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Abstract—We numerically calculated the effects of pulse modulation (plasma-on and -off times) on the concentra-
tion changes of the chemical species (SiH,, SiH,, SiH, and polymerized negative ions) and also the growth rate of a-
Si : H thin films in the pulsed SiH, plasmas. During the plasma-on, SiH, is generated quickly by a fast dissociative
reaction of SiH,, but, during plasma-off, SiH, disappears rapidly by a reaction with hydrogen and also by the deposition
onto the reactor wall. During the plasma-on, the negative ions are polymerized by the reactions with SiH,, but, during
the plasma-off, they disappear by neutralization reactions with positive ions. As the plasma-on time increases or as
the plasma-off time decreases, the time-averaged concentrations of SiH, and negative ions and also the time-averaged
film growth rate increase. This study shows quantitatively that polymerized negative ions, which are not considered
to be preferred precursors for the high-quality thin films, can be efficiently reduced by the pulsed plasma process.
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INTRODUCTION

Hydrogenated amorphous silicon (a-Si : H) thin films are widely
used as solar cells, image sensors, electrophotographic drums, and
thin film transistors and are usually prepared by SiH, plasma chem-
ical vapor deposition (PCVD). Recently, the deposition of particles
in the size range from a few nm’s to microns generated in the plas-
mas results in the deterioration of the quality of a-Si : H thin films
[Fukuzawa et al., 1999; Kim and Kim, 2000; 20024, b; Kim et al.,
2003a, b, c; Koga et al., 2002, 2004; Shiratani et al., 1999; Watanabe
et al., 2002]. The SiH, PCVD processes are operated in the condi-
tion of low SiH, partial pressure to reduce the generation and growth
of particles at the cost of decrease in the deposition rate [Madan et
al., 1999; Madan and Morrison, 1998; Maemura et al., 1999]. To
deposit the a-Si : H thin film economically and efficiently by using
the plasma processes, it is desirable to increase the deposition rate
without the generation and growth of particles and/or the deposi-
tion of nanosized cluster particles.

There are several studies on the suppression of the generation
and growth of particles in the SiH, plasma reactor for preparing a-
Si : H thin films by using the pulse modulation or the thermophoretic
force due to temperature gradient or by adjusting the gas flow pat-
tern or the distance between the powered and ground electrodes
[Fukuzawa et al., 1999; Itagaki et al., 2000; Kim and Kim, 2000,
2002a; Kim et al., 2003a, b; Kirimura et al., 1994; Koga et al., 2002,
2004; Madan et al., 1999; Madan and Morrison, 1998; Maemura
et al., 1999; Shiratani et al., 1999; Watanabe et al., 2002]. Watanabe
and his colleagues [Fukuzawa et al., 1999; Koga et al., 2004; Shira-
tani et al., 1999] suggested that the growth of nanosized particles in
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the plasma reactor can be suppressed efficiently by using the pulse-
modulated plasma technique. They also developed the cluster-sup-
pressed plasma method by heating the electrodes and also by re-
moving the stagnation zone by changing the gas flow pattern inside
the plasma reactor, and they successfully prepared the high-quality
thin films of a-Si : H [Koga et al., 2002; Watanabe et al., 2002]. Kiri-
mura et al. [1994] investigated the effects of the plasma parameter
changes on the particle growth and on the properties of a-Si : H thin
films in the pulsed plasma process, and they synthesized the a-Si : H
films of high-quality at a high deposition rate by the amplitude mod-
ulated plasmas. Maemura et al. [1999] reported that the particle
generation can be controlled by changing the electrode distance with
heating the electrodes in the SiH, PCVD reactor, and they pre-
pared the a-Si : H films with a good opto-electronic property even
at a high deposition rate. Madan and Morrison [1998] reported that
the amorphous/polycrystalline silicon thin films were synthesized
at the maximum deposition rate of 1.5 nm/s in the pulse-modu-
lated PCVD. Itagaki et al. [2000] used the pulsed electron cyclo-
tron resonance plasmas to synthesize the a-Si: H thin films, and
showed that the deposition rate and the quality of thin films could
be changed by pulse modulation. The high-quality thin films then
can also be grown at a deposition rate of 1.4 nm/s without sub-
strate heating.

