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Abstract. A new silicon hydride clustering model was developed to study the nucleation of
particles in a low-temperature silane plasma. The model contains neutral silanes, silylenes,
silenes and silyl radicals as well as silyl and silylene anions. Reaction rates were estimated
from available data. Simulations were carried out for typical discharge parameters in a
capacitive plasma. It was shown that the main pathway leading to silicon hydride clustering
was governed by anion–neutral reactions. SiH2 radical insertion was found to be important
only in the initial stages of clustering, whereas electron-induced dissociations were seen to
lead to dehydrogenation. Increased ion density (radiofrequency power density) leads to faster
clustering due to increased formation of reactive radicals.

(Some figures in this article are in colour only in the electronic version; see www.iop.org)

1. Introduction

Plasma enhanced chemical vapour deposition (PECVD) is
widely used in the semiconductor industry to deposit layers
of thin silicon films using silane or disilane precursor gases.
This process suffers from gas phase nucleation of nanometre-
sized particles. At present these particles are too small to
be of any concern. However, according to the National
Technology Roadmap for Semiconductors [1], device sizes
will drop to such an extent in the future that by the year 2012,
particles of diameter 16 nm will be one-third the feature
sizes, thus deeming them ‘killer’ particles. Apart from
this harmful aspect, nanoparticles of the desired chemical
composition and size may be useful for their electro-optical
and mechanical properties [2–5]. Amorphous Si:H films
deposited under conditions at which nanometric particles can
be observed in the films have also been shown to increase
the performance of solar cells [6, 7]. An understanding
of particle nucleation and growth will thus prove useful in
suggesting methods not only to eliminate ‘bad’ particles but
also to generate ‘good’ particles.

An insight into the steps in particle generation can be
obtained from the experiments performed by Bouchoule and
co-workers [8–12]. The authors suggest that particles in a
silane plasma grow in three steps: initial nucleation followed
by coagulation of small particles followed by the growth
of bigger particles due to surface deposition of radicals.
The authors also noticed a marked decrease in electron
concentration during the coagulation phase. A corresponding
increase in the electron temperature from 2 to 8 eV to maintain
sufficient ionization was also observed. Plasma parameters

thus changed drastically during particle growth. Models
studying particle nucleation and growth in a plasma will have
to account self consistently for the coupling between particle
growth and changes of the plasma properties.

In this paper we try to shed some light on the clustering
process which leads to the nucleation of particles. The
pathway for silicon hydride clustering in silane plasmas has
been a contentious issue. Watanabe and co-workers [13–17]
inferred from their experiments that short lifetime radicals
like SiH2 play an important role in particle nucleation. By
conducting experiments at various radio frequencies (RF)
and observing the SiH2 and particle density profiles, the
authors concluded that short lifetime radicals are involved
in many steps of the polymerization chain. From these
observations the authors inferred that clustering proceeds
by SiH2 insertion reactions. However, other authors favour
an anionic pathway over the neutral pathway proposed by
Watanabe and co-workers. Since it is well known that anions
in a plasma are trapped by the ambipolar potential, they
are generally believed to be important in clustering due to
their longer lifetime in the plasma. Hollenstein and co-
workers [18, 19] studied the role of anions by measuring mass
spectra and conducting partial depth modulation experiments
on capacitive plasmas. The authors observed particle
formation as long as the anions remained trapped in the
plasma. However, no correlation was found between particle
generation and neutral clusters. In fact, anionic clusters were
found in greater sizes and concentration than neutral clusters.
Positive clusters were seen to be restricted to clusters having
six Si atoms or less. Positive ions were thus expected to
play a negligible role in the cluster formation process, a
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fact also noted by other researchers [20, 21]. Based on their
observations, Hollenstein and co-workers suggested a cluster
formation pathway dominated by anion–neutral reactions.
Apart from these reaction pathways for cluster formation,
some authors also proposed that vibrationally excited species
play an important role by providing energy for endothermic
reactions [22] and by augmenting the dissociation process of
silane [23].

2. Model description

Our model for the clustering process in silane plasmas
is based on the mechanism developed by Swihart and
Girshick [24] and Girshick et al [25] for the clustering of
neutral species in atmospheric pressure thermal CVD of
silicon from silane. In this model, a group additivity scheme
was used to predict the thermochemical properties of large
silicon hydride clusters. Such a method has already been
successfully implemented in predicting the thermochemistry
of hydrocarbons [26]. For the silicon hydride clusters,
twenty-six groups were defined and data were used from
the ab initio calculations of Katzer et al [27]. The silicon
hydrides were classified as silanes, silenes (the molecular
formulae of these were suffixed with the letter A) and
silylenes (molecular formulae suffixed with the letter B). The
silanes are akin to alkanes in hydrocarbons. Silenes have a
double bond between two silicon atoms and are physically
similar to the double-bonded alkenes in hydrocarbons. The
silylenes are isomers of silenes with two non-bonding
electrons. A base reaction mechanism was incorporated from
Ho et al [28] for neutral species containing one or two silicon
atoms. For reactions between larger silicon hydrides, five
reaction classes were defined [24]. The important premise
used in determining the reaction rates was the fact that
silylene insertions into Si–H and H–H bonds are known to be
barrierless. The reverse elimination reactions were therefore
assumed to have activation energies equal to the enthalpy
of reaction. This scheme inherently takes care of structural
differences of the reaction partners, i.e. whether cyclic or
acyclic species are involved. Ring formation reactions were
included as a separate class of reactions and equated to a
reaction where a divalent Si atom inserts into an Si–H bond in
the same molecule. The maximum cluster size considered in
this mechanism was ten silicon atoms. All reactions leading
to clusters with more than ten Si atoms were considered
irreversible. These clusters with more than ten Si atoms were
classified as ‘particles’. We have used the same approach in
our model which is described below.

The important reactions in our plasma model are the
electron dissociation and attachment reactions, anion–neutral
reactions, reactions involving silyl and H radicals and
neutralization reactions. The silyl radicals are mono-radicals
of the corresponding silanes and analogs of the alkyl radicals
in hydrocarbons. The thermochemical data of the silyls have
been obtained by the same group additivity method as used
in [24]. The thermochemical data for silyls are given in
table 1. Electrons are treated as a separate species having
a temperature different from the surrounding gas species.
The rate constants of electron-induced reactions depend on
the electron temperature. Determining such a rate constant

involves an integration of the energy dependent collision
frequency over the electron energy distribution function
(EEDF). In our current study we assume a Maxwellian
EEDF although it should be noted that the EEDF often
deviates significantly from a Maxwellian. By obtaining
the rate constants at different electron temperatures, we can
fit Arrhenius rate constant parameters to the data. Cross
section data are available for the dissociation, ionization and
attachment reactions of silane [29–35] and in some cases for
disilane [36]. Reaction rate constants have been calculated
in [37] for the following electron dissociation reactions of
silane and hydrogen:

