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The formation of particles in low-pressure silane discharges has been studied extensively over the last
decade. In this paper we try to identify, by numerical simulations, the precursors of the dust formation and we
examine the gas-phase reactions leading to larger clusters, and finally to nanometer or micrometer sized
particles. A one-dimensional fluid model is used, which incorporates silicon hydridessSinHmd containing up to
12 silicon atoms. A set of 68 species, including neutrals, radicals, ions, and electrons, is taken into account. The
importance of various cluster reaction sequences is discussed. Besides the discussion of ion-molecule and
ion-ion reactions, the role of the vibrationally excited silane molecules and of SiH3 radicals on the particle
growth process is studied. Finally, the effect of temperature variation on the density of the dust particles is
investigated.
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I. INTRODUCTION

Hydrogenated amorphous siliconsa-Si:Hd thin films are
commonly produced by plasma enhanced chemical vapor
deposition(PECVD) and have been the subject of a lot of
research over the last decade[1–4]. Apart from being used in
the fabrication of thin film solar cells[5–7] a-Si:H has also
an extensive field of applications in other devices, i.e., thin
film transistors used in liquid crystal displays[8,9], light
emitting diodes[10,11], etc. Nanoparticle formation, causing
the creation of “dusty plasmas,” is a generally recognized
problem in PECVD, especially when trying to achieve high
deposition rates with good layer quality. Initially the dust
grains were solely considered harmful, because they con-
taminated the substrate. In the microelectronics industry, par-
ticles with diameters as small as tens of nanometers may
cause killer defects[12,13]. Therefore, the research primarily
aimed at avoiding the particle formation and/or contamina-
tion. Since then this field has been rapidly expanding. It ap-
pears that film deposition in solar cells application now even
benefits from the presence of nanoparticles[14]. It was found
that if particles were deposited in the films, while their size
was still small(order of a few nanometers), the films show
improved properties[15,16]. The so-called polymorphous
silicon thin films have superior electronic properties leading
to solar cells that show stability against light induced defect
creation—thus making this material a good candidate for use
in high-efficiency solar cells[13,17].

Good knowledge of the plasma species densities(elec-
trons, positive and negative ions, various molecules, radicals,
as well as dust particles) together with a good understanding
of their behavior in the discharge can assist in the design and
optimization of the equipment and the processes. It can assist
in eliminating undesirable contaminants, as well as create

new ways for generating desirable particles for enhanced
film properties. However, despite the widespread use of
PECVD processes and the fact that deposition of silicon
from silane is one of the best studied PECVD systems, the
details of the chemistry occurring during deposition and es-
pecially of the nanoparticles formation are not yet well un-
derstood.

In this paper the initial step of particulate growth in a dust
forming silane discharge is investigated. Based on experi-
ments[18], the nucleation appears to take place by a series of
chemical reactions, better known as gas-phase polymeriza-
tion. Starting from silane, larger silicon hydrides are formed
and can finally lead to hydrogenated silicon clusters that can
be considered as dust particles.

Several recent publications have dealt with this issue
[19–21]. Gallagher[19,20] presented a simple homogeneous
plasma-chemistry model where particles primarily grow
from SiH3

− anions and SiHm radicals, first into SixHm
− ions and

SixHm radicals, which then grow into silicon hydride par-
ticles. Gallagher mainly focuses on the calculation of elec-
tron, ion, radical, and silane collisions with SixHm

z radicals
and ions withz charges. Realistic estimates of the radical and
cation densities are used[20]. Bhandarkaret al. [21] devel-
oped a zero-dimensional chemical kinetic nucleation model
in which linear and cyclic silicon hydride species containing
up to ten silicon atoms were considered. They assume a con-
stant positive ion density(proportional to the rf power) and
use it as an input parameter.

When studying particle nucleation and growth in a dis-
charge, it is important that the model accounts self-
consistently for the coupling between particle growth and
changes of the plasma properties. In contrast to the studies
performed so far we make use of a one-dimensional fluid
model, where the electron kinetics, the chemistry of the dis-
charge, as well as the deposition process are described in a
self-consistent way. The electron kinetics(electron impact
reactions, electron transport coefficients) depend strongly on
the electron energy distribution function(EEDF). In contrast*Electronic address: kathleen.debleecker@ua.ac.be
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to Ref. [21], the EEDF is not assumed to be Maxwellian,
since it can often deviate significantly[22], and is influenced
by the composition of the background gas. The EEDF is
calculated by solving the Boltzmann equation in a two-term
approximation and is used to create a look-up table for the
electron rate coefficients and transport coefficients as a func-
tion of the average electron energy. In a previous study we
developed an initial model for the description of the dust
formation [23].

The main reason for using a one-dimensional(1D) model
is the reduction of the computational effort compared to
higher-dimensional models, while the spatial transport due to
gradients is still taken into account. The 1D model can be
applied to carry out a sensitivity study of the relevance of
certain chemical reactions in the plasma. Since this is here
our main concern, the 1D approach is the best option.

Various theories address the clustering mechanism in si-
lane discharges. In general there are three possible routes to
consider, involving either positive ion, neutral, and negative
ion reaction pathways. The cation route seems the less likely
option, since a kinetic bottleneck is already formed at clus-
ters having relatively low numbers of silicon atoms, prevent-
ing clustering reactions beyond five or six silicon atoms. This
has been extensively investigated by Mandichet al. [24].
Moreover, the positive ions are efficiently evacuated from
the plasma across the sheaths, resulting in insufficient time
for a cation to undergo an entire clustering reaction se-
quence. Watanabeet al. [25,26], who studied the neutral
clustering pathway, argue that SiH2 insertion reactions play
an important role in the formation of bigger particles. None-
theless, most authors consider the main pathway leading to
clustering to be governed by anion-neutral reactions
[19–21,27–29]. The long residence time of the anions in the
plasma, electrically confined by the plasma sheaths, favors
their further growth, and makes them good candidates to
trigger particle nucleation. Mass spectra, measured by Hol-
lenstein et al. [30], show a good correlation between the
anions and particle formation. Once the particles are formed,
they can grow further by coagulation and, eventually, due to
deposition of radicals or ions on the particle surface.

In our calculations, dust is primarily formed by successive
reactions of anions with silane molecules. Exact data for the
rate constants of these anion-molecule reactions are still not
known. Therefore a comparison is made between two situa-
tions where the rates of these reactions are varied, according
to data known from literature. In this paper we will also
focus on the role of vibrationally excited silane molecules
and of SiH3 radicals on the particle growth process. Com-
pared with ground state silane, vibrationally excited silane
can in fact enhance the kinetics of the clustering mechanism.
A study of their contribution is made for the different clus-
tering situations. Besides silane, the radical SiH3 can also
play a role in the early stages of particle formation if the rate
of the radical-anion reactions is much higher than the rate of
anion-molecule reactions. In this model anions containing up
to a maximum of 12 silicon atoms are incorporated; hence,
no reactions are included that lead to the formation of
SinHm

− with n.12.
In Sec. II we describe the fluid model and the mechanisms

for particle growth. In Sec. III simulation results of the initial

step of particle formation are presented and the influence of
variation of certain parameters(e.g., rate constants, tempera-
ture) on the densities of the dust particles is studied. Conclu-
sions are presented in Sec. IV.

II. MODEL DESCRIPTION

A. Fluid model

In our 1D fluid model the discharge is described by par-
ticle balance equations for the ions, electrons, and neutrals,
and an energy balance equation for the electrons. The electric
field is calculated from the Poisson equation, which is
coupled to the balance equations, making the model fully
self-consistent. Power input into the plasma is transferred to
the charged species(electrons and ions) by ohmic heating.

The fluid model for describing a silane/hydrogen dis-
charge was originally developed by Nienhuiset al. [31,32].
In the present paper, this model is used to investigate the
nucleation of dust in a silane plasma. The most important
aspects of the model will be given here. Further details con-
cerning the numerical techniques and algorithms can be
found in Refs.[33,34]. Typical discharge quantities, such as
the fluxes, densities of the particles, and the electric field, are
calculated self-consistently.

