline value during
the initial 15 s. The variations of friction force due to the
addition of slurry containing particles during the next 30 s
were normalized against the baseline.

3. Characterization

3.1 Size characterization of colloidal silica particles
The size and size distribution of colloidal silica particles is

critical in determining polishing performance. As shown in
Fig. 2, the particle size distribution measured by light
scattering methods showed a well-dispersed colloidal silica
with uniform size. Particle size and size distribution were in
agreement with the information that the company provided.
As shown in Fig. 3, the direct images of colloidal particles
detected by scanning electron microscopy (SEM) suggested
that colloidal particles were spherical in shape. Particle sizes
detected by SEM were in agreement with those measured
using light scattering.

3.2 Surface characterization of polished surface
Surface quality is an indication of the expected yield and

reliability of interconnetions. A rough interlayer dielectric
(ILD) film is more susceptible to low breakdown stength and
high leakage.1) Roughness is minimized by properly balanc-
ing the chemical and mechanical components in the CMP
process. The surface characterization of a polished wafer
surface needs to be accompanied by polishing tests to obtain
an optimized polishing process. The average area and
volume of particles in contact with wafer were determined
from two parameters containing amplitude and texture
information.12) Figure 4 shows the surface profile of a
cross-sectional area.

As an amplitude parameter that represents the average
properties of a profile, surface root mean square (RMS)
roughness is given by

Rq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

L

Z L

0

Z2ðxÞ dx

s
; ð1Þ

where L is the evaluation length and ZðxÞ is the height
function. Surface RMS roughness is the variation in height
from point to point on the surface and indicates an average

Fig. 1. Schematic presentation of in situ lateral friction force instrument.
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Fig. 2. Particle size distribution for different lots of silica particles diluted

in DI water at pH 10.5.
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indentation depth of particles into the wafer surface. This
surface roughness parameter contains no information about
the spatial or textural variations in the profile. It is important
to describe the variation of relief in the plane of the surface.
Texture parameters are utilized to distinguish between the
profiles which are visibly different but for which all the
amplitude parameters are the same. As a texture parameter,
the mean spacing of profile irregularities (Sm) is given by the
following equation:

Sm ¼
Sm1 þ Sm2 þ Sm3

n
; ð2Þ

where n is the number of peaks per unit length of a profile.
Sm may be a function of particle size and solids loading
during polishing.

4. Results and Discussion

4.1 Polishing rate (solids loading, particle size, and
downward pressure effects)

Figure 5 shows polishing rate as a function of solids
loading for three kinds of colloidal particles. Polishing tests
were conducted at a downward pressure of 7.5 psi. For a
given downward pressure, polishing rate may be a function
of particle size and solids loading. As seen in Fig. 5,
polishing rate increased with a change in solids loading.
Because a change in solids loading leads to a variation in the
total area of colloidal particles in contact with the wafer
surface, an increase in solids loading results in an enhanced
polishing rate. For all solids loading conditions, polishing
rate may be a function of particle size. A decrease in particle
size leads to an increase in polishing rate. For low solids
loading (� 5wt%), it is apparent that the difference in
polishing rate due to particle size is small. For a high solids
loading of 30wt%, however, polishing rate increased
significantly with a decrease in particle size. These dif-
ferences in polishing rate suggested that the difference in the
area of particles in contact with wafer is large under high
solids loading conditions. As shown in Fig. 5, a change in
polishing rate due to particle size and solids loading is in
agreement with a contact-area-based-model.13) According to
the contact area-based model, polishing rate depends on the
total contact area between the abrasive particles and the
surface being polished. The contact area as a function of
particle size and solids loading is given by the following
expression:

A / C
1=3
0 � ��1=3; ð3Þ

where A is the contact area, C0 is the solids loading, and � is
the particle size. According to this model, the contact area of
colloidal silica particles determines polishing rate. Zhou
et al. reported similar results for polishing by colloidal

(a)

(b)

(c)

Fig. 3. SEM images of abrasive particles: (a) 100K, (b) 50 CK-V1, and

(c) 50 CK.
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Fig. 4. Surface profile of cross-sectional area of top surface.
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Fig. 5. Polishing rate as a function of solids loading for various particle

sizes at condition of downward pressure of 7.5 psi.