Economou and his colleagues [Midha and Economou, 2000; Ra-
mamurthi and Economou, 2002’ studied the evolution of chemi-
cal species in the pulsed Cl, PCVD process numerically by using
the fluid approach method. They addressed the effects of the pro-
cess variables on the spatio-temporal evolutions of chemical con-
centrations, and showed that the transition of the electron-domi-
nated plasmas to the ion-ion plasmas. The modulation of negative
ion concentrations during the plasma-on (t,,) and -off (t,;) times then
depends on the changes in the process variables. Meyyappan [1996]
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analyzed the pulse-time modulated high density Cl, and CF, plas-
mas for etching and deposition processes by using a spatially aver-
aged model, and showed that the duty ratio and pulse frequency
affect the plasma density in the plasmas and that the processing rate
and etch selectivity can be improved by using the pulse-time modu-
lated discharges. Ashida and Lieberman [1997] used a spatially av-
eraged model to simulate the pulse-power modulated high density
Cl, plasmas, and reported that the electronegativity of the plasmas
is significantly affected by the recombination coefficient of the CI
atoms on the wall and that negative ions can be efficiently extracted
from the bulk plasmas by a longer t,; than 10’s ms. Kim and Kim
[2005] showed the dynamics of concentrations of chemical spe-
cies, which might be important for the evolution of negative ions,
as a function of time during plasma-on and -off, assuming that the
particles in plasma processes can be formed homogeneously from
the polymerized negative ions.

In this study, we numerically investigated the effects of pulse mod-
ulation (t,, and t,;) on the plasma chemistry, film growth rate, and
cluster generation in the pulsed SiH, plasmas. We analyzed the ef-
fects of the plasma chemical reactions, fluid convection, electrical
migration, diffusion, and deposition on the electrodes and reactor
wall in the model equations for chemical species. We showed the
evolutions of several chemical species which are important for film
growth and also for particle generation in the pulsed SiH, plasmas
during t,, and t, We included 36 plasma chemical reactions in the
pulsed SiH, plasmas, and analyzed the evolutions of chemical spe-
cies for the processing time of 1 s within a reasonable CPU time
by applying a constant concentration and energy of electrons in the
plasma reactor.

THEORY
The pulsed plasma reactor proposed by Watanabe and his col-
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Fig. 1. Schematic of the silane pulsed plasma reactor for model-
ing,

leagues [Fukuzawa et al., 1999; Shiratani et al., 1999] as shown in
Fig. 1 was applied for this numerical analysis. The upper and lower
electrodes in the diameter of 8.5 cm were separated by a distance
of 5 cm, and were assumed to have many perforations so that the
input and output gas streams could pass through both electrodes.
Such a design for electrodes allows us to assume one-dimensional
plug flow of the gas stream inside the reactor, and to neglect the
momentum balance equation in the model equations.
1. SiH, Chemical Reactions in the Pulsed Plasmas

There are more than 50 chemical species and 200 chemical reac-
tions in the SiH, plasmas for semiconductor processing [Courteille et
al,, 1996; Fridman et al., 1996; Howling et al., 1994, 1996; Kushner,
1988]. Howling and his colleagues [Courteille et al., 1996; Howl-
ing et al., 1994, 1996] suggested that negative ions can be poly-
merized homogeneously to form high-mass chemical species in the
SiH, plasmas on the basis of the experimental observations. We con-
sidered 18 chemical species and 36 chemical reactions that might
be important for film growth and polymerization of negative ions.

During t,,, the neutral molecules (SiH,) are converted into the
reactive radicals (SiH,), positive (SiH,) and negative (SiH,) ions,
and vibrationally excited molecules (SiH,(v1, 3) and SiH,(v2, 4))
by the collision with the energetic electrons. The electron impact
dissociative reactions, R,-R; of SiH,, are [Kushner, 1988]:

SiH,+e—SiH, (SiH; or SiH;)+(HorH,) k=4x10"cm’s”’, (R))

SiH,+e—> SiH,(neutrals)+(H or H,) k=2x10"cm’s”", (R,

SiH,+e—> SiH;+(H or H,) k;=1.43x10" em’s™" (R;)

SiH,+e—>SiH,(v2, 4)+e k=834x10" cm’s™", (R,)

SiH,+e—SiH(v1, 3)+e k=8.74x10"° cm’s™". (Rs)

