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Abstract

With the fast growth of solar cells market, it 1s strongly required to improve the fabrication process of solar-grade
silicon, which is the base material for more than 93% of solar cells technology. Conventionally, solar-grade silicon is
produced via the direct reduction of silica stone to metal-grade silicon by arc furnace followed by the Siemens method with
chemical treatment and hydrogen. However, in this technique a low yield of solar-grade silicon is obtained with high energy
cost due to its multiple complex processes. Meanwhile, it has been turned out that, the direct reduction process from silica
sand to solar-grade silicon via induction furnace simplify the fabrication process with low energy and cost consumption with
higher yield. In this study, the optimum partial pressure and temperature conditions of this process were based on the
stability phase diagram for reduction reaction process. Using the simulation results, we succeeded to increase the reduction

yield by ten times.

Keywords: Carbothermic silica reduction;Solar-grade silicon; Raw material ratio; Reduction yield.

1. Introduction

As the first material for solar cells fabrication,
solar-grade silicon (SoG-Si, around 6N) has been
produced via the carbothermic reduction process using an
electric furnance [1]. Silica from gravel and stones and
carbon from charcoal, wood chips, coal, and coke, were
used as raw materials in the silicon production process
which requires high temperatures and much energy [2].
Various route for silicon production have been
mvestigated, including the Siemens as shown in Figure 1
(a), starting by a direct reduction in an arc furnace of silica
stone by carbon to get metallurgical-grade silicon with a
huge amount of CO. gas released, and followed by a
reduction of SIHCL: gas using hydrogen gas[3-6]. In
addition, other methods such as Union Carbide, Fluidized
bed processes and electrolytic were used too[7,8].
However, some of these processes includes multiples
processes which make the application of these methods
Therefore, the high punty direct
carbothermic reduction process which represents a new

complicated.

method of production of low-cost SoG-S1 expresses less

time and energy consumption as shown in Fig. 1(b). This
method includes a two-step conversion processes, statring
by extraction of pure silica (S510:) from silica sand with raw
purity of 97% and 99.9% (3N) after purification[9], and
followed by direct carbothermal reduction of this pure
silica in an induction furance for production of silicon[10].
However, this method expressed a low reduction
vield[11,12]. Therefore, the understanding of the phase
diagram of the direct carbothermic silica reduction
process, and the estimation of by-product such as SiO and
CO gases partial pressure 1is inevitable for the
improvement of the direct reduction. Moreover, previous
report show a solid relationship between the raw material
iput such as silica and carbon and the final product such
as Si and SiC [13-15]. However, the dependency on raw
material input of the total mass balance of the reduction
process which represent a total understanding of the
different material conversion and total mass preservation
related the solid-gas form conversion were not discussed
before.



Optmization of the Raw Material Input Molar Ratio ....

JNTM(2017) R. Benioub et al.

[
J—
Z

High purity

=
Z

Silica Sand

Purity Level (B, P)

)
Z

Reduction in
arc furnace

Reduction in
induction furnace

Time

Solar-Grade
Silicon

(b) Direct reduction

Fig. 1 Schematic comparison between conventional Siemens method through direct reduction process from silica stone to
metal-grade silicon (a) and the main target of this research work which is the direct reduction process from silica sand (b).

In this research work, the phase diagrams of the direct
carbothermal reduction possible reaction were simulated
and discussed as a function of partial pressure of SiO to
CO gasses using thermodynamic calculation of Gibbs free
energy. The optimum temperature and partial pressure of
SiO/CO were deduced from the simulation results and
used n experimental work to confirm the effect of mole
ratio variation between SiO. and Carbon raw material on
the solid-gas conversion efficiency known as the reduction
yield.

2. Simulation and Experimental Procedure

2.1. 51-O-C Phase Stability Diagram

The simplified overall reaction in the reduction process
are shown below in equations (1-5) below, show the overall
reaction 1n silicon production, which requires knowledge
about the reaction at high-temperature zones of the

furnace[16].

