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Abstract

The effect of the total gas pressure (1–3 Torr) on the growth rate and the crystalline volume fraction (Xc) of films deposited from 70 MHz SiH4/
H2 plasmas is investigated. The films were grown in conditions near the transition from microcrystalline to amorphous silicon growth at high
deposition rates (10 Å/s). Simultaneously, a two-dimensional self-consistent fluid model of diluted SiH4 in H2 discharges was used to simulate the
deposition process. The model integrates a detailed gas phase and surface chemistry including 25 species, 85 gas phase reactions and 27 surface
reactions. A good agreement was found between model and experiments concerning the deposition rate. On this basis, the effects of pressure on the
electron density and temperature, discharge impedance, electric field distribution as well as on the distribution and importance of the films
precursors is discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogenated microcrystalline silicon (μc–Si:H), deposited
by very high frequency plasma-enhanced chemical vapor depo-
sition (VHF–PECVD) from highly diluted silane in hydrogen, is
a promising material for the next generation of stable, large area
and high efficiency thin film solar cells[1–3]. A major drawback
in this direction is the lower light absorption of this material
compared to hydrogenated amorphous silicon (a–Si:H), which
may be solved by depositing thicker μc–Si:H layers. Therefore,
high deposition rates over large areas are a prerequisite for a cost
effective industrial application of μc–Si:H solar cells. However,
although the material and the deposition process are compatible
with the well established a–Si:H technology, there are still
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several unsolved issues concerning the deposition of device
grade materials and high growth rates [4–6]. Among the many
process parameters that can play a role in the deposition of μc–
Si:H films from SiH4/H2 discharges, the total gas pressure and
the excitation frequency were identified as having important
effects on the deposition rate and were used separately to
optimize the process. Recently, a combination of VHF–PECVD
with high working pressures [7–9] has been used to explore the
possibility of further increasing the deposition rate.

In this paper, we present the effect of the total gas pressure on
the deposition rate and the structure of the films deposited from
70 MHz SiH4/H2 glow discharges using relatively high power
conditions (65 W). The experimental results reveal an optimum
pressure for the deposition rate, a continuous drop of the crys-
talline volume fraction and finally a transition to a–Si:H depo-
sition with pressure. In order to understand the effect of pressure
on the deposition process a 2D self-consistent simulation of
SiH4/H2 discharges was implemented [10,11]. The model results
concerning the variation of the discharge electrical parameters,
the species' production and the distribution of film precursors
with pressure are presented and discussed.
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Fig. 1. (a) Raman spectra of the deposited films and (b) experimental and
simulation results of the deposition rate as a function of the total gas pressure.
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2. Experimental details

All samples were prepared in a multi-chamber PECVD
reactor having an electrode area of 225 cm2 and an interelectrode
distance of 10 mm. The grounded electrode is the substrate
holder suitable for 10×10 cm2 substrates. The details for the
system setup can be found in Ref. [12]. The experiments were
performed with constant silane concentration (7% in hydrogen)
and constant input power (65 W). In this series of experiments,
relatively high flow rates (300 sccm) were maintained while the
total gas pressure was varied from 133 Pa to 400 Pa. Films of
equal thickness (~800 nm)were deposited on corning 7059 glass
at a substrate temperature of 200 °C. The structural properties of
the samples were characterized with Raman spectroscopy (MKI
Renishaw 2000), while the thickness of the thin films was
measured with an XP-2 step profiler (AMBios).

3. Plasma simulation

A two dimensional (2D), time dependent fluid model was
used to study the deposition of μc–Si:H thin films in the VHF
SiH4/H2 plasmas. The model describes the discharge using a
combination of particle, momentum and electron energy con-
servation equations derived from the Boltzmann equation,
coupled with Poisson's equation for a self-consistent calculation
of the electric field. A detailed description of the model can be
found in Ref. [13]. A set of 25 species together with a total
number of 112 reactions (85 in the gas phase and 27 surface gas
interactions) are included into this version of the model, com-
prising electron-impact reactions with molecular species,
neutral-neutral, and ion-neutral reactions. Cross section data
are used for the electron impact reactions, whereas the rate
constants of the rest of the reactions involving neutral species are
either calculated or experimentally measured. Plasma surface
interactions of the radicals leading to the growth of μc–Si:H are
handled using sticking coefficients.

The input data in this model besides the general process
conditions are the geometry of the reactor and the applied
voltage while the results include all the important properties of
SiH4/H2 discharges, like the distribution of the electric field and
voltage in the plasma, electron, ion and species densities, elect-
ron temperature, radical fluxes towards the substrate and the
deposition rate.

