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SIMULATION OF THE EFFECT OF THERMAL UNIT
VELOCITY ON THE PROCESS OF GROWING Bi>Te; BASED
MATERIALS BY VERTICAL ZONE MELTING METHOD

The paper presents the results of computer simulation of the process of growing Bi;Te; based
thermoelectric materials by vertical zone melting method. It was found that, depending on the
velocity of the heater and coolers, not only the curvature of the crystallization front changes,
but also its shape. At temperatures of the heater and coolers Ty, = 1058K, T, = 303K for
velocities greater than 1.25 cm/h, the crystallization front along the entire crystal becomes
convex into the solid phase, but at lower velocities it changes its shape from convex to
concave along the grown sample. Bibl. 5, Fig. 6.
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Introduction

Zone melting is one of the most commonly used methods for the production of semiconductor
materials, in particular thermoelectric. However, obtaining thermoelectric materials (TEM) with the
required properties is possible only under the conditions of a controlled crystallization process, since
the curvature of the crystallization front, the temperature gradient at the interface between the solid
and liquid phases, the geometry of the melt zone, and the velocity of zone motion have a great
influence on the stability of growth and uniformity of a single crystal, etc [1, 2].

Computer simulation of TEM growing processes makes it possible to determine the growth
conditions and explain possible difficulties that may arise as a result of changes in these
conditions. It cannot replace, but presupposes and complements the experiment, providing
information that can be experimentally obtained only indirectly. Therefore, the improvement and
development of the technology for growing thermoelectric materials by means of multiparameter
computer optimization of the controlled process parameters is urgent.

This study is a continuation of [3], in which the shape of the crystallization front depending
on the temperature and size of the heater was studied by computer simulation.

The purpose of this work is a computer study of the effect of thermal unit velocity on the
process of growing Bi,Te; based materials by vertical zone melting method. In particular, the
analysis of the influence of TEM growth conditions on the formation of a flat crystallization front.

54 Journal of Thermoelectricity Ne4, 2019 ISSN 1607-8829



L.I Anatychuk, O.V. Nitsovich
Simulation of the effect of thermal unit velocity on the process of growing Bi)Te3 based materials by vertical...

Physical model of vertical zone melting

The circuit diagram of the process of growing thermoelectric materials by vertical zone
melting is represented in Fig.2.
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Fig.1. Physical model of installation for growing TEM by vertical zone
melting method: 1 — container, 2 — material in solid phase (polycrystal),
3 — material in solid phase (single crystal), 4 — melt front,
5 — crystallization front, 6 — material in liquid phase
(melt zone), 7 — heater, 8§ — coolers.

The figure depicts a fragment of an ingot comprising polycrystalline material 2, a molten
zone 6, and a single crystal 3. The ingot is placed in a container 1. Using a heater 7 and a system
of coolers 8§, a molten zone 6 is formed that moves together with the heater along the sample to
provide melting of the polycrystal and crystallization of the melt below the boundary 5, which is
called the crystallization front. The system which is composed of a heater 7 and coolers 8 is
commonly referred to as a thermal unit.

Mathematical model of zone melting process

COMSOL Multiphysics software package was used for computer simulation of the process
of growing the Bi,Te; thermoelectric material, which allows simulating almost all physical
processes described by algebraic and differential equations in partial derivatives. To do this, it is
sufficient to use ready-made modules of the corresponding physical phenomenon. If necessary,
the researcher can change the equation built into the COMSOL module, or specify his own.
Numerical calculation is performed by the finite element method [5].
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Simulation of the motion of the heater and coolers in the COMSOL Multiphysics system

was carried out by using the Moving Mesh module, which allows changing the mesh during the

calculations of unsteady processes (Fig. 2).
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Fig.2. Image of computer model mesh of the plant for growing

TEM by vertical zone melting method.

The temperature distribution in the test sample was found from solving the differential

equation of thermal conductivity, supplemented by the dependences of the physical properties of

the test material as a function of the phase state at a given point at a given temperature:
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where p is the density; €, is the heat capacity of material; k is thermal conductivity; u is

the velocity of the medium which in the problem under study is equal to zero; T is
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temperature; @ is phase ratio at a given temperature; &, is mass ratio between phases; L is
latent heat of phase transition; @ is external heat flux. The indices phasel and phase2

indicate to which phase, solid or liquid, respectively, the properties are related.

