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In this work, silicon is obtained by plasma-chemical reduction of silicon tetrachloride in an argon-hydrogen low-
temperature nonequilibrium plasma. It is shown that in the investigated range of process parameters, the energy cost
of producing one kilogram of silicon is in the range of 150...190 kW/h with a silicon yield of ~ 85 %. This cost
reduction in the plasma-chemical process is associated with the transfer of electricity directly into the gas-vapor
mixture. In addition, carrying out the recovery process under nonequilibrium conditions leads to the formation of

atomic hydrogen in the discharge.
PACS:50.,52.,68.Lf
INTRODUCTION

Majority of polycrystalline silicon in the world — up
to 80% — is obtained by hydrogen reduction of
trichlorosilane SiHCI; by the so — called "Siemens-
Process". uch production requires significant material
and energy expenses. In "Siemens-Process" the share of
raw materials is about 35...40% in the cost of
production. Up to 30...35 % of the cost falls on energy
resources. Hydrogen, obtained by electrolysis, is
another 8...10 % of the cost — it is also a rather energy-
consuming process. Energy consumption of a silicon
reduction reaction makes up 250 kW h/kg, with the
yield of'silicon 10...15 % [1].

Industrial method’s disadvantage is utilization of the
processes of synthesis and purification of SiHCl3, which
is obtained from metallurgical silicon by chlorination
with  hydrochloric acid using catalysts. Such
disadvantage becomes essential for solar energetics,
where further prospects of wide development are
directly depend on the cost of solar cells made from
"solar" silicon. Search of new technologies is aimed
primarily to reduce the cost of polycrystalline silicon of
"solar purity” to 5...10 kg. In addition, production of
every ton of silicon in the "Siemens-Process", leads to
forming of 11 tons of silicon tetrachloride. These waste
of trichlorosilane reduction, being returned to the
process of obtaining silicon by hydrogenation to
trichlorosilane, which requires significant additional
energy costs. Therefore, the development of a new
highly effective and energy-saving method becomes
very important.

EXPERIMENTAL EQUIPMENT

Processes and installations, based on the application
of low-temperature plasma, have increased importance
in recent time. High-frequency induction discharges are
widely used, both for studying of low-temperature
plasma, and for industrial use in various plasma
technologies [2]. There is a lot of literature dedicated to
the experimental and theoretical study of discharges in
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induction-plasma devices, including the works about
direct numerical simulation as well. However, the
presence of a large number of works on the subject
under discussion is not yet an indication that all
questions of theory and practical use have been
successfully solved, but rather only indicating the
existence of a strong interest to the topic.

In this study, an experimental installation, consisting
of reactor, pumping system, reagent supply system and
excitation system of high-frequency discharge, was
created for research on the process of polycrystalline
silicon obtaining in a low-temperature non-equilibrium
plasma of high-frequency induction discharge. Silicon
tetrachloride SiCl,, hydrogen H, and argon Ar were
used as starting reagents. The deposition was carried out
on carbon plates.

Diagnostic studies of low-temperature
plasma (Fig. 1) shows, that the atomic hydrogen acts as
the main reason of silicon tetrachloride reduction in
high-frequency discharges (spectral lines H, and Hg in
Fig. 1), it was formed in the high-frequency discharge
as a result of the impact of electronic shock H,. The
spectra were took by the SL40-2 spectrograph.
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Fig. 1. Plasma spectra: a — H, + Ar;
b -H;, + Ar + SiCl,
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Presence of atomic hydrogen in the discharge has a
significant impact during supply of SiCl, to the reaction
chamber. A chart with the temperature dependence of
the reduction of silicon tetrachloride by molecular and
atomic hydrogen is shown in Fig. 2. It is clear from the
chart that the Gibbs energy has lower values at
reduction of silicon tetrachloride by atomic hydrogen.
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Fig. 2. The temperature dependence of the reduction of
silicon tetrachloride by molecular and atomic hydrogen

Visually all obtained samples had a smooth surface.
Films thickness measured by the interference method
was 2...17 um. The surface structure of the silicon film
is shown in Fig. 3.
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Fig. 3. The surface structure of the silicon film

X-ray crystallography-phase analysis was performed
to determine parameters of the crystal lattice of the
obtained silicon. The scanning was carried out on an
X-ray diffractometer “DRON 4-07” at C CuKkK,
radiation according to the Bragg-Brentano X-ray-optical
method. Based on the reference data the areas of the X-
ray chart, in which the reflection from crystalline silicon
is expected in the first X-ray lines, were researched:
(111), (220), and (311). Above mentioned values of the
periods of condensate lattice were given according
position of these lines Table 1. The diffractogram of the
sample is presented in Fig. 4.

Average film growth rate is Ry = 2.41 nm/s at a film
thickness of 11.6 um. This is considerably higher than
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deposition rate obtained in capacitive high- frequency
discharges [3].

Table 1
Periods of condensate lattice
20
(hkI) Experimental | Reference 1)
data data

(111) 28.58 28.44 7.57
(220) 47.48 47.30 4,104
(311) 56.30 56.12 3.230
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Fig. 4. Characteristic X-ray spectrum of obtained
silicon film

Consumption of electrical energy per kilogram of
silicon, obtained by plasma-chemical reduction, is
shown in Table 2, here P — discharge power, E — energy
costs, t — time.

