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Modeling of Particle Removal Using Non-contact Brush
Scrubbing in Post-CMP Cleaning Processes

Reiyu Chein
Wenyuan Liao
Department of Mechanical Engineering, National Chung Hsing
University, Taichung, Taiwan

Particle removal using non-contact brush scrubbing for post-CMP (Chemical
Mechanical Planarization) cleaning is investigated analytically. The removal of
SiO2 and Al2O3 particles adhered onto SiO2 film coated on the wafer surface
are considered. The cleaning fluid (H2O=NH4OH ¼ 1:25 and 1:200) flowing
between the brush and wafer surface is treated as a thin-film fluid flow. The flow
field details and its effect on the drag force acting on the adhered particles are dis-
cussed. In addition to the drag force, the electrical double layer (EDL) and thermo-
phoretic force effects on particle removal are also considered. It was found that the
dominant force in achieving particle removal using a rolling mechanism is the
drag force. The EDL and thermophoretic forces have an insignificant effect on
particle removal. Based on the results from this study, particles of submicron size
can be removed from a wafer surface using higher brush rotation speed and pure
deionized (DI) water as the cleaning fluid.

Keywords: Electrical double layer force; Particle rolling; Post-CMP cleaning; Thermo-
phoretic force; Thin-film fluid flow

1. INTRODUCTION

With the high-speed development of Ultra Large Scale Integration
(ULSI), the surface quality of a polished wafer surface on the produced
device quality and yield rate is crucial. Chemical mechanical plana-
rization (CMP), a surface preparation process for planarizing par-
tially-processed silicon wafers in integrated circuit fabrications is at
present the only process that can produce the required local and global
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planarity for multilevel interconnects in ULSI devices. Because CMP
introduces foreign particles, metal contaminants and chemicals, it is
referred as a dirty process. Post-CMP wafer cleaning has become an
important step in successful CMP processes.

The currently used post-CMP cleaning techniques include brush
scrubbing [1–3], ultrasonic and megasonic cleaning [4], fluid jet clean-
ing [5], laser heating [6] and chemical dissolution [7]. All of these tech-
niques have practical limitations. Brush scrubbing is constrained by
the size of the particles to be removed as the brush must establish good
mechanical contact with the particles. Scratch damage could occur
during the cleaning process. In the ultrasonic and megasonic cleaning
processes, force produced by the sonic excitation should overcome the
viscous effects and capillary force. Surface damage due to fluid cavi-
tation could occur during high frequency excitation. Wet cleaning
techniques such as jet impinging must be followed by a heating pro-
cess. Local liquid vaporization and the generation of undesired chemi-
cals might lead to wafer surface damage. In laser heating, a laser light
is directly impinged onto the wafer surface causing both particle and
surface expansion. The particles are removed by the thermal force
from the material expansion. However, surface heating might create
damage to the electrical circuits. The circuit damage limitation is
the major concern in all of the particle cleaning techniques described
above. The other major concern is the size of particles to be removed.
As the device feature size continues to shrink, a cleaning technique
capable of removing nanoscale particle sizes that prevents surface
damage is critical. Advanced cleaning techniques such as shock wave
[8] and plasma cleaning [9] have recently been proposed for non-
contact nanosize particle cleaning.

Although brush scrubbing is limited by its capability to remove
small particles, it is still the most frequently used technique in post-
CMP cleaning because of its simplicity. Theoretically, effective particle
removal can be achieved by raising the hydrodynamic force acting par-
allel on the particle and forces acting in the direction opposite to the
adhesion force. The aims of this study are to improve the fluid flow
model that describes cleaning fluid during non-contact brush scrub-
bing and examine the forces acting on the particle removal mechan-
isms. The flow field between the brush and wafer surface created by
brush rotation is formulated by thin-film flow discussed in lubrication
theory. The resulting velocity is then used to evaluate the hydrody-
namic forces acting on the particles. Two forces are considered as
acting vertically on the particles: the electrical double layer (EDL) and
thermophoretic forces. The EDL force is due to the ionic concentration
in the cleaning fluid and zeta potential interaction between the
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particle and wafer surface [10]. The thermophoretic force is due to the
temperature gradient in the flow field [11].

