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Abstract: The processes of hydrogen reduction of silicon and germanium chlorides under the conditions of
radio-frequency (40.68 MHz) counteracted arc discharge stabilized between two rod electrodes were
investigated. The main gas-phase and solid products of plasma-chemical transformations were determined.
Thermodynamic analysis of SiCls + H2 and GeCls + Hz systems was carried out. It is shown that under the
implemented experimental conditions, equilibrium components of the products are established. The detected
spectra of chemical activity were studied, which gave reason to assume that the molecular mechanism of the
hydrogen reduction process is the main one. The impurity composition of gas-phase and solid reaction
products was investigated. The possibility of single-stage production of high-purity Si and Ge mainly in the
form of compact ingots, as well as high-purity chlorosilanes and trichlorogermane, was shown.

Keywords: RF-arc discharge; hydrogen reduction; silicon chloride; germanium chloride;
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1. Introduction

Silicon and germanium remain the most popular materials in microelectronics [1], photovoltaics
[2-5], infrared optics [6-8], as well as when creating ionizing radiation detectors [9, 10]. Modern
technology for obtaining these materials is based on the processes of processing their high-purity
chlorides and hydrides [11-13].

Virtually all silane used in hydride technology is obtained by the catalytic disproportionation
reaction of trichlorosilane (TCS) [14, 15]. In this reaction, in addition to silane, a sixteen-fold mass
amount of silicon tetrachloride is obtained, which is subject to disposal. The most attractive disposal
option is related to the conversion of silicon tetrachloride (STC) to TCS.

In addition to the hydride technology for the production of high-purity silicon, the Siemens
process is mainly used, consisting of hydrogen reduction of TCS, where STC is formed as a by-
product [1], for germanium — hydrolysis of germanium tetrachloride to its oxide and subsequent
high-temperature reduction to germanium with hydrogen [16].

In addition, in the process of TCS synthesis, 50-60 mol% STC are formed by the silicon
hydrochlorination reaction as a by-product [17], so an important task is the conversion of the
STC(SiCls) by-product to TCS(SiHCls), which makes the production of silicon both by hydride
technology and using the Siemens process closed-loop and environmentally friendly [18].

The chemical high-temperature method of processing STC into TCS, used in technological
schemes for the production of silicon, has a low percentage of TCS output (20%) and high energy
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costs (according to Silicon Products Bitterfeld GmbH&Co. KG, more than 10 kW/h per 1 kg of STC).
In this regard, it is promising to develop alternative methods for converting STC into chlorosilanes
and silicon.

From the point of view of increasing the degree of conversion of STC, plasma-chemical methods
for converting STC to chlorosilanes (SiHCls, SiH2Cl2) and silicon are attractive.

In order to obtain silicon in the form of bulk samples in the works [19, 20], the hydrogen
reduction process of STC was carried out under microwave (2.45 GHz) discharge conditions at a
pressure of 100 kPa. Agglomerated p-Si dendritic structures were obtained. However, the samples
obtained were powdered silicon, making it difficult to obtain high-purity Si ingots. In [21], a
microwave discharge of atmospheric pressure in a mixture of SiCls with Hz and Ar at a pressure of
26 to 40 kPa was used to obtain SiHCls. In [22, 23], TCS was obtained in an arc, and in [24] in a high-
frequency (13.56 MHz) plasmatron. It should be noted that the content of impurities in STC is at the
level of purity of the initial TCS. Keeping this level of purity is necessary to obtain high-purity silicon.
This aspect was not considered in [21-24].

The production of germanium by the traditional chemical method using GeCls is characterized
by multistage and high energy costs. In this regard, it is attractive to develop a method for obtaining
germanium from GeCls in one step. Plasma chemical methods can also be promising here. By analogy
with STC, with plasma-chemical hydrogen reduction of GeCls, one can also expect the formation of
chlorogermanes of the composition of GeHnCln. These compounds are used in pharmacology to
develop a variety of biologically active germanium-containing drugs [25-27].