There are two radicals mainly produced by the electron impact dis-
sociative reactions with SiH, : SiH,, the precursors for a-Si : H thin
films in SiH, plasmas, and SiH,, the precursors for the polymer-
ized neutral clusters. According to the theoretical study of Bhan-
darkar et al. [2000], the SiH, radical insertion can be important in
the production of small clusters, Si,H, (n~3 or 4), even though the
model results were overestimated in comparison with the experi-
ments due to the large reaction rates of SiH, insertion. In our study,
we solved the governing equation for SiH, instead of SiH, and SiH;,
respectively, to reduce a computational time. The reaction rate con-
stants of SiH, with H and of SiH; recombination are smaller than
that of SiH, with electrons (R,) by the order of 100 and 10, respec-
tively, according to Kushner [1988]. Thus, we did not include the
reaction of SiH, with H for SiH, production and of SiH; recombi-
nation with SiH; for SiH, production in our study. The vibrationally
excited molecules are relaxed by the collisions with hydrogen as

follows [Kushner, 1988]:
SiH,(v2, 4)+H,— SiH,+H, k=3.05x10"2em’s”, (R,
SiH,v1, 3)+H,—SiH,+H, k=608x10"cm’s". (R,

SiH, can also be formed by a recombination reaction (R;) between
positive ions and electrons, and is consumed by electron attachment

(R,) and hydrogen adsorption (R,,) reactions [Kushner, 1988].
SiH,+e—> SiH,(neutrals)+H k;=3.38x10" cm’s™", (Ry)
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SiH,+e—SiH, ky=4x10"" cm’s™, R,)

SiH,+H,— SiH,(or +H) k,=1x10"%cm’s™. Ryy)

Positive ions disappear by a recombination reaction with electrons
(Ry) and neutralization reactions with negative ions (R,-R,;) [Kush-
ner, 1988].

SiH;+Si;1H;—>Siiﬁle’+(H or HZ) (n:1-13) (Rll- 23)

(Kgoemy n=1, 5%107 em’s™, n=2, 125% 107 em’s™, n=3, 1.4x107 cnr’s”,
n=4,1.6x107 cm’s™, n=5, 1.8x1077 cm’s™!, n=6-13, 2x107 cm’s™").

There are several reports on possible precursors (mainly negative
ions and radicals) for the formation of high-massed cluster particles
which are negatively charged in the plasma reactor [Courteille et al.,
1996; Fukuzawa et al., 1999; Howling et al., 1994, 1996; Shiratani
et al., 1999]. Fridman et al. [1996] proposed that the negative ions
can be polymerized by the reactions with the vibrationally excited
molecules (SiH,(v1, 3) and SiH,(v2, 4)). Howling and his col-
leagues [Howling et al., 1994, 1996; Shiratani et al., 1999] pro-
posed that negative ions are polymerized to the higher mass-clusters
by the polymerization reactions with SiH, (R,-R;s) and can grow
in the plasma reactor. They assumed that the polymerization reac-
tions (R,,-Rys) of negative ions are pseudo-first order with respect
to negative ions and are independent of the SiH, concentration, and
measured the rate constants, k,,-ks,, for those reactions with the unit
of s™' [Howling et al., 1994, 1996; Shiratani et al., 1999].

Si;tH;+SiH4_) SinﬂH; +(H or HZ) (n: 1-1 3) (R24-R36)

(Kgzmy n=1, 10*s™, n=2, 2.5%10° s, n=3, 2.8x10°s™, n=4, 3.2x10°s™,
n=5,3.6x10°s"', n=6-13, 4x10°s™").

Many neutral clusters, Si,H,, can be produced in a plasma reactor
and are charged negatively by the electron attachment during the
discharge [Fridman et al., 1996; Nomura et al., 1996]. Recently,
Gallagher et al. [2002] reported that the electron attachment to Si,H,
during the discharge can play a role to produce SiH;. We neglected
the electron attachment reactions to Si,H, in our study because the
rate constants of R,,-Ry, for the growth of negative ions are the em-
pirical data including the electron attachment reactions to Si,H.. In
this study, the SiH, concentration changes according to the reactor
length with time. The reaction rates of R,,-R;; were modified as
the second order reactions with respect to negative ions and SiH,
to account for the changes in SiH, concentration in the reactor.

