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Studied have been individual purification stages of metallurgical silicon by recrystalli-
zation from the Ga-Si system melt followed by isolation and washing of crystals using
chemical methods. The technological sequence for silicon purification has been developed.
The method makes it possible to purify silicon containing at least 98.0% Si by weight. The
subsequent purification by crystallization from the melt provides the product purity level

up to 99.999 mass.%

WcenemoBaHnl OTAeIbLHBIE CTAAUN OUNCTKY METAIIYPIUUYeCKOTO KPeMHUS MIePEeKPUCTAJIN-
sanuell us paciasa cucrembl Ga-Si ¢ mocaenyOIIUM BbIAEJIEHUEM U IPOMBIBKON KPHCTAJ-
JIOB XUMHUYECKMMU MeTogaMu. PaspafoTaHa TeXHOJOrMYECKas CXeMa OUYMCTKU KPeMHUA.
Cnoco6 IO3BOJSET OUMINATH KpeMHUM ¢ comep:xaHumem 6oxee 98,0 mace. % Si. IIpu mocae-
OYIOIel KPUCTANIN3AIMOHHON OUMCTKE BbIPAIBAHKEM CAMTKA U3 PACILIABA MOMKHO IIOBLI-
CHUTHb YPOBEHb YMCTOTHI IIpoayKTa no 99,999 mace. %.

At present, silicon of “"solar” grade is
used in the production of photoelectric con-
verters (PEC). The material manufacturing
process comprises the following stages: sili-
con dioxide reduction using the well-known
techniques [1], its purification by chlorina-
tion and rectification, reduction of silicon
chlorides with hydrogen, and single crystal
growing using Czochralski technique. The
existing purification techniques are, how-
ever, expensive and dangerous for environ-
ment. In this connection, the purification
methods free of those drawbacks are
needed. The silicon purification in solu-
tions-melts of low-melting metals [2] is
among such methods. In this work, a rela-
tively inexpensive, high-productive and en-
vironmentally safe method for metallurgical
silicon purification is presented. The prod-
uct obtained is suitable for production of
the "solar” grade silicon crystals. The pa-
rameters of minor charge carriers (MCC) in
that material will not differ significantly
from those of the KSD-5 "solar” silicon sin-
gle crystals produced today in Ukraine. The
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MCC in the new material show a long life-
time and a relative high mobility that is
sufficient to provide solar converters with
efficiency of about 15%. The developed
method of silicon purification is based on
distinctions in physicochemical properties
between the main component and impurities
[3], namely, in solubility, wvolatility, and
segregation factor at the phase interface.

To purify metallurgical silicon from a
solution-melt, a technologic plant has been
developed that makes it possible to purify
silicon at temperatures up to 1000 °C at the
heating rate controllable within the 1 to
10 deg/min range in vacuum and in a puri-
fied nitrogen flow and at the cooling rate
from 5 to 30 deg/min. An autonomous cool-
ing system of the plant makes it possible to
operate it in rather prolonged high-tempera-
ture processes, thus providing the operation
convenience and reliability.

The KR-1 grade silicon (98.0 mass.% Si)
was used as the initial material. The main
impurities are shown in Table. The metal-
solvent was selected taking into account its
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required properties: low melting point, a
good dissolving ability for silicon, chemical
inertness thereto, and a low segregation
factor, thus providing a high efficiency of
crystallization purification. Gallium, in-
dium, aluminum, tin, lead, and some other
metals met these requirements. The opti-
mum metal is gallium that makes it possible
to lower considerably the purification tem-
perature as compared to other metals-sol-
vents. The silicon solubility in gallium is as
high as 10%. In this work, the high-purity
gallium of GL-00 grade was used. The use
of atomic nitrogen in the purification proc-
ess provided formation of various nitrides
of metals and non-metals that were removed
as slags, by the reactor purging or by
chemical washing at subsequent stages. The
particle size of the initial metallurgical sili-
con was not critical in the method. The
amounts of initial components were calcu-
lated basing on the fact that, according to
the phase diagram, gallium dissolves at
1000 °C about 10% of silicon. Thus, taking
into account the atomic masses of the com-
ponents, about 10 g of silicon is completely
dissolved in 250 g of gallium.