To account for heat transfer due to radiation to the physical interface Heat Transfer in
Solids in the COMSOL Multiphysics system, the boundary condition Surface-to-Surface
Radiation is added, selecting the outer boundaries of the container and the thermal unit (Fig. 3). :
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Fig.3. Radiation boundaries between the surfaces.
—n(—xVT) = gap(TE, — T4), (7)
where F,;r is temperature of thermal unit wall; T is temperature of container wall, n is vector

-1
directed along the normal to the surface of cylinder (container); & = (ai -‘r-i - l) is reduced
1

radiation coefficient of the system; £; is radiation coefficient of thermal unit, £; is radiation
coefficient of container; @ is the Stephan-Boltzmann constant.

To calculate the computer model, the geometric dimensions of the system elements, the
initial temperatures of the heater and coolers, the liquidus and solidus temperatures of Bi,Tes as
well as the temperature dependences of the properties of the grown material are set [4].
Convection and mass transfer of molten Bi,Te; are not taken into account.

Computer simulation results

With regard to the results obtained in [3], the study of the effect of thermal unit velocity on
the process of growing BixTes was carried out with the following input parameters of the system:
wall thickness of the quartz container 3 mm; the diameter d of the grown crystal was assumed to
be 24 mm, its length / = 30 cm; height and temperature of the heater hy, = 3d, T}, = 1058K; height
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and temperature of coolers i, = 1d, T, = 303K. The thermal unit velocity varied from 0.5 to 4

cm/h. The temperature of the heater was selected based on the initial simulation results such that
even at high velocities, the heater had time to completely melt the crystal under study.

The change of the temperature gradient at the crystallization front depending on the velocity
of the heater and coolers was studied. The simulation results are shown in Fig.4.

160
140
£
O
2z
- 1204
5 ——0,5cmh
S 1 em/h
—1,25 cm/h
100 - 2 cm/h
3 cm/h
—4 cm/h
80 L 1 * 1 ] 1 ¥. ) % I

0 5 10 15 20 25 30
X, M

Fig. 4. Change in the temperature gradient at the crystallization front
along the grown crystal at thermal unit velocities v=0.5 — 4cm/h.

As can be seen from the figure, the temperature gradient at the crystallization front
increases with increasing growth rate. In addition, you can see that regardless of the rate, there is
a clear change in the magnitude of the gradient near the coordinate of 21 cm, which is due to the
exit of the upper cooler outside the grown ingot and the violation of the thermal balance of the
system.

As is known, when TEM is obtained by vertical zone melting, the curvature of the
crystallization front has a great influence on the stability of the growth of a single crystal and its
homogeneity [2, 3]. With directional crystallization, the cleavage planes are oriented along the
normal to the crystallization front. If the front is flat, then the polycrystalline ingot consists of
grains, the cleavage planes of which are oriented parallel to its axis, i.e., a directional structure is
formed. Therefore, it is important to study the effect of thermal unit velocity on the nature of
change in the shape of crystallization front along the crystal during its growth.

Fig. 5 shows how the shape of the crystallization front changes during the motion of the
melt zone along the crystal at growth rates v =1 cm/h and v = 4 ci/h.

It can be seen from the figure that in the lower part of the grown ingot the crystallization
front is substantially convex into the solid phase for thermal unit velocity of 4 cm / h and slightly
convex for a velocity of 1 cm/h. As the molten zone moves, the curvature of the front decreases in
both cases, but at the end the front is again curved.
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Fig.5. Image of melt zone motion along the crystal at growth
rates v = lemfh and v = 4 em/fh.
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Fig.6 shows a dependence of the value of crystallization front curvature along the crystal at
various thermal unit velocities. The curvature was calculated as a difference between the

maximum and minimum points &2 = Zq. — Ep Of the front.
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Fig.6. Dependence of the value of crystallization front curvature
along the crystal on thermal unit velocity.

As can be seen from the figure, maximum flat crystallization front was achieved at a
growth rate of v=1.25 cm/h. A detailed analysis of the simulation results showed that at the given
temperatures of the heater and coolers (7w = 1058 K, 7. = 303 K) for velocities greater than 1.25
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cm/h the crystallization front along the whole crystal was convex into a solid phase. For velocities

lower than the specified value, the front changed its shape and at the initial section of the grown

crystal it was convex, then it became concave into the melt and at the end of the crystal it again

became convex.