SiH4 + e → SiH3 + H + e (1)

SiH4 + e → SiH2 + 2H + e (2)

and
H2 + e → 2H + e. (3)

The dissociation of silane is assumed to have a branching
ratio of 1:5 in favour of SiH2 [35]. Since it is known that dis-
ilane has a dissociation cross section which is approximately
twice that of silane [38], the pre-exponential for the electron
dissociation of disilane is assumed to be twice that for silane.
Disilane dissociates predominantly as follows [35]

Si2H6 + e → SiH3 + SiH2 + H + e. (4)

We assume that acyclic silanes with dangling SiH3

groups are likely to dissociate by losing an SiH3 radical,
similar to the dissociation of disilane. These dissociation
reactions are thus assumed to lead to the loss of an SiH3

radical from the parent silane, for example,

Si3H8 + e → Si2H4B + SiH3 + H + e. (5)

The pre-exponentials of the rate constants for these
reactions are estimated by counting the number of dangling
SiH3 groups in the cluster and multiplying the pre-
exponential of the rate constant for disilane dissociation
by this number. All other silicon hydrides are assumed to
dissociate by elimination of a hydrogen atom, and the pre-
exponential of the rate constant for such reactions is scaled
on the basis of the number of hydrogen atoms in the cluster
as compared to that in silane. The Arrhenius expressions for
the rates of all the above reactions are noted in table 2.

Reaction rate parameters for dissociative attachment
to silane are calculated as mentioned earlier, using the
corresponding cross section data obtained from Bordage
[39]. These dissociative attachment reactions lead to the
formation of SiH−

3 and SiH−
2 anions. Reaction rates for

electron attachment to larger silicon hydrides are calculated
using the formula [35]

kA ≈ 5.3 × 10−10T
− 1

2
e (eV)P (Torr)

300

T (K)
(cm3 s−1) (6)

where Te is the electron temperature, T is the gas
temperature and P is the pressure. We assume non-
dissociative attachment when considering silyls and silylenes
and dissociative attachment when considering silanes. This
favours the formation of anionic radicals [18]. The formation
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Table 1. Thermochemical data for silyl radicals.

Cp

�Ho
f So

Speciesa 298 298 300 400 500 600 800 1000 1500

Si3H7 63.60 85.56 26.86 31.54 35.19 38.17 42.78 46.04 50.54
Si3H5 98.94 75.67 23.21 26.90 29.55 31.62 34.79 37.04 40.16
Si4H9 70.25 101.51 35.58 41.83 46.67 50.64 56.72 60.99 66.88
Si4H7 88.78 87.24 31.75 37.22 41.17 44.24 48.88 52.12 56.57
Si5H11 81.21 115.23 45.39 53.02 58.94 63.73 71.12 76.27 83.36
Si5H9 86.64 99.93 40.48 47.67 52.83 56.88 62.96 67.18 72.97
Si5H7 114.84 87.81 36.22 42.40 46.64 49.85 54.66 57.97 62.49
Si6H13 87.86 131.18 54.11 63.31 70.42 76.20 85.06 91.22 99.70
Si6H11 90.77 111.60 50.22 58.91 65.21 70.28 77.75 82.86 89.73
Si6H9 119.31 104.76 45.35 53.13 58.51 62.66 68.83 73.09 78.91
Si6H7 151.80 94.95 41.87 48.44 52.70 55.89 60.67 63.96 68.45
Si6H5 184.54 84.84 38.20 43.68 46.82 49.10 52.50 54.84 58.01
Si7H15 94.51 147.13 62.83 73.60 81.90 88.67 99.00 106.17 116.04
Si7H13 97.42 127.55 58.94 69.20 76.69 82.75 91.69 97.81 106.07
Si7H11 117.17 117.45 54.08 63.58 70.17 75.30 82.91 88.15 95.31
Si7H9 141.89 106.22 50.22 58.69 64.25 68.49 74.75 79.05 84.88
Si7H7 174.38 96.41 46.74 54.00 58.44 61.72 66.59 69.92 74.42
Si8H17 105.77 160.59 72.60 84.91 94.25 101.83 113.43 121.45 132.51
Si8H15 105.56 141.80 68.32 79.98 88.57 95.52 105.85 112.92 122.47
Si8H13 115.03 130.14 62.81 74.03 81.83 87.94 96.99 103.21 111.71
Si8H11 116.21 112.89 58.15 68.58 75.49 80.79 88.65 93.99 101.24
Si8H9 164.54 107.19 55.10 64.18 69.94 74.24 80.64 84.98 90.84
Si8H7 177.72 92.80 50.89 58.98 63.78 67.21 72.38 75.81 80.39
Si9H19 112.15 177.86 81.12 94.94 105.52 114.13 127.27 136.35 148.85
Si9H17 112.21 157.75 77.04 90.27 100.05 107.99 119.79 127.87 138.81
Si9H15 119.16 141.81 72.55 85.27 94.21 101.34 111.78 118.89 128.47
Si9H13 120.10 125.20 66.87 78.72 86.80 93.10 102.41 108.66 116.99
Si9H11 162.16 120.52 62.81 73.53 80.53 85.79 93.69 99.03 106.23
Si9H9 175.11 106.28 58.55 68.36 74.40 78.81 85.44 89.87 95.78
Si10H21 118.77 192.75 90.08 105.37 117.13 126.70 141.28 151.35 165.20
Si10H19 120.65 171.80 86.44 101.18 112.03 120.84 134.01 143.00 155.21
Si10H17 123.29 153.48 82.29 96.51 106.59 114.74 126.57 134.57 145.23
Si10H15 118.97 132.20 78.24 91.57 100.76 108.18 118.85 125.91 135.10
Si10H13 136.25 127.34 70.69 83.45 91.80 98.14 107.60 113.98 122.59
Si10H11 172.97 118.97 67.28 78.81 86.06 91.45 99.52 104.93 112.18
Si10H9 198.23 106.46 64.50 74.92 81.13 85.60 92.35 96.80 102.75

a Enthalpies are in kcal mol−1. Entropies and heat capacities are in cal mol−1 K−1). Enthalpy and
entropy are at standard conditions of 298.15 K, 1 bar.

of negative ions of silanes may not be possible since ab initio
calculations show that silanes have a negative electron affinity
[40].

The H radical formed in equation (3) reacts with silane
leading to hydrogen abstraction

H + SiH4 � H2 + SiH3. (7)

The reaction rate constant for this reaction is available in [37].
This hydrogen abstraction reaction is possible for all larger
silicon hydrides, and as a first estimate we use the same rate
parameters for these reactions as for reaction (7). These rate
parameters are noted in table 2.

Both the electron dissociation of silanes and hydrogen
abstraction from silanes create the highly reactive silyl
species. The recombination reaction between two silyls is
assumed to be barrierless. Following the same principle used
for silylene insertion reactions in the neutral mechanism, we
calculate the activation energy of the reverse reaction from
the enthalpy of the reaction. Any reaction leading to a cluster
with more than ten silicon atoms is considered irreversible.

