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Effect of pulse modulation on particle growth during SiH, plasma process
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Abstract—The effects of pulse modulation on particle growth by coagulation between particles in a pulsed SiH, plas-
ma reactor were analyzed by using a discrete-sectional method. At the start of the plasma discharge, there is high con-
centration of small-sized particles, and, later, the large-sized particles appear and grow by coagulation between small-
sized particles. During plasma-off, the monomer generation stops and the particle concentration decreases with time
by the effects of particle coagulation and fluid flow. As the pulse frequency decreases or as the duty ratio increases,
the large-sized particles grow faster because more monomer particles are generated during longer plasma-on time. These
results show that the pulse modulation, the changes of pulse frequency and duty ratio, can play a key role in suppressing
the particle growth in the pulsed plasma process efficiently. This study proves that the pulsed plasma process can be
applied to reduce the particle contamination in the plasma process for preparation of high quality thin films.
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INTRODUCTION

Many researchers have studied the plasma process for preparation
of high quality thin films and nanoparticles with narrowly dispersed
particle size distribution. In the conventional, continuous-wave, plas-
ma process for semiconductor fabrication, the particles in the size of
less than submicrons can be generated, and they can induce several
serious effects on the performance and quality of microelectronic
devices and on the cost of final products. Particle contamination
control is quite important in the plasma reactor to prepare high qual-
ity thin films for semiconductors. Many researchers have attempted
to reach the goal of reducing the particle contamination. For exam-
ple, a low pressure operation can be a possible method for prepar-
ing high quality thin films by reducing the particle contamination,
but this method has a disadvantage in the slow deposition rate. Ac-
cording to recent reports, the pulsed plasma process can be a rela-
tively simple method for preparing high quality thin films by reduc-
ing the particle contamination at a high deposition rate, compared
with the continuous-wave plasma at low pressure operation [1-3].

In the pulsed plasma process, one pulse cycle consists of plasma-
on with power supply and plasma-off without power supply, and
the periods of plasma-on (t,,) and -off (t,;) are determined by pulse
frequency (f,) and duty ratio (D=(t,,)/(t,,+t,;)*100). During t,,, the
electrons obtain high energy by the electric field and collide with mol-
ecules to form radicals and ions. During t,, all electrons disappear
and there is no more generation of radicals and ions by electron col-
lision. The pulse repetition can reduce the concentration of precursors
(radicals, or ions) for particle generation and growth in the pulsed
plasmas, compared with those in the continuous-wave plasmas [1-7].

There are several experimental studies for analyzing the particle
growth in pulsed plasma processes. Watanabe’s group found that
the deposition of few nm’s particles results in a deterioration in the
quality of the a-Si:H thin films and showed that the growth of nano-
sized particles can be suppressed efficiently in the pulse modulated
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plasma discharges [3]. Kirimura et al. [7] analyzed the effects of
plasma parameters on the particle growth and also on the proper-
ties of a-Si:H thin films in pulsed plasma processes, and they syn-
thesized high quality a-Si:H films by the amplitude modulated plas-
mas. Timmons’ group [2,8] synthesized fluorocarbon thin film for
integrated circuits by adjusting the duty cycles in the pulsed plasma
processes. Itagaki et al. [4] could efficiently reduce the particle con-
tamination in the electron cyclotron resonance plasma process for
preparation of high quality a-Si:H thin films by pulse modulation.
Bapin and Rudolf von Rohr [9] prepared good quality silicon diox-
ide films by using microwave plasma-enhanced chemical vapor
deposition under the pulse mode. Those studies showed that the
pulse modulation can play a key role in reducing the particle con-
tamination in the pulsed plasma process, and the pulsed plasma pro-
cess can be used to prepare high quality thin films.

A systematical analysis of particle growth in the pulsed plasma
process is required to understand the effects of pulse modulations
on particle growth in the pulsed plasma reactor, and further to apply
the pulsed plasma process commercially to prepare high quality
thin films. Not enough theoretical studies on particle growth in the
pulsed plasma process have been made. On the other hand, the par-
ticle growth and transport in the continuous-wave SiH, plasma pro-
cesses has been analyzed systematically by using numerical meth-
ods. Specially, Kim’s group analyzed the particle growth by coag-
ulation in the SiH, plasma reactor using discrete-sectional method,
and showed that the particle size distribution in the continuous-wave
plasma processes becomes bimodal and large-sized particles become
quite monodisperse [10-12].

