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Introduction

Particles in the size range from a few nm to um can be
generated in plasma processes such as deposition, etching,
and sputtering, and they can cause serious problems for
the quality of thin films. Particularly, plasma chemical
vapor deposition processes are usually carried out under con-
ditions of low pressure to improve the thin-film quality and
also to reduce the generation and growth of particles, at the
expense of a decrease in deposition rate. For example, amor-
phous-silicon thin films grow slowly with a deposition rate
of 1-3 Afs.'?

In a 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,g) are
determined by pulse frequency (fy) and duty ratio (D = (ton)/
(ton T+ torr) X 100). During plasma-on, the electrons obtain
high energy by the electric field and collide with molecules
to form radicals and ions. Just after plasma-off, most of
the electrons are consumed quickly by recombination reac-
tion with positive ions and electron-attachment reaction to
neutrals within 10s of us, and during plasma-off there is no
further generation of radicals and ions by electron colli-
sion.>® Pulse repetition can reduce the concentration of
precursors (radicals or ions) for particle generation and
growth in pulsed plasmas, as compared with continuous-
wave plasmas. Recently, pulsed plasma discharges have been
considered as a relatively simple method to suppress the gen-
eration and growth of particles in plasmas and to prepare
high-quality thin films by reducing particle contamination at
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a maximum deposition rate of 15 A/s.'27 Watanabe’s
group7’8 studied the synthesis of high-quality thin films by
reducing the generation of nano-sized particles in pulse-
modulated plasmas, and they proposed a mechanism for par-
ticle suppression in the pulsed-plasma reactor by using a
model considering the diffusion and growth of particles dur-
ing toe in the monomer-generation region. There have been
several experimental studies on particle growth in pulsed-
plasma processes, but no theoretical study on particle growth
in pulsed-plasmas has been made systematically to under-
stand the particle size distributions during the pulse cycle.

We have developed a discrete-sectional model to analyze
particle growth by coagulation between particles in continu-
ous-wave plasma processes.9 In this study, the discrete-
sectional model that we had developed was extended to ana-
lyze the particle growth in the pulsed SiH, plasma process
during plasma-on and -off. We analyzed the evolution of
particle size distribution in pulsed plasmas for various pulse
frequencies.

Theory

Figure 1 shows the model to analyze the particle growth
in pulsed plasmas during t,, (a) and tyg (b). The plasma reac-
tor proposed by Shiratani et al.” was considered as the model
reactor. The upper and lower electrodes are designed to have
many perforations, so that the gas stream can pass through
the electrodes and we can expect plug flow for the gas
stream inside this plasma reactor. In the plasma reactor when
dense with particles, the particles are dispersed in the bulk
plasma region and are believed to grow by coagulation
between particles.”'® During plasma-on, the plasma reactor
is assumed to be a continuously stirred tank reactor because
the negatively charged particles are caught inside the bulk
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Figure 1. Model of particle growth in dusty plasmas
during (a) plasma-on (t,,) and (b) plasma-off
(toff)-

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

plasma region by electrostatic repulsion in the sheath
regions’ but, during plasma-off, the plasma reactor is
assumed to be a plug flow reactor because the plasma sheath
regions collapse away and the particles can flow out of the
plasma reactor. To investigate the evolution of the particle
size distribution in pulsed plasmas, we applied the volume-
conserved discrete-sectional model equations (Eqgs. 7-10 in
Kim and Kimg), considering the effects of fluid flow, particle
generation, and particle coagulation in the plasma reactor.
The monomers are assumed to be generated only during top,.
During t,,, the particles can be charged positively or nega-
tively or can be in a neutral state by Matsoukas and Rus-
sell,'" and we can calculate the fractions of particles charged
positively or negatively or in a neutral state from the particle
charge distribution function and use these to obtain the colli-
sion frequencies between particles (Eqs. 11-17 in Kim and
Kim”). The positively charged and neutral particles pass out
of the reactor with the fluid flow, but the negatively charged
particles are caught inside the plasma reactor by electrostatic
repulsion.g’lo’lz’13 During t,¢, monomers are no longer gener-
ated and the concentrations of electrons and positive ions
become zero quickly in the plasma reactor; all particles lose
their charges to become neutral and can pass out of the reac-
tor by fluid convection. We used the collision frequency

AIChE Journal October 2008 Vol. 54, No. 10

Published on behalf of the AIChE

function between neutral particles to calculate the particle
coagulation rate during t.g In pulsed plasmas, the changes
of electron and ion concentrations occur within 10s of us
just after plasma-on or -off.>®!1*15 The pulse frequency
ranges from 5 to 1000 Hz in this study, corresponding to t,,
or tyrr from 0.1 s to 5 X 1074 s (500 ps) at a duty ratio of
50%; ton or tog is much longer than 10s of us, and we
assumed that the changes of electron and ion concentration
just after t,, or t.y did not significantly affect the particle
charging during t,, or t.

