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An innovative method, namely ultrafast plasma surface melting, is developed to fabricate solid films of
silicon with very high rates (150 cm2/min). The method is composed of preparing a suspension of solid
particles in a volatile solvent and spreading it on a refractory substrate such as Mo. After solvent
evaporation, the resulting porous layer is exposed to the flame tale of inductively coupled RF plasma to
sinter and melt the surface particles and to prepare a solid film of silicon. It is shown that by controlling
the flow dynamics and heat transfer around the substrate, and managing the kinetic parameters (i.e.,
exposure time, substrate transport speed, and reaction kinetics) in the reactor, we can produce solid
crystalline Si films with the potential applications in photovoltaic cells industry. The results indicate that
the optimum formation conditions with a film thickness of 250-700 lm is when the exposure time in the
plasma is in the range of 5-12.5 s for a 100 3 50 mm large layer. By combining the Fourier�s law of
conduction with the experimental measurements, we obtained an effective heat diffusivity and developed
a model to obtain heat diffusion in the porous layer exposed to the plasma. The model further predicts
the minimum and maximum exposure time for the substrate in the plasma flame as a function of material
properties, the porous layer thickness and of the imposed heat flux.

Keywords heat diffusivity, silicone, solid film, thermal
plasma

1. Introduction

With the current environmental status and the forth-
coming restrictions in fossil energy, the need to develop
renewable and clean sources of energy is obvious. Con-
verting the sun energy to electricity using silicon photo-
voltaic cells is one of the conventional methods in this
respect, which has a high deployment opportunity (Ref 1, 2).
There are various laboratory and industrial routes for the
production of silicon films suitable for photovoltaic cells,
namely thermal plasma spraying, chemical vapor deposi-
tion (CVD), physical vapor deposition (PVD), hot wire
sputtering, and slicing techniques. However, a current
challenge in this path is to overcome the restrictions con-
cerning the rate of production and consequent extra costs
(Ref 3-5).

Thermal plasma spraying (RF plasma methods or
hybrid DC-RF thermal plasma) seems to be a potential
method for the ultra high rate of silicon deposition. Chae

et al. (Ref 5), for example, have succeeded to use thermal
plasma chemical vapor deposition (TPCVD) to deposit Si
on SiO2 and c-Si substrates with rates of production in the
order of several nanometers per second.

There are various factors that affect the quality of the
film during the formation of films and coatings by thermal
plasma. Substrate temperature, distance to the torch, plas-
ma gas, reactor pressure, and plasma power are the most
important ones studied so far in the literature (Ref 6-9).
These factors affect directly the photovoltaic activity of the
films by changing the level of impurities, the microstructure
of the film, the porosity, and the crystalline structure.

In other conventional methods of solid film formation
such as CVD and PVD processes, the films are formed by
condensing the vapors on a substrate. Sasaki et al. (Ref 10),
for example, studied the effect of substrate temperature on
Si film properties and showed that at the optimum tem-
perature of 85 �C microcrystalline Si grows on the amor-
phous Si layer while at higher or lower temperatures the
structure is either porous or half amorphous half crystal-
line. Slicing methods are the most conventional methods of
Si film production. In these methods, the film is formed by
mechanical cutting of a solid Si bar. However, the waste of
materials during production is too much.

An important weakness of all of the methods found in
the literature is that either the rate of production is very
low (several orders of magnitude less than 1 cm2/min) or
the waste of materials is too important. Another common
feature is that those methods are batch in nature. The
objective of this study is to introduce an innovative
method in thermal processing of materials, namely ultra-
fast plasma surface melting (UPSM), which is used to
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fabricate solid silicon films with rates of the order of
several cm2/min and may be used to continuously produce
Si films for photovoltaic cells industry. In the experimental
work of this study, it will be demonstrated how various
process parameters such as relative movement of the
substrate under the plasma and plasma torch-substrate
distance change the thickness of the film. Furthermore, the
theoretical part of this work introduces a model which
predicts the diffusion of heat into the porous layer during
the formation process and so the minimum and maximum
allowable exposure time.

2. Experimental

2.1 Experimental Set-up

Figure 1 shows the reactor for the fabrication of silicon
films. The reactor was composed of a horizontal water
cooled cylinder with a diameter of 50 cm and a length of
1 m at top of which a PL-50 RF plasma torch (Tekna
Plasma Systems, Sherbrooke, Canada) was installed. The
hot plasma gases (Ar as the central and He-Ar-H2 as the
sheath) entered the reactor through the torch. The sub-
strate was placed between 8 and 15 cm from the torch
nozzle and had the capability of horizontal movement
inside the reactor.

