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The paper presents the results of studies obtained with the development of the technology of electron-beam
crucible impregnation of metallurgical silicon. It is shown that refining of silicon from background and dopant
impurities in electron-beam crucible-free zone melting occurs by zone purification during melting and as a result
of evaporation of impurities from the sample surface. The mathematical model and computational experiment
were been performed to determine the temperature gradient a different rates of zone melting. It was found the
diapason of temperature gradients, which provides the columnar structure of crystallites and the purification of
the samplesdue the melting with the zone recrystallization procedure. The level of the resigtivity of the ingots

increases at the end.
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I ntr oduction

Currently, photoelectric converters (FEC) of solar
cells are made of silicon, and experts believe that in the
near future there will be no competitive technology based
on the use of other materias [1]. Among many ways to
produce solar silicon, the production technology, which
consists in obtaining solar-grade silicon directly from the
metallurgical one, is promising. At the present stage, as
one of the trends in the development of silicon
production technology for solar energy, direct silicon
production has been determined by directiond
crystallization methods from refined commercial silicon
[1]. The criterion for assessing the suitability of
metallurgical silicon for its use in the manufacture of
FEC is the chemical composition, structure, and
electrical parameters..In thiswork, crucible-free electron-
beam zone mdting was used to recrystalize
metallurgical slicon. In addition to electron beam
heating, this method has a number of advantages over
other types of mdting, namely: during mdting it is
possible to easily adjust the height of the molten zone;
The process can be carried out in a wide temperature
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range (up to 2200 °C). The process efficiency is more
than 80 %. In the recrystallization of silicon by eectron-
beam zone melting, the processes of zone purification
during melting occur in the crystal being formed, as well
as a result of the evaporation of impurities from the
surface of the molten zone and hested sections of the
sample.

As fundamental in the development of the physics
and chemical basis for the production of polycrystals of
silicon for FEC [2], during which silicon purification will
occur, three basic positions are defined:

1. Low values of the distribution coefficients of most
impuritiesin silicon.

2. Difference in the vapor pressure of different
elements at high temperatures.

3. High vacuum.

The method of crucible-free eectron-beam zone
recrystallization used in this paper makes it possible to
purify slicon determined by these three basic
principles.The second and third statements are based on
carrying out the process in a high vacuum and the
difference in the vapor pressure of the various elements,
which will lead to the removal of components for which
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the vapor pressure is higher than the elasticity of silicon
vapor. In Fig. 1 presents data on the dependence of the
pressure of saturated vapor of elements on temperature
[1]. From the analysis of these data, it can be concluded
that evaporation from the surface of a sasmple of K, N,
Ca, Ba, As, and P can be expected from the melt. It
should be noted that for elements such as phosphorus,
arsenic and oxygen due to the high value of equilibrium.
Digtribution coefficients zone cleaning is ineffective,
therefore, their purification will go, mainly, due to
evaporation.In this paper, an ingot of polycrystalline
silicon, obtained by induction melting in a cold crucible,
was used for research.Specific dectrica resistance of the
gtarting material: 0.9 Ohm-cm.

The chemical composition of the ingot, presented in
Table.l was determined on a GDMS glow discharge
mass spectrometer. The conductivity typeis n-type.

Specific electrical resistance is one of the most

important parameters determining the quality of
semiconductor silicon. This parameter characterizes the
degree of purity of semiconductor materials [3].The
cyclograms of the process of dectron-beam crucible-free
zone melting of metallurgical silicon were devel oped.
Mélting of the samples was carried out at velocities of
0.0056 mm/s; 0.014 mnvs, 0.028 mm/s;, 0.039 mm/s,
0.056 mm/sIn Fig. 2 shows the cyclograms of the
electron-beam crucible zone melting process of silicon
polycrystals for melting rates of 0.0056 - 0.056 mnvs.

As can be seen from the cyclograms, the anode
current changes little during the entire melting cycle.
Some of its decrease towards the end of the melting is
due to the genera heating of the sample during the
melting process, as wel as the heating of the
reinforcement in the growth chamber.According to the
developed cyclograms, zone melting of metallurgical
silicon was carried out. In Fig. 3 shows a sample of
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Fig.1. Dependence of vapor pressure of various elements - impurities on temperature [1].