SiO: (s) + C (s) = SiO (g + CO (Q).eevrerrenr rerene 1)
AG° = 668.07 — 0.3288T (k])(1273K < T < 1993K)
2S10: (s) + SiC (s) = 3SiO (g) + CO (@) .vvevereererrennene. Q)
AG° = 1415 — 0.6586T (k])(1273K < T < 1993K)
SiO (g) + 2C (s) = S1C (8) + CO (8)ueeererreruennene 3)
AG° = —78.89 + 0.0010T (k])(1273K < T < 2273K)
SiO (g) + SiC (s) = 251 (s) + CO (Q).eerrerrerar crree. (4)
AG° = 165.56 — 0.0751T (k])(1673K < T < 2273K)
Si0. (I) + Si (1) = 2510 (Q).rereererreerecreenes e )

AG° = 616.37 — 0.2875T (k])(1673K < T < 2273K)
where, AG° represents the standard Gibbs energy of each
reaction. (s), (I) and (g) referred to sohd, hquid and gas
phases.

In this process to produce silicon, a reaction
temperature higher than 1500°C (1773K) to produce
enough SiO gas through reaction (1) and (2). Phase
stability diagrams for the reactions in Egs. (1-5) were
calculated as illustrated in Figure 2 (a-d) with the standard
Gibbs energy of the reactions taken from MALT2[17].Our
main target was focused on the partial pressure ratio of
S10 gas to CO gas because of its possible experimental
occurrece as shown in Figs. 2 (a-d) with black dashed
horizontal lines. In the carbothermic process of silicon,
silica will start to react with carbon at a temperature over
1054°C(1327K) as increasing temperature with generation
SiO gas Eq. (1) which 1s shown as the first gray color in
Fig. 2 (a). While silicon carbide starts to react with carbon
m Eq. (2 at 1070°C (1343K) to generate SiO
corresponding to the first gray color in Fig. 2 (b). As for
the reactions in  Egs. (3), (4) and (5), silicon carbide 1s
generated via Eq. (3) with the interaction between SiO gas
and carbon, and thermodynamically the reaction proceeds
even at low temperature but experimentally it 1s difficult
because its required rich S1O gas pressure generated from
the previous reactions[18]. Si is produced by the reaction
of silicon carbide with S1O gas at the temperature of
1500°C (1773K) via Eq. (4)[19]. While si production from
S102 releasing of S1O gas Eq. (5) could be occurred at
very low temperature below 1400°C(1673K) due to
requirment of the presence of liquid silica and silicon
forms at lower temperature. Colorless area below at lower
temperature corresponds to no reaction in Figs. 2 (a-d)
due to the negligible partial pressure of S1O(g) and CO(g)
due to the presence of solid silica and carbon[20, 21].
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Fig. 2 Si-O-C Phase stability diagram for the ratio of SiO/CO gas phases: (a), (b), (¢), and (d) for reactions in Egs. (1), (2),
(3), @) and (5). This diagram shows the variation of the partial pressure ratio SiO/CO and temperature impact on the
reduction of silica to silicon based on calculated data from MALT?Q2.

Therefore, our system, the partial pressure ratio of between silica and carbon and between silica and silicon
Si0 and CO range is between 0.01 to 0.1. The change in carbide[22]. While silicon is produced via solid-gas
the Gibbs energy of the reaction in Egs. (1) and (2) reaction in the contact between S1O0 and SiC. The
suggests that most likely, S1O gas is generated through a optimum reduction temperature for silicon production is

solid-solid reaction in the presence of direct contact in a range from 1500°C (17

73K) to 1800°C (2073K).
U | >

1 : Main Chamber 2: DP Pump 3: Cooling System Lines 4: RF Power Supply
5: Quadrupole Mass 6: Control System 7: Color IR Thermometer

Fig. 3 Image of the induction heating furnace for the reduction process in this study.
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2.2. Experimental Setup

Figure 3 shows the induction heating furnace of 30 kW
power (Toei Scientific Industrial CO,. Ltd) used for
carbothemal processioning. In the carbothermal reduction
experiment, the gas species generating during the
measurment were also investigated using quadrupole mass
spectrometry (Q-mass) with direct connection to the
induction furnace. Figure 4 shows a schematic illustration
of the crucible setup in the present reseach. A high-purity
graphite crucible with inner diameter of 40 mm and height
of 70 mm was used for this study. Four mixture of silica
(diameter 207 100um, Taiheiyo Cement Corporation
Japan) and glassy carbon (diameter 20 um, Tokai Carbon,
Litd), were installed to the crucible with changing the molar
ratio of siluca, graphite and silicon carbide as listed in table
1. The sample in the crucible was placed a the center of
the induction furnance [16].