2.2 Innovative Film Formation Process: Plasma
Surface Melting

Film formation process is described according to Fig. 2
(Ref 11). In this process, first a suspension of solid parti-
cles in solvent (such as methanol) is deposited on a Mo
substrate.* Consequently, the solvent is evaporated and a
dried layer of porous material is formed. The layer is then
exposed to the plasma flame inside the reactor according
to Fig. 2(a). After exposition to this high heat flux source,
depending on plasma parameters and time of exposition,
the particles are gradually sintered or melted together to
form a porous or a solid layer according to Fig. 2(b).

2.3 Plasma Parameters

Table 1 presents the plasma operating parameters used
during the experiments. Hydrogen was used in the sheath
to prevent unwanted reactions (purifying gas) (Ref 12, 13)
and to modify the photovoltaic properties of silicon by
preventing the dangling bonds (defects) present in the Si
structure (Ref 3, 5, 14-17). The plasma power was set
between 20 and 24 kW depending on the particles� size.
The pressure inside the reactor was kept to the minimum
amount (130-150 Torr) to help the degasification during
the melting and prevent the unwanted reactions. At higher
pressures, the film was not formed or it was very porous.

The feed was a mixture of 48% silicon powders
provided by AEE (-100 lm, electronic grade) and the

balance being HC-Stark (grade AX-05, -8 lm, 99.995%
purity, maximum percentage level of impurities: Fe, 0.001;
Al, 0.001; Ca, 0.0005; other, 0.0025). Figure 3 shows an
SEM image of the feed and shows that it is composed of
irregular shaped particles with sharp edges.

2.4 Characterizations and Experimental
Measurements

Scanning electron microscopy (SEM), X-ray spectros-
copy (EDS), and X-ray diffractometry (XRD) were used
to characterize and to measure the electrical resistivity of
such films.

2.4.1 The Microstructure of the Film. Figure 4 shows
the microstructure of the UPSM film (23.5 kW, 150 Torr,
48% AEE powder, and 6 cm substrate distance). Figure 4
(left) is a SEM image of the film surface. It shows a uni-
form solid zone and some color dots on the surface. The
uniform zone shows a microstructure without defects on
the surface. While the color dots represent the impurities
such as nanoparticles of oxide and nitride of silicon (as is
shown by the XRD results of the next section). Figure 4
(right), on the other hand, shows the cross-sectional SEM
image of the sample. From this figure, the film cross sec-
tion is composed of three layers, namely top layer, inter-
mediate bulk layer, and porous part. The upper layer, the
non-pure layer, which is typically between 0 and 100 nm,
is composed of Si, O, and N, as measured by energy dis-
persive X-ray spectroscopy (EDS) installed on a high-
resolution Hitachi S-4700 electronic microscope, which
shows that the surface of the film has been attacked by
trace amount of the elements present in the reactor. The
intermediate solid layer, which is pure silicon as measured
by the same EDS, has a thickness of about 100 lm. In fact,
it is this intermediate layer that has the potential of having
photovoltaic activity. Finally, the lower porous layer,
which has a thickness of 250-350 lm, represents the par-
tially sintered and non-melted particles.

Fig. 1 Schematic of the experimental set-up for the fabrication
of Si films

*Any refractory material stable in high temperature reductive
environment can be used instead of Mo substrate.
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2.4.2 The Crystalline Structure. X-ray diffractometry
measurements (Fig. 5) showed that the prepared films are
completely crystalline and the resulting pattern corre-
sponds to the standard crystalline pattern of silicon
(JCPDS # 00-027-1402 Si). The other peaks at 35 and 50
correspond to the impurities at the surface of the film, e.g.
Si3N4 and SiO2.

2.4.3 Effect of the Substrate Distance. By decreasing
the substrate distance from the torch, the scanned area by
the high heat flux increases, consequently a film of larger
surface area is formed. Table 2 shows the surface area of
the formed film as a function of the substrate distance. The
experiments were performed with a 6 9 6 cm substrate.
According to this table, by decreasing this distance from
15 to 8 cm, the formed surface area increases from 12 to
about 36 cm2.

3. Theory

In this section, a simple mathematical model is pro-
posed to obtain the transient response of the porous layer
exposed to the plasma flame. Consequently, the experi-
mental results of maximum and minimum exposure time
(Section 3.1) have been used to obtain an effective heat
diffusion coefficient for the porous layer and to predict the
minimum and maximum allowable exposure time as a
function of film thickness and material properties.

