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The particle growth in a silane plasma reactor by coagulation between particles was
analyzed by using a discrete-sectional model, considering effects of a particle charge
distribution based on the Gaussian distribution function. At the start of the plasma
discharge, there is the high concentration of small-size particles, and later large-size
particles appear and grow by coagulation between small-size particles. Some fractions of
small-size particles are in a neutral state or e®en charged positi®ely. The positi®ely charged
small-size particles coagulate faster and more selecti®ely with large-size particles, which
are charged more negati®ely than with medium-size particles. Also, the particle-size dis-
tribution in a plasma reactor becomes bimodal and large-size particles become quite
monodisperse. As the mass generation rate of monomers increase or as the monomer
diameter decreases, large-size particles grow more quickly and the particle-size distribu-
tion becomes bimodal earlier. The plasma reactor can be a good candidate to produce
monodisperse, nanosized particles.

Introduction

The plasma discharge processes are widely used for semi-
conductor device manufacturing. These discharges are typi-

Ž .cally operated at low pressures tens to hundreds of mTorr
with electron densities of 109y1011 cmy3. The plasma pro-
cesses are quite notorious from the point of particle contami-
nation, and those particles can induce several serious effects
on the performance and quality of microelectronic devices
and also on the cost of final products. The particles, which
vary in size from a few nanometers to microns, are usually
found inside the plasma reactor. Some contaminating parti-
cles originate outside the plasma process, and other particles
can be formed inside the plasma. There are two sources of
particles formed inside the plasma: one is a homogeneous
formation in the gas phase due to the plasma chemistry, and
the other is a heterogeneous formation due to the fracture of
deposited thin films. It is believed that those particles grow

Žby coagulation and condensation Bouchoule and Boufendi,
1994; Boufendi and Bouchoule, 1994; Childs and Gallagher,
2000; Howling et al., 1993; Huang and Kushner, 1997;
Kortshagen and Bhandarkar, 1999; Selwyn, 1993, 1994; Shi-

.ratani et al., 1996; Watanabe, 1997 .

Correspondence concerning this article should be addressed to K.-S. Kim.

Particle contamination control is quite important in the
plasma reactor and much research on particle growth has
been done theoretically and experimentally. Wantanabe’s

Žgroup Shiratani et al., 1994, 1996; Watanabe, 1997; Watan-
.abe et al., 1996 analyzed the particle growth in a plasma

Ž .reactor by the laser light scattering LLS methods and pro-
posed that some particles can be charged positively in the

Žplasma reactor. Also, the particles follow three phases initial
growth phase, rapid growth phase, and growth saturation

. Žphase to grow up to submicron sizes. They Fukuzawa et al.,
.1999 also studied the particle growth processes in a cluster-

size range below a few nm in SiH rf discharges and pro-4
posed that the SiH deposition on the particles is important2
in the initial growth phase, while the particle coagulation be-
comes important when their density reaches about 1011 cmy3.

ŽBouchoule’s group Bouchoule and Boufendi, 1994; Boufendi
.and Bouchoule, 1994; Bouchoule et al., 1996 suggested the

particle growth kinetics for particle sizes from 2 nm to a few
100 nm in an rf-argon-silane plasma and reported that the
particles grow rapidly by the coagulation in the first phase
and slowly by the surface deposition process on independent

Žparticles in the second phase. Hollenstein’s group Howling
.et al., 1993; Courteille et al., 1996 measured the particle sizes
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and concentrations in silane and Ar plasmas by the LLS
methods and also modeled the agglomeration phase by the
Brownian free molecular coagulation model. Samsonov and

Ž .Goree 1999 observed that submicron to micron sized parti-
cles are produced in the gas phase of sputtering discharges
and the growth rate and particle shape vary widely, depend-

Ž .ing on the target materials. Childs and Gallagher 2000 stud-
ied the particle growth in pure silane rf discharge, using an
LLS method and showed that the particle density is a sensi-

Ž .tive function of gas pressure and rf voltage. Girshick 1997
proposed the particle nucleation by a sequence of reversible
chemical reactions and derived the steady-state nucleation
rate from the homogeneous nucleation theory.

Most of the particles in plasmas are charged negatively to
balance the currents onto the particles by slowly moving ions
and fast moving electrons, and particle charging significantly
affects the particle growth by coagulation in the plasma reac-

Ž .tor. Horanyi and Goertz 1990 considered theoretically the
particle growth by enhanced coagulation between the oppo-
sitely charged, differently sized grains in the plasma region
and suggested that, if the ionization fraction is �10y13, the
enhanced coagulation might be the most important process
responsible for grain growth in the size range of 0.1�500 �m.