Jpn. J. Appl. Phys., Vol. 44, No. 12 (2005) W. CHOI and R. K. SINGH 8385



particles (� 80 nm), which showed that polishing rate
increases with a decrease in particle size and an increase
in solids loading.9) For small colloidal particles (� 50 nm),
they reported that polishing rate decreases with a decrease in
particle size because the contact area decreases due to the
agglomeration of colloidal particles. Homma et al. showed
that downward pressure is proportional to downward
pressure and polishing rate simultaneously.14) This result
agrees with the effect of downward pressure on polishing
rate for polishing conducted with colloidal silica particles.
Consequently, particle size and downward pressure plays an
important role in determining polishing rate.

Polishing rate depends significantly on downward pres-
sure, because a change in downward pressure leads to
variations in interfacial contact at the pad–particles–wafer
interface. Figure 6 shows polishing rate as a function of
downward pressure for different particle sizes. Polishing rate
was proportional to the down pressure and it increased with
a decrease in particle size. Without agglomeration of
colloidal particles, the effect of particle size on polishing
rate agrees with results from other work.9) According to
other experiments, agglomeration of colloidal silica particles
leads to a lower polishing rate, while this experiment shows
no decrease in polishing rate with an increase in particle size
because there was no agglomeration confirmed by surface
roughness measurements. With increasing downward pres-
sure, polishing rate increased, which follows the model of
Preston.15) The model of Preston is given by the following
equation:

MRR ¼ KPV ; ð4Þ

where MRR is the material removal rate, P is the downward
pressure, V is the relative polishing speed, and K is a system
dependent parameter. When the relative velocity and
chemical environment remain unchanged, polishing rate is
expected to be a function of downward pressure. As seen in
Fig. 6, polishing rate follows the model of Preston with
some deviation. For the conditions for each particle size, K
is shown on the following Table I.

As shown in Table I, K is lower at a small particle size
than at a large particle size. This explains that the depend-
ence of the CMP system (downward pressure and pad
rotation speed) on material removal rate increased with an
increase in particle size. It can be concluded that small
particles give high removal rates at a designated downward
pressure. However, changes in removal rate by downward

pressure are lower for small particles than for large particles,
a result which is validated by the Preston equation.
Consequently, for polishing by colloidal silica particles,
optimized polishing rates are tailored on the basis of the
dependence of polishing rate on downward pressure.

4.2 Surface characterization (solids loading, particle size,
and down pressure effects)

Top-view images and cross-sectional profiles of polished
surfaces are an indication of the surface finish produced by
chemical mechanical polishing. Surface chemistry, particle
size, solids loading, contact area between particles and
wafers, and downward pressure simultaneously change the
surface finish of the wafer to be polished. Cook proposed a
surface roughness model for a single particle located
between two hard surfaces in contact.8) Surface roughness,
Rs, is the penetration depth of a particle into the surface,
which is given by

Rs ¼
3

4
� � �

P

2kE

� �2=3

; ð5Þ

where k is the particle concentration, � is the particle size, P
is the downward pressure, and E is the elastic modulus.
According to eq. (5), Surface roughness was expected to be
a function of particle size, downward pressure, and elastic
modulus.

Figure 7 depicts the top-view images and cross sections of
silica wafer surfaces polished with colloidal silica particles
having diameter of 88 nm for various solids loading: (a) 2,
(b) 5, and (c) 15wt%. The surface roughness (RMS) of the
polished surface remained unchanged with an increase in
solids loading. The cross section of the polished surface also
showed a profile similar to solids loading. The surface
roughness (RMS) and the mean spacing of profile irregu-
larities (Sm) remained constant with increasing solids
loading. When the particle size remains unchanged, surface
roughness is a function of downward pressure per particle, as
shown in eq. (5). It is clear that downward pressure per
particle remains unchanged with an increase in solids
loading. Therefore, it can be suggested that the wafer is in
contact with the polishing pad and particles embedded into
the pad simultaneously. Due to the contact between the pad
and the wafer, downward pressure per particle remains
unchanged and total contact area does not change at a
constant downward pressure.