We thus write the following reactions

Sin+jH2m+2k−2 � SinH2m−1 + SijH2k−1 (n + j � 10)
(8)

SinH2m−1 + SijH2k−1 → Sin+jH2m+2k−2 (n + j � 11).
(9)

2.1. Anions

Anions are formed from neutral clusters via attachment
reactions discussed above. Unfortunately, there is little
information about the thermochemical properties of anions.
However, since the anions differ from the corresponding
neutrals by an extra electron, we can assume that the presence
of the electron will not add any significant vibrational or other
excitation modes to the neutral and hence the specific heat of
the anion can be assumed to be close to that of the neutral.
The enthalpy of the anion will be smaller than that of the
neutral by an amount equal to the electron affinity of the
neutral, since the neutral loses this energy by attaching the
electron. The entropy of the anion is assumed to be equal
to that of the neutral. Electron affinity data for all silicon
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Table 2. Reaction mechanism. Forward rate constants are expressed in the form kf = AT β exp(−Ea/RT ).

Reaction A (cm3 s−1 mol−1) β Ea (cal mol−1) Reference Comment

Base mechanism
1. SiH4 (+M) � SiH2 + H2 (+M) [28]

High-pressure limit 3.12 × 109 1.7 54 710
Low-pressure limit 5.21 × 1029 −3.54 57 550

2. Si2H6 (+M) � SiH4 + SiH2 (+M) [28]
High-pressure limit 1.81 × 1010 1.7 50 203
Low-pressure limit 5.09 × 1053 −10.37 56 034

3. Si2H6 (+M) � H2 + Si2H4B (+M) [28]
High-pressure limit 9.09 × 109 1.8 54 197
Low-pressure limit 1.94 × 1044 −7.77 59 023

4. Si3H8 (+M) � SiH2 + Si2H6 (+M) [28]
High-pressure limit 6.97 × 1012 1.0 52 677
Low-pressure limit 1.73 × 1069 −15.07 60 491

5. Si3H8 (+M) � SiH4 + Si2H4B (+M) [28]
High-pressure limit 3.73 × 1012 1.0 50 850
Low-pressure limit 4.36 × 1076 −17.26 59 303

6. Si2H4B (+M) � Si2H4A (+M) [28]
High-pressure limit 2.54 × 1013 −0.2 5 381
Low-pressure limit 1.1 × 1033 −5.76 9 152

7. Si2H4B + H2 � SiH2 + SiH4 9.41 × 1013 0.0 4 092.3 [28]
Reverse 9.43 × 1010 1.1 5 790.3 [28]

8. Si2H4B + SiH4 � Si2H6 + SiH2 1.73 × 1014 0.4 8 898.7 [28]
Reverse 2.65 × 1015 0.1 8 473.4 [28]

9. Si2H4B (+M) � Si + SiH4 (+M) [28]
High-pressure limit 2.42 × 1013 0.54 57 548
Low-pressure limit 2.35 × 1042 −7.42 60 957

10. Si + Si2H6 � SiH2 + Si2H4B 1.3 × 1015 0.0 12 600 [28]
11. SiH2 + M � Si + H2 + M 9.1 × 1020 1.76 38 241 [28]
12. H + SiH4 � H2 + SiH3 1.47 × 108 1.9 2 190 [37]
13. SiH2 + SiH2 � Si2H2 + H2 6.51 × 1014 0.0 0.0 [37]
14. H + Si2H6 � SiH4 + SiH3 6.69 × 1011 0.0 0.0 [37]
15. H + Si2H6 � Si2H5 + H2 1.30 × 1012 0.0 0.0 [37]
16. SiH3 + SiH3 � SiH2 + SiH4 1.80 × 1013 0.0 0.0 [37]
17. SiH4 + SiH3 � Si2H5 + H2 1.77 × 1012 0.0 4 400 [37]
18. SiH4 + SiH � Si2H3 + H2 1.45 × 1012 0.0 2 000 [37]
19. SiH2 + H � SiH + H2 1.39 × 1013 0.0 0.0 [37]
20. SiH3 (+M) � SiH + H2 (+ M) [37]

High-pressure limit 4.47 × 1014 −0.6 44 698
Low-pressure limit 1.98 × 1026 −3.1 44 770

21. Si2H4B (+M) � Si + SiH4 (+ M) [37]
High-pressure limit 1.42 × 1013 0.5 57 548
Low-pressure limit 2.35 × 1042 −7.4 60 958

22. SiH + SiH4 � Si2H4B + H 3.00 × 1014 0.0 9 012 [37]
23. Si + Si2H6 � SiH2 + Si2H4B 1.3 × 1015 0.0 12 600 [37]
24. SiH3 + H � SiH2 + H2 1.5 × 1013 0.0 2 500 [37]

Hydrogen elimination (33 reactions)
25. SinH2m � SinH2(m−1)B + H2 2.0 × 1015 0.0 �Hrxn, 500 K [24]

Silylene elimination from silanes (149 reactions)
26. SinH2m � SijH2kB + Sin−jH2(m−k) 2.0 × 1015 0.0 �Hrxn, 500 K [24]

Silylene elimination from silenes (163 reactions)
27. SinH2mA � SijH2kB + Sin−jH2(m−k)A 2.0 × 1015 0.0 �Hrxn, 500 K [24]

Silylene to silene isomerization (33 reactions)
28. SinH2mB � SinH2mA 1.0 × 1013 0.0 7 500 [24]

Ring opening/formation (28 reactions)
29. SinH2m � SinH2mB (n � 3) 2.0 × 1015 0.0 �Hrxn, 500 K [24]

Silyl formation by H radical (36 reactions)
30. H + SinH2m � SinH2m−1 + H2 1.47 × 108 1.9 2 190 [37]

Silyl additions to give higher silanes (113 reactions)
31. SinH2m−1 + SijH2k−1 � Sin+jH2m+2k−2 2.0 × 1015 0.0 �Hrxn,500 K est.
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Table 2. (Continued)

Reaction A (cm3 s−1 mol−1) β Ea (cal mol−1) Reference Comment

Irreversible particle formation (807 reactions)
32. SinH2m + SijH2kB → particle 1.6 × 1013 0.5 0.0 [24]

(n + j � 11)
33. SinH2mA + SijH2kB → particle 1.6 × 1013 0.5 0.0 [24]

(n + j � 11)
34. SinH2m−1 + SijH2k−1 → particle 1.6 × 1013 0.5 0.0 est.

(n + j � 11)

Electron dissociation of silane
35. SiH4 + e → SiH3 + H + e 1.1 × 1021 −1.0 245 430 [37]
36. SiH4 + e → SiH2 + 2H + e 5.4 × 1021 −1.0 245 430 [37]

Electron dissociation of hydrogen
37. H2 + e → 2H + e 1.02 × 1021 0.0 238 356 [37]

Electron dissociation of higher silanes (38 reactions)
38. Straight chain silane + e (NSiH3)10.8 × 1021a −1.0 245 430 est.