Ž .Lemons et al. 1996 suggested the model equations of parti-
cle growth by coagulation of the small neutral particles with
the negatively charged large particles to compare with the

Ž .experimental results by Shiratani et al. 1996 and Boufendi
Ž . Ž .and Bouchoule 1994 . Kortshagen and Bhandarkar 1999

studied the growth of nanometer particles in low pressure
plasmas and showed that particle coagulation is enhanced
compared to coagulation in neutral aerosols due to the at-
traction of oppositely charged particles. Kim and Ikewawa
Ž . Ž .1996 and Kim and Kim 1997, 2000a analyzed the particle
formation, growth, and transport in silane plasma reactor with
the plasma chemical reactions, which are important for the
particle formation in silane plasma reactor and predicted the
distributions of those particles inside the plasma reactor for
several process conditions based on the neutral particles. Re-

Ž .cently, they Kim and Kim, 2000b analyzed the rapid particle
Žgrowth by coagulation between the protoparticles small sized

. Ž .particles and the predator particles large sized particles in
the silane plasma reactor, while considering the Gaussian
distribution function for particle charges and showed that
most of the large predator particles in the plasma reactor are
found to be charged negatively. However, some fractions of
small, tiny protoparticles are in a neutral state or even charged
positively.

Ž .In a previous work Kim and Kim, 2000b , the particles in
the plasma reactor are assumed to have two monodisperse
sizes of predator particles and protoparticles, however, in this
study, we modified the particle growth model in the silane
plasma reactor by considering the particle-size distribution.
Also, we could calculate the change of particle-size distribu-
tion by applying the discrete-sectional method. We also in-
cluded the particle charge distribution for each particle size,
based on the Gaussian distribution function. The effects of
particle charge distribution on coagulation were considered
to calculate the particle growth by coagulation in the plasma
reactor. The changes of particle-size distribution and particle
charge distribution were calculated in the plasma reactor

Žfor various process conditions mass generation rate of

monomers, monomer diameter, and initial electron concen-
.tration . The predicted model results were also compared with

the published experimental data for the same plasma condi-
tions.

Theory
Figure 1 shows the model in this study to predict the parti-

cle growth in the plasma reactor. In the plasma reactor dilute
with particles, most of those particles will be located around
the sheath boundaries and grow there, however, in the plasma
reactor dense with particles, the particles are dispersed in the
bulk plasma region and are believed to grow by coagulation
between particles. Those particles are found to be divided
into two groups, small sized and large sized particles
ŽBoufendi and Bouchoule, 1994; Shiratani et al., 1994, 1996;

.Kim and Kim, 2000b . Our model is to calculate the particle
growth by coagulation between particles in the plasma reac-
tor dense with particles. We included the effects of fluid flow,
particle generation, particle coagulation, and particle charge
distribution on particle growth in plasma reactor.

Most of those particles in the plasma reactor are charged
negatively, but, based on the analysis by Matsoukas and Rus-

Ž . Ž .sell 1995 , and Matsoukas et al. 1996 , some particles in the
plasma reactor can be in a neutral state or can be even
charged positively, depending on the plasma conditions. They
solved the population balance on the stepwise process of par-
ticle charging in the plasma reactor and suggested that the
charge distribution of particles above a few nms can be ex-
pressed as the Gaussian distribution function. The particle

Ž Ž .. Ž .charge distribution f z , average charge z and variancel
Ž 2.� of the distribution were expressed by Eqs. 1�3, respec-l

Ž .tively, in terms of particle diameter d , concentrations ofl
Ž .electron and positive ion N , N , masses of electron ande q

Ž .positive ion M , M and temperatures of electron and pos-e q
Ž . Žitive ion T , T Matsoukas and Russell, 1995; Matsoukase q

.et al., 1996; Kim and Kim, 2000b

21 zy zŽ .l
f z s exp y 1Ž . Ž .2' 2�� 2� ll

2�� d k T N M T0 l B g q e e
z fC ln 2Ž .l 2 ž /N M Te e q q

Figure 1. Model of particle growth in silane plasma re-
actor.
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where � and t� are defined ase

e2 Te�� s ; t s 4Ž .e 2�� d k T T0 l B g q

We assumed the bulk plasma region in the plasma reactor
is the continuously stirred-tank reactor and the gas stream
has the residence time of � inside the plasma reactor. Theres
general dynamic equation for particles in plasma reactor is
given as follows

dn ® 1 ®Ž .
s I ® � ®y® q E ®, ®y® � ®, ®y® n ® nŽ . Ž . Ž . Ž . Ž .H1dt 2 ®1

	
®y® d®y E ®, ® � ®, ® n ® n ® d®Ž . Ž . Ž . Ž . Ž .H

®1

n ®Ž .
y F qF 5Ž .Ž .pos neu �res

The first term on the righthand side of Eq. 5 shows the
monomer generation rate and the second and the third terms,
the particle generation, and disappearance rates by particle

Ž .coagulation, respectively. The E ®, ® is the enhancement
factor of the collision frequency function taking into account
the particle charge distribution of colliding particles. The last
term on the righthand side of Eq. 5 shows the disappearance
rate by fluid flow. It is assumed that the particles which are
charged positively or in a neutral state go out of the reactor
with fluid flow, but the particles charged negatively are caught
inside the plasma reactor by the electrostatic repulsion in the
sheath region.

