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Abstract−−−−The changes of particle size distribution were investigated during the rapid growth of particles in the silane
plasma reactor by the discrete-sectional model. The particle size distribution becomes bimodal in the plasma reactor
and most of the large sized particles are charged negatively, but some fractions of small sized particles are in a neutral
state or even charged positively. As the mass generation rate of monomers increases or as the monomer diameter
decreases, the large sized particles grow more quickly and the particle size distribution becomes bimodal earlier. As
the mass generation rate of monomers decreases, the electron concentration in the plasmas increases and the fractio
of particles charged negatively increases. With the decrease in monomer diameter, the electron concentration decreases
in the beginning of plasma discharge but later increases.

Key words: Particle Charge Distribution, Particle Size Distribution, Bimodal Distribution, Discrete-Sectional Model, Rapid
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INTRODUCTION

Plasma processes such as plasma chemical vapor deposition
(PCVD), etching and sputtering are being widely used in semicon-
ductor manufacturing. The particles act as one of the major sources
of defects in semiconductor products and seriously deteriorate the
performance of the microelectronic devices. Particles varying in
size from a few nanometers to microns are usually found inside the
plasma reactor. Those particles are believed to grow by coagula-
tion and condensation. The particles in a plasma reactor are usually
charged negatively to balance the currents onto the particles by slowly
moving ions and fast moving electrons, and most of those particles
are found at the plasma sheath boundaries where several forces on
the particles are balanced [Bouchoule and Boufendi, 1994; Graves
et al., 1994; Howling et al., 1993; Huang and Kushner, 1997; Sel-
wyn, 1993, 1994; Watanabe, 1997].

The particle contamination problem in the plasma reactor is quite
important from an economic viewpoint, and much research on par-
ticle formation, transport and growth has been done theoretically/
experimentally. Kushner’s group [Choi and Kushner, 1993] theo-
retically investigated the role of negative ions for the formation of
large clusters in low-pressure plasmas and proposed that negatively
charged intermediates in electropositive plasmas increase the aver-
age residence time of clusters to allow the growth of critically large
clusters. Graves et al. [1994] analyzed the particle transport by con-
sidering the most important forces such as the electrostatic force,
the ion drag force, the neutral drag force, thermophoresis, and grav-
ity in glow discharge plasma and predicted the distribution of par-
ticles in a plasma reactor. Selwyn [1993, 1994] analyzed the particle
behavior in a plasma reactor for various wafer morphologies by
Laser Light Scattering (LLS) and proposed plasma tools for the self-
cleaning of the particles. Howling et al. [1993] measured the par-
ticle sizes and concentrations in silane and Ar plasmas by the LLS

and also modeled the agglomeration phase by the Brownian
molecular coagulation model. Watanabe’s group [Shiratani et
1996; Watanabe, 1997] analyzed the particle growth in plasma r
tor by the LLS method and proposed that the particles in the pla
reactor follow three phases (initial growth phase, rapid growth ph
growth saturation phase) to grow up to submicron sizes. Boucho
group [Bouchoule and Boufendi, 1994; Boufendi and Bouchou
1994] suggested the particle growth kinetics for particle sizes fr
2 nm to a few 100 nm in an rf-argon-silane plasma and repo
that the particles grow rapidly by the coagulation in the first ph
and slowly by the surface deposition process on independent p
cles in the second phase. Samsonov and Goree [1999] observe
submicron to micron sized particles are produced in the gas p
of sputtering discharges and the growth rate and particle shape
widely, depending on the target materials. Childs and Gallag
[2000] studied the particle growth in pure silane rf discharge, us
the LLS method and showed that the particle density is a sens
function of gas pressure and rf voltage.

