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Simulation of dust particles in dual-frequency capacitively coupled silane discharges
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The behavior of nanoparticles in dual-frequency capacitively coupled silane discharges is investigated by
employing a one-dimensional self-consistent fluid model. The numerical simulation tries to trace the formation,
charging, growth, and transport of dust particles during the discharge, under the influences of the high- and
low-frequency electric sources, as well as the gas pressure. The effects of the presence of the nanoparticles and
larger anions on the plasma properties are also discussed, especially, for the bulk potential, electron tempera-
ture, and densities of various particles. The calculation results show that the nanoparticle density and charge
distribution are mainly influenced by the voltage and frequency of the high-frequency source, while the voltage
of the low-frequency source can also exert an effect on the nanoparticle formation, compared with the fre-
quency. As the discharge lasts, the electric potential and electron density keep decreasing, while the electron

temperature gets increasing after a sudden drop.
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I. INTRODUCTION

Plasma processings have been widely applied for thin-
film deposition, etching, and other surface modification in
microelectronics and nanotechnology. In such processings,
formation of dust particles or nanoparticles in reactive gas
plasmas, which cannot be neglected or even can play an
important role, has attracted much attention [1]. In the mi-
croelectronics manufacturing technique, for example, the for-
mation of dust particles is an unwanted process and usually
kept from happening, for they may fall on the substrate the
moment plasma discharge quenches and cause unqualified
products. On the other hand, dust particles are considered to
be helpful to film deposition. It has been found in experimen-
tal and theoretical studies that the presence of dust particles
can effectively enhance deposition rate in the plasma en-
hanced chemical vapor deposition (PECVD) processing [2].
Thus, investigations of the formation, charging, growth, and
transport of dust particles are very necessary in various
plasma discharges.

In PECVD process, thin films of hydrogenated amorphous
silicon are deposited and mainly applied in solar cell tech-
nology and for the manufacturing of flat panel displays. In
recent years, much work has been devoted to silane/
hydrogen discharges and particle formation mechanism for
radio-frequency capacitively coupled plasmas (CCPs). A
one-dimensional fluid model was originally developed by
Nienhuis et al. [3] to investigate the relation between the
external settings and the resulting composition of the gas and
the deposition rate, in which the electric field, densities, and
fluxes of the particles can be calculated self-consistently.
Shortly afterward, Leroy er al. [4] developed a two-
dimensional fluid model to formulate SiH,-H, radio-
frequency glow discharges in a cylindrical PECVD reactor,
in which the experimental values were introduced as input
parameters to speed up the calculation. To investigate the
important nanoparticle formation mechanism, Gallagher
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[5,6] put forward a simple homogeneous plasma-chemistry
model, mainly, analyzing the measurements of Si H,, anions
and electrons in silane discharges, by adopting the realistic
estimates of particle density and mutual neutralization rate
coefficients. Enlightened by the experimental results [7] that
the nucleation of dust particles happens after a successive
chemical reactions, de Bleecker et al. [8] analyzed the im-
portant precursors of the dust formation and discussed the
role of the vibrational excited silane molecules on the forma-
tion process in low-pressure silane discharges. Then, a de-
tailed chemical kinetic scheme, including various gas-phase
reactions, which would lead to larger clusters, was present in
Ref. [9], based on which formation of nanoparticles with a
given radius was discussed. Thus, we can obtain a relative
entire understanding of the formation, growth, transport, and
charging mechanisms of the smaller nanoparticles [10] in the
silane discharge.

In plasma processings, a conventional capacitively
coupled reactor, driven by only one frequency is extensively
used. In this device, however, the ion flux and energy cannot
be controlled independently. In the early 1990s, in order to
improve the performance of the traditional CCP reactor, a
dual-frequency capacitively coupled plasma (DF-CCP) was
introduced. In this device, one high-frequency (HF) and one
low-frequency (LF) sources are applied to one electrode or
two different electrodes [11-14]. The HF source mainly de-
termines the plasma density or ion flux, while the LF source
is in charge of the ion bombardment energy. Thus, indepen-
dent control of high-density plasma and ion energy can be
provided. Dual-frequency discharges recently found broad
application in the technological processes of depositing
SisNy [15] and fluorinated silicon dioxide films [16]. How-
ever, so far little research has been devoted to the physics in
this aspect. Especially, a comprehensive understanding of the
behaviors of nanoparticles under the influence of the dual
frequency still remains elusive and, of course, is expected.

