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Rapid Growth of Particles by Coagulation Between Particles in Silane Plasma Reactor
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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 distibution becomes bimodal earlier. As
the mass generation rate of monomers decreases, the electron concentration in the plasmas increases and the fraction
of particles charged negatively increases. With the decrease in monomer diameter, the electron concentration decreases
in the beginning of plasma discharge but later increases.
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INTRODUCTION

Plasma processes such as plasma chemical vapor deposition
(PCVD), etchmg and sputtering are being widely used m semicon-
ductor manufacturing. The particles act as one of the major sources
of defects in semiconductor products and senously deteriorate the
performance of the microelectronic devices. Particles varymg
size from a few nanometers to microns are usually found mside the
plasma reactor. Those particles are believed to grow by coagula-
tion and condensation. The particles m a plasma reactor are usually
charged negatively to balance the currents onto the perticles by slowly
movmg 1ons 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 Boufendy, 1994; Graves
et al, 1994; Howlmng et al, 1993; Huang and Kushner, 1997; Sel-
wyn, 1993, 1994; Watanabe, 1997].

The particle contamination problem i the plasma reactor 1s quite
mportant from an economic viewpomt, and much research on par-
ticle formatiory, transport end growth has been done theoretically/
expenimentally. Kushner’s group [Chot and Kushner, 1993] theo-
retically mvestigated the role of negative 10ons for the formation of
large clusters in low-pressure plasmas and proposed that negatively
charged mtermediates m electropositive plasmas mcrease the aver-
age residence time of clusters to allow the growth of antically large
clusters. Graves et al [1994] analyzed the particle transport by con-
sidering the most important forces such as the electrostatic force,
the 1on dreg force, the neutral drag force, thermophoresis, and grav-
ity m glow discharge plasma and predicted the distribution of par-
ticles m a plasma reactor: Selwyn [1993, 1994] analyzed the particle
behavior m a plasma reactor for various wafer morphologies by
Laser Light Scattermg (LLS) and proposed plasma tools for the self-
clearing of the particles. Howling et al. [1993] measured the par-
ticle sizes and concentrations n silane and Ar plasmas by the LLS
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and also modeled the agglomeration phase by the Browrman free
molecular coagulation model. Watanabe’s group [Shwatani et al.,
1996, Watenabe, 1997] analyzed the particle growth m plasma reac-
tor by the LLS method and proposed that the particles 1 the plasma
reactor follow three phases (rtial growth phase, rapid growth phase,
growth saturation phase) to grow up to submicron sizes. Bouchoule’s
group [Bouchoule and Boufend:, 1994; Boufend: and Bouchoule,
1994] suggested the particle growth kinetics for particle sizes from
2mm to a few 100mm m an rf-argon-silane plasma and reported
that the particles grow rapidly by the coagulation m the first phase
and slowly by the surface deposition process on independent parti-
cles m the second phase. Samsonov and Goree [1999] observed that
submicron to micron sized particles are produced m the gas phase
of sputtering discharges and the growth rate and particle shape vary
widely, depending on the target materials. Chulds and Gallagher
[2000] studied the particle growth m pure silane 1f discharge, usmg
the LLS method and showed that the particle density 1s a sensitive
function of gas pressure and 1f voltage.

Particle charging is quite important to explam the rapid particle
growth by coagulation between particles. Goree [1994] considered
the effects of particle concentrations, electron emission, ion trap-
ping and charge fluctuations on the particle charging, and showed
that the charge distributions can be unstable mstantaneously by the
differences of mflux rates of ions and electrons. Recently, Matsou-
kas et al. [1996] solved the population balance on the stepwise pro-
cess of particle charging and suggested the charge distribution of
particles above a few nms m the plasma reactor can be expressed
as the Gaussian distribution function. Gordiets and Ferreira [1999]
obtamed the charge distribution function of particles as a function
of the discrete charges and showed that positively charged grains
can be formed when secondary electron emission 1s sufficiently m-
portant to change their charge.