Works devoted to plasma-chemical hydrogen reduction of GeCls are isolated. Nanoparticles of
germanium were obtained in the works [28, 29] in the annular discharge with capacitive coupling in
the GeCls/H2/Ar mixture. In [30], a 300 W HF discharge with a frequency of 13.56 MHz at a pressure
of 2.5 Torr was used to obtain chalcogenide films of the GeS: composition from a mixture of GeCls +
H:S in a GeCls/H:S ratio of 1.5 to 50. In [31], it is reported that when processing liquid GeCls under
the conditions of HF pulsed discharge, in the frequency range of 0.001-100 MHz, with a pulse
repetition frequency and amplitude of 0.05-50 MHz and 1-8 kV, respectively, at atmospheric
pressure, treating liquid GeCls, GezCls is formed.

In this regard, the purpose of the present work was: 1) an experimental study of the hydrogen
reduction processes of STC and GeCls under the conditions of HF-arc discharge, stabilized by two
electrodes and determination of the formation of possible products; 2) thermodynamic analysis of
Si/H/Cl and Ge/H/Cl systems and comparison, where possible, of the results of calculations with the
results of experiments; 3) study of the main active plasma particles and determination of the
mechanisms responsible for the hydrogen reduction of volatile silicon and germanium chlorides; 4)
characterization of the obtained substances.

2. Materials and Methods

In this work, the following initial substances were used: STC and germanium tetrachloride
(99.999%, Firm HORST Ltd., Russia) and hydrogen (99.99998%, “Monitoring”, Russia). In the plasma-
chemical reactor, W and Si electrodes with a purity of material 99.999% (Sernia Inc., Russia) were
used.

Experimental Conditions

Experiments on the study of the processes of reduction of STC and germanium in hydrogen
plasma were carried out on the installation, the schematic diagram of which is shown in Figure 1.
The power of the high-frequency oscillator was 340 W, frequency 40.68 MHz. The flow rate of the
plasma-forming gas H2+S5iCls(GeCls) was varied in the range of 400-500 cm?/min. The pressure during
the experiment was 760 Torr. The molar ratios of H2/SiCls and GeCls were 6.9 and 15 correspondingly.
The study of the process of plasma-chemical reduction of SiCls(GeCls) in hydrogen plasma of the REF-
arc discharge was carried out at a constant energy input of 300+15 kJ/mol.
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Figure 1. Silicon and germanium chlorides plasma-chemical reduction unit in RF-arc discharge.

The plasma-chemical reactor was a tube of quartz glass with a diameter of 60 mm, along the axis
of which electrodes were placed. High-frequency voltage was applied to the electrodes from the
generator through the matching device and a discharge was ignited between the electrodes. A vapor-
gas mixture of STC (germanium) and hydrogen was fed into the discharge volume. The power
supplied to the gas discharge zone was determined by the calorimetric method according to the
method [32]. In the study of the process of reducing STC, silicon electrodes (& 6 mm) were used, in
the study of the process of reducing germanium tetrachloride — tungsten electrodes (&J 4 mm).

The dependence of the degree of conversion of SiCls (GeCls), the yield of chlorosilanes and
chlorogermanes, as well as silicon and germanium, on the pressure and molar ratio of reagents was
experimentally investigated. The study of the process of plasma-chemical reduction of SiCls (GeCls)
in hydrogen plasma of the RF-arc discharge was carried out at a constant energy level of 300 kJ/mol.
The value of the energy deposit was determined as the ratio of the power supplied to the gas
discharge zone to the flow rate of the plasma-forming gas.

The yield of silicon and germanium was determined by the gravimetric method with an accuracy
of 1-10 g.

The content of chlorosilanes and chlorogermanes was determined by gas chromatography with
a detection limit of 0.1% and IR spectroscopy with a resolution of 0.1 cm™. In the study of the process
of plasma-chemical reduction of SiCls (GeCls), the content of metal impurities and electroactive
impurities in the initial silicon and germanium chlorides, as well as in chlorosilanes, silicon and
germanium, was controlled.

