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ABSTRACT

Silicon is an essential chemical element that plays a very important role in life support on our
planet. There is no single area of life on Earth where this most common chemical element is not
present; its content is 27-30% of the mass of the Earth's crust. The most common form of its
presence in the earth's crust is silicon dioxide, that is, silica. Silica is the main raw material source
for semiconductor silicon for modern electrical engineering (production of diodes, transistors,
photocells, and integrated circuits). Silicon is widely used in special materials science (alloying
special steels, refining melts, and producing aluminum-silicon alloys (silumins). Reducing the cost
of high-purity silicon can be achieved by reducing the temperature of the refining process of
technical silicon. This scientific work examines the implementation of refining silicon in eutectic
silicon melts with aluminum. Crystallization of silicon in hypereutectic melts below the liquidus
temperature of the Si-Al phase equilibrium system occurs through the formation of silicon
crystallization nuclei from clusters on the surface of the crystallizer - electrodes (rods) made of
silicon with a temperature, which is below the temperature of the hypereutectic melt liquidus. The
article describes methods for obtaining high-purity silicon and provides scientific justification for
the implementation of such a task. The proposed method for producing high-purity silicon has so
far been little studied and is of scientific and economic interest, since it can be carried out at
relatively low temperatures, for example below 900°C. An important feature of eutectic melts is
the stoichiometric content of components, which was the reason for the assumption of the
molecular structure of eutectic melts. Eutectic molecules are, in our opinion, compounds of silicon
and aluminum clusters.
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Introduction

Silicon is the most important chemical element
on our planet. There is not a single area of life on the
Earth where this most common component is
present, its content amounts to 27-30% of the mass
of the Earth’s crust [[1], [2], [3], [4]]. The most
common form is silicon dioxide—silica. Silica is the
main raw material source for semiconductor silicon
for modern electrical engineering (production of
diodes, transistors, photocells, and integrated

circuits). Silicon is widely used in special materials
science (alloying special steels, refining melts, and
producing aluminum-silicon alloys (silumins). The
growing need for high-purity silicon for photovoltaic
energy converters, caused by the development of
“Green Energy”, served as the basis for the search
and the development of effective technologies for
refining metallurgical silicon to the level of “Solar”
quality silicon, that is, with a Silicon content of
99.9999%. Without such a degree of purification of
silicon from impurities, it is impossible to obtain
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photovoltaic energy converters with a high
efficiency for efficient solar batteries.

Silicon refining using a hypereutectic melt of
aluminum and silicon is a process that is used to
remove impurities and improve the quality of silicon,
especially in the production of silicon single crystals
for the semiconductor industry. Here’s how it works:

1. Preparation of raw materials: First it is
necessary to prepare the raw materials. This may be
metal silicon, which contains impurities such as
aluminum, iron, and other metals. A mixture of
aluminum and silicon is also suitable.

2. Melting: A mixture of silicon and aluminum is
heated to a temperature beyond the melting point
of silicon. This ensures the formation of a
hypereutectic liquid, which can interact with silicon,
but not aluminum.

3. Separation: In a hypereutectic liquid, silicon
dissolves while aluminum remains unchanged. This
allows aluminum and other impurities to be
removed from the silicon. The separation occurs due
to differences in the solubility of aluminum and
silicon in a given liquid.

4. Cooling and crystallization: After separation,
the silicon begins to crystallize within the liquid. This
can happen by slowly cooling the mixture. Silicon
crystals can be produced as single crystals or
polycrystals, depending on the process.

5. Silicon extraction and processing: The
resulting silicon crystals are then removed from the
melt and further processed and purified to improve
their quality.

This process produces purer silicon suitable for
semiconductors and other high-tech industries. It is
important to note that it can be resource and
energy-intensive, and its effectiveness depends on
the exact conditions and process parameters.

Existing technologies and methods for purifying
silicon from impurities, such as refining by blowing
the silicon melt with oxygen, zone melting,
electrolysis in molten salts, sublimation of silicon
monoxide and its reduction with magnesium and
others do not provide the required degree of
purification from impurities, are characterized as
environmentally unsafe and energy-intensive. The
Czochralski Method has proven itself to be quite
effective [[2], [3], [4], [5], [6], [7], [8], [9]]. This
refining method, although very expensive in terms
of production costs, is still considered the most
common in the production of semiconductor silicon
[[10], [11], [12], [13], [14], [15]].

Methods

The experiments were carried out according to
the following technological scheme:

1. Preparation of a hypereutectic alloy of silicon
with aluminum, implemented in the following
sequence:

1.1 melting silicon Krl in an induction furnace
with a protective atmosphere (Nitrogen or carbon
dioxide).