2. MODEL

The schematic of non-contact brush scrubbing particle removal mech-
anism is shown in Fig 1. A brush has the radius of Rb rotating with an
angular speed x. Brush and wafer surface are separated by a small
distance, h0. Cleaning fluid is introduced into the gap between brush
and wafer by brush rotation. A detailed schematic diagram of particle
adhering to surface and forces acting on the particle is shown in Fig. 2.
The particle has radius of R, adherent to the surface through a circular
contact area of radius, r, and penetration distance, a. The particle is
held on the surface by the adhesion force, Fa, which is acting vertically
downward on the particle. As the brush rotates, the induced cleaning
fluid flow produces drag force, FD, and lift force, FL, acting on the par-
ticle. In this study, the sum of all the forces having directions opposite
to the adhesion force is denoted as the repulsive force, Frep. Depending
on the magnitudes of these forces, removing the particle from the sur-
face can be achieved either by direct lift, sliding, or rolling [12]. There-
fore, detailed examinations of the forces acting on the particle are
important in modeling the cleaning process.

FIGURE 1 Schematic of non-contact brush scrubbing particle removing
process.
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2.1. Adhesive Force

For a particle immersed entirely in the fluid, the dominant adhesion
force of small particles on a surface is due to the van der Waals
force. The adhesion force for a spherical particle on a flat surface
with a certain deformation at the particle-substrate interface is given
as [10]:

Fa ¼
A

6Z2
0

Rþ r2

Z0

� �
; ð1Þ

where A, Z0, and r are the Hamaker constant, separation distance
between particle and surface and radius of contact area, respectively.
The value of the Hamaker constant depends on the materials of the
particle and wafer surfaces and the surrounding fluid medium. The
value of Z0 is usually taken as 0.2 nm for van der Waals bonded
crystals [13]. The radius of the contact area is evaluated according
to the JKR theory for a smooth surface without applied external
force [14]:

r3 ¼ 6cpR2

K
; ð2Þ

where c is the surface energy of adhesion depending on the
materials of the particle and wafer surfaces. K is the composite

FIGURE 2 Schematic of forces acting on particle adherent on wafer surface
during brush scrubbing cleaning process.
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Young’s modulus given by

K ¼ 4

3

ð1� n2
pÞ

Ep
þ ð1� n2

s Þ
Es

" #�1

: ð3Þ

Ep and Es are the values for Young’s modulus. np and ns are the
Poisson’s ratio values for the particle and surface, respectively. The
penetration distance, a, can be computed from the geometric relation

a ¼ R�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2
p

: ð4Þ

2.2. Drag Force

For spherical particles in contact with a plane wall, O’Neill [15] pro-
posed that the drag force acting on the particle due to the fluid flow
could be calculated as

FD ¼ 1:7009� 6plRuðRÞ; ð5Þ

where l is the cleaning fluid viscosity, uðRÞ is the fluid streamwise
velocity component evaluated at a distance R from the plane wall.
The velocity profile between the substrate surface and the brush sur-
face is usually assumed to be linear for simplicity [1–3]. However, the
flow field comprised by the substrate and brush actually form a thin
layer fluid flow because the brush usually is located very close to the
wafer surface to generate a larger drag force. In this situation, a press-
ure gradient would develop and the velocity would differ from a linear
distribution in the thin-layer fluid flow. In this study, the thin-film
flow described in lubrication theory is employed to describe the flow
field between the brush and surface [16]. Based on the Reynolds equa-
tion given in lubrication theory, the pressure gradient in a thin-film
flow created by brush rotation can be written as

d

dx

h3

12l
dP

dx

� �
¼ U

2

dh

dx
: ð6Þ

In Eq. (6), h is the liquid film thickness, U is the brush tip velocity
given as

U ¼ Rb
N

60
2p; ð7Þ

where N is the brush rotation speed in rpm. Referring to Fig. 1, since
x<<Rb in the thin film region, h can be approximated by

h ¼ h0 þ
x2

2Rb
: ð8Þ
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In Eq. (8), h0 is the minimum liquid film thickness equal to the separ-
ation distance between the brush tip and wafer surface.