The particle coagulation rate will be affected sigmificantly by the
mteractive forces between the charged particles. Horanyi and Goertz
[1990] theoretically considered the particle growth by enhanced
coagulation between the oppositely charged, differently sized grains
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m the plasma region and suggested that if the 1omzation fraction 1s
< 107", the enhanced coagulation might be the most important pro-
cess responsible for gram growth in the size range of 0.1-500 pum.
Kortshagen and Bhandarkar [1999] studied the growth of nanome-
ter particles in low pressure plasmas and showed that particle co-
agulation 1s enhanced compared to coagulation m neutral aerosols
due to the attraction of oppositely charged particles. Kim and Tke-
wawa [1996] and Kim and Kim [1997, 2000a] analyzed the parti-
cle formation, growth and transport i silane plasma reactors with
the plasma chemical reactions which are important for the particle
formation m silane plasma reactors, and predicted the distributions
of those particles mside 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 (Jarge size particles)] m a silane plasma reactor, consider-
mg the Gaussian distrbution function for particle charges [Kmn and
Kim, 2000b].

It 1s observed that the mass generation rates of monomers and
monomer diameters in the plasma reactor chenge depending on the
plasma conditions and significantly affect the particle growth m the
plasma reactor [Watanabe, 1997, Shirataru 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 1s also mcluded m the plasma
reactor: The rapid particle growth by coagulation was predicted by the
discrete-sectional method. The particle coagulation between charged

particles 1s 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, m the plasma reactor dense with particles, the par-
ticles are dispersed m the bulk plasma region and are believed to
grow by coagulation between particles. Those particles are found
to be divided mto two groups m size, small sized and large sized
particles [Boufend: end Bouchoule, 1994; Shiratam et al, 1996,
Kim and Kim, 2000b]. We calculated the changes of particle size
distribution and particle charge distribution durmg the rapid parti-
cle growth by coagulation n the plasma reactor. We included the
effects of fluid flow, particle generation, particle coagulation and
particle charge distribution on particle growth i the plasma reactor.

The particles of same charges carmot collide with each other be-
cause of the electrostatic repulsion, and the particle charge distribu-
tions i the plasma reactor are quite important to decide the coagula-
tion rate between the particles. Most of those particles m 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
aneutral 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 m 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
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distribution (f(q)), average charge (q,) and variance (07) of the distri-
bution were expressed by Egs. (1)-(3), respectively, m terms of par-
ticle diameter (d;), concentrations of electron and positive 10on (N,
N.), masses of electron and positive 10on (M, M.) and temperatures
of electron and positive 10n (T,, T,) [Matsoukas et al., 1996, Kim
and Kim, 2000b].
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We assumed the bulk plasma region i the plasma reactor 1s the
continuously strred tank reactor and the gas stream has the resi-
dence tme of T, mside the plasma reactor. The general dynamic
equation for particles in plasma reactor is given as follows:
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The first term on the right hand side (RHS) of Eq. (5) shows the
monomer generation rate and the second and the thurd terms, the
particle generation and disappearance rates by particle coagulation,
respectively. The E(v, ¥) 1s the enhancement factor of collision fre-
quency function takmg mto account the particle charge distribution
of collidng particles. The last term on RHS of Eq. (5) shows the
disappearance rate by fhud flow. It 1s assumed that the particles which
are charged positively or i a neutral state go out of the reactor with
flud flow, but the particles charged negatively are caught mside
the plasma reactor by the electrostatic repulsion i the sheath region.