1.2 aluminum of All grade (electrical) was
loaded into a silicon melt at a temperature of 1415-
1450°C, its concentration was adjusted to 20%
(mass). A melt was obtained in which, upon cooling,
crystallization began with the formation of silicon
clusters.

1.3 when immersing a rotating rod made of pure
silicon heated to a melt temperature of 660-690°C
into the melt, the rotation speed was selected
experimentally and amounted to 5-10 min™,

The process of silicon crystallization on the
crystallizers was monitored visually; the duration of
the crystallizer’s stay in the melt did not exceed 30
minutes.

2. Analysis of the elemental composition of the
resulting refined silicon was carried out using the X-
ray fluorescence method on a scanning electron
microscope with an analyzer at the Research
Regional Engineering Laboratory “Structural and
Biochemical Materials” at M. Auezov South
Kazakhstan University, equipment used: Spekord V-
80 and Superprobe 733-SCX.

Research Results and Discussion

This work studied the possibility of refining
silicon in eutectic melts using the features of
liguation processes and the limited solubility of melt
components in the crystallizing phases of the
eutectic, under the conditions of the beginning of
silicon crystallization in the eutectic melt. The
Silicon—Aluminum system with eutectic (Al 88% + Si
12%) melting at 577°C was chosen as the base
material, Fig.1, [9].

This process of obtaining high-purity silicon has
not yet been well studied and is of scientific and
economic interest, since it can be carried out at
relatively low temperatures, for example below
900°C. An important feature of eutectic melts is the
stoichiometric content of components, which was
the reason for the assumption of the molecular
structure of eutectic melts [16].
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Eutectic molecules are, in our opinion, e
compounds of silicon and aluminum clusters. " o
Clusters of these components can be imagined if
consider the crystal structure of aluminum and
silicon (Fig.2).
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identical density of the substance in the liquid and solid-
crystalline states. The distinctive structure of the silicon
cluster lies in the size of interatomic distances and the
presence of the silicon atom with electronic bonds
involved inside the cluster. This complicates the
formation of crystallization nuclei and increases the
stability of the liquid eutectic mixture of complex
molecules and individual clusters of silicon and aluminum.
Therefore, in eutectic melts of silicon and aluminum at
temperatures below the liquidus temperature, clusters of

rystal structure of aluminum silicon atoms are formed without admixtures of other
Atomic structure of cluster atoms.
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Crystal structure of silicon
Atomic structure of cluster

b)
Figure 4 - Scheme of the atomic structure of a eutectic
Figure 2 - Crystal structure of aluminum and silicon melt of silicon with aluminum (complex eutectic
atoms and atomic structure of clusters molecules and excess silicon clusters)

This is confirmed by the results of the scientific

Clusters in the melt are grouped into complex  work of the authors, for example, at a temperature
molecules according to the chemical composition of  close to 900°C, crystallizing silicon has a purity of
the eutectic 12.2% Si and 87.8% Al (mass per cent)  99.99% (see an inset in the diagram in Fig. 1) [[16],
[[16], [17], [18], [19]] (Fig.3). [17], [20]].
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By creating conditions for silicon crystallization,
immersing crystallizer rods in the melt at a temperature
5-10°C below the liquidus temperature, we will ensure
the deposition of silicon clusters on the surface of
the silicon crystallizer. Silicon crystallization nuclei —
silicon clusters in the eutectic melt provide a high
rate of crystallization of high-purity polycrystalline
silicon. If a crystallizer is used from a single crystal, it
is possible to obtain monocrystalline silicon, but this
is not a technically simple task and requires
additional research. To regulate the rate of silicon
crystallization, the surface temperature of the
crystallizer is maintained within a specified range.
Figure 5 shows a diagram of the refining installation
and a photograph of a crystallizer with a crystallized
layer of high-purity silicon. Complex molecules of
silicon and aluminum clusters provide a high rate of
crystallization; excess clusters in the hypereutectic
melt crystallize on the surface of the crystallizer,
maintaining a high degree of purity from harmful
impurities.

For the continuity of the process, the melt is
replenished with silicon clusters by dissolving the
electrodes of the Aluminum — Silicon alloy and
removing melts enriched with impurities from the
refining zone. A flow process of hypereutectic melt
through the crystallization zone of high-purity silicon
is also provided. In this case, the secondary product
can be used for casting parts from silumin. The main
idea behind the new refining of silicon at
temperatures below 900°C and above 5770°C will be
widely used and useful for the production of
products and alloys from silumin as an additional
and efficient production of high-purity silicon.