→ silyl + silylene + H + e
e.g. Si3H8 + e →
Si2H4B + SiH3 + H + e

39. Cyclic silane + e → H + silyl + e (NH/4)5.4 × 1021b −1.0 245 430 est.

Dissociative attachment to silane by electrons
40. SiH4 + e → SiH−

3 + H 2.269 × 1023 −1.627 190 540 calc.
41. SiH4 + e → SiH−

2 + 2H 2.269 × 1023 −1.627 190 540 calc.

Electron attachment to silicon hydrides (196 reactions)
42. SinHm + e → SinH−

m 1.55 × 1013 0.0 0.0 calc.

Negative silylene with silane (209 reactions)
43. SinH2mB− + SijH2k Langevin × 0.1 calc.

� Sin+jH2m+2k−2B− + H2

Negative silylene with silylene (192 reactions)
44. SinH2mB− + SijH2kB Langevin × 0.1 calc.

� Sin+jH2m+2k−2B− + H2

Charge exchange between negative silylene and silyl (1330 reactions)
45. SinH2mB− + SijH2k−1 Langevin × 0.1 calc.

� SinH2mB + SijH−
2k−1

Negative silyl with silane (570 reactions)
46. SinH−

2m−1 + SijH2k Langevin × 0.1 calc.
� Sin+jH−

2m+2k−3 + H2

Negative silyl with silylene (531 reactions)
47. SinH−

2m−1 + SijH2kB Langevin × 0.1 calc.
� Sin+jH−

2m+2k−3 + H2

Negative silyl with silyl (217 reactions)
48. SinH−

2m−1 + SijH2k−1 Langevin × 0.1 calc.
� Sin+jH2m+2k−4B− + H2

Neutralization of anions (196 reactions)
49. SinH−

m + SiH+
3 → SinHm +SiH3 1.74 × 1016 0.0 0.0 calc.

a NSiH3 is the number of dangling SiH3 groups in the cluster.
b NH is the number of hydrogen atoms in the cluster.

hydride clusters with up to seven silicon atoms have been
calculated using ab initio methods by Swihart [40], and our
model includes these data. These electron affinities are given
in table 3 [40]. Swihart [40] has fit the calculated electron
affinity data of acyclic silicon hydrides to curves which can
be extrapolated to calculate the electron affinities of clusters
having eight or more Si atoms. For reactions involving
anions, we consider both clustering as well as neutralization
reactions. Extrapolating from known ion–neutral reactions
of small silicon hydrides [35], we consider the following
reactions

SinH2mB− + SijH2k � Sin+jH2m+2k−2B− + H2 (10)

SinH2mB− + SijH2kB � Sin+jH2m+2k−2B− + H2 (11)

SinH2mB− + SijH2k−1 � SinH2mB + SijH−
2k−1 (12)

SinH−
2m−1 + SijH2k � Sin+jH−

2m+2k−3 + H2 (13)

SinH−
2m−1 + SijH2kB � Sin+jH−

2m+2k−3 + H2 (14)

SinH−
2m−1 + SijH2k−1 � Sin+jH2m+2k−4B− + H2. (15)

Usually, reaction rates for these reactions are calculated
using Langevin rates [35], but we have used Langevin rate
constants reduced by an order of magnitude, as Langevin
rates are known to overestimate the actual rates by an order
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Table 3. Electron affinities.

Species Calc. [40] Exp. [35] Species Calc. [40] Species Calc. [40]

Si 1.32 1.39 1-i-Si4H8A 1.68 Si6H10A 1.77
SiH 1.25 1.28 1-n-Si4H8A 1.64 Si6H10B 2.30
SiH2 1.16 1.12 2-n-Si4H8A 1.68 Si6H9 2.41
SiH3 1.41 1.41 1-i-Si4H8B 1.96 Si6H8A 1.96
SiH4 −1.30 1-n-Si4H8B 1.94 Si6H8B 1.93
Si2 2.09 2.20 2-n-Si4H8B 2.18 Si6H7 2.50
SiHSi 2.17 Si4H7 2.15 Si6H6A 1.88
SiSiH 2.18 Si4H6A 1.43 Si6H6B 1.37
H2SiSiH2 1.31 Si4H6B 2.10 1-Si7H15 2.33
H3SiSiH 1.67 Si5H11 2.24 2-Si7H15 2.56
H3SiSiH2 1.82 1-Si5H10A 1.72 Si7H14A 1.89
H3SiSiH3 −0.43 2-Si5H10A 1.80 Si7H14B 2.16
1-Si3H7 1.96 Si5H10B 2.08 Si7H13 2.57
2-Si3H7 2.12 Si5H9 2.34 Si7H12A 1.89
Si3H6A 1.51 Si5H8A 1.62 Si7H12B 2.13
1-Si3H6B 1.84 Si5H8B 2.22 Si7H11 2.51
2-Si3H6B 2.07 Si5H7 2.56 Si7H10A 1.63
Si3H5 2.20 Si5H6A 1.97 Si7H10B 2.06
Si3H4A 1.61 Si5H6B 1.54 Si7H9 2.56
Si3H4B 2.07 1-Si6H13 2.25 Si7H8A 2.28
1-i-Si4H9 2.14 2-Si6H13 2.42 Si7H8B 1.76
2-i-Si4H9 2.36 Si6H12A 1.80 Si7H7 2.52
1-n-Si4H9 2.11 Si6H12B 2.14 Si7H6A 1.90
2-n-Si4H9 2.26 Si6H11 2.38 Si7H6B 1.88

of magnitude or two. Langevin rate constants (kL) are
calculated as follows [35],

kL = e

(
π

εo

)1/2(
α

mr

)1/2

. (16)

In this equationα refers to the polarizability of the neutral
atom or molecule (in Å3) andmr is the reduced mass (in amu)
of the two reacting species. The polarizability is given by a
scaling law [35]

α(SinH2n+1) ≈ α(SiH4)[1 + 0.8(n− 1)]

= 4.62(0.2 + 0.8n)(Å3) (17)

where the polarizability of SiH4 of 4.62 (Å3) is used.
Since in the above reactions both directions represent

ion–molecule reactions, it is not clear a priori which direction
has to be taken as the forward direction. We have assumed
that the exothermic reaction is the forward direction always.
In this way we ensure that the reaction rate constants for
both forward and backward reactions are smaller than the
Langevin rate. This is physically reasonable since the
Langevin rate is an upper bound for the actual reaction rate.