Particle charging is quite important to explain the rapid parti
growth by coagulation between particles. Goree [1994] conside
the effects of particle concentrations, electron emission, ion t
ping and charge fluctuations on the particle charging, and sho
that the charge distributions can be unstable instantaneously b
differences of influx rates of ions and electrons. Recently, Mats
kas et al. [1996] solved the population balance on the stepwise
cess of particle charging and suggested the charge distributio
particles above a few nms in the plasma reactor can be expre
as the Gaussian distribution function. Gordiets and Ferreira [19
obtained the charge distribution function of particles as a func
of the discrete charges and showed that positively charged g
can be formed when secondary electron emission is sufficiently
portant to change their charge.

The particle coagulation rate will be affected significantly by t
interactive forces between the charged particles. Horanyi and G
[1990] theoretically considered the particle growth by enhan
coagulation between the oppositely charged, differently sized gr
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in the plasma region and suggested that if the ionization fraction is
�10−13, the enhanced coagulation might be the most important pro-
cess responsible for grain growth in the size range of 0.1-500µm.
Kortshagen and Bhandarkar [1999] studied the growth of nanome-
ter particles in low pressure plasmas and showed that particle co-
agulation is enhanced compared to coagulation in neutral aerosols
due to the attraction of oppositely charged particles. Kim and Ike-
wawa [1996] and Kim and Kim [1997, 2000a] analyzed the parti-
cle formation, growth and transport in silane plasma reactors with
the plasma chemical reactions which are important for the particle
formation in silane plasma reactors, and predicted the distributions
of those particles inside the plasma reactor for several process con-
ditions based on the neutral particles. Recently, they analyzed the
rapid particle growth by coagulation between two monodisperse
particles [the protoparticles (small size particles) and the predator
particles (large size particles)] in a silane plasma reactor, consider-
ing the Gaussian distribution function for particle charges [Kim and
Kim, 2000b].

It is observed that the mass generation rates of monomers and
monomer diameters in the plasma reactor change depending on the
plasma conditions and significantly affect the particle growth in the
plasma reactor [Watanabe, 1997; Shiratani et al., 1994; Bouchoule
and Boufendi, 1994; Boufendi and Bouchoule, 1994]. In this study,
we systematically analyzed the changes of particle size distribution
for various process conditions (mass generation rates of monomers
and monomer diameters). The particle charge distribution was cal-
culated for each particle size based on the Gaussian distribution func-
tion. The electroneutrality condition is also included in the plasma
reactor. The rapid particle growth by coagulation was predicted by the
discrete-sectional method. The particle coagulation between charged
particles is considered in this calculation.

THEORY

In the plasma reactor with low particle concentration, most of
those particles will be located around the sheath boundaries and
grow there, but, in the plasma reactor dense with particles, the par-
ticles 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 in size, small sized and large sized
particles [Boufendi and Bouchoule, 1994; Shiratani et al., 1996;
Kim and Kim, 2000b]. We calculated the changes of particle size
distribution and particle charge distribution during the rapid parti-
cle growth by coagulation in the plasma reactor. We included the
effects of fluid flow, particle generation, particle coagulation and
particle charge distribution on particle growth in the plasma reactor.

The particles of same charges cannot collide with each other be-
cause of the electrostatic repulsion, and the particle charge distribu-
tions in the plasma reactor are quite important to decide the coagula-
tion rate between the particles. Most of those particles in the plasma
reactor are charged negatively but, based on the analysis by Mat-
soukas 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 step-
wise process of particle charging in the plasma reactor and sug-
gested the charge distribution of particles above a few nms can be
expressed as the Gaussian distribution function. The particle charge

distribution (f(q)), average charge ( ) and variance (σl
2) of the distri-

bution were expressed by Eqs. (1)-(3), respectively, in terms of 
ticle diameter (dl), concentrations of electron and positive ion (Ne,
N+), masses of electron and positive ion (Me, M+) and temperatures
of electron and positive ion (Te, T+) [Matsoukas et al., 1996; Kim
and Kim, 2000b].