In this work, the effects of dual-frequency sources on
plasma density, electron temperature, nanoparticle density,
and nanoparticle charge in capacitively coupled silane dis-
charges are studied, by using an extension of the one-
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dimensional fluid model [3]. The formation of nanoparticles
is based on the larger anions (Si,H,,,;” and Si,H,,”) (n
=12) in the successive chemical reactions in gas phase, and
we mainly focus our attention on the transport and charging
of nanoparticle with a certain radius. The presence of nano-
particles, which can greatly influence the plasma properties,
such as the plasma density, ion energy, and the electric field,
is also our research interest. The outline of this paper is as
follows. The theoretical model is described in detail in Sec.
II, whereas the simulation results of the dual-frequency ef-
fects on the dust plasma are presented in Sec. III. Conclu-
sions are discussed in Sec. IV.

II. THEORETICAL MODEL

A. SiH,4 fluid model

A fluid model based on Refs. [3,8] is adopted to describe
silane discharges in dual-frequency capacitively coupled re-
actor. In this model, particle density and flux balances, elec-
tron energy balance, and Poisson’s equation are included,
allowing self-consistent calculation of the electric field, par-
ticle densities, and fluxes.

The particle balance equation for each species j (elec-
trons, positive ions, negative ions, radicals, neutral mol-
ecules, and nanoparticles) is described by

dn; dT
iy iz, (1)
dt  dx

where n; is the particle’s density and S; represents the cre-
ation or destruction of species j by electron-impact collisions
with neutrals or by chemical reactions. The flux term I'; of
small species (electrons, positive ions, negative ions, radi-
cals, and neutral molecules) is estimated by drift-diffusion
approximation,

Ij=unE-D C;’l—nl (2)
where w; and D; are the mobility and diffusion coefficient.
We have to notice that with much larger mass than electrons,
ions cannot follow the instantaneous electric field in the dis-
charge area. Thus, an effective electric field is introduced,
and the ion flux in Eq. (2) might be changed into

dn;
I'i=unkE, . .—D—, 3
i = MLy ldx ( )
with the effective electric field E,g; given by
dE, ¢ ; e
—dt - — (E-E,;). 4
By @

Here, e and m; are elementary charge and mass of the ion,
respectively. The electric field E and the potential V are cal-
culated from Poisson’s equation,

(E’h En—_ne_zdnd)a E=_Z_§:’ (5)

where n,,n_,n,,n,; express the positive ion, negative ion,
electron, and dust particle densities, while g is the permit-

dV
dx
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TABLE 1. Polarisabilities of particle and Lennard-Jones

parameters.

o elkg a
Particle (A) (K) (A?)
SiHy 4.084 207.6 4.62
Si,Hg 442 230.0 8.47
H, 2.827 59.7 0.805
H 2.5 30.0
SiHj 3.943 170.3
SiH, 3.803 133.1
Si,Hjs 4.717 306.9

tivity of free space, and Z,=Q,/e is the number of elemen-
tary charges on the dust particles.

The electron energy balance is introduced to calculate the
electron temperature 7,,

d|(3 dar,
- EneTe + R el [E+S,, (6)

where szgTeFe—%DeneLZ: is the electron energy density
flux, S,, is the loss of electron energy due to electron-impact
collisions. No energy balances for ions, neutrals, and nano-
particles because we assume that they have local gas tem-
perature.

In this model, to obtain the rates constant of electron-
impact collisions as a function of the electron temperature, a
separate module is incorporated to calculate the electron en-
ergy distribution function from the Boltzmann equation in
the two term approximation, whereas the cross sections
needed are given in Refs. [8,17].

