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THEORETICAL MODELS
OF LATTICE THERMAL CONDUCTIVITY
OF SINGLE-CRYSTAL
BISMUTH TELLURIDE

In the isotropic approximation, the effect of the real density of phonon states on the lattice
thermal conductivity of single-crystal bismuth telluride is taken into account within the
framework of two model approaches. First, the problem is considered in the isotropic
approximation, and then the layered structure and anisotropy are roughly taken into account. It
is shown that the real density of phonon states almost does not change the temperature
dependence of the lattice thermal conductivity of bismuth telluride both in the plane of the
layers (cleavage) and perpendicular to it compared to the Debye density of phonon states. This
weakness is explained by the fact that the change in the differential heat capacity contribution to
thermal conductivity caused directly by the density of phonon states is compensated by the effect
of this density on scattering, which is caused by the nonlinear dependence of the wave vector on
the frequency, the difference between the group velocity of sound and the phase velocity, and a
significant increase in the Umklapp coefficient. The obtained results are not only in qualitative,
but also in satisfactory quantitative agreement with the theoretical studies of previous authors
and the experiment. This allows us to hope that the real density of phonon states will not have a
significant effect on the thermomechanical deformations of thermoelectric legs in comparison
with the Debye density of phonon states. Bibl. 7, Fig. 2.

Key words: cyclic stability of thermoelements, reliability of thermoelectric legs,
thermomechanical stresses, thermal conductivity, real and Debye densities of phonon states,
normal processes, Umklapp processes.

Introduction

The efforts of material scientists today are mainly aimed at increasing the thermoelectric
figure of merit and efficiency of thermoelectric materials. At the same time, one of the main ways of
such an increase is considered to be a decrease in thermal conductivity, in particular its lattice
component. But such a way is in a certain contradiction with the considerations of mechanical
reliability of thermoelectric materials. This contradiction can be explained on the basis of the physical

model depicted in Fig. 1.
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Fig.1. Physical model of temperature deformation of thermoelectric leg

If there is no temperature gradient, then thermomechanical stresses do not occur. But in the
presence of a temperature gradient, stresses do not arise only when a thermoelectric leg expands
freely. But in reality, it is attached by the end faces to the anti-diffusion layer, interconnect and
ceramic plates. If the fastening is absolutely rigid, then in accordance with Hooke's generalized law
[1], there is a bending stress equal to:

G Eo,AT ’ )

I-v
where E, or, v are Young’s modulus, coefficient of linear expansion and Poisson’s ratio of
thermoelectric material, respectively, AT is temperature difference on the leg. This bending stress
should not exceed the cracking strength of the crystal 6, [2]. On the other hand, for the same heat flow,
the temperature difference is the smaller, the higher the thermal conductivity k. Therefore, the so-
called thermal shock resistance criterion [2] is introduced, which is equal to:

Ea,

R=—""—.
(1-v)xo,

2

It is believed that it should be as small as possible. On the other hand, high figure of merit of a
thermoelectric material implies a low value of «x, that is, a high value of R. This explains the
contradiction mentioned at the beginning of the article, which determines the relevance and the very
setting of this study, because the task of finding ways to achieve a safe "compromise" value of k
arises. From this follows the object and subject of research.

The object of research is single-crystal bismuth telluride. The subject of research is the
influence of the real density of phonon states and the anisotropy of the phonon spectrum on its lattice
thermal conductivity.

Results of research and their discussion

In this work, research was carried out for single-crystal bismuth telluride, and when
calculating the lattice thermal conductivity, the influence of normal scattering and scattering with
mutual phonon Umklapp was taken into account. The latter is important because it is what provides
the finite value of thermal conductivity. In the case of purely normal scattering, the total energy and
total quasi-momentum of each triplet of phonons, and, consequently, the momentum of the phonon
subsystem of the crystal as a whole are preserved. Thus, a kind of "super thermal conductivity" takes
place, which is to some extent analogous to superconductivity, and hence the lattice thermal
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conductivity will be infinite if there are no other phonon scattering mechanisms. In the presence of
Umklapp processes, the energy is preserved, and the quasi-momentum is preserved, as is customary to
say, with the accuracy of the inverted lattice vector. But the very concept of an inverted lattice has
meaning only when taking into account the atomic structure of matter. In a "truly" continuous
medium, the phonon thermal conductivity should be infinite if there are no other phonon scattering
mechanisms.

The article [3] gives general formulae for the thermal conductivity of a crystal lattice in the
case when the law of dispersion of acoustic phonons is linear, and the isofrequency surface of
phonons is a sphere, and therefore the density of phonon states is described by the Debye model,
that is, it is a quadratic function of frequency. At the same time, they were derived for a simple
cubic lattice with one atom in the unit cell. We need to modify these formulae for the case of an
arbitrary structure of the crystal lattice, an arbitrary energy spectrum of phonons, and, therefore, an
arbitrary frequency dependence of the density of phonon states. At the same time, having
information not about the phonon spectrum as a whole, but only about the frequency dependence of
the density of phonon states, we can do this in the isotropic approximation. This approximation,
despite the anisotropy of the bismuth telluride crystal, is quite often used in calculating its
thermoelectric characteristics. We are forced to do this also because the correspondence between the
phonon spectrum of a crystal and the corresponding density of phonon states is not one-to-one. This
means that, knowing the phonon spectrum of a crystal, you can always find the corresponding
density of phonon states. But in the general case it is impossible to unambiguously perform the
reverse operation. But it can be implemented in the isotropic case, when the is of requency surface is
a sphere.

So, we will start the modification of the corresponding formulay by restoring the energy
spectrum according to its density of states. In the isotropic case, the following formula for the radius
of the isofrequency surface corresponding to the frequency @ follows from the requirement of
conservation of the number of phonon states:

ko (@)= 3/%;‘-&,1 (0)do. 3)

In the so-called normalized form, this ratio can be presented as follows:

X

K(x)=33[ £ (»)dy, (4)

0

where x — is the phonon frequency normalized to their maximum frequency, f{x) — is the density of
phonon states normalized to their maximum value according to the Debye model, K(x) — is the phonon
quasimomentum normalized to its value corresponding to the maximum phonon frequency according
to the Debye model. In addition, let us take into account that both in the general formula for lattice
thermal conductivity and in the formulae given in the article [3] for the probabilities of normal
scattering of phonons and their scattering with Umklapp, not only the frequency and wave vector of
phonons appear, but also the velocity of sound in the crystal, which, is obviously the group velocity.
On the other hand, it is not the group but the phase velocity of sound that is directly related to the
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elastic constants of the crystal. Therefore, we still need the group velocity of sound normalized to the
phase velocity of sound in the Debye model for the real phonon spectrum. From relation (2), it is not
difficult to obtain the following expression for the normalized group velocity of sound:

v (x)=L2L 5)

Taking into account the above and modifying accordingly the formulae known from [3] for the
probabilities of normal scattering of phonons and their Umklapp scattering, we obtain the following
formula for the thermal conductivity of a single crystal with a real phonon spectrum in the isotropic
approximation:

hpsto

o ot f(x)x7 exp(x/0) [ 1 2 jdx
, 16ykT3 I K () exp (/)1 (& () 00" ©

where p, §, ®max, ¥, T the crystal density, the phase velocity of sound, the maximum phonon frequency,

the Gruneisen parameter and the temperature 0 = 7/Tp, Tpo — the Debye temperature, the rest of
notations are explained above, or they are generally accepted. Moreover:

2

0, (X)=f(x)K2(x)+um, 7
0, (x)=3.1256° []; j ((3 +qu(2x), (8)

u — the Umklapp coefficient, which is selected so that the theory coincides with experiment, since its
theoretical estimate, made only for a simple cubic lattice with one atom in the unit cell, is not even
suitable for all substances with such a lattice. This coefficient was also selected by the authors of work
[4]. In this case, expressions (5) and (6) describe mutual scattering of longitudinal and transverse
phonons, inherent in a single-crystal material, due to the anharmonicity of thermal vibrations of the
lattice, and the terms in them that do not contain the Umklapp coefficient describe normal processes.
They influence the overall thermal conductivity due to the renormalization of the time between
phonon collisions.
In the Debye model, formula (4) will acquire the form:

! 0
g, =30 Do [ Cexp(x/0) § 1, 2 . )
16y K’T o[ exp(x/6) 1] X (312500 +p)x

The real [5] and Debye densities of phonon states for bismuth telluride and the corresponding
dependence of the wave vector on the frequency in accordance with (2) are shown in Fig. 1.
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Fig.1. a) real (curve 1) and Debye (curve 2) densities of phonon states in bismuth telluride;
b) the corresponding dependences of the wave vector on frequency

But there is another question, which phase velocity of sound should appear in formulae (4) and
(7). The answer to this question is as follows. Since the Debye temperature is experimentally
determined on the basis of calorimetric measurements and is a scalar, the velocity that makes sense to
be called calorimetric should appear as the phase velocity of sound. It does not necessarily have to be
related by any one-to-one relationship to crystal elastic constants, but must be unambiguously related
to the number of phonon states in the Debye model. Let's establish this relationship for bismuth
telluride.