The density balance for each speciesj (electrons, ions,
radicals, and neutral molecules) is described by

dnj

dt
+

dG j

dx
= Sj , s1d

wherenj and G j are the particle’s density and flux, respec-
tively, andSj represents the different source and sink terms
of particle j (respectively, formation/destruction). The gas
inlet and pumping have been incorporated by the introduc-
tion of additional source and sink terms. The chemically inert
molecules are perfectly mixed over the entire reactor vol-
ume. The radicals, on the other hand, can undergo reactions/
transitions at the wall, resulting in a nonuniform profile.

The momentum balance is replaced by a drift-diffusion
approximation, which means that each particle flux consists
of two separate terms, a drift and a diffusion term,

G j = m jnjE − Dj
dnj

dx
, s2d

wherem j andDj are the mobility and diffusion coefficient of
speciesj , and E represents the electric field. The diffusion
coefficient of the positive and negative ions is obtained from
the Einstein relation(see Sec. II D). For the neutral particles
the mobility term is equal to zero. Equation(2) assumes that
the charged particles will react instantaneously to a change in
the electric field. Because the ions cannot follow the actual
electric field, an effective electric field is taken into account
which compensates the inertia effects originating from their
lower momentum transfer frequency. An expression for the
effective electric field is obtained by neglecting the diffusive
transport and inserting the expressionGi =miniEef f in the sim-
plified momentum balance:
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dGi

dt
=

eni

mi
E − nm,iGi , s3d

wherenm,i is the momentum transfer frequency of the ioni
given by

nm,i =
e

mi mi
. s4d

Heree represents the elementary charge andmi the mass of
the ion. The effective electric field, replacing the instanta-
neous electric field in Eq.(2), is then given by

dGef f,i

dt
= nm,isE − Eef f,id. s5d

The electric fieldE and the potentialV are calculated
using the Poisson equation,

d2V

dx2 = −
e

e0
so n+ − o n− − ned, E = −

dV

dx
, s6d

where e0 is the permittivity of free space,ne the electron
density, n+ the total positive ion density, andn− the total
negative ion density(the negative dust species included).

The electron energy densitywe=nee (i.e., the product of
the electron density and the average electron energy) is cal-
culated self-consistently from the second moment of the
Boltzmann equation,

dwe

dt
+

dGw

dx
= − eGeE + Sw, s7d

with Gw the electron energy density flux,

Gw =
5

3
meweE −

5

3
De

dwe

dx
, s8d

and me and De are the electron mobility and electron diffu-
sion coefficient. The termSw in Eq. (7) represents the loss of
electron energy due to electron impact collisions. No energy
balance is included for the ions and neutrals. The energy
dissipated by the ions is only accounted for in the overall
energy balance of the discharge, where a preset total con-
sumed power is specified.

B. Plasma kinetics

In order to model the formation of dust in a silane dis-
charge, the 1D silane model, developed by Nienhuiset al.
[31], has been extended with chemical reactions leading to
the formation of bigger particles. Since particle nucleation is
at this point our main interest, we have included silicon hy-
drides containing up to a maximum of 12 silicon atoms and
we try to identify the precursors of the dust formation. We
will especially focus on the role of the plasma-activated vi-
brational excitation of SiH4, and also on the role of the SiH3
radicals.

1. Species included in the model

An overview of the different species(molecules, ions, and
radicals) taken into account in our model is given in Table I.
In addition to silane ground state molecules, vibrationally
excited silane molecules, formed by electron impact collision
on ground state silane, are also considered. The first vibra-
tional levels of silane SiH4

s2–4d, i.e., the bending modes at
0.113 eV, and SiH4

s1–3d, i.e., the stretching modes at
0.271 eV, are therefore incorporated as separate species.

For every saturated silane molecule SinH2n+2, the corre-
sponding SinH2n+1 radical has to be considered, since hydro-
gen abstraction is an important reaction in silane plasmas.
The silylenes SinH2n are also included, since their corre-
sponding anions play a role in the initial particle formation.
The silylenes are a reactive form of the silenes(i.e., mol-
ecules containing a double bond between two silicon atoms).
They are characterized by a single bond between the two
silicon atoms with two nonbonding electrons. Through
isomerization reactions, the silylenes can be altered to the
thermodynamically more stable silenes. The silenes them-
selves are, however, not incorporated in the present model
because of their unreactive nature. While the positive ions
are limited to SiH3

+, Si2H4
+, and H2

+, the negative ions are
extended up to species containing 12 silicon atoms. We make
a distinction between the silyl anionssSinH2n+1

− d and the si-
lylene anionssSinH2n

− d, as will be explained in the following
paragraphs.

2. Electron collisions

Some chemical reactions require an energy threshold and
are initiated by electrons, which have typically a mean ki-

TABLE I. Overview of the different species incorporated in the model, besides the electrons.

Molecules Ions Radicals

SiH4, SiH4
s2–4d, SiH4

s1–3d SiH3
+, Si2H4

+ SiH3, SiH2

H2 H2
+ H

SiH3
−, SiH2

−

Si2H6, Si3H8, Si4H10, Si5H12 Si2H5
−, Si3H7

−, Si4H9
−, Si5H11

− Si2H5, Si3H7, Si4H9, Si5H11

Si6H14, Si7H16, Si8H18, Si9H20 Si6H13
− , Si7H15

− , Si8H17
− , Si9H19

− Si6H13, Si7H15, Si8H17, Si9H19

Si10H22, Si11H24, Si12H26 Si10H21
− , Si11H23

− , Si12H25
− Si10H21, Si11H23, Si12H25

Si2H4
−, Si3H6

−, Si4H8
−, Si5H10

− Si2H4, Si3H6, Si4H8, Si5H10

Si6H12
− , Si7H14

− , Si8H16
− , Si9H18

− Si6H12, Si7H14, Si8H16, Si9H18

Si10H20
− , Si11H22

− , Si12H24
− Si10H20, Si11H22, Si12H24
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netic energy of a few eV. Electron impact on SiH4 is respon-
sible for the production of radicals, ions, and molecules. An
overview of the different electron collisions(ionization, dis-
sociation, attachment, and vibrational excitation) with their
respective threshold energies and references for the cross
sections is presented in Table II. The cross sections of the
electron collisions for SiH4, Si2H6, and H2 are given in Fig.
1, where the number of the curves corresponds to the number
of the electron collisions shown in Table II. The EEDF is
calculated from the Boltzmann equation in the two-term ap-
proximation, and is needed to calculate, from the above cross
sections, the rate constants of the electron impact collisions,
which are expressed as a function of average electron energy.

Dissociation of SiH4 leads mostly to the formation of
SiH3 and SiH2 radicals with a branching ratio of 0.17/0.83, in
favor of SiH2 [37].

The ionization cross sections for SiH4 and Si2H6 have
been measured by Krishnakumaret al. [35]. All the ioniza-
tion cross sections are lumped and linked to the ion which is
most likely formed. So we only consider SiH3

+, Si2H4
+, and

H2
+ as the ionization products of SiH4, Si2H6, and H2, respec-

tively.
Dissociative attachment cross sections for SiH4 are ob-

tained from Haaland[39]. Similarly to the lumping of the

ionization cross sections, only SiH3
− and SiH2

− are considered
as the most important anions formed from the dissociative
attachment of SiH4, with over 70% leading to the formation
of SiH3

−. As can be seen from Fig. 1, the cross section for the
formation of SiH− by dissociative attachment(represented by
curvea) is so low that this species is not taken into account
separately. Si− is also a minor product and could not even be
detected in the measurements of Haaland[39,43]. The cross
sections for the formation of SiH3

− and SiH2
− by dissociative

attachment are not particularly large. Indeed, they are two
orders of magnitude lower than the corresponding dissocia-
tive ionization cross sections. However, dissociative attach-
ment represents the most important source of negative ions
in the silane plasma, and the residence time for negative ions
in the discharge is longer compared to that of any other spe-
cies. Even modest production rates of anions can lead to a
substantial buildup of the anions, as they are electrically con-
fined by the plasma sheaths. Hence, mutual anion-cation
neutralization represents the only loss process for the nega-
tive ions (see below).

Dissociative attachment on Si2H6 leads to the production
of both disilicon anions Si2Hm

− sm=0−5d and monosilicon an-
ions SiHm

− sm=0−3d [44]. Rate constants were derived from
the dissociative attachment cross sections of SiH4 and Si2H6

TABLE II. The electron collisions used in the model, with the reference where their cross sections are taken from.