Equation 5 is a nonlinear, partial integro-differential equa-
tion and an appropriate approach should be used to solve
this equation to predict the evolution of the particle-size dis-
tribution within limited computing time. The discrete-sec-

Ž .tional model Gelbard et al., 1980; Wu and Flagan, 1988 can
reduce the computing time, but predict the evolution of par-
ticle-size distribution quite well. We applied the discrete-sec-

Ž .tional model modified by Landgrebe and Pratsinis 1990 and
Ž .Wu and Biswas 1998 to analyze the particle growth by coag-

ulation between charged particles in plasma reactor. The
aerosol size spectrum for discrete-sectional model is well il-

Ž . Ž .lustrated by Gelbard et al. 1980 , Wu and Flagan 1988 , and
Ž .Kobata et al. 1991 , and the q is the volume concentrationi

of particles containing i monomers in discrete-size regime
Ž .DSR . The Q is the volume concentration of particles ink

Ž .size between ® and ® in sectional-size regime SSR andkyl k
is defined as follows


 k
Q s n 
 
 d
 6Ž . Ž .Hk


 ky1

The volume-conserved discrete-sectional model we applied
is good at predicting the particle-size distribution where par-

Ž .ticles grow by coagulation Wu and Biswas, 1988 . The popu-
lation balance for the monomers from the general dynamic
equation can be expressed as

i maxdq S1 1 �s yq E � qŽ .Ý1 1, j 1, j jdt �d js1

k max q14 Dyq E � Q y F qF 7Ž .Ž .Ý Ž .1 1,k 1,k k pos,1 neu,1 �resks1

The first righthand side term of Eq. 7 is the generation rate
of monomers, and the second and third terms are the disap-
pearance rates of monomers by coagulation with particles in
DSR and SSR, respectively. The last righthand side term is
the loss rate of q by fluid flow. The population balance for1

Ž .i-mers is2 to imax is

iy1 imaxdq 1i � �s E � q q yq E � qŽ . Ž .Ý Ýj,Ž iy j. j ,Ž iy j. j Ž iy j. i i , j i , j jdt 2 js1 js1

k max qi4 Dyq E � Q y F qF 8Ž .Ž .Ý Ž .i i ,k i ,k k pos, i neu, i �resks1

The first righthand side term of Eq. 8 is the generation rate
of q by coagulation of smaller particles and the next twoi
terms are the disappearance rates of q by coagulation ofi
i-mers with DSR and SSR particles, respectively.

The population balance for the first section is

imax imax imaxdQ 11 1 2D D Ds E � q q yQ E � qÝ Ý Ý Ž .ž /i , j i , j ,1 i j 1 i ,1 i ,1 idt 2 is1 js1 is1

imax k max15 3 4D 2qQ E � q y E � Q yQ E � QÝ ÝŽ . Ž .1 i ,1 i ,1 i 1,1 1 1 1 i ,1 i ,1 i2is1 is 2

Q1y F qF 9Ž .Ž .pos,Ž imaxq1. neu,Ž imaxq1. �res

The first righthand side term is the generation rate of Q by1
coagulation between two DSR particles. The second and third
righthand side terms are the loss and generation rates, re-
spectively, of Q from coagulations between particles in DSR1
and in the first section. The fourth and fifth righthand side
terms are the loss rates of Q by coagulations between two1
first section particles and between first section and larger
section particles, respectively. The final righthand side term
is the effect of fluid flow. The population balance equation

Ž .for the k th section ks2 to kmax is

imax imax imax ky1dQ 1k 1 1D D Ds E � q q q E � q QÝ Ý Ý Ýž / ž /i , j i , j ,k i j i , j i , j ,k i jdt 2 is1 js1 is1 js1

ky1 ky1 imax1 1 2 Dq E � Q Q yQ E � qÝ Ý Ý Ž .ž /i , j i , j ,k i j k i ,k i ,k i2 is1 js1 is1