The goal of this study was to investigate the effects of pulse mod-
ulations such as pulse frequency and duty ratio on particle growth
in pulsed SiH, plasma process theoretically. We also showed the
evolutions of particle size distribution in pulsed plasmas during t,,
and t,; for various conditions.

THEORY

Watanabe’s group proposed the ideal plasma reactor of parallel
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Fig. 1. Model of particle growth in dusty plasmas during (a) plas-
ma-on (t,,) and (b) plasma-off (t,;).

plate type to analyze the nano-sized particle growth inside the plas-
ma reactor [3]. In their experiments, the upper and lower electrodes
are designed to have many perforations so that the gas stream can
pass through the electrodes. We considered the plasma reactor pro-
posed by Shiratani et al. [3] as a model reactor to analyze the par-
ticle growth, and could expect plug flow for the gas stream inside
this plasma reactor and neglect the momentum balance in the model
equations.

We analyzed the particle growth by coagulation between parti-
cles in a plasma reactor dense with particles, where the particles
are dispersed in the bulk plasma region and are believed to grow
by coagulation between particles. Fig. 1 shows the model to ana-
lyze the particle growth in pulsed plasmas during t,, (a) and t,; (b).
During t,,, the plasma reactor was assumed to be a continuously
stirred-tank reactor because the negatively charged particles are caught
in the bulk plasma region by electrostatic repulsion in the sheath
regions [10-12], and, during t,,, was assumed to be a plug flow reac-
tor because the plasma sheath regions collapse away and the parti-
cles can flow out of the plasma reactor by fluid convection.

The aerosol dynamic equation for particles in plasma reactor in-
cludes the terms of fluid flow, particle generation and coagulation
in a plasma reactor. This aerosol dynamic equation is a nonlinear,
partial integro-differential equation. An appropriate approach should
be used to solve this equation to predict the evolution of the par-
ticle size distribution within limited computing time. The discrete-
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sectional model can reduce the computing time and is good for pre-
dicting the particle size distribution where the particles grow by co-
agulation [13-15]. We used volume-conserved discrete-sectional
model equations to analyze numerically the particle growth in the
pulsed plasma reactor in this study. In the discrete-sectional model,
the aerosol size spectrum is divided into two regimes: discrete-size
regime (DSR) and sectional-size regime (SSR) [13,16]. The gov-
erning equation for volume concentration, g, of i-mers (/=1 to /max)
in DSR can be expressed as follows [10,12]:
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i max k max

-0 % Euf0) =0 X (B BiQ) = (Bt Fro) o (1)
J=1 k=1 res

In Eq. (1), the first term in right hand side (RHS) is the generation
rate of q, for monomers. The second term in RHS is the generation
rate of g, by coagulation of smaller particles, and the next two terms
are the disappearance rates of q; by coagulation of i-mers with DSR
and SSR particles, respectively. The final term in RHS is the effect
of fluid flow. The governing equation for volume concentration, Q,,
of the kth section particles (k=1 to kmax) in SSR can be expressed
as follows [10,12]:
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In Eq. (2), the first three terms in RHS are the generation rates
of Q, by coagulations between two DSR particles, between one DSR
and one smaller SSR particle, and between two smaller SSR par-
ticles, respectively. The fourth and fifth terms are the disappearance
and generation rates, respectively, of Q, by coagulations between
one DSR and one section-k particle. The sixth and seventh terms
are the disappearance and generation rates, respectively, of Q, by
coagulations between one smaller SSR and one section-k particle.
The eighth and ninth terms are the loss rates, respectively, of Q, by
coagulations between two section-k particles and between one sec-
tion-k and one larger section particle. The final term accounts for
the loss of Q, by fluid flow.

During t,,, the particles can be charged positively or negatively
or in neutral state by Matsoukas and Russell [17], and we can cal-
culate the fractions of particles charged positively or negatively or
in neutral state from the particle charge distribution function and use
them to obtain the collision frequencies between particles. The parti-
cles 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 together. The enhancement factor
of collision frequency function, E, ;, taking into account the particle
charge distribution of colliding particles in Egs. (1), (2) can be cal-
culated as follows [10,12]:
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(1-77)) in Eq. (3) is the enhancement factor of collision frequency
function induced by the Coulomb force between the oppositely
charged particles colliding together. The positively charged or neu-
tral particles go out of the reactor with fluid flow, but the nega-
tively charged particles are caught inside the plasma reactor by elec-
trostatic repulsion [10-12]. The monomers are assumed to be gen-
erated only during t,,.