Threshold

S. No. Reaction energy(eV) Reaction-type Reference

1 SiH4+e−→SiH3
++H+2e− 11.9 Dissociative ionization [35]

2 SiH4
s2–4d+e−→SiH3

++H+2e− 11.8 Dissociative ionization [35]

3 SiH4
s1–3d+e−→SiH3

++H+2e− 11.7 Dissociative ionization [35]

4 Si2H6+e−→Si2H4
++2H+2e− 10.2 Dissociative ionization [35]

5 SiH4
s0d+e−→SiH4

s2–4d+e− 0.11 Vibrational excitation [36]

6 SiH4
s0d+e−→SiH4

s1–3d+e− 0.27 Vibrational excitation [36]

7 SiH4+e−→SiH3+H+e− 8.3 Dissociation [37,38]

8 SiH4
s2–4d+e−→SiH3+H+e− 8.2 Dissociation [37,38]

9 SiH4
s1–3d+e−→SiH3+H+e− 8.1 Dissociation [37,38]

10 SiH4+e−→SiH2+2H+e− 8.3 Dissociation [37,38]

11 SiH4
s2–4d+e−→SiH2+2H+e− 8.2 Dissociation [37,38]

12 SiH4
s1–3d+e−→SiH2+2H+e− 8.1 Dissociation [37,38]

13 Si2H6+e−→SiH3+SiH2+H+e− 7.0 Dissociation [37]

14 SiH4+e−→SiH3
−+H 5.7 Dissociative attachment [39]

15 SiH4
s2–4d+e−→SiH3

−+H 5.6 Dissociative attachment [39]

16 SiH4
s1–3d+e−→SiH3

−+H 5.5 Dissociative attachment [39]

17 SiH4+e−→SiH2
−+2H 5.7 Dissociative attachment [39]

18 SiH4
s2–4d+e−→SiH2

−+2H 5.6 Dissociative attachment [39]

19 SiH4
s1–3d+e−→SiH2

−+2H 5.5 Dissociative attachment [39]

20 H2+e−→H2
++2e− 15.4 Ionization [40]

21 H2+e−→H2
sy=1d+e− 0.54 Vibrational excitation [41]

22 H2+e−→H2
sy=2d+e− 1.08 Vibrational excitation [41]

23 H2+e−→H2
sy=3d+e− 1.62 Vibrational excitation [41]

24 H2+e−→H+H+e− 8.9 Dissociation [42]
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by Perrinet al. [27], by integrating over a Maxwellian en-
ergy distribution. ForTe=3 eV, the rate constant for Si2H6 is
at most three times larger than that for SiH4. But despite this
enhanced attachment, the Si2H6 concentration represents
only a few percent of the gas mixture, and our calculations
show that the production of anions through this pathway is
negligible in comparison to the dissociative attachment of
SiH4, and therefore dissociative attachment on Si2H6 is not
considered. The same applies for the dissociative attachment
on larger silicon hydrides.

The anion H−, is not considered either, since, for its pro-
duction to be significant, it first requires the production of
excited H2 molecules, which can then undergo dissociative
attachment leading to the formation of H− se−+H2

* →H
+H−d. Indeed, in the particular case of H2, the dissociative
attachment cross section increases more than one order of
magnitude per additional vibrational quantum[45]. Because
of the constraint of two successive reactions and the loss of
excited H2 molecules due to quenching at the walls, the cal-
culated density of H− proved to be insignificant in our cal-
culations.

The vibrational excitation cross sections of SiH4 are char-
acterized by a steep threshold at the vibrational energies fol-
lowed by a steep drop and a second maximum, as shown in
Fig. 1. Vibrational excitation by electron impact is an impor-
tant process to consider in our calculations, since the vibra-
tionally excited SiH4 moleculessSiH4

s2–4d and SiH4
s1–3dd can

play an essential role in the primary stage of particle forma-
tion. Furthermore, these cross sections also account for a
major energy loss for the electrons.

Similar to ground state silane, vibrationally excited SiH4
molecules can also undergo ionization, dissociation, and dis-

sociative attachment, but data for their cross sections were
difficult to find. Therefore, for the ionization and dissocia-
tion, the cross sections of ground state silane have been used
as an approximation, with its threshold shifted to lower elec-
tron energy(see Table II). A reasonable increase in the dis-
sociative attachment cross section for the vibrationally ex-
cited SiH4 can be expected, since it is stated in Ref.[46] that
the vibrationally and rotationally excited molecules can dras-
tically increase the dissociative attachment. Therefore, we
have increased the cross sections of ground state SiH4 for the
formation of SiH3

− and SiH2
− (curves 14 and 17 in Fig. 1) by

an order of magnitude, and we have shifted the respective
threshold to lower electron energy.

In contrast to SiH4, the vibrationally excited species of H2
sH2

n with n=1–3d are treated as ground state H2, in order to
reduce the number of species. However, their respective vi-
brational excitation has been included in the model, to prop-
erly calculate the electron energy. Their separate incorpora-
tion is also not required to take the increased dissociative
attachment cross section into account, as the production of
H− still remained negligible in the present calculations(see
above).

3. Ion-molecule and molecule-molecule reactions:
General aspects

In Tables III and IV the important ion-molecule and
molecule-molecule reactions are summarized. The rate con-
stants in the tables reflect the values at a gas temperature of
400 K and a gas pressure of 0.3 Torr or 40 Pa(p0 is denoted
in Pa units in the tables). Some of the rates are a function of
gas temperature or pressure and their general notation is
given in the comment section of the table. Reactions 1–9 in
Table III are part of a “standard” silane/hydrogen discharge,
i.e., without the integration of dust, and form the basis for the
further extension of our model, namely, to include the initial
phase of dust formation. A further detailed discussion of the
chemical reactions in Table III can be found in Ref.[31].
Here we will focus our attention on the gas-phase reactions
leading to larger clusters and consider reactions between sili-
con hydrides containing up to 12 silicon atoms(see Table
IV ). In the following sections the different aspects of the
anion chemistry are discussed.

4. Anion-molecule reactions: Cluster growth

Since the silicon hydride anions are electrostatically
trapped in the plasma bulk, they can easily undergo polymer-
ization reactions. The earliest stages of particle formation
start primarily from the anions SiH3

− and SiH2
−, principally

formed through the dissociative attachment of SiH4 (reac-
tions 14–19 of Table II).

The dominant negative ion, SiH3
−, is the first species of the

particle formation and can in turn undergo the following
anion-molecule chain reactions:

SiH3
− + SiH4 → Si2H5

− + H2, s9ad

Si2H5
− + SiH4 → Si3H7

− + H2, s9bd

A

FIG. 1. Cross sections of the electron collisions with SiH4,
Si2H6, and H2 taken into account in our model. The numbers of the
curves correspond to the numbers of the reactions shown in Table
II. Curve a represents the production of SiH− through dissociative
attachment of SiH4 and is not included in our model because the
cross section is very low. The dissociative attachment of vibra-
tionally excited SiH4 molecules is described by curves 14 and 17,
multiplied by a factor 10(see text).
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TABLE III. Basic ion-molecule and molecule-molecule reactions. The abbreviation “est” stands for estimated.

Rate constant

S.No. Reaction sm3 s−1d Comment Reference

Hydrogen abstraction

1 SiH4+H→SiH3+H2 1.2310−18 2.8310−17 fexps−1250/Tgasdg [43,47]

2 Si2H6+H→Si2H5+H2 7.0310−18 1.6310−16 fexps−1250/Tgasdg [43,47]

3 Si2H6+H→SiH3+SiH4 3.5310−18 0.8310−16 fexps−1250/Tgasdg [43,47]

4 SinH2n+2+H→SinH2n+1+H2 1.1310−17 2.4310−16 fexps−1250/Tgasdg [43], est.

n=3, . . . ,12

Cluster growth through SiH2 insertion

5 SiH2+H2→SiH4 2.7310−20 3.0310−18f1−s1+2.3310−4p0d−1ga [43]

6 SiH2+SiH4→Si2H6 2.3310−17 2.0310−16f1−s1+0.0032p0d−1ga [43]

7 SiH2+SinH2n+2→Sin+1H2n+4 4.9310−17 4.2310−16f1−s1+0.0033p0d−1ga [43]

n=2, . . . ,11

Other neutral-neutral reactions

8 Si2H5+Si2H5→Si4H10 1.5310−16 [43], est.

9 SiH3+SiH3→SiH2+SiH4 1.5310−16 [43,48]

ap0 in Pa units.