November 2002 Vol. 48, No. 11AIChE Journal 2501



imax ky1
5 2DqQ E � q yQ E � QÝ ÝŽ . Ž .k i ,k i ,k i k i ,k i ,k i

is1 is1

ky1 k max15 3 2qQ E � Q y E � Q yQÝ ÝŽ .k i ,k i ,k i k ,k k k k2is1 is kq1

Qk4� E � Q y F qF 10Ž .Ž .Ž .i ,k i ,k i pos,Ž imaxqk . neu,Ž imaxqk . �res

The first three righthand side terms are the generation rates
of Q by coagulations between two DSR particles, betweenk
one DSR and one smaller SSR particle, and between two
smaller SSR particles, respectively. The fourth and fifth
righthand side terms are the disappearance and generation
rates, respectively, of Q by coagulations between one DSRk
and one section-k particle. The sixth and seventh righthand
side terms are the disappearance and generation rates, re-
spectively, of Q by coagulations between one smaller SSRk
and one section-k particle. The eighth and ninth righthand
side terms, respectively, are the loss rates of Q by coagula-k
tions between two section-k particles and between one sec-
tion-k and one larger section particle. The final righthand
side term accounts for the loss of Q by fluid flow.k

All the particles in plasma reactor will be charged or in
neutral state and the fractions of particles in DSR and SSR,
which are charged negatively or positively or in a neutral state,
can be calculated from the Gaussian distribution function of
particle charging. The fractions of particles which are charged

Ž .negatively, neutral, or charged positively F , F , Fl,neg l,neu l,pos
in DSR and SSR and also the average charges of the nega-

Ž .tively and positively charged particles z , z in DSRl,neg l,pos
and SSR can be calculated from the Gaussian distribution
function of particle charges in terms of particle size and

Ž .plasma parameters Kim and Kim, 2000b .

1 1 y xy0 .5 l ,1
F s f z dzs y erf 11Ž . Ž .Hl ,neg ž /'2 2 2y	

1 y x x0.5 l ,1 l ,2
F s f z dzs erf qerf 12Ž . Ž .Hl ,neu ž / ž /' '2 2 2y0 .5

1 1 x	 l ,2
F s f z dzs y erf 13Ž . Ž .Hl ,pos ž /'2 2 20.5

2xl ,1y0 .5 � Exp ylf z zdzŽ .H 2y	z s sy q z 14Ž .l ,neg lxy0.5 l ,1
f z dz f z dzŽ . Ž .H H

y	 y	

2xl ,2	
� Exp ylf z zdzŽ .H 20.5z s s q z 15Ž .l ,pos l	 	

f z dz f z dzŽ . Ž .H H
0.5 x l ,2

Ž .In Eqs. 11�15, x and x are defined as y0.5y z r� andl,1 l,2 l l
Ž .0.5y z r� , respectively. The average electron charge onl l
particles is proportional to particle diameter, and the large
sized particles will be charged more negatively than the small

Ž .sized particles. The smaller particles dF10’s nm can have
more possibility of being neutral or even being charged posi-

Žtively, depending on the plasma conditions Kim and Kim,
.2000b . The particles of opposite charges will collide with each

other very fast and the neutral particles can collide with all
particles, but the particles of same charges cannot collide to-
gether. We assumed that the particle charge in plasmas is
concentrated and fixed at the center of the particle, and we
neglected the effect of image forces on particle coagulation,

Žresulting from the charge separation in solid particles Xiong
.et al., 1992; Matsoukas and Russell, 1997 . The E in Eqs.i, j

7�10 can be calculated as follows

E s F F qF F qF Fi , j i ,neu j ,neu i ,neu j ,neg ineu j ,pos

qF F qF F 1y� qF FŽ .i ,neg j ,neu i ,neg j ,pos i , j i ,pos j ,neu

qF F 1y� 16Ž .Ž .i ,pos j ,neg i , j

2z z ei ,Žneg or pos. j ,Žpos or neg.
� s 17Ž .i , j 2�� m ® d qdŽ .0 R R i j

Ž .1y� in Eq. 16 is the enhancement factor of collision fre-i, j
quency function induced by the Coulomb force between the
oppositely charged particles colliding together. If the positive
and negative charges per unit volume do not compensate, the
particle loss due to electrostatic dispersion can occur and the

Žparticle-size distribution can be affected Kasper, 1981;
.Adachi et al., 1981; Vemury et al., 1997 . As we solve the

electroneutrality condition in the plasma reactor, we can ne-
glect the effect of charged particle dispersion losses.