If the calorimetric Debye temperature is equal to 7p, then @ma = 27kTp/ h, and, hence, the
radius of the Debye sphere is equal to

2mkT,,

k, = . 10
D= (10)

Then the volume of this sphere should be equal to the number of phonon states per unit volume of the
crystal. And this number is the number of degrees of freedom per unit volume of the crystal. Given the
fact that the bismuth telluride molecule consists of five atoms, it has 6 degrees of freedom. Thus, we
obtain the following relation for determination of s :

i(kaD j _6Np (an

3 hs M

where M is a molecular mass of bismuth telluride, other notations are explained above or they are

S=2TckTD3 M ‘ (12)
h 4.5N ,p

The temperature dependences of the lattice thermal conductivity of bismuth telluride

generally accepted. Therefore,

corresponding to the two considered models in cleavage planes and perpendicular to them are shown
in Fig. 2.
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Fig. 2. Temperature dependences of lattice thermal conductivity in the isotropic approximation:
a) in cleavage planes, b) perpendicular to them: 1 — in the Debye model; 2 — for the real phonon spectrum,
with regard to its influence only on the heat capacity differential contribution to thermal conductivity;
3 — for the real phonon spectrum, with regard to its influence both on the heat capacity
differential contribution and on mutual phonon scattering due
to the anharmonicity of lattice thermal vibrations

It can be seen from the figure that for both models of the density of phonon states, one of
which, namely, shown by curve 1 in Fig. 1, was determined experimentally, the thermal conductivities
both in the cleavage planes and perpendicular to them in the entire investigated temperature interval
are weakly different from each other, although in the Debye model, at low temperatures, both
components of the thermal conductivity tensor are somewhat smaller, and at high temperatures, they
are somewhat larger than for the real phonon spectrum. But these differences are so insignificant that
they cannot have a significant impact on thermomechanical stresses in thermoelectric legs. At first
glance, such minor differences may seem incomprehensible. But it should be borne in mind that the
difference in the differential heat capacity contributions to the thermal conductivity for the specified
models is compensated by the difference in the manifestations of mutual phonon scattering, which is
caused by: 1) the nonlinear relationship between the frequency and the wave vector for the real model
of the density of phonon states; 2) the difference between the group sound velocity and the phase
velocity for a real model of the density of phonon states; 3) the difference in Umklapp coefficients in
the real and Debye models of the density of phonon states. This can be seen from the comparison of
curves 1 and 3 with curve 2 in each of the figures. On the other hand, if the real density of phonon
states affected only the heat capacity differential contribution to the thermal conductivity, then the
thermal conductivity would be approximately 1.27 - 1.5 times higher than in the Debye model. And
this would allow us to hope for a certain reduction of thermomechanical stresses in thermoelectric
legs, albeit at the expense of some loss of thermoelectric figure of merit and the efficiency of material.

Note that when constructing the graphs, we used the following values of Bi,Te; parameters:
p=7850 kg/m*, M =801, Tp=155 K, y = 1.4. The anisotropy of thermal conductivity at 300 K was
assumed equal to [6] and for both models of the density of phonon states it was taken into account
solely due to the anisotropy of Umklapp coefficient.

Regarding a more complete comparison of the results of our calculations with experiment, we
note that the calculated value of the thermal conductivity of bismuth telluride at 200 K that we
obtained differs from the experimental value, which, in accordance with the data of [6, 7] is
2.1 W/(m K), by approximately 5.7 % upward, which can be considered satisfactory. However, on this
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occasion it is appropriate to make the following remark. There is no direct experimental technique for
separating the lattice part of thermal conductivity from the thermal conductivity caused by free charge
carriers. Therefore, this separation is performed purely by calculation on the basis of certain
assumptions about the band spectrum of the material and the mechanisms of scattering of free charge
carriers in it. We did not analyze the reliability of this kind of assumptions made in paper [7].

Conclusions

1. In the isotropic approximation, it is shown that the real density of phonon states, compared to
the Debye density, has a weak effect on the lattice thermal conductivity of single-crystal
bismuth telluride in the temperature range between 200 and 500 K both in the cleavage planes
and perpendicular to them. Small differences between the Debye and real densities of phonon
states from the point of view of their influence on thermal conductivity can be explained by the
fact that the differences in the differential heat capacity contributions to thermal conductivity
due to the considered densities of phonon states are compensated by differences in the group
sound velocities and the characteristics of mutual phonon scattering, both normal and Umklapp.

2. The Umklapp parameter is anisotropic and depends on the form of the density of phonon states,
but does not depend on temperature.

3. When calculating thermal conductivity, the phase velocity of sound, which is determined by the
Debye temperature and the number of degrees of freedom of the phonon subsystem, should be
taken into account.

4. Differences in the densities of phonon states between the real and Debye models cannot lead to
significant differences in the expected values of thermomechanical stresses in thermoelectric
legs.

5. The results of calculations are not only in qualitative, but also in satisfactory quantitative

agreement with experimental data.
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TEOPETHUYHI MOJEJII TPATKOBOI TEILIOITPOBITHOCTI
MOHOKPUCTAJIIYHOT' O TEJAYPUAY BICMYTY

B isomponnomy nabaudicenni 6paxo8ano 8naué peanbHoi eycmuny QOHOHHUX CMAHIE HA 2PAMKO8Y
MenionpogioHicms MOHOKPUCMANIYHO20 MENYPUOY BICMYMY Y PAMKAX 080X MOOENbHUX Ni0X00is.
Cnoyamky 3a0auy po3eisiHymo y I30MpONnHOMY HAOAUICEHHI, A NOMIM HAOAUICEHO BPAXOBAHO
wapysamy cmpykmypy ma auizomponiro. Ilokaszano, wjo peanbHa 2ycmuHa (DOHOHHUX CMAHI
matidice He 3MIHIOE MEMNEPamypHoi 3aNedHCHOCMI 2pAmKo80i MenionposioHoCmi meaypuoy
gicmymy AK 6 NIOWUHI wapie(cnainocmi) max i NepneHOUKyIsApHO 00 Hei NOpPIGHAHO 3
Jebaiscororo eycmunoiw oHoHHux cmanig. Ll crabkicmv NOACHIOEMbCS MUM, WO 3YMOGIEHA
be3nocepedHbo WINbHICMIO YOHOHHUX CIANIE 3MIHA OUPePEeHYiaTbHO20 MENTOEMHICHO20 GHECK) Y
MenionpogiOHICMb KOMNEHCYEMbCA BNAUBOM YI€l WiNbHOCMI HA PO3CII08AHMA, AKUU 3YMOGIEeHUl
HENIHIUHOI0 3ANeNHCHICINIO XBUNbOBO2O 6EKMOPA 8i0 4aCMOmuU, GIOMIHHICIIO 2PYNOBOI WBUOKOCTI
36yKy 6i0 (hazosoi ma icmomuum 3pocmanuamM Koe@iyienma nepexudanua. Ompumani
pes3yibmamu nepedysaromv He Juwie y AKICHil, a U Y 3a008iNbHill KIIbKICHIl 3200 3
meopemuyHuMUu  OOCHIONCEHHAMU NONepeOHix aemopie ma ekchepumenmom. Lle do3zeonse
cnoodieamucy, W0 peaibHa 2yCMuHA (OHOHHUX CMAHIE He CHpPAGISMUME ICMOMHO20 BNIUEY HA
mepmomexaniuti degpopmayii mepmoeneKmpuyHux 2ii0K y nopieHAHHI 3 [lebaigcvkoro 2ycmuHow
¢ononnux cmanis. bion. 7, Man. 2.

KuarouoBi cioBa: yuxniuna cmitikicms mepmoenemenmis, HAOIHICMb MepMOeNeKMPUUHUX 2II0K,
MepMOMEXAHIYHI HaANPY2u, MenIonPoOsIOHICMb, peaibHa i Jlebaiscoka wjinbHOCMI (POHOHHUX CMAHIE,
HOpMAnbHI npoyecu, npoyecu nepeKUOaHHs.
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PHASE STABILITY OF THERMOELECTRIC
ZnSb-SnTe THIN FILMS

The article theoretically studies the phase stability of thin films of pseudobinary semiconductor
alloys ZnSh—SnTe. The obtained T — x phase diagrams made it possible to predict the existence of
a wide miscibility gap. Taking into account small internal stresses and the influence of the quartz
substrate did not lead to significant changes in the phase diagram depending on the film thickness.
It has been shown that spinodal decomposition processes caused by annealing at
T=225°C in (ZnSb)i(SnTe). alloys at x = 0.27 lead to microstructural evolution with the
formation of precipitates of the SnSb metal phase. This fact is in good agreement with the
experimental studies of the thin films considered and is the reason for the sharp increase in the
power factor to 3383 uWm K- at 300 °C. The described recrystallization processes are the main
mechanism for the high thermoelectric characteristics of this material. Bibl. 20, Fig. 3.

Key words: thin films, thermoelectric materials, spinodal decomposition, phase stability.

Introduction

Recently, green methods of directly converting thermal energy into electrical energy have
attracted increasing interest [1, 2, 19]. These include thermoelectric conversion based on the well-known
Seebeck effect. This method is characterized by the absence of harmful emissions, compactness and
high reliability of devices, as well as a wide range of operating temperatures [1, 2]. Well-known bulk
semiconductor thermoelectric materials, such as Bi-Te-Sb, SnSe-SnTe, PbTe, Si-Ge, Ge-Te, ZnSb-CdSh
[1, 3] et al., along with high efficiency, also have a number of significant disadvantages associated with
thermodynamic instability at temperatures above 600°C, which leads to limited practical use. At the
same time, thin-film thermoelectric materials [4 — 6] are relatively easily synthesized on various
substrates, have low cost and weight, which allows them to be widely used for high-quality miniature
devices. Thermoelectric converters will be especially effective for powering Internet of Things devices,
recycling thermal emissions from cars, thermal power plants, and so on.