During t,;, the monomers are not generated anymore and the con-
centrations of electrons and positive ions become zero quickly in
plasma reactor. All particles lose their charges to become neutral
and they can go out of the reactor by fluid convection. We used the
collision frequency function between neutral particles to calculate
particle coagulation rate during t,;. In pulsed plasmas, the changes
of electron and ion concentrations occur within 10’s usec just after
plasma-on or -off [18-21]. The pulse frequency ranges from 1 Hz
to 1,000 Hz in this study, corresponding to the t,, or t,; from 1 s to
5x10™ s (500 psec) at the duty ratio of 50%, and the t,,, or t,,is much
longer than 10’s usec, and we assumed that the changes of electron
and ion concentrations just after t,, or t,; do not significantly affect
the particle charging during t,, or t,.

The governing equations for volume concentrations of particles
in DSR and SSR were solved numerically by the ODE solver, the
VODPK subroutine, to predict the particle size distribution in the
plasma reactor during t,, and t,;. During t,,, the electron concentra-
tion changes with time as the particle concentration and size change
in plasma reactor. We calculated the electron concentration in every
time step of integration by solving the electroneutrality condition
and used it to predict the particle charge distributions. During t,
the plasma reactor is divided into two regions (regions where parti-
cles exist and do not exist) based on the assumption of plug flow
reactor (Figs. 1(b)). In the region where particles exist, the particles
will grow by coagulation between neutral particles. The particle
concentrations during t,; are calculated by averaging for the whole
reactor volume by multiplying (reactor volume with particles)/(total
reactor volume).

RESULTS AND DISCUSSION

The pulse frequency and duty ratio ranged from 0.5 to 1000 Hz
and from 20 to 80%, respectively, to investigate the effects of those
variables on particle size distribution in pulsed SiH, plasmas dur-
ing t,, and t,. The standard conditions for S, d,, 7.,, f, and D were
4.23x1077 g/em’s, 10nm, 0.5 s, 1 Hz and 50%, respectively. The
charge distributions of particles during t,, are expressed in terms of
electron and positive ion concentrations, and ion and electron tem-
peratures which were assumed to be 6.0x10" cm™, 5.0x10° cm™,
300K and 2 eV, respectively, in this study. The positive and nega-
tive ion concentrations in the plasma reactor reach the steady state
very quickly in comparison with t,,. To calculate the electron con-
centration to satisfy the electroneutrality condition in the plasmas,
we assumed that those concentrations are constant during plasma-
on [10].

Fig. 2 shows the change of particle size distribution with time
(0<t<1 s) for a pulse frequency of 1 Hz and duty ratio of 50%. The
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Fig. 2. Particle size distributions for various times (d,=10 nm, f=
1 Hz, 7,,=0.5 s, D=50%).

plasma is on for 0<t<0.5s and is off for 0.5<t<1 s. In the begin-
ning of plasma-on (at 0<t<0.03 s), the monomer (d,=10 nm) con-
centration becomes high because of fast monomer generation rate,
and the concentration of small-size particles (10 nm<d,<20 nm)
increases quickly because the small-sized particles are generated
fast by coagulation between smaller particles. At t=0.1 s, the large-
sized particles appear by coagulation between small-sized particles
and grow for 0.1<t<0.5's and, at t=0.5 s, the particles inside plas-
ma reactor becomes bimodal of small-sized and large-sized parti-
cles. During t,; (0.5<t<1 s), the particles in all size regimes are in
neutral state and they will go out of the reactor by fluid convection.
The small-sized particle concentration decreases quickly because
the monomer generation stops and the small-sized particles disap-
pear by fast coagulation with other particles. The large-sized parti-
cle concentration decreases slowly because the large-sized particles
are still generated by coagulation with small-sized particles during
t, At t=0.9 s, the particle size distribution becomes monodisperse
with large-sized particles. The large-sized particles during t,, grow
more quickly by the faster coagulation with small-sized particles
than during t,,;, because the small-sized particle concentration dur-
ing t,, is higher than during t,;. At the end of't,g, there is no particle
remaining inside the reactor because all particles flow out of the
reactor (t,; of 0.5 s is equal to 7,, of 0.5 s) by fluid convection and
the particle size distribution in the next pulse cycle is not affected
by that in the previous pulse cycle.