The electrons are absorbed onto the particles and the elec-
tron concentration changes with time as the particle concen-
tration and size change in the plasma reactor. We included
the electroneutrality condition in the plasma reactor by con-
sidering the charges by electrons, positive ions, negative ions
and particles as follows

imaxq k max

N sN yN q N z 18Ž .Ýe q y l l
ls1

By inserting z in Eq. 2 into Eq. 18, we have Eq. 19l

N sB yB ln N 19Ž .e 1 2 e

The B and B are defined as1 2

imaxq k max

B sN yN q N AÝ1 q y l 1, l
ls1

imaxq k max

B s N AÝ2 l 2, l
ls1

where

1r22�� d k T M T0 l B e e e
A sC ln N1,l q2 ž /M Te q q

2�� d k T0 l B e
A sC2,l 2e
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We assumed that the positive and negative ion concentra-
tions in the plasma reactor are constant and solved the Eq.

Ž .19 by the Newton-Raphson method Riggs, 1988 to calculate
the change of electron concentration with time. The elec-

Ž .troneutrality condition Eq. 19 will not be satisfied in the
sheath region of plasma reactor, but will be satisfied in the
bulk plasma and approximately in the sheath boundary re-
gion.

Ž .In this computation, the number of discrete sizes imax is
20, which are quite enough to avoid the inaccuracies at the

Žjunction of the discrete and sectional parts Wu and Flagan,
. Ž .1988 . The section spacing ® r® in SSR was 1.05. Equa-k ky1

tions 7�10 were solved numerically by the ODE solver, the
DGEAR subroutine, to calculate the particle-size distribu-
tion in the plasma reactor by the discrete-sectional model. In
every time step of integration, the electroneutrality condition
Ž .Eq. 19 was also solved to calculate the electron concentra-
tion. The particle charge distributions, the fractions of nega-
tively charged, neutral, or positively charged particles, and
the average charges of particles were also calculated from the
electron concentration. The E were calculated in every timei, j
step of integration by Eqs. 16 and 17 and were implemented
into the population balance equations in DSR and SSR to
calculate the coagulation rates between particles.

Results and Discussions
The changes of particle-size distribution and particle charge

distribution were calculated in a plasma reactor, changing
several process conditions such as mass generation rate of

Figure 2. Particle-size distributions in plasma reactor
for various times.
S s 4.23�10y7 grcm3� s, d s10 nm, � s 0.485 s, N s1 1 res e,0
5.5�1010 cmy3.

Ž . Ž .monomers S , monomer diameter d , and initial electron1 1
Ž .concentration N sN yN . The standard conditions fore,0 q y

S , d and � were 4.23�10y7 grcm3� s, 10 nm and 0.485 s1 1 res
Ž 3.30 std cm , respectively, which were the experimental con-

Ž .ditions by Shiratani et al. 1996 . The positive and negative
ion concentrations in the plasma reactor reach the steady
state very quickly in comparison to the particle growth time,
and we assumed that those concentrations are constant. The

Ž . Ž .concentrations of positive ions N and negative ions Nq y
Ž .were found by the numerical program Kim and Kim, 1997

in silane PCVD for the conditions of pressures0.6 Torr, gas
temperatures300 K, and total gas-flow rates30 std cm3 and
were about 6.0�1010 cmy3 and 5.0�109 cmy3, respectively.
The positive ion concentration is usually measured to be less
than 1010 cmy3, but at a high frequency of discharge, can be

10 y3 Žhigher than 10 cm Shiratani et al., 1994; Watanabe et
. 10al., 1996 . The standard condition for N becomes 5.5�10e,0

y3 Ž .cm . The plasma conditions for ion temperature T andq
Ž .electron temperature T were assumed to be 300 K and 2e

eV, respectively.
Figures 2 and 3 show the changes of particle-size distribu-

tion for various times and the changes of particle charge dis-
tributions for various particle sizes in the plasma reactor, re-

Ž .spectively. Just after the plasma discharge on t(0.05 s , we
have only the small-size particles, which start to grow by co-
agulation between particles, and, later, the large-size parti-

Ž .cles appear t(0.3 s and grow larger and larger. Finally, the
large-size particles are separated from the small sized parti-

Ž .cles Figure 2 . As the particle size increases, the surface area
of particles for collision with electrons increases, and, in Fig-

Figure 3. Particle charge distributions in plasma reac-
tor for various particle sizes.
S s 4.23�10y7 grcm3� s, d s10 nm, � s 0.485 s, N s1 1 res e,0
5.5�1010 cmy3.
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Figure 4. Average number of electrons per particle for
various times.
S s 4.23�10y7 grcm3� s, d s10 nm, � s 0.485 s, N s1 1 res e,0
5.5�1010 cmy3.

ure 3, the large-size particles are charged more negatively
Žthan the small-size particles. Most of large-size particles ds