Semiconductor alloy systems form a class of promising thermoelectric materials with high figures
of merit [1]

T
7r =525 1
i (1)

where T'is the absolute temperature, and three transport parameters (S, c, k) are strongly interdependent,
making the design of high ZT materials a challenging task.
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Over the past ten years, the progress in achieving the maximum Z7 value in semiconductor
materials in various temperature regions is quite significant and is due to a large extent to greater
attention to thin-film microelectronic devices. In particular, in the low-temperature region (that is, up to
500 K), which is especially relevant for flexible integrated electronics and various computer devices
[6, 20].

It has recently been shown [7] that alloying ZnSbh with SnTe can increase the figure of merit
through the formation of SnSh nanoscale precipitates, which increase the power factor (PF = $°c) at
300 °C more than 7.7 times. A clear insulator-metal phase transition (IMT) was experimentally
demonstrated at SnTe composition x = 0.27 by thermal fluctuations and microstructure evolution of
(ZnSb)1.(SnTe); thin films.

This study aimed to investigate the thermodynamics of mixing such a system. In addition, it is
also necessary to evaluate the influence of the strain effects in the films due to the mismatch between
the lattices of the alloy and the substrate on the miscibility gap.

Miscibility analysis for ZnSb-SnTe pseudo-binary system

For the thermodynamic description of pseudo-binary solid solutions we will consider the Gibbs
free energy of mixing (AG) [8]:

AG = AH —TAS , )

where AH is enthalpy of mixing, T is absolute temperature, A4S is entropy of mixing which in the
approximation of a regular solid solution can be written [18]:

AS =—R{xInx+(1—x)In(1-x)}. (3)

To describe the enthalpy of mixing, two models are most commonly used — the regular solution
model and the “delta lattice parameter” (DLP) model [9]. It is known that the regular solution model
describes well the thermodynamic properties of a liquid phase and has restrictions for the case of a solid
phase, since interaction parameters in the regular solution model depend on the alloy composition (x).

In the DLP model, the enthalpy of mixing AH depends only on a lattice parameter (a), so it is
assumed that the difference between the dimensions of atoms having common sublattice is a decisive
factor that controls the free energy of mixing. Well-developed first-principle methods are much more
complicated and surprisingly do not give fundamentally better results [9]. The DLP model is a semi-
empirical model for calculating the phase diagrams of semiconductors that has been tested in many
semiconductor systems. It is based on the Phillips-Van Vechten model [8], which relates the band gap
energies to the covalent bond length in each crystal to the -2.5th power. Similarly, Stringfellow [9]
related the atomization energy, AH", to the lattice parameter for III-V, II-VI, IV, oxide, and other
semiconductor alloys by adopting the relationship

AH"= K(ao)™?

for (ZnSb)..(SnTe). solid solutions AH can be written as [5, 8]:

AH = E(alloy)—xE(BC)—(1-x)E(AC)=Qx(1-x), 4)
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Ad?
QZKTa (5)

avg

where K — is model parameter, a., — is averaged lattice parameter, Aa — is the difference between lattice
parameters of components of solid solution compounds.

As long as the lattice parameters of the components of the ZnSb-SnTe solid solution under study
are rather close [11 — 14], the solid solution can be considered almost perfect, and the interaction
parameter QO and enthalpy of mixing AH have positive values. That's why the solid solution will be
subject to spinodal decomposition on the condition that the curve of the composition dependence of free
energy has a bend point. The spinodal line itself is difficult to measure experimentally, and so it is often
approximated by the chemical spinodal, which is given by the locus of points 0*G/0x>= 0 [5, 8]. The
products of spinodal decomposition are two solid solutions with different compositions. The stability
criterion of pseudo-binary alloys can be written as 8*G/ 0x? > 0. The instability area is determined as a
geometrical place of points for which the condition *G/0x? = 0 is met.

The temperature—composition phase diagram of ZnSh-SnTe (Fig. 1) contains a miscibility gap: a
region where ZnSb and SnTe are not soluble in one another, and a ZnSh-rich phase may precipitate out
of a SnSb nanoprecipitates during the crystallization process. The solid solution can be unstable or
metastable within a miscibility gap concerning phase separation; the boundary between these two
regions is called the spinodal line. Outside of the spinodal, the solid solution is metastable, and phase
separation proceeds by a nucleation and growth mechanism.

ZnSb-SnTe/SiO, (h =30 nm)

200 T T T T
0
Gtot (x, 900)
-200
Gtot (x, 700)
-400
Gtot (x, 500)
-600
Gtot (x, 300)
-800
-1x10° L 1 L 1
0 0.2 0.4 0.6 0.8
X

Fig. 1.Gibbs free energy of mixing AG of ZnSb-SnTe as a function of mole fraction x
SnTe at T = 300, 500, 700, and 900K

The Gibbs free energy of formation of ZnSb-SnTe solid solutions differs significantly from the
ideal form, changing the sign with a change in composition x. The existence of a positive region of
AG(x) dependence can lead to the decomposition of the solid solution in a certain temperature range
below critical T.. For a bulk solid solution, in addition to the chemical part of the free energy, it is also
necessary to take into account the elastic component, which follows from the requirement of coherent
phase conjugation taking into account crystalline anisotropy [8, 9]. Inside the spinodal, the solid solution
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is unstable, and phase separation occurs due to spinodal decomposition. A schematic representation of
the miscibility gap is shown in Fig. 2. Calculated phase diagram (7 — x) of ZnSb-SnTe alloy system
containing MG (unstable solid solution).

The SnSh nanoprecipitates seen experimentally in ZnSb-SnTe are a consequence of the chemical
thermodynamics of mixing in this system [7].

T T T T
h=30nm
....... h =100 nm

600 -

400

Te=610K
X-=048

T,K

Te =600 K
X:=0.50

200

x
Fig.2. Calculated spinodal curves for ZnSb-SnTe/SiO: films with thicknesses
of 30 nm (red curve) and 100 nm (blue dotted curve)

Elastic energy in the spinodal decomposition ZnSb-SnTe/SiO; thin films

For a bulk solid solution, it is necessary to take into account the elastic component of the free
energy in addition to the chemical component. When the alloy is in the form of a thin epitaxial film and
the thermodynamic process involves the formation of misfit dislocations, biaxial tensile and
compressive strains € arise in the film as a result of a mismatch between the lattice constants of the alloy
(aaioy) and the substrate material (@sus): € = &y

In the general case the energy of elastic strain of the unit volume of deformed film can be written
as [10]:

)

1
E :E(stx + Gygy + ngz +Tnyxy + ’cyz’sz +szsz)’ (6)

where o., o), : are normal stresses; T, T,-, T.- are shear stresses; €., €,, & are normal strains; Yy, Yz, Yx
are shear strains. It is commonly assumed that with the epitaxial growth due to mismatch between lattice
constants of substrate-film only normal strains and stresses occur along two perpendicular axes in the
film plane (001).
Taking into account the relation between normal strains and stresses based on Hooke’s law, we
obtain:
O, =C €, +CpE, +C3€,

(7

b
G, =CpE, +Cpt, +CpE,
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where in the case of equal symmetry of film and substrate material, the relative strain components

aalloy - asub balloy - bsub
CET o, = . (8)
a b

sub sub

For orthorhombic crystals the array of elastic moduli comprises 9 independent components [5, 12,

13]:
¢, ¢, ¢; 0 0 O
Cp €p G 00 0
€3 €y €3 0 0 0 )
o 0 0 ¢ O O
0 0 0 ¢ O
0 0 0 0 c4
Stress tensor component in perpendicular (z) direction can be written:
G, =Cj3€, +CuE, + 0558, . (10)
Taking into account for free (growth) direction of the film that 6. = 0, from (10) we obtain:
C C
g, =——2g ——2g . (11)

z X y
C33 C33

Hence, the elastic strain energy of the unit volume of epitaxial film (6), with regard to (10) — (11)
can be written as:

1 1 c? c? C,:C
E, :—(cxax+oyay):— ey =2 e +| e,y -2 8i+2 cp,——2 e, | (12)
2 2 C33 C33 C33 ,

Thus, full Gibbs free energy of the system based on the unit volume is a sum of chemical energy
(AG) and elastic strain energy (E):

G=NAG+E,, (13)

where N, is the number of moles of the unit volume of homogeneous solid solution to decomposition.
Analysis of the Gibbs free energy as a function of solid solution composition and epilayer thickness
together with stability criterion allows calculating solubility limits. Parameters used for calculations
were taken from [18]. The dependence of lattice constants on the composition x was taken into account
by the Vegard rule which is met for (ZnSb):..(SnTe). semiconductor solid solutions [7].