Just after t,, the electrons disappear rapidly by ambipolar diffu-
sion with SiH! and a recombination on the wall, or the electron
attachment to the neutrals within 10’s ps [Ashida and Lieberman,
1997; Courteille et al., 1996; Fridman et al., 1996; Howling et al.,
1994, 1996; Kushner, 1988; Meyyappan, 1996; Midha and Econo-
mou, 2000; Ramamurthi and Economou, 2002]. The reactions in-
volved with the electrons are considered only during t,,, while the
reactions involved with the molecules and radicals are considered
during both t,, and t,; There will be several reaction paths for the poly-
merization of negative ions in the SiH, plasmas, but the rate
constants of the polymerization reactions (R,,-R;;) were obtained
empirically for the continuous-wave plasma discharge by assum-
ing that the polymerization reactions of negative ions (Si,H,.) with
SiH, are dominant [Courteille et al., 1996; Howling et al., 1994,
1996]; therefore, we considered those polymerization reactions only
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during t,,.
2. Governing Equations for Chemical Species in the Pulsed
Plasmas

In the plasma reactor, the electron concentration depends on the
position and time, and we should use kinetic approaches on the basis
of the particle-in-cell/Monte Carlo simulation or the hybrid Monte
Carlo/fluid model to predict the exact electron concentration [Graves,
1987; Graves and Jensen, 1986; Kushner, 1988; Midha and Econ-
omou, 2000; Ramamurthi and Economou, 2002; Sato and Tagash-
ira, 1991]. But we did not solve the governing equation for elec-
trons to reduce the computational time, and had assumed that the
electron number concentration and the electron energy during t,,
were uniform inside the reactor. We used the time-averaged elec-
tric field strength in the plasma reactor, which changed as a func-
tion of position but not as a function of time [Kim and Ikegawa,
1996; Kim and Kim, 1997, 2000; Sato and Tagashira, 1991]. The
fluid approach method is known to be numerically effective in terms
of the CPU time and we developed the model equations for chemi-
cal species to analyze the plasma chemistry in the SiH, pulsed plas-
ma processes on the basis of the fluid approach.

The number concentration (N;) for chemical species, i, is bal-
anced with the effects of plasma chemical reactions, convection,
diffusion, electrical migration and deposition onto the electrodes
and reactor wall, and the governing equations for N,’s in the pulsed
plasma reactor are expressed as follows [Kim and Tkegawa, 1996;
Kim and Kim, 1997, 2000]:

ON, 36 2
S =2 e(RXN), - V(uN,- DYN,~ SuEN) - 1[ 2

a (=1-18). (1)

In Eq. (1), t, o and (RXN), are the time, stoichiometric coefficient
for i species in the jth reaction and rate of the jth reaction. u; is the
gas velocity inside the reactor and is assumed to be uniform due to
the perforated electrodes. The diffusion coefficients (D;) for chemi-
cal species were calculated by the Chapman and Enskog equation
[Reid et al., 1977]. We assumed that the reactor pressure in the plas-
ma reactor was constant and neglected the effect of chemical reac-
tions on the gas flow rate because the chemical species we consid-
ered in this model were in low concentration. ¢, is 1 for positive
ions, —1 for negative ions and 0 for neutrals. The electric migration
coefficient, £, was calculated according to the Einstein relationship
[Chen, 1984]. E is the time-averaged electric field as a function of
position inside the plasma reactor [Kim and Tkegawa, 1996; Kim
and Kim, 1997, 2000; Sato and Tagashira, 1991]. During t,,,, the E
in the bulk plasma region (X,,,<X<X,,) is zero, and the E in the sheath

\pos—

regions (0<x<x,,, X,,<X<X,,,) can be expressed by the Child-Lang-

muir equation by assuming a collisionless plasma as follows [Kim
and Tkegawa, 1996; Kim and Kim, 1997, 2000:

1/3
X
E= E,,,a\.[ 1- (x ) } for 0<x<x,,,, )
pos’
E=0 for X, <X<X,,, 3
1/3
E= Emiﬂ|:] - (@) :| for X, <X<X,. “)
Xend ~ Xneg

In Egs. (2)«(4), E,,.. and E,,,, are the maximum and minimum time-

> ~max ‘min

averaged electric fields at the powered and the grounded electrodes,
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respectively. x,,, is the reactor length, and x,,, and x,,, are the axial
positions where the time-averaged electric field becomes zero near
the powered and the grounded electrodes, respectively. During t,,,
the sheath regions are formed near two electrodes by the differences
between the concentrations of positively and negatively charged
species, and the thicknesses of the sheath regions (x,,,, and (X,,,X,..))
are assumed to be 0.3 cm in this analysis [Sato and Tagashira, 1991].
During t,,, the electric field strength between the two electrodes
can be set for zero, because the sheath regions disappear quickly
within 10’s psec after the plasma discharge stops [Anders, 2004].
It is assumed that the transport phenomena for ionized species for
10’s psec just after t,, or t,, do not significantly affect the concen-
tration profiles of positive and negative ions in the plasma reactor.
The electric fields in the sheath regions follow Egs. (2)-(4) during
t,, but become zero just after t,. J,, is the deposition flux of chemical
species onto the reactor wall and we considered the deposition of
SiH, radicals. R is the reactor diameter.