Table 2
Consumption of electrical energy per kilogram of
silicon, obtained by plasma-chemical reduction

SiCl,, |85% SiCl,, g| Si,g | t.h | P, W | E, kW/h
28.0 238 31| 1 |020| 645
14.9 127 20 | 1 | 028 1400
25.0 21.2 34 | 1 |039] 1340
385 327 52 | 1 |1.00]| 192.3

Electricity consumption per kilogram of deposited
silicon via plasma-chemical method was also calculated
in the work. It is shown that in studied range of process
parameters, the energy costs of obtaining one kilogram
of silicon are lying in the range of 150... 190 kW/h
with a silicon yield ~ 85 %.

CONCLUSIONS

Research on plasma-chemical reduction of silicon
tetrachloride in a hydrogen low-temperature non-
equilibrium plasma was carried out. It is shown that in
studied range of process parameters, the energy costs of
obtaining one kilogram of silicon are much lower than
in existing “Siemens-Process”. Such cost reduction of
the plasma-chemical method is possible due to transfer
of electrical energy directly into the gas-vapor mixture.
In addition, reduction process in non-equilibrium
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conditions leads to a formation of atomic hydrogen in
the discharge. In according to thermodynamic data, such
substance is more reactive in comparison with
molecular one.
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BOJOPOJHOE BOCCTAHOBJIEHUE TETPAXJIOPUJIA KPEMHUS B HU3KOTEMITIEPATYPHOM
HEPABHOBECHOM IIJIABSME BBICOKOYACTOTHOI'O UHIYKIIMOHHOI'O PA3PSJIA

A.H. /lepuzemnn, A.H. Eectoxos, B.U. Paouenxo, /I.A. Xusxcnax, IL.I. Kpviuumans, A.1O. JKypaenes,
A.B. lluan, C.B. Cmpuzynosckuii, 10.A. Ilenuney, b.M. Illupokos

[TomyueH KpeMHHH ITyTeM IIa3MOXMMHYIECKOTO BOCCTAHOBJICHHS TETPAXJIOPHIa KPEMHHS B aprOH-BOJOPOIHOM
HU3KOTEMIIEpaTypHOIl HEpaBHOBECHOW IurazMme. [loka3aHo, 4TO B MCCIEIyeMOM AMala3oHe MapaMeTpoB IMpoIecca
HHEPreTUYECKHE 3aTPaThl Ha MOJYy4YEHHE OJJTHOTO KWIOrpaMMa KpeMHHs HaxoisTces B npefenax 150...190 kBt/4 npu
BbIxosie KpemHusi ~ 85 %. Takoe cHmKeHHE 3aTpaT B IUIA3MOXMMHUYECKOM IIPOIIECCE CBS3aHO C BBE/ICHHEM
3JIEKTPO’HEPIHH HEMOCPEACTBEHHO B Mapora3soBylo cMech. Kpome Toro, mposesieHHE Mpoliecca BOCCTAHOBIICHUS B
HEPaBHOBECHBIX YCJIOBUSAX HIPUBOAUT K 00pa30BaHUIO B Pazpsiie aTOMAPHOT0 BOJOPOA.

BO/IHEBE BIZTHOBJIEHHS TETPAXJIOPUTY KPEMHIIO B HU3bKOTEMITEPATYPHIN
HEPIBHOBAJKHIM IIJIA3MI BUCOKOYACTOTHOTI'O THAYKIIMHOT O PO3PSTY

A.M. /lepuzemnsn, O.1. €scrokos, B.1. Paouenxo, [.0. Xincuax, ILT. Kpummans, O.10. Kypasnvos,
O.B. llusan, C.B. Cmpuzynoecokuii, 10.0. llenuneuv, .M. Illupoxos

OTpyMaHO KpEeMHI NUIIXOM IUIa3MOXIMIYHOTO BiJJHOBJICHHSI TETPAaxJIOPHIY KPEMHII0 B aproH-BOJHEBIii
HU3BKOTEMIICPATYPHIl HepiBHOBaXHI# mia3mi. [Toka3aHo, 1m0 B JOCHIHKCHOMY IHAMa30HI MapaMeTpiB MPOIECY
€HEepreTU4Hi BUTpPATH HAa OTPUMAHHS OJHOTO KiJlorpaMa KpEeMHIiI0 3HaXxomuThes B Mexax 150...190 kBt/u npu
Buxoai kpemHito ~ 85 %. Take 3HIDKEHHS BUTpPAaT y IUIa3MOXIMIYHOMY TIpOLECi IOB'3aHE 3 BBEACHHSIM
eJIeKTpOoeHeprii Oe3rmocepesiHbO0 B mapora3oBy cyminr. KpiM TOro, mnpoBeneHHS MPOIECY BIiIHOBICHHS B
HEpIBHOBKHUX YMOBAX MPU3BOJUTH JI0 YTBOPEHHS B PO3PsiZi AaTOMAPHOTO BOJIHIO.
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