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Abstract—In order to develop strategies for minimizing deposition of contaminant particles of diameters ranging
from 0.1 to 1.0 um on a wafer, the effect of thermophoresis on a particle deposition velocity was numerically studied.
The angle between wafer surface and direction of free-stream flow was introduced as a system parameter. Convection,
diffusion, sedimentation, and thermophoresis were included as particle transport mechanisms. Similarity transform
was applied to the model equations and obtained equations with dimensions reduced by one. The results suggest
that it is possible to enhance the removal of particles of diameter ranging from 0.1 to 1.0 pm by heating with a
temperature difference of 10-30C between wafer surface and the air stream. If the filter of a clean room removes
well around 0.1 uym sized particles, the free-stream velocity or flow angle should be increased for the effective removal
of particle by thermophoresis, but, if the filter is efficient in removing particles around 1 pm, the free-stream velocity

or flow angle should be decreased.
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INTRODUCTION

Contaminatior: by particle deposition onto wafer surface during
manufacturing steps is a major cause of yield loss of semiconduc-
tor product in the micro-electronics industry [Harrigan and Stol-
ler, 1991], and it becomes more serious as the feature size of
the product becomes smaller. It is known that over 75% of yield
loss results from the contamination by the particle in case feature
size of the micro-circuit is below 1 um [Davis et al, 1993]. The
contamination by the particle deposition is also a problem in the
production of optical fiber or pharmaceuticals as well as semicon-
ductor devices.

There are two main sources of contaminant particles. One
source is rather external one, ie. the clean room air, process
gas, people in the clean room, and the other one is the particle
which is generated inside the CVD reactor by physical and chemi-
cal processes [ Davis et al, 1993]. Practically, the particies of did-
meter ranging from 0.1 to 1.0 uym are considered as the most
critical [Bae et al,, 1994].

The removal of the contaminant by filtering is relatively effi-
cient in the particles larger than 1 um and smaller than 0.1 pm.
This is because the sedimentation or inertia force is dominant
in the system of particles larger than 1 um, and diffusional trans-
port is very efficient in the system of particles smaller than 0.1
um. On the other hand, particles of intermediate size of which
diameter ranging from 0.1 to 1.0 pym are most difficul: to remove
because diffusion and sedimentation or inertia force do not work
significantly on the these particles. However, experimental data
for deposition velocity of these particles are very rare and existing
data are not reliable due to the lack of reproducibility. The domi-
nant transport mechanisms of these particles include thermopho-
resis as well as sedimentation and diffusion. Thermophoresis is
a phenomenon by which suspended particles migrate from hot

*To whom all correspondences should be addressed.

region to cold region when the temperature gradient exists in
suspension medium [Reist, 1993].

Flow field around the wafer should be characterized and parti-
cle transport mechanisms should be considered to make up strat-
egies for minimizing particle deposition. Then particle deposition
flux onto wafer surface can be calculated with these informations
and it can be minimized by controlling appropriate parameters.
For this reason, various studies dealing with particle dynamics
and deposition have been performed over the dynamics of parti-
cles of diameter ranging from 0.01 to oder of 10 um.