For neutral particles, only the diffusion term is consid-
ered, with the diffusion coefficient D;; (m? s™!) of species j
in every background gas i (H,,Si,Hg,SiH,4) obtained by the
classical expression for binary collisions [17],

3 kgTyas QkpToq/my) 12
7o Qp(¥)

D;;=

7
i~ 16 P @

where kj is the Boltzmann constant, Tgm is the gas tempera-
ture, P, is the total gas pressure, m;; is the reduced mass,

0;;=(0;+0;)/2 is the binary collision diameter, {,(V) is the
diffusion collision integral with W=T,,/€;, and €;=(¢
X €; )05 The Lennard-Jones parameters €; and o; are given in

Table I. The diffusion coefficient D; in the background

mixed gas can be calculated by Blancs law [18] PW—E =
The mobility w; of ion j in background neutral i (1n

m? s~ V7!) is calculated by the low-field Langevin mobility

expression [18],

T
pij=0.514m > 00— (8)
Py

where «; is the polarizability of gas molecule i given in Table
I. Then, also by using Blancs law, we can get the ion mobil-
ity u; in the background mixed gas, as well as the diffusion
coefficient D; based on the Einstein relationship.
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B. Nucleation process

In silane discharge, the formation of dust particles is due
to a series of chemical reactions, better known as gas-phase
polymerization [5,8]. Based on the numerical simulation and
experiment results, we know that negative ions play an im-
portant role in the formation of dust particles. In this model,
there are two different pathways to form larger silyl
(Si,H,,,;”) and silylene (Si,H,,”) starting from SiH;~ and
SiH,",

SiH3_ + S1H4 — SizHS_ + Hz,
SinH2n+l_ + SlH4 - Sin+lH2n+3_ + H2’ (9&)
Sin_ + S1H4 — Si2H4_ + Hz,

SinHZn_ + SlH4 - Sin+lH2n+2_ + HZ' (9b)

Since vibrational excited SiH, molecules (SngH) and
SiHE‘Z"‘)) are proved to be important in the formation of dust
particles, the molecule-anion reactions concerned with these
molecules are also taken into account. A total of 36 different
species (electrons, ions, neutrals, and radicals) and more than
160 reactions are included in this work. Kinds of the electron
collisions and chemical reactions, as well as the reaction co-
efficients involved are obtained from Refs. [8,17]. Moreover,
in order to avoid tracing unlimited chemical reactions in Eqs.
(9a) and (9b), a step is adopted as similar work shown in Ref.
[9], in which direct transforms from the large anions (mostly
Si;,H,s7) into nanoparticles with a given radius are intro-
duced. That is, further anion-silane reactions, which would
lead to the formation of silicon hydride anions, containing
more than 13 silicon atoms (e.g., Sij,Hps™+SiH,— Sij3Hyy™
+H, at k=10""8 m?s7!), will be cut off and replaced by
introducing the production rate as the source term to approxi-
mately describe the formation of nanoparticles with certain
radii.

C. Particle charging equation

Nanoparticles in plasmas are usually negatively charged
for the thermal speed of the electrons is substantially larger
than that of the positive ions. The negative charge on the
nanoparticle’s surface Q,=4meqr,Vy is variable and mainly
depends on the size of particle r,; and the floating potential
Vy relative to the surrounding plasma conditions. We can
obtain the dust particle charge from the hitting of the electron
and positive-ion currents toward the particle’s surface [1], as

d
—Q"=1i+16, (10)
dt

while neglecting the charging contribution from the anions,
which cannot overcome the negative floating potential V; on
the dust particle. For a spherical nanoparticle with radius r,,
as the linearized Debye length \; > r,, the electron current /,
and ion current /; collected by the surface of dust particles
can be given by the orbital motion limited theory (OML)
[19],
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|8kgT! eV
I,=- Wrﬁene £ eexp(—ﬂ,),
mm, kgT,

[8k,T; %
I;= 7rien; _71-; (1 —z—B%), (11)

L

where n, and n; are the electron and positive-ion densities,
kgT! is electron temperature. Also in this equation, in order
to take into account, the ion drift velocity v; in the plasma
sheaths, kpT; is replaced by the mean energy E;

1 AkyT,
Ey=omal= ="+ “maf, (12)
T

where v,=(8kpT, ./ mm;+ /)" is the mean ion speed and

Ui = \s"SkBTgas/ 7m; is the ion thermal velocity as well.