The purification flow chart is presented
in Fig. 1. The process comprises the follow-
ing stages: dissolution of silicon in gallium
and transfer of impurities into the melt;
the melt cooling and separation of silicon
crystals therefrom using vacuum filtration
[4] through a filter with 30 pum mesh size;
acid washing of silicon to remove gallium.

The purification was carried out as fol-
lows. The initial gallium and silicon were
introduced into a crucible that was placed
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Fig. 1. Flow chart of silicon purification in
gallium melt.

onto the bottom of a quartz reactor. Then
the reactor was evacuated and heated ac-
cording to the temperature and time sched-
ule presented in Fig. 2. The system was
held under 107® Torr pressure for 30 min
to remove the volatile impurities. Then
atomic nitrogen was introduced into the re-
actor, thus providing formation of nitrides
at elevated temperatures, and the tempera-
ture was changed periodically within 100° to
920 °C limits to dissolve the small crystals
and to drive the impurities back by the

Table. Concentrations of impurities in metallurgical silicon, the segregation coefficients and
solubility thereof, the impurity concentrations after purification in gallium melt

Impurity Concentration Solubility, Segregation Concentration in
in metallurgical Si x1076% cm 3 at 1000 °C coefficient purified Si x1076%
Al 1600 2.1019 2.1073 150
45 6-101° 81071 1
300 1.5-1021 3.5:1071 0.3
Cr 140 1015 1.1.107°
Fe 2100 1.5-1015 8.10°6 <10
Mn 70 3.5.1016 1078 <5
Ni 50 5.1017 (8-30)-10°6 <10
Ti 165 1-1016 3.6:1076 <10
Y 100 1017 81076 <5
Ga _ 2.1019 81073 300
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Fig. 2. Temperature and time schedule of the
metallurgical silicon purification process.

crystallization front, thus favoring enlarge-
ment of more pure crystals. The melt was
stirred during the whole stage to provide
the homogeneous distribution of Si particles
in the Ga melt bulk, thus preventing the
floating of undissolved silicon. Moreover,
the stirring intensified the silicon crystal-
lization. The purification extent by recrys-
tallization depends on the equilibrium dis-
tribution coefficient (D,) of an impurity be-
tween the crystals and the solution. The D,
values for main impurities in silicon taken
from [5] are presented in Table. The effec-
tive distribution coefficient (D) depends, in
turn, on the crystallization conditions, par-
ticularly on temperature, and differs from
the equilibrium one. Thus, at the process
temperature 1000 °C, D<<1 for all the
main impurities, that is, the crystallization
results in depletion of the crystals of the
impurities, because those are driven back by
the crystallization front. The purity of the
purified material is influenced by the solu-
bility limits of the main impurities in sili-
con. The solubility limits values at 1000 °C
taken from [5] are presented in Table. Nev-
ertheless, a high vapor pressure of phospho-
rus at that temperature and rather low seg-
regation coefficients of Fe, Al, Ca, Ga, ete.
did not influence significantly the purity of
silicon obtained. The boron impurity having
the distribution coefficient close to unity
was removed as follows. Starting from
900 °C, boron forms boron nitride BN with
atomic nitrogen having a structure like to
graphite or diamond. Thus, the formed BN
floated as a slag and was removed later by
purging and chemical treatment.

During the melt cooling, the crystal-
lization rate of silicon increased at first,
attained a maximum, and then decreased; as
a result, silicon precipitated as single-crys-
talline particles with mean size depending
on the cooling duration, Fig. 3. The silicon
crystals were separated from gallium melt
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Fig. 3. Dependence of the mean crystal size
on the melt cooling duration.

by vacuum filtration through a filter with
30 um mesh size followed by acid treatment
of silicon to remove the residual eutectic
melt. As the solvent, hydrochloric acid was
selected forming water-soluble chlorides. An
additional purification effect was attained
using nitrohydrochloric acid (aqua regia,
HCI:HNO; = 8:1).