Stratmann et al. [1987] considered only thermophoresis as the
particle transport mechanism under the condition of stagnation
flow on a infinite plane, and showed that thickness of dust-free
space was about 300 um for particles of diameter of 0.5 ym when
the temperature of the wafer is 30C higher than the temperature
of air. This result suggested the possibility of controlling particle
deposition by thermophoresis, but it did not show how particle
deposition flux could be calculated. Turner et al. [1989] perform-
ed numerical sirnulation of particle deposition by considering elec-
trostatic force under the condition of stagnation flow, and point-
ed out that electrostatic force dominated particle deposition when
particle was charged, and that the deposition velocity was reduced
to a factor of 1/10-1/100 by eliminating or counterbalancing the
electrostatic force. They also proposed that thermophoretic force
could be used as counterbalancing force of electrostatic force. In
practice, it is hard to eliminate electrostatic force because it is
difficult to control or even characterize the particle charge. Dono-
van et al. [1993] calculated the deposition velocity by adding sim-
ply contributions from the five particle transport mechanisms, i.e.,
sedimentation, diffusion, thermophoresis, electrophoresis and
photophoresis, and suggested the decontamination methods by
applying controllable thermophoresis, electrophoresis and photo-
phoresis. However, their results and comparison with the experi-
mental data were explained only qualitatively since they simply
added the individual contributions. g
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Experimental investigations on the particle deposition were
performed by many investigators in the past. Kuehn [1988] com-
pared the numerical simulation results of air flow field in a clean-
room with the observation of particles transport by injecting smal}
particles into the air stream. From the results, he concluded that
the average path of the small particles could be approximated
with streamline of air. Therefore, the particle velocity in the con-
vection term of particle mass balance can be substituted with
air velocity. Kim and Kim [1991] studied the particle deposition
velocity through numerical simulation and experiment considering
the thermophoretic and inertia forces on the particles ranging
from 0.1 to 30 um under a stagnant condition. They concluded
that the thermophoretic force was dominant when the particle
size was below 14 um, and that inertia force was dominant over
14 pm. Ye et al. [1991] investigated experimentally the thermo-
phoretic effect on the particle deposition from a stagnant flow
to the wafer surface, and they suggested that the effective decon-
tamination could be achieved by heating the wafer surface to 10-
40C over the air temperature for the particle size of below 2
pm. Their results agreed with the results from numerical simula-
tion.

Most of studies dealing with particle deposition have been done
on a stagnation flow. In this work, the angle between wafer sur-
face and direction of free-stream flow was introduced as a system
parameter, and then numerical simulation was performed on a
general flow field. Convection, diffusion, sedimentation, and ther-
mophoresis were included as particle transport mechanisms. It
was assumed thar the deposition took place on an infinite plane.
Similarity transform was applied to the model equations and ob-
tained equations with dimensions reduced by one. Velocity field,
temperature profile, and particle concentration profile were ob-
tained by solving numerically momentum balance, energy balance,
and particle mass balance. Then particle deposition velocities
were examined by varying particle size, temperature difference be-
tween wafer surface and air, system pressure, free-stream veloc-
ity, and angle between wafer surface and direction of free-stream.
From these results, we proposed best strategy to use thermopho-
retic effect.

MATHEMATICAL FORMULATION

If carrier gas flows to angle of O with wafer surface as shown
in Fig, 1, free-stream velocity is obtained by potential flow theory
as follows [Kays and Crawford, 1980].

u,.=Cx™ )

where C is a coefficient which makes u, have a velocity udit
as m varies, and m is a function of 8 giving as follows.

m= o/n
1-6/n

&

In this flow field, the boundary-layer momentum equation be-
comes

2
Pu_ ou, ou 1dP

v = ¥
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The pressure gradient term can be expressed in terms of the
velocity via the Bernoulli equation as follows.
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Fig. 1. Schematic diagram of wafer processing system.
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If a variable n is defined for similarity transform as follows,

y _ mefl
e T —_— 6
= vx/u, Y \Y ©)
then Eq. (5) becomes ordinary differential equation.

r+ B (1 £2)=0 @

where ', ", and '” represent d/dn, d°/dn?, and d*/dn’, respectively,
and

u u

fm)=—=== 8
m u, Cx» ®
By using continuity equation, we obtain the velocity of y-compo-
nent.

m
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The boundary conditions for momentum equation are as follows.

f(0)=0 (10)
f(®=0 (11
flo)=1 (12)
If a nondimensional temperature t is defined as
T-T
= = 13
T T.oT. 13)

the energy balance equation becomes

@ 0T = O 4 0Y (14)
oy g% oy
The boundary conditions for energy equation are as follows.
t=1 at y=0 (15)
t=0 at yox (16)
t=0 at x=0 an
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Performing similarity transform for energy equation with n [Eq.
(6)] in a similar way to the procedure for momentum equation,
the energy equation, Eq. (11), becomes

+
r"+-’“—2~lpr-f-r':o (18)
Then boundary conditions become
w0)=1 (19)
Hoo)=0 (20
If a nondimensional particle concentration ¢ is defined as