For the neutralization reactions, we assume that SiH+
3 is

the most abundant positive ion [19], and we neglect larger
positive ions for simplicity. Based on available information
[30, 41], any reaction involving an anion with fewer than four
Si atoms is assumed to result in charge exchange, whereas
reactions with larger anions lead to a larger neutral cluster.
However, our calculations of the change in free energy show
that clustering is the favourable reaction in all cases. The
reaction leading to charge exchange leads to a large positive
change in free energy and thus should be unfavourable. Thus
all the neutralization reactions are written as follows

SinH−
m + SiH+

3 → Sin+1Hm+3. (18)

The reaction rate coefficient for these reactions is cal-
culated from [35]. Although these reactions have a weak
dependence on the gas temperature and the size of reaction
partners, we currently are using a constant reaction rate coef-
ficient (kn) of 1.74 × 1016 cm3 s−1 for these reactions, repre-
sentative of a gas temperature of 500 K. We expect variations
due to size and temperature to be within a factor of two [42].

Electron detachment from anions is currently neglected.

3. Solution procedure

The reaction mechanism consists of more than 300 species
and 5500 reactions (with more than 3000 reversible reactions)
and is solved for a zero-dimensional system using a modified
version of SENKIN [43]. We currently are not able to treat
transient gas heating or different temperatures for different
species due to exothermic reactions. Instead, we consider
the gas temperature as constant. This code uses a system of
rate equations for the molar concentrations of the species
involved. We have modified the code by introducing an
additional loss term into the balance equations to account for
diffusion losses. The rate equations have the general form,

dXk

dt
= Ṡk (19)

where Xk is the molar concentration of species k and Ṡk is a
source or sink term, which is split as follows

Ṡk = ˙SkR + ˙SkD. (20)

˙SkR is the source/sink term due to reactions and has the form

˙SkR =
I∑
i=1

(ν ′′
ki − ν ′

ki)

[
kf i

K∏
j=1

[Xk]
ν ′
ki − kri

K∏
j=1

[Xk]
ν ′′
ki

]
(21)
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where we sum over all reactions from i = 1 to I . The terms
ν ′
ki and ν ′′

ki represent the stoichiometric coefficients of the
species k in the respective reactions. The forward and reverse
rate constants of the reaction i are represented by kf i and kri
respectively. The superscript K represents the total number
of species. The concentration of the species k is represented
by [Xk].

The diffusion loss term represented by ˙SkD is simply the
product of the diffusion frequency νDk for the species k and
its concentration

˙SkD = νDk[Xk]. (22)

The diffusion frequency is given by Dk/'
2 where Dk is

the diffusion coefficient of species k in the surrounding gas
and ' is a typical diffusion length. With the exception of the
discussion of the impact of the sticking probability at the end
of the paper, we assume that the species stick to the walls
with a probability of one. However, if a non-unity sticking
coefficient is assumed, then the effective diffusion length is
increased. This is calculated by assuming a cosine profile
for the density of the species and finding the length where
the density goes to zero if a particular sticking coefficient is
assumed at the walls.

The diffusion coefficient of each species is calculated
on the basis of Chapman–Enskog theory [44] for binary
gas systems. We consider the diffusion of all species in a
background of SiH4 gas since it is the most abundant species
at any time. The diffusion loss term is applied only to the
neutral clusters and not to anions since these are assumed to
be trapped in the plasma.

We assume that a continuous influx of SiH4 into
the reactor replenishes the SiH4 lost to clustering and
diffusion (film growth). Hence we assume a constant SiH4

concentration. For capacitive RF discharges the positive ion
density can be assumed to be roughly proportional to the RF
power density. Thus we use the positive ion density as an
input parameter synonymous with the RF power density and
we keep it constant. The diffusion term ˙SkD equals zero for
anions, and the entire term Ṡk equals zero for silane (SiH4)
as well as for the positive ion (SiH+

3) species.
The electron concentration is calculated at each time step

by using plasma quasi-neutrality,

ne = np −(nn (23)

where ne, np and nn denote the number densities of
electrons, positive ions and negative ions, respectively.
The electron temperature is recalculated every time the
electron concentration changes by one per cent. The ion
balance equation is used to compute the electron temperature.
Equating the source terms for the ions with the loss terms
gives us the following equation

kingneV = krnpnnV + +iA (24)

where ki is the ionization rate constant and kr the
recombination rate constant. The termng denotes the number
density of neutrals, V is the volume of the reactor and A the
surface area. The ionization coefficient ki (in units of m3 s−1)
for ionization of SiH4 is given by [37]

ki = 3.06 × 10−8 T −1.3
e e−184820/Te (25)

and kr has the value of 2.8 × 10−14 (m3 s−1) [35]. +i is the
positive ion diffusion flux density to the walls. The positive
ion diffusion coefficient Da+ in an electronegative plasma is
approximately given by [45]

Da+ ≈ D+
1 + γ + 2γα

1 + γα
(26)

where D+ is the positive ion free diffusion coefficient,
γ (=Te/Ti) is the ratio of electron temperature to ion
temperature (which is equal to the surrounding gas
temperature) and α (=nn/ne) is the ratio of negative ion to
electron density.

4. Results and discussion

Simulations were carried out for a pressure of 100 mTorr, gas
temperatures of 500 K and 650 K, and four different values
of ion density in the range 3 × 109 cm−3 to 1 × 1011 cm−3.
The initial electron concentration is set equal to the positive
ion concentration. The system is allowed to develop for a
period of one second and the species concentrations as well
as the electron temperature and density are obtained at various
time intervals in between. Figures 1 and 2 show the results
for clusters with up to ten silicon atoms for ion densities
of 3 × 109 cm−3 and 1 × 1011 cm−3, respectively. For
reasons of clarity, the concentrations of all species having an
equal number of silicon atoms are summed and represented
by a single line. The gas temperature in both figures is
500 K. To emphasize their different behaviour, neutral and
anionic clusters have been plotted separately. The electron
concentration is plotted with the anions. From the plot for
anions, we note that the electron concentration drops as more
and more negative clusters are produced.

At the lower ion density (see figure 1), except for
clusters with five or eight silicon atoms, neutral clusters with
more than three silicon atoms reach approximately the same
concentrations. We also notice that all anionic clusters have
nearly the same concentrations except for clusters with four
and seven silicon atoms, respectively. As will be shown in
the section discussing the reaction pathway, anion–neutral
reactions determine the clustering rate and these reactions
have nearly the same rates for all cluster sizes. This leads to
the anionic clusters having nearly equal concentrations. The
neutral clusters are seen to be formed due to neutralization
of the anions. Since the neutralization rate constant has
been assumed to be the same for all reactions, the neutral
clusters with more than three silicon atoms are all produced
at the same rate. This results in nearly equal densities for
all neutral clusters with more than three silicon atoms. We
can now explain why the anionic clusters with four and seven
silicon atoms have higher concentration than the rest. Two
separate chains of anion–neutral reactions form the dominant
clustering chains. One of the chains involves an anionic silyl
reacting with SiH4 to give a larger anionic silyl, and the other
involves an anionic silylene reacting with SiH4 to give a larger
anionic silylene. There are two bottlenecks in the anionic
silyl clustering chain. The reactions

Si4H−
9 + SiH4 → Si5H−

11 + H2 (27)
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Figure 1. Clustering phenomena at 500 K and ion concentration of 3 × 109 cm−3: (a) anions and (b) neutrals.
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Figure 2. Clustering phenomena at 500 K and ion concentration of 1 × 1011 cm−3: (a) anions and (b) neutrals.