D. Particle transport equation

As for the flux term of nanoparticles, forces considered to
be exerted on the particles, such as the electrostatic force, ion
drag force, neutral drag force, gravitational force, as well as
the thermophoretic force, are all included in this model. The
electrostatic force exerted by the electric field Fr=0,F can
confine the dust particles in the discharge region. The ion
drag force, formed by the collision between the positive ions
and dust particles, consists of two parts [20]: one is the col-
lection force given by F i’a,”:nivsmiviwb?, representing the
momentum transfer of all the ions that are collected by the
dust particle; the other is the orbital force caused by Cou-
lomb  scattering of ions, expressed as Fj ..,
:niuvmivi477bf,,2F, where b, is the collection impact param-
eter, b, is the impact parameter ttlat2 corresponds to the
deflection angle 7/2, and F=%1n(2§:—zg’:§) is the Coulomb
logarithm. The neutral drag force also results from momen-
tum transfer between particles and neutral gas molecules,
with  the description [21] approximated by F,
:—%Trrﬁnnmnv,h(vd— v,), where m,,,n,, v, are the background
gas mass, number density, and average thermal velocity and
y, is the drift velocity of dust particles, with the velocity of
gas taken as v,=0. For spherical nanoparticles, the gravita-
tional force F g=%1'rr[31pdg cannot be neglected in the parti-
cle’s transport equation, with p, the mass density about 2.1
X 103 kg/m?, g is the gravitational acceleration. Finally, the
thermophoretic force arises because of a thermal gradient of

7'2
gas temperature in the plasma given by [22] F, ,hz—%v—:[l

+§—727(1—a)]kTV T,. Where kp is the translation part of the
thermal conductivity and « is the thermal accommodation
coefficient of the gas, taken equal to 1. Assuming that the
neutral drag force balances the sum of all other forces, the
flux of nanoparticles can be expressed as a drift diffusion
[23],
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FIG. 1. (Color online) The spatiotemporal variation profiles of
the electron temperature, with P=300 mTorr, V,=50 V, V,
=25V, f;=3 MHz, and f,=60 MHz.
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where w,=Q,/myv,,, is the nanoparticle mobility, v,

A _Piot 8kpTas .

=2 521\/_“_ is the momentum loss frequency, and
8T eas g . o .

D= pakpT a5/ Qq s the nanoparticle diffusion coefficient.

E. Boundary conditions

In this work, two rf sources are applied to one electrode
with the voltage V(x=0,7)=V,, sin(w,t)+V, sin(w;t) (h,I rep-
resent the HF and LF sources) and the other electrode x=L is
set to be grounded. Moreover, boundary conditions for the
differential equations specified are as follows: the electron
flux at the electrodes is given by I',= inev,h,e(l —0) with the

average thermal velocity v, ,=V8T,/mwm,, the electron re-
flection coefficient ®=0.25, and the electron energy flux
FW=%T9F6, while the secondary electron emission is ne-
glected now. The negative-ion flux at the electrodes is
F—=4]_1n—Uth,i’ and the positive-ion flux is continuous at the
electrodes dI", / dx=0. For the neutral particles, the flux at the
electrodes is given by [24] I‘n:z(;—‘_si)nnv,,,, with the sticking
coefficient of neutrals s;=;—;, where f3; is the surface re-
action coefficient (representing the probability that neutrals
will react at the surface) and v; is the recombination coeffi-
cient (representing the probability of reaction with another
adsorbed species to form a stable volatile product). The val-
ues of s;, B3;, and 7; are given in [8].

III. RESULTS AND DISCUSSION

In this work, we mainly study the behavior of nanopar-
ticles and the influences of dual-frequency sources. We first
set the HF source at f,=w,/27m=60 MHz and V,=25 V,
and the LF source at f;=w;/27m=3 MHz, V;=50 V, with the
gas pressure P=40 Pa (or 300 m Torr). In all calculations,
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FIG. 2. (Color online) The spatiotemporal variation profiles of
the electric field, with the settings the same as those in Fig. 1.

the gas temperature and the electrode spacing are kept as
T,4s=400 K, L=2.5 cm. Moreover, 100 grid points are em-
ployed in the axis direction, while one HF cycle is divided
into 1000 time steps (Ar=1.67X107!! s). A longer time
step of 1.67 X107 s is adopted for the description of the
neutral-neutral chemistry to speed up the calculation. The
discussion given below is based on the simulation results
after calculation of 24 000 HF periods, approximately 0.4
ms. Surely, this period of time is not enough for such a
system to reach perfect steady state. Actually, a cutoff is
adopted in our simulations, in case of long time consuming
for low convergence rate as closing to the steady state in the
discharge. Anyway, we think that the simulation results
present in the following are very close to the final state and
few of the important physics has been lost in the following
discussion.