The described situation is observed only in the case when the film thickness (%) is less than the
critical thickness (4.). Under the condition / > ., plastic relaxation processes occur in the film with the
formation of misfit dislocations, and the thicker the film, the less its deformation [15 — 18]. To determine
the influence of these effects on the thermodynamic stability of the selected solid solutions, we note that
according to the model of the balance of forces acting on dislocations, we can write:
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e, =Alh, (14)

that is, as the thickness of the epitaxial film increases, the value of relative strain decreases and the film
gradually relaxes. Parameter 4 will be found from the continuity condition of function &(/) at point
h = h., then we obtain

A = e mache. (15)

The majority of semiconductor heteroepitaxies are grown on (001) substrate surface, so exactly
this orientation will be considered. A theoretical expression for critical thickness 4. can be obtained
based on two different approximations, known as equilibrium theories of critical thickness [15]. The
former approximation is based on the minimum energy principle and was pioneered by Frank and Van
der Merwe. The latter, known as the theory of the balance of forces, belongs to Matthews and Blakeslee
[16]. In our calculations, we have used the model of balance of forces in which critical epilayer thickness
can be estimated according to [16]:

_[ b1 he
he _(stSn(Hrv) {m(a b )Hﬂ’ (13)

where v is the Poisson coefficient, b — is the Burgers vector modulus (Fig.3). As long as in
semiconductor epilayers, 60° misfit dislocations are most common in (001) plane, the Burgers vector
can be written as (aa/2) < 110 > [8, 9]. The stresses in the region of the dislocation center are too high
to be correctly described within the linear elasticity theory, so we have introduced a phenomenological
parameter B as a measure of this deviation.

(ZnSb), (SnTe)/SiO,
340 T T T T

320

H(x) 300

280

260 L L L L
0.2 0.4 0.6 0.8

Fig. 3. Critical thickness hc, A as a function of composition x
of ZnSb-SnTe/SiO; thin films

Let us return to the phase 7 — x diagrams of the pseudo-binary ZnSb-SnTe/SiO: thin films. Fig. 2
shows the results of calculations for films with a thickness of 30 and 100 nm on a SiO- substrate, which
corresponds to the conditions of the experiment [7].
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As can be seen from our calculations, with increasing film thickness, the critical temperature of
spinodal decomposition decreases, and the spinodal becomes a more symmetrical curve. In particular,
ath=30nm 7. = 610K, x. = 0.48; at # = 100 nm 7:. = 600 K, x. = 05. At the same time, the annealing of
the films at ~ 225°C leads to the beginning of the decomposition of the alloy (x =0.27) with the
formation of a SnSbh phase. As it follows from experimental studies [7], the formation of nanoprecipitates
of the SnSb metal phase turned out to be the main driving force together with IMT in a high power factor
of 3383 puWm'K-' at 300 °C.

Conclusions

On the basis of thermodynamic analysis, we investigated the phase stability of films of the
pseudobinary semiconductor alloys ZnSh-SnTe. Obtained T - x phase diagrams made it possible to
predict the existence of the wide miscibility gap. Taking into account small internal stresses and the
influence of the quartz substrate did not lead to significant changes in the phase diagram depending on
the film thickness. The processes of spinodal decomposition of (ZnSb):.(SnTe): caused by annealing at
T'=225°C in alloys at x =0.27 lead to microstructural evolution with the formation of precipitates of
the SnSh metallic phase, which is consistent with experimental studies. The latter is the reason for the
sharp increase in the power factor to 3383 uWm'K-' at 300 °C, and the described recrystallization
processes are the main mechanism of the high thermoelectric performance of this material.

This work is supported in part by e-COST Action CA20116. The author is grateful to academician
L. Anatychuk for the approval of the research subject and interest in the work.
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Y cmammi meopemuuno 0ocniosceno azogy cmabinbhicmb MOHKUX NIAI6OK NCEBOOOIHAPHUX
Hanignpogionukosux cnaasie ZnSb-SnTe. Ompumani T — x azo6i Oiacpamu 003601UTU
nepeobauumu icHy8aHHA WUPOKO20 IHMep8any HesmiulygeaHocmi. Bpaxysannsa manux eHympiuHix
HAnpysiceHs ma GNaUGY K8apyogoi niokIaoKu He npu3eeno 00 iCMOmHUX 3MiH (azoeoi diazpamu
3anexcHo 6i0 moswunu naieku. Ilokasaumo, wo npoyecu chiHOOANbHO20 pO3NAOY, CRPUYUHEHI
gionanom npu T=225°C y cnnasax (ZnSb);(SnTe)x npu x =0.27, npuseodsms 0o
MIKpOCmMpYKmypHOI egontoyii 3 ymeopenHaMm eudireHv memanegoi ¢pazu SnSb. Lleii ¢hakm dobpe
V32000/CYEMBCA 3 eKCNEPUMEHMANbHUMU  OOCAIONCEHHAMUY PO3SIAHYMUX TMOHKUX NII6OK 1 €
nPUYUHOTO PizKo20 3pocmanis Koepiyicnma nomyacnocmi 0o 3383 uWm ' K- npu 300 °C. Onucani
npoyecu peKpucmanizayii € OCHOBHUM MeXAHI3MOM BUCOKUX MEPMOENeKMPUYHUX XAPAKMEPUCTNUK
yvoco mamepiany. bion. 20, puc. 3.
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THEORETICAL MODELS OF ORDERED ALLOYS
OF TERNARY SYSTEMS OF THERMOELECTRIC MATERIALS
3. CHEMICAL BOND AND STATE DIAGRAMS OF Cd-Zn-Sb

A diagram of the distribution of phase regions in the Cd-Zn-Sb system was constructed based on the
isothermal sections of intermediate binary compounds Cd-Zn, Cd-Sb, and Zn-Sb. The results of
calculations of effective radii, electron density redistribution and dissociation energy of non-
equivalent chemical bonds depending on interatomic distances in the Cd-Zn-Sb ternary system are
presented. Bibl. 7, Fig. 4, Tabl. 6.

Key words: theoretical models, chemical bond, state diagrams, effective radii, dissociation
energies, interatomic interaction.

Introduction

This work is a continuation of studies begun in [1] on ordered alloys of cadmium antimonides
using statistical and thermodynamic methods and is devoted to the construction of theoretical models of
ordered alloys of ternary systems and state diagrams of Cd-Zn-Sb from the standpoint of chemical bond.

The need to conduct such studies is due to the fact that the nature of chemical bond in such systems
varies from metallic to ionic, covalent, and intermediate in layered sublattices.

In turn, a change in the chemical bond is reflected in a change in the structure of the short-range
order of interatomic interaction, which, in turn, is associated with the features of state diagrams and
phase transformations both in the solid state and in melts.

However, it should be noted that there is no consistent theory of phase transformations yet. That
is why in this work the task was set to obtain theoretical schemes of state diagrams of ternary Cd-Zn-Sb
systems and to calculate the parameters of chemical bonds using microscopic theory methods.

This approach allows us to generalize experimental data for binary state diagrams (Cd-Zn, Cd-Sb,
Zn-Sb) to the case of ternary systems (Cd-Zn-Sb), and calculations of chemical bond parameters can be
used to correct physicochemical properties of the resulting materials.

The availability of such information makes it possible to get closer to the solutions of the problems
of melting and crystallization processes of ternary systems.
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State diagrams

To solve the problem, it was necessary to summarize the results of experimental studies of binary
state diagrams of Cd-Zn, Cd-Sb, Zn-Sb [2], physicochemical properties, and theoretical studies of
quantum regularities of the original components [3, 4].

The results of state diagram studies were summarized by constructing isothermal sections (Cd-
Zn, Cd-Sb, Zn-Sb) and solving the inverse problem. Its essence is that, unlike the direct problem, when
the study of a complex system is carried out by breaking it down into simpler ones, according to
established rules and patterns, in the case of the inverse problem, the elements Cd, Zn, Sb and state
diagrams of binary systems Cd-Zn, Cd-Sb, Zn-Sb were chosen as the initial data. Next, based on the
analyzed patterns, the components of the Cd-Zn-Sb ternary system were constructed. What was new in
the study of ternary systems of cadmium and zinc antimonides was that to solve the problem, a
triangulation method was used, based on the geometric properties of a triangle [5].

This mathematical approach makes it possible to solve a number of problems in physics,
chemistry, and mathematics. In particular, in chemistry, when studying state diagrams of ternary
systems, this approach allows for the distribution of such systems taking into account the chemical
interaction between the elements Cd, Zn, Sb, located at the vertices of the triangle (solubility;
substitution; exchange; formation of compounds; formation of solid solutions and mechanical
mixtures ), and the parameters of phase transformations can be found by means of theoretical
calculations using the methods of quantum chemistry.

When constructing the theoretical model of Cd-Zn-Sb, first the analysis of binary state diagrams
was given and isothermal sections were constructed at different temperatures. Further, by constructing
conode triangles, the quantitative ratios of coexisting phases were determined and the limits of phase
equilibrium in ternary systems in the liquid-crystal regions were established. This made it possible to
predict cases of congruent and incongruent melting. The obtained results are shown in Fig. 1-4, where
the following designations are entered:

a — solid phase based on Cd; B — solid phase based on Zn; y — solid phase based on Sb; € — solid
phase based on Cd-Zn binary systems; p — solid phase based on Zn-Sb binary systems; ¢ — solid phase
based on Cd-Sb binary systems; ¢ — solid phase based on Cd-Zn-Sb ternary system; L — liquid phase.

Sh(y)

Cd(a) . . Zn(p)

10 20 30 40 S0 60 70 80 90

Fig. 1. A diagram of the distribution of Cd-Zn-Sb equilibrium
phase regions in the solid state
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Fig. 1 shows a diagram of the distribution of Cd-Zn-Sb phase regions in the solid state. The Cd-
Zn-Sb ternary system was divided into six ordered ternary subsystems. This made it possible to consider

interatomic interaction in a specific subsystem both from the standpoint of state diagrams and chemical
bonds.