Table 4. Comparison of �G values in the anion–neutral chains.

Reaction �G (kcal mol−1) �G (eV)

Silyl anion–neutral reaction:
1. Si2H−

5 + SiH4 ↔ Si3H−
7 + H2 −7.138 −0.31

2. Si3H−
7 + SiH4 ↔ Si4H−

9 + H2 −6.515 −0.29
3. Si4H−

9 + SiH4 ↔ Si5H−
11 + H2 7.077 0.31

4. Si5H−
11 + SiH4 ↔ Si6H−

13 + H2 −5.209 −0.23
5. Si6H−

13 + SiH4 ↔ Si7H−
15 + H2 −4.414 −0.19

6. Si7H−
15 + SiH4 ↔ Si8H−

17 + H2 9.400 0.41
7. Si8H−

17 + SiH4 ↔ Si9H−
19 + H2 −7.875 −0.34

8. Si9H−
19 + SiH4 ↔ Si10H−

21 + H2 0.113 0.005

Silylene anion–neutral reaction:
9. Si2H4B− + SiH4 ↔ Si3H6B− + H2 −6.442 −0.28

10. Si3H6B− + SiH4 ↔ Si4H8B− + H2 −4.326 −0.19
11. Si4H8B− + SiH4 ↔ Si5H10B− + H2 0.742 0.03
12. Si5H10B− + SiH4 ↔ Si6H12B− + H2 1.091 0.05
13. Si6H12B− + SiH4 ↔ Si7H14B− + H2 0.125 0.005
14. Si7H14B− + SiH4 ↔ Si8H16B− + H2 −1.062 −0.046
15. Si8H16B− + SiH4 ↔ Si9H18B− + H2 2.313 0.10
16. Si9H18B− + SiH4 ↔ Si10H20B− + H2 0.586 0.03

and
Si7H−

15 + SiH4 → Si8H−
15 + H2 (28)

are both energetically unfavourable since they lead to a posi-
tive change in free energy (�G), whereas the other reactions
in the chain lead to a negative change in the free energy. The

�G of the reactions in the chain are tabulated in table 4.

Consequently these reactions are extremely slow compared

to other reactions in the chain. Hence the concentrations

of Si4H−
9 and Si7H−

15 increase. The neutralization reactions

provide an alternative pathway for the removal of Si4H−
9 and
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Figure 3. Clustering plot of neutrals for an ion concentration of 1 × 1011 cm−3: (a) at Tgas = 500 K and (b) Tgas = 650 K.

Si7H−
15. Since the neutralization reactions lead to the forma-

tion of Si5H12 and Si8H18, the concentrations of these two
species increase to a value more than that of other neutral
clusters having more than three silicon atoms.

For neutral clusters with less than three silicon atoms,
clustering via SiH2 insertion is significant and hence these
clusters show higher density. SiH2 insertion reactions are
thermally driven reactions and become important at higher
gas temperatures. For the larger silicon hydrides these
reactions are significant only at temperatures above 1000 K.
At the temperatures considered in the present simulations
(500 K and 650 K) these reactions are not significant for
neutral clusters with more than three silicon atoms.

For the case of higher positive ion density (figure 2), we
note again that anionic clusters with four and seven silicon
atoms have a higher density than other anionic clusters.
Comparing both plots, we also observe that an increase of
positive ion density leads to faster clustering. ‘Particles’ are
produced at the rate of 10−10 mol cm−3 s−1 in the higher
positive ion density case as compared to 10−13 mol cm−3 s−1

in the lower ion density case. The ion density is also
seen to affect the ratio of neutral to anionic clusters. For
the case of higher positive ion density we observe that
the neutral clusters have a higher number density than the
anions, whereas the opposite is true for the case of lower
positive ion density. If we consider the clusters with more
than three silicon atoms, then in the lower ion density case,
anionic clusters have a concentration roughly seven times
that of the neutral clusters, whereas in the higher ion density
case, the concentration of the neutral clusters is nearly four
times that of the anionic clusters. The faster clustering at
higher positive ion density can be explained by the fact
that the corresponding higher electron density leads to an
increased production of reactive radicals and anions. The
concentrations of neutral clusters are higher in the case of
higher positive ion density because the reaction rates for
neutralization are faster.

Using the higher gas temperature of 650 K does not affect
the temporal evolution of concentration profiles significantly.
Essentially the SiH2 insertion rate into neutral clusters
increases, especially that of SiH2 insertion into Si3H8 to give
Si4H10. However the anion–neutral clustering mechanism
slows down mostly due to the lower SiH4 density at the higher
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Figure 4. ‘Particle’ concentration plotted versus time at different
ion concentrations (Tgas = 500 K).

gas temperature. This leads to a slower clustering rate at the
higher gas temperature, but this change is too small to be
noticeable. Figure 3 shows the neutral cluster concentrations
for gas temperatures of 500 K and 650 K and at a positive ion
density of 1 × 1011 cm−3. The plots look similar except that
the concentrations of neutral clusters with more than three
silicon atoms at 500 K are nearly 1.5 times higher than those
in the 650 K case.

It should be noted that we have also carried out
calculations for the same conditions but with the electron
dissociation and attachment reactions turned off. We
have observed no clustering in these simulations, which
demonstrates the importance of electron-induced reactions
for the gas temperatures found in typical PECVD systems.

4.1. ‘Particle’ concentration

Figure 4 shows the lumped concentration of all clusters which
are formed irreversibly in our mechanism and which we call
‘particles’. The plot is for a gas temperature of 500 K and for
the different ion densities used. The increase in clustering as
a result of increased ion density is noticeable. The higher gas
temperature of 650 K does not significantly affect the ‘parti-
cle’ concentration (figure not shown here). At the higher tem-

2739



U V Bhandarkar et al

SiH
+
3

SiH2

SiH3

SiH3 H 2addition with       elimination (anions)

H 2SiH   addition with        elimination (anions)4

H 2
H 2

Neutralization with 

Charge exchange with neutral 

H abstraction

Electron dissociation 

   addition/elimination (longer arrows imply

                        addition of larger silyls)

    addition/elimination (in neutrals)

Additions/elimination of bigger silylenes (neutrals)

(neutrals)

Addition of larger silane with         elimination (anions)

silylene to silene isomerisation

abstraction

Silylene to silane isomerisation

Figure 5. Meaning of various arrows shown in reaction pathways in figures 6 to 9.
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Figure 6. Dominant anionic reaction pathways at steady-state (Tgas = 500 K, Ni = 3 × 109 cm−3); the numbers indicate net reaction rates
in units of 10−15 mol cm−3 s−1.

perature the particle growth seems to start later, but reaches
the same concentration as at the lower temperature. It must
be noted that we have not included coagulation and surface
growth in our model. The ‘particle’ concentration will dras-
tically change in the presence of coagulation. Also as bigger
particles are formed, surface growth will result in the deple-
tion of the smaller reactive species. This will slow down the
clustering reactions and hence the production rate of particles.