(1)

(2)

(3)

where βe and t' are defined as

(4)

We assumed the bulk plasma region in the plasma reactor i
continuously stirred tank reactor and the gas stream has the
dence time of τres inside the plasma reactor. The general dynam
equation for particles in plasma reactor is given as follows:

(5)

The first term on the right hand side (RHS) of Eq. (5) shows 
monomer generation rate and the second and the third terms
particle generation and disappearance rates by particle coagul
respectively. The E(v, ) is the enhancement factor of collision 
quency function taking into account the particle charge distribut
of colliding particles. The last term on RHS of Eq. (5) shows 
disappearance rate by fluid flow. It is assumed that the particles w
are charged positively or in a neutral state go out of the reactor 
fluid flow, but the particles charged negatively are caught ins
the plasma reactor by the electrostatic repulsion in the sheath reg

Eq. (5) is a nonlinear, partial integro-differential equation and
appropriate approach should be used to solve this equation to p
the evolution of the particle size distribution within limited com
puting time. The discrete-sectional model [Gelbard and Seinf
1980; Wu and Flagan, 1988] can reduce the computing time,
predict the evolution of particle size distribution quite well. We a
plied the discrete-sectional model modified by Landgrebe and Pr
nis [1990] and Wu and Biswas [1998] to analyze the particle gro
by coagulation between charged particles in the plasma reactor
volume-conserved discrete-sectional model we applied is goo
predicting the particle size distribution where particles grow by 
agulation [Landrebe and Pratsinis, 1990; Wu and Biswas, 19
The population balance for the monomers from the general dyna
equation can be expressed as:

(6)

The first RHS term of Eq. (6) is the generation rate of monom
the second and third terms are the disappearance rates of m

ql

f q( ) = 
1

σ l 2π
---------------exp − 

q − ql( )2

2σ l
2

------------------ ,

ql C
2πε0dlkBTg

e2
-------------------------ln
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Ne
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------------- 
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σl
2
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1
βe 
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Te
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1
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v1
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∞
∫
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dq1
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∑
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∑
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-------.
May, 2002



Rapid Growth of Particles in Silane Plasma Reactor 497

e-
po-
n-

 con-
cen-
elec-
ges
s:

sma
2) by
mers by coagulation with particles in DSR (discrete size regime)
and SSR (sectional size regime), respectively. The last RHS term
is the loss rate of q1 by fluid flow. The population balance for i-mers
(i=2 to imax) is 

(7)

The first RHS term of Eq. (7) is the generation rate of qi by coag-
ulation of smaller particles and the next two terms are the disap-
pearance rates of qi by coagulation of i-mers with DSR and SSR
particles, respectively.

The population balance equation for the kth section is

(8)

The first three RHS terms are the generation rates of Qk by coag-
ulations between two DSR particles, between one DSR and one
smaller SSR particle, and between two smaller SSR particles, re-
spectively. The fourth and fifth RHS terms are the disappearance
and generation rates, respectively, of Qk by coagulations between
one DSR and one section-k particle. The sixth and seventh RHS
terms are the disappearance and generation rates, respectively, of
Qk by coagulations between one smaller SSR and one section-k par-
ticle. The eighth and ninth RHS terms, respectively, are the loss rates
of Qk by coagulations between two section-k particles and between
one section-k and one larger section particle. The final RHS term
accounts for the loss of Qk by fluid flow.

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 neutral state can be calculated from the
Gaussian distribution function of particle charging. The fractions of
particles which are charged negatively, neutral or charged positively
(Fl,neg, Fl, neu, Fl,pos) in DSR and SSR and also the average charges of
the negatively and positively charged particles ( , ) in DSR
and SSR can be calculated from the Gaussian distribution function
of particle charges in terms of particle size and plasma parameters
[Kim and Kim, 2000b]. The average electron charge on a particle
is proportional to particle diameter, and large sized particles will be
charged more negatively than the small sized particles. The smaller
particles (d≤10’s nm) can have more possibility of being neutral or
even being charged positively, depending on the plasma conditions
[Kim and Kim, 2000b]. The particles of opposite charges will col-
lide with each other very fast and the neutral particles can collide
with all particles, but the particles of same charges cannot collide
together (Fig. 1). The Ei, j can be calculated as follows

Ei, j=[Fi, neuFj, neu+Fi, neuFj, neg+Fi, neuFj, pos+Fi, negFj, neu

Ei, j=+Fi, negFj, pos(1− Γi, j)+Fi, posFj, neu+Fi, posFj, neg(1− Γi, j)], (9)

(10)

The (1−Γi, j) in Eq. (9) is the enhancement factor of collision fr
quency function induced by the Coulomb force between the op
sitely charged particles colliding together [Lieberman and Lichte
berg, 1994].

