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Simulation of gas phase reactions for microcrystalline sili-
con films fabricated by PECVD*
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We present a numerical gas phase reaction model for hydrogenated microcrystalline silicon (iic-Si:H) films from SiH, and
H, gas mixtures with plasma enhanced chemical vapor deposition (PECVD). Under the typical pc-Si:H deposition conditions,
the concentrations of the species in the plasma are calculated and the effects of silane fraction (SF=[SiH,]/[H,+SiH,]) are
investigated. The results show that SiH, is the key precursor for uc-Si:H films growth, and other neutral radicals, such as
Si,H,, Si,H, and SiH,, may play some roles in the film deposition. With the silane fraction increasing, the precursor

concentration increases, but H atom concentration decreases rapidly, which results in the lower H/SiH, ratio.
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Hydrogenated microcrystalline silicon (ue-Si:H) thin films
are promising materials for a wide range of applications in
solar cells and thin film transistors. The plasma enhanced
chemical vapor deposition (PECVD) from SiH, diluted with
H, is commonly used to deposit pic-Si:H thin films. Although
the growth rate has been increased greatly and the film qual-
ity has been improved in recent years, the fundamental mecha-
nism of pe-Si:H film growth with PECVD is still poorly un-
derstood!"l. Kessel et al® have suggested that SiH, is the domi-
nant radical for puc-Si:H film growth because the SiH, con-
centration is at least an order of magnitude higher than the Si
and SiH concentrations for all H, dilution ratios. Amanatides
et al”l have reported that in the case of high H, dilution, the
highly sticking SiH, radical is the main precursor; however,
in the case of low H, dilution, Si,H, radicals play a major
role in film growth. Lately, Lee et al have deposited pc-Si:
H films in the presence of an electric field with PECVD and
have suggested that SiH," ions may act as a main precursor
responsible for the formation of pc-Si:H films. Recently, sev-
eral models for hydrogenated amorphous silicon (a-Si:H) film
deposition have been developed and the simulation results
are in good agreement with experiments®¢. A few models
for pc-Si:H film growth have been reported™?, but they are

not comparable because of different study purposes.

In this paper, we present a well-mixed reaction model to
investigate the PECVD process of pc-Si:H film from SiH,
and H, gas mixtures. In order to simplify the calculation, the
gas phase transport process is neglected, and it is assumed
that all chemical species, electrons and ions are perfectly
mixed and uniform throughout the reactor volume, and the
electron temperature 7, follows Boltzmann distribuion. The
model includes 15 radicals, neutral particles and ions, and
50 electron-neutral, neutral-neutral and ion-ion reactions, as
shown in Tab.1.

The rate constant for these reactions can be calculated
from Arrhenius expression!®],

k=AT'exp (-E/R,T), 1)

where the pre-exponential factor 4 is in unit of m*mol's™, T'is
the gas temperature (K) or the average electron temperature
(eV), n is the temperature exponent, E is the reaction activa-
tion energy (J/mol) and R, = 8.314 J/(mol*K) is the ideal gas
constant. The parameters shown in Tab.1 are taken from Refs.
[8-11] (The values of n are not given in Tab.1.).
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Tab.1 Gas phase reactions used in this model