Fig. 3 presents the evolution of particle size distribution during
t,, (2.5<t<2.75s) and t,; (2.75<t<3.0 s) for the pulse frequency of
2 Hz and duty ratio of 50%. The t,; here is shorter than 7,, and the
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Fig. 3. Particle size distributions for various times (d,=10 nm, f=
2 Hz, 7,,=0.5 s, D=50%).

particles generated in the previous cycle are not swept out of the
reactor completely during t,. The particle size distribution in the
next cycle is affected by that in the previous cycle. At t=2.55 s, the
particles in the plasmas are classified into two groups: the small-
sized particles (10<d,<25 nm) appeared quickly by the fast mono-
mer generation and the large-sized particles (25<d,<200 nm) are
left over from the previous pulse cycle. At t=2.65 s, the medium-
sized particles (15<d,<45 nm) appear and grow by fast coagulation
between small-sized particles of high concentration (2.65<t<2.75 s)
and, at t=2.75 s, the particle size distribution becomes trimodal of
small-sized, medium-sized and the large-sized particles. During t,;
(2.75<t<3.0s), the particle concentration decreases with time be-
cause of particle loss by particle coagulation and fluid convection
without particle generation. The concentration of small-sized particles
decreases more quickly than that of large-sized particles, because
the generation of monomers and small-sized particles stops and some
large-sized particles continue to be generated by coagulation between
smaller particles. In Fig. 3, the t,;is too short for all particles to flow
out of the plasma reactor by fluid convection and the particles are
still remaining inside the plasma reactor at the end of plasma-off
(3.0 s). The particle size distribution at t=3.0 s becomes the initial
condition to calculate the particle size distribution in the next cycle
and we come to have the large-sized particles from the beginning
of plasma-on in the next cycle.

Figs. 4 and 5 show the changes of total particle concentration
and mean particle diameter averaged over the plasma reactor for
two different pulse frequencies of 1 and 2 Hz, respectively. As shown
in Figs. 2 and 3, the concentration of small-sized particles changes
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Fig. 4. Total particle concentrations averaged over the plasma reac-
tor for various pulse frequencies (d,=10 nm, 7,=0.5s, D=
50%).

quickly with time during one cycle and the evolutions of total particle
concentration and mean particle diameter are strongly affected by
the amount of small-sized particles. In Fig. 4, at the start of plasma-
on, the particle concentration increases quickly, because the mono-
mer particles are generated fast, and the total particle concentration
reaches maximum and, later, decreases with time until the end of
t,,, because the particle coagulation rate at high concentration is faster
than new particle generation rate. During t,;, the monomer parti-
cles are not generated any more and total particle concentration de-
creases quickly by particle coagulation and fluid convection, be-
coming zero when all the particles are carried away from the plas-
ma reactor by fluid convection. In Fig. 5, the mean particle diame-
ter increases until the end of t,,, because the particles continue to
grow by coagulation with small-sized particles during t,,. During
t,;» new small particles are not generated any more and the mean
particle diameter increases fast by particle coagulation and becomes
zero when there is no particle remaining in the plasma reactor. As
the pulse frequency for a given duty ratio decreases, t,, and t,; in-
crease, new particle generation takes place longer, the residence
time of particles inside the reactor increases, and the maximum mean
particle diameter becomes larger by the longer coagulation time (Fig.
5). In Figs. 4 and 5, for a pulse frequency of 1Hz (t,,~7,,), total
particle concentration becomes zero at the end of t,,, because all
the particles are carried out by fluid convection, and the transient
behaviors of total particle concentration and mean particle diame-
ter will be same for every pulse cycle. For a pulse frequency of 2
Hz where t,;(=0.25 s) is shorter than 7,,(=0.5 s), total particle con-
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Fig. 6. Particle size distributions for various times (d,=10 nm, f=
1 Hz, 7,,=0.5 s, D=20%).

10"

plasma-off

10"

10°+

10°+

107

—1t=98s

-=--{=9.85s

t=99s
vt =10 8

10

Particle diamete

100

r(nm)

" 400

Fig. 7. Particle size distributions for various times during (a) plasma-on and (b) plasma-off (d,=10 nm, f =1 Hz, 7,,=0.5 s, D=80%).

centration at the end of t,; is not zero, because some particles still
remain inside the plasma reactor at the end of t,;. The particles gen-
erated in the previous pulse cycle will affect the transient behaviors

of total particle concentration and mean particle diameter in the next
pulse cycle.

