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In this study, a high speed jet was used to deposit silicon by SiH4/H2 plasma-enhanced chemical vapor deposition (PE-
CVD), demonstrating a higher deposition rate than conventional PE-CVD. The shape of the deposited silicon material was 
found to depend on the mass-�ow rate of the SiH4/H2 mixture. The velocity pro�les of the jet �ow were subsequently 
analyzed by computational �uid dynamics (CFD), with the results indicating that the velocity of the jet signi�cantly in�u-
ences the mass of silicon deposited on a glass substrate due to variation in mass transfer near substrate surface.

Introduction

For both economic and ecological reasons, there is an 
urgent need to reduce the manufacturing cost of photovol-
taic thin-film solar cells. As a possible means to address this 
problem, this paper presents the development of a process 
for the rapid deposition of hydrogenated silicon.

Thermal plasma-jet deposition techniques have previ-
ously achieved deposition rates of over 1 µm/s in SiC de-
position (Heberlein et al., 2001; Ishigaki, 2001), with Chae 
et al. (2001) achieving such high deposition rates by using 
vacuum-chamber pressures of over 6.7 kPa and a RF power 
of 2 kW/cm2 (Chae et al., 2001). Although such deposi-
tion rates are attractive for the manufacturing of thin solar 
cells, the power consumption of this process makes it cost 
prohibitive. An alternative method for silicon deposition 
is plasma-enhanced chemical vapor deposition (PE-CVD), 
which represents a nonequilibrium-plasma CVD process. 
This PE-CVD process is typically more energy efficient than 
thermal plasma CVD, but the resulting silicon deposition 
rate is less than 10 nm/s.

To obtain both high deposition rates and good deposi-
tion quality, researchers have investigated nonequilibrium-
plasma CVD processes that involve higher deposition pres-
sures and very high frequencies (VHF) (Kondo et al., 2000). 
For example, Sobajima et al. (2008) used a high-pressure 
depletion method to obtain a deposition rate of 8 nm/s at 
2,700 Pa, with an RF power of 2.2 W/cm2. Such methods 
have been hypothesized to be mass-transfer limited, as the 

diffusion constants decrease at higher pressures.
On the other hand, turbulent flows created by imping-

ing jets are known to enhance both mass and heat transfer 
(Gardon and Cobonpue, 1962; Kumada et al., 1973; Mar-
tin, 1977). These sorts of enhanced nonequilibrium-plasma 
CVD processes tend to require higher pressures than stan-
dard CVD processes (i.e., low vacuum,>133 Pa, as opposed 
to medium vacuum). However, under such high-pressure 
conditions a viscous flow tends to form; whereas, as stated 
above, it is turbulent flow that is required to modify the 
characteristics of deposition. Consequently, if turbulence 
occurs between a jet and the background gases, then a low-
vacuum, nonequilibrium-plasma CVD process using such a 
jet would be expected to yield deposition rates much greater 
than 10 nm/s.

Holländer and Abhinandan reported high deposition 
rates of more than 20 µm/s for poorly localized hydrocarbon 
deposition, using a μ-jet CVD with a 0.25-mm-diameter 
capillary and a background pressure of 84 Pa (Holländer 
and Abhinandan, 2003; Abhinandan and Holländer, 2004). 
In addition, Takeuchi et al. (2001) reported that frequencies 
even higher than VHF can enhance the deposition rate of 
hydrogenated silicon. However, deposition rates over 1 µm/s 
have not as yet been reported for hydrogenated silicon de-
position by nonequilibrium-plasma CVD processes.

Recently, Kuribayashi et al. (2013) developed a process for 
the high-rate deposition of hydrogenated silicon, which is 
controlled by altering the gas flow conditions. Their experi-
mental results demonstrated that localized Si : H deposition 
at rates of over 1 µm/s is possible when using an underex-
panded supersonic jet without a capillary at a background 
pressure of 800 Pa, and excited at 60 MHz with 0.8 W/cm2. 
They investigated the effect of frequency on this deposition 
rate, and found that it was in fact dependent on the distance 
between the electrodes. Specifically, the deposition rate in-
creased as a function of distance up to 10 mm, creating 
highly localized deposited shapes.
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To fully understand the mechanism behind such high-
rate deposition, it is important to consider the gas flow. This 
study therefore investigates how the deposition rate and 
structure of deposited hydrogenated silicon is dependent on 
the mass-flow rate. Computational fluid dynamics (CFD) 
calculations were also employed to analyze how gas flow af-
fects the high rate deposition of hydrogenated silicon.