Figure 8 shows the top-view images and cross sections of
silica wafer surfaces polished with colloidal silica particles
having diameters of 48 and 110 nm for two solids loading
conditions (10 and 30wt%). For each particle 48 and 88 nm
in diameter, surface roughness (RMS) and the mean spacing
of profile irregularities (Sm) also remained unchanged with
solids loading. This shows that downward pressure per
particle does not change with solids loading. For each solids
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Fig. 6. Polishing rate as a function of downward pressure for various

particle sizes.

Table I. K (Preston’s coefficient) as a function of particle size.

Particle size

(nm)
K (1/psi) �10�10

48 8.3

88 11.2

110 11.3
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loading condition, both surface roughness (RMS) and the
mean spacing of profile irregularities (Sm) increased with
particle size. This suggested that an increase in particle size
led to an increase in contact area and volume per particle. As
shown in eq. (5) and Fig. 8, particle size is a dominant factor
in determining surface roughness during CMP.

Downward pressure is expected to be a critical process
parameter in determining surface roughness. Figure 9
illustrates the top-view images and cross sections of polished
surfaces for various particle sizes and downward pressures.
Surface roughness (RMS) and the mean spacing of profile
irregularities (Sm) remained unchanged with an increase in
downward pressure for a given particle size, but they
increased with particle size. These results show that down-
ward pressure per particle remains unchanged in spite of the
increase in total downward pressure. While the chemical
environment (e.g., pH) remained unvaried, the elastic
modulus (E) of the top surface layer is thought to be
constant.16) For a constant particle size and chemical
environment, surface roughness is a function of downward
pressure per particle, as shown in eq. (5). Therefore, this
suggests that an increase in downward pressure leads to an
increase in contact area between the pad and the wafer,
allowing for a constant downward pressure per particle
embedded into the pad. Consequently, it is also apparent that
particle size is a main contributor to determining surface
roughness in the CMP process.

4.3 In situ friction force measurements (particle size and
solids loading effects)

Friction force is a function of the interfacial contact of
particles. Friction force is a measure of how much contact
the particles make with the wafer surface, which is
important in determining the abrasion mode. For a given
solids loading, the change in particle size and solids loading
leads to a variation in the interfacial contact of particles in
contact with the wafer and the pad. Figure 10 shows friction
force as a function of solids loading for various particle
sizes. For each solids loading condition, a decrease in
particle size allows for an increase in friction force. This
suggested that a decrease in particle size leads to an increase
in the area of particles in contact with the wafer, resulting in
friction force. For each particle size condition, an increase in
solids loading enhanced friction force. Friction force raised
by an increase in solids loading may be due to an increase in
the area of particles in contact with the wafer. In this regard,
an increase in the number of particles in contact with the
wafer leads to an increase in the area of particles in contact
with the wafer, resulting in an increase in friction force and
polishing rate.

5. Proposed Interfacial Contact Model

An interfacial contact model was proposed to delineate
the role of colloidal silica particles at the pad–particles–
wafer interface during polishing. One component of the
model explains the particle size and solids loading effects on

nm

(b)

(a)

(c)

RMS : 0.287nm

RMS : 0.281nm

RMS : 0.273nm RMS (0.161nm), Sm (120.5nm)

RMS (0.168nm), Sm (128.2nm)

RMS (0.166nm), Sm (129.9nm)

Fig. 7. Top-view images and cross sections of silica wafer surfaces polished with colloidal silica particles having diameter of 88 nm for

various solids loading: (a) 2, (b) 5, and (c) 15wt%.
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interfacial contact that occurs during polishing, and the other
component explains the downward pressure effect on the
interfacial contact of particles in contact with the wafer and
the pad simultaneously.