By integrating Eq. (6) twice, the pressure distribution in the thin
film flow can be written as

P ¼ 6lU
Rbx

h0ðx2 þ 2h0RbÞ
þ

ffiffiffiffiffiffi
Rb

p
tan�1 xffiffiffiffiffiffiffiffiffiffi

2h0Rb

p
� �

ffiffiffi
2
p

h
3=2
0

2
664

3
775

þ 12lC1
xR2

b

h0ðx2 þ 2h0RbÞ2
þ 3xRb

4h2
0ðx2 þ 2h0RbÞ

2
664

þ
3
ffiffiffiffiffiffi
Rb

p
tan�1 xffiffiffiffiffiffiffiffiffiffi

2h0Rb

p
� �

4
ffiffiffi
2
p

h
5=2
0

3
775þ C2; ð9Þ

where C1 and C2 are the integration constants to be determined from
the boundary conditions. The inlet location, xi, where the fluid enters
the gap between the bush and wafer surface, is assumed to be
�0:4 Rb [17]. At the inlet, the liquid pressure is equal to the atmos-
pheric pressure with a value of zero. For high brush rotation, the
liquid film might be ruptured due to the fluid inertia effect [18]. To
account for the film rupture effect on the pressure distribution, the
film rupture model proposed by Swift and Stieber is used in this
study [19]:

dP

dx

���x¼xr
¼ P

���x¼xr
¼ 0; ð10Þ

where xr is the location where the film rupture occurs. The values for
C1, C2, and xr depend on the brush rotation speed and film thickness.
They are determined iteratively from Eqs. (9) and (10).

The thin-film flow velocity can be obtained by solving the Navier-
Stokes equations using the pressure distribution given in Eq. (9). To
simplify this analysis, we neglect the fluid inertia effect on the velocity
distribution. The resultant velocity distribution is

u ¼ y

h
U þ 1

2l
dP

dx
ðy2 � yhÞ: ð11Þ

Note that the velocity profile depends on the location along the wafer
surface and the classic Couette flow solution (linear velocity profiles) is
regained if the pressure gradient is absent.
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2.3. Repulsive Force

Several repulsive forces could be possible during particle removal in
the post-CMP process. In this study, we consider three possible repul-
sive forces: the electrical double layer repulsive force, thermophoretic
force and hydrodynamic lift force.

2.4. Electrical Double Layer Repulsive Force

The electrical double layer forces are associated with particles whose
effective diameters are smaller than 5 mm [10]. A surface contact
potential is created between two different materials based on each
material’s respective local energy state. The resulting surface charge
build-up needed to preserve charge neutrality sets up a double layer
charge region, thus, creating an electrical attraction or repulsion force
known as the electrical double layer (EDL) force.

An approximate analytical solution for the EDL interaction poten-
tial between spheres, called the HHF formula, was derived by Hogg
et al. [20]. The HHF formula can be extended to the interaction
between a sphere and plane surface by letting the radius of one of
the spheres be equal to infinity [21]. By taking the derivative of the
EDL interaction potential between a particle and wall with respect
to the separation distance, the EDL force can be expressed as