Gas chromatography analysis

Quantitative analysis of compounds available from the experiment was carried out by a gas
chromatography method on GC “Tsvet-800” (Tsvet, Russia) equipped with a thermal conductivity
detector (TCD) and a vacuum sample inlet system. For separation of components after synthesis, a 3
m long packed column with Chromaton N-AW-HMDS (0.16-0.20 mm) was used with a 15% liquid
phase of E-301 at 373 K for 6 minutes. The results obtained were processed with the Tsvet — Analytic
software.

doi:10.20944/preprints202311.1412.v1
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IR Spectroscopy of Exhaust Gases

IR absorption spectra of the reactor gases were measured in the range 450-7000 cm™ by an IR
spectrometer (Bruker Vertex 80v) equipped with a DTGS detector. The resolution and aperture were
1 cm™ and 5 mm, respectively. The gas mixture at the outlet of the reactor was taken into a cuvette
with an optical path length of 10 cm. The pressure in the IR cuvette was 50 Torr. The identification of
the components by the location of absorption bands was done using a database [33]. The quantitative
determination of the components was carried out using the Bouguer-Lambert-Baire equation:

_ BRTg,
P=an @)

where B is the integrated intensity of the spectral line or band in cm™; R is the universal gas constant;
T is the temperature in K;  is the speed of light in vacuum; A is the integral absorption coefficient; 1
is the optical path length in cm; and Na is Avogadro’s constant. The concentrations of gas components
were calculated from:

c=%-100% )
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where p is the partial pressure of the component and P is the total pressure in the cell.

Emission Spectroscopy

Optical emission spectroscopy (OES) was used to detect reaction products in plasma. Emission
spectra were recorded by an AvaSpec-ULS2048CLEVO-RM-USB3 multichannel 2048-pixel fiber optic
spectrometerwith ultra-lowlight scattering. The spectrawere recorded in the range 217.5-710 nm with
a resolution of 0.17 nm.

Gravimetric analysis

All of the electrodes used in the experiments were weighed before and after the plasmochemical
process of tetrachloride of silicon and germanium reduction. Measurement of the mass of the
electrode was carried out with an accuracy of 1-10* g by analytical balance DV114C (Ohaus
Discovery, Switzerland). The yield of silicon and germanium was determined by the difference
between the masses of the electrodes before and after the experiments considering the amount of
SiCls and GeCls passed through the plasma.

Methods for determining impurities in SiCls, GeCls, and chlorosilanes

Determination of impurities of metals and electroactive impurities in the initial SiCls, GeCls, and
chlorosilanes was carried out by atomic emission spectroscopy on the spectrograph STE-1.
Preliminary, by the method of double distillation, the impurities were concentrated on a coal weight
of 100 g. Subcathode radiation of inter-electrode plasma was recorded. The detection limit of this
method is 107-10" wt.%.

Characterization of Deposits

Morphological studies and analysis of elemental composition

Morphological studies and analysis of the elemental composition of the samples were carried
out using the methods of raster electron microscopy and x-ray microanalysis.

The SEM image of the silicon electrode microrelief was obtained by a Tescan Vega II electron
microscope at a voltage of 20 kV with a backscattered electron (BSE) detector and a detector of
reflected electrons (RE detector) with zooming from 500 to 8000 and 20,000. The use of BSE and RE
detectors allows obtaining more contrast images in comparison with an SE detector.
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A transmission electron microscope (TEM) JEM 2100, JEOL, Japan, was used for structural
studies of the powdered Ge. The TEM EDXINCAXx-sight Energy attachment made by OXFORD
instruments was used for elemental analysis.

Determination of impurity in Si and Ge

Impurity studies were performed on a high-resolution sector mass spectrometer with ionization
in inductively coupled plasma ELEMENT-2 (Thermo Scientific). The device has three modes of
operation of low, medium, and high resolution. For analysis, the samples are transferred to a solution
that is transported by an argon stream to an induction discharge plasma. The cold plasma mode
(generator power = 550 W) and high-resolution mode (R > 10,000) were used.

Thermodynamic calculation of chemical equilibrium

The calculations were performed using open-source software [34]. The software implies the local
thermodynamic equilibrium (LTE) and is based on the Gibbs free energy minimization algorithm:

minG(n) = Y, umy, 3)

where yj and nj are the chemical potential and number of gram-moles of species j per gram of mixture,
and N is the number of molecular species. The minimization is subject to the mass balance and non-
negative concentration constraints; the minimization is performed by the Lagrangian multipliers
method. Abundant literature exists on the topic [35]. The authors of the present study have also
recently developed an algorithm based on the mass action, charge, and mass conservation laws [36,
37]; however, this model does not include phase transformation, which is of primary interest in
plasma deposition methods.