4. Results and discussion

Fig. 1 presents Raman spectra of the films deposited at
different total gas pressures. The increase of the total gas
pressure leads to a decrease of the crystalline volume fraction
(Xc) of the material. The intensity of the broad amorphous peak
at 480 cm−1 is enhanced at higher pressures on cost of the crys-
talline peak at 520 cm−1, which disappears for a total gas pres-
sure ≥400 Pa. A small shoulder is observed at long wave-
numbers for the films prepared at 333 Pa, indicating a transition
to a–Si:H growth.

Fig. 1 (b) summarizes both the experimental measurements
and the model prediction of the deposition rate as a function of
the gas pressure. The experimental results indicate that there is
an optimum of the film growth rate for the pressure of 267 Pa.
On the other hand the model predicts that the deposition rates
increases linearly with the pressure. For the pressure range
133 Pa to 267 Pa (μc–Si:H window) the trend is exactly the
same for both experimental and simulation results while the
simulation overestimates slightly the film growth rate mainly
because it does not take into account powder formation, which
was obvious at the specific experimental conditions. The
differences observed for pressures higher than 267 Pa (a–Si:H
deposition), are due to the fact that the model uses a specific
surface reaction set that is valid only for the deposition of μc–
Si:H. This is because μc–Si:H and a–Si:H growth mechanisms
are different; the radicals and especially silyl (SiH3) have dif-
ferent probabilities to interact with a–Si:H or μc–Si:H surfaces,
while also the reactions rates between the surface sites are rather
different. In the study presented here, no further effort was made
to incorporate the a–Si:H growth model. Thus, the discussion
below is limited to the study of the pressure effect on the mi-
crocrystalline silicon deposition regime.

Following the examination of the level and range of agree-
ment between the model and the experimental results, the model
was used to understand the important changes induced by the
increase of pressure in both the film growth rate and crystal-
linity. For this purpose, the model results concerning plasma
microscopic parameters and gas-phase species production were
thoroughly analyzed. Thus, Fig. 2 presents the variation of the
time and space averaged electron density (Ne, left axis) and
electron temperature (Te, right axis) as a function of the total gas
pressure. The model predicts a significant increase of Ne by a



Fig. 2. Simulation results for the time and space averaged electron density (Ne)
(left axis) and electron temperature (Te) (right axis), as a function of pressure.

Fig. 4. Discharge phase difference (left axis) and total impedance (right axis) as a
function of pressure.

6831X.D. Zhang et al. / Thin Solid Films 516 (2008) 6829–6833
factor of 7 and simultaneously a drop of Te with pressure. These
results can be explained by the reduction of charged species
losses to the surfaces due to the decrease of both electron and
ion mobilities with pressure as well as by the variation of the
real power dissipated in the discharge [14]. In this specific set of
experiments the generator power was maintained constant
(65 W) and this leads to a variation of the power actually dissi-
pated in the discharge due to a change in the plasma impedance.
Namely, Fig. 3 (left axis) reflects the changes in the coupling
between the generator and the plasma by presenting the change
of the real power consumed in the discharge as a function of the
total gas pressure. The results indicate that the larger the gas
density the better the % power transferred from the generator
to the plasma. This has been also experimentally confirmed
since for the same generator input the voltage measured at the
RF electrode increased with pressure. The increase of the real
power consumed in the discharge is then responsible for the
higher electron density presented in Fig. 1 as the number of
ionization events would be enhanced at higher pressures. In
turn, the increase of electron density will be responsible for
the higher current conduction, which is also presented in Fig.
2 (right axis). Actually, discharge power and discharge current
have exactly the same trend with pressure, because in these
conditions power dissipation is mainly determined by elec-
trons — heating and collisions in the bulk of the plasma rather
Fig. 3. Model prediction for the total discharge power (left axis) and the total
discharge current as a function of pressure.
than in the high field sheaths. This is typical for VHF discharges
which are characterized by the application of low voltages with
a subsequent enhancement of bulk heating.