G

o= 2D
Cpc
then the particle mass balance equation becomes
u,@ +V§Q =D Qu%) — M’L) - 3(9&2, (22)

ox oy oy oy oy

The gravitational sedimentation velocity V,, is expressed as fol-
lows [Reist, 1993].
_ ppdygC
V, =B 2
& 18u (23)
where d, is the diameter of particle and C. is Cunningham’s cor-
rection factor which is expressed as
2.666 < 10°
C=1 +—6€§T—O [6.32+2.01lexp(—8.215X 10 *Pd,)] (24)
p
where P is absolute pressure in Pa and d, is the diameter of
particle in pm [Reist, 1993]. The gravitational sedimentation vel-
ocity decreases with increasing pressure because C. decreases
with increasing pressure. Also C, decreases with increasing parti-
cle size, but gravitational sedimentation velocity iricreases with
increasing particle size because of the d,’ term in Eq. (23). Ther-
mophoretic velocity, V,, is expressed as follows [Shchukin et al.,
1990].

V= — K,,,_%VT (25)

where K; is a thermophoretic coefficient, v is kinematic viscosity,
and T is absolute temperature. Therefore, thermophoretic velocity
is proportional to temperature gradient and its direction is the
direction from high temperature region to low temperature re-
gion. Many expressions for thermophoretic coefficient K; were
suggested. In this work, the following expression which is sug-
gested by L. Talbot et al. [1980] is used.

(k,/k,+2.2Kn)C,

K 2 (5 438Kn)(1 + 2Kk, + 4.4Kn)

(26)

where k, and k, are thermal conductivities of air and particle,
respectively. The ratio of k, and k, is negligible because it is
very small compared to the other terms. And, Kn is Knudsen
number which is defined as 2A/d, where A is mean free path
of air molecule which is expressed as follows [Donovan et al,
1993].
ao M /HRT

pY 2M @D

where P is absolute pressure, y is viscosity of air, and M is av-
erage molecular weight of air. From Eq. (26) and Eq. (27), thermo-

phoretic velocity decreases with increasing pressure or particle
size because thermophoretic coefficient decreases with increasing
pressure or particle size.

The boundary conditions for Eq. (22) are as follows.

0o=0 at y=0 (28)
0=1 at y—owx (29)
¢=1 at x=0 (30)

The Eq. (28) is based on the assumption of the instantaneous
deposition, ie. the particles deposit immediately on the wafer
surface as soon as they arrive on the surface.
Performing similarity transform with n after neglecting gravita-
tional sedimentation term of Eq. (22), we obtain
K om+1) Kr (t,,_ T

1 * r
s @ +(‘~’5+1’, = f’)o +t+t’ t+t‘)ﬂ):O (31

where T, is a parameter which is related to temperature differ-
ence between wafer surface and airflow, and is defined as follows.

T,

T T (32)

T, =
Including gravitational sedimentation term, we obtain the follow-
ing equation in place of Eq. (31)

1, (K m+ly o K, )
§¢+L\;+Ir,,+ 2 f,)(D t+l1:,,(t r+r,)d)

pdyeC o
18}1\/'@ - bz

(33)

Examination of the Eq. (33) reveals that the variable x remains
except for the case where m is equal to unity, ie., stagnation
flow. Therefore, ordinary differential equations should be solved
at each x positions. Nevertheless, since the ordinary differential
e7uations at each x positions are not dependent on each other,
solving Eq. (33) is simpler than to solve the original partial differ-
ential equations before performing similarity transform. In a strict
sense, the transformation from Eq. (22) to Eq. (33) is simply a
transformation from (x, y)-coordinates to (x, n)-coordinates rather
than the similarity transform since x is not perfectly eliminated.
The boundary conditions for both Eq. (31) and Eq. (33) are as
follows.

o(0)=0 (39)
olao)=1 (35)

It was assumed that temperature of air is 293°K, and diffusivity
of particle was calculated by using the following equation [Dono-
van et al, 1993].