Eq. (5) 1s a nonlinear, partial ntegro-cifferential equation and an
appropriate approach should be used to solve thus equation to predict
the evolution of the particle size distribution withmn limited com-
puting tume. The discrete-sectional model [Gelbard and Semfeld,
1980; Wu and Flagan, 1988] can reduce the computing time, but
predict the evolution of particle size distribution quite well. We ap-
plied the discrete-sectional model modified by Landgrebe and Pratsi-
tus [1990] and Wu and Biswas [1998] to analyze the particle growth
by coagulation between charged particles m the plasma reactor. The
volume-conserved discrete-sectional model we applied 13 good at
predicting the particle size distribution where particles grow by co-
agulation [Landrebe and Pratsmus, 1990, Wu and Biswas, 1998].
The population balarice for the monomers from the general dynamic
equation can be expressed as:

d S i max . k max —
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The first RHS term of Eq. (6) 1s the generation rate of monomers,
the second and third tenms are the disappeararice rates of mono-
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mers by coagulation with particles in DSR (discrete size regime)
and SSR (sectional size regime), respedively. The last RHS term
is the loss rate of g; by fluid flow. The population balance for i-mers
({=2 to imax) is

imax

= _Z(E,r G- B.; %) G Z (E!\IB!J )
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The first RHS term of Eq. (7) is the generation rate of ¢, by coag-
ulation of smaller particles and the next two terms are the disap-
pearance rates of g, by coagulation of ;-mers with DSR and SSR
paticles, respectively.

The population balance equation for the th section is
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The first three RHS terms are the generation rates of Q, 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 Q, by coagulations between
one DSR and one section-£ particle. The sixth and seventh RHS
terms are the disappearance and generation rates, respectively, of
Q, by coagulations between one smaller SSR and one section-& par-
ticle. The eighth and ninth RHS terms, respectively, are the loss rates
of Q, by coagulations between two section-k particles and between
one section-¢ and one larger section particle. The final RHS temm
accounts for the loss of Q, by fluid flow:

All the particles in plasma reactor will be changed or in neutral
state, and the fractions of particles in DSR and SSR which are charged
negaively or positively or in neutral state can be calculated from the
Gaussian distribution function of paticle charging. The fractions of
particles which are charged negatively, neutral or charged positively
(Firee> Fi v Fipoe) In DSR and SSR and also the average charges of
the negatively and positively charged particles (G .., Gi0,) It 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 paticle
is proportional to paticle 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 bemg neutral or
even being charged postively, depending on the plasna 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 E,; can be calculated as follows

Ei,fz[E,m;‘f:f,mu+Fi,mkF_‘f,mg+Fi,mkEf P + Fz mgP:,‘ 220
+Fz',mgF;',pa (1 - I\x'g)+E',po.\F:j m\+ Fx paFJ m’g(]' - rig)], (9)
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Fig, 1. Coagul&ion between charged and nentral partides in the

plasma reactor.
SRR TR P a0
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The (1-T7,,) in Eq. (9) is the enhancement factor of collision fre-

quency function induced by the Coulomb force between the oppo-
sitely charged particles colliding together [Lieberman and Lichten-
berg, 1994].

The electrons are absorbed onto the particles and the electron con-
centration in the plasma changes with time as the particle concen-
tration and size change in the plasmareactor. We included the elec-
troneutrality condition in plasma reactor by considering the charges
by electrons, positive ions, negative ions and particles as follows:

intimar
N,=N,-N_+ 3, Ng. {11)
1=1
By inserting g, in Eq. (2) into Eq. (11), we have Eq. (12).
N,=B,-B,InN.. (12)

The B, and B, are defined as

I maztimax
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2re,dk, T
A, ZC%. (16)

€

We assumed the positive and negative ion concentrations m plasma
reactor are constant curing the discharge and solved the Eq. (12) by
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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 i the sheath region of s plasma reac-
tor, but will be satisfied mn the bulk plasma and approximately m
the sheath boundary region.
In thus computation, the number of discrete sizes (imax) 15 20,

which 15 quite enough to avoid maccuracies at the junction of the
discrete and sectional parts [Landrebe and Pratsius, 1990; Wu and
Biswas, 1998]. The section spacing (v,/v,_,) m 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 m a plasma reactor by discrete-
sectional model In every time step of mtegration, 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 E, ; were calculated i every time step of mtegra-

tion by Egs. (9) and (10) and were mmplemented mto the popula-

tion balance equations m 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 1 a plasma reactor, changmg several pro-
cess conditions such as mass generation rate of monomers (S,) and
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Fig. 2. Changes of particle size distribution for various times at
standard conditions (S,=4.23x107" g/cnr’s, d,=10 nm).
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Fig. 3. Changes of particle charge distribution for various times
at standard conditions (S,=4.23x107 gfcn’s, d;=10 nm).