The model [34] assumes the equation of state for an ideal gas even when a small amount of the
condensed phase is present. This assumption is acceptable because of the negligible volume of the
condensed phase relative to the gaseous species [34]. Another simplification is the purity of the
condensed phase; the phase transitions are allowed between liquid and gas, solid and gas, solid and
liquid, and between stable solid phases.

First, the plasma composition as a function of temperature is calculated for steady-state plasma
at a fixed pressure of 1 atmosphere, a so-called t-p option in [34]. The plasma is assumed to be in LTE,
the assumption admissible for atmospheric RF-arc plasmas.

A similar approach was used in [38] and adjusted in [39-41] to calculate the equilibrium
composition of hydrogen and argon-hydrogen plasma of halides considered in this paper. The
coincidence of the results obtained with the algorithm [34] and algorithm [39-41] confirms the
validity of both algorithms.

3. Discussion of the results.

Hydrogen reduction of SiCls

In studying the plasma chemical reduction process of silicon tetrachloride, the main gas-phase
reaction products were shown to be trichlorosilane (SiHCls) and hydrogen chloride. SiHCIs
absorption bands are recorded in the range of 2257, 806, 588 and 497 cm! (Figure 2). A band belonging
to the HCl molecule is recorded in the 3000 cm™ region. At the ratio H2/SiCls = 6.9, the SiHCl: yield is
44%. This, as follows from thermodynamic analysis, corresponds to an equilibrium concentration of
SiHCls at a temperature of 1250 K. The equilibrium concentration of dichlorosilane at this
temperature is much lower. It should be noted that the results for the yield of TCS are in good
agreement with the data [42].

doi:10.20944/preprints202311.1412.v1
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Figure 2. IR spectrum of (1) the initial gas mixture and (2) the gas mixture released from the high

pressure reactor during the hydrogen reduction of SiCla.

The equilibrium composition of the system SiCls/H2 = 6.9, depending on the temperature is
shown in Figure 3. Figure 3 shows that condensed silicon is created only in the temperature range of
1210-1625 K. The formation of SiHCls is observed in the temperature range of 300-2700 K, SiH2Cl2 in
the range of 7502500 K, and SiHsCl in the range of 1150-1850 K. The formation of SiCl> and SiHCI
radicals is observed in the range of 1000-4500 K and 1230-4300 K, respectively.

In [43, 44], it is noted that in the thermodynamic analysis of the Si-H-Cl system, five independent,
equilibrium reactions should be taken into account, but in the case of low concentrations of
Hz(H2/SiCls<10) and temperatures below 1123-1173K, the number of independent reactions is

reduced to two:
SiCls + H2 — SiHCls + HC1 4)
SiHCls + H2 — Si + 3HCl (5)
as the equilibrium concentrations of SiH2Clz, SiH3Cl and SiClz become negligible. This is confirmed
experimentally.

Figure 3. Equilibrium molar fractions as a function of temperature for SiCly/H>= 6.9. The dotted line

corresponds to the crystalline phase.
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To clarify the temperature range of the hydrogen reduction of SiCls using mathematical
modeling, the distribution of thermal and concentration fields in the reaction chamber was
investigated in [45]. It was shown that the gas temperature in the reaction zone is in the range of 900
—1700 K. This also confirms that under the experimental conditions implemented, chemical reactions
close to equilibrium occur.

Hydrogen reduction of GeCls

When studying the process of plasma-chemical reduction of germanium tetrachloride, it was
necessary to determine into which products GeCls can transform in a hydrogen plasma of this type
of discharge. It was shown that in the gas phase leaving the gas mixture reactor, according to IR
analysis, the formation of trichlorogermane (GeHCls) is observed. Its absorption bands are recorded
in the range of 2155 and 708 cm (Figure 4 a). Also in the region of 3000 cm a band related to the
HCI molecule is recorded.

Germanium tetrachloride GeCls has no absorption bands in this frequency range. On the
contrary, the GeCls and HCIl peaks are well recorded in the chromatogram (Figure 4 b), but the
GeHCls peak cannot be separated from the GeCls peak on the gas column adsorbent. Thus, the
formation of trichlorogermane and hydrogen chloride is confirmed by IR spectroscopy. The overall
conversion of GeCls can be seen from the peak in the chromatogram.
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Figure 4. a — IR spectrum; b — chromatogram of the gas mixture released from the high pressure
reactor during the process of hydrogen reduction of GeCla.