For SiH, and SiH,, we used the Danckwerts boundary conditions
at the reactor inlet and outlet [Danckwerts, 1953]. The ions move
fast under the electric field in the plasmas. For positive and nega-
tive ions, we used the flux boundary conditions at the reactor inlet
and outlet during t,,, which worked well under the typical discharge
condition by Graves et al. [Graves, 1987; Graves and Jensen, 1986],
but, during t,;; we used the Danckwerts boundary conditions for all
charged chemical species at the reactor inlet and outlet. During t,,,
positive and negative ions can diffuse quickly to the electrodes; there-
fore, we used 0.15 as the sticking coefficients for both ions at the
electrodes. Since SiH, can diffuse onto the reactor wall during t,, and
t,4» the sticking coefficient of SiH, was assumed to be 0.15 [Shira-
tani et al., 1999]. The governing equations for the 18 chemical spe-
cies (Egs. (1)(4)) were solved numerically by using the subroutine
VODPK to calculate the concentration profiles for chemical spe-
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cies in the pulsed plasma reactor.
RESULTS AND DISCUSSION

The reactor length (x,,,), total gas flow rate, reactor pressure and
temperature inside the reactor are 5 cm, 20 sccm, 0.1 Torr and 300
K, respectively, and they are the same as the experimental condi-
tions as in Fukuzawa et al. [1999]. The electron concentrations were
measured from 4x10° to 7x10° #/cm’ in the pulsed SiH, plasmas
by Fukuzawa et al. [1999]. The electron concentration was assumed
to be 5x10° #/cm’ during t,,, but zero during t,. E,,,. and E,,, are
100 and —100 V/ecm for the actual electric fields in the industrial
PCVD reactor [Graves, 1987; Graves and Jensen, 1986; Kim and
Ikegawa, 1996; Sato and Tagashira, 1991]. We considered t,, and
t,; in the range from 107 to 1.0's, and the standard conditions for
t,, and t,, were assumed to be 0.01 s and 0.02 s, respectively, in this
study.

Fig. 2 shows the evolution of SiH, concentration profiles along
the axial distance during (a) t,, and (b) t,;~ The SiH, concentration
at the outlet is lower than at the inlet by the effect of chemical reac-
tions. In Fig. 2(a), during t,,, SiH, is consumed by the collision with
electrons (R,-Rs), and its concentration decreases with time, but does
not reach a steady state condition for the continuous-wave plasmas
until t,,=0.01 s. In Fig. 2(b), after the plasma discharge stops, the
electrons disappear quickly and the SiH, disappearance reactions
(R,-R;) by the electron collisions become zero, and its concentra-
tion increases with time toward the initial SiH, concentration. In
Figs. 3(a, b), the evolution of the SiH, concentration profiles is illus-
trated along the axial distance during t,, and t,, respectively. In the
beginning of the plasma discharge, the SiH, radicals are generated
fast from the SiH, dissociation reaction (R,), and the SiH, concen-
tration in the plasma reactor increases with time and reaches the
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Fig. 2. (a) Evolution of SiH, concentration profiles along the axial distance for various times during t,, (t,,.=0.01 s and t,;=0.02 s). (b) Evolution
of SiH, concentration profiles along the axial distance for various times during t,; (t,,=0.01 s and t,;=0.02 s).
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Fig. 3. (a) Evolution of SiH, concentration profiles along the axial distance for various times during t,, (t,=0.01 s and t,;=0.02 s). (b) Evolution
of SiH, concentration profiles along the axial distance for various times during t; (t,,=0.01 s and t,;=0.02 s).

maximum at t=0.003 s. In this analysis, the SiH, concentration pro-
file during t,, is determined by the balance between the diffusion of
SiH, and plasma reactions related to SiH,. After t=0.003 s, the SiH,
concentration decreases with time due to faster disappearance rates
of SiH, (deposition of SiH, onto the reactor wall and disappearance
reaction of SiH,) than the generation rate of SiH,. During t,,, the
SiH, concentration at the bulk plasmas is higher than that at the elec-
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trodes because SiH, is consumed by the effect of the SiH, diffusion
toward the electrodes. The SiH, concentration of the pulsed plas-
mas at t,,=0.01 s is higher than that at the steady state for the con-
tinuous-wave plasmas by 3%. In Fig. 3(b), during t,,, no SiH, radical
is generated any further by the plasma reactions because the electron
concentration is zero and the SiH, concentration decreases quickly
with time by the hydrogen adsorption reaction, R,,, and by the ef-
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Fig. 4. (a) Evolution of SiH; concentration profiles along the axial distance for various times during t,, (t,,=0.01 s and t,=0.02 s). (b)
Evolution of SiH; concentration profiles along the axial distance for various times during t,; (t,,=0.01 s and t,,=0.02 s).
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fects of diffusion and fluid convection.