4.2. Reaction pathways

This section discusses the dominant pathways in the reaction
mechanism. Figure 5 is a legend showing what various
arrows denote in the figures depicting the reaction pathway.
In figures 6–9, we plot the most prominent reactions for a

given set of conditions at a time when steady state is reached.
Again the anionic and neutral pathways are plotted separately
for clarity.

Figure 6 shows the anionic pathway for Tgas = 500 K
and an ion density of 3×109 cm−3. Only reactions with a net
rate greater than 10−16 mol cm−3 s−1 are shown. We observe
two main anionic clustering pathways, which involve silyl
and silylene negative clusters, respectively. Both reaction
chains are based on a negative silylene or silyl reacting with
a neutral SiH4 molecule and eliminating H2. These are
reactions 43 and 46 in table 2 with i = 1 and j = 2.
Consequently, the most prominent ‘particles’ formed are
Si11H−

23 and Si11H22B− anions, which are produced at the rate
of 10−14 mol cm−3 s−1 and 10−13 mol cm−3 s−1, respectively.
The silyl anion chain is similar to the simple sequence
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hypothesized by other authors [18, 22, 46, 47]. The anionic
silylene chain has nearly a constant reaction rate. However
in the anionic silyl chain, we note that the chain slows down
in the conversion from Si4H−

9 to Si5H−
11 and further in the

conversion from Si7H−
15 to Si8H−

17. These reactions (involving
silane addition and corresponding H2 elimination) have �G
values of 7 kcal mol−1 and 9.4 kcal mol−1, respectively,
which are higher than the other reactions in this chain. Si8H17

and Si5H12 have a relatively smaller electron affinity than the
other silyls due to their structure. In both cases, the radical
rests on a silicon atom at the end of a chain, whereas for other
silyls it rests on a silicon atom that is attached to at least two
other silicon atoms. The formation of Si5H−

11 and Si8H−
17 is

thus relatively unfavourable compared to other silyl anions
and leads to the increase in concentration of Si4H−

9 and Si7H−
15

as discussed before.
There are also Si2H4B insertions due to reactions with

Si2H6 and corresponding H2 eliminations. However, these

reactions are nearly three orders of magnitude slower than the
chains mentioned above where the neutral reaction partner is
SiH4. This is due to the smaller concentrations of Si2H6

compared to SiH4. The reactions of Si4H−
9 and Si7H−

15 with
Si2H6 (with corresponding H2 elimination), leading to the
formation of Si6H−

13 and Si9H−
19, respectively, are faster due

to the relatively high concentrations of Si4H−
9 and Si7H−

15.
These reactions are favourable due to a negative change in
free energy. Thus, these two reactions are noticeable in the
reaction pathway shown.

The main loss mechanism for anions is the neutralization
reactions, which are all assumed to have the same rate
constant. The rates of neutralization reactions are smaller
than the dominant clustering pathway. However, as discussed
earlier the higher concentrations of Si4H−

9 and Si7H−
15

increases the neutralization rates of these two species.
There are also other routes which lead to the removal of

Si4H−
9 and Si7H−

15, as seen from the figure. These involve a
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Figure 9. Dominant neutral reaction pathways at steady-state (Tgas = 500 K, Ni = 1 × 1011 cm−3); the numbers indicate net reaction rates
in units of 10−11 mol cm−3 s−1 (all unlabelled reaction rates are of the order 10−12 mol cm−3 s−1).

reaction with SiH3 or Si2H5 with H2 elimination. This leads
to the formation of bigger anionic silylenes.

Figure 7 shows that none of the neutral clustering
reactions are as fast as the ion–neutral reactions. There
are some fast clustering reactions involving SiH2 insertions
into small neutral silicon hydrides. Large neutral clusters
are mainly produced through neutralization reactions which
involve the recombination of the anions with SiH+

3. Due to the
increase in Si8H18 production from the neutralization reaction
discussed above, we see that further electron dissociation and
ring formation reaction rates also increase. These lead to the
formation of Si7H14B and Si7H14 respectively.

Figures 8 and 9 show the anion and neutral clustering
pathways at the higher positive ion density of 1×1011 cm−3.
Here the most prominent ‘particle’ formation reactions have
a reaction rate of the order of 10−10 mol cm−3 s−1. The
figure shows all reactions which have a rate faster than
10−12 mol cm−3 s−1. We see that the clustering pathways
remain the same but have a rate which is faster than that
for the case of an ion density of 3 × 109 cm−3. As noted
before, the clustering chain involving anionic silyls shows
a bottleneck at the conversion from Si4H−

9 to Si5H−
11 and

from Si7H−
15 to Si8H−

17. Reactions with Si2H6 again provide a
feasible alternative for the removal of Si4H−

9 and Si7H−
15. The

neutralization reactions also provide an alternative pathway
for Si4H−

9 and Si7H−
15 removal. In fact the increased positive

ion density leads to an increase in reaction rates of all
neutralization reactions, which leads to creation of more
neutral species. Significant amounts of Si11H23 and Si11H24

are formed as a consequence. In addition, the increased
formation rates of Si8H18 and Si5H12 due to neutralization of
Si7H−

15 and Si4H−
9 leads to an increase in their density. This

increases the reaction rate for the corresponding electron-
induced dissociation to Si7H14B and Si4H8B, respectively,
and further ring formation reactions. Subsequent electron-
induced dissociation reaction of Si7H14 leads to the formation
of Si6H11. Thus, dehydrogenation and formation of cyclic
silicon hydrides are strongly enhanced compared to the case
with a positive ion density of 3 × 109 cm−3.

Mass Spectra

In figures 10—12 we plot histograms of the cluster mass
distribution for the steady state system. These diagrams can
be considered as theoretically predicted mass spectra. The
anions and neutrals have been plotted separately for clarity.

In figure 10, the histograms are for an ion density of
3×109 cm−3 and a gas temperature of 500 K. For all anionic
clusters, only two different species are observed in significant
numbers within a size group (i.e. with same number of Si
atoms). These are always the most hydrogenated silylene
and silyl anion of a particular size. Consequently among
neutral clusters with more than three silicon atoms, the
corresponding products of neutralization (a silane and a silyl
respectively) show the maximum concentration. As observed
earlier, among clusters with more than three silicon atoms,
the concentration of anionic clusters is larger than that of
neutral clusters.