.100 nm are charged negatively, but, for the case of small-size
Ž .particles ds10 nm , we can see that some fractions of

small-size particles are in a neutral state and some fractions
Ž .are, surprisingly, charged positively Figure 3 . The small-size

particles charged positively can coagulate very fast with the
large-size particles charged negatively by the electrostatic at-
traction. The small-size particles will coagulate more rapidly
with the large-size particles, which are charged more nega-
tively than with the medium-size particles, and the large-size
particles grow faster than the medium-size particles. The dis-
appearance rate of particles in the k th section by the coagu-
lation with small-size particles is greater than the generation
rate of particles by the coagulation between small-size parti-
cles and one smaller section of particles, because the parti-
cles in the k th section are charged more negatively than the
particles in the smaller section. As a result, the medium-size
particles are depleted and we can see a clear discrepancy in
the particle-size distribution between large-size and small-size
particles in Figure 2 at ts5 s. Also, the particle-size distri-
bution in the plasma reactor becomes bimodal. As the con-
centration of the medium-size particles becomes quite low,
the large-size particles cannot be generated any more and
the concentration of large sized particles becomes almost

Ž .constant. The integral correction factor W for coagulation
Ž .between charged particles is proposed by Friedlander 2000 .

The W for 10 nm particles of y1 eyrparticle is 4.11�1013

and the coagulation between particles of same charges can be
neglected.

Figure 5. Amount of particle charges absorbed onto
each particle size for various times.
S s 4.23�10y7 grcm3� s, d s10 nm, � s 0.485 s, N s1 1 res e,0
5.5�1010 cmy3.

Figures 4 and 5 illustrate the average number of electrons
per particle and the amount of particle charges absorbed onto

Žeach particle size particle-size distribution � average charges
.of the particle size , respectively, for various times. The area

under the curve in Figure 5 is the amount of negative charges
on particles. As the particle size increases, the average num-
ber of electrons per particle increases because the large sized

Ž .particles are charged more negatively Figure 4 . The average
number of electrons per particle at high particle concentra-
tion is lower compared to the particles in undisturbed plasma
Ž .Matsoukas and Russell, 1997 . The Gaussian particle charge
distribution is based on the assumption that the bombard-
ment rates between particles and ions and electrons are much
faster than the rate of coagulation so that a particle after
coagulation attains its equilibrium charge before another co-
agulation. The charging time of an initially neutral particle
increases as the particle size decreases, and it is calculated
about 34.5 �s for 10 nm particles, while about the character-
istic time of coagulation of 10 nm particles is about 4,000 �s.
Also, we could see that new particles are equilibrated in par-
ticle charges before another coagulation. At 0.05 s, there are

Ž .low concentrations of large sized particles Figure 2 and most
of the electrons are absorbed into small sized particles. Later,

Ž .the large size particles appear and grow Figure 2 , they are
charged more negatively, and the amount of particle charges

Ž .absorbed onto the large sized particles increases Figure 5 .
At 5 s, the amount of electrons absorbed onto the large sized

Ž .particles (78% are larger than those on the small sized
Ž .particles (22% . We can see that, for 5 sF tF10 s, the

amounts of negative charges on large sized particles are al-
most the same, but the amount of negative charges on small
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Figure 6. Particle-size distributions: with vs. without in-
cluding particle charging effects for various
times.
S s 4.23�10y7 grcm3� s, d s10 nm, � s 0.485 s, N s1 1 res e,0
5.5�1010 cmy3.

Ž .sized particles decreases Figure 5 . In addition the total
amount of negative charges onto the particles decreases with
time. The electron concentration in plasma reactor increases

Ž 9 y3slightly with time at ts0.3 s, N s2.6�10 cm , at ts5 s,e
9 y3 9 y3.N s2.67�10 cm , at ts10 s, N s2.7�10 cm ande e

particles of the same size become charged more negatively
Ž .with time Figure 4 .

The particle charging is a very unique and important phe-
nomena to explain the particle growth in the plasma reactor.
In the usual aerosol reactors, the particles grow by coagula-

Žtion between the neutral particles without including particle
.charging . Figure 6 presents the comparison of particle-size

distributions with and without including the particle charging
effects in the plasma reactor. While including particle charg-
ing, the small sized particles charged positively will coagulate
more selectively with the large sized particles charged more
negatively than with the medium-size particles, and the parti-
cle-size distribution becomes bimodal. Additionally, the large
sized particles become quite monodisperse. On the other
hand, if not including particle charging, all sized particles can
coagulate with each other and the medium sized particles can
be generated and grow by coagulation between particles and,
as a result, the particle-size distribution becomes broader and
the large-size particles become bigger than with including
particle charging. In this sense, the plasma reactor where the
particle charging is quite significant can be a good candidate
to produce monodisperse, nanosized particles.