Sh

L+P+e
Cd Zn

Fig. 2. Cd-Zn-Sb isothermal section
at t=300°C

Fig. 2 shows an isothermal section at a temperature ¢ = 300 °C, which is lower than the melting
point of the Cd, Zn, Sb components and at the same time higher than the temperature of the first eutectic
of the Cd-Zn system. Part of the cross section (35 %) of Cd-Zn is occupied by liquid L. Two-phase
equilibrium (L+a), (L+€), is carried out by primary crystals a and crystals € (based on Cd, Znx
compounds) and liquid. Three-phase equilibrium (L+e+p) is carried out by primary 3 crystals, € crystals

and liquid.
Sh

Fig. 3. Cd-Zn-Sb isothermal section
at t=400°C
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Fig. 3 shows an isothermal section at a temperature of 400 °C, which is lower than the melting
point of Zn and Sb. But higher than the melting point of Cd (321°C). Most of the Cd-Zn cross section
is occupied by liquid L, but unlike the previous case, the cross section contains conode triangles with
equilibrium phases (L+&+3) and (L+e+p), which are formed by crystals (¢+0) and ( e+p) based on Cd-
Sb and Zn-Sb compounds and liquid L. This division of ternary systems into separate sections of
double state diagrams makes it possible to study the fine structure of cooling and heating depending
on the short-range order of the chemical bond.

Sh

Fig. 4. Cd-Zn-Sb isothermal section
at t=500°C

Fig. 4 shows the isothermal section at t = 500 °C above the melting point of Cd and Zn. The entire
cross section of Cd-Zn is occupied by liquid, and in the Zn-Sb and Cd-Sbh diagrams three-phase equilibria
are represented by a conode triangle with phases (L + y + p). Thus, the given isothermal sections make
it possible to:

1. Find the limits of phase equilibrium in the liquid-crystal regions and between transformations

in the solid state.

2. Separate phase diagrams corresponding to chemical compounds and solid solutions of

different concentrations and mechanical mixtures.

3. Determine quantitative ratios of coexisting phases.

Determine the structure of the cooling and heating processes depending on the short-range
order of the chemical bond.

However, it should be borne in mind that the results of studies of isothermal sections alone are
not yet sufficient to determine the temperature intervals of phase transitions in multicomponent systems.
Theoretical calculations of the interatomic interaction energy in the liquid and solid phases are required,
depending on the interatomic distances from the standpoint of chemical bond.

Theoretical models of chemical bonding of ordered Cd-Zn-Sb alloys

A joint consideration of the methods of experimental and theoretical approaches in the
quantitative method of calculating the parameters of the electronic structure of matter is associated with
the emergence of qualitatively new ideas, which is not the result of the development of existing theories,
but also negates some of them.
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Thus, the formation of a chemical bond is accompanied by a rearrangement of the valence shells
of the interacting atoms and leads to the need to use a number of concepts for their description. Despite
the imperfection, from a theoretical point of view, of these concepts and other empirical criteria, their
positive role in the systematization of experimental data and the development of ideas about the nature
of interatomic interaction is beyond doubt.

The equations given in [6] were used in the calculations of effective charges, effective radii,
dissociation energies of non-equivalent chemical bonds that are part of the Cd-Zn-Sb ternary system.

Analytical relationships reflecting the quantum laws of interatomic interaction given in [6] made
it possible to write down the expression for the energy of chemical bonds in the form:

D,g)—a _ (Cl(R?JA+R?JB))( Cad; _i), 1)

(tgaa+tgag)/ \d?-RyaRyp d;

where R}, ag) 1s the radius of 4(B) atoms in the unexcited state; tg a reflects the dependence of

the ionic radius Ry on the number of electrons in the orbitals of converging atoms; d; is interatomic
distance of i-chemical bond; C: is a coefficient that reflects the relationship between dimensional and
energetic characteristics of interatomic interaction; C: is a coefficient depending on the type of crystal
structure and chemical bond.

The results of the calculations are given in tables 1-6. The values of the coefficients Ci and C: in
the first approximation are chosen to be equal to unity.

Table 1
Effective charges, effective radii, dissociation energies depending
on interatomic distances of Zn-Zn NHO
Zn-Zn NHO Zn-Zn
Parameters 01 M2 03 P4 0s Ps
di(A) 2.8 2.9 3.0 3.1 3.2 3.3
RE™(A) 1.40 1.45 1.50 1.55 1.60 1.65
Agi(9i) -0.08 -0.18 -0.3 -0.4 -0.5 -0.6
D(¢i) ev 1.268 1.166 1.128 1.091 1.057 1.025
Table 2
Effective charges, effective radii, dissociation energies depending
on interatomic distances of Zn-Cd NHO
Zn-Cd NHO Zn-Cd
Parameters o] o 03 04 s Ps
di(A) 2.8 2.9 3.0 3.1 3.2 33
RS4(A) 1.475 1.52 1.56 1.61 1.65 1.69
REM(A) 1.325 1.38 1.44 1.49 1.55 1.61
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Continuation of table 2

Aqi(¢:) 0.1 -0.025 -0.15 -0.28 -0.4 -0.52
D(g:) ev 1.471 1.422 1.376 1.332 1.291 1.253
Table 3
Effective charges, effective radii, dissociation energies depending
on interatomic distances of Zn-Sb NHO
Zn-Sh NHO Zn-Sh
Parameters 01 02 03 ¢4 05 06
di(A) 2.8 2.9 3.0 3.1 3.2 3.3
REM(A) 1.36 1.42 1.485 1.55 1.615 1.68
REP(A) 1.44 1.48 1.515 1.55 1.585 1.62
Agqd¢:) 0.25 -0.12 -0.25 -0.4 -0.52 -0.65
D(¢:) ev 1.605 1.550 1.500 1.450 1.405 1.362
Table 4
Effective charges, effective radii, dissociation energies depending
on interatomic distances of Cd-Cd NHO
Cd-Cd NHO Cd-Cd
Parameters
1 P2 03 P4 s 0
di(A) 2.8 2.9 3.0 3.1 3.2 33
RS54 (A) 1.4 1.45 1.5 1.55 1.6 1.65
Aqi(9i) 0.33 0.18 0.025 -0.05 -0.27 -0.4
D(¢)) ev 1.853 1.789 1.730 1.674 1.622 1.572
Table 5
Effective charges, effective radii, dissociation energies depending
on interatomic distances of Sb-Sb NHO
Sb-Sh NHO Sb-Sb
Parameters
?1 ®2 ®3 D4 05 Ps
di(A) 2.8 2.9 3.0 3.1 3.2 3.3
R$P(A) 1.4 1.45 1.5 1.55 1.6 1.65
Aqi(¢:) 0.2 0 -0.2 -0.39 -0.6 -0.75
D(¢;) ev 2.332 2.252 2.177 2.107 2.041 1.980
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Table 6
Effective charges, effective radii, dissociation energies depending -
on interatomic distances of Cd-Sb NHO
Cd-Sh NHO Cd-Sbh
Parameters o Loy 03 o 05 ®6
di(A) 2.8 2.9 3.0 3.1 3.2 3.3
RS54 (A) 1.42 1.48 1.53 1.6 1.65 1.71
R:P(A) 1.38 1.42 1.47 1.5 1.55 1.59
Agi i) 0.27 0.1 -0.06 -0.22 -0.4 -0.55
D(¢)) ev 2.061 1.989 1.922 1.859 1.800 1.746

Discussion of the results

As follows from the results presented in tables 1-2, with the growth of interatomic distances, the
dissociation energy of the corresponding chemical bonds decreases, and the redistribution of electron
density in different intervals of interatomic distances changes differently: in Cd-Cd structural variants,
the redistribution of electron density changes sign in the interval 3 < d; < 3.1 A; (Zn-Zn) for all distances
2.8<d;<3.3 A; (Cd-Zn) changes sign in the interval 2.8 <d;<2.9 A; (Zn-Sh) changes sign in the
interval 2.8 <d; < 2.9 A; (Cd-Sh) changes sign in the interval 2.9 <d; <3 A.

In addition, the obtained results confirm the fact that the overall diagram of Cd-Zn-Sb consists of
three partial equilibrium stability diagrams of CdSb-ZnSb (Cd, Sb, Zn), three metastable CdySb3-ZnSbs
(Cd, Zn, Sb) and three metastable CdsSb,-Zn3Sb, (Cd, Zn, Sb) [7]. In this system, different structural
states of melts can form. Therefore, solving problems of technology and optimization of materials based
on Cd-Zn-Sb must be carried out taking into consideration the characteristics of the chemical bond of
both the initial components (Cd, Zn, Sb) and intermediate systems (Cd-Sb, Zn-Sb, Cd-Zn).

Conclusions

1. A methodology has been proposed and theoretical models of short-range order of melts have been
constructed using triangulation methods and isothermal sections in Cd-Zn-Sb ternary systems.

2. Calculations of chemical bond parameters in Cd-Zn-Sb systems depending on interatomic distances
and atomic characteristics of the initial components are given.

3. It was shown for the first time that the redistribution of electron density leads to the formation of
donor and acceptor chemical bonds in melts.