The evolutions of particle size distributions during t,, and t,; for

Korean J. Chem. Eng.(Vol. 25, No. 4)
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two duty ratios of 20 and 80% are shown in Figs. 6 and 7, respec-

tively. During t,,, the large-sized particles grow by coagulation with

the small-sized particles of high concentration and, during t,,, the

small-sized particle concentration decreases quickly while the large-

size particle concentration decreases slowly, because some large-sized

particles continue to be generated by coagulation between smaller

particles. In Fig. 6, at the end of t,, (t=0.2 s), the particle size dis-

tribution becomes bimodal of small-sized and large-sized particles

and, at t=0.6 s, becomes monodisperse with large-sized particles.

Fig. 7(a) shows the particle size distributions during t,, (9.0<t<9.8s).

The particles generated in the previous cycle are not swept out com-

pletely during t,; because the t,; is shorter than z,, and the particle

size distribution at t=9.0 s is the result from the previous pulse cycle.

At t=9.1 s, we come to have three modes of particle size distribu-
tion: the small-sized particles (10<d,<15 nm) appeared quickly by
the fast monomer generation, the medium-sized particles (15<d,<
35 nm) appeared by fast coagulation between small-sized particles
of high concentration, and the large-sized particles (35<d,<400 nm)
are left over from the previous pulse cycle. The medium-sized and
large-sized particles continue to grow by coagulation with small-
sized particles during t,,. At the end of t,,, the particle size distribu-
tion is still trimodal of small-sized, medium-sized and large-sized
particles. During t,; (9.8<t<10s) (Fig. 7(b)), the concentration of
small-sized particles decreases more quickly than that of large-sized
particles, because the large-sized particles continue to be generated
by coagulation between smaller particles with no generation of small-
sized particles, and, at t=10 s, some particles are still remained inside
the reactor.
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Fig. 8. Total particle concentrations averaged over the plasma reac-

tor for various duty ratios (d,=10 nm, f =1 Hz, 7,,.=0.5 s).
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Figs. 8 and 9 show the changes of total particle concentration
and mean particle diameter averaged over the plasma reactor for
two different duty ratios of 20 and 80%, respectively. In Fig. 8, dur-
ing t,,, the total particle concentration increases quickly and reaches
maximum and, later, decreases with time until the end of t,, by the
fast particle coagulation. After the plasma-off, the total particle con-
centration decreases quickly by particle coagulation and also by
fluid convection until the end of t. In Fig. 9, during t,,, the mean
particle diameter increases slowly because new monomers are gen-
erated and the particles continue to grow by particle coagulation
until the end of't,,. During t,,, the mean particle diameter increases
quickly by particle coagulation without monomer generation until
there are some particles in the plasma reactor. In Fig. 8, for a duty
ratio of 20% (t,,>1,,), total particle concentration becomes zero
during t,;, because all the particles are carried out by fluid convec-
tion. For the duty ratio of 80% where t,;(=0.2 s) is shorter than z,,
(=0.8 s), total particle concentration at the end of plasma-off is not
zero, because some particles still remain inside the plasma reactor.
In Fig. 9, as the duty ratio increases from 20% to 80%, the maxi-
mum mean particle diameter becomes larger because the t,, for new
particle generation and particle coagulation increases. For a duty
ratio of 80%, the maximum total particle concentration in the sec-
ond pulse cycle is lower than that in the first cycle, and the max-
imum mean particle diameter in the second cycle is larger than that
in the first cycle, because the large-size particles are not swept way
completely in the previous cycle; they continue to grow by coagu-
lation with small-sized particles generated in the next pulse cycle.
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In continuous-wave plasmas, the particle size distribution in the
plasma reactor becomes clearly bimodal with small-sized and large-
sized particles and the mode of large-sized particles becomes quite nar-
row [10-12]. In pulsed plasmas, the particle size distribution changes
with time during the cycle, and there is no clear discrepancy in the
particle size distribution between two size modes, compared with
that in continuous-wave plasmas. The large-sized particles in pulsed
plasmas become smaller than those in continuous-wave plasmas
because pulse modulation prevents the growth of large-sized parti-
cles in pulsed plasmas. The results from Figs. 2 to 9 show that the
particle concentration and size can be reduced with the increase in
pulse frequency or with the decrease in duty ratio, and also that the
pulse frequency and duty ratio can be key parameters to reduce the
particle contamination in pulsed plasma process.