The spatiotemporal variation profiles of the electron tem-
perature and electric field within one LF period are shown in
Figs. 1 and 2, respectively. It is clear that the electron tem-
perature shows little fluctuation in the whole space distribu-
tion but begins to oscillate obviously near the sheath region,
under the influence of both the HF and LF sources. The
electric field keeps nearly zero in the bulk region but be-
comes stronger and changes rapidly in the presheath and
sheath regions, as shown in Fig. 2. Thus, the electrons accel-
erate significantly under the influence of the strong electric
field, resulting in the evident increasing of the electron tem-
perature in the presheath region. Figure 3 shows the spa-
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FIG. 3. (Color online) The spatiotemporal variation profiles of
the nanoparticle number density, with the settings the same as those
in Fig. 1.
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FIG. 4. The spatial variation profiles of the positive ion and
electron number densities within one LF period, with the settings
the same as those in Fig. 1.

tiotemporal profile of nanoparticle number density within
one LF period. The figure illustrates that the nanoparticles
mainly distribute in the plasma bulk. Since the electric field
force exerted on the particles changes fast and far exceeds
the ion drag force in the sheath regions near the electrodes,
the negatively charged particles may be repelled from the
plasma sheaths and effectively trapped in the bulk of the
discharge.

The spatial profiles of the densities of positive ions and
electron are plotted in Fig. 4, which has been time averaged
in one LF period. As we can see, the most abundant positive
ion in this discharge conditions is SiH;* with a density of
about 5X10'® cm™ in the bulk plasma region, while the
densities of the other positive ions Si,H,* and H," are ap-
proximately 1X 10'® ¢cm™ and 8 X 108 ¢cm™, much smaller
than that of SiH;*. The electron density, as described in this
figure, is about 5% 10° cm™, which is almost one order of
magnitude lower than that of the main positive ion SiH;*. So,
after long period discharge, the presence and gradual in-
crease in the anions along the reaction pathways in Egs. (9a)
and (9b) may take the responsibility for the decrease in the
electron density. Figure 5 displays the spatial variation pro-
files of the densities of negative ions, including those along
the two main cluster formation pathways with silyl anions
(Si,H,,,;") labeled with solid lines and silylene (Si,H,,”)
anions with dashed lines. We can see from this figure that as
the number of silicon atoms 7 increases, the densities of the
anions decrease slightly but are confined in the bulk plasma

10"+

density (cm”)

Si,Hy,, (0=1...11)

= = SipHy,

- - - SiH (0=1..11)

0.0 0.5 1.0 15 2.0 25
x (cm)

FIG. 5. The spatial variation profiles of the silyl and silylene
number densities within one LF period, with the settings the same
as those in Fig. 1.
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FIG. 6. (a) The average nanoparticle’s charge Q,/e and (b)
number density n, for different HF voltages V=20, 25, and 30 V
with V,=50 V, P=300 mTorr, f;,=3 MHz, and f,=60 MHz.

region, showing the decreasing production of anions in the
successive reaction pathway. Similar results have been also
obtained in both the experimental [25] and theoretical studies
[8], and the densities of all silyl anions are much higher than
those of silylene anions, showing that the silyl anion reactive
series is the main pathway for nanoparticles formation. We
also notice from this figure that in each pathway, the densi-
ties of Si;,H,s~ and Si;;H,,~ are much more than the com-
paratively smaller anions since few loss terms leading to big-
ger anions is considered in this model.