The electrons are absorbed onto the particles and the electron
centration in the plasma changes with time as the particle con
tration and size change in the plasma reactor. We included the 
troneutrality condition in plasma reactor by considering the char
by electrons, positive ions, negative ions and particles as follow

(11)

By inserting  in Eq. (2) into Eq. (11), we have Eq. (12).

Ne=B1−B2lnNe. (12)

The B1 and B2 are defined as

(13)

(14)

where (15)

(16)

We assumed the positive and negative ion concentrations in pla
reactor are constant during the discharge and solved the Eq. (1

dqi

dt
-------  = 

1
2
--- Ej i − j( ), βj i − j( ),

* qjq i − j( )( )  − qi Ei j, βi j,
* qj( )

j = 1

i max

∑
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i − 1

∑

− qi Ei k, β4 D
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∑
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2
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∑
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1
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i = 1
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∑ β3
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2
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ql
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Fig. 1. Coagulation between charged and neutral particles in the
plasma reactor.
Korean J. Chem. Eng.(Vol. 19, No. 3)
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the Newton-Raphson method [Riggs, 1988] to calculate the change
of electron concentration with time. The electroneutrality condition
[Eq. (11)] will not be satisfied in the sheath region of s plasma reac-
tor, but will be satisfied in the bulk plasma and approximately in
the sheath boundary region.

In this computation, the number of discrete sizes (imax) is 20,
which is quite enough to avoid inaccuracies at the junction of the
discrete and sectional parts [Landrebe and Pratsinis, 1990; Wu and
Biswas, 1998]. The section spacing (vk/vk−1) in SSR was 1.05. The
governing equations of the discrete-sectional model in Table 1 were
solved numerically by the ODE solver, DGEAR subroutine to cal-
culate the particle size distribution in a plasma reactor by discrete-
sectional model. In every time step of integration, the electroneu-
trality condition [Eq. (11)] was also solved to calculate the electron
concentration. The particle charge distributions, the fractions of ne-
gatively charged, neutral or positively charged particles and the aver-
age charges of particles were also calculated from the electron con-
centration. The Ei, j were calculated in every time step of integra-
tion by Eqs. (9) and (10) and were implemented into the popula-
tion balance equations in DSR and SSR to calculate the coagula-
tion rates between particles.

RESULTS AND DICUSSION

The changes of particle size distribution and particle charge distri-
bution were calculated in a plasma reactor, changing several pro-
cess conditions such as mass generation rate of monomers (S1) and

monomer diameter (d1). The standard conditions for S1, d1 and τres

were 4.23×10−7 g/cm3s, 10 nm and 0.485 s (30 sccm), respective
which were the experimental conditions by Shiratani et al. [199
The concentrations of positive ions (N+) and negative ions (N−) were
found by the numerical program [Kim and Kim, 1997] in silan
PCVD for the conditions of pressure=0.6 Torr, gas temperatu
300 K and total gas flow rate=30 sccm and were about 6.0×10

cm−3 and 5.0×109 cm−3, respectively. The standard condition fo
initial electron concentration becomes 5.5×1010 cm−3. The plasma
conditions for ion temperature (T+) and electron temperature (Te)
were assumed to be 300 K and 2 eV, respectively.

