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Effect of VHF excitation frequency on localized deposition of silicon in non-
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High rates of localized silicon deposition on a low temperature (473 K) substrate impinged by an under-expanded
supersonic jet in a conventional non-equilibrium-plasmachemical vapor deposition process at different excitation
frequencies were observed. A single 0.3-mm internal diameter nozzle was used as one of the electrodes for the
capacitively coupled plasma. A SiH4/H2 gas mixture at a pressure of 65 kPa was injected through the nozzle
into the vacuum chamber at a pressure of 800 Pa. An under-expanded supersonic jet was generated and exhibited
turbulence in the vicinity of the substrate surface. A maximum deposition rate of 4.5 μm/s was obtained 10 mm
downstream from the nozzle with 0.8 W/cm2 of 100 MHz VHF power.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Reductions in the costs of manufacturing photovoltaic thin-film
solar cells are urgently needed. This study reports a new process for
high-rate deposition of silicon.

Thermal plasma jet deposition techniques have achieved over 1 μm/s
deposition-rates. Chae et al. reported such rates using vacuum chamber
pressures of over 6.7 kPa with an RF power of 2 kW/cm2 [1]. Although
these rates are attractive formanufacturing thin-film solar cells, the pro-
cess power consumption is cost prohibitive. Non-equilibrium plasma
chemical vapor deposition (CVD) processes are generally more energy
efficient than thermal plasma CVD processes but have silicon deposition
rates of less than 10 nm/s.

To attain high growth rates and good quality in non-equilibriumplas-
ma CVD processes, researchers have investigated such processes under
higher deposition pressures and VHF [2]. Sobajima et al. [3] reported
the growth of 8 nm/s at the pressure of 2700 Pa with an RF power of
2.2 W/cm2 with a high-pressure-depletion method. Researchers have
proposed that such methods are mass-transfer-limited because the dif-
fusion constant becomes smaller at higher pressures.

However, turbulent flows caused by impinging jets are known to
enhance both mass transfer and heat transfer [4,5]. Non-equilibrium
plasma-enhanced CVD processes tend to require higher pressures
than standard CVD processes (i.e., low-vacuum conditions, >133 Pa,
as opposed to mid-vacuum conditions). Viscosity flow occurs under

these conditions, and the characteristics of deposition may be
influenced considerably by a turbulent flow. If turbulence is induced
to enhance mass transfer between a jet and the background gases, a
non-equilibrium plasma CVD process using a jet in low vacuum
would be expected to obtain growth-rates much higher than 10 nm/s.

Holländer and Abhinandan reported high growth rates (more than
200 μm/s) of localized hydrocarbon deposition using μ-jet-CVD with a
0.25 mm diameter capillary at a background pressure of 84 Pa [6,7].
However growth rates over 1 μm/s have not been reported for hydroge-
nated silicon deposition with non-equilibrium plasma CVD processes.

Therefore, we have begun the investigation of processes to increase
the rates of silicon deposition by controlling gas flow. Localized Si depo-
sition rates of over 1 μm/s were obtained using an under-expanded su-
personic jet at a background pressure of 800 Pa excited with 60 MHz
very high frequency (VHF) power of 0.8 W/cm2.

Because there are several reports of the effects of higher VHF fre-
quency on the growth-rates of silicon [8], we have also investigated
the effects of VHF frequency on growth rates.

In this paper, we report the effects of VHF frequency on localized Si
deposition on a low temperature (473 K) substrate impinged upon by
an under-expanded supersonic jet using a non-equilibrium plasma
CVD process.

2. Experiment

A schematic of the experimental set-up is shown in Fig. 1. The sys-
tem consisted of a vacuum chamber, electrodes, an RF power supply,
a process gas supply system, and an evacuation system. The vacuum
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chamber was a cylindrical stainless-steel pipe 110 mm in internal di-
ameter and 640 mm in length. The electrodes consisted of a conical
electrode which also served as the gas inlet nozzle, and an 85-mm di-
ameter copper block electrode mounted on a heater. A 0.3-mm diam-
eter, 1-mm deep hole was located on a 3-mm diameter plane located
on the vertex of the conical electrode. Process gases were injected
through the hole into the vacuum chamber. The background pressure
in the chamber was fixed at 800 Pa.