The particles which are charged positively and in a neutral
state are lost by the fluid flow, and Figure 7 shows the change
of particle-size distribution for various residence times. As
the residence time decreases, it takes a longer time for the

Figure 7. Particle-size distributions in plasma reactor
for various residence times at 10 s.
S s 4.23�10y7 grcm3� s, d s10 nm, N s 5.5�1010 cmy3.1 1 e,0

large-size particles to appear by coagulation with small-size
particles, because more of small-size particles which are
charged positively or in a neutral state are lost by the fluid

Figure 8. Particle-size distributions in plasma reactor
for various mass generation rates of
monomers at 5 s.
d s10 nm, � s 0.485 s, N s 5.5�1010 cmy3.1 res e,0
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Figure 9. Particle-size distributions in plasma reactor
for various monomer diameters at 5 s.
S s 4.23� 10y7 grcm3� s, � s 0.485 s, N s 5.5� 1010

1 res e,0
cmy3.

flow. The large-size particles are mostly charged negatively
and the large-size particles are not affected significantly by
the fluid flow if they are formed once.

Figures 8 and 9 show the changes of particle-size distribu-
tions at 5 s for various mass generation rates of monomers
and for various monomer diameters, respectively. The parti-
cle-size distributions are again bimodal with small-size and
large-size particles. As the monomer generation rate in-
creases, small-size particle concentration increases and the
large-size particles grow more quickly and become larger by
the faster coagulation with the small sized particles. Addi-
tionally, the particle-size distribution becomes bimodal ear-

Ž .lier Figure 8 . As the monomer diameter decreases, the
small-size particle concentration becomes higher because the
number of monomers generated increases for the given mass
generation rate of monomers. The large-size particles grow
more quickly by the faster coagulation with small-size parti-
cles of higher concentration, and the large-size particles are

Žseparated more clearly from the small-size particles Figure
.9 .
Figure 10 describes the change of the particle-size distribu-

Ž .tion for various initial electron concentrations N in thee,o
plasma reactor. As the initial electron concentration in-
creases, the fractions of small-size particles charged posi-
tively and in a neutral state decrease, and the large-size par-
ticles which are charged negatively cannot grow quickly by
coagulation with the small-size particles and the large-size
particles become smaller. The particle charge distribution
with a small initial electron concentration of N s5�109

e,0
cmy3 is shown in Figure 11, and we can see that a significant
amount of particles in plasma reactor are in a neutral state.

Figure 10. Particle-size distributions in plasma reactor
for various initial electron concentrations at
5 s.
S s 4.23�10y7 grcm3� s, d s10 nm, � s 0.485 s.1 1 res

Figure 11. Particle charge distributions in plasma reac-
tor for various times at N s 5.0�109

e ,0
cm�3.
S s 4.23�10y7 grcm3� s, d s10 nm, � s 0.485 s.1 1 res
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Figure 12. Predicted particle-size distributions vs. ex-
( )perimental results by Shiratani et al. 1996 .

Also, in Figure 10, the particle-size distribution becomes
Žbroader and the large-size particles become bigger same as

shown in Figure 7 for neutral particles without including par-
.ticle charging .

Figure 12 shows the comparison of model results in this
study with the published experimental data by Shiratani et al.
Ž . Ž y71996 for the same process conditions S s4.23�101

3 .grcm s, d s10 nm, and � s0.485 s . In their experiments,1 res
the small-size particles are observed in the beginning of dis-

Ž . Žcharge tF1 s and, later, the large-size particles appear ts
. Ž .1.2 s and are separated from the small-size particles ts2 s

Ž .and grow ts4 s , as we predicted qualitatively in our model
results. Our model results at ts2 s and 4 s are in quite good
agreement with their experimental results. Our model results
become bimodal earlier than the experimental data, and the
predicted small-size particle distribution is not a log-normal
as the experimental ones. The reasons for those differences
might be explained in this study. In our model, we assumed
that the mass generation rate of monomer is constant and
the particles grow rapidly by coagulation from the beginning

Žof discharge, but they Shiratani et al., 1994, 1996; Watanabe,
.1997 proposed that the particles follow the first initial growth

phase of nucleation for 0 sF tF0.5 s and, after that, follow
the rapid particle growth phase by coagulation. Also the Nq
concentration in our model is higher than the experimental
measurements. If the phenomena of monomer generation and
coagulation between particles are important as in this model,
the small-size particle distribution cannot be a log-normal

type as in their experiments. We also compare our model
results of average large-size particle diameter by a discrete-

Ž .sectional method after the large-size particles appear tG1 s
Žwith those by a two-sized particle growth model Kim and

. ŽKim, 2000b . Just after the large sized particles appear tG1
.s , the large-size particles in the two-size particle growth

model are bigger than in the discrete-sectional model be-
cause the large sized particles in the two-sized particle growth
model have grown from the beginning, however, after 5 s, the
large-size particles in the discrete-sectional model become
bigger than in the two-size particle growth model, because
the collision frequency function between different particle

Žsizes is higher than between the same sized particles Fried-
.lander, 2000 .