4. The results obtained are consistent with the results of calculations of chemical bond parameters
using microscopic theory methods and optimize the technological capabilities of the synthesis of
metastable phases based on Cd-Zn-Sb with predicted parameters.
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EXPERIMENTAL INVESTIGATIONS OF THE PROPERTIES OF A NEW
THERMOELECTRIC MATERIAL Tm;..V<NiSbh

The structural, kinetic, and energy properties of the Tm;..V NiSb thermoelectric material were
studied in the ranges: T=80-400 K, x=0-0.10. It is shown that V atoms can simultaneously occupy
different crystallographic positions in different ratios, generating defects of acceptor and donor
nature. This gives rise to the corresponding acceptor and donor states in the bandgap e, Tm.
«ViNiSb. The mechanism of formation in Tm..VNiSh of two types of acceptor states with different
depth of occurrence was established. shallow acceptors generated by vacancies in the structure of
half-Heusler phase TmNiSbh, and deep acceptors formed by defects when Ni atoms are replaced by
Vin the 4c position. The ratio of the concentrations of generated defects determines the position of
the Fermi level er and the conduction mechanisms. The investigated Tm..VNiSb solid solution is a
promising thermoelectric material. Bibl. 12, Fig. 7.

Keywords: electronic structure, electric resistivity, Seebeck coefficient.

Introducion

Semiconductor solid solutions based on half-Heusler phases RNiSb (R — rare earth metals of the
Ittrium subgroup) is a new and promising class of thermoelectric materials with a high efficiency of
thermal into electric energy conversion [1]. The formation of substitutional solid solutions based on
RNiSh is accompanied by the generation of defects of donor or acceptor nature in the crystal structure,
and corresponding energy states appear in the bandgap €,. This makes it possible to smoothly change
the values of electrical conductivity o(7), Seebeck coefficient a(7) and thermal conductivity «(7), and
the process of optimizing the properties of thermoelectric material becomes predictable [2].

In this context, it seems interesting to study a new thermoelectric material 7m...V.NiSb, when
V (3dP4s*) atoms are introduced into the structure of the half-Heusler phase TmNiSh (structure type
MgAgAs, spatial group F43m [3]) by substituting in the crystallographic position 4a of atoms Im
(5d°6s?). The introduction of V atoms into the structure of the 7TmNiSb compound should generate defects
of donor nature (¥ has more d-electrons than 7m), and corresponding donor states will appear in the
bandgap &g of Tm..V.NiSh. The TmNiSh compound was discovered during the study of phase equilibria
in the Tm-Ni-Sb system which turned out to be a hole-type semiconductor, as indicated by the positive
values of the Seebeck coefficient a (Fig. 1a) [4, 5].
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Fig. 1. Temperature dependences of electrical resistivity p (1) and the Seebeck coefficient o. (2)
(a) and distribution of the density of electronic states DOS (b) of the basic semiconductor TmNiSbh [5]

At the same time, simulation of the electronic structure for the ordered version of the 7mNiSh
crystal structure showed that the Fermi level € lies near the edge of the conduction band &c (Fig. 1 b),
and electrons are the majority carriers. The inconsistency of the experimental and simulation results
prompts us to establish the crystal and electronic structure of the p-TmNiSh basic semiconductor as close
as possible to the real state. In addition, since the atomic radius of ¥ (r» = 0.134 nm) is smaller than 7m
(t7n=10.174 nm) and close to the atomic radius of Ni (rv=0.125 nm), the formation of a Tm,..V.NiSh
substitutional solid solution may be accompanied by unpredictable changes in the crystal and electronic
structure. This is precisely the subject of the following study. After all, knowledge of the peculiarities
of the dynamics of the crystal and electronic structures of the 7m..V.NiSb semiconductor allows the
appropriate doping to generate energy states that will meet the conditions for obtaining the maximum
values of the thermoelectric figure of merit Z [2], and the process of optimizing properties will be
predictable.

Previous studies of the related semiconductor thermoelectric materials based on half-Heusler
phases, in particular, Lu..V.NiSb [6], Lu..Zr:NiSb [7] and Lu,..Sc:NiSb [8], allowed establishing the
disorder and defectiveness of the crystal structure of the basic semiconductor p-LuNiSb. It was shown
that there are vacancies (V) in positions 4a of Lu atoms and 4¢ of Ni atoms (Fig. 2), which generate
structural defects of acceptor nature and corresponding acceptor states in the bandgap ¢, of the p-LuNiSh
semiconductor. The presence of vacancies in the structure of the LuNiSh compound fundamentally
changes the mechanism of entry of impurity atoms into its crystal structure when optimizing the
properties of the thermoelectric material to obtain the maximum values of the thermoelectric figure of

merit Z (Z(T)=oX(T)/o(T)-x(7)) [2].

LuNiSh LuNiSb Lu,,V,NiSb
ideal structure disordered structure solid solution

Fig. 2. Models of variants of the crystal structure
LuNiSb and Lu;..VNiSb
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Thus, doping p-LuNiSh by atoms with large atomic radii, in particular, Zr (rz-= 0.160 nm) and Sc
(rse= 0.164 nm), by substituting in position 4a the rare earth metal atom Lu (rz,= 0.173 nm) did not lead
to occupation by doping atoms of other crystallographic positions. Moreover, the substitution of Lu
(5d'6s?) by Sc (3d'4s?) generated in Lu;.Sc:NiSb defects of neutral nature (Lu and Sc are located in the
same group of the periodic system of chemical elements)), and in the case of introducing Zr (4d?5s?)
atoms— defects of donor nature (Zr has more d-electrons). Simulation of the free energy AG(x)
(Helmbholtz potential) and mixing enthalpy AH... showed the energetic feasibility of the existence of Lu,.
Zr«NiSbh and Lu;..ScyNiSb solid solutions [7, 8].

When doping p-LuNiSh with V (3d°4s?) atoms, introduced into the structure by substitution in
position 4a of Lu atoms, V' atoms simultaneously occupied different crystallographic positions in
different ratios [6]. The prerequisite for such changes in the crystal and electronic structures of Lu;.
«V:NiSb was the proximity of the atomic radii of V' (rr= 0.134 nm) and Ni (rx= 0.125 nm), when defects
of acceptor and donor nature are generated, and in the bandgap ¢, the respective energy states appear.

The results of the study of the structural, kinetic, and energy properties of the semiconductor solid
solution Tm..V:NiSb, x = 0 - 0.10, presented below will allow us to understand the nature of the defects
of the basic semiconductor p-TmNiSh, which will make the process of optimizing the characteristics of
the thermoelectric material predictable.

Research methods

The crystal structure, electrokinetic and energy properties of the Tm;..V.NiSh, x =0 - 0.1 solid
solution were studied. Tm,..V.NiSh samples were synthesized by fusing a batch of initial components in
an electric arc furnace in an inert argon atmosphere followed by homogenizing annealing for 720 h at a
temperature of 1073 K. Arrays of diffraction data were obtained using a STOE STADI P powder
diffractometer (CuKou radiation). Crystallographic parameters were calculated using the Fullprof
program [9]. The chemical and phase compositions of the samples were monitored by a microprobe
analyzer (EPMA, energy-dispersive X-ray analyzer). We measured the temperature and concentration
dependences of the resistivity (p) and the Seebeck coefficient (o) relative to the copper of Tm...V.NiSbh,
x=0-0.10 samples, in the temperature range 7 = 80 - 400 KW.

Research on the structural properties of Tm.ViNiSb

X-ray phase and structural analyses of 7m;.V.NiSb, x=0-0.1 samples showed that the
diffractograms of the samples contain no traces of other phases and are indexed in the MgAgAs structural
type. X-ray structural studies also made it possible to establish the nature of change in the unit cell period
a(x) of Tm...V.NiSh. Based on the fact that the atomic radius of 7m (7= 0.174 nm) is much larger than
the atomic radius of V' (ry = 0.134 nm), we expected to obtain a decrease in the values of the unit cell
period a(x) when Tm atoms are replaced by J atoms in the position 4a. Such substitution should have
generated in the crystal structure of 7m..V.NiSh defects of donor nature and their corresponding impurity
donor states in the bandgap &, of the semiconductor.

However, the results of X-ray structural analysis of 7Tm...V.NiSb solid solution samples do not
show, as expected, a monotonous decrease in the values of the unit cell period a(x) (Fig. 3). Thus, in the
area of concentrations x = 0 - 0.03, the values of the period a(x) increase, pass through a maximum, and
begin to decrease at x > 0.03. The non-monotonic change in the values of the fundamental structural
parameter of the Tm...V:NiSh solid solution is experimental evidence that } atoms introduced into the
TmNiSb compound not only replace 7m atoms in position 4a, but also partially occupy other

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2023 35



V. A. Romaka, Yu. V. Stadnyk, L. P. Romaka, P. Yu. Demchenko, A. M. Horyn, T. I. Lukovskyi
Experimental investigations of the properties of a new thermoelectric material Tm . V.NiSb

crystallographic positions. By the way, when studying the related semiconductor solid solution
Lu...V.NiSh, we obtained a similar behavior of the unit cell period a(x) (Fig. 3, inset) [6]. Studies have
shown that in Lu;..V:NiSb, V atoms simultaneously occupy the crystallographic positions 4a of Lu atoms
and 4c¢ of Ni atoms in different ratios, generating structural defects of acceptor and donor nature.