In addition, according to X-ray phase analysis, deposition of ingot-shaped, drop-shaped
germanium was observed at the ends of the electrodes, and germanium powder was deposited on
the walls of the reactor. Thus, the main reactions of plasma-chemical conversion are the formation of
trichlorogermane and germanium according to the reactions:

GeCli + H2 — GeHCls + HCl 6)

GeCls + 2H2 — Ge + 4HCI 7)

The equilibrium composition of the Hz/GeCls = 15 system depending on the temperature at
atmospheric pressure is shown in Figure 5. This mixture stoichiometry was selected based on the
maximum yields of Ge and GeHCls. Condensed germanium is formed from germanium
tetrachloride, in the range of 1250-1500 K. Formation of the GeHCls compound, according to Figure
5, occurs in the range of 300-1580 K, GeH:Cl2 in the range of 500-1580 K, and GeHsCl in the range of
760-1500 K.
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Figure 5. Equilibrium molar fractions as a function of temperature for GeCly/Hz = 15. The dotted line
corresponds to the liquid phase.

Studies of thermal and concentration fields in the process of hydrogen reduction of GeCls by the
method of mathematical modeling were not carried out. However, on the basis of similar studies for
the hydrogen reduction process of the STC, it can be argued that in this case, the reaction chamber
also has a complete interaction of the gas mixture with the plasma. This makes it possible to assume
the equilibrium of the process and estimate the temperature range of the reaction.

According to the experiment, polycrystalline germanium is deposited at the ends of the
electrodes, an amorphous germanium powder is formed in the reactor volume, and the analysis of
the gas phase confirms the formation of GeHCls. Equilibrium calculations shown in Figure 3 also
show the possibility of the formation of these substances, which indicates the proximity of the
realized experimental conditions to the equilibrium. The GeH:Cl> and GeHsCl compounds are not
observed experimentally, due to their low equilibrium concentrations.

Figure 6 a, b) shows the emission spectra of mixtures of H2 + SiCls and Hz + GeCls during
hydrogen reduction in RF-arc discharge. It can be seen that in the experimental conditions realized,
the nature of the emission spectra is identical. Namely, in both cases, lines belonging to silicon or
Germany are observed, as well as lines of chlorine ions. In both cases, the emission spectra lack bands
of radicals such as Si-Cln, Si-Hn, Ge-CIn and Ge-Hn, as well as lines belonging to atomic hydrogen.
This may indicate that the interaction of molecules with each other under these conditions occurs by
a molecular mechanism, and plasma is a highly efficient source of heating. In this case, the reactions
(4) to (7) describe this mechanism.
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Figure 6. Emission spectra of mixtures: a — Ht+SiClsy; b — Ho+GeCls in the process of hydrogen
reduction in RF-arc discharge.
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Investigation of the substances obtained

Characterization of samples obtained during the reduction of SiCls

In the case of the hydrogen reduction of SiCls, the main conversion products are of
trichlorosilane, as well as silicon. Table 1 shows the content of metal impurities in the initial SiCls, as
well as a mixture of reaction products and silicon. In addition, the content of electroactive impurities
is given for precipitated silicon. It can be seen that the content of metal impurities in the reaction
products mixture is at the level of the initial SiCls. This suggests that in this type of discharge, it is
possible to obtain chlorosilanes and in particular TCS not only with a high yield but also with the
preservation of the chemical purity of the original SiCls, which is the main requirement for the
technology of obtaining high-purity silicon. This possibility appears due to the use of a high-purity
silicon electrode as a material. The modes in this case are selected in such a way as to avoid melting
the electrode.

Figure 7 shows an image of a silicon electrode before and after hydrogen reduction, as well as a
view of the silicon formed on the electrodes in the form of drops J3-5 mm. In a silicon sample, on
the contrary, there is a concentration of metal impurities. Apparently, impurities of metals are in the
original SiCls in the form of volatile compounds, possibly chlorides, with a binding energy less than
that of STC and therefore more easily react with chemically active plasma, which leads to their
concentration in the deposited silicon. However, the hydrogen reduction process of SiCls under RF-
arc discharge conditions can be used to obtain high-purity, monocrystalline samples, provided that
the stages of zone recrystallization and growth of the Czochralski crystal are carried out. The
concentration of electroactive impurities Al, B, P, As, and Sn in silicon is below the detection limit.