Figs. 2 and 3 show the changes of particle size distribution 
particle charge distribution, respectively, for various times at sta
ard conditions. In Fig. 2, just after the plasma discharge on (t≅0.05s),
we have the small sized particles only and the small sized part
start to grow by coagulation between particles and, later, the l
sized particles appear (t≅0.3 s) and grow larger and larger, and, fin
ally, the large sized particles are separated from the small sized
ticles (t≅5 s). As the particle size increases, the surface area of 
ticles for collision with electrons increases, and, in Fig. 3, the la
sized particles are charged more negatively than the small sized
ticles. Most of the large sized particles (d=130 nm) are charged
gatively, but, for the case of small size particles (d=10 nm), we 
see that some fractions of small sized particles are in neutral 
and some fractions are, surprisingly, charged positively. The sm
sized particles charged positively can coagulate very fast with
large sized particles charged negatively by the electrostatic at

Fig. 2. Changes of particle size distribution for various times at
standard conditions (S1=4.23×10−−−−7 g/cm3s, d1=10 nm).

Fig. 3. Changes of particle charge distribution for various times
at standard conditions (S1=4.23×10−−−−7 g/cm3s, d1=10 nm).
May, 2002
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tion. The small sized particles will coagulate more selectively w
the large sized particles which are charged more negatively 
with the medium sized particles, and the large sized particles g
faster than the medium sized particles. The concentration of m
um sized particles decreases with time, and we can see a clea
crepancy in particle size distribution between large sized and s
sized particles in Fig. 2 at t=5 s and the particle size distribution
plasma reactor becomes bimodal. As the amount of particles in
plasma reactor increases with time, more electrons are abso
onto the particles, the electron concentration decreases, and th
ticles of same size in the plasma reactor become charged les
gatively (Fig. 3).

Fig. 4 shows the comparison of model results in particle size 
tribution with the published experimental data by Shiratani et
[1996] for standard conditions. In their experiments, the small s
particles are observed in the beginning of discharge (t≤1 s) and,
later, the large sized particles appear (t=1.2s) and are separated
the small sized particles (t=2 s) and grow (t=4 s), as we predi
in our model results. In our model results, the large sized parti
appear at t=1.0 sec, while they appear in experiments at t=1.2
In this calculation, we assumed that the monomer generation
and monomer size are constant from the beginning of discha
but, in experiments, it might take some time to reach the steady s
for the monomer generation rate and monomer size. That is 
the large sized particles in this calculation appear earlier than in
periments. Our model results at t=2s and 4 s are in quite good aFig. 4. Comparison of the predicted particle size distributions with

the experimental results by Shiratani et al. [1996].

Fig. 5. Particle size distributions in plasma reactor for various mass
generation rates of monomers at 5 s (d1=10 nm).

Fig. 6. Changes of the amount of electrons absorbed onto the par
ticles and remaining in the plasmas for various mass gen-
eration rates of monomers (d1=10 nm).
Korean J. Chem. Eng.(Vol. 19, No. 3)
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1. Effects of Mass Generation Rate of Monomers on the Rapid
Particle Growth

Fig. 5 shows the changes of particle size distributions at 5 s for
various mass generation rates of monomers. The particle size dis-
tributions are again bimodal with small sized and large sized parti-
cles. As the monomer generation rate increases, small sized parti-
cle concentration increases and the large sized particles grow more
quickly and become larger by the faster coagulation with the small
sized particles and the particle size distribution becomes bimodal
earlier.

Figs.6-8 illustrate the changes of the amount of electrons absorbed
onto the particles and remaining in the plasmas, the total particle
concentration and the particle concentrations charged or in a neu-
tral state for various mass generation rates of monomers. The amount
of electrons absorbed onto the particles increases with time because
of the increase in particle amount, while the electron concentration
in the plasmas decreases to satisfy the electroneutrality condition
(Fig. 6). As the monomer generation rate increases, the electron con-
centration decreases because more particles are generated and more
electrons are absorbed onto the particles (Fig. 6). The predicted plas-
ma electron concentration at S1=4.23×10−7 g/cm3s is about 2.6×109