In Figs. 4(a, b), the concentration profiles of SiH; are shown along
the axial distance for various times during t,, and t 4, respectively.
At the start of the plasma discharge, the SiH, concentration increases
quickly by a fast dissociative ionization reaction (R;) of SiH, and
reaches the maximum at t=0.002 s, after which its concentration
decreases because of faster disappearance reactions (Rg and R;;) of
SiH;". The SiH, concentration for the pulsed plasmas at t=0.01 s is
higher than that at the steady state for the continuous-wave plas-
mas by 3%. During t,,, the SiH,” concentrations in the bulk plas-
mas have sharp peaks on the order of 10° #/cm’, and those in the
sheath regions become low on the order of 10° #cm’ because SiH,
in the sheath regions moves quickly toward the electrodes due to
the electrical migration. Just after t,;, most of the electrons are con-
sumed rapidly by the ambipolar diffusion with SiH, and the recom-
bination on the wall, or the electron attachment to the neutrals within
10’s ps [Ashida and Lieberman, 1997; Courteille et al., 1996; Frid-
man et al., 1996; Howling et al., 1994, 1996; Kushner, 1988; Mey-
yappan, 1996; Midha and Economou, 2000; Ramamurthi and Econ-
omou, 2002]. During t,, the SiH, concentration decreases with
time mainly by the neutralization reactions (R,-R,;) with negative
ions (Si,H,, n>1). There is no electric field between the electrodes,
and the SiH; concentrations in the sheath regions increase as SiH,
diffuses from the bulk plasmas to the sheath regions. SiH. is as-
sumed to be deposited at the electrodes with a sticking coefficient
of 0.15 during t,, and the SiH, concentration at the electrode wall
after t>0.011 s is a little lower than that at the reactor center.

Fig. 5 shows the concentration profiles of Si,H; along the axial
distance during (a) t,, and (b) t,; During t,,, the concentration of
Si,H, increases with time as a result of the polymerization reac-
tions of negative ions. The negative ions are being pushed toward
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the bulk plasma region from the sheath regions by an electrostatic
repulsion and the Si;H, concentration becomes nearly zero in the
sheath regions and the negative ion concentration profiles show sharp
drops in concentration at the sheath boundaries. The negative ion
concentration profiles become flat in the bulk plasma region, where
the electric field is zero. The model equations for negative ions in
this study are not self-consistent because we neglected the govern-
ing equation for electrons and the ambipolar diffusion does not af-
fect the evolution of concentration profiles of negative ions. The
Si,H; concentration at the downstream becomes higher than that at
the upstream by the effect of fluid convection. The Si;H, concen-
tration at t=0.01 s of the pulsed plasmas is about 65% of that at the
steady state for the continuous-wave plasmas. During t, the Si;H;
concentration decreases with time due to a disappearance reaction
with SiH, and due to the effects of diffusion and fluid convection.
The electric field also disappears in the sheath regions during t,,
and the Si;H, in the bulk plasmas diffuses toward the sheath regions
and we can see that some Si;H, can stay in the sheath regions. Fig.
6 illustrates the concentration profiles of Si;;H, along the axial dis-
tance during (a) t,, and (b) t,» In Figs. 6(a, b), the concentration pro-
files of Si;H, show the same pattern as Si,H, in Figs. 5(a, b). The
Si;H, concentration at t=0.01 s of the pulsed plasma discharge is
lower than that at the steady state for the continuous plasma dis-
charge by about 99%. By using the pulsed plasmas, the growth of
polymerized negative ions can be retarded dramatically.

