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SIMULATION OF THE EFFECT OF THERMAL UNIT
VELOCITY ON THE PROCESS OF GROWING Bi2Tes BASED
MATERIALS BY VERTICAL ZONE MELTING METHOD

The paper presents the results of computer simulation of the process of growing Bi;Tes 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, Tn = 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,Tes 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.
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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; C, is the heat capacity of material; « 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; 6 is phase ratio at a given temperature; a,, 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(—kVT) = €0, (T, — T%), (7
where T, 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); ¢ = (El +El— 1) is reduced
1 2

radiation coefficient of the system; &; is radiation coefficient of thermal unit, £; is radiation

coefficient of container; g 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,Tes 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 Bi>Tes 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 h;, = 3d, T;, = 1058K; height
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and temperature of coolers h, = 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.
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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 cm/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 = lem/h and v = 4 cm/h.

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 Az = z,,,. — Zmin 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 (Th = 1058 K, T, = 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,;Te; based TEM by vertical zone
melting method.

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

3. 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 T, = 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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MOJEJIIOBAHHS BIIVIMBY HIBUJAKOCTI PYXY TEIIJIOBOI'O BY3JIA

HA ITPOLOEC BUPOIIIYBAHHS MATEPIAJIIB HA OCHOBI BizTes
METOJIOM BEPTUKAJIbLHOI 30HHOI IJIABKH
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YV cmammi naeedeno pesynomamu Komn’romepHo20 MOOENOBAHHA NPOYeCy GUPOUYEAHHSL
mepMoeNeKmpUYHUX mamepianié Ha ocnogi BiyTes memooom eéepmuraivHOi 30HHOI NAAGKU.
Bcmanosneno, wo 6 3anexchocmi 8i0 wi8uOKocmi pyxy HASPi6HUKA mMda O0X0J00X4CY8aYie
3MIHIOEMbCS He Juule Kpueusna @powmy Kpucmanizayii, are u uozo ¢Gopma. Ilpu
memnepamypax niuku ma xonoounvrukie Th=1058K, T.=303K oas weudxocmeu 6irvuiux 1.25
cM/200 ponm kpucmanizayii 630062C 6Cb020 KPUCMALY CMAE ONYKAUM 8 meepdy ¢aszy, aie
npu MeHWUX wWeuoKoCmaAX GiH 3MIHIOE C80I0 (opmy 6i0 ONYKI020 00 YGIZHYMO20 B8300894C
supouyeanozo 3paska. bion. 5, puc. 6.

KirodoBi cioBa: mMozienoBaHHS, BEpTHKaIbHA 30HHA IJIaBKa, TEPMOECIECKTPUIHUNA MaTepiai,
TEIYpHUJ BICMYTY.

Anateiuyk JLHU. , ak. HAH Ykpaunsr, 12

Hunosuu O.B., kano. gus.-mam. nayx?

'Uncturyr repmosnextpuuectsa HAH u MOH VYkpaunsl,
yia. Hayku, 1, Uepnosier, 58029, Ykpanna,
2YepHOBUIKMI HAMOHANBHBI yHHBEpcHTET UM. FOpus DenbKkoBuYa,
ya. Komrobuackoro 2, Ueprosisr, 58000, YkpaunHa,
e-mail:anatych @ gmail. com

MOJIEJIMPOBAHUE BJIUSAHUSA CKOPOCTH JABHKEHUSA
TEIJIOBBIX Y3JIOB HA ITPOIIECC BBIPAIIIUBAHUS
MATEPHAJIOB HA OCHOBE Bi>Tes METOJIOM
BEPTUKAJIBHOM 30HHOU IIJTABKHA

B cmamve npugedenvl  pe3yibmamvl  KOMALIOMEPHO20 — MOOEIUPOBAHUSI  NPOyeccd
BLIPAWUBAHUSL  TNEPMOIIEKMPULECKUX — Mamepuaioe Ha ocHoge Bul2Te3 memodom
6ePMUKANILHOU 30HHOU NIAGKU. YCMAHOBIEHO, YMO 8 3A6UCUMOCIU O CKOPOCMU OBUINCEHUS.
Hazpesames u OXAA0umesell UsMeHsIemcst He MOoAbKO KPUBUSHA (POHMA KPUCMATUZAYUU, HO
u eco @gopma. Ilpu memnepamypax neuu u xonroourvhuxod Th = 1058K, T.= 303K ons
ckopocmeti 6onvwux 1.25 cm/u pponm Kpucmaniuzayuu 60016 ce20 KPUCMALLA CIAHOBUMCS
BBINYKABIM 6 mMEepoyio (hasy, HO NpU MEHbUUX CKOPOCMAX OH MeHsiem c8ol Gopmy om
BBINYKA020 K 602HYMO020 80016 bipaujusaemozo oopasya. bubn. 5, puc. 6.

KiiroueBbie cJIOBAa: MOJCIMPOBAHHME, BEPTHKAJIbHAs 30HHAS IUIaBKa, TCPMOIJICKTPHUUCCKUI
Martepuai, TeIUIypUJ BUCMYTa.
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