Tablel
Chemical composition of theingot

N | Element Concentration » | Element Concentration No Element Concentration,
ppma ppma ppma
1 B 0.434 10 Ti 0.021 19 Cd 0.000
2 Na 0.357 11 V 0.014 20 In 0.000
3 Mg 0.115 12 Cr 0.345 21 Sn 0.093
4 Al 0.247 13 Mn 0.089 22 Ag 0.584
5 P 0.797 14 Fe 2.480 23 Ba 0.057
6 Ga 0.000 15 Co 0.040 24 W 0.036
7 K 0.299 16 Ni 0.180 25 Ag 0.584
8 Ca 4.414 17 Zn 1.714 26 Au 0.000
9 Sc 0.003 18 As 0.100 27 Bi 0.003
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Fig. 2. Cyclograms of the process of e ectron-beam zone melting of polycrystals of silicon.

Fig. 3. Polycrystalline slicon after zone melting.

silicon after zone recrystallization.

Calculation methods have been established and
experimentally confirmed with the example of oxygen
and phosphorus, that refining silicon during melting
should be carried out at recrystallization rates not lower
than 0.014 mm/s. Remelting a a speed lower than
0.014 mm/sis ineffective. It was shown that the decrease
in the mass content of oxygen and phosphorus during
melting is achieved due to the presence of a wdll-
developed free surface of the molten zone and is
determined by the processes of evaporation and
degassing into vacuum. [4]

The chemical composition of the silicon ingot after
zone recrystallization in was determined using a GDMS
mass spectrometer. The data are presented in Table. 2.

As can be seen from the table, the impurities are
cleared, caused by the joint action - zone melting and
degassing into vacuum. It is known [5, 6] that the
electrophysical parameters of silicon largely depend not
only on the purity of silicon, but also on the structure of
the crystallites, their location, dimensions, and the
number of grain boundaries (NGB). Therefore, in
addition to purification of silicon from impurities, special
attention must be given to the structure of the grown
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ingot, forming it with directional crystallization with the
formation of a columnar structure with a minimum
amount of NGB. In order to grow the ingot, it is
necessary to provide such crystallization parameters in
order to obtain an ingot in accordance with the
requirements listed above. The columnar structure of the
ingot is formed at certain speeds. This is due to the
different values of the temperature gradient arising at the
boundary between the liquid and solid phases [7]. Aswas
mentioned above [8], the following factors affect the
value of the temperature gradients of a liquid-solid
phase: thermophysical properties of the material; rate of
crystallization; latent heat of crystalization; thermal
convection that develops during melting. To determine
the temperature gradient at the boundary of the liquid and
solid phases at different rates of crystallization (in our
case, the rate of crystallization is equal to the speed of
motion of the heater forming the molten zone) and to
determine its effect on the structure and resigtivity, a
mathematica moded has been developed that takes into
account the factors listed above and carried out the
computational experiment. In the development of the
mathematical model, it was assumed that in a sample of
length L, the constant height of the molten zone is
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Table 2
The chemical composition of ingots of polycrystalline silicon after recrystallization zone
at aspeed of 0.028 mm/ sec
No | Element Concentration No | Element Concentration No Element Concentration,
ppma ppma ppma
1 B 0.492 10 Ti 0.010 19 Cd 0.000
2 Na 0.250 11 V 0.001 20 In 0.000
3 Mg 0.082 12 Cr 0.0265 21 Sn 0.044
4 Al 0.113 13 Mn 0.031 22 Ag 0.328
5 P 0.226 14 Fe 0.874 23 Ba 0.001
6 Ga 0.000 15 Co 0.008 24 W 0.012
7 K 0.085 16 Ni 0.018 25 Pt 0.000
8 Ca 0.508 17 Zr 1.341 26 Au 0.000
9 Sc 0.002 18 As 0.002 27 Bi 0.002
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Fig. 4. Dependence of the temperature gradient on the rate of crystallization.

maintained, the rate of displacement of the crystallization
front is equa to the mdting rate of the sample,
convective mixing in the liquid zone is quite intense.

The 2-dimensiona heat conduction problem in a
cylindrical coordinate system was solved. With boundary
conditions on the upper and lower surfaces:

ﬂ?ﬂé+ﬂﬁﬂémgﬂ, (D)
fre Trg fze 1z@ Tt

with boundary conditions on the upper and lower
surfaces

|E:

2 -ar(T-Tep)

and on the lateral surface

(2

T _qean, 3
qr

where - radiant heat exchange, W/m* Q = c-¢-[(T +
273)* - (Tw+273)%; ais the Stefan-Boltzmann constant,
equal t0 5.67-10° W/m?-K* ¢ is the degree of blackness
equal to 0.5; T- sample temperature, °C; Ty is the
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temperature of the walls of the vacuum chamber, °C; Jis
thermal conductivity coefficient, W/m-°C; h is the
efficiency function of the source, which in the zone of
the electron beam heater (EBH) takes the value h = 1,
while outside the EBH zone h = O; ar is the coefficient of
surface hest transfer, W/m?.° C; ¢,is the volumetric hest
capacity, Ym® - °C; - power input EBH, W/m?.