cm−3 at t=5 s and is very comparable with the experimental result
of 3×109 cm−3 by Shiratani et al. [1996] for the same process con-
ditions. In the beginning of discharge, the total particle concentra-
tion increases with time because of the faster generation rate and,
later, decreases because of the faster coagulation rate between par-

ticles at high particle concentration and, as the monomer gen
tion rate increases, the total particle concentration increases (Fi
In Fig. 8, for a monomer generation rate of less than 4.23×10−7 g/
cm3s, most of the particles are charged negatively and, as the m
omer generation rate increases, the fraction of particles charge
gatively decreases because of the decrease in electron conc
tion in the plasmas. For the monomer generation rate of 4.23×10−6 g/
cm3s, the particle concentration is higher than the initial elect
concentration of 5.5×1010 cm−3 for 0.004≤t≤2.7 s (Fig. 7) and the
particle concentration in a neutral state becomes higher than
charged negatively because of the high total particle concentrat
2. Effects of Monomer Diameters on the Rapid Particle
Growth

Fig. 9 shows the changes of particle size distributions at 5 s
various monomer diameters. As the monomer diameter decre
the small size particle concentration becomes higher because o
faster monomer generation rate and the large size particles be
larger by the faster coagulation with the small size particles and
large size particles are separated more clearly from the small
particles.

Figs. 10-13 show the changes of the total particle concentrati
total particle volume and surface area per volume of reactor,
amount of electrons absorbed onto the particles and remainin
the plasmas and the particle concentrations charged or in a n
state for various monomer diameters. As the monomer diam
decreases, the total particle concentration increases because 

Fig. 7. Changes of the total particle concentration for various mass
generation rates of monomers (d1=10 nm).

Fig. 8. Changes of the particle concentrations charged or in a neu-
tral state for various mass generation rates of monomers
(d1=10 nm).
May, 2002
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faster generation rate of new particles (Fig. 10). In Fig. 11, as
monomer diameter decreases, the total particle volume does
change significantly and the total surface area of particles incre
in the beginning because of the higher concentration of small 
particles, but decreases, later (t≥0.2 s), because of the decrease 
large size particle concentration. The amount of electrons abso
onto the particles depends on the total surface area of particles
in Fig. 12, the amount of electrons absorbed onto the particles
creases in the beginning of plasma discharge with the decrea
monomer diameter because of the larger total surface area of
ticles, while the electron concentration in the plasmas decrea
After the large sized particles appear and grow enough, the 
surface area of particles increases as the monomer diameter inc
and the electron concentration in the plasmas decreases be
more electrons are absorbed onto the particle surface (Fig. 12
Fig. 13, the particle concentrations charged negatively are quite h
than those in a neutral state or charged positively for the mono
diameter of 10 nm, but, for the monomer diameter of 2 nm, the t
particle concentration is quite higher than the initial electron c
centration of 5.5×1010 cm−3 (Fig. 10) and most of the particles ar
in a neutral state in the plasma reactor.

CONCLUSION

Using the discrete-sectional model we analyzed particle gro
by coagulation and investigated the changes of particle size d
bution during the rapid growth of particles in the plasma reactor

Fig. 9. Particle size distributions in plasma reactor for various
monomer diameters at 5 s (S1=4.23×10−−−−7 g/cm3s).

Fig. 10. Changes of the total particle concentrations for various
monomer diameters (S1=4.23×10−−−−7 g/cm3s).

Fig. 11. Changes of the total particle volume and surface area per
volume of reactor for various monomer diameters (S1=
4.23×10−−−−7 g/cm3s).
Korean J. Chem. Eng.(Vol. 19, No. 3)
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various process conditions (mass generation rates of monomers and
monomer diameters). The particle charge distribution for each par-
ticle size was expressed by the Gaussian distribution function. 