Two options were tested: 1 — The process in a
constantly renewed eutectic melt, that is, to grow
high-frequency Silicon clusters on a crystallizer in a
flow of always “new” eutectic melt. Growing
crystalline silicon from a silumin melt — for a eutectic
alloy of silicon with aluminum, ensures the filtration
of impurities by the eutectic melt according to a
mechanism similar to the process of zone melting
[[9], [26]]. Impurities are pushed into the liquid
phase, and the surface of the growing crystals on a
rotating crystallizer is covered with clusters that
form high-purity silicon crystallites. The basis for this
process is the limited solubility of aluminum in
silicon, which is confirmed by the authors [[16], [17],
[20]]. Aluminum clusters act as a sorbent for
impurities harmful to silicon. Movement of the
surface of the crystallizing rod in the melt (rotation
of the crystallizer rod) eliminates the accumulation
of impurity atoms in the crystallization zone.

b)

Figure 5 - Diagram of a laboratory refining installation

a) photograph of crystallizers with frozen refined silicon
b) 1 — radiation pyrometer; 2 — clutch with a manual
drive lever; 3 — shaft gear with a through hole for
transmitting rays of electromagnetic waves of light flux
from the mirror of the melt bath to the radiation
pyrometer; 4 — satellites (gears) for rotating the
crystallizer rods; 5 — crystallizer rods; 6 — eutectic melt;
7 — frozen layer of refined silicon crystals; 8 — graphite
crucible; 9 —inductor

The problem of removing accumulating
impurities in the eutectic melt from the
crystallization zone of refined silicon in crystallizers
to ensure the minimum permissible concentration of
impurities in the eutectic melt requires additional
research and refinement of the technology [[27],
(28], [29], [30], [31], [32], [33]].

The research results are shown in Table 1. The
results show a significant increase in the degree of
purity of the resulting polycrystalline silicon: from
the original 97-98% Si to 99.95-99.99% Si. The
degree of purity — the content of impurities in the
polycrystalline silicon obtained after refining — is
significantly influenced by:

- temperature range of the crystallization
process on the crystallizer rod (Fig.4),

- rotation speed of the crystallizer rod, which
ensures the renewal of the melt at the boundary
between the crystallizer and the melt, excluding an
increase in the concentration of impurities pushed
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aside by growing crystallization centres into the
liquid phase — eutectic melt.

Replacing the composition of the crystallizer
bath and changing the fuse — the silicon rod coated
with frozen high-purity silicon crystals — are very
important factors influencing the quality of refining.
These issues require careful study and research
funds.

Table 1 - Elemental composition of metallurgical silicon
and the resulting high-purity silicon by refining by
crystallization from the eutectic melt

Sample Note
name Impurity content, %
e
Ca Fe P B Si
MG-Si 0.016 0.28 0.0021 | 0.0030 99.69
Refining melt 0.041 0.073 0.0007 | 0.0017 Melt:
(original) Si 20-
30%,

base: Al
Refining 0.0008 Not 0.0003 | 0.0009 99.998
silicon detected % Si
Refining melt 0.54 0.455 0.0615 | 0.0080 | 1.578%
(spent) impurity

Conclusions

Conducted studies have shown the promise of
using eutectic melts of silicon with aluminum as
efficient in energy saving and relatively low process
temperatures — below 900°C.

The possibility of using a similar process for
growing silicon single crystals using a method similar
to the Czochralski method cannot be ruled out, but
this requires extensive research and funds to carry it
out.

Research in this work revealed the need to study
the refining ability of other eutectics with silicon and
to create a technological process for refining silicon
to silicon of “solar” quality using the selectivity of
melts to absorb harmful impurities in high-purity
silicon.

Acknowledgements. We express our gratitude
and appreciation to the Research Regional
Engineering Laboratory “Structural and Biochemical
Materials” at M. Auezov South Kazakhstan
University, where the analysis of the elemental
composition of the resulting refined silicon was
carried out using the X-ray fluorescence method on
a scanning electron microscope with an analyzer,
equipment used: Spekord V-80 and Superprobe 733-
SCX.

CRediT author statement: A. Protopopov:
Conceptualization, Methodology, Software, Data
curation, Writing-Original draft preparation. M.
Protopopov: Visualization, Investigation. Y.
Suleimenov: Supervision. R. Altynbekov: Software,
Validation, Writing- Reviewing and Editing.