In the calculations, the cyclograms of the electron-
beam zone melting process, shown in Fig. 2.For different
melting rates, the temperature gradient along the
crystallization front was determined. In Fig. 4 shows the
dependence of the temperature gradient on the boundary
between the liquid and solid phases on the melting rate.
As can be seen from the figure, with an increase in the
melting rate, the temperature gradient at the boundary
between the liquid and solid phases decreases.

Calculations showed that at crystallization rates of
0.014 and 0.028 mm/s, a uniform distribution of the
temperature gradient over the ingot section was obtained.
At a velocity less than 0.014 mm/s (Fig. 5, a), the
gradient over the section isinhomogeneous. As shown by
the structura studies given below, this contributes to the
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Fig. 5. Digtribution of thete € ure gradient over the cross section of thesan , d 1 the middle of theingot for
different rates of zone melting: a) 0.0056 mn/s; b) 0.014 mmy/s; ¢) 0.028 mm/s; d) 0.056 mm/s.

disruption of the formation of the columnar structure -
the appearance of crystallites growing in other directions.
At velocities above 0.028 mm/s (5d), the temperature
gradient over the section is didributed relatively
uniformly, but its value is lower than 0.028 mm/s, which
in turn also contributes to the violation of the columnar
structure. As was mentioned above, according to the data
of [4, 8], the eectrophysica properties in the entire
volume of polycrystalline silicon intended for solar
batteries are structurally sensitive, i.e. depend on the
location of the crystallites, their dimensions and the
characteristics of the grain boundaries. Metallographic
investigations of silicon ingots in the initial state and
after zone recrystallization were carried out. To
determine the macrostructure, etching was carried out in
10% boiling KOH solution for 4-6 minutes. Studies of
the macrostructure of the initial polycrystalline material
showed (Fig. 6) that the crystals in the ingot are located
randomly.

In ingots produced at speeds of 0.0056 mm/s, the
randomness in the arrangement of grains is observed, as
in the main material. In addition, the deviation from the
directed crystal growth along the vertical axis of the
sample is seen. When melting at a speed of 0.014 mm/s,
a columnar structure is mainly formed. The structure of
the samples after zone recrystallization at a rate of
0.028 mm/s (Fig. 7, d) is characterized by even columns
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hes
Fig. 6. Macrostructure polycrystalline silicon band
recrystallization X5.
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e

Fig. 7. Sample macrostructure silicon band after recrystallization obtained by melting speeds: a) - 0.0056 mnvs,
b —0.014 mm/s; ¢ — 0.028 mm/s; d — 0.039 mnV/s; e — 0.056 mn/s.
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Fig. 8. Microstructure of samples of polycrystalline silicon in the initial state and after zone recrystallization.

of large-sized crystallites with uncorrelated boundaries.
Their arrangement is vertical along the crystallization
front line. On samples obtained at speeds of 0.039 mm/s,
and 0.056 mm/s (Fig. 7,d,€), solid crystals with
continuous boundaries located in different directions are
observed. Studies have shown that the sizes of
crystallites vary from 0.3 to 0.8 cm for al the
investigated rates of recrystallization. Thus, as a result of
investigations, it was established that the optimum ingot
structure meeting the requirements of solar dlicon is
formed a recrystalization rates from 0.014 to
0.028 mm/s.

Macrostructure  polycrystalline  silicon  samples
obtained at different speeds melting shown in Fig. 7 (a, b,
c d e).

On the eectronic scanning microscope JOEL,
microstructure studies of silicon samples in the initial
state and after electron-beam zone melting were carried
out. Chemicd etching was used to detect the
microstructure. The solution consists of nitric, acetic and
hydrofluoric acids in the ratio. 5h. HNO3+
3h.CH3COOH + 3 h. HF. Theresults of investigations of
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the microstructure are shown in Fig. 8 (a, b).As can be
seen from Fig. 8a, in the structure of a sample of
polycrystalline silicon before remelting, the grain
boundaries are closed straight lines. There are also areas
of grains with etch pits, located mainly in small chains,
intersecting grain boundaries, and in some places located
chaotically. In Fig. 8b shows the microstructure of
silicon after zone recrystalization. Straight grain
boundaries are visible parallel to each other. The pits of
etching after remdting are aligned by straight chains
along the direction of the boundaries, which positively
affects the electrophysical characteristics of silicon.