TABLE IV. Additional molecule-molecule and ion-molecule reactions taken into account in the model.

Rate constant

S. No. Reaction sm3 s−1d Comment Reference

Cluster growth through silyl anionssSinH2n+1
− d with SiH4, SiH4

s2–4d, and SiH4
s1–3d

1 SinH2n+1
− +SiH4→Sin+1H2n+3

− +H2 1.0310−18 Expt. n=1, . . . ,11 [27]

2 SinH2n+1
− +SiH4

s2−4d→Sin+1H2n+3
− +H2 2.6310−17 10−183expf+s0.113 eVd /RTg [27], calc.

3 SinH2n+1
− +SiH4

s1−3d→Sin+1H2n+3
− +H2 1.0310−15 10−183expf+s0.271 eVd /RTg [27], calc.

n=1, . . . ,11

Cluster growth through silylene anionssSinH2n
− d with SiH4, SiH4

s2–4d, and SiH4
s1–3d

4 SinH2n
− +SiH4→Sin+1H2n+2

− +H2 1.0310−18 Expt. n=1, . . . ,11 [27]

5 SinH2n
− +SiH4

s2−4d→Sin+1H2n+2
− +H2 2.6310−17 10−183expf+s0.113 eVd /RTg [27], calc.

6 SinH2n
− +SiH4

s1−3d→Sin+1H2n+2
− +H2 1.0310−15 10−183expf+s0.271 eVd /RTg [27], calc.

n=1, . . . ,11

Deexcitation of vibrationally excited SiH4
7 SiH4

s2−4d+SiH4→2SiH4 1.0310−18 Calculated by interpolation(see text) [49]

8 SiH4
s1−3d+SiH4→2SiH4 1.2310−18 Calculated by interpolation(see text) [49]

9 SiH4
s2−4d+H2→SiH4+H2 3.7310−18 Calculated by interpolation(see text) [49]

10 SiH4
s1−3d+H2→SiH4+H2 4.1310−18 Calculated by interpolation(see text) [49]

Neutralization reactions of silyl and silylene anions with SiH3
+ and Si2H4

+

11 SinH2n+1
− +SiH3

+→SinH2n+1+SiH3 ,10−14 Calc.n=1, . . . ,12 [50]

12 SinH2n+1
− +Si2H4

+→SinH2n+1+2SiH2 ,10−14 Calc.n=1, . . . ,12 [50]

13 SinH2n
− +SiH3

+→SinH2n+SiH3 ,10−14 Calc.n=1, . . . ,12 [50]

14 SinH2n
− +Si2H4

+→SinH2n+2SiH2 ,10−14 Calc.n=1, . . . ,12 [50]

Cluster growth through anion-SiH3 reactions

15 SinHm
− +SiH3→Sin+1Hm+1

− +H2 1.0310−15 Not included in standard model [27]

n=1, . . . ,11
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SinH2n+1
− + SiH4 → Sin+1H2n+3

− + H2, s9cd

leading to the formation of larger silyl anions. The enthalpies
of reaction of the first four steps in the clustering process are,
respectively, −0.07, +0.07, +0.07, and 0.00 eV. According
to Fridmanet al. [51] this thermoneutral and even slightly
endothermic nature of some reactions from the chain would
result in an intermolecular energy barrier and even a kinetic
bottleneck. This energy barrier can, however, be overcome
by molecules carrying sufficient internal energy, i.e., the vi-
brationally excited silane molecules, which will be discussed
later on in the following section.

A similar reaction sequence can occur starting from SiH2
−:

SiH2
− + SiH4 → Si2H4

− + H2, s10ad

Si2H4
− + SiH4 → Si3H6

− + H2, s10bd

A

SinH2n
− + SiH4 → Sin+1H2n+2

− + H2, s10cd

resulting in the formation of larger silylene anions, and thus
represent a second important reaction chain.

A major problem is the poor knowledge of the corre-
sponding reaction rate constants. A theoretical upper limit for
the ion-molecule rate is given by the Langevin collision rate.
The constant of the Langevin collision rate is given by[43]

kL = eS p

e0
D1/2S a

mr
D1/2

, s11d

wheremr represents the reduced mass in atomic mass units
of the two reacting species anda is the neutral atom or
molecule polarizability(in Å3). The Langevin rate constant
represents in any case an upper limit of the actual rate con-
stant. Therefore Bhandarkaret al. [21] have reduced the
Langevin rate constants by an order of magnitude, which
results, in our case, in rate constants of the order of
10−16 m3 s−1skg1d [21,23]. On the other hand, Perrinet al.
[27] predict that, based on conclusions derived from mass
spectra, the rate constants of the anion-silane reactions are of
the order of 10−18 m3 s−1skg2d, so two orders of magnitude
lower than the rate constants suggested by Bhandarkar. In
Sec. III B we will compare both cases, but for our standard
model we have used the rate constants suggested by Perrin.

As opposed to SinH2n+1
− and SinH2n

− , the bare Sin
− and

SinH
− cluster anions seem to be very unreactive towards

SiH4. Perrinet al.suggest an upper limit for the reaction rate
constant of about 10−19m3 s−1 sfor nø7d [27]. This low re-
activity is attributed to the increase in electron affinityAe for
H-diluted or H-bare anions, resulting in a lack of exothermic
channels towards SiH4.

In theory, other anion-molecule reactions can occur. Re-
actions of anions with larger silanessSinH2n+2 with n.1d,
e.g., SiH3

−+Si2H6→Si3H7
−+H2, are however not taken into

account, since the density of Si2H6, and especially that of

higher order silanes, is much lower than the SiH4 density(at
the most a few percent), making their contribution negli-
gible.

5. Role of vibrationally excited SiH4
„2–4… and SiH4

„1–3… molecules

The rates of the anion-neutral reactions will be enhanced
by the vibrationally excited molecules SiH4

s2–4d and SiH4
s1–3d

Both species can likewise undergo anion-SiH4
* reactions,

SinH2n+1
− + SiH4

* → Sin+1H2n+3
− + H2 for the silyl anions,

s12d

and

SinH2n
− + SiH4

* → Sin+1H2n+2
− + H2 for the silylene anions,

s13d

where SiH4
* comprises both SiH4

s2–4d and SiH4
s1–3d (see reac-

tions 2–3 and 5–6 in Table IV). The rate constants for the
anion-SiH4

* reactions are calculated based on the rate con-
stant of the anion–ground state SiH4 reactionskgd,

kg
* = kg expS+

Eexcess

RTgas
D . s14d

We increasedkg by an exponential factor, containing the ex-
tra internal energy carried by the vibrationally excited mol-
ecules, which is 0.113 eV for SiH4

s2−4d and 0.271 eV for
SiH4

s1−3d, respectively. In this way we account for their lower
activation energyEa in the Arrhenius equation,

kA = A expS−
Ea

RTgas
D , s15d

where A represents a temperature independent constant. In
the case ofkg equal to 10−18m3 s−1 skg2d, kg

* is typically 2.6
310−17 m3 s−1 for SiH4

s2–4d and 2.6310−15 m3 s−1 for
SiH4

s1–3d, for a gas temperature of 400 K. The rate constantkg
*

cannot, however, exceed the Langevin rate constant(since it
represents an upper limit), hence a maximum rate constant of
1.0310−15 m3 s−1 is adopted for SiH4

s1–3d (see reactions 3
and 6 of Table IV). For kg=10−16 m3 s−1skg1d, both SiH4

s2–4d

and SiH4
s1–3d have a rate constant of 1.0310−15 m3 s−1.