The impurity concentrations in silicon
were measured using IR spectrometry. The
concentrations are presented in Table.

The developed purification method of
metallurgical silicon provides purification
of silicon at a purity at least 98.0 mass.%.
The plant designed provides rather pro-
longed processes at high temperatures. The
use of atomic nitrogen in the purification
process provided formation of various ni-
trides of metals and non-metals that were
removed as slags, by the reactor purging or
by chemical washing at subsequent stages.
The formation of silicon nitride SigN, is un-
like, because a higher temperature of 1100
to 1300 °C is necessary that is not used in
this process. It is inexpedient to increase
the process temperature (and thus the Si
solubility), because increased Ga vapor
pressure results in its loss and the reactor
contamination due to precipitation on the
walls. The temperature decrease deterio-
rates the process productivity due to lower-
ing of silicon solubility in gallium. There-
fore, the selected temperature of 1000 °C is
the optimum and provides the highest effi-
ciency. The melt-solution stirring enhances
the growth rate of more pure crystals.

It follows from the study results that a
high cooling rate results in an increased
yield of fine fraction, but the purification
efficiency is enhanced. At a low cooling
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rate, the larger silicon grains contain impu-
rities in increased concentrations. Thus, the
purification is to be carried out under con-
ditions providing the formation of small
pure crystals. Thus, the proposed purifica-
tion process with temperature variations
makes it possible to obtain a fraction of
larger crystals with lowered impurity con-
tent due to dissolution of smaller crystals
and the impurity driving back by the crys-
tallization front, thus resulting in growth
of larger and more pure crystals.

The gallium content in the purified sili-
con corresponded to its solubility limit at
the specified purification temperature. The
subsequent growing of single crystalline in-
gots by Czochralski technique the silicon
was purified from gallium. The grown in-
gots having the specific resistance of 0.25
to 0.2 Q.ecm are suitable for PEC manufac-
turing.

To conclude, the individual stages of
metallurgical silicon purification by recrys-
tallization form malted Si-Ga system fol-
lowed by separation and chemical washing
of the crystals have been studied. The tech-
nological sequence for silicon purification
has been developed. The use of gallium as
the solvent for silicon has made it possible
to lower considerably the purification tem-

perature due to Si solubility in Ga attaining
10%. Various purification regimes have
been checked, in particular, the tempera-
ture variation influence has been studied.
The purification efficiency has been estab-
lished to depend on the crystallization con-
ditions and the grain size of the purified
silicon. The method makes it possible to pu-
rify silicon containing at least 90.0% Si by
weight. The subsequent purification by
crystallization from the melt provides the
product purity level up to 99.999 mass %.
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HoBuii MmeTOoa OYHMIIEHHSA METAJYPriiHOTO CHJIIIiI0

I.E.-Maponuyx, O.B.Conogiios, I.A.Xnonenosa

Hocaimxeno oxpeMi cramil oumIeHHs MeTaNyprifiHoro cHMJiNilo mepekpucranisalieio 3
posnnaBy cuctemMu Ga-Si 3 HacTyIHMM BHIINCHHAM 1 OPOMHBAHHAM KPHUCTAIIB XiMivAmmMu
mMeTomaMu. Po3pobieHo TexXHOJOriuny cxemy oumimieHHs curinio. Coocib mosBoiide ounIiyBa-
Ty cuiiniii 3 Bmicrom Ginmbmi, mixk 98,0 mac. % Si. IIpu HacTynHOMy KpucTajiisaumiiinomy
OUMIEHHI BUPOLIYBAHHAM BJIMTKA 3 POSIJIABY MOYKHA IIiJABUIUTH PiBEHb YUCTOTU IIPOLYKTY

10 99,999 mac. %.
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