5.1 Particle size and solids loading effects on interfacial
contact

Figure 11 shows a schematic diagram of pad–particles–
wafer interface as a function of particle size and solids
loading. This interfacial contact model was built on the basis
of polishing rate, surface finish, and friction force measure-
ments. For given solids loading conditions, the indentation
depth of a particle into the wafer surface and contact area per
particle increased with particle size, and smaller particles
exhibit a higher polishing rate. Even though smaller particles
produced shallow indentation depths per particle into the
wafer surface, the total contact area of particles in contact
with the wafer increased with a decrease in particle size.
This suggested that polishing rate increased with the total
contact area of particles in contact with the wafer for a

constant solids loading. For a given particle size, indentation
depth per particle remained unchanged with an increase in
solids loading.

Pressure per particle remained unchanged with increasing
solids loading. The wafer was in contact with the pad and the
particles embedded into the pad simultaneously during
polishing. The polishing rate increased with solids loading
for a constant particle size. An increase in solids loading
leads to an increase in the number of particles in contact
with the wafer, resulting in an enhanced polishing rate.

5.2 Downward pressure effects on interfacial contact
Downward pressure is a process input variable in the CMP

process. The output parameters such as polishing rate,
surface finish, and planarity are determined by modulating
the downward pressure. Based on the polishing rate and
surface finish of the polished wafer surface, the influence of
downward pressure on interfacial contact taking place during
polishing is illustrated in Fig. 12. With increasing downward
pressure, the asperities of the pad surface go into the pad,

(d)

(c)

(a)

(b)

RMS : 0.213nm

RMS : 0.209nm

RMS : 0.329nm

RMS : 0.341nm

nm

(b)(b)

RMS (0.204nm), Sm (166.7nm)

RMS (0.126nm), Sm (86.9nm)

RMS (0.214nm), Sm (158.7nm)

RMS (0.133nm), Sm (95.2nm)

Fig. 8. Top-view images and cross sections of silica wafer surfaces polished with colloidal silica particles for two solids loading

conditions: (a) 10wt% (48 nm), (b) 10wt% (110 nm), (c) 30wt% (48 nm), and (d) 30wt% (110 nm).
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and the contact area between the pad and the wafer
increased, allowing for a large pad–wafer contact area.

The unvaried surface roughness with increasing down-
ward pressure indicated that indentation depth per particle
remained unchanged with an increase in downward pressure,

because downward pressure per particle does not markedly
increases with increasing downward pressure, which is due
to the fact that the wafer comes in contact with the pad and
the particles embedded into the pad simultaneously. Con-
sequently, an increase in downward pressure on the wafer
can increase the number of particles in contact with the
wafer but it does not significantly increase the downward
pressure applied to each particle and its indentation depth in
the wafer. Therefore, it can be concluded that polishing rate
increased with downward pressure due to an increase in the
number of particles in contact with the wafer.

6. Conclusions

The interfacial interactions of colloidal silica particles
between a pad and a wafer were studied to validate a
polishing mechanism for dielectric silica. While nanosized
colloidal silica particles were inserted into the interface
between the pad and the wafer, the polished wafer surface
was in contact with the pad and the particles embedded into
the pad simultaneously during polishing, which was con-

RMS : 0.344nm
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(a)
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(c)
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RMS (0.229nm), Sm (149.2nm)

RMS (0.224nm), Sm (153.8nm)

Fig. 9. Top-view images and cross sections of silica wafer surface polished with 30wt% colloidal silica particles for two different

particle sizes and downward pressure conditions: (a) 4.5 psi (48 nm), (b) 15 psi (48 nm), (c) 4.5 psi (110 nm), and (d) 15 psi (110 nm).
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firmed by surface finish parameters, such as surface rough-
ness (RMS), and the mean spacing of profile irregularities
(Sm). In this regard, surface finish did not only remain
unchanged with the change in solids loading and downward
pressure for a given particle size, but it also increased with
an increase in particle size. Polishing rate increased with an
increase in solids loading and a decrease in particle size,
which indicated that polishing rate increased with an
increase in the contact area of colloidal particles between
the pad and the wafer.
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Fig. 12. Schematic diagram of interfacial contact at pad–particles–wafer interface with changes in downward pressure.
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Fig. 11. Schematic diagram of interfacial contact at pad–particles–wafer interface with change in particle size and solids loading.
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