3.1 Hypotheses and Assumptions

The process is composed of two stages, before the
temperature reaches the melting temperature of silicon
and after melting the porous layer, respectively. Our
hypothesis is that the second stage (melting process) is fast
compared to the first stage. Consequently, the process can
be approximated only by considering the transient heat
diffusion into the porous layer. Furthermore, the following
assumptions are made:

1. Constant physical properties for the porous layer
during exposure to the plasma.

2. The total heat flux (convective and radiant) into the
porous layer is constant and equal to 5 kW as mea-
sured by a simple calorimeter.

3. The porous layer on the other end is completely isolated.

3.2 Modeling the Diffusion of Heat into a Porous
Layer

The objective here is to find the transient temperature
distribution of the porous layer, which is a rectangular
slab. Figure 6 schematically depicts the slab. This slab is

Fig. 2 The innovative process of UPSM (Ref 11)

Table 1 Plasma operating parameters for silicon film
fabrication by UPSM method

Process parameter Value

Plasma gas and flow rate
Central gas Ar, 22.5 slpm
Sheath gas Ar (10 slpm), He (200 slpm),

H2 (3%)
Substrate transport speed 5-10 mm/s
Plasma power plate 20-24 kW
Reactor pressure 150-200 Torr
Substrate distance 7-15 cm

Fig. 3 SEM image of the raw powder feed (HC-Stark, AX-05 Si
metal powder)
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heated from one side (x = 0) by the plasma flame and is
insulated on the other side (x = a).

The transient response of this porous layer can be
considered to be in the form of (Ref 18):

@t=@h ¼ að@2t=@x2Þ ðEq 1Þ

where h = h(t, x) is the exposure time, a is the thermal
diffusivity, and x is the distance from the surface exposed
to the high heat flux source.

This classical heat transfer problem should be solved
with the following initial and boundary conditions:

I:C. hð0; xÞ ¼ 300 K
B:C:1 @hðt; 0Þ=@x ¼ 5000
B:C:2 @hðt; aÞ=@x ¼ 0

Fig. 4 SEM image of silicon film: (a) microstructure of the film surface and (b) cross-sectional view

Fig. 5 X-ray diffractometry measurement of the prepared silicon films

Fig. 6 Calculation domain for predicting the temperature dis-
tribution in the porous layer

Table 2 The formed surface area as a function
of distance of the substrate to the torch

Distance, cm 15 12 10 8
Surface area, cm2 12 24 30 36
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3.3 Obtaining the Effective Heat Diffusivity
of the Porous Layer

There may be some analytical solutions for Eq 1 (e.g.,
see Ref 19) with the previously mentioned initial and
boundary conditions, but because of the repetitive use of
the equation in this section, a simple numerical solution is
proposed using MatlabTR 7.0.4 and the temperature dis-
tribution in the slab is derived. In Eq 1 the only unknown
parameter is the diffusivity a ¼ k=qcp. For our experi-
ments, this value depends on the physical properties of the
silicon, the porosity, and the architecture of particles in
the porous layer. To find this value, the transient heat
equation was solved for various values of a and by com-
parison with the experimental data (the minimum and
maximum exposure time, Section 3.1), the correct value
of a was obtained. Figure 7 shows this concept in more
details.

From this figure the correct value for diffusivity that
corresponds to boiling point (Tb = 3200 K) and melting
point (Tm = 1400 K) of Si is:

a ¼ 9� 10�5 m2=s ¼ 0:9 cm2=s

4. Discussion

In this section we try to find more details about two
important factors that directly affect the flow dynamics
and heat transfer to the substrate: (a) to determine the
process envelope for allowable exposure times of the
porous layer under the plasma and (b) to reduce the tur-
bulency level of the plasma gases by injecting He in the
sheath gas.