1.　Experimental

The experimental setup has been previously described in 
detail (Kuribayashi et al., 2013), and so only a brief descrip-
tion is provided here. The experimental setup used is depict-
ed in Figure 1; the PE-CVD process being contained within 
a cylindrical chamber with an inner diameter of 105 mm. To 
investigate the effects of a single gas-jet exiting the nozzle, 
one of the electrodes used was cone-shaped with a gas 
nozzle at its vertex. The other electrode was flat and circular, 
having a diameter of 80 mm, and contained heating system 
that was set to 548 K. The electrical power input, power den-
sity, and frequency were 45 W (T145-5778A, Thamway Co., 
Ltd.), 0.9 W/cm2 and 100 MHz, respectively. The background 
pressure was 800 Pa, the deposition time was 5 min and the 
diameter of the nozzle used was 0.5 mm. The SiH4 and H2 
were injected into the chamber through the cone-shaped 
nozzle at a dilution ration of 0.01, their mass-flow rate being 
varied from 50 to 1,000 sccm (standard cubic centimeters) 
by mass-flow controllers (MFCs). The electrode gap was 
set at 10 mm, which is defined as the distance from the 

vertex of the cone-shaped nozzle to the flat electrode. The 
background pressure was controlled by a butterfly valve at 
the exit of the chamber, and SiH4/H2 plasma was generated 
following gas injection. The resulting silicon was deposited 
directly onto a non-coated glass substrate (30×30×0.5 mm) 
(VIDREX Co., Ltd.).

To analyze the gas flow, CFD calculations based on 
FLUENT 14.0 (ANSYS Inc.) were used to simulate the 
impinging jets (Liu et al., 2008). These calculations were 
performed using 2-D axis symmetry, and shear stress trans-
port (SST) k–ω as a turbulent model. Double-precision and 
upwind-difference schemes using primary accuracy were 
also used. The fluid material was assumed to be an ideal gas 
of 100% H2, which was not affected in any way by gravity. 
Pressure inlet and pressure outlet boundary conditions were 
used, with Figure 2 depicting the calculated area of 41,000 
meshes and its boundaries. The pressure at the inlet was set 
equal to that measured by a pressure gauge located between 
the MFCs and the nozzle. The outlet pressure was set to 
800 Pa. Calculations were then run for various inlet pres-
sures, corresponding to mass-flow rates of between 50 and 
1,000 sccm.

2.　Results and Discussion

Figure 3 shows images of the silicon film that was depos-
ited at gas-flow rates of 80, 100, and 1,000 sccm. As can be 
seen from this, the occurrence of localized deposition was 
limited to flow rates of 100 and 1,000 sccm. For a mass flow 
rate 100 sccm, a deposition rate of 10 µm/s was determined 
based on the deposition time and the maximum height 
of the deposited material. This height was measured by a 
laser-displacement meter at mass-flow rates of between 50 
to 90 sccm and by a scale for mass-flow rates ≥100 sccm. 
Localized deposition was observed to occur in every experi-
ment for which the mass-flow rate exceeded 100 sccm, and 
subsequent analysis by Raman spectroscopy (NRS-1000, 
JASCO Corporation) revealed that the resulting films con-
sisted of amorphous Si : H. Figure 3 shows that this localized 
deposition is dependent on the mass-flow rate. Further-
more, the structure of this deposited material is also affected 
by the gas flow, with deposition of a tubular structure at 
100 sccm, whereas a mound is formed at 1,000 sccm.

Figure 4 shows the deposition rate, determined by the 
deposition time and maximum height of the deposited ma-
terial, as a function of the the mass-flow rate. This shows 
that the deposition rate is very low with a mass-flow rate 
≤90 sccm, but rapidly increases to a maximum for mass-
flow rates of 110 and 120 sccm. Beyond this point, the de-
position rate decreases slightly, and remains almost constant 
between 250 and 1,000 sccm.

Figure 5 demonstrates how the mass of silicon depos-
ited is dependent on the mass-flow rate. By using an electric 
balance (ATX224, Shimadzu Corporation); the deposited 
mass was determined as the difference in the mass of the 
specimen before and after deposition. As can be seen, this 
deposited mass monotonically increases as a function of the 

Fig. 1　Experimental setup

Fig. 2 Calculating the area and boundaries for CFD calculation: bold 
lines show the inlet and outlet, the dashed line shows the cen-
tral axis for axisymmetric calculations
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mass-flow rate.
Figures 4 and 5 show that the deposition rate was ap-

proximately 10 µm/s and that deposition was not localized 
in regions of low mass-flow rate (≤100 sccm). In addition, 
the degree of localization, which is defined as the maximum 
deposition rate over the deposited mass of the hydrogenated 
silicon, was very high for mass-flows rates of between 100 
and 150 sccm, creating a tubular structure in these regions. 
As the mass flow rate is increased above 200 sccm, the depo-