Fedl ¼
kbT

R
E1s

e�sD

1þ e�sD
� E2

e�2sD

1� e�2sD

� �
; ð12Þ

where kb ¼ 1:381� 10�23 J=K is the Boltzmann constant, T is the
absolute fluid temperature and D is the ratio of separation distance
to the particle radius. In post-CMP cleaning, D is given as Z0=R.
The parameters E1, E2, and s appearing in Eq. (12) are the EDL para-
meter, EDL asymmetrical parameter, and reduced particle radius,
respectively. They are defined as

E1 ¼
4pere0Rfpfs

kbT
; ð13aÞ

E2 ¼
ðfp � fsÞ2

2fpfs
; ð13bÞ

and

s ¼ R

k�1
¼ kR; ð13cÞ

where fp and fs are the zeta potentials of the particle and surface,
respectively. er is the relative dielectric permittivity of the fluid
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medium and e0 ¼ 8:85� 10�12 C=V�m is the permittivity of a vacuum.
k�1 is the Debye length or the EDL thickness determined by the ion
concentration in the fluid medium. Based on Eq. (12), the EDL force
depends on the particle size, separation distance, Debye length and
zeta potential of the particle and wall. As mentioned by Hogg et al.
[20], Eq. (12) should be a good approximation for determining the
EDL interaction between a sphere and a flat plate as jfpj and=or
jfsj < 60 mV and s > 5. Moreover, the repulsive electrical force can
result only when both fp and fs have the same sign (positive or nega-
tive), as indicated in Eq. (12).

2.5. Theromophoretic Force

When a temperature gradient is present in a flow field, the particle
experiences thermophoretic force in addition to drag, lift and the
EDL forces. In the post-CMP cleaning process, a temperature gradient
in the flow field can be generated by heating the wafer slightly. The
resultant thermophoretic force has opposite direction to the adhesion
force and, therefore, helps particle removal. In the past, many studies
focused on the thermophoretic force on a particle suspended in a gas
flow field. This theory has been well established [11]. Relatively few
studies have addressed the thermophoretic force on a particle sus-
pended in a liquid flow. In this study, the model for a thermophoretic
force acting on a particle suspended in a liquid can be expressed as

FTh ¼ 6plnRkth
rT

T
; ð14Þ

where kth is the thermophoretic coefficient for a particle suspended in
a liquid given by McNab and Meisen [22]:

kth ¼ �0:26
kf

2kf þ kp
: ð15Þ

The theromphoretic force is proportional to the particle size and
temperature gradient in the flow field.

2.6. Lift Force

The expression predicting the lift force acting on a sphere in the region
near an infinite plate is given by Cherukat et al. [23]:

FL ¼ 9:22R2uðRÞ2: ð16Þ

FL is expected to be small since it depends on the square of the
particle size.
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3. RESULTS AND DISCUSSION

The above established cleaning mechanism and force models were
used to evaluate non-contact brush scrubbing particle cleaning. Sev-
eral parameters must be specified in advance. The brush radius is
taken as 2.85 cm and its temperature is kept at 20�C [1]. The particle
radius range to be studied is from 0.1 to 1mm. The cleaning fluid is a
diluted ammonium hydroxide (NH4OHþH2O) alkaline aqueous
solution. The NH4OH concentration is in the range of 0.5 to 4% [24].
The thermophysical properties of the cleaning fluid are assumed
identical with DI water. Two types of particles, SiO2 and Al2O3,
adhered on a wafer surface coated with a thin SiO2 layer are con-
sidered in this study. During cleaning the wafer is assumed to be
heated to a temperature of 80�C.

3.1. Pressure and Velocity in the Thin Film Flow Between
the Brush and Wafer

To evaluate the drag force acting on the particle, the pressure distri-
bution and flow velocity must be solved in advance. Typical pressure
distribution along the wafer surface is shown in Fig. 3 for N ¼ 100
and 300 RPM. The h0 ¼ 3mm and 10 mm values are used in the compu-
tations in Fig. 3. The pressure increases along the wafer surface and
reaches a maximum value Pmax at a location xmax. After reaching the
maximum value, the pressure drops sharply to zero at the film rupture
location xr. The maximum pressure, maximum pressure location, film
rupture location and constants C1 and C2 values in Fig. 3 are tabu-
lated in Table 1. In general, the maximum pressure magnitude
increases with the increase in N and decreases with the decrease in h0.