The process gas supply system had mass flow controllers (MFC) for
H2 and SiH4 (model SEC-E440J, HORIBA, JP). A mixture of hydrogen
and monosilane (TAKACHIHO, JP) was used, and the hydrogen dilution
ratio (H2/SiH4) was 100. The total gas flow rate was fixed at
1010 sccm. The upstream pressure in the nozzle was 6.5 × 104 Pa.
Two systems were used as RF power supplies. The first consisted of an
RF power generator for 50 MHz and 60 MHz (model RF-200-040150-
MIT, Tokyo HY-POWER, JP) and a matching box, and the other was a
100 MHzRF generator (model T145-5778A, Thamway, JP)with an auto-
mated matching unit (model T145-5778A, Thamway, JP). The input
electric power for VHF excitation (50, 60, 100 MHz) was fixed at 45 W
(0.8 W/cm2). Deposition took place for 30 min at 50 MHz and 60 MHz.
The deposition time at 100 MHz was less than 18 min due to a high
growth rate. The evacuation system consisted of a dry vacuum pump
(model SDE 90, 1300 l/min, Kashiyama, JP), an adaptive pressure con-
troller (model PM-3, VAT, CH), and a VARATRON vacuum gage (model
626A, MKS, USA). The substrate was SiO2 glass (VIDREX, JP) placed se-
curely on the electrode with dimensions of 30 mm × 30 mm × 0.5 mm
thick. The substrate temperature was held at 473 K. The prepared films
were analyzedwith a Raman spectrometer (model NRS-1000, JASCO, JP).

These experiments depended crucially on the structure of the gas
flow. Because it is difficult to experimentally observe the configuration
of an impinging jet, computational fluid dynamics (CFD) calculations
were used to aid the interpretation of the experimental results. The
FLUENT software (ANSYS, USA) and the realizable k–ω turbulence
model were used. The Knudsen number for these experiments was
Kn = 0.0006, allowing the use of FLUENT, which requires Kn b 0.001.

3. Results and discussion

3.1. Effect of the structure of the under-expanded impinging jet on localized
deposition

Fig. 2 shows a typical localized deposition of Si. A typical Raman
spectrum in the vicinity of the small area surrounding the stagnation
point on the substrate just under the nozzle is shown in Fig. 3.The
Raman spectrum can be decomposed into three components: amor-
phous component at 480 cm−1, crystalline component at 520 cm−1,
and intermediate component at around 500 cm−1. It is known that

μ-crystal Si can be formed by non-equilibrium plasma CVD and hot-
wire CVD with a high dilution ratio of H2/SiH4 like our experiment,
and Yue reported that the intermediate component is associated
with bond dilation at grain boundaries [9], while, Kondo et al. indicat-
ed that μ-crystal Si films deposited around 573 K contain a lot of SiH2

bonds on the grain boundaries [10]. Therefore this deposited material
is supposed to be a mixture of hydrogenated amorphous Si and
μ-crystal Si.

Peak deposition heights were often over several mm at 100 MHz
with 45 W (0.8 W/cm2) power, with deposition base diameters of ap-
proximately 10 mm. This localized deposition is similar to the phe-
nomenon reported for microjet CVD of hydrocarbons [6], which
Abhinandan and Holländer have attributed to the stagnation condi-
tion at the substrate [7].

This conditionmentioned is expected to generate an under-expanded
supersonic jet and aMach disk according to rarefaction parameter of ξ by
Muntz et al. [11],

ξ ¼ B p0pbð Þ1=2=T0 dyne=cm⋅Kð Þ

where B is the diameter of a nozzle, p0 is the stagnation pressure, pb is the
background pressure, and T0 is the stagnation temperature. ξwas calcu-
lated to be 7 for our experiment, meeting the criterion for Mach disk for-
mation (ξ > 3). Many visualization experiments have confirmed that
this parameter is applicable to the case of a jet injecting to low vacuum
region [12], and Usami and Kato confirmed this computationally using
Direct Simulation Monte Carlo [13].

The empirical formula of Ashkenas and Sherman gives the distance
Xm from the nozzle to Mach disk [14],

Xm=B ¼ 0:67 p0=pbð Þ1=2:

This gives a value of 1.8 mm for Xm consistent with the FLUENT
computational prediction. The experimental data (described below)
suggest Xm ≈ 2 mm, consistent with the other estimations.

Fig. 4 shows the FLUENT predictions (for 100%H2) of the character-
istics of an under-expanded impinging supersonic jet. Fig. 4(a) shows
the core region downstream of the nozzle. The jet is surrounded by a
barrel shock and Mach disk in the region where its velocity becomes
supersonic, and its temperature, shown in Fig. 4(b), and density,
shown in Fig. 4(c), decrease rapidly in this region. However, these re-
turn to their original values beyond theMach disk. Downstream of the
first Mach disk, the flow adjusts to the ambient pressure through a
series of normal and oblique shocks. The series of shock cells decays
slowly as the mean velocity decreases. This jet structure plays a
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Fig. 1. Schematic of the experimental set-up.

Fig. 2. In situ observation of deposition by an under-expanded supersonic jet using a
non-equilibrium plasma CVD process and view of the localized deposition of silicon.
The VHF excitation frequency was 100 MHz at 0.8 W/cm2, and the deposition time
was 18 min at a 10 mm distance from the nozzle.
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dominant role in the localized deposition because the jet boundary re-
mains narrow over a long range, as shown in Fig. 4.