Conclusions
We analyzed the particle growth in the silane plasma reac-

tor by using a discrete-sectional model and the particle coag-
ulation rate was calculated considering the effects of particle
charge distribution based on the Gaussian distribution func-
tion. The changes of particle-size distribution and particle
charge distribution were calculated in the plasma reactor for

Žvarious process conditions mass generation rate of
monomers, monomer diameter, and initial electron concen-

.tration .
Just after the plasma discharge, we have the high concen-

tration of small-size particles and, later, the large-size parti-
cles appear by coagulation between small-size particles and
grow bigger and, finally, the large-size particles are separated
from the small size particles. Most of the particles in the
plasma reactor are charged negatively and, the larger the
particles size is, the more negatively the particles are charged.
It is found that some fractions of small-size particles are in a
neutral state or even charged positively. The small-size parti-
cles positively charged will coagulate more rapidly with the
large-size particles, which are charged more negatively than
with the medium-size particles, and the medium-size parti-
cles are depleted and the particle-size distribution becomes
bimodal and the large-size particles become quite monodis-
perse. These results show that the plasma reactor can be used
to produce monodisperse, nanosized particles.

As the mass generation rate of monomers increases or as
the monomer diameter decreases, the small-size particle con-
centration increases and the large-size particles grow more
quickly by the faster coagulation with the small-size particles,
and the particle-size distribution becomes bimodal earlier. As
the initial electron concentration increases, the small-size
particle concentration charged positively decreases and the
large-size particles, which are charged negatively, cannot grow
fast by coagulation with the small sized particles charged pos-

Žitively. With small initial electron concentration N s5�e,0
9 y3.10 cm , a significant amount of particles in the plasma

reactor are in a neutral state and the particle-size distribu-
tion becomes broader and the large sized particles grow more
quickly.

The model results of particle-size distributions in this study
were in good agreement with the published experimental data
Ž .Shiratani et al., 1996 . We believe this analysis can be ap-
plied to understand the nanosized particle growth in a plasma
reactor.
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Notation
Csconstant, 0.73
d sparticle diameter in the lth discrete size regimel

or sectional size regime, cm
d smonomer diameter, cm1
eselementary charge of electron, C

Ž .f z sparticle charge distribution function
F , F , F s fractions of particles which are charged nega-l,neg l,neu l,pos

tively, neutral, or charged positively in lth dis-
crete size regime or sectional size regime

Ž .I ® snucleation rate of monomers
k sBoltzmann constant, 1.38�10y16, gcm2rs2 KB

m sreduced mass between the moving particlesR
Msmass of species, g

Ž . y6n ®,t ssize distribution function, cm
Nsnumber concentrations of species, cmy3

Nsnumber concentrations of particles in lth dis-l
crete size regime or sectional size regime, cmy3

q s volume concentration variable for i-mers in thei
discrete size regime

Q s volume concentration variable for section k par-k
ticles

S smass generation rate of monomers, grcm3s1
ts time, s

Ts temperature of species, K
T sgas temperature, 300 Kg
®sparticle volume variable, cm3

® smonomer volume, cm3
1
® sparticle volume upper boundary of sectional k,k

cm3

® sparticle volume lower boundary of sectional k,ky1
cm3

® srelative velocity between the moving particlesR
Ws integral correction factor for coagulation be-

tween charged particles
y z z e2e y1 i j Ž .s , ys Friedlander, 2000

Ž .y � k T d qd0 B e i j
Ž .x s y0.5y z r�l,1 l l
Ž .x s 0.5y z r�l,2 l l

zsparticle charges, e
z saverage charges of particle in lth discrete sizel

regime or sectional size regime, erparticle

Greek letters
� � s general property coagulation coefficienti , j

w Ž .x� r j®i, j 1
Ž .� u,® s collision frequency function between particles

Ž .Friedlander, 2000
�scollision integral for coagulations of two sec-

tional size regime particles
D� scollision integral for coagulations of section ki,k

particles and i-mers in discrete size regime
D D� scollision integral for coagulations of two discretei, j,k

size regime particles
� spermittivity of free space, 8.854�10y21, C2rdyn �0

cm2

� sparticle density, grcm3
d

� 2s variance in lth discrete size regime or sectionall
size regime

� sresidence time, sres

Subscripts
0s initial
eselectron
ls lth discrete size regime or sectional size regime

qspositive ion
ysnegative ion
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