%
N
% " co
Gas \‘S'0 . P
Release Hole '\, Carbon Lid

Water-cooled
Induction Coil

Crucible

Raw Materials

Carbon Felt
Quartz Tube

Fig. 4 Schematic figure of the crucible configuration.

The crucible was covered with carbon felt and surrounded
by a quartz tube as insulation. The crucible temperature
measured from the crucible top via infrared thermometer.

The evacuation system of this appartus is composed of a
rotary and diffusion pumps, which can reach to 10" Pa in a
vacuum. the the top
temperature of the crucible was monitored by a high

During heating experiment,
sensitive single color type infrared thermometer with a
temperature range from 650°C (923K) to 3500°C (3773K)
through the top glass window of the chamber. The
induction coil heated the crucible with a frquency of 30
kHz under an open-loop control, and a quartz tube was
placed in between the crucble and the coil for the
protection of the crucible. The atmosphere during the
heating process was pure argon gas (99.999%) with a
pressure of 0.07 MPa to avoid the leak of the lethal carbon
monoxide gas. The evacuation of the chamber to a higher
vacuum order 1s required before the filing of the argon gas
because the mass peaks between nitrogen and carbon
monoxide are overlapped completely. The total pressure
mside the chamber was recorded manually from the
Bourdon gauge connected to the chamber.
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Fig. 5. The optimum used temperature was around
1650°C (1923K) recorded by the infrared thermometer
during the reduction process. The detection range of the
infrared thermometer 1s from 650°C to 3500°C.
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Fig. 6. Mass spectra of the chamber gases during the heating in case of four different silica to carbon ratios. A higher
amounts of H.O and O. were released when increasing the ratio of silica due to the presence of oxygen.
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2.8. Method of Analysis

The analysis of x-ray diffraction (XRD) with a Cu-Ka. (1
= 1.5405 A) radiation source over the angular range of
20°< 20 < 80° and a scan rate of 10°/min was employed by
an x-ray diffractometer (SmartLab, Rigaku Corporation) to
examine the phase composition. The system 1s equipated
with a quadrupole mass spectrimeter (Q-mass) to analyze
the chamber gas spectrometer and it can detect only CO
gas because of the analysis in this study were performed at
room temperature which is an impossible condition to
detect SiO gas phase due to its low stability below
1300°C(1573K). The gas phase of SiO cannot reach the Q-
mass analyzer because the Q-mass analyzer and the
chamber are connected through a long metallic tube (inner
diameter 0.711 mm) with an orifice. Therefore, the ratio
of S1O gas to CO was calculated using the following
equations:

M(Co)mol = Pchamber x o o Vchamber /R L3 A (6)

where 4 1s the maximum quadrupole ntensity ratio
between CO and Ar and it 1s plotted in Figure 7.

M(Si0) ot = Wioss — M(CO)pmor * 28)/44.ccc. (7)

50x10 T T

lon current., ((rn/Z)=28/(m/Z)=40)

['ime, # min

Fig. 7 (a, b, ¢ and d) graphs representing the variation of
released CO gas during the reduction process analyzed by
quadrupole mass spectrometry, the highest released
amount occurs in the case of (1.5, 1) ratio of silica to
carbon as shown in (a).

3. Results and Discussion
8.1. Chamber Gas analysis

Figure 5 shows the temperature profile curves of the
blank test as a typical temperatuere profile chosen and
measured by the infrared thermometer in the pressent
research work. For all the heating experiments the heating
time was 30 minutes and the maxium temperature of the
crucible was around 1650°C(1923K). The voltage and
current of the induction coil, the temperature of the
crucible were recorded by a data loger.

a C d
(2) (Simol) (g) (S1imol) (g) (S1 mel) (g) (S1mol)

Si02 6.160 0.103 6.360 0.106 6.560 0.109 6.660 0.111

C 0.840 0.640 0.440 0.340
Total Mixture 7.000 0.103 7.000 0.106 7.000 0.109 7.000 0.111
SiC 1.300 0.033 1.300 0.033 1.300 0.033 1.300 0.033
Total Input 8.300 0.135 8.300 0.139 8.300 0.142 8.300 0.144