Reaction A(m’mol's?)  E(J/mol)
1 e+H,—2H+e 3.43x10° 7.06x10°
2 e+SiH, — SiH +H+e 9.00x10° 9.64x10°
3 e+SiH, — SiH,+2H+e 1.08x10° 9.64x10°
4  e+SiH, — SiH+H,+H+e 2.00<10*  1.03x10°
5 e+SiH, — SiH,+H+2e 1.98x10° 1.16x10°
6 e+SiH, — SiH,+H,+2¢ 2.82x10°  1.16x10°
7 e+SiH, — SiH,+H 9.09x10° 8.68x10°
8 e+SiH, — SiH,+H, 5.40x10° 8.68x10°
9 etH, —~ H,+2e 1.00x10° 1.00x10°
10 H+SiH, — SiH,+H, 1.07x10% 1.60x10*
11 H+Si,H, — Si,H+H, 2.26x107 1.60x10*
12 H+SiH, — SiH,+Si,H, 6.87x107 1.60x10*
13 H+Si,H, — SiH,+SiH, 4.52x107 1.60x10*
14 SiH+Si,H, — SiH,+Si,H, 2.40x10*  2.08x10*
15 SiH+SiH, — SiH +SiH, 1.00x10? 0
16 SiH+SiH, — H,+Si,H, 3.49x10° 0
17 SiH+Si,H, — Si H, 3.31x107 0
18 SiH+SiH, — Si,H+H, 1.75x10° 1.84x10*
19 SiH+SiH, — Si,H +SiH, 1.50x10¢ 0
20 SiH+Si H,— Si;HI, 1.20x10° 0
21 SiH,+SiH,, — SiH,+Si H/ 4.52x10° 0
22 SiH+SiH, — SiH 1.20x10° 0
23 SiH,+H, — SiH, 5.48x107 8.37x10°
24 SiH,+SiH, — Si,H, 6.03x108 5.40x10°
25 SiH,+Si,H, — Si H, 3.97x10° 8.37x103
26 SiH,+SiH, —~ SiH 1.30x108 0
27 SiH,+SiH  — SiH , 1.30x108 0
28 SiH+SiH, — Si H, 4.27x107 8.37x103
29 SiH+H, — SiH, 3.43x107 8.37x103
30 SiH+SiH,— Si H, 4.52x10% 8.37x103
31 SiH,+SiH, — Si H, 9.63x10° 8.37x103
32 SiH,+Si,H, — SiH +Si,H 9.03x10* 8.37x103
33 SiH,+SiH, — Si H+SiH, 8.43x10? 0
34 SiH,+SiH, — SiH +Si H | 5.66x10° 0
35 H,+Si,H, — SiH +SiH, 1.87x10° 8.37x10?
36 H,+Si,H, =~ Si,H, 2.41x10° 8.37x103
37 Si,HA+Si,H,—~ Si,H+Si,H, 2.59x10% 8.37x103
38 Si,HA+Si,H —~ SiH,, 7.23x10° 8.37x103
39 Si,HA+Si,H, — Si,H, 1.20x10¢ 0
40 SiH+SiH — SiH, 1.20x107 0
SiH+SiH, ,—Si H, 6.62x10* 0
e+SiH *— SiH, +H 1.5x10" 0
SiH *+SiH — SiH +SiH, 3.0x10" 0
SiH +H,” — SiH +H, 3.0x10" 0
H,+SiH, — SiH,;*+H, 1.8x10° 0

The gas phase reaction rate R can be obtained by

R=kC,C, , 2)

where C| and C, represent the concentrations of reactants in
unit of mol/m>.

In this model, the input parameters, such as the gas
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temperature, gas pressure, average electron temperature, elec-
tron density, and hydrogen concentration, are kept unchanged
at 500 K, 600 Pa, 2 eV, 8.3 X 10 mol/m? and 1.69 X 10?
mol/m?, respectively. Firstly, we investigate the concentra-
tions of the chemical species in the plasma when the silane
fraction (SF = [SiH,]/[H,+SiH,]) is fixed at 3%, as shown in
Fig.1, where solid and broken lines denote neutral particles
and ions, respectively. It should be pointed out that only
species, which are with high concentrations or dominant in
film growth, are plotted.
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Fig.1 Species concentrations in the plasma versus time

According to the model, all species concentrations in-
crease with time, and then tend to be saturated after 103 s,
which means that the stable plasma is formed. The hydrogen
atom concentration is the maximum, equal to 3.5 X 10*mol/
m?, at the silane fraction of 3%. It can be seen in Tab.1 that
two hydrogen atoms are generated during each H, dissocia-
tion reaction in Reaction 1. In addition, all the dissociation
reactions of silane molecules in Reactions 2-4 can release
hydrogen atoms. At the same time, under the condition of
low silane fraction, the rate of hydrogen atom abstraction
reaction in Reaction 10 is low, which results in annihilation
of hydrogen atoms. Among the neutral radicals, the SiH, con-
centration is the maximum, then that of Si,H,, Si,H, and SiH,
in order. Because both the electron dissociation of silane and
the hydrogen abstraction create SiH, radicals. On the other
hand, the rate constants of secondary gas phase reactions for
SiH, are lower compared with SiH, and SiH. The concentra-
tions of SiH," and SiH," are very low, which is attributed to
their high reaction activation energy values.