Table 1. The content of impurities in the initial silicon tetrachloride, the resulting mixture of reaction
products and silicon.

. C, ppm (wt)

Impurities SiCl, Reaction products Si
Fe 0.01 0.05 2.6
Cu 0.0005 0.0005 0.04
Cr 0.002 0.0008 22
Mn 0.004 0.002 22
Ni 0.0002 0.0004 13
Mg 0.01 0.01 1.6
Al 0.004 0.006 <7
B -— -— <0.3
p --- --- <2
As --- --- <0.3

Sn - - <0.03
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Figure 7. a — View of the silicon electrode before (a-1) and after (a-2) carrying out the process of
plasma-chemical hydrogen reduction of SiCls; b —View of the silicon formed on the electrode from the
SiCla.

Samples of germanium obtained in RF-arc discharge from GeCla

Experimentally, it was shown that under the conditions of RF-arc discharge at a pressure below
atmospheric pressure, from a mixture of GeCls + Hz, at the ends of the electrodes, an ingot Ge was
formed. In addition, Ge was also formed as a powder deposited on the inner surface of the reactor.
The ingot Ge, according to X-ray phase analysis, was polycrystalline. Table 2 shows the impurity
composition of the initial GeCls and the resulting ingot Ge.

Table 2. Impurity composition (ppm wt) of the initial GeCls and ingot Ge.

Impurities GeCl, Ge Impurities GeCl, Ge
B 0.3 0.5 Co 0.002 0.003
Al <1.9 <1.9 Fe 0.03 8.1
P 1.2 1.2 Cu <0.2 <0.2
As 0.5 1.5 Zn <0.1 <0.1
Sb 0.003 0.003 Cr 0.8 0.7
Sn 0.1 0.1 Mn 0.01 0.01
W 0.1 170 Mo 0.8 0.6
Ti <0.2 <0.2 Mg <0.4 <0.4

It can be seen that the content of impurities in Ge is at the level of purity of the original GeCla.
Exceptions are impurities W and Fe coming from structural materials (the tungsten electrode and
stainless steel nozzles). However, these impurities can be easily removed by zone recrystallization by
the Bridgman method [46].

Of particular interest is also the powdered Ge. Nanocrystals of germanium can be of interest for
various electronic and optoelectronic applications, primarily due to the possibility of adjusting their
bandwidth from the infrared to the visible range of the spectrum depending on the size [28, 29].

Figure 8 a-d) shows the TEM image of this sample.

Figure 8. a-d - TEM image of Ge nanoparticles; e — diffraction pattern of Ge nanoparticles; f — spectrum
of characteristic X-ray lines.
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The powdered Ge is a nanoparticle. The diffraction pattern of the sample (Figure 8 e) indicates
that these particles are monocrystalline, and according to X-ray microanalysis (Figure 8 f), the Ge
sample obtained does not contain Cl and O impurities.

In the study of nanostructured germanium samples by laser diffraction using dispersion, it was
impossible to carry out a complete separation of agglomerates, which did not make it possible to
correctly estimate the particle size distribution. Therefore, the evaluation of this parameter was
carried out on the basis of photographs obtained on TEM. The particle size distribution is shown in
Figure 9. It can be seen that the particle size has a range from 22 to 75 nm with an average size of 40—
50 nm. Thus, in the RF-arc discharge, in the pressure range of 30-760 Torr, conditions are created for
obtaining not only ingot-like, compacted Ge but also Ge in the form of nanoparticles.
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Figure 9. Particle size distribution of powdered Ge.

4 Conclusions

Based on the studies conducted, it can be concluded that RF-arc discharge can be used to obtain
high-purity trichlorosilane and silicon from the by-product of silicon production of STC. The content
of the target products in the realized experimental conditions is close to equilibrium, which is
confirmed by thermodynamic analysis. The temperature ranges in the zone of STC hydrogen
reduction reactions determined using numerical modeling correspond to the temperatures at which
a thermodynamically equilibrium yield of products is observed. RF-arc discharge can also be used to
obtain high-purity germanium in the form of both polycrystalline ingots and nanopowder with an
average particle size of 40-50 nm, as well as for the synthesis of high-purity trichlorogermane with a
high yield. The main mechanism responsible for the hydrogen reduction of silicon and germanium
tetrachloride is molecular.
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