Total Product 2.729 1.918 1.590 1.205
Si 0.783 0.028 0.400 0.014 0.257 0.009 0.100 0.004
SiC  1.940 0.049 1.500 0.038 1.330 0.033 1.100 0.028

Lost Gas 5.571 6.382 6.710 7.095
S10  2.576 0.059 3.791 0.086 4.370 0.099 4.939 0.112

CO 2995 2.591 2.340 2.156
Total Output 8.300 0.135 8.300 0.139 8.300 0.142 8.300 0.144

Si Yield (%6) 20.7 10.3 6.5 2.8

S‘C(;:;dd 35.9 27.0 23.5 19.1

Table 1 The mass balance of comparison between different ratios of SiO. to Carbon shows that the lower SiO gas loss, the
more will be the amount of Si produced. The highest Silicon yield was achieved using the ratio of SiO: to carbon of (1.5, 1)
as shown in the mass balance (a).
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Figure 6 shows a compariosn of the quadrupole mass
spectra between different molar ratios of silica to carbon.
These results show that increasing the molar ratio of silica
to carbon from 1.5 to 4 leaded to a release of a sginficant
amount of H.O and O, which is due to the additional O
gas contained on the solid form of SiO. While Figure 7
illustrates the temporal change of the relative mass peaks

(m/Z = 28) which represents N/CO gasses and occurs
mainly by the carbothermic reduction of silica. The
intensity between the different molar ratio of silcia to
carbon has a siginificant difference due to highe reactivity
between silica and carbon in case of lower molar ratio (a),
while in higher molar ratios (d) lack of carbon quantity
leaded to less CO emission.
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Fig. 8 X-ray diffraction patterns of obtained products for different raw material ratios.

Fig. 9 Photos of the reduction product with four (S10. : C) mixture ratios: (a) with (1.5, 1) showing solidified grey rocks of
silicon mixed with silicon carbide, (b) with (2, 1) showing less solid form with obvious dark green colored material from
silicon carbide, (c) with (3, 1) showing yellowish green product mixed with grey as proof of less amount of silicon, and (d)
with (4, 1) showing mostly yellow colored product with almost no silicon

95



Optmization of the Raw Material Input Molar Ratio ....

JNTM(2017) R. Benioub et al.

8.2, Product Analysis

Table 1 represents the mass balance, including the
amount of mput raw material, the product output and the
weight loss as a gas phase n the case of each molar ratios.
The Si product yield is defined as molar ratio of Si
element in the product by the molar ratio of Si element in
the input. The molar ratio 1.5 (a) between silica and
carbon shows the highest Si yield of 20.7% compared to
molar ratios (b), (¢) of 10.3% and 6.5% while the lowest
yield was observed when using the moalr ratio 4
represented by (d) and estimated by the powder diffraction
patterns by the x-ray mille product as shown in Figure 8
which shown that the product included two phases of
silicon carbide which are 6H-S1C and 3C-S1C with no peak
mapped to silica or carbon in all XRD patterns which is
consistent with the Si1-C-O phase diagram discussed
previously that the total consumption of silica and carbon
was achieved in a temperature range from 1300K to
1900K. and proved by the different product obtained as
tlsutrated in Figure 9 which shows an image of the
products in the case of the four different molar ratios,
respectively. A grey solid rock image in case of (a) which
represents the molar ratio of 1.5 can be explain by total
reaction between silica and carbon raw material showing a
higher yield of silicon (20.7%) and pure phase of silicon
carbide (35.99). In the case of (b), (c) and (d) molar ratio
of 2, 3 and 4, respectively, the insuffisane of carbon was
obvious leading to uncomplished reaction and illustrated
by green and yellow colored material in the product which
1s different phase of silicon carbide, with less presence of
silicon which agree with XRD results.
The decrease of Si yield in case of higher molar ratio
between silica and carbon seems to be related to
msufisance of carbon due to its exhaustion in the different
redcution reactions as show in the phase diagram stability.

4. Conclusion

The phase stability diagram simulation of different
reactions in the carbothermal reduction showed to be a
powerful method for the estimation of the optimized
reaction conditions such as temperature and partial
pressure of the by-product gasses SiO and CO. Silicon was
successfully obtained in a small-scale carbon crucible using
an induction heating furnace with raw material powder
form. Silicon production yield was improved by ten times
via the optimization of the raw material input molar ratio
between silica and carbon.
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