The modified discrete-sectional model equations were
solved numerically by ODE solver, VODPK subroutine, to
predict the particle size distribution in the plasma reactor
during t,, and toy. During t,,, the electron concentration
changes with time as the particle concentration and size
change in the plasma reactor, and we calculated the electron
concentration in every time step of integration by solving the
electroneutrality condition; we used this to predict the parti-
cle charge distributions. During t.g, the plasma reactor is di-
vided into two regions (regions where particles exist and do
not exist, respectively) based on the assumption of a plug
flow reactor (Figure 1b). In the region where particles exist,
the particles will grow by coagulation between neutral par-
ticles. The particle concentrations during t.g; are calculated
by multiplying (reactor volume with particles)/(total reactor
volume) to take averages for the whole reactor volume.

Results and Discussion

The particle size distributions in pulsed SiH, plasmas dur-
ing plasma-on and -off were analyzed for various process
conditions as in Kim and Kim.’ The size of particle mono-
mer (d;), residence time (7,,,), and duty ratio (D) were 1 nm,
0.1 s, and 50%, respectively. The pulse frequency (f,) was in
the range from 5 to 1000 Hz.

Figure 2 shows the change of particle size distribution
with time (0 < ¢ < 0.2 s) for a pulse frequency of 5 Hz and
a duty ratio of 50%. The plasma is on for 0 < ¢ < 0.1 s and
off for 0.1 < ¢t < 0.2 s. At the beginning of plasma-on (at 0
< t < 0.001 s), the monomer (d; ~ 1 nm) concentration
becomes high because of the fast monomer generation rate
and the concentration of small-size particles (1 nm < particle
diameter (d,) <2.5 nm) increases quickly because the small-
size partlcles are generated fast by coagulation between
smaller particles. At t+ = 0.005 s, large-size particles appear
by coagulation between small-size particles and grow
for 0.005 < ¢ < 0.1 s and, at ¢+ = 0.1 s, the particle size dis-
tribution becomes bimodal with small-size and large-size
particles.

During to (0.1 < ¢t < 0.2 s), the particles in all size
regimes are in a neutral state and they pass out of the reactor
with plug fluid flow. The small-size particle concentration
decreases quickly, because the monomer generation stops
and the small-size particles disappear by fast coagulation
with other particles. The large-size particle concentration
decreases slowly because large-size particles are still gener-
ated by coagulation with small-size particles during tog. At ¢
= 0.12, 0.16, and 0.19 s, the particle size distributions
become bimodal with small-size and large-size particles, but
they have different shapes from those at 0.005, 0.02, and
0.1 s. The large-size particles during t,, grow more quickly,
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Figure 2. Particle size distributions for various times
(dy =1 nm, f, = 5 Hz, 7,,c = 0.1 s, D = 50%).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

by faster coagulation with small-size particles, than during
torr, because the small-size particle concentration during t,, is
higher than during t,. At + = 0.2 s, there are no particles
remaining inside the reactor, because all particles flow out of
the reactor at the end of tyg (tofr is equal to 7,5 of 0.1 s) and
the particle size distribution in the next pulse cycle is not
affected by that in the previous pulse cycle.

Figure 3 shows the change of particle size distribution
with time (0.2 < ¢ < 0.3 s) for a pulse frequency of 10 Hz
and a duty ratio of 50% (ton and toge = 0.05 s). The tog here
is shorter than t,., the particles generated in the previous
cycle are not swept out of the reactor completely during tg,
and the particle size distribution in the next cycle is affected
by that in the previous cycle. At r+ = 0.21 s, we find three
modes of particle size distribution: small-size particles (1 <
dp, < 5 nm) appearing quickly by fast monomer generation,
medium-size particles (5 < d, < 20 nm) appearing by fast
coagulation between small-size particles of high concentra-
tion, and large-size particles (20 < d;, < 100 nm) left over
from the previous pulse cycle. The medium-size particles
continue to grow by coagulation with small-size particles
(0.21 <t <0.25 s) and, at t = 0.25 s, the medium-size par-
ticles are almost merged with the large-size particles and the
particle size distribution finally becomes bimodal with small-
size and large-size particles.

During torr (0.25 < ¢ < 0.3 s), the particle concentration
decreases with time because of particle coagulation, fluid
flow and absence of particle generation. The small-size parti-

2770 DOI 10.1002/aic

Published on behalf of the AIChE

cle concentration decreases quickly by fast coagulation with
other particles, and the large-size particle concentration
decreases slowly because some large-size particles continue
to be generated by coagulation between smaller particles dur-
ing torr. In Figure 3, tog is too short for all particles to flow
out of the plasma reactor by fluid convection and particles
still remain inside the plasma reactor at the end of plasma-
off (t = 0.3 s). The particle size distribution at + = 0.3 s,
which is bimodal with small-size and large-size particles,
becomes the initial condition to calculate the particle size
distribution in the next cycle, and we find large-size particles
from the beginning of plasma-on.