The pressure distribution shown in Fig. 3 indicates that there is an
adverse pressure gradient in the xi < x < xmax region while a favorable
pressure gradient exits in the xmax < x < xr region. From fluid mech-
anics, it is expected that a reversed flow exists due to an adverse press-
ure gradient and accelerated flow due to the favorable pressure
gradient in the near-wall region. Fig. 4 shows the typical velocity pro-
files along the wafer surface for N ¼ 100 RPM and h0 ¼ 3mm. The
reversed flows are clearly seen at x ¼ �0:1Rb and �0:013Rb. For par-
ticles adhered in the adverse pressure gradient region, a particle
might be removed in the negative x direction because of the drag force
direction. However, this might be difficult because the velocity magni-
tude in the reversed flow region is generally small and, consequently,
the drag force is weak. Therefore, the greatest particle removal poten-
tial occurs in the xmax < x < xr region where stronger drag force occurs
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in the positive x direction due to the favorable pressure gradient. Note
that the linear velocity profile occurs at xmax instead of x ¼ 0 because
the pressure gradient is zero at xmax.

3.2. Force Acting on Particles

The forces acting on the particle can be computed based on
the obtained velocity distribution and force models described above.

FIGURE 3 Pressure distribution of thin-film fluid flow between brush and
wafer surface.

TABLE 1 Summary of Pressure Distribution Results (Fig. 3)

h0

(mm)
N

(RPM)
Pmax

(N=m2)
xmax

(m)
xr

(m) C1 C2

3 100 8315.09 �0:1938� 10�3 0:19647� 10�3 �0:548733� 10�6 4157.9
300 24945.3 �0:1938� 10�3 0:19647� 10�3 �0:16462� 10�5 12473.7

10 100 1365.6 �0:3534� 10�3 0:358638� 10�3 �0:182899� 10�5 682.865
300 4096.79 �0:3534� 10�3 0:358638� 10�3 �0:548696� 10�5 2048.6
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Without losing the generality, we consider only the particles adhered
at x ¼ 0. In Fig. 5, the forces acting on a SiO2 particle adhered on the
SiO2 surface as a function of the particle radius are shown for
N ¼ 100 RPM and h0 ¼ 3mm. The adhesive force is computed from
Eq. (1) using the material properties listed in Table 2. The drag force
is evaluated from Eq. (5) using the velocity distribution described in
Eq. (11). The fp, fs and k�1 values are needed in evaluating the EDL
force. These values are listed in Table 3 for NH4OH with concentra-
tions of 0.5% and 4% in a water solution [25]. The thermophoretic
force is computed from Eq. (14). Note that the temperature gradient
depends on h0 and the temperature difference between the brush
and wafer. As shown in Fig 5, all forces increase with the increase
in particle radius. As expected, the adhesive force is the strongest of

FIGURE 4 Velocity profiles along the wafer surface during brush scrubbing.

Modeling of Particle Removal 565

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
4
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



FIGURE 5 Forces acting on SiO2 particle adherent on SiO2 thin film.
h0 ¼ 3 mm.

TABLE 2 Material Properties Used in Computing Forces

Property name SiO2 Al2O3 H2O SiO2 �H2O� SiO2 Al2O3 �H2O� SiO2

Hamaker constant
A � 10�20 (J)

8.8 16.75 4.0 1.8 3.58e

Surface energy
with SiO2 film,
c� 10�2 ðJ=m2Þ

1.459 1.913

Young’s
modulus(GPa)

73 400

Poisson ratio 0.17 0.27
Thermal

conductivity
(W=mK)

1.4 30 0.6
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these forces. The repulsive EDL forces between a SiO2 particle and
SiO2 surface are obtained for both NH4OH concentrations studied.
The EDL force is seen to increase with the increase in NH4OH concen-
tration. From Fig. 5, the thermophoretic force can be greater than the
EDL force when h0 ¼ 3mm.