In Fig. 7, the time-averaged SiH, concentrations at the reactor
center are shown as a function of t,; for various t,,’s. During t ;, the
SiH, disappearance reactions do not take place and the SiH, con-
centration becomes high and the time-averaged SiH, concentration
for one cycle of t,, and t,; increases, as t,, increases. During t,,, SiH,
is consumed by the collision with the energetic electrons and the
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Fig. 5. (a) Evolution of concentration profiles of Si,;H along the axial distance for various times during t,, (t,,=0.01 s and t,,=0.02 s). (b)
Evolution of concentration profiles of Si;H, along the axial distance for various times during t,; (t,,=0.01 s and t,,=0.02 s).
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resulting time-averaged SiH, concentration decreases with the in- tration approaches the SiH, concentration at the steady state for the
crease of t,,. As t,, becomes zero, the time-averaged SiH, concen- continuous-wave plasmas. The shorter the t,, is, the faster the time-
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Fig. 10. Time-averaged concentrations of negative ions at the reac-
tor center as a function of t,; for various t,,’s.

averaged SiH, concentration reaches the initial SiH, concentration
with the decrease of't ;. Also, as t,,becomes infinite, the time-aver-
aged SiH, concentration approaches the initial condition of SiH,
concentration. Fig. 8 illustrates the time-averaged SiH, concentra-
tions at the reactor center as a function of't,; for various t,,’s. Dur-
ing t,, the SiH, concentration decreases quickly and then becomes
zero as shown in Fig. 3(b), and as t,; increases, the time-averaged
SiH, concentration decreases. During t,,, SiH, is formed mainly by
the SiH, dissociation reaction, and as t,, increases, the time-aver-
aged SiH, concentration increases. As t,; becomes zero, the time-
averaged SiH, concentration approaches the SiH, concentration at
the steady state. If' t,; approaches to the infinite level, the averaged
SiH, concentration will become zero.

Fig. 9 shows the time-averaged SiH," concentrations at the reac-
tor center as a function of t,, for various t,,’s. As t,; increases, the
time-averaged SiH. concentration for the pulsed plasmas decreases
because the SiH, concentration decreases quickly during t,;. Dur-
ing t,,, positive and negative ions reach steady state concentrations,
and the concentrations of negative ions become high. During t,,
the SiH. concentration decreases quickly and becomes zero by fast
neutralization reactions with negative ions, and as t,, increases, the
time-averaged SiH, concentration increases. In Fig. 10, the time-
averaged total concentrations of negative ions (Si,H,~Si;H,) at
the reactor center are shown as a function of t ; for various t,,’s. Dur-
ing t,,, negative ions are generated, and the time-averaged total con-
centration of negative ions increases with the increase of t,,. Dur-
ing t,, negative ions disappear, and as t,; increases, the time-aver-

Time-averaged deposition rate (nm/s)

10°

0 200 400 600 800 1000
t . (ms)

Fig. 11. Time-averaged deposition rates of a-Si : H thin film on the
substrate in electrode as a function of t,; for various t,,’s.
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aged total concentration of negative ions decreases. As t,, becomes
zero, the time-averaged concentration of negative ions approaches
the steady state value of the continuous-wave plasmas.

Howling and his colleagues [Howling et al., 1994, 1996] mea-
sured the intensities of the radicals and charged species by using
the mass spectrometric method and the particles by using the light
scattering method in the pulsed plasmas, changing the pulse fre-
quencies (Fig. 3 [Howling et al., 1994, 1996]) and showed that the
intensities of the radicals and charged species during t,, increase,
and during t,, decrease. Watanabe and his co-workers [Fukuzawa
et al., 1999; Shiratani et al., 1999] also observed a decrease in par-
ticle contamination as the pulse frequency increases (Fig. 9 [Fuku-
zawa et al., 1999; Shiratani et al., 1999]). Even though we made
several assumptions in our modeling, the tendency predicted by the
model was in accordance with that observed in the experiments.

In Fig. 11, the time-averaged deposition rates of the a-Si : H thin
films on the electrodes are shown as a function of t,; for various
t,,’s. As t,, increases or as t,; decreases, the time-averaged SiH, con-
centration in the reactor increases as shown in Fig. 8 and the growth
rate of a-Si : H thin films also increases because of the increase of
SiH, radicals depositing onto the electrodes. Fukuzawa et al. [1999]
reported that the deposition rate of the a-Si: H thin films ranges
from 0.064 to 0.12 nm/s in the pure SiH, plasma reactor without
pulse modulation. In this calculation, the film growth rate in the
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Fig. 12. Concentrations of (a) clusters in the size below 1 nm in ex-
periments [Fukuzawa et al., 1999] and (b) negative ion
clusters in this calculation as a function of t,, for vari-
ous t,,’s.
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continuous-wave plasmas by the SiH, radicals is calculated to be
about 0.06 nm/s for the same process conditions as in Fukuzawa et
al. [1999].