3.2. Dependence of deposition rate on frequency and the nozzle-to-
substrate distance

Fig. 5 shows the Si deposition rates associated with variations of
distance between the nozzle and substrate at different excitation fre-
quencies. It is found that the deposition rates at 60 MHz were slightly
faster than those at 50 MHz, and were significantly enhanced at
100 MHz, with a maximum rate of 4.5 μm/s at 10-mm from the noz-
zle. It is also found that the deposition rates became maximum at
10 mm in all the excitation frequency conditions.

These results can be explained as follows. It is reported that higher
plasma excitation frequencies give greater electron densities and
lower electron temperatures [2,8], both of which benefit the deposi-
tion process. High electron density increases the production of precur-
sors, and lower electron energy leads to better deposition quality.
Thus, the deposition rates increase with increasing the frequency at
any distance from the nozzle.

For the distance less than 10-mm, the mean velocity of the super-
sonic jet was high, while the mean density and temperature of the
jet were low as shown in Fig. 4. Under this condition, the precursor
production for the reaction was constrained and the saturation of pre-
cursor production was delayed. The delay of the saturation resulted in
the slow increase of deposition rates.

For the distance beyond 10 mm, mass transfer process may
become dominant. In order to evaluate the mass transfer process,
the Sherwood number (Sh) is used. It is a dimensionless number
that represents the ratio of convective to diffusive mass transport. Sh
is empirically related to the Reynolds (Re) and Schmidt (Sc) numbers.
A supersonic jet in low vacuum generates turbulences that promote
convection and increase mass transfer. An important aspect of the ob-
served data is the Sh-dependence on the substrate–nozzle distance.
Because there is little reliable data for Sh in circular under-expanded
impinging jets, we employed the following estimation by analogy to
a 2D jet [4]:

Sh∝RemScn H=Bð Þp

with m ≈ −0.6, n ≈ 0.4, and p ≈ −0.6 for H/B ≥ 8. Here, H is a dis-
tance from the nozzle, and B is the diameter of the nozzle. The formula
indicates that Sh decreases as H increases.

Although thedecreased deposition rate shown in Fig. 5 is qualitative-
ly similar for H ≥ 15 mm (H/B ≥ 50), the rate of decrease (p ≈ −1) is
smaller than that in the predicted formula. This may be because the em-
pirical formula was based on data in the range 50 ≥ H/B ≥ 8, while the
decrease in deposition rate in Fig. 5 was observed for 100 ≥ H/B ≥ 50.
Additionally, the precursor concentration likely decreases with increas-
ing distance in this the region, because the precursors produce higher
order silanes and clusters with smaller diffusion coefficients than
those of the precursors.

The observed process required only ~1 W/cm2 VHF exciting power
to attain deposition rates of 1 μm/s, which is much less power than
that required by thermal plasma jet processes. Further, this process
is very similar to conventional non-equilibrium plasma CVD processes
and requires little additional investment to implement. These results
indicate that the studied process is a promising avenue for decreasing
the cost of manufacturing silicon thin-film solar cells.

4. Conclusions

The effects of VHF excitation frequency on localized deposition of sil-
icon on a low temperature (473 K) substrate with an under-expanded
impinging supersonic jet for conventional non-equilibrium plasma
CVD process have been investigated.

Deposition rates observed under different excitation frequencies
showed similar behaviors. The observed rates increased with increas-
ing frequencies with all other conditions held constant. The highest
deposition rates at every frequency were obtained 10 mm down-
stream from the nozzle. The maximum observed deposition rate of
4.5 μm/s was obtained at 10 mm with excitations of 100 MHz VHF
at a power of 0.8 W/cm2. This high rate of growth is attributed to
the high electron densities induced by 100 MHz VHF and the high
mass transfer coefficient of the supersonic jet.

This process only required approximately 1 W/cm2 of VHF power
to achieve growth rates of 1 μm/s, which is much less power than
that required by thermal plasma jet processes. Further, this process
is very similar to conventional non-equilibrium plasma CVD processes
and requires little additional investment to implement. Although this
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Fig. 3. Typical Raman spectrum of Si deposition which is decomposed into three components: amorphous component (peak 1), intermediate component (peak 2), and crystalline
component (peak 3).
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is only a preliminary study andmany issues remain to be solved before
themethod becomes commercially viable, we believe that this process
represents a promising avenue to decrease the cost of manufacturing
silicon thin-film solar cells.
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Fig. 5. Si deposition rates at various distances from thenozzle and at excitation frequencies
of 50 MHz (circle), 60 MHz (triangle), and 100 MHz (square).

Fig. 4. FLUENT calculations (for 100% H2) of the characteristics of an under-expanded impinging supersonic jet 10 mm downstream from the nozzle, showing velocity (a), temperature
(b), and pressure (c). It defines the background pressure (800 Pa) as 0 Pa.
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