Cite this article as: Protopopov AV, Protopopov MA, Suleimenov EA, Altynbekov RF. Silicon refining by growing crystallites in a
hypereutectic melt of aluminum with silicon. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources.

2025; 334(3):70-77. https://doi.org/10.31643/2025/6445.29

ANOMUHNIA MeH KpeMHUUAIH 3BTeKTUKaaaH KeliHri 6anKkbimacbiHga
KPUCTAaNAuUTTEpAi ecipy apKbi/ibl KpeMHUNUAI Ta3apTy

MpoTtononos A.B., Mpotononos M.A., CyneiimeHoB E.A., AnTbiH6eKoB P.®D.

M.9ye308 ameiHOarel OHMycmik Kazakcmax yHusepcumemi, LLibimkeHm, KazakcmaH

TYWIHAEME

Makana kengi: 19 KaHmap 2024
CapanTtamagaH eTri: 18 Haypeiz 2024
Kabbinganapl: 15 winde 2024

6onatrapapl

nerupney,

KpemHuit-6i3giH nnaHeTambi3gafbl TIPLWINIKTI KAMTaMacbi3 eTyae eTe MaHbl3abl Pen aTkapaTbiH
MaHbI34bl XMMUANBIK 31eMeHT. Byn eH Ken TapanfaH XMMUAbIK 3N1eMEHT XKepaiH, 6apabik
aimarblHAa 6ap, OHbIH, MeLLEepi ¥Kep KbIPTbICbIHbIH, MaccacbiHblH, 27-30% Kypanabl. OHbliH, Kep
KbIPTbICbIHAAFbl €H Ken TapafaH KOCbINbICbl - KPEMHUI ANOKCUAI, AFHU KpemHesem. KpemHui
OMOKCUA Kasipri 9NeKTPOTEXHMKA YLWiH KapTblai OTKI3ril KpeMHUIAT anyablH HEri3ri WuKisaT
Ke3i 6onbin Tabblnagbl (aMoaTap, TpaHaUcTopnaap, GOTO3INEeMEHTTEP, WHTErpangblk Cxemanap
eHgjpici). KpemHuii apHaiibl maTepuanTaHy canacbiHAa KeHiHeH KoiZaHblnagbl (apHaibl

6anKkbimanapabl TasapTy, aANOMUHWUIA-KPEMHWUI  KOpbITNanapbiH

(cunymunpep) any). ©Te Tasa KpEMHUIAIH KYHbIH TOMEHAETYre TEXHUKA/bIK KpEMHUIAA] TasapTy

—— 74 ——
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NPOLLECiHIH, TeMNepaTypacblH TOMEHAETY apKblibl KON KeTKi3yre 6onagpl. By fbIIbIMU KyMbICTa
KPEMHUIAIH, ~ aNlOMUHUIMEH  3BTEKTUKaNbIK  BankpiManapbliHAa  KpemHWigi  TasapTty
KapacTbipblnagpl. Si-Al dasanbik Tene-TeHAIK XKyWecCiHiH, TMKBUAYC TemnepaTypacbiHaH TOMeH
IBTEKTUKaNbIK BankbiManapparbl KPeMHUIAIH, KpucTangaHybl KpucTannusatopapliH, betiHaeri
KnactepnepaeH KpeMHUAAIH KpUcTanaaHy sMOpUOHAAPbIHbIH, - KPEMHUIAIH, SN1eKTPOATaPbIHbIH,
(wbIBbIKTAPbIHbIK) Ty3inyi apKbiabl Kypeai. Makanaga eTe Tasa KpemHuid any aaictepi
cUNaTTaNfaH »KaHe OCblHAAMN dAicTepAi »Ky3ere acblpyAblH, FblAbIMU Herisgemenepi KenTipinrex.
OTe Tasa KpPemMHUIA] anyAblH YCbIHbLIFAH 34icCi ani a3 3epTTeNreH >KoHe FblbIMU KaHe
IKOHOMMKANbBIK  KbISbIFYLWbIILIK  TyAblpafdbl, ©MTKEHi OHbl CcanbiCTbipmanbl Typae TemeH
TemnepaTtypaga, Mmbicanbl, 9000C-TaH TemeH TemnepaTypaga Kysere acblpyra 6onagpl.
IBTEKTUKANbIK banKbiManapablH, MaHpl3abl Genrici — onapAaplH, MONEKyNanblK KypblNbIMbIH
6omkayra ceben 60NFaH KOMMOHEHTTEPAIH, CTEXMOMETPUANDBIK Kypambl. IBTEKTUKANbIK,
monekynanap, 6i3gjiH oMbImMbI3LLa, KPEMHUIN MEH aNIOMUHWUIA KNnacTepaepiHiH, KOCblbICTapbI.