The silane fraction has important effects on the deposi-
tion rate, crystalline fraction and electrical properties of pic-
Si:H films. With other parameters fixed, increasing silane
fraction can induce the phase transition from uec-Si:H to a-Si:
H films!'. Commonly, it is assumed that the neutral radical
SiH, is most abundant species in the plasma and acts as the
main precursor for a-Si:H film growth!"3]. In order to deter-
mine the pc-Si:H film deposition precursors, we investigate
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the dependence of the species concentrations on the silane
fraction ranging from 1% to 10%. The results are shown in
Fig.2. When the silane fraction increases, the concentrations
of silicon hydrides, such as SiH,, Si,H,, Si,H, and SiH,, all
increase in different magnitudes, while hydrogen atom con-
centration decreases rapidly. It should be noted that the or-
der of the species concentrations in Fig.2 does not change
with the silane fraction increasing. Among the silane radicals,
the SiH, concentration is the maximum at each silane fraction,
which is 1-2 orders of magnitude higher than that of SiH,.

Concentration (mol/m™)
=

Fig.2 Species concentrations versus silane fraction

With fixed n, value, the rates of reactions such as 2, 3, 16
and 18 in Tab.1 increase with silane fraction increasing. As
for the products of these reactions, the silicon hydrides con-
centrations increase too. Under the higher silane fraction,
the abstraction reaction (H+SiH, — SiH,+H,) not only pro-
duces more SiH, radicals, but also consumes a lot of hydro-
gen atoms, which results in the decline of hydrogen atom
concentration in Fig.2.

It should be pointed out that each radical in the plasma
has different surface reaction probabilities § >4, For
example, SiH has the maximum reaction probability, B~
0.95, followed by SiH, and Si,H,, about 0.6, while that of
SiH, is lower, generally ﬁsm3 ~ (0.2 used. From the results
shown in Fig.2 and the above-mentioned surface reaction
probabilities, we suggest that SiH, is the key precursor for
pe-Si:H film growth, similar to a-Si:H, and other neutral radi-
cals such as Si,H,, Si,H, and SiH, may play some roles in the
film deposition. In addition, the concentration of SiH," ion
remains rather lower at each silane fraction, so it has little
contribution to the film growth. The results are consistent
with the conclusions of Kessel et al from their experiments.

Experimental results have been reported that with the in-
crease of silane fraction, the deposition rate of the uc-Si:H
film increases, while crystallinity becomes worsel'?.
Obviously, the increase in deposition rate is due to the in-
crease in the concentration of dominant precursors for growth
(typically SiH,). The decrease in the crystalline fraction is
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due to the decrease in hydrogen atom concentration, which
results in the lower H/SiH, ratio, as shown in Fig.3. The op-
tical emission spectroscopy (OES) is commonly used to moni-
tor the emission intensities of Hy, Hp, Si* and SiH* in the
plasma, in which Si* or SiH* emission intensity is propor-
tional to the precursor concentration!'!. Rath et all'" reported
that the crystalline fraction decreases with the decline of H,,
/Si* ratio, and the film changes from microcrystalline to amor-
phous phase when H,, /Si* ratio exceeds a critical value. It is
well known that hydrogen atoms play a crucial role in the
growth of the silicon films. With the decrease of hydrogen
atom concentration in the plasma, the coverage rate of hy-
drogen atoms at the growing surface is reduced, which re-
sults in the decrease of surface diffusion coefficients of the
deposition precursors. On the other hand, the role of hydro-
gen atoms etching the weak Si-Si bonds in the a-Si:H net-
work declines, which results in the crystallinity deterioration.
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Fig.3 SiH, concentration and H/SiH, ratio versus silane
fraction

In summary, a numerical gas phase reaction model for
uc-Si:H film growth from SiH, and H, gas mixtures with
PECVD is presented. The simulation results indicate that
hydrogen and SiH, are the dominant species in the plasma
for pe-Si:H film deposition. Similar to the case of a-Si:H,
SiH, is the key precursor for pc-Si:H film growth. With the
increase of silane fraction, the precursor concentrations
increase, which is the main reason for the enhancement of
the growth rate; at the same time, the hydrogen atom concen-
tration decreases rapidly and H/SiH, ratio declines, which is
the reason for the decrease of the film crystalline fraction.
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