0.6252+
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0.62514 *" Tm,_V.NiSh "\
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Fig. 3. Change in the values of the unit cell period a(x) of Tm ..V NiSbh, inset:
change in the unit cell period a(x) of Lu;..V.NiSb [6]

0.62471

Based on geometric considerations, we can assume that the increase in the unit cell period a(x) in
the area of concentrations x = 0 - 0.03 7m,..V:NiSh could simultaneously be caused by two processes:

a) occupation by V atoms of vacancies (V) in the crystallographic position 4a;

b) partial occupation by V atoms of the 4¢ position of Ni atoms, since the atomic radius V'
(rv=0.134 nm) is greater than the atomic radius of Ni (rx = 0.125 nm).

In this case, the following processes will occur in the electronic structure of the 7m..V.NiSb solid
solution at concentrations of x = 0 - 0.03:

a) occupation by J atoms of vacancies (V) in position 4a, which acted as structural defects of
the acceptor nature and generated acceptor states, will lead to the simultaneous elimination of defects of
acceptor nature and now generates effects of donor nature with the appearance in the bandgap &, of the
corresponding donor states;

b) occupation by V atoms of the 4¢ position of Ni atoms generates structural defects of acceptor
nature, since V' (3d*4s?) atom has fewer d-electrons than Ni (3d®4s?) atom, and corresponding acceptor
states are generated in the bandgap.

A decrease in the unit cell period a(x) in the semiconductor solid solution 7m..V:NiSbh at
concentrations x > 0.03 can only cause the replacement of 7m atoms (rz.» = 0.174 nm) by V atoms
(rr=0.134 nm) in the crystallographic position 4a. In this case, structural defects of donor nature will
be generated in the 7m...V.NiSh semiconductor, since V' (3d*4s?) atoms have more d-electrons than 7m
(5d°6s?) atoms, and corresponding donor states will appear in the bandgap.

Insignificant concentrations of impurity /" atoms and relatively low accuracy of X-ray structural
studies did not allow establishing the fact of ordering the crystal structure of the semiconductor.
Therefore, we are aware that the results of structural studies do not fully reflect possible transformations
in the structure of Tm...V.NiSb. Therefore, the above considerations regarding changes in the crystal
structure based on the behavior of the unit cell period a(x) of Tm...V.NiSb are of an evaluative nature.
The following results of studying the kinetic and energy properties of 7m...V.NiSh will make it possible
to clarify conclusions about possible changes in the structure of the thermoelectric material. On this
basis, it will be possible in the future to model crystal and electronic structures as close as possible to
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the real state of matter, which will be the basis for optimizing the kinetic properties of the thermoelectric
material by choosing doping conditions.

Research on the electrokinetic and energy properties of Tm;..ViNiSbh

The temperature and concentration dependences of the resistivity p and the Seebeck coefficient a
for the samples 7m...V.:NiSh, x =0.02 - 0.10, are given in Figs. 4 - 6. The dependences In(p(1/7)) and
a(1/T) for Tm..V.NiSb, x =0 - 0.10 are typical for doped and compensated semiconductors with high-
and low-temperature activation regions, which indicates the presence of several mechanisms of
electrical conductivity. The dependences In(p(1/7)) for Tm .V NiSbh, x = 0 - 0.10 samples are described
using a well-known relation (1) [10, 11]:

p'(T)=p," exp L +p, exp & : (1)
k,T k,T

where the first term describes the activation of current carriers €,° from the Fermi level &- into the zone
of continuous energies, and the second, low-temperature, hopping conduction through the impurity
states es» with energies close to the Fermi energy €. Calculations showed that in the basic semiconductor
p-TmNiSb the Fermi level €r is located at a distance of €1 = 53.4 mel from the ceiling of the valence
band ¢y. This result coincides with the one obtained earlier [5].
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Fig. 4. Temperature dependences of resistivity In(p(1/Tx)) (a) and the Seebeck coefficient a(1/T,x) (b)
of Tm . ViNiSh: 1 —x=0.05; 2 —x=0.03; 3 —x=0.02; 4—x=0.08; 5 —x=0.10

From the activation sections of the dependences of the Sebeck coefficient a(1/7) of Tm...V.NiSb
(Fig. 4b), which are described by expression (2) [12], the values of the activation energies €:* and &:°,

were calculated, which give, respectively, the values of the modulation amplitude of continuous energy
zones and small-scale fluctuations of a heavily doped and compensated semiconductor [10]:

kgl €°
o=—| —-7+1]|, 2
ol £ o

where v is a parameter that depends on the nature of scattering mechanism.

Doping p-TmNiSb with the lowest in the experiment concentration of 7 atoms by substituting 7m
atoms in the 4a position at concentrations x = 0 - 0.02 is accompanied by a decrease in the value of the
electrical resistivity p(x, 7) for all investigated temperatures, for instance, at 7=80 K from
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pr=0=91.1 puOhm-m to ps=0.02 = 67.7 pOhm-m. In doing so, the values of the Seebeck coefficient a(x, 7)
at these concentrations and the studied temperatures remain positive, pointing to the location of the
Fermi level €~ in the bandgap &, near the valence band &y (Figs. 5, 6).

A decrease in the values of the electrical resistivity p(x, 7) of Tm...V:NiSh at concentrations
x=0-0.02 in the hole-type semiconductor is possible only in the case of increasing the concentration
of free holes during the ionization of acceptors. Incidentally, we recall that in this area of concentrations
there was an increase in the values of the unit cell period a(x) (Fig. 3), and this is possible only if the V/
atoms occupy the 4c¢ position of the Ni atoms. Since the V' (3d°4s?) atom has fewer d-electrons than the
Ni (3d%4s?) atom, this substitution generates structural defects of an acceptor nature, and corresponding

acceptor states appear in the bandgap. It is their contribution that is decisive in reducing the values of
the resistivity p(x, T) of Tm...V:NiSbh at x =0 - 0.02.
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Fig. 5. Change in the values of the electrical resistivity p(x,T) and the Seebeck coefficient a(x,T)
of Tm ..V NiSb at different temperatures
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Fig. 6. Change in the values of activation energy &/”(x)
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Analysis of the behaviour of the Fermi level - in the area of concentrations x =0 - 0.02 also

indicates an increase in the concentration of acceptor states in 7m..V.NiSh (Fig. 6). If in p-TmNiSbh the
Fermi level er is located at a distance of er = 53.4 meV from the ceiling of the valence band ¢y, then in
TmossVoo2NiSh it has approached the valence band at a distance of &- = 32.2 meV. And this is possible
in a p-type semiconductor only if the concentration of acceptor states increases. At higher concentrations

of V atoms in the region 0.02 <x < 0.04, the values of the resistivity p(x, 7) Tm..V:NiSb increase, for
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example, at 7= 80 K from py=9.02=67.7 uQ-m to py=0.04= 200.3 uQ-m. At a concentration of x = 0.03,
the sign of the Seebeck coefficient a(x, 7) changes from positive to negative, and electrons become the
majority carriers. An increase in the values of electrical resistivity p(x, 7) in the concentration range
0.02 < x <0.04 and a change in the sign of the Seebeck coefficient a(x, T) is evidence of the appearance
in the semiconductor of a powerful source of free electrons, which are carried away by acceptors, which
leads to a decrease in the concentration of holes.

In the semiconductor Tmo.07V0.03ViSh, the concentrations of ionized acceptor and donor states are
close, but there are more donors. At higher concentrations, electrons become the majority carriers in
Tm.V.NiSb. We associate the decrease in the values of electrical resistivity p(x, 7) and the negative
values of the Seebeck coefficient a(x, T) of Tm;..VNiSh at concentrations 0.04 <x (Fig. 5) with an
increase in the concentration of free electrons. The results of structural studies allow us to establish their
origin. Thus, at concentrations of 0.03 < x, there is a decrease in the unit cell period a(x) of Tm..V.NiSb
(Fig. 3). And this is possible only when 7m atoms ((rz»= 0.174 nmm) nm) are replaced by V' atoms
(rv=0.134 nm) in crystallographic position 4a. Given that V" atoms 3d*4s?) have more d-electrons than
Tm atoms (5d°6s?), defects of donor nature appear in 7m,..V:NiSh, and corresponding donor states appear
in the bandgap.

In addition, an increase in the concentration of donor states is accompanied by a drift of the Fermi
level & to the conduction band &c almost linearly (Fig. 6). Thus, if in Tm.96V0.04NiSb the Fermi level er
lay at a distance of er= 24.1 meV from the bottom of the conduction band &c,, then in the semiconductors
Tmo.04V0.06NiSh and Tmio.00V0.10NiSh the depth of the Fermi level er is er= 14.1 meV and er= 1.3 meV,
respectively.