The nanosized clusters in the plasma process are considered to
be the precursors for the nucleation of particles, and their genera-
tion and growth must be suppressed to prepare high-quality thin
films [Ashida and Lieberman, 1997; Courteille et al., 1996; Fuku-
zawa et al., 1999; Howling et al., 1994, 1996; Koga et al., 2002,
2004; Meyyappan, 1996; Shiratani et al., 1999; Watanabe et al., 2002].
Fig. 12 shows (a) the experimental data for the cluster concentra-
tions in the size below 1 nm by Fukuzawa et al. [1999] and (b) the
total concentrations of the negative ion clusters (Si,H,, 2<n<13) at
the reactor center in this calculation for the same process condi-
tions. Both results are in good agreement qualitatively when the
summation of t,, is exactly 0.1 s for various t,,’s. In Figs. 12(a, b),
the cluster concentration for t,,shorter than 0.0001 s is shown to be
nearly constant for various t,,’s because the clusters are not removed
easily during a short t,. And those results are almost the same as
the continuous-wave plasmas. In both results of the experiments
and this calculation, the cluster concentration decreases with the
increase in t,; because the clusters can be removed during t,, larger
than 0.0001 s. If't,is larger than 0.1 s, the cluster concentration be-
comes zero at the end of t,; and the cluster concentration at the end
of each t,,, becomes almost the same as the change of t,. More clusters
are generated with the increase of t,,, and the larger the t,, is, the
higher the cluster concentration is. We used the electron collision
rate constants proposed by Kushner which might be different from
the experimental conditions [Kushner, 1988]. Also, Fukuzawa et al.
[1999] measured the cluster concentration in the size range below
1 nm (which is equivalent to the Si number of about 24), but our
model results are for negative ion clusters of Si,H, ~Si;H,, which
might be the reason that our model results of negative ion clusters
are less than the experimental results in Fukuzawa et al. [1999]. The
negatively charged clusters are hard to arrive at the deposition films
during the plasma-on, but some of them can deposit on the films
during the plasma-off because there is no electric field between the
electrodes. Also, by the neutralization reactions, the negatively charged
clusters can become neutral clusters which can be easily deposited
onto the thin films even during the plasma-on. Fig. 12 shows that
the pulsed plasma process can be an efficient method to suppress
the generation and growth of negative ion clusters and that high-
quality thin films can be successfully prepared by the pulse plasma
technique.

CONCLUSIONS

The concentration profiles for several chemical species that might
be important for the film growth and particle generation in the SiH,
plasmas were analyzed theoretically for various t,,’s and t,,’s in the
pulsed plasmas. The effects of plasma chemical reactions, fluid con-
vection, electrical migration, diffusion, and deposition on the elec-
trodes and reactor wall were included in the model equations for
chemical species. The evolution of chemical species was investi-
gated for a processing time of 1 s within a reasonable CPU time by
including 36 plasma chemical reactions in the pulsed SiH, plasmas
and by applying a constant concentration and energy of electrons
in the plasma reactor.
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During t,,, the SiH, concentration decreases with time by the elec-
tron impact dissociation reactions of SiH,, and during t,, it increases
because energetic electrons in the plasmas disappear. During t,,,
the concentrations of SiH, and SiH. increase quickly because of
dissociation reactions of SiH,. During t,; the concentrations of SiH,
and SiH. decrease mainly due to the reaction with H, and the neutral-
ization reactions with negative ions, respectively. During t,,, the
concentrations of negative ions increase with time due to the poly-
merization reactions of negative ions, but, during t,,, they decrease
with time mainly due to the neutralization reactions with SiH;. In
the sheath region, during t,,, the SiH; concentration becomes low
as a result of fast electrical migration of SiH., and the concentra-
tions of negative ions become almost zero due to an electrostatic
repulsion. During t,,, the SiH, concentration in the sheath regions
becomes high because of the SiH, diffusion from the bulk plasmas
to the sheath regions where some negative ions can penetrate.

As t,, increases or as t,; decreases, the time-averaged SiH, con-
centration decreases and the time-averaged concentrations of SiH;
and negative ions increase. As t,, increases or as t,; decreases, the
time-averaged SiH, concentration in the plasmas increases and the
subsequent growth rate of the a-Si : H films averaged during t,, and
t,-also increases. Our theoretical analysis shows that the pulse-mod-
ulated plasma technique can be an efficient method to reduce the
polymerized negative ions of higher mass, which are not preferred
precursors for high-quality thin films and can also be the sources
of particle contamination.
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