By increasing h0 to 10 mm and keeping N ¼ 100 RPM, the forces act-
ing on the SiO2 particle are shown in Fig. 6. The drag force is reduced

FIGURE 6 Forces acting on SiO2 particle adherent on SiO2 thin film.
h0 ¼ 10 mm.

TABLE 3 EDL Parameters Used in Computing EDL Force

0.5% NH4OH aqueous solution 4% NH4OH aqueous solution

pH 9.75 10.23
k�1 (nm) 42.4 23.3
fp (mV) SiO2 �41 SiO2 �41

Al2O3 �45 Al2O3 �56
fs (mV) SiO2 �41 SiO2 �41

Modeling of Particle Removal 567

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
4
1
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



due to the enlarged flow passage. The EDL forces remain the same as
those in Fig. 5 because they are independent of N and h0. The thermo-
phoretic force is also reduced because of the decrease in temperature
gradient.

The forces acting on an Al2O3 particle adhered onto the SiO2 sur-
face can be computed in the same way as that for Figs. 5 and 6. The
results are shown in Figs. 7 and 8. Because the drag force depends
on N, h0, and the particle radius, the drag force acting on Al2O3 par-
ticles have the same values as those shown in Figs 5 and 6 under
the same N, h0, and particle radius range. However, the EDL and
thermopohoretic forces are different from those in Figs. 5 and 6
because of the differences in zeta potential and the material proper-
ties. In Figs. 7 and 8, the EDL force becomes attractive when a 4%-
NH4OH water solution is used. By inspecting Eq. (12), it can be seen
that the attractive EDL force is due to the asymmetrical EDL interac-
tion. Therefore, removing Al2O3 particles is more difficult than SiO2

FIGURE 7 Forces acting on Al2O3 particle adherent on SiO2 thin film.
h0 ¼ 3 mm.
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particles when the cleaning fluid contains high concentrations of
NH4OH.

The lift force produced by the fluid flow can be computed from
Eq. (16). For the particle radius range studied, the largest lift force
is of the order 10�15 N which is relatively smaller compared with the
other forces. The lift force is then neglected in the following discussion
on the particle removing mechanism.

3.3. Particle Removal Mechanism

From the results shown in Figs. 5–8, the most possible particle
removal mechanism is particles rolling to the positive x direction
because both Frep and FD are less than Fa. The removal moment and
adhesion resistant moment ratios, Fr, must be greater than 1, i.e.,

Fr ¼
FDð1:399R� aÞ þ rFrep

rFa
> 1; ð17Þ

FIGURE 8 Forces acting on Al2O3 particle adherent on SiO2 thin film.
h0 ¼ 10 mm.
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for the particles to roll. The factor 1.399 in Eq. (17) accounts for the
nonuniformity of the flow field [15]. In Figs. 9 and 10, Fr as functions
of the brush rotation speed and particle radius are shown for SiO2 par-
ticles adhered to the SiO2 surface with h0 ¼ 3 mm and h0 ¼ 10 mm,
respectively. The NH4OH concentration is 4%. Since the drag force
is related to N and h0, the smallest particle size that can be removed
decreases with the increase in N. For h0 ¼ 3mm case, the smallest par-
ticle size that can be removed is about 0.1 mm when N ¼ 300 RPM. In
the h0 ¼ 10 mm case, the smallest particle size that can be removed
increases to 0.25 mm because of the reduction in drag force.