monomer diameter (d;). The standard conditions for S, d; and T,
were 4.23x107 gfem’s, 10 nm and 0.485 s (30 scem), respectively,
which were the expermental conditions by Shuratan et al. [1996].
The concentrations of positive 1ons (N,) and negative 10ons (N_) were
found by the numerical program [Km and XKmm, 1997] m silane
PCVD for the conditions of pressure=0.6 Torr, gas temperatire=
300K and total gas flow rate=30 sccm and were about 6.0x10"
em™ and 50x10° em™, respectively. The standard condition for
initial electron concentration becomes 5.5%10" cm™. The plasma
conditions for 1on temperature (T.) and electron temperature (T,)
were assumed to be 300 K and 2 eV, respectively.

Figs. 2 and 3 show the changes of particle size distribution and
particle charge distribution, respectively, for various tumes at stand-
ard conditions. In Fig. 2, just after the plasma discharge on (t=0.055),
we have the small sized particles only and the small sized particles
start to grow by coagulation between particles and, later, the large
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 par-
ticles (t=5s). As the particle size increases, the surface area of par-
ticles for collision with electrons mcreases, and, mn Fig. 3, the large
sized particles are charged more negatively than the small sized par-
ticles. Most of the large sized particles (d=130 nm) are charged ne-
gatively, but, for the case of small size particles (d=10mm), we can
see that some fractions of small sized particles are in neutral state
and some fractions are, surprisingly, charged positively. The small
sized particles charged positively can coagulate very fast with the
large sized particles charged negatively by the electrostatic attrac-
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Particle Diameter (um)

generation rates of monomers at 5 s (d;=10 nm).

tion. The small sized particles will coagulate more selectively with
the large sized particles which are charged more negatively than
with the medum sized particles, and the large sized particles grow
faster than the medium sized particles. The concentration of medi-
um sized particles decreases with time, and we can see a clear dis-
crepancy m particle size distribution between large sized and small
sized particles in Fig. 2 at t=5 s and the particle size distnbution m
plasma reactor becomes bimodal. As the amount of particles m the
plasma reactor mereases with time, more electrons are absorbed
onto the particles, the electron concentration decreases, and the par-
ticles of same size m the plasma reactor become charged less ne-
gatively (Fig. 3).

Fig. 4 shows the comparison of model results m particle size dis-
tribution with the published experimental data by Shatani et al.
[1996] for standard conditions. In their experiments, the small sized
particles are observed m the begmming of discharge (t<1 s) and,
later, the large sized particles appear (t=1.2 s) and are separated from
the small sized particles (t=2 s} and grow (t=4s), as we predicted
m our model] results. In our model results, the large sized particles
appear at t=1.0 sec, while they appear in experiments at t=1.2 sec.
In thus calculation, we assumed that the monomer generation rate
and monomer size are constant from the begimng of discharge,
but, in experimerts, it might take some time to reach the steady states
for the monomer generation rate and monomer size. That 18 why
the large sized particles m this calculation appear earlier than m ex-
periments. Our model results at t=2s and 4 s are m quite good agree-
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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 (d;=10 nm).
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ment with their experimental results.
1. Effects of Mass Generation Rate of Monomers on the Rapid
Particle Growth