_ kTC,
3nud,

(36)

Diffusivity of particle decreases with increasing particle size, and
decreases with increasing pressure because C, [Eq. (24)] de-
creases with increasing pressure. Cunningham’s correction factor,
thermophoretic coefficient and diffusivity of particle were calcu-
lated at 293°K and dependencies of all coefficients on temperature
were neglected. Viscosity of air, 1.784 X 10 *gem” 's™, was assum-
ed to be constant at 293°K. Therefore, these physical properties
are not dependent on the position, on which the temperature is
dependent according to the energy balance equation. And, it was
assumed that Prandt! number is equal to unity, particle density

Korean J. Ch. E.(Vol. 13, No. 1)
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Fig. 2. Flow diagram for numerical calculations.

p, is 1 g/cm?® and the length of wafer is 125 cm. With these
values of physical properties, velocity field was obtained by sol-
ving Eq. (7) with boundary conditions Eq. (10)-(12), and then tem-
perature profile was obtained by solving Eq. (18) with boundary
conditions Eq. (19) and Eq. (20), and then particle concentration
profile was obtained by solving Eq. (33) with boundary conditions
Eq. (34) and Eq. (35) (Fig. 2). Discretization of differential equa-
tions was done by using finite difference method.

RESULTS AND DISCUSSIONS

The velocity fields around the wafer when the angle of the
free-stream to the wafer surface is 45° and 90° were shown in
Fig. 3 and 4, respectively. The stream function of the velocity
field described by Eq. (7) is given as follows

¥=\/vxu, f(n)
=/vCx""1 f(n) 37

In Fig. 3 and Fig. 4, the stream line closest to the wafer surface
corresponds to ¥ =1 cm?/s and the stream lines were drawn with
an increment of 1 cm?/s. The outer region of the momentum
boundary layer was calculated by potential flow theory and the
inner region was calculated numerically with Eq. (7). When the
free-stream was flowed with an angle of 45° to the wafer surface,
the fluid flow in the momentum boundary layer was almost paral-
lel to the wafer surface. However, when it was flowed with an
angle of 90°, the velocity component in the y-direction had some
value in the momentum boundary layer and consequently the
velocity component in the x-direction in the momentum boundary
layer was greater than that for the case of 45°. It could be seen
from the fact that in Fig. 4, more stream lines were passing through
the same cross-sectional area than in Fig. 3.

The temperature profile around the wafer and the concentra-
tion profile of the partictes were shown in Fig. 5 and 6, respec-

January, 1996

| —
Tk
Momenivm Bouwndary Layer
6F
5k —*
E 4} P — —
2, ——
- 8 - o
3 _—
2 b~ R -
> - — — — - -4
I s
0 i i i i P

x [em)
Fig. 3. Stream lines.
(0=45°, C=1 cm®s )

4.0 T T T T — T

35 iy

y [cm]

0.0 i L i B T— 1
2

Fig. 4. Stream lines.
©=90°, C=1 cm®®s" 1)

tively. The thermal boundary layer had the same thickness of the
momentum boundary layer because the Prandtl number was set
to unity. But the concentration boundary layer was much thinner
than the momentum boundary layer because the condition of large
Schmidt number was considered. In a system where only the
diffusion contributes to the particle movement, the thickness ratio
of the concentration boundary layer to the momentum boundary
layer is proportional to Sc '*. When the thermophoresis is signifi-
cant, it is proportional to Sc™' [ Gokoglu and Rosner, 1985; Goko-
glu and Rosner, 1986]. The temperature profile at each position,
X, can be transformed completely by similarity transform but the
concentration profile cannot be transformed completely. The con-
centration gradient at x=1 c¢cm on the wafer surface, at which
the concentration houndary layer is thin, is smaller than that at
x=10 cm, at which the concentration boundary layer is thick.
It means that the shape of the real concentration boundary layer
is different from that used for the numerical calculation, but the
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results of the calculation were not wrong because we chose the
thickness of the concentration boundary layer sufficiently thick.
This was proved by the smoothness of the concentration profile
in the vicinity of the concentration boundary layer.

The deposition velocity of the particles, V., which is the main
concern of this study, can be written as following equation,

Total number of moles deposited on the
wafer per unit time and unit area
particle concentration in the bulk phase

=

f th(x)dx/L

(38)
Ch

where N, and L denote the deposition flux of the particle and
length of the wafer, respectively [Bae et al, 1994]. When the
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free-stream flows vertically to the wafer, the deposition flux of
the particles is independent of x because the concentration profile
at each position, x, has a similarity transform and the thickness
of the thermal and concentration boundary layers are independent
of x. As a consequence, the denominator of Eq. (38) can be simply
replaced by N,. The changes in the deposition velocity of particles
were shown from Fig. 7 to 11.