Under the same operating conditions for Figs. 9 and 10, the moment
ratio, Fr, for the Al2O3 particle adhered onto the SiO2 surface can also
be computed and the results are shown in Figs. 11 and 12. As noted
earlier, the EDL force in the 4%-NH4OH water solution becomes
negative. Therefore, the smallest Al2O3 particle size that can be

FIGURE 9 Particle removing moment as functions of brush rotation speed
and particle size for SiO2 particle adherent on SiO2 thin film. h0 ¼ 3 mm.
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removed under the same rotation speed is larger than that for SiO2

particles. As shown in Fig. 11, the smallest particle size that can be
removed is about 0.25 mm when h0 ¼ 3mm and N ¼ 300 rpm. For the
h0 ¼ 10 mm and N ¼ 300 rpm case shown in Fig. 12, the smallest
particle size increases to 0.4 mm.

To show the repulsive force effect on particle removal, Fr as a
function of the particle size with and without the repulsive force are
compared. The typical results are shown in Fig. 13. The repulsive force
actually does not help particle removal very much (see the inserts in
Fig. 13). The main force causing particle removal by rolling is the drag
force. The repulsive forces due to the EDL interaction and thermo-
phoretic effect become effective in particle removal when their magni-
tudes can be raised to the same order as the drag force. This requires
suitable cleaning agent concentration adjustment in the water
solution and increasing the temperature difference between the wafer
and brush. However, determining a suitable water cleaning agent

FIGURE 10 Particle removing moment as functions of brush rotation speed
and particle size for SiO2 particle adherent on SiO2 thin film. h0 ¼ 10 mm.
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solution combination is time consuming and the high temperature
operation could damage the circuits. Based on the results obtained
in this study, using pure DI water as the cleaning fluid and higher
brush rotation speed in the post CMP cleaning process is adequate
for removing particles less than 1mm in size.

4. CONCLUSION

A theoretical study on post-CMP particle removal using non-contact
brush scrubbing was performed. In contrast to past studies, the fluid
flow between the brush and wafer surface was modeled using the
thin-layer fluid flow described in lubrication theory. The drag force
acting on the particle was then computed using the modified fluid velo-
city. In addition to the drag force, the EDL and thermophoretic forces
acting vertically on an adhered particle were analyzed in detail. Two
types of particles, SiO2 and Al2O3, adhered onto a SiO2 layer coated

FIGURE 11 Particle removing moment as functions of brush rotation speed
and particle size for Al2O3 particle adherent on SiO2 thin film. h0 ¼ 3mm.
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on the wafer surface were considered. The cleaning fluid was a diluted
ammonium hydroxide (NH4OHþH2O) alkaline aqueous solution.

The drag force depends on the brush rotation speed (N) and separ-
ation distance between the wafer surface and brush tip (h0). The velo-
city profiles along the wafer surface are not linear except at the
maximum pressure location. The EDL force was found to be repulsive
for the SiO2 particle-SiO2 surface interaction for the two cleaning
agent concentrations used. The EDL force becomes attractive in the
Al2O3 particle-SiO2 surface interaction when a high NH4OH concen-
tration is involved. This attractive EDL force makes the Al2O3 particle
more difficult to remove from the wafer surface. The thermophoretic
force is proportional to the temperature gradient in the flow field
and can exceed the EDL force when the separation distance between
the wafer and brush tip is small. Although the repulsive force can
reduce the smallest particle size that can be removed under given N
and h0, the difference is not very significant. Suitable cleaning agent

FIGURE 12 Particle removing moment as functions of brush rotation speed
and particle size for Al2O3 particle adherent on SiO2 thin film. h0 ¼ 10 mm.
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FIGURE 13 Comparisons of removing moments with and without including
repulsive forces.
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concentration adjustment in the cleaning fluid and increasing the tem-
perature gradient in the flow field could help reduce the smallest
particle size that could be removed. However, this approach is time
consuming and increases the possibility of circuit damage from
heating. Based on the results from this study, it is suggested that pure
DI water and higher brush rotation speed would be adequate in
removing particles in the submicron size range.
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