Fig. 5 shows the changes of particle size distributions at 5 for
various mass generation rates of monomers. The particle size dis-
tributions are agam bmodal with small sized and Jarge sized parti-
cles. As the monomer generation rate increases, small sized parti-
cle concentration mcreases 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. 68 1llustrate the changes of the amount of electrons absorbed
onto the particles and remaming m the plasmas, the total particle
concentration and the particle concentrations charged or m a neu-
tral state for verious mass generation rates of monomers. The amount
of electrons absorbed onto the particles mcreases with tune because
of the mcrease m particle amount, while the electron concentration
m the plasmas decreases to satisfy the electroneutrality condition
(Fig. 6). As the monomer generation rate mereases, 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 $,=4 23x107 g/em’s is about 2.6x10°
cm™ att=5s and is very comparable with the experimental result
of 3x10° cm™ by Shiratani et al. [1996] for the same process con-
ditions. In the beginming of discharge, the total particle concentra-
tion mcreases with time because of the faster generation rate and,
later, decreases because of the faster coagulation rate between par-

1.8x10"
] 5,=4.23X10° glem’s
== w= =423X107 glom’s
1.5x10" - =4.23X10° glent's

00 AT T LN —————
10° 102 10" 10°
Time (s)

Fig. 7. Changes of the total particle concentration for various mass
generation rates of monomers (d,=10 nm).
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Fig. 8. Changes of the particle concentrations charged or in a neu-
tral state for various mass generation rates of monomers
(d,=10 nm).

ticles at high particle concentration and, as the monomer genera-
tion rate mereases, the total particle concentration mereases (Fig. 7).
In Fig. 8, for a monomer generation rate of less than 4.23x107 ¢/
cm’s, most of the particles are charged negatively and, as the mon-
omer generation rate ncreases, the fraction of particles charged ne-
gatively decreases because of the decrease m electron concentra-
tion in the plasmas. For the monomer generation rate of 4 23x107° o/
cm’s, the particle concentration is higher than the initial electron
concentration of 5.5x10"° cm™ for 0.004<t<2.7 s (Fig. 7) and the
particle concentration in a neutral state becomes higher than that
charged negatively because of the high total particle concentration
2. Effects of Monomer Diameters on the Rapid Particle
Growth

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

Figs. 10-13 show the changes of the total particle concentrations,
total particle volume and surface area per volume of reactor, the
amount of electrons absorbed onto the particles and remaining m
the plasmas and the particle concentrations charged or 1 a neutral
state for various monomer diameters. As the monomer diameter
decreases, the total particle concentration mcreases because of the
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Fig. 9. Particle size distributions in plasma reactor for various

Fig. 11. Changes of the total particle volume and surface area per
monomer diameters at 5 s (5,=4.23x107" g/cm’s).

volume of reactor for various monomer diameters (S,=
4.23x107 g/ent’s).

faster generation rate of new particles (Fig. 10). In Fig. 11, as the
monomer diameter decreases, the total particle volume does not
change significantly and the total surface area of particles mereases
m the beginming because of the higher concentration of small size
particles, but decreases, later (1202 s), because of the decrease m
large size particle concentration. The amount of electrons absorbed
. onto the particles depends on the total surface area of particles and,
10" ‘.. m Fig. 12, the amount of electrons absorbed onto the particles m-
’ ' creases m the beginning of plasma discharge with the decrease of
N _ o monomer diameter because of the larger total surface area of par-
JE . ticles, while the electron concentration in the plasmas decreases.
’ - ' N After the large sized particles appear and grow enough, the total
|+ : . surface area of particles mereases as the monomer diameter mcreases
' ' ' and the electron concentration in the plasmas decreases because
, : more electrons are absorbed onto the particle surface (Fig. 12). In
] Fig. 13, the particle concentrations charged negatively are quite hugher
than those 1 a neutral state or charged positively for the monomer
1 : diameter of 10 rm, but, for the monomer diameter of 2 nm, the total
: ! d=20m particle concentration is quite higher than the mitial electron con-

s centration of 5.5%10" em™ (Fig. 10) end most of the particles are
n a neutral state m the plasma reactor.

A,
-~
']

Total particle Concentration (cm™)
-
L

=10nm

¢ N — CONCLUSION
10° 107 10" 10° 10'

Time (s)

Fig. 10. Changes of the total particle concentrations for various
monomer diameters (S,=4.23x107 g/cnr’s).