Fig. 10 shows the mean particle diameters in continuous-wave
and pulsed plasmas for various pulse frequencies, and also shows
the comparisons by experiments [3] and by numerical method in
this study for the same process conditions. In Shiratani et al.’s ex-
periments, after plasma-off, the particles are redistributed inside the
plasma reactor by particle diffusion, and the diameter of those par-
ticles is determined from their diffusivity measured by photo-count-
ing laser-light-scattering method. The predicted mean particle diam-
eter was obtained from the particle size distribution at 0.5t after
plasma-off by averaging the particles in all size regimes. In pulsed
plasmas, the mean particle diameter becomes smaller than that in
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Fig. 10. Mean particle diameters in continuous-wave and pulsed
plasmas for various pulse frequencies by experiments [3]
and by numerical method for the same process conditions.

continuous-wave plasmas because the amount of monomer parti-
cles generated during t,, is smaller than that in continuous-wave
plasmas, and also the particles flow out of the reactor during t,;. As
the pulse frequency in pulsed plasmas decreases, new monomer
generation and coagulation for particle growth take longer time dur-
ing t,, in each pulse cycle and the mean particle diameter increases.
The model results were in good agreement with the published ex-
perimental data [3]. Both results by experiments and numerical meth-
od prove that the particle generation and growth in SiH, PCVD pro-
cess can be suppressed by the pulsed plasma method, which is im-
portant for preparing high quality thin films in the SiH, PCVD pro-
cess.

CONCLUSIONS

We analyzed the particle growth in pulsed SiH, plasmas during
plasma-on and -off numerically, changing the pulse frequency and
duty ratio, which are believed to play a key role in the evolution of
particle size distribution in pulsed plasma process. During plasma-
on, the plasma reactor was assumed to be a continuously stirred-
tank reactor, but during plasma-off, was assumed to be a plug flow
reactor. Just after plasma-on, we have a high concentration of small-
sized particles and, later, large-sized particles appear and grow by
coagulation between small-sized particles. During plasma-off, the
monomer generation stops and the particle concentration decreases
with time by the effects of particle coagulation and fluid flow. For
t, longer than residence time, the particle size distribution in pulsed
plasmas becomes bimodal with small-sized and large-sized particles
in the end of t,,, while for t,; shorter than residence time, becomes
trimodal with small-sized, medium-sized and large-sized particles
in the middle of t,,, because the large-sized particles formed in the
previous cycle still remain inside the plasma reactor until the end
of t,; and they affect the particle size distribution in the next cycle.
As the pulse frequency decreases or as the duty ratio increases, more
monomer particles are generated during longer plasma-on time and
the large-sized particles become bigger at the end of t,,. This study
shows that the pulse plasma process can be used to suppress the
particle growth in SiH, plasma process and can be a good method
for preparing high quality thin films by reducing the particle con-
tamination.
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NOMENCLATURE
d, :monomer diameter [nm]
d,  :particle diameter in the Ith discrete size regime or sectional

size regime [cm]

d,  :particle diameter [nm]

D  :duty ratio [%]

e : elementary charge of electron [C]

E,; :enhancement factor of collision frequency function
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f,  :pulse frequency [Hz]

F, o> Fineus Fi s - fractions of particles which are charged negatively,
neutral, or charged positively in /th discrete size regime or
sectional size regime

m,; :reduced mass between the moving particles

q; : volume concentration variable for i-mers in 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,, and t,; : times for plasma-on and -off [s]

v :particle volume variable [cm’]

v,  :monomer volume [cm’]

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

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

v, :relative velocity between the moving particles

z : particle charges [e]

7,  :average charges of particle in /th discrete size regime or sec-

tional size regime [e/particle]

Greek Letters

ﬁ_; g general property coagulation coefficient (4 /(jv,)) [14]

B collision integral for coagulations of section k particles and
i-mers in discrete size regime [14]

B, collision integral for coagulations of two discrete size regime
particles [14]

&  :permittivity of free space=8.854x107*' [C*/dyn-cm’]

0,  :particle density [g/cm’]

7,, . residence time [s]

Subscripts

0 : initial

e : electron

/ : Ith discrete size regime or sectional size regime
+  :positive ion

—  :negative ion
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