Evidently the deexcitation of the vibrationally excited
molecules has to be incorporated. Besides their decay at the
wall to ground state silane(incorporated by a 100% reaction
chance in the reaction probability), deexcitation in the gas
phase due to collisions with ground state silane and hydrogen
has been considered(reactions 7–10 of Table IV). The reac-
tion rate constants in the table represent the values at a gas
temperature of 400 K, whereby H2 appears to be the most
efficient collision partner. In Perrinet al. [43] the de-
excitation rate constantkdeex is derived for gas temperatures
of 295 K and 500 K. The weak temperature dependence for
collisions with ground state SiH4 can be approximated by a
linear interpolation of the values at 295 K and 500 K to ob-
tain the reaction rate constants at 400 K[49]. This same
temperature dependence has also been used for the deexcita-
tion due to collisions with H2.
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6. Investigation of the importance of other production processes
of SiH3

−, beside dissociative attachment on SiH4

The production of the initial SiH3
− could be enhanced by

the additional contribution of the fast H− reaction[27],

H− + SiH4 → SiH3
− + H2, k = 5 3 10−16 m3 s−1. s16d

But as mentioned above, the production of H− requires two
successive reactions(i.e., first vibrationally excited H2 has to
be formed, before significant dissociative attachment can
take place) leading to a negligible production of H−, and
hence this process will not cause any extra production of
SiH3

− in the present calculations.
Another mechanism of initial SiH3

− production comprises
nondissociative electron attachment of SiH3 radicalssSiH3

+e−→SiH3
−d. Fridmanet al. [51] predict that for relatively

small particles(under 2 nm), the probability of electron non-
dissociative attachment will be small. The authors explain
that this is due to the adiabatic nature of the energy transfer.
The electron attachment will, however, strongly increase
with cluster size, and it will become important for clusters
exceeding the 2 nm size.

So we can conclude that the electron induced dissociative
attachment on SiH4 will be the main initial source of nega-
tive ions in our plasma and that nondissociative attachment
reactions will become significant only for bigger silicon hy-
drides than the ones included in our model.

7. Anion-radical reactions

Anion-radical reactions can become important in a silane
plasma, if the reactivity of the anions towards the radicals is
much higher than their reactivity towards SiH4. The most
abundant silyl radical in the discharge, SiH3, has in our cal-
culations a steady-state concentration about three orders of
magnitude lower than the concentration of SiH4. This means
that the anion-radical reactions have to proceed at a much
higher rate constant than the anion-molecule reactions in or-
der to be important in our model. Perrinet al. [27] predict
that these exothermic reactions proceed at Langevin rate con-
stant of the order of 10−15 m3 s−1. Hence, depending on the
rate constant assumed for the anion-molecule reactions(kg1
=10−16 m3 s−1 suggested by Bhandarkar, orkg2
=10−18 m3 s−1 predicted by Perrin, see above), the anion-
radical reactions can or cannot play a role in the initial phase
of particle formation. In the results section the role of the
radicals for the case of the assumedkg2 s10−18 m3 s−1d is
investigated.

It is important to mention that these reactions will lead to
the dehydrogenation of the anion, as H2 molecules are elimi-
nated,

SiH3
− + SiH3 → Si2H4

− + H2, s17ad

Si2H4
− + SiH3 → Si3H5

− + H2, s17bd

]

SinHm
− + SiH3 → Sin+1Hm+1

− + H2. s17cd

A similar reaction pathway can be produced for SiH2
−. It is

clear from the above reactions that we would have to include
a much higher number of different species, containing an
even lower number of hydrogen atoms or no hydrogen at all
(e.g., anions containing three silicon atoms would range from
Si3H7

− to Si3H4
−). All these new species can in turn undergo

anion-molecule and anion-radical reactions, making the
modeling of all the reactions impossible, especially if we
also want to investigate the bigger anions. Consequently, if
we want to investigate the role of the radicals in the cluster-
ing process, we do not make any distinction between silicon
hydride molecules having the same number of silicon atoms,
but different numbers of hydrogen atoms. The particle for-
mation would then start from SiHm

− with m comprising an-
ions having three to zero hydrogen atoms. This mechanism is
represented by reaction 15 in Table IV. In the results section
the radical-anion reactions are investigated in a separate
paragraph, where no distinction is made between the silyl
and silylene anions, as opposed to the standard model.

Finally, charge transfer reactions between anions and radi-
cals, e.g., SinHm

− +SiH3→SinHm+SiH3
− can only occur if the

radical has a higher electron affinity than the parent radical
anion, since these reactions are energetically favored. Even
though these reactions almost proceed at Langevin rate con-
stants<1.4310−16 m3 s−1d, their contribution is neglected in
our present calculations, due to the much lower concentra-
tion of the radicals in comparison to that of SiH4.

8. Loss mechanisms for anions

Since the anions remain trapped by the positive plasma
potential of the discharge, the only loss processes for the
silyl and silylene anions are mutual anion-cation neutraliza-
tion and electron detachment.

a. Mutual anion-cation neutralization. The main loss
mechanism, by which the chain reaction of cluster growth is
stopped, is the mutual anion-cation neutralization. The mo-
nomeric cation SiH3

+ is the most abundant positive ion in the
plasma. Reactions of silyl anions and silylene anions with
SiH3

+ lead to a charge exchange(reactions 11 and 13 in Table
IV ),

SiH3
+ + SinH2n+1

− → SiH3 + SinH2n+1, s18d

SiH3
+ + SinH2n

− → SiH3 + SinH2n. s19d

Besides SiH3
+, Si2H4

+ is also taken into account for anion-
cation neutralization(reactions 12 and 14 in Table IV). Al-
though H2

+ represents the third positive ion in our calcula-
tions, the concentration of this ion proves to be too low(see
Sec. III) to take any part in the current mechanism and it is
therefore not considered.

Hickman derived a semiempirical formula for the calcu-
lation of the mutual neutralization rate constantkN between
cations and anions[50],
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kN < s5.343 10−13dAe
−0.4mr

−0.5STgas

300
D−0.5

sm3 s−1d, s20d

with Ae the electron affinity(in eV) of the parent neutral
species of the anion,mr the reduced mass(in amu), andTgas
the gas temperature in kelvin. Electron affinity data are taken
from Ref. [52], whereab initio methods have been used to
calculate the correspondingAe. The electron affinity seems to
slowly increase with the number of Si atoms, hencekN will
slightly decrease from typicallykN<1310−13 m3 s−1 for
SiHm

− to kN<5310−14 m3 s−1 for Si12Hm
− for collisions with

SiH3
+ sm=2n+1 for the silyl anions andm=2n for the si-

lylene anions).
As an alternative, anion-cation association with or without

the elimination of excess H or H2 has been suggested by
Haaland[39] and Bhandarkaret al. [21],

SiH3
+ + SinHm

− → Sin+1Hm+3−y + yH. s21d

However, our model calculations predict that this type of
reaction does not seem to contribute to the formation of
larger silicon hydrides at the conditions under study(i.e., the
concentrations of the larger species remained quasiunaf-
fected when this process was included), and hence we have
adopted the charge exchange mechanism instead of the asso-
ciation mechanism, because the rate constants are assumed
the same[27].

b. Electron detachment from anions. Anions can only un-
dergo electron detachment when the energy of the colliding
species exceeds the electron affinityAe of the parent neutral
of the anion. The electron impact detachment, as well as the
detachment due to collisions with excited species, is dis-
cussed below.

Electron impact detachment on ground state anion clus-
ters SinHm

− can occur whenEe.Ae (i.e., the electron affinity
of the corresponding neutral),

e−sEe . Aed + SinHm
− → 2e− + SinHm. s22d

Because of their similar charge, the colliding electron has to
overcome an additional repulsive Coulomb potential. The
Coulomb potential describes the interaction between two
point charges,

U =
q1q2

4pe0r12
, s23d

wherer12 is the distance between the anion and the electron,
q1 and q2 the electric charge carried by the anion and the
electron, respectively, ande0 is the permittivity of vacuum.
Estimations from this equation, taking the interdistance pa-
rameterr12 in the order of 1 Å and assuming that the anion
has one negative charge, result in a Coulomb potential of
about 14 eV. Hence, electron impact detachment can only be
important if the EEDF possesses a high energy tail in the
distribution. However, we also have to bear in mind that, in
our situation, the electron densityne is almost two orders of
magnitude lower than the positive ion density due to the
presence of the anions. Hence, for small negative ions the
mutual ion-ion neutralization will largely dominate over
electron impact detachment. If we go to larger silicon hy-

drides, the rate of neutralization will gradually drop asmr
increases[see Eq.(20) above], whereas the rate of electron
detachment increases with increasing size of the anion.
Hence, ultimately the detachment could take over, but this
applies only to larger clusters than the ones considered in our
present model.