Using the discrete-sectional model we analyzed particle growth
by coagulation and mvestigated the changes of particle size distri-
bution during the rapid growth of particles m the plasma reactor for

Korean J. Chem. Eng.(Vol. 19, No. 3)
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Fig. 12. Changes of the amount of electrons absorbed onto the par-
ticles and remaining in the plasmas for various monomer
diameters (5,=4.23x1077 g/enr’s).

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 begmming 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 i 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 m neu-
tral state or can be charged positively, depending on the process con-
ditions m the plasma reactor. The larger the particle size 1s, the more
negatively the particles are charged. Some fractions of small sized
particles are m 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 medmm size particles, and the particle size distribu-
tion becomes bimodal. These model results compare well with the
expermental results qualitatively and quantitatively. As the mass
generation rate of monomers mereases or as the monomer diame-
ter decreases, the small sized particle concentration mcreases 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 m the plasma reactor, the amount of electrons absorbed onto
the particle increases, while the electron concentration m the plas-
mas decreases. As the mass generation rate of monomers decreases,
the electron concentration i the plasma mcreases and the fraction
of particles charged negatively increases. As the monomer diame-
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Fig. 13. Changes of the particle concentrations charged or in neu-
tral state for various monomer diameters (S,=4.23x107" g/
3
cnr’s).

ter decreases, the electron concentration in the plasma decreases
because the small sized particles appear earlier and absorb more
electrons m the begiming of discharge, but, later, the electron con-
centration ncreases because the total surface area of particles de-
creases. Total particle concentration can be higher than the mutial
electron concentration when the mass generation rate of monomer
1s quite hugh or when the monomer diameter 1s very small, and the
fraction of particles in a neutral state mcreases and the particles of
medium size can be generated by coagulation between neutral par-
ticles and the particle size distribution becomes broader.
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NOMENCLATURE
C : constant, 0.73
d, : particle diameter i the /th size regime (DSR+SSR) [cm]
d, s monomer diameter [cm ]
e - elementary charge of electron [C]

E(v, ¥) : enhancement factor of collision frequency function tak-
g into accourt the particle charge distribution of col-
liding particles

flQ) : particle charge distribution function

F, egs By vows By o fractions of particles which are charged nega-
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tively, neutral, or charged positively m the %th size regmme

(DSR+SSR)

I{q) - flux of species which pass through the ¢ particle charges

ks - Boltzmann constant, 1.38% 107" [gem*/sec’K ]

Mg : reduced mass between the moving particles

M - mass of species [g]

n(v,t) : size distribution function [cm™]

N - number concentrations of species [cm™]

N, : number concentrations of particles i the /th size regime
(DSR+SSR) [cm™]

q : particle charges [¢]

qQ : average charges of particle mn the /th size regime (DSR+
SSR) [efparticle]

q : volume concentration variable for -mers m the discrete
size regime

Q; : volume concentration variable for section k particles

S, - mass generation rate of monomers [g/cm’s]

t : time [s]

T : temperature of species [K]

T, : gas temperature, 300 K

v - particle volume variable [cm’]

v, - monomer volume [cm’]

Vi : particle volume upper boundary of sectional k [cm’]

A - particle volume lower boundary of sectional k [em’]

Ve : relative velocity between the movmng particles

Greek Letters

B, : general property coagulation coefficient (B, /(v ,))

Blu, v) : collision frequency function between particles [Fried-

_ lander, 1977]

B : collision mtegral for coagulations of two sectional size

_ regime particles

B : collision mtegral for coagulations of section & particles

_ and j-mers in discrete size regime

ﬁD;D,c : collision integral for coagulations of two discrete size re-
gime particles

€ - permittivity of free space, 8.854x 107 [C*/dynem?]

ol - particle density [g/cm’]

o’ : variance i /th discrete size regime or sectional size re-
gime

T : residence time [s]

Subscripts

0 : mtial

e : electron

i - Ith size regime (DSR+SSR)

+ : positive 1on

- : negative ion
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