The particle size distributions at the end of plasma-on and
-off are presented in Figure 4 for various pulse frequencies.
For pulse frequencies of 10, 50, and 100 Hz, t,, and t.s are
0.05, 0.01, and 0.005 s, respectively, for a given duty ratio
of 50%, and the end of plasma-on is 0.25, 0.29, and 0.295 s,
respectively, but the end of plasma-off is 0.3 s for all three
frequencies. At the end of plasma-off, particles still remain
inside the plasma reactor, because tg is shorter than t,.,. As
the pulse frequency decreases, new monomer generation
takes a longer time during t,, in each pulse cycle and the
large-size particles become larger at the end of t,,. During
tor, NEW monomers are not generated and the particle con-
centration decreases by coagulation between particles and fluid
convection. As the pulse frequency decreases, the particle
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Figure 3. Particle size distributions for various times
(di =1 nm, f, = 10 Hz, 7.s = 01 s, D =
50%).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 4. Particle size distributions at the end of
plasma-on and -off for various pulse fre-
quencies (dy = 1 nm, 1,5 = 0.1 s, D = 50%).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

concentration at the end of t.; decreases because particle
coagulation and fluid convection have taken place for a lon-
ger time. In continuous-wave plasmas, the particle size distri-
bution in the plasma reactor becomes clearly bimodal with
small-size and large-size particles and the mode of large-size
particles becomes quite narrow.”'*'* In pulsed plasmas, the
particle size distribution changes with time during the cycle
and there is no clear difference in particle size distribution
between the two size modes, as compared with that in con-
tinuous-wave plasmas. The large-size particles in pulsed plas-
mas become smaller than those in continuous-wave plasmas
because the pulse modulation prevents the growth of large-
size particles in pulsed plasmas.

Figure 5 shows the mean particle diameters in continuous-
wave and pulsed plasmas for various pulse frequencies by
experiment’ and by a numerical method in this study for the
same process conditions. In their experiments, after plasma-
off, the particles are redistributed inside the plasma reactor
by particle diffusion and the diameter of the particles is
determined from their diffusivity measured by a photocount-
ing laser-light-scattering method. The predicted mean particle
diameter was obtained from the particle size distribution at
0.2t,¢ after plasma-off by averaging the particles in all size
regimes. In pulsed plasmas, the mean particle diameter
becomes smaller than that in continuous-wave plasmas
because the number of monomer particles generated during
ton 1S smaller than that in continuous wave plasmas and also
particles flow out of the reactor during t.g. As the pulse fre-
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quency in pulsed plasmas increases, the large-size particles
at the end of t,, become smaller because of the reduced
monomer generation and shorter coagulation time during t,,
and, as a result, the mean particle diameter decreases. The
model results were in good agreement with the published ex-
perimental data.” The results by experiment and those by the
numerical method prove that the particle generation and
growth in the SiH; PCVD process can be suppressed by the
pulsed plasma method, which is important in preparing high-
quality thin films in the SiH, PCVD process. Shiratani et al.’
also showed that the changes of particle concentration
for various pulse frequencies and particle concentrations in
their experiments were in the range of 5 X 10% to 1.4 X
10'" #/cm®, but their experimental results do not show a
clear relationship between particle concentration and pulse
frequency. The particle concentrations predicted by our
model for the same process conditions are in the range of
1.2 X 10" t0 2.9 x 10" #/cm’.

Conclusions

We analyzed particle growth in pulsed SiH, plasmas dur-
ing plasma-on and -off by applying a discrete-sectional
model® and investigated the effects of pulse frequency on
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Figure 5. Mean particle diameters in continuous-wave
and pulsed plasmas for various pulse fre-
quencies by experiments’ and by the numeri-
cal method in this study for the same pro-
cess conditions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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particle growth. During plasma-on, the plasma reactor was
assumed to be a continuously stirred tank reactor but, during
plasma-off, it was assumed to be a plug flow reactor. At the
beginning of plasma-on, there is a high concentration of
small-size particles and, later, large-size particles appear and
grow by particle coagulation. During plasma-off, monomer
generation stops and the particle concentration decreases
with time by the effects of particle coagulation and fluid
flow. For t.g longer than the residence time, the particle size
distribution in pulsed plasmas becomes bimodal with small-
size and large-size particles, whilst, for t,s shorter than the
residence time, it becomes trimodal with small-size, medium-
size, and large-size particles at the center of t,,, because the
large-size particles formed in the previous cycle still remain
inside the plasma reactor during t,; and these affect the par-
ticle size distribution in the next cycle. As the pulse fre-
quency decreases, more monomer particles are generated dur-
ing the longer plasma-on time and the large-size particles
become larger at the end of t,,. This study shows that the
pulsed-plasma process can be used to suppress particle
growth in the SiH, plasma process and can be a good
method to prepare high-quality thin films by reducing parti-
cle contamination.
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