Figure 11 shows a similar plot but at an ion density of
1×1011cm−3. The presence of more dehydrogenated clusters
than in figure 10 is obvious. In some cases, dehydrogenated
clusters are more abundant than fully saturated ones. This is
especially true for neutral clusters. Also, the concentration of
the neutral clusters is larger than that of the anions as observed
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Figure 10. Predominant species at steady-state (Tgas = 500 K, Ni = 3 × 109 cm−3).

earlier. We can qualitatively compare this with the results
of Hollenstein et al [48], who have obtained mass spectra of
silicon hydride clusters in their experiments with RF plasmas
using pure silane or silane mixed with oxygen. The authors
have used a reactor uniformly heated to 473 K. In their
experiments, they observed anionic species which were more
dehydrogenated than those predicted by our mechanism. The
authors proposed a model wherein a silyl anion radical chain
propagates, similar to our reaction chain where a negative
silyl ion reacts with SiH4 with H2 elimination. To explain
the increased dehydrogenation observed in their experiments,
the authors assumed that some of these reactions lead to
elimination of two H2 molecules. The elimination of two
H2 molecules should however be a less important reaction,
since such reactions would require more energy to proceed.
The presence of a bottleneck in the silyl anion clustering
chain also makes this chain slower than the silylene anion
clustering chain. Hollenstein et al [48] also observed an
exponential decrease in the number density of anions for
bigger clusters whereas our simulations indicate that all
anionic clusters with more than five silicon atoms (except for
anionic clusters with seven silicon atoms) show nearly equal
density. However, in these discussions we should bear in
mind that mass spectra predicted by our simulations and those
observed by Hollenstein et al [48] correspond to different
situations. Our model predicts the spectra in an active steady
state discharge whereas Hollenstein et al [48] had to observe

their mass spectra in the afterglow of a pulsed discharge.
The measured mass spectra are likely to be modified by
electron attachment, which becomes very efficient in the
cold afterglow of a plasma. Also, the plots by Hollenstein
et al [18, 46] are uncorrected for any mass-dependent fall-
off in the sensitivity of the spectrometer, which may lead
to discrepancies at higher masses in the spectrum. The
experimental mass spectra may also reflect the influence
of different transport properties of different size clusters.
Besides, it should be noted that our mechanism currently does
not account for vibrational excitation of species which may
enhance certain reactions [22]. We have also not included
any coagulation or surface growth mechanisms in our model.
The cluster concentrations from our simulations may look
different in the presence of these mechanisms.

4.3. Role of SiH2 species

According to Watanabe and co-workers [16, 17], SiH2 is the
major growth species in the clustering observed in silane
plasmas. SiH2 insertion was also noted as a prominent
reaction in the thermal reaction mechanism [24]. We find
that SiH2 insertions do indeed play an important role in the
formation of smaller silicon hydride clusters. These reactions
have a reaction rate on the order of ion–neutral clustering
reactions, but only up to clusters with three silicon atoms.
At larger sizes we do not observe any important reactions
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Figure 11. Predominant species at steady-state (Tgas = 500 K, Ni = 1 × 1011 cm−3).

involving SiH2. It must be mentioned that the reaction rate
constants for SiH2 insertions into smaller neutral clusters
(having one or two silicon atoms) were obtained directly
from the literature, while those for the larger clusters were
estimated (as discussed in the model description). However
SiH2 insertion is largely a thermal reaction driven by the
temperature of the gas, and we notice that this insertion rate
into bigger clusters increases by nearly an order of magnitude
while going from 500 K to 650 K. Thus, we expect these
reactions to be important for the larger clusters only at higher
gas temperatures.

In summary we observe that clustering predominantly
occurs via the anionic pathway, though neutral reactions
are important for the smaller clusters. At present, our
model suggests that dehydrogenation and formation of cyclic
structures results mainly from electron-induced dissociation
of neutrals. Reactions leading to dehydrogenation are present
also in the anion–neutral mechanism, but the predominance
of SiH4 in the gas leads to fast reactions only between anions
and SiH4, which preserve the degree of dehydrogenation.
In fact clustering via this route is at least three orders of
magnitude faster than any competing neutral pathway. In
essence, we expect that larger linear clusters are formed in the
anionic system, while dehydrogenation and ring formation
occur among the neutral clusters.

4.4. Role of wall sticking coefficients

In all the above calculations, we have assumed that neutrals
diffusing to the wall stick with a probability of unity. Sticking
coefficients (γ ) on polycrystalline silicon are known for
reactive radicals like SiH2, SiH3, Si2H4B and Si2H5. For
disilane, γ is known to be less than 10−3 [28, 49, 50]. Data
for larger clusters are unavailable.

To study the effect of wall sticking coefficients, we
have also carried out calculations (Ni = 3 × 109 cm−3

and Tgas = 500 K) assuming γ to equal unity for radicals
containing one or two silicon atoms. For disilane and all
larger clusters, we have assumed γ to be 10−3. Subsequently,
the slower diffusion of neutral clusters, compared to the
cases where the sticking coefficient is assumed to be
unity for all species, leads to an accumulation of neutrals.
This longer residence time also leads to an increased
probability of dehydrogenation of the neutrals, and we
observe higher concentrations of dehydrogenated species
among the neutrals, as can be seen from figure 12. The
ion–neutral clustering rate still remains much faster than
the neutral clustering rate. This picture is perhaps a better
representation of the clustering mechanism, as it accounts for
the fast clustering as well as the dehydrogenation observed
in experiments [48].

It should be mentioned that the neutral clustering
pathway becomes comparable to the anionic pathway only
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Figure 12. Predominant species at 1 s (Tgas = 500 K, Ni = 3 × 109 cm−3, γ = 0.001 for neutral clusters with three or more silicon atoms).

if γ is assumed to be 10−3 for SiH2 and SiH3, since
this increases the reaction rate of SiH2 and SiH3 insertion
reactions. However, since γ is known to be closer to one for
these species, the predominance of anionic clustering seems
to be more realistic.

5. Conclusion

The process of clustering in low-pressure silane plasmas
was studied by developing a detailed reaction mechanism
that included both thermal and plasma chemistries. The
thermochemical properties of all clusters were calculated
using group additivity rules. Reactions were defined and
their reaction rates were estimated based on known rates of
reactions of small molecules. Langevin rates reduced by an
order of magnitude were used for anion–neutral reactions.
It was found that increasing ion density (i.e. RF power
density) leads to faster clustering and more dehydrogenated
clusters. The anionic pathway was found to be the main
pathway for silicon hydride clustering. SiH2 insertion in
neutral clusters was found to be important only among the
small silicon hydrides with up to three or four silicon atoms.
Dehydrogenation and ring formation mostly occur through
neutral reactions. In the future we plan to add coagulation
of clusters and surface chemistry to the model and then to
extend it to a two-dimensional system. In the long term we
plan to couple this model to a self-consistent plasma model.
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