In the beginning of plasma discharge, we only have small sized
particles and, later, the large sized particles appear and grow and
are separated from the small size particles. It is usually believed
that most of those particles in a plasma reactor are charged nega-
tively, but we found that some fractions of particles can be in neu-
tral state or can be charged positively, depending on the process con-
ditions in the plasma reactor. The larger the particle size is, the more
negatively the particles are charged. Some fractions of small sized
particles are in a neutral state or even charged positively and the
small sized particles charged positively will coagulate more selec-
tively with the large sized particles which are charged more nega-
tively than the medium size particles, and the particle size distribu-
tion becomes bimodal. These model results compare well with the
experimental results qualitatively and quantitatively. As the mass
generation rate of monomers increases or as the monomer diame-
ter decreases, the small sized particle concentration increases and
the large sized particles grow more quickly by the faster coagula-
tion with the small size particles, and the particle size distribution
becomes bimodal earlier. As the particles are generated and accu-
mulated in the plasma reactor, the amount of electrons absorbed onto
the particle increases, while the electron concentration in the plas-
mas decreases. As the mass generation rate of monomers decreases,
the electron concentration in the plasma increases and the fraction
of particles charged negatively increases. As the monomer diame-

ter decreases, the electron concentration in the plasma decr
because the small sized particles appear earlier and absorb 
electrons in the beginning of discharge, but, later, the electron 
centration increases because the total surface area of particle
creases. Total particle concentration can be higher than the i
electron concentration when the mass generation rate of mon
is quite high or when the monomer diameter is very small, and
fraction of particles in a neutral state increases and the particle
medium size can be generated by coagulation between neutra
ticles and the particle size distribution becomes broader. 
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NOMENCLATURE

C : constant, 0.73
dl : particle diameter in the lth size regime (DSR+SSR) [cm]
d1 : monomer diameter [cm]
e : elementary charge of electron [C]
E(v, ) : enhancement factor of collision frequency function ta

ing into account the particle charge distribution of co
liding particles

f(q) : particle charge distribution function
Fl, neg, Fl, neu, Fl, pos : fractions of particles which are charged neg

v

Fig. 12. Changes of the amount of electrons absorbed onto the par-
ticles and remaining in the plasmas for various monomer
diameters (S1=4.23×10−−−−7 g/cm3s).

Fig. 13. Changes of the particle concentrations charged or in neu-
tral state for various monomer diameters (S1=4.23×10−−−−7 g/
cm3s).
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tively, neutral, or charged positively in the lth size regime
(DSR+SSR)

I(q) : flux of species which pass through the q particle charges
kB : Boltzmann constant, 1.38×10−16 [gcm2/sec2K]
mR : reduced mass between the moving particles
M : mass of species [g]
n(v, t) : size distribution function [cm−6]
N : number concentrations of species [cm−3]
Nl : number concentrations of particles in the lth size regime

(DSR+SSR) [cm−3]
q : particle charges [e]

: average charges of particle in the lth size regime (DSR+
SSR) [e/particle]

qi : volume concentration variable for i-mers in the discrete
size regime

Qk : volume concentration variable for section k particles
S1 : mass generation rate of monomers [g/cm3s]
t : time [s]
T : temperature of species [K]
Tg : gas temperature, 300 K
v : particle volume variable [cm3]
v1 : monomer volume [cm3]
vk : particle volume upper boundary of sectional k [cm3]
vk− 1 : particle volume lower boundary of sectional k [cm3]
vR : relative velocity between the moving particles

Greek Letters
β*

i, j : general property coagulation coefficient (βi, j/(jv1))
β(u, v) : collision frequency function between particles [Fried-

lander, 1977]
: collision integral for coagulations of two sectional size
regime particles

: collision integral for coagulations of section k particles
and i-mers in discrete size regime

: collision integral for coagulations of two discrete size re-
gime particles

ε0 : permittivity of free space, 8.854×10−21 [C2/dyncm2]
ρd : particle density [g/cm3]
σl

2 : variance in lth discrete size regime or sectional size re-
gime

τres : residence time [s]

Subscripts
0 : initial
e : electron
l : lth size regime (DSR+SSR)
+ : positive ion
− : negative ion
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