Figure 9 shows the distribution of the electrical
resigtivity along the length of the silicon ingot at different
rates of zone melting.

As can be seen, the highest values of the resistivity -
1.3 .. 1.4 Ohm-cmare observed at melting rates from
0.014 t0 0.028 mm/s.

As indicated above, metdlographic studies have
shown that the directional columnar structureis observed
in the range of crysallization rates from 0.014 to
0.028 mm/s, which corresponds to a temperature gradient
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Fig. 9. Dependence of the specific electrical resistivity on the melting rate of samples of metallurgical slicon.

at the boundary of the liquid and solid phases of 50 -
52 deg/mm. This fact (Fig. 9) and the zone purification
during melting and evaporation of impurities from the
surface of the sample provide the highest leve of the
resistivity.

Conclusions

1. It is shown that in the eectron-beam crucible zone
melting of metallurgical silicon, purification is carried
out by didtllation of impurities and evaporation of
impurities from the sample surface in a vacuum.

2. A mathematicdl model was developed and a
computational experiment was performed to determine
the temperature gradient at the boundary of the liquid
solid phase at different rates of zone mdlting.

3. It has been established that directional
crystallization with a columnar gructure and rectilinear
intergranular boundaries during the recrystallization of
metallurgical silicon depends on the ratio of the rates of

zone melting and the temperature gradient at the
boundary of the liquid and solid phases and is formed at
atemperature gradient from 50 to 52 deg/mm.

4. The highest indices of the electrical resistivity and
the uniformity of its distribution in the volume of the
ingot are observed during the recrystallization of
polycrystalline silicon at speeds from 0.014 to
0.028 mm/s.
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JlocaiazKkeHHS BIVIMBY PeKMMIB €JIEKTPOHHO-TIPOMEHEBOI 0e3TUre/IbHOI
30HHOI IVIABKH METAJYPriiiHOr0 KPeMHil0 Ha padiHyBaHHA Ta
CTPYKTYPOYTBOPCHHA 3JINBKIB
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VY poboti mpeacTaBieHl pe3yabTaTH JIOCHIIKEeHb, SKi OTpUMaHi HpH Po3poOLi TEXHOJIOril eIeKTPOHHO-
IIPOMEHEBOI 0e3THresIbHOI 30HHOI IIABKU MeTalypriiHoro kpemHito. ITokaszano, mo padiHyBaHHS KPEMHIO BiJ
(OHOBUX 1 JIETYIOUMX JIOMIIIOK IIPU EJICKTPOHHO-TIPOMEHEBIN Oe3THrenpHill 30HHIM IUIaBIi BinOyBaeThCs
ILIIIXOM 30HHOT'O OYHMILCHHS NPH IUIABLI 1 B pe3y/bTaTi BUIAPOBYBaHHS JOMIILIOK 3 IOBEpXHi 3pa3ka. CTBOPEHO
MaTeMaTHYHy MOJENb 1 IPOBEACHO OOYMCIIOBAIBHUNM EKCIEPUMEHT, 3a JIOINOMOIOI SIKOr0 BH3HAUYECHO
TEMIIepaTypHUI I'paJlieHT NPU Pi3HUX MIBUIKOCTAX 30HHOTO IUIABJICHHSA. BCTaHOBIICHO MeXi TeMIepaTypHHX
IPaJi€HTIB, IIPY SKHUX B MPOLEC IUIABKU (GOPMYETHCS CTOBITYACTA CTPYKTYpa KPHUCTAIITIB, 110 3a0e3neuye pa3om
3 OUMILCHHAM 3pa3KiB B pe3y/bTaTi 30HHOI IepeKpHcTatizauii MiABUIIEHHSA DPiBHA HMUTOMOIO E€JIEKTPOONOpY
3JIMBKIB.

Korouosi croBa: monmikpucranigHuii KpeMHil, (oroenekTpuuHi neperBoproBadi, €l1€KTPOHHO-IPOMEHEBA
Oe3rurenpHa 30HHA IUIaBKa, padiHyBaHHSA, CIPAMOBAaHA KpHUCTali3allis, CTOBOYaTa CTPYKTypa, HHUTOMHIL
€JICKTPOOMIp.

235


mailto:alex_gokhman@mail.ru
mailto:asnis@paton.kiev.ua
mailto:babich@isp.kiev.ua