The above discussion is further supported by the calculated
values of the discharge phase and impedance as presented in
Fig. 4. Thus, despite the significant increase in the discharge
power and the significant variation of the gas density, the
change in the discharge phase and impedance with pressure is
relatively small. This means that a large number of electrons and
especially the electrons with relatively low energy suffer very
few or even no momentum transfer or inelastic collisions during
the short period of 70 MHz excitation. Thus, the prospective
increase of the discharge ohmic character is not as strong as in
the case of lower frequency (13.56 MHz) discharges.
Fig. 5. Spatial distribution of (a) SiH2 and (b) SiH3 radical densities for different
pressures.
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The changes predicted for the electrical parameters of the
discharge (power, plasma conductivity, electron temperature)
affects also the gas-phase chemistry mainly through electron-
molecule collisions. Thus, Fig. 5 shows the spatial distribution
of silylene (SiH2) and silyl (SiH3) species that are initially pro-
duced through electron impact dissociation of SiH4 and are the
dominant silicon hydrides for these conditions. The steady state
distribution of these species in the discharge is the result of their
production in the gas phase, their consumption in the gas phase
and the surface and their mass transport (diffusion-dominated in
these conditions). It is evident that SiH3 and SiH2 radicals have
different spatial distribution shapes because of their different-
gas phase and surface reactivities. Concerning SiH3 radicals the
increase of pressure results in an enhancement of their density
everywhere in the discharge. This enhancement is due to the
increase of power dissipation and consequently the enhance-
ment of electron impact SiH4 dissociation rate and also due to
the increase of SiH4 density in the discharge as the mole fraction
of SiH4 in the gas mixture was kept constant (7%). On the other
hand, the distribution of SiH3 in the discharge does not change
and it is in all cases of a bell shape with a maximum in the center
of the plasma. This is a typical distribution for species with
diffusion dominated mass transport and consumption deter-
mined by their surface reactions. On the other hand, for the SiH2

radicals, the increase of pressure leads to a slight increase of
their density, because of the competitive increase of their pro-
duction and consumption rates in the gas phase through the
enhancement of secondary gas phase reactions with SiH4. The
latter is also responsible for the distribution change of SiH2 at
pressures higher than 333 Pa as a large number of SiH2 species
that are produced are spontaneously consumed. So at these
pressures the profile of these species is mainly determined by
their production and consumption in the gas phase rather than
from their mass transport or their consumption at the growing
film surface.

It is worth mentioning that H atoms, which are also very
important species for the microcrystalline silicon growth, have a
similar behavior with SiH2 i.e. their density and distribution in
space are increasingly affected by the insertion reaction with
SiH4 as pressure increases. This can be observed in Fig. 6 which
presents the spatial distribution of H atoms for different gas
pressures where it seems that for pressures higher than 267 Pa
Fig. 6. Spatial distribution of H atom density for different gas pressures.
the distribution of the species is mainly determined by their gas
phase consumption. Thus, although H2 density in the plasma
increases by a factor of 3 when increasing pressure from 133 to
400 Pa, H atom density increases only by a factor of 1.2 whereas
SiH3 density is enhanced by a factor of 2.8. These observations
lead to the conclusion that as we shift from the conditions of
μc–Si:H growth to conditions of a–Si:H growth a relative
change of the relative importance of the film precursors take
place. In fact, in conditions of a–Si:H deposition the silyl
radical seems to dominate the film growth while the role of
highly reactive in the gas phase radicals and also of H atoms is
increasingly constrained.

5. Conclusions

The effect of total gas pressure (133–400 Pa) on the growth
rate and the crystalline volume fraction (Xc) of silicon films
deposited from 70 MHz 7% SiH4 in H2 discharges was invest-
igated. An optimum of the deposition rate at 267 Pa and a
transition to a–Si:H deposition at 333 Pa was found.

At the same time, a two-dimensional self-consistent model of
diluted SiH4 in H2 discharges was implemented for the simu-
lation of the deposition process and for understanding the
complex effects of the total gas pressure on the discharge pro-
perties that finally lead to the transition from μc–Si:H to a–Si:H
growth.

The model predicted that for the same generator power
(65 W) the increase of pressure resulted to a continuous en-
hancement of the real power dissipated in the discharge with a
consequent increase of plasma density and conductivity. At the
same time a small drop of the discharge impedance and the
mean electron temperature was calculated. These changes were
attributed to the application of VHF frequency and the small
number of collisions that the electrons suffered during the short
period of the VHF cycle.

Finally, the simulation results concerning the species'
production and distribution in the discharge have shown that
the increase of pressure favors the role of silyl radicals in the
film growth relative to species as SiH2 and H, which have rather
high gas phase reactivity. Taking into account that at pressures
higher than 333 Pa a transition to a–Si:H deposition was ob-
served, we conclude that these changes lead to the transition.
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