Collisional detachment of the anions by the excited spe-
cies,

X*sE* . Aed + SinHm
− → e− + SinHm + X, s24d

takes place if the excited species carries enough internal en-
ergy. An estimation of the possible reaction rate is obtained
by the following:

kd = A expS−
Ea

RTgas
D = si j

2Î 8kT

pmr
expS−

Ea

RTgas
D , s25d

wheremr is the reduced mass,si j =ssi +s jd1/2 is the binary
collision diameter in Å,Ea is the activation energy in J/mol,
R is the universal gas constant, andTgas is the gas tempera-
ture in kelvin. If we take the threshold energy for neutraliz-
ing SiH3

− s1.4 eVd as an estimation for the value of activation
energy, the rate constant ofkd would be of the order of
10−34 m3 s−1 for ground state colliding species, making this
kind of reaction highly unlikely. Only molecules carrying
sufficient internal energy would be able to stimulate the cur-
rent reaction. Since all the electronically excited states of
SiH4 and Si2H6 are unstable and lead to immediate dissocia-
tion, this process is therefore not very probable.

Taking the above arguments in mind, the detachment of
an electron from an anion seems not very likely in the
present situation, and is therefore neglected in our simula-
tions. Hence, only mutual anion-cation neutralization is
taken into account as loss mechanism for the anions.

C. The plasma-wall interaction

A sticking model describes the plasma-wall interaction for
each neutral species and makes sure that the loss of species
due to deposition at the walls is taken into account. Although
some preliminary information about the growth of the layer
can be obtained from the model, we mainly focus our atten-
tion on the discharge itself. These boundary conditions, how-
ever, cannot be neglected, since they alter the plasma densi-
ties of the depositing species. The model assumes that only
the radicals react with the surface, while the neutral mol-
eculessSiH4,SinH2n+2,H2d are reflected into the discharge.
The decay of the vibrationally excited SiH4 molecules at the
walls is, however, incorporated by a 100% reaction chance in
the surface reaction probability.

The surface reaction probability is composed of a prob-
ability for sticking of the radical on the surface and a prob-
ability for recombination of the radical at the surface to form,
e.g., SiH4 and Si2H6 with other species on the surface.

The SiH3 radical is assumed to be the most dominant
species contributing to the film growth[53]. The surface re-
action coefficient of SiH3 is considered temperature indepen-
dent at a substrate temperature between room temperature
and 750 K, and is set at 0.26[31]. The surface sticking co-
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efficient of SiH3 is 0.09[31], which means that a fraction of
0.17 recombines to SiH4 at the surface. Likewise, a silyl
radical sSinH2n+1d can recombine with a hydrogen atom at
the surface and is emitted as SinH2n+2 into the discharge.
Because the structure of SinH2n+1 radicals, forn.1, is simi-
lar to that of SiH3, the same surface reaction coefficients are
used[43]. For SiH2 the sticking coefficient is set at 0.8[43].
Radicals that are assumed to be responsible for film growth
are SiH3, SiH2, and Si2H5 and their sticking coefficients are
set at 0.09, 0.8, and 0.09, respectively, bearing in mind that
the concentration of SiH2 is extensively diminished by the
SiH2 insertion reactions described in Table III(reactions
5–7).

Information about surface reaction coefficients of larger
clusters is unavailable in literature, hence some approxima-
tions had to be made. Because the structure of silylenes
somewhat relates to that of SiH2, the same sticking coeffi-
cients are used. A sensitivity study showed, however, that by
altering the sticking coefficients of silylenes, their density in
the plasma bulk remains nearly unaffected, which is here of
primary concern.

Positive ions can also be incorporated into the growing
film and their sticking coefficient is assumed to be equal to
one. Anions, however, are unable to reach the reactor bound-
aries, so they do not play a direct role as depositing species.

When a SinHm radical sticks to the surface, not all hydro-
gen is deposited in the layer. Only 10% of the hydrogen will
be incorporated into the layer, while the rest of the hydrogen
will flow back to the plasma as molecular hydrogen. Hence,
when a radical is adsorbed, this process is immediately fol-
lowed by an adequate amount of H2 desorption from the
surface.

D. The transport of species in the plasma

The diffusion coefficientDj sm2/sd of a neutral molecule
j in a background mixture of SiH4, H2, and Si2H6 gas is
obtained by first determining the separate diffusion coeffi-
cients in each of the background gasesi (SiH4, Si2H6, and
H2) from the classical expression for binary collisions[43],

Dij =
3

16

kBTgas

ptot

s2pkBTgas/mrd1/2

psi j
2 VDsCd

, s26d

wherekB is the Boltzmann constant,Tgas is the gas tempera-
ture in kelvin, mr is the reduced mass in amu,si j =ssi

+s jd /2 is the binary collision diameter in Å,Ptot is the total
pressure in pascal units, andVDsCd is the diffusion collision
integral with C=T/ei j andei j =sei +e jd0.5. The Lennard-
Jones parameterse j and s j, in eV and Å, respectively, are
obtained from Ref.[43]. The diffusion coefficientDj of spe-
cies j in the background gas mixture can then be approxi-
mated using Blancs law[54],

ptot

Dj
= o

i=background gases

pi

Dij
. s27d

We can conclude from Eq.(26) thatDj decreases with cluster
size.

For the calculation of the ion mobility coefficients a simi-
lar procedure is used. The ion mobility of ionj in back-
ground neutrali (in m2 V−1 s−1) is calculated using the low
E-field Langevin mobility expression[54],

mi j = 0.514mr
0.5Tgas

ptot
ai

−0.5, s28d

where the reduced massmr is in amu and the polarizability
of the gas moleculei said is in Å3. The ion mobilitym j in the
background gas mixture is again obtained using Blancs law.

The ion diffusion coefficient can be derived from the ion
mobility via the Einstein relationship,

Dj
± =

kBTion

e
m j , s29d

whereTion is the ion temperature, which is assumed to be
equal to the gas temperatureTgas. The expression of the ion
mobility shows thatm j, and hence alsoDj

±, decrease with
cluster size as well.

III. RESULTS AND DISCUSSION

In this section the results obtained from the 1D calcula-
tions are presented and discussed. All simulations were car-
ried out for a parallel-plate, capacitively coupled radio fre-
quency discharge, for a pressure of 40 Pa and a power of
5 W. These are typical conditions for which dust formation
takes place[31]. The electrode gap is set at 3 cm. One elec-
trode is connected to the power supply with a driving fre-
quency of 50 MHz,while the other is electrically grounded.
In order to investigate the temperature dependence the gas
temperature will be varied between 293 K and 500 K at the
end of this section, but for all other simulations it is kept
constant at 400 K. In all calculations the silane gas flow is
set at 20 SCCM(SCCM—cubic centimeter per minute at
STP). A rate constant of 10−18 m3 s−1 skg2d for ground state
SiH4–anion reactions is adopted, unless indicated otherwise.
In Sec. III B the variation of the anion-neutral reactions(be-
tween kg1=10−16 m3 s−1 and kg2=10−18 m3 s−1) will be in-
vestigated.

No secondary electrons are taken into account, so the re-
sults are limited to thea regime of a capacitively coupled
radio frequency discharge, which is a valid assumption for
the conditions under consideration[55,56]. The time step of
a rf cycle in the model is equal to 2.53 10−10 s. A longer
time step of 10−5 s is adopted for the description of the
neutral-neutral chemistry to speed up the calculation.

A. Standard model

Figure 2 presents the calculated density profiles of the
positive ions and electrons(a), and the anions(b) at the
discharge conditions described above. In the bulk of the dis-
charge the electric field is weak, but strong electric fields are
present in the sheaths. Therefore, some variation of the ion
density and especially of the electron density can occur in
the sheaths, but we show here time-averaged electron and ion
densities.
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The major positive ion appears to be SiH3
+ with a density

of about 231016 m−3 in the center of the discharge[see Fig.
2(a)]. The density of Si2H4

+ is approximately two times lower
(at maximum 931015 m−3). Note that the H2

+ density is more
than two orders of magnitude lower, as H2

+ is only produced
by electron impact collisions on H2 above 15.4 eV(see Fig.
1), and hence it is only considered as a minor product. Con-
sequently, no ion-ion neutralization reactions have to be in-
cluded for H2

+ (see above, Sec. II). The electron density is
almost two orders of magnitude lower than the positive ion
density due to the presence of the anions and it is of the order
of 531014 m−3 in the plasma bulk.