In Fig. 7, the change of deposition velocity with the size of
the particles was shown. It can be easily seen that the particles
having diameter of 0.1-10 pm are removed efficiently by the ther-
mophoretic effect. Especially, the particles having diameter of
around 0.1 um are removed most efficiently. However, large parti-
cles having size of 10 um are difficult to remove by temperature
gradient. This is because, in this regime, deposition by gravity
governs the movement of the particles. Likewise, the removal
efficiency was lowered for small particles because in this regime
diffusion controlled the movement of the particles. The deposition
velocities by convective diffusion, thermophoresis and sedimenta-

Korean J. Ch. E.(Vol. 13, No. 1)
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tion are expressed as ShD/L (=Re'Sc*D/L), —KvVT/T and
p,C.d,2g/18y, respectively [Donovan et al, 1993]. If we calculate
the ratio of each contribution when §=90°, C=1s"', P==1.013X
10° Pa, and AT =57, then the relative contribution of convective
diffusion, thermophoresis, and sedimentation to the deposition
velocity are 1, —2.2X 107", and 4.1X 10" ? when the particle diame-
ter is 0.01 pym. As the particle diameter increases to 0.1 pm, 1
um, and 10 pm, contributions of each mechanisms change to 1:
—3.3X10% 84X10, 1: —9.0X10*% 14X10°% and 1: —2.8X10%
2.2% 10, respectively. These results are consistent with the result
that particles smaller than 0.1 ym or larger than 10 pm are diffi-
cult to remove by temperature gradient, which is shown in Fig.
7.

In Fig. 8, the change of deposition velocity with the temperature
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difference between the wafer surface and air flow was shown.
The particles having size of 0.1-10 um are removed well by ther-
mophoresis but the particles which are either very large or very
small cannot be easily removed. Especially, the particles of 10
um are hardly removed by thermophoresis. As referred in the
previous parts, the particles which are either very large or very
small can be removed by filtration and other techniques. It is
very interesting and encouraging that the particles having size
of 0.1-1 um are removed efficiently by thermophoresis because
these particles are the contamination source in the industrial sem-
iconductor processing.

In Fig. 9, the change of deposition velocity with pressure was
shown. The deposition velocity decreases if there is no tempera-
ture difference because both the diffusivity of particle and the
sedimentation velocity decrease. But, the range where the deposi-
tion velocity increases with increasing pressure exists if tempera-
ture difference greater than 5C are applied to 1 ym sized parti-
cles. This range becomes wider as the temperature difference
increases. That means, in low pressure processes such as LPCVD,
the deposition velocity due to diffusion increases but the effect
of thermophoresis can retard the deposition of the particles easily.

In Fig. 10, the change of deposition velocity with the free-
stream velocity was shown. Both thermal and concentration bound-
ary layer become thinner if the free-stream velocity increases.
As a consequence, diffusion occurs more actively and the deposi-
tion velocity of the particles having size of 0.1 um increase. But,
for the 1 uym sized particles on which thermophoresis has greater
effect than diffusion, the deposition velocity decreases because
the thermophoretic force increases with the free-stream velocity.
The deposition velocity increases even for the 1 um sized particles
when the free-stream velocity increases if the condition of no
temperature difference is met. The thermophoretic effect i1s maxi-
mized when the free-stream velocity increases if the filter of a
cleanroom is carefully designed to remove the particles having
size of 0.1 um. On the contrary, if it removes well the particles
having size of 1 ym, the free-stream velocity should be decreased
for the thermophoretic effect to be maximized.

In Fig. 11, the deposition velocity of the particles with respect
to the angle between the direction of the free-stream and the
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wafer surface was shown. The thicknesses of the thermal and
concentration boundary layer become thinner to give the same
trend as in Fig. 10 when 0 increases just like the case of the
free-stream velocity. For the diffusion-controlled 0.01 um parti-
cles, the deposition velocity increases with increasing 6 but the
1 pm particles are governed by thermophoresis and the deposition
velocity decreases with increasing 6. Consequently, the particle
removal efficiency by thermophoresis can be enhanced by adjust-
ing the angle between the free-stream and the wafer surface de-
pending on the characteristics of the filter of the clean room just
as the case of the free-stream velocity.