Since the sheath characteristics and parameters are deter-
mined by the LF source while the plasma parameters are
determined by the HF source independently, we try to fix one
electric source at a certain value while adjusting the voltage
or frequency of the other source to study their effects on dust
particles. Here, we choose nanoparticles with radius at r,
=0.5 nm. First, Figs. 6 and 7 give us effects from different
voltages of HF and LF sources. Figure 6(a) shows the spatial
variation profiles of the average charge Q, collected on the
nanoparticle’s surface, with the HF voltage V), set at 20, 25,
and 30 V and the LF voltage V; at 50 V. As we know from
Eqgs. (10) and (11), the densities and temperatures of the ions
and electron are the main parameters that the nanoparticle
charge Q, depends on. The charge Q, decreases rapidly with
much less electrons collision in the sheath, while exhibit
prominent peaks near the presheaths for the acceleration of
the electrons by rapid changes in the electric field. In the

164 @, e V=50V

~_ 08
Q4]
0.0 . . . .
2.1 10'°~(b)
m,.\ AX
! 10 |
g 1.4x10
< 7.0x10°
0.0
0.0 25

x (cm)

FIG. 7. (a) The average nanoparticle’s charge Q /e and (b)
number density n, for different LF voltages V;=50, 60, and 80 V
with V,=30 V, P=300 mTorr, ;=3 MHz, and f,=60 MHz.
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FIG. 8. (a) The average nanoparticle’s charge Q,/e and (b)
number density n, for different HF frequencies f;,=30, 45, and 60
MHz with f;=3 MHz, P=300 mTorr, V,=50 V, and V,,=30 V.

bulk plasma, the charge on the nanoparticle gets lower be-
cause of weaker electric field and lower electron tempera-
ture. Otherwise, we can see that the nanoparticle charge in-
creases with the increasing of HF voltage, especially in the
presheath region, indicating effects on plasma parameters
from the HF source. Evident effects can also be seen in Fig.
6(b), in which the spatial variation profiles of the dust par-
ticle density n,; with different HF voltages are shown. It is
clear that the nanoparticle densities increase definitely with
the increasing of HF voltage, which is responsible for in-
creases in the electron energy and plasma density, as well as
the electric power dissipation. As for the influences of LF
voltage, as shown in Fig. 7, in which the LF voltage V; has
been set at 50 V, 60 V, and 80V separately, increasing of the
LF voltage makes the sheath expand to the bulk plasma and
the discharge power decrease, can in turn cause decreasing of
dust particle density in the bulk plasma region, while slight
effects are noticed on the nanoparticle surface charge.

The effects of HF and LF source frequencies on the par-
ticle are also taken into account, as shown in Figs. 8 and 9.
With the HF frequency f, set at 30, 45, and 60 MHz and the
LF frequency f; at 3 MHz, we can see in Fig. 8 that the
nanoparticle’s average charge and density increase with the
increasing of HF frequency, especially in the bulk plasma
region, suggesting greater electron energy and plasma densi-
ties due to higher HF frequencies and more absorption
power. Moreover, compared with Fig. 6(a), the two peaks in

1.64 (@) -==/=3MHz
121 - -~ -f=5MHz
L —— f=10MHz
~ 0.8
oY)
0.4
0.0 o : ; ; ;
10 XL
P 2.1x10 p—
g 1.4x10" Vsov
2 /,=60MHz
= 7.0x10°4
0.0 ; ; ; ;
0.0 0.5 1.0 1.5 2.0 2.5

x (cm)

FIG. 9. (a) The average nanoparticle’s charge Q /e and (b)
number density n, for different LF frequencies f;=3, 5, and 10
MHz with f,=60 MHz, P=300 mTorr, V,=50 V, and V,,=30 V.
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FIG. 10. (a) The average nanoparticle’s charge Q,/e and (b)
number density n, for different gas pressures P=250, 300, and 350
mTorr with V;=50 V, V,=30 V, f;=3 MHz, and f;,=60 MHz.

Fig. 8(a) move nearer to the electrodes instead of just in-
crease, indicating that more collisions between electrons and
particles occur due to higher HF frequencies and result in the
increase in plasma density and the shrinking of the sheaths.
Thus, adjustments of HF frequency are more effective for
plasma density increasing. The effects of LF source frequen-
cies on the particle are also studied in Fig. 9, in which the
plots of particle densities and charges are given in Figs. 9(a)
and 9(b), with the LF frequency f; set at 3, 5, and 10 MHz
and the HF frequency f;, at 60 MHz. We can see that almost
no special effects on the particle formation, coming from
different LF frequencies. As well known, the tiny electrons
in the plasma can respond to the HF frequency definitely
rather than the LF frequency. Plasma is mainly produced by
the collision between particles and the oscillated electrons
with the HF frequency, and, according to the OML theory,
the charge and density profiles of nanoparticles are depen-
dent on the local electron and ion densities, as well as the
electron temperature. Thus, the HF frequency still exerts an
important influence not only on plasma discharge processes
but also on nanoparticle formation. In addition, the coupling
of the two applied sources will become possible when the LF
frequency increases and is close to the HF frequency.