Conclusions

1.

A procedure has been developed for computer simulation of the effect of the growth rate of
thermoelectric materials on the crystallization process of Bi,Tes; based TEM by vertical zone
melting method.

It is shown that with increasing the growth rate the temperature gradient at the crystallization
front increases slightly.

It was established that depending on the velocity of the heater and coolers, not only the
curvature of the crystallization front changes, but also its shape. At the temperatures of the
heater and coolers Ty = 1068K, T, = 303K for velocities greater than 1.25 cm/h, the

crystallization front along the entire crystal was convex into the solid phase, but at lower
velocities it changed its shape from convex to concave along the grown sample.
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MOJEJIOBAHHSA BIVIMBY HIBUAKOCTI PYXY
TEIIJIOBOI'O BY3JIA HA TPOLHEC BUPOLILYBAHHA
MATEPIAJIIB HA OCHOBI Bi;Tes METOJ10OM
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BEPTHUKAJBHOI 30HHOI IILTABKHA

Y cmammi nasedeno pezyromamu KomMn’'iomepHoco MOOENO8AHHL NPoOYecy GUpOWy8aHHs
mepmoeneKmpusHux mamepianie na ocroei Bi:Te; memodom eepmukanivioi 30HHOI NAAGKU.
Bcmanoeneno, wo 6 3anedxcnocmi 8i0 weuOKOCmi pyXy HASPIGHUKA MA OXO0A00MHCYBAUIE
3MIHIOEMbCSL He Juwle Kpueusna Gpoumy kpucmanizayii, ane U tioco ¢opma. Ilpu
memnepamypax niuku ma xonoounvrukie Ty=1058K, T.=303K ons weuoxocmeii 6invuiux 1.25
CcM/200 poum kpucmanizayii 630084C 6Cb020 KPUCMALY CMAE ONYKIUM 8 meepoy aszy, ane
npu MeHWUX weUOKOCMSX B6IH 3MIHIOE C8010 (POpPMY 8I0 ORYKI020 00 YBICHYMO20 830084
supowysanozo 3pasxa. bion. 5, puc. 6.

Kuaro4oBi cioBa: MOeIIOBaHHs, BEPTUKAIbHA 30HHA IIaBKA, TEPMOCICKTPUIHII MaTepiad,
TEIypuJ BiCMYTY.
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MOJIEJIMPOBAHUE BJINSIHUS CKOPOCTH IBUKEHUSA
TEIIJIOBBIX Y3JIOB HA ITPOIIECC BbIPAIIIUBAHU S
MATEPHAJIOB HA OCHOBE Bi;Te; METOJOM
BEPTUKAJIBHOM 30HHOM IIJIABKH

B cmamve npugedenvi  pesyrbmamuvl  KOMHbIOMEPHO20 — MOOEIUPOBAHUA — Npoyecca
BLIPAWUBAHUA  TEPMOIIEKMPUYecKux  mamepuanros Ha ocHose BulTe3  memooom
6epMUKANLHOL 30HHOU NIABKU. YCmaHo61eHo, Ymo 6 3a8UCUMOCHU Om CKOPOCHU OBUIICEHUS.
Hazpesamens u oxaaoumeneil USMEHAEMCA He MOIbKO KPUBUSHA PPOHMA KPUCMATIUZAYUU, HO
u eco ¢opma. Ilpu memnepamypax neuu u xonoounvrukos T, = 1058K, T.= 303K onra
ckopocmeii bonvuux 1.25 cm/u pponm kpucmaniuzayuu 6001b 6ce20 KPUCMANLA CHIAHOBUNCA
BBLINYKALIM 6 Meepoyio a3y, HO Npu MeHbWUX CKOPOCMAX OH MeHsem C801 gopmy om
8bINYKI020 K B02HYNO020 800b blpaujueaemozo obpasya. bubn. 5, puc. 6.

KnioueBble cjioBa: MOJAENIMPOBaHHE, BEPTHUKAIbHAs 30HHAs IUIaBKa, TEPMOIIEKTPHYCCKUH
MaTepua, TeJUTypu BUCMYTa.
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