In Fig. 12, the temperature difference between wafer surface
and airflow which would give thermophoretic efficiency of 90%
depending on the individual size of the particle. The thermopho-
retic efficiency was defined as follows,

Mradar-an= (1— X\";MJ& )X 100(%) (39)
dAT=0

When the temperature difference of 40 is applied, thermophore-
tic efficiency for particles of diameter ranging from 0.01 to 1.0
um is higher than or about 90%. However, removing particles,
of diameters over 5 pm by thermophoretic effect is practically
impossible. From Fig. 12, it can be confirmed that increase of
6 or C works favorably for high thermophoretic efficiency, and
increase of pressure is against improving thermophoretic effici-
ency.

CONCLUSIONS

The particle deposition velocities on a wafer were studied un-
der conditions of flows of various angles between wafer surface
and the air stream in a cleanroom by numerical simulation. The
results suggest that it is plausible to reduce deposition of particles
of diameter ranging from 0.1 to 1.0 um, which are known to be
a major problem in micro-electronics industry, by applying a tem-
perature difference of 10-30C between wafer surface and the air
stream.

Particle deposition velocity in LPCVD process is greater than
that in APCVD process when the temperature gradient is not

applied. But the efficiency of removing particles by thermophore-
tic force increases. As the angle between wafer surface and the
direction of free-stream, or free-stream velocity increases, thick-
nesses of both thermal and concentration boundary layer de-
crease, and then deposition velocity of small particle, which is
dominated by diffusional transport, increases, and that of large
particle, which is dominated by thermophoretic transport, decrea-
ses. Therefore, if the flow angle or free-stream velocity is approp-
riately controlled according to the design of filter, then the effec-
tive removal of particle by thermophoresis can be achieved.

NOMENCLATURE

C  : coefficient related to free-stream velocity (u,=Cx") [m'™"
s ']

C. :Cunningham’s correction factor

¢, : particle concentration inside boundary layer [particles m*]

.. : particle concentration outside boundary layer { particles m %]

D  :diffusivity of particle in air [m?’ ']

d, :diameter of particle [m] (Cum] in Eq. (24))

f*  :dimensionless velocity (f'=u/u,)

g  :acceleration of gravity [m s°%]

Kn :Knudsen number (2A/d,)

Ky :thermophoretic coefficient

k  :Boltzman constant [J K™']

k, :thermal conductivity of air [J s 'm'K™*]

k, :thermal conductivity of particle [J s™'m 'K™']

L  :length of wafer {m]

M :mean molecular weight of air (kg mol ']

m :(8/m)/(1-8/m)

P  :absolute pressure [Pal

Pr :Prandtl number (v/a)

R :gas constant [J mol 'K']

Sc  : Schmidt number (v/D)

Sh  : Sherwood number

T  :temperature inside boundary layer [K]

T. :temperature at surface of wafer (K]

T, :temperature outside boundary layer [K]

AT :temperature difference between wafer and airflow [°]

ATgp : AT for 90% removal efficiency [°]

u :velocity of x-direction [m s"!]

u, :free-stream velocity [m s ']

V, :particle deposition velocity [m s ']

V., :sedimentation velocity by gravitational force [m s']

Vi : thermophoretic velocity [m s7']

v :velocity of y-direction [m s™!']

X, y : rectangular coordinates [m]

a  :thermal diffusivity of air (k./pCp) [m?s~']

n  :dimensionless coordinate for similarity transform [y/
(vx/u,)]

nr :thermophoretic removal efficiency

0  :angle between wafer surface and free-stream flow
[radian]

A :mean free path of air [m]

u  :viscosity of air [kg m™'s"']

v :kinematic viscosity of air [m?s~']

p  :density of air [kg m™%]

p, :density of particle [kg m™*]

v  :dimensionless temperature
v TJ/T.—T,
¢ :dimensionless particle concentration
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¥  :stream function [m’ ']
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