Fig. 3 Material deposited at (a) 80 sccm, (b) 100 sccm, and (c) 
1,000 sccm. Extended pictures of the localized deposition that 
occurred at 100 and 1,000 sccm are shown in the upper right of 
panels (b) and (c), respectively

Fig. 4　Deposition rate as a function of mass-flow rate

Fig. 5　Mass of silicon deposited as a function of mass-flow rate

Fig. 6 Calculated velocities for mass-flow rates of (a) 80 sccm, (b) 
100 sccm, (c) 250 sccm, (d) 500 sccm, and (e) 1,000 sccm
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sition rate remains constant and the mass of the deposited 
silicon is slightly increased. Compared with the lower mass-
flow rates, less variation in the deposition rate was observed 
with mass-flow rates above 200 sccm.

Figures 6(a)–(e) show CFD results corresponding to an 
impinging jet for mass-flow rates of 80, 100, 250, 500, and 
1,000 sccm, respectively; the core region being downstream 
of the nozzle in each of these figures. In every simulation, 
the width of the flow spreads slightly after injection into 
the chamber, increasing to several mm depending on the 
distance from the inlet. Figures 6(a) and (b) represent a sub-
sonic jet velocity, whereas Figures 6(c)–(e) depict a super-
sonic jet surrounded by a barrel shock and Mach disk in the 
region where its velocity first becomes supersonic. Down-
stream of this first Mach disk, the flow adjusts to the ambi-
ent pressure through a series of normal and oblique shocks. 
The resulting series of shock cells then slowly decays as the 
mean velocity decreases. These jet structures play an impor-
tant role in localized deposition because the jet boundary 
remains narrow over a long range, as shown in Figure 6.

The results of these CFD calculations indicate that the jet 
velocity near the substrate increases with the inlet mass-flow 
rate. This can be explained by turbulence that is generated 
by an increase in the jet-gas velocity in low vacuum, which 
in turn promotes convection and increases mass transfer 
(Teshima, 1984; Palmer and Hanson, 1995; Tsuda, 1999; 
Usami and Teshima, 1999). In the SiH4/H2 PE-CVD process, 
the main precursors of the deposited silicon are radicals 
such as SiH2 and SiH3 (Matsuda, 2004). Since surface reac-
tions are generally faster with radicals than with non-radical 
species, mass transfer is the limiting factor to deposition in 
this process. The relationship shown in Figure 5 can there-
fore be attributed to the mass transfer promoted by the gas 
velocity.

Although the jet shapes in Figures 6(a) and (b) are similar 
to each other, the shapes of the localized deposits shown in 
Figure 3 are far more different. Although the reason for this 
discrepancy is not clear, it may be caused by a collaborative 
effect between chemical reactions and gas flow inside the 
chamber. Supporting this hypothesis is firstly the fact that 
the main jet flow from the nozzle is very fast, and it there-
fore takes only several tens of microseconds for chemical 
species to travel from the nozzle to the substrate. Because of 
this short time scale, most of the silane does not have suffi-
cient time to react with electrons, whose density in the main 
jet is estimated to be less than 109 cm−3. Secondly, after im-
pinging upon the substrate, the jet causes convection in the 
chamber that helps progress the reactions responsible for 
deposition. This of course assumes that the chemical species 
produced in the convection current are the main precursors 
of localized deposition. Finally, the precursors are incor-
porated into the main jet during the convection cycle and 
deposited onto the substrate. The sudden increase in the de-
position rate and change in shape of the localized deposition 
at a mass-flow rate of around 100 sccm may be caused by 
enhanced convection due to the short (52 mm) distance be-
tween the chamber wall and the nozzle in the experimental 

setup used. Consequently the shape of the localized deposi-
tion may be dependent on the size of the chamber.

Conclusion

A high-rate silicon-deposition process was developed 
based on a high speed jet, in which the mass-flow rate was 
found to significantly influence the deposition process. This 
proposed high-rate deposition process requires only ∼1 W/
cm2 of VHF power to achieve deposition rates of 1 µm/s, 
which is much less power than is required by thermal-plas-
ma-jet processes. Furthermore, this process is quite similar 
to conventional PE-CVD processes, and therefore requires 
little additional investment to implement. A better under-
standing and control of the proposed process will require 
further experimentation and analysis into its unique jet 
flows, plasma conditions, and chemical reactions.
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