For the sake of clarity the negative ions are plotted sepa-
rately in Fig. 2(b). The SiH4 discharge is a typical electrone-
gative plasma, resulting in a high negative ion density in
comparison to the electron density. Indeed, the electron den-
sity in the plasma bulk is about 7.5 times less than the den-
sity of the most dominant anion because of the electron loss
by attachment. Two different pathways, starting from either
SiH3

− or SiH2
−, can be distinguished and lead to, respectively,

the growth of larger silylsSinH2n+1
− d and silylenesSinH2n

− d
anions, due to successive polymerization reactions. The
number indicated on each density profile specifies the num-
ber of silicon atoms,n, and indirectly the number of hydro-
gen atoms(2n+1 for silyl and 2n for silylene anions). In
order to differentiate between both types of anions, the si-
lylene anions(starting from SiH2

−) are represented by a
dashed line. A gradually decreasing trend of the anion den-
sity can be observed as the number of silicon atoms in-
creases. This is in good agreement with the experimental
results obtained by Howlinget al. [28], where the same trend
is detected in their mass spectrometric measurements. This
decrease can be attributed to the fact that a larger anion,
containingn silicon atoms, is produced by the reaction of
SiH4 with an anion containingn−1 silicon atoms. As the
polymerization path continues, every previous anion is also
lost due to the mutual neutralization reactions, leading to a
lower production of the succeeding anion. Both pathways are
stopped in the model at anions containing 12 silicon atoms,

leading to the formation of Si12H25
− and Si12H24

− , respectively.
Note that the density of Si12H25

− and Si12H24
− is about one

order of magnitude higher than the density of the corre-
sponding smaller anions in the same pathway. This can be
explained by the fact that both species do not undergo further
polymerization reactions, and hence are only lost due to mu-
tual neutralization with either SiH3

+ or Si2H4
+. Therefore,

these species can be considered as dust, as they symbolize
the sum of all bigger anions present in the discharge. Hence,
we can conclude from Fig. 2(b) that SiH3

− is calculated to be
the main precursor of the dust formation, as the silyl pathway
appears to be much more important in comparison to the
silylene pathway. Over 90% of the particle formation pro-
ceeds through the silyl pathway and hence mainly Si12H25

− is
formed.

The densities of the most important molecules and radi-
cals are shown in Figs. 3 and 4, respectively. Species react-
ing at the surface are characterized by their decreasing den-
sity towards the electrodes. The densities of the background
neutrals(SiH4, H2, and SinH2n+2 with nù2) are homoge-
neously distributed over the entire reactor. The background
gas SiH4 is present at the highest density, and takes a value
of about 431021 m−3. Opposed to ground state SiH4, the
density profiles of the vibrationally excited SiH4 molecules
(SiH4

s2–4d and SiH4
s1–3d) decrease near the electrodes, repre-

senting their decay at the wall to ground state SiH4, which is
incorporated by a 100% reaction probability. The SiH4

s2–4d

and SiH4
s1–3d profiles reach a concentration of about 5

31018 m−3 and 431018 m−3 in the plasma bulk, respec-
tively, meaning that their density is around three orders of
magnitude lower than the ground state SiH4 density. The H2
density, at 2.531021 m−3, is relatively high. This is due to a
large number of reactions in Table IV which lead to the
production of H2. Furthermore, the sticking of a radical on
the surface causes the reflection of H2 into the discharge, as
was explained above. Higher order silane molecules are
formed by SiH2 insertion reactions(reactions 5–7 in Table
III ) and show, similar to the anion density profiles, a decreas-
ing trend towards higher silicon hydrides. The density of the

FIG. 2. Calculated density profiles of the ions and electrons(assumingkg2=10−18 m3 s−1) (a) positive ions and electrons;(b) anions.
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highest neutral, Si12H26, is slightly higher, since no SiH2 in-
sertion reaction is incorporated, as loss mechanism. Hence,
Si12H26 is only lost due to pumping in the reactor.

From Fig. 4 we can conclude that the most important
radical in the plasma is SiH3 with a density at the maximum
of its profile of about 331018 m−3. A distinction is made
between the silyl radicalssSinH2n+1d and the silylenes
sSinH2nd, the latter being characterized by a dashed line. The
silylene radicals appear to have the lowest density. They are
only included in our model because their respective silylene
anions are important in propagating the clustering process.
The silylenes, containing 2 to 12 silicon atoms, attain ap-
proximately equal concentrations, since they are only pro-
duced by mutual neutralization reactions, which proceed at
nearly the same rate constant for all cluster sizes(see Table

IV ). Hence, their densities are represented by several indica-
tive lines with the notation SinH2n. Only SiH2 is produced at
a much higher rate, given that the dissociation of SiH4
mainly leads to the production of SiH2 (see above: Fig. 1 and
Table II).

B. Effect of variation of anion-molecule rate constants

Exact data for the actual rate constants of the anion-
molecule clustering reactions are still not known. To evaluate
the sensitivity of the model predictions with respect to these
anion-SiH4 rate constants, calculations have been performed
where the anion-SiH4 rate constants are varied between the
two values assumed in literature, i.e., 10−18 m3 s−1 skg2

d,
which is adopted in our standard model, and
10−16 m3 s−1 skg1d, taken from the Langevin rate constant but
reduced by an order of magnitude(see above).

In Fig. 5 the time-averaged ion density profiles for an
anion–ground state rate constant of 10−16 m3 s−1 are shown.
In this case the cluster growth through both vibrationally
excited SiH4 molecules will proceed at the maximum rate of
10−15 m3 s−1 (i.e., the Langevin rate). Figure 5 shows that the
density profiles of the anions differ significantly from the
profiles depicted in the standard model. The silyl and the
silylene anions containing 1 to 11 silicon atoms reach ap-
proximately equal concentrations within each pathway, and
are therefore represented by the notation SinH2n+1

− and
SinH2n

− , respectively. The buildup of dust species is much
more substantial(of the order of 331016 m−3 for the Si12H25

−

density, in comparison with 431015 m−3 in the standard
model), since the anion-neutral reactions proceed at a much
faster rate, leading to lower concentrations of the intermedi-
ate negative ions. Therefore, Si12H25

− and Si12H24
− reach a

density which is about two orders of magnitude higher than
the densities of the corresponding smaller anions in the same
pathway. Unlike the standard model, local maxima appear at
the bulk-sheath boundary of the anions profile and a local

FIG. 3. Calculated density profiles of the SinH2n+2 molecules
and the first vibrational levels SiH4

s2–4d and SiH4
s2–3d (assumingkg2

=10−18 m3 s−1).

FIG. 4. Calculated density profiles of the silyl radicals SinH2n+1

and the silylenes SinH2n (assumingkg2=10−18 m3 s−1).

FIG. 5. Calculated density profiles of the positive and negative
ions and electrons(assumingkg1=10−16 m3 s−1).
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minimum is obtained in the center of the discharge. This
minimum can be attributed to the very fast mutual neutral-
ization, which mainly occurs in the plasma bulk, where the
densities of the positive ions reach a maximum. Similar im-
portance of the different pathways is maintained, as SiH3

−

still remains the most important precursor of the dust forma-
tion and 90% of the clustering reactions propagate through
the silyl pathway. In contrast to the changes of the anion
density profiles, the positive ion and electron distributions
remain similar to the ones of the standard model. Hence, the
total sum of the negative ions remains the same.

Figure 6 shows the calculated density of Si12H25
− in the

plasma bulk as a function of assumed anion-SiH4 clustering
rate constant. Note that increasing the rate constants of the
anion–ground state SiH4 reactions in the discharge fromkg2
to kg1 enhances the density of Si12H25

− by a factor of 7.5. This
shows that the clustering rate constant can indeed influence
the buildup of the dust considerably.

C. Effect of anion-radical reactions

In order to assess the role of the anion-radical reactions
we have to make some changes to the standard model. If we
include reactions between the anions and the radicals, no
distinction can be made between the silyl and the silylene
anions, since, as was explained above, the modeling of the
discharge would become a tedious procedure. Therefore, the
particle formation starts from SiHm

− with m comprising an-
ions having three to zero hydrogen atoms. Only reactions
between anions and the most abundant radical, SiH3, have
been included, at a rate constant of 10−15 m3 s−1 [27]. Reac-
tions with larger radicals(SinH2n+1 with n.1) are not taken
into account, because of their lower densities(see Fig. 4),
thus making their contribution less effective. A reaction rate
constant of 10−18 m3 s−1 skg2d has been adopted for the
anion-SiH4 reactions in this case.