TyliiH ce30ep: KPEMHWI1, ANOMUHWIA, KNacTep, KPUCTANUT, IMKBALLMA, KPUCTANAAHY.
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AHHOTALMUA

KpeMHUI — BaXKHEWWWN XUMUYECKUA 3SEMEHT, UrpalolmMii OYEeHb BaXKHYH pPoSb AJA
KM3HeobecneyeHa Ha Hawel nnaHete. HeT HYU oAHOW 061acTU KM3HKU Ha 3emne, rae 6bl HU
NPUCYTCTBOBa/N 3TOT, CaMblii PACMNPOCTPAHEHHbIN XUMUYECKUIA 3/1EeMEHT, ero coAaepKaHue
coctasnsier 27-30% OT Mmaccbl 3emHOM Kopbl. Haubonee pacnpoctpaHeHHas d¢opma ero
NPUCYTCTBUA B 3EMHOI KOpe — 3TO AMOKCUA KPEMHUSA, TO eCTb KpemHesem. KpemHesem — 37O
OCHOBHOW CbIpbeBOW MUCTOYHUK MOJYYEHUA MONYNPOBOAHUKOBOrO KPEMHUA AN COBPEMEHHOM
3/1EKTPOTEXHUKM (M3rOTOBAEHUE AMOA0B, TPAH3UCTOPOB, GOTOINEMEHTOB, MHTEIPAbHbIX CXEM).
LLInpoKkoe NpMMEHEHWE KPEMHUI NONYYMN B CMELMANbHOM MATEPUANOBELEHNUM (NervpoBaHue
cneumanbHbIx cTanei, padrMHMpoBaHME PacniaBoB, NoJyYeHne aNlOMUHUN-KPEMHMEBDIX CM/1aBOB
(cunymuHoB). CHUKeHMe cebecToMMOCTU BbICOKOYMUCTOrO KPeMHUA MOKeT bbiTb obecneyeHo
CHWXKEHMEeM TemnepaTyp npouecca padpuHUPOBAHUA TEXHUYECKOTO KpeMHUA. B AaHHOM Hay4YHOM
paboTe paccmaTpMBAETCA OCYLLECTBAEHNE PAPUHUPOBAHMA KPEMHUSA B IBTEKTUYECKMX pacniaBax
KPEeMHUA C antoMUHMeM. KpucTannvsauma KpemHUA B 3a3BTEKTUYECKMX pacniaBax HuKe
TemnepaTtypbl AMKBUAYC cucTembl pa3oBoro pasHoBecus Si-Al npoucxoaut dopmupoBaHuem
3apoaplllelt KpUCTaNn3aumMmM KPemHUA K3 KNacTepoB Ha MOBEPXHOCTU KpuCTannusatopa -
3N1EKTPOA0B (CTEpPXKHEN) M3 KpemMHMA C TemnepaTypol HuKe TemnepaTypbl AMKBUAYC 3a
3BTEKTUYECKMM PacniaBom. B ctaTbe pacnumcaHbl cnocbbl NONYYEHUS KPEMHUSA BbICOKOYMUCTOTO M
NPUBOAATCA HayyHble 0OOCHOBaHWMA peanusauMn Takon 3agauu. [peanaraemblit  meTog,
NO/YYEHUA BbICOKOYMUCTOrO KPEMHMA MOKa Mano M3yyeH M NpeacTaBAseT Hay4yHbli U
SKOHOMMUYECKUI MHTEpec, TaK KaK MOXET OCYWecTBAATbCA MPU  OTHOCUTENIbHO HU3KMX
Temnepatypax, Hanpumep Huxke 9000C. BaxkHbIM NPU3HAKOM 3BTEKTUYECKUX PAcnNaBoB ABNAETCA
CTEXMOMETPUYECKOE CoAepKaHNEe KOMMNOHEHTOB, YTO NOCAYKUI0 NPUYNHONM AR NPEANONOKEHNA
0 MOEKY/NIAPHOM CTPOEHWUM 3BTEKTUHYECKUX PacnnaBoB. MoAeKy/bl 3BTEKTUKU NpeacTaBaaioT
cob0i4, NO HalWeMy MHEHUIO, COEAUHEHUSA KNACTEPOB KPEMHMA U aNIIOMUHUA.

Kniouessbie cnosa: erMHMl‘;i, an}OMMHMﬁ, Knacrtep, KpUCTanauT, AMKBauua, KpUCtannnsauma.
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