Figure 10 shows us the profiles of the averaged charge Q,
and densities of nanoparticles, dependent on the gas pressure
P, which has been set at 250, 300, and 350 mTorr. We can
see that the nanoparticle density increases with the increasing
of gas pressure, while the surface charge on the nanoparticles
decreases especially in the presheath region. As the gas pres-
sure increases, the collision between electrons and back-
ground neutrals becomes more frequent, resulting in higher
plasma density and nanoparticle density, as well as larger
anion density along the formation pathway of the nanopar-
ticles. However, more larger anions’ existence will lead to
the decrease in the electron density due to the attachment
loss in the successive polymerization reactions in the
quasineutral bulk plasma. Thus, higher gas pressure can in-
crease the nanoparticle density but shorten the averaged
charge on nanoparticle surface, especially in the presheath
region.

In order to figure out the effects of the existence of larger
anions and nanoparticles on the plasma discharge in silane
DF-CCP, we finally describe the variation in the densities of
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FIG. 11. The temporal variation profiles of the number densities
of the particles, as well as the potential and electron temperature, in
the center of the discharge, throughout the whole discharge time,
approximate 0.4 ms, with P=300 mTorr, V,=50 V, V,=25 V, f;
=3 MHz, and f;,=60 MHz.

the particles, potential, and electron temperature, as a func-
tion of the discharge time, as shown in Fig. 11. The calcula-
tion results plotted in this figure are all those in the center of
the discharge. Note in Fig. 11(a) that the density of the posi-
tive ion SiH;* keeps increasing obviously from the beginning
of the discharge, getting approximately one order of magni-
tude greater during 0.4 ms, while the dust particle with ra-
dius r;,=0.5 nm starts to appear from the time r=0.2 ms,
and then its density keeps increasing definitely. Meanwhile,
as the growth of larger silyl (Si,H,,,;) and silylene (Si,H,,)
anions, as well as the dust particles, which always present
electronegative due to different thermal speeds of the elec-
trons and positive ions, the density of the smallest anion
SiH; keeps decreasing after a sudden increase at the begin-
ning of the discharge, similar to that of the electron. The
electron temperature then gets increasing owing to almost
the same electric power dissipation, and the electric potential
decreases monotonically during the whole discharge time, as
shown in Fig. 11(b).
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IV. CONCLUDING REMARKS

In summary, we have studied the influences of the dual-
frequency electric sources on the formation of dust particles
in silane DF-CCP by using a self-consistent fluid model, in
which density and flux balances of electrons, ions, neutrals
and nanoparticles, electron energy balance, and Poission’s
equation are included. In this simulation, 36 different species
and more than 160 reactions are involved totally, and the
plasma discharge lasts 24 000 HF periods, almost 0.4 ms.
During this discharge, formation and transport of nanopar-
ticles with certain radii are calculated approximately, on the
basis of the largest anions Si;,H,s~ and Sij,H,,™.

Similar to what we have learned in capacitively coupled
plasma driven by single frequency source, the HF source
applied on the electrode has evident effects on the process of
plasma discharge and, of course, also on the nanoparticle
densities in the bulk plasma and charge distributions in the
presheath region. But we also notice in this work that the
relative small LF voltage in dual-frequency CCP can also
accelerate the nanoparticle production, which is expected in
film deposition. Moreover, the different effects of the gas
pressure on the nanoparticle density and charge are dis-
cussed. Finally, the influences of the existence of dust par-
ticles and larger anions on the bulk plasma during the whole
discharge time have been studied also, allowing us to know
self-consistently the properties of the capacitively coupled
silane discharge modulated by dual-frequency electric
sources. In the future work, we will consider more about the
detailed coagulation process of nanoparticles, in a two-
dimensional fluid model.
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