Figure 7 shows the calculated density profiles of the ions.
The number on each density plot specifies the number of

silicon atoms. The structure of the density profiles is similar
to that of the standard model. By introducing the anion-
radical reactions, the density of the largest species Si12Hm

− ,
which can be seen as a summation of the Si12H25

− and Si12H24
−

densities of the standard model, increases in comparison with
the standard model by a factor of 1.8. This implies that at the
rate constantkg2, the radicals will help to propagate the clus-
tering chain(see below). No change can be observed in the
density profile of electrons and the positive ions.

The relative importance of the radicals and that of the
vibrationally excited SiH4 molecules is discussed in the fol-
lowing paragraph.

D. Role of vibrationally excited silane molecules
and SiH3 radicals

The contribution of the vibrationally excited silane mol-
ecules SiH4

* (i.e., SiH4
s2–4d and SiH4

s1–3d) and of the SiH3 radi-
cals will depend on the actual clustering rate constant of the
anion – ground state SiH4 reactions. As can be seen from the
standard model(see Figs. 3 and 4), the SiH4

* and SiH3 den-
sities are about three orders of magnitude lower than the
SiH4 density, meaning that the reactivity of the anions to-
wards SiH4

* and SiH3 has to be much higher than their reac-
tivity towards SiH4 in order for these mechanisms to be im-
portant.

Figure 8 shows the relative contribution of the different
anion reaction pathways as a function of the assumed anion-
SiH4 clustering rate constant. At a rate constant of
10−18 m3 s−1, about 38% of the anions react with SiH4
ground state molecules, 36% of the anions proceed through
the SiH4

s1–3d pathway, and over 25% react with SiH3 radicals.
With 1.2% the SiH4

s2–4d contribution is of minor importance.
By increasing the anion–ground state SiH4 reaction rate con-
stant fromkg2 s10−18 m3 s−1d to kg1 s10−16 m3 s−1d, the con-
tribution of the SiH3 radicals will drop rapidly to less than

FIG. 6. Calculated variation of the density of Si12H25
− as a func-

tion of the assumed anion-silane clustering rate constant. FIG. 7. Calculated density profiles of the positive and negative
ions and electrons(assuming kg2=10−18 m3 s−1), when also
SiH3-anion reactions are included in the model.

NUMERICAL INVESTIGATION OF PARTICLE… PHYSICAL REVIEW E 69, 056409(2004)

056409-13



1%, as the SiH3 radicals, propagating the clustering process
at a rate constant of 10−15 m3 s−1, become less important on
a relative scale. Similarly, the contribution of the vibra-
tionally excited species, SiH2

s2–4d and especially that of
SiH4

s1–3d, will decrease. This can be explained by the fact that
the rate constants of anion-SiH4

* reactions can never exceed
the Langevin rate constant. Hence, as the rate constant of
ground state SiH4 is increased, the rate constant of the SiH4

*

remains at its maximum value of 10−15 m3 s−1.
We can conclude from Fig. 8 that depending on the actual

rate constant of the anion – ground state SiH4 reactions, the
SiH4

* and SiH3 will or will not play an important role in the
clustering process. But if, as suggested by several authors
[57], the vibrationally excited SiH4

* molecules help to drive
the polymerization pathway, the clustering rate constant for
the ground state should be in any case lower than
10−16 m3 s−1.

E. Variation of gas temperature

The influence of the gas temperature on particle formation
is demonstrated in Fig. 9, where the density of the largest
anion considered in this worksSi12H25

− d is plotted as a func-
tion of gas temperature. The concentration of Si12H25

− refers
to that at the center of the discharge. Calculations have been
performed for five different gas temperatures ranging be-
tween ambient temperature and 500 K. To account for the
influence of the temperature dependence in our model, the
mobility and diffusion coefficient of every species is recal-
culated at each given temperatureT (in kelvin). Reaction rate
constants that involve a temperature dependence are also re-
adjusted to the specific temperatureT. These include the hy-
drogen abstraction(reactions 1–4), shown in Table III, and
the cluster growth through vibrationally excited SiH4 (reac-
tions 2–3 and 5–6), deexcitation of vibrationally excited
SiH4 (reactions 7–10), and neutralization of negative ions
with SiH3

+ and Si2H4
+ (reactions 11–14), all shown in Table

IV.

From Fig. 9 we can conclude that variations in the gas
temperature have a significant effect on the growth of dust
species, as an increase in the gas temperature results in a
decrease of the Si12H25

− density. Although, in our present
model no coagulation of the clusters is described yet, we can
conclude from these results that a lower anion density at
higher gas temperatures indicates that the growth of dust
particles will be delayed. Indeed, a lower production of the
smaller species, here mostly Si12H25

− , will lead to a longer
buildup time of the dust. This concurs with the experimental
results, where the appearance of nanometer sized dust par-
ticles is delayed at higher gas temperatures. At room tem-
perature small particles appear almost immediately(i.e., after
a few milliseconds), while at 500 K it will take more than
10 s after ignition of the rf discharge before some dust par-
ticles are observed[58].

Several possible explanations for the delay of particle
nucleation have been proposed[49] (and references cited
herein). The production of SiH3

− and SiH2
− through electron

impact dissociative attachment on SiH4, appears to be tem-
perature independent in the experiments performed by
Boufendi [59]. On the other hand, especially the succeeding
polymerization reactions, starting from either SiH3

− or SiH2
−,

are influenced by adjusting the gas temperature[59]. From
our calculations we deduce that both the temperature depen-
dence of the mobility and diffusion coefficients, as well as
the deexcitation of the vibrationally excited SiH4 will prob-
ably play a role. As mentioned in the previous paragraph, at
400 K and a clustering rate constantkg2 (which is adopted in
all temperature dependent calculations) over 36% of the
clustering reactions proceed through the vibrationally excited
pathway. It is well known that at increased gas temperatures,
gas collisions become more important, hence, the deexcita-
tion of the vibrationally excited SiH4 molecules becomes
much more efficient. Moreover, by increasing the gas tem-
perature, the rate constants of anion-SiH4

* will decrease[see
Eq. (14)]. Both mechanisms will thus lead to a smaller con-
tribution of the vibrationally excited species to the propaga-
tion of the dust formation, hence, a delay can occur.

FIG. 8. Calculated relative contributions of the different anion
reaction pathways as a function of the assumed ground state silane
clustering rate constant.

FIG. 9. Variation of the calculated density of Si12H25
− anions as

a function of gas temperature.
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IV. SUMMARY AND CONCLUSIONS

A one-dimensional fluid model has been developed to de-
scribe the mechanisms of particle formation in a low-
pressure SiH4 discharge. The model includes 68 different
species and the formation of silicon hydrides containing up
to a maximum of 12 silicon atoms is incorporated. Several
gas-phase reactions leading to the formation of larger clus-
ters have been discussed. The anions play a crucial role in
the dust formation, as anion-silane reactions drive the poly-
merization pathway.

From the standard model it was found that the anion SiH3
−

is the most dominant primary precursor of the particle for-
mation. We conclude that over 90% of the dust formation
proceeds through the silyl anionsSinH2n+1

− d pathway, starting
from SiH3

−, and only about 10% through the silylene anion
sSinH2n

− d pathway, starting from SiH2
−.

The effect of variation of particle growth rate constants
and of the gas temperature on the density of the dust particles
was investigated. A variation of the particle growth rate con-
stants from 10−18 m3 s−1 to 10−16 m3 s−1 resulted in a signifi-
cant change of the anion density profiles, but the relative
importance of the different pathways remained the same. The
role of the vibrationally excited silane molecules(SiH4

s2–4d

and SiH4
s1–3d) and of the SiH3 radicals will depend on the

exact rate constant of the anion–ground state SiH4 reactions,
which is a priori not exactly known. However, we can con-
clude that, if the vibrationally excited silane molecules are
important in propagating the reaction pathway, the reaction
rate constant of anion–ground state SiH4 should be clearly
less than 10−16 m3 s−1.

Finally we have observed a decrease in the dust density
when the gas temperature is increased, meaning that a delay
in the nucleation of the particle formation takes place, as is
also seen in experiments.
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