4.1 Minimum and Maximum Exposure Time

The most critical parameter of film formation is to
adjust the residence time of the substrate inside the plasma
by setting the velocity of the substrate holder in the reac-
tor. This parameter determines the exposure time of the
porous layer to the plasma flame. According to the
experimental observations, the optimum conditions of film
preparation lie within a minimum and maximum exposure
time. At exposure times outside these two limits, the film
either does not form or is overmelted resulting with a
poor quality. At exposure times within these limits, the film
is either porous or is solid.* Our observations indicate that,
for the fabrication of silicon film, the maximum and mini-
mum scanning speed of the substrate mmax and mmin should
be 10 and 4 mm/s respectively. These values correspond to
minimum and maximum exposure time hmin and hmax of:

hmin ¼ d=mmax ¼
50 mm

10 mm=s
¼ 5 s

hmax ¼ d=mmin ¼
50 mm

4 mm=s
¼ 12:5 s

Now we can use these values to predict the minimum and
maximum exposure time for other values of thickness
of the porous layer. This work has been performed by
using the previous model of Section 2.3 and allows us
to predict the exposure time for various thicknesses of
porous film. The results are presented in Fig. 8.

From this figure, as the thickness of the porous layer
increases, the gap between the tmax and tmin increases. In

Fig. 7 Surface temperature predictions as a function of diffusivity and comparison with the experimental data

*Substrate speed, substrate to torch distance, plasma power, and
relative velocity of plasma gas over the substrate are critical
parameters that determine if we obtain sintered or melted silicon.
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other words, the sensitivity of the process is higher at small
thickness. The figure further can be used to find this
maximum and minimum allowable time to reach to silicon
thickness between 250 and 1500 lm.* From these data we
can easily calculate the minimum and maximum allowable
scanning speed of the substrate, the most critical para-
meter that should be optimized for each material with a
given physical property (diffusivity) and thickness. These
values can be used as starting points for performing the
experiments.

4.2 Effect of He in the Sheath

This gas was injected to the maximum amount
(200 slpm) in the sheath. He in the plasma state has much
higher viscosity compared to other gases (Ref 20, 21);
therefore, it decreases the level of flow turbulency and
consequently the flow dynamics can be controlled more
easily. Consequently, we may have more control over the
film formation process. To understand better its effect,
CFD simulations with FluentTR were performed and
profiles of velocity were compared in this exercise. To
obtain these profiles, the following assumptions are made:

1. K-e turbulent model

2. Step wise change of transport properties of plasma
gases with temperature (300 K < T < 10,000 K).

3. Parabolic temperature and velocity profiles at the
reactor inlet. They fit the energy and mass input into
the reactor based on known operating conditions and
plasma torch efficiencies.

The results are shown in Fig. 9. According to this figure,
with He (right-hand side) the fluid maximum velocity is
36 m/s while without He (left-hand side) the correspond-
ing velocity is about 3 times more.

Another important aspect of this figure is that it shows
the presence of four recirculation zones inside the reactor
chamber. Two zones at the top and two at the bottom.
These recirculations may explain the existence of impu-
rities such as N and O in the form of a very thin layer on
the surface of the film (Fig. 4b). In fact, as a result of these
flow recirculations, the trace amounts of oxygen and
nitrogen gases (that are present in the different parts of
reactor) are transferred to the hot fabricated surface and
react with the silicon.

5. Conclusion

An innovative method in thermal plasma process,
namely plasma surface melting, is introduced and used for
the ultra high rate fabrication (in the order of 150 cm2/s)
of uniform solid Si films of 250-700 lm thickness. The
method consists in spreading a uniform layer of Si parti-
cles on a substrate (by suspension evaporation) and
exposing the layer into a high heat flux source of plasma
flame. Consequently, the effect of various process
parameters was identified.

It was shown that, when the substrate distance
decreases from 15 to 8 cm, the fabricated surface increases
from 12 to 36 cm2. By the injection of H2 and He in the
sheath and by decreasing the turbulence level in the
plasma, it was possible to control the unwanted reactions
and flow dynamics around the substrate and to produce
uniform silicon films of crystalline structure with potential
applications in the photovoltaic industry.

Fig. 8 Predictions of maximum and minimum exposure time for the formation of Si films

*Note that the porosity of the dried layer before scanning by
plasma flame is about 50%.
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The results further indicate that the optimum condi-
tions of film preparation is when the substrate scanning
speed lies within a minimum and maximum exposure time
of 5 and 12.5 s, respectively. At exposure times beyond
these two limits, the film either does not form or is burned
and is of low quality. At exposure times within these
limits, the film is either porous or solid. These results were
used to estimate the effective diffusivity within the porous
layer to about 0.9 cm2/s. Finally, using Fourier�s law of
conduction, a model has been developed to predict the
diffusion of heat into the porous layer and to evaluate the
minimum and maximum exposure times as a function of
material properties and thickness of the porous layer.
According to the model predictions, the sensitivity of the
process increases when decreasing the thickness.
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