In this context, it seems logical to ask why the Fermi level € at colossal concentrations of } atoms
generating donors remains in the band gap &, of 7m...V.NiSb and does not enter the conduction band &c?
After all, donor states are generated in 7m;..V:NiSh at these concentrations. In other words, what
structural changes of Tm...V:NiSb could cause such a significant impact on the electronic system of the
semiconductor that the dielectric-metal conduction transition, which is the Anderson transition [12], did
not occur?
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Fig. 7. Change in the values of the Seebeck coefficient a(1/T,x): 1 —x=0.03; 2 —x=0.05;
3 —x=0.08 (a) and Tyin on the dependence a( (1/T,x) (b) Tm ..V NiSb

The answer to this question is partially provided by the analysis of the behaviour of the
temperature dependences of the Seebeck coefficient a(1/7, x) of Tm,..V:NiSb (Fig 4b and 7). Fig. 7a in
an enlarged format shows fragments of the temperature dependences of the Seebeck coefficient a(1/7)
of Tm...V.NiSh (Fig, 4b) for three concentrations of J atoms: x = 0.03, x = 0.05 and x = 0.08. We recall
that at all investigated temperatures the sign of the Seebeck coefficient a(1/7, x) remained positive at
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concentrations of x =0 - 0.02. In the semiconductor 7mos7Vo0sNiSb the sign of the Seebeck coefficient
a(l/T, x) is already negative but the behaviour of the dependence a(1/7, x) turned out to be non-
monotonic (Fig. 7a ). We can see that at a temperature of Tmin = 295 K, the dependence passes through
a minimum, and as the temperature increases, the values of the Seebeck coefficient decrease rapidly,
and the dependence itself changes with a tendency to a possible change of sign at higher temperatures,
which we did not reach in the experiment. This minimum on the dependence a(1/7, x) of Tmo.s7V0.0:NiSh
at the temperature Tmin~295 K indicates the presence of acceptor states of unknown origin in the
semiconductor of the electronic conductivity type, the contribution of which to the conductivity
increases with a rise in temperature. The temperature dependences of the Seebeck coefficient a(1/7, x)
of semiconductors T710.9sVo0sNiSb and Tros2Vo:NiSh also have minima at temperatures 7min= 365 K and
Twmin= 377 K, respectively. However, at the highest /" concentration, there is no such minimum on the
temperature dependence a(1/7,, x) of the TmosVo.10NiSh semiconductor, hence the influence of acceptor
states on the behaviour of the Seebeck coefficient at the studied temperatures was not revealed. Fig. 7b
shows the experimentally determined dependence of temperature minima (7min) on the dependence of
the Seebeck coefficient a(1/7, x) on the concentration of impurity V atoms in 7m:«V.NiSh. We can see
that the higher the concentration of 7 atoms, the higher the temperature at which a minimum appears on
the dependence of the Seebeck coefficient a(1/7, x).

Since the Seebeck coefficient by its nature is sensitive to a change in the ratio of current carriers
of different signs, the change in the behavior of the Seebeck coefficient a(1/7, x) in the semiconductor
now of the electronic conductivity type Tm:.V.NiSh, 0.03 <x, is manifestation of the influence of
acceptor states of unknown nature on its electronic structure.

It turns out that the acceptor states that appear in 7m...V.NiSh at high temperatures have a different
depth and origin than the acceptor states caused by vacancies in the 4a position of 7m atoms. We can
assume, as in the case of the related solid solution Lu,..V:NiSh [6], that in Tm,..V.NiSh, the V (3d*4s”) atoms
simultaneously in different proportions occupy both position 4a (vacancies and replace 7m atoms), and
replace in position 4c the atoms of Ni (3d*4s?), generating structural defects of donor and acceptor nature
and the respective energy states. At the same time, a question may arise regarding the correlation of such
a conclusion with a change in the unit cell period which should increase when the Ni atoms (rv= 0.125
nm) are replaced by V (r, = 0.134 nm). We analyze the range of concentrations by which both the unit cell
period a (x) of Tm...V.NiSb (Fig. 3), and the value of electrical resistivity p(x, 7) decrease (Fig 5).

In this context, it is important to understand that the unit cell period o(x) of Tm..V:NiSb is an
integral parameter, reflecting changes in the semiconductor structure. Thus, the atomic radius of 7m is
much larger than the atomic radius of V, and their ratio is rm/ry = 1.30. In turn, the atomic radius of V'is
slightly larger than the atomic radius of Ni, and their ratio is equal to rv/rn=1.07. Therefore, the
contribution to the change in the unit cell period a(x) of 7m...V:NiSb from structural changes in position
4a of Tm atoms is decisive. Even under the hypothetical condition of the same distribution of impurity
V atoms in positions 4a and 4¢ the values of the unit cell period a (x) of Tm...V:NiSb will decrease.

The final establishment of the nature of the detected anomalies in the behavior of the Seebeck
coefficient a(1/T, x) of Tm..V.NiSh requires additional research, in particular, modeling the behavior of
the Fermi level €r under different variants of the spatial arrangement of atoms in the array of the basic
semiconductor p-TmNiSh and their comparison with experimental the results of this work. This will
make it possible to establish the peculiarities of the crystal and electronic structure of p-7TmNiSbh, since
they determine the way impurity atoms enter the array of the semiconductor, which determines the
formation of structural defects of various nature and the appearance of the corresponding energy states
in the bandgap &,. However, this is the task of another study.
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Conclusions

According to the results of a comprehensive study of the structural, kinetic, and energy properties
of the Tm...V.NiSb semiconductor solid solution obtained by introducing V" atoms into the p-7TmNiSh
structure by substituting 7m atoms in the crystallographic position 4a, a complex nature of structural
changes was revealed. It is shown that V" atoms can simultaneously occupy different crystallographic
positions in different ratios, generating structural defects of acceptor and donor nature. This gives rise
to the corresponding acceptor and donor states in the bandgap &, of Tm...V.NiSb. The mechanism of
formation of two types of acceptor states with different depth of occurrence in 7m...V.NiSb: shallow
acceptor states generated by vacancies in the structure of the half-Heusler phase TmNiSh and deep
acceptor states formed by defects when Ni atoms are replaced by V in the 4¢ position. The ratio of the
concentrations of generated defects determines the position of the Fermi level & and the conduction
mechanisms. The investigated Tm...V:NiSbh solid solution is a promising thermoelectric material.
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EKCIEPUMEHTAJIBHI JIOCJIIIKEHHSA BJIACTUBOCTEN
HOBOTI'O TEPMOEJIEKTPUYHOI'O
MATEPIAJLY TmiViNiSb

Jlocniooceno cmpyKmypHi, KiHemMuuHi ma eHepeemuyHi GIACmU8OCmi MepPMOeneKMPUUHOSO
mamepiany Tm.V.NiSb y oianasonax: T=80—-400K, x =0—0.10. Iloxazano, wo amomu V
MOJCYMb OOHOYACHO Y PISHUX CHIGBIOHOWEHHAX 3aUMAmMU pPI3HI KPUCManiocpagpiuui nosuyii,
2eHepylouu oepexmu akyenmoproi ma 0oHopHoi npupodu. Lle nopodacye y 3a60poHeniti 30Hi &,
Tm .V NiSb 6i0nogioni axyenmopHi ma OoHOpHI cmanu. BcmanogneHo mexanizm opmyeanHs y
Tm 1 V<NiSb 060x copmis akyenmopnux cmamuis 3 pizHoio enubunoo 3a12anua.; Opioni akyenmopu,
nopoodicena eaxaucismu y cmpykmypi ¢gasu nig-I'eticnepa TmNiSb, ma eauboki axyenmopu,
ymeopeHi Oeghexmamu npu samiwenni y nosuyii 4c amomie Ni na V. Cniegionowients KonyeHmpayit
2eneposanux Oeexmis GusHauac NoodiceHHsr pieHa Depmi er ma Mexawizmu NPOGIOHOCHMI.
Jlocrioocenuti meepouti posuun Tm . V.NiSbh € nepcnexmuenum mepmoereKkmpusHum Mamepiaiom.
bion. 12, puc. 7.

Kiro4uoBi ciioBa: erekmponna cmpykmypa, enekmpoonip, koegiyienm mepmoEPC.
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MACHINE LEARNING IN THERMOELECTRIC
MATERIALS SCIENCE

The paper presents machine learning methods and their application in thermoelectric materials
science. The results of their application, strong points and application areas are shown. The
difficulties that arise in the process of predicting the properties of thermoelectric materials and ways
to overcome them were taken into account. Bibl. 30, Fig. 1, Tabl. 2.

Key words: machine learning methods, thermoelectric materials science.

Introduction

General characterization of the problem. Machine learning plays an increasingly important role
in the intensification of scientific research and discoveries. New approaches and methods open up the
possibility of speeding up the discovery of new promising materials [1 — 3], optimization of device
manufacturing technologies [4, 5], calculation of the most economically advantageous solutions under
given conditions [6].

As noted in article [7], the property of thermoelectricity is its use in areas that shape scientific
and technological progress, therefore it is developing primarily in the leading countries of the world.
Thermoelectric materials have great potential; today they serve as the basis for generating, cooling and
sensor devices and sensors, which have found application in all spheres of life from medicine to space.
However, the selection of the optimal thermoelectric material for given conditions, its search or
optimization is not a trivial task, requiring significant time and material costs.

There are a number of studies on the use of machine learning in thermoelectric materials science;
they show high efficiency and low cost of use compared to traditional approaches.

The purpose of the work is to consider machine learning methods and highlight the results of their
application in thermoelectric materials science.

Supervised machine learning methods in thermoelectric materials science

Machine learning is a field of scientific research that studies the ability of a computer to learn
without being pre-programmed [7]. Machine learning algorithms can be divided into two groups:
supervised and unsupervised. Each of these groups has its own scope and the algorithm that can give
the most accurate result under the given conditions is chosen.

Supervised machine learning is the construction of algorithms capable of finding general patterns
and hypotheses using externally obtained training and test data sets. Such an algorithm studies certain
patterns in the training data set for further verification on test data sets [8].
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Unsupervised machine learning — recognition of patterns and sets of similarities without the
involvement of target attributes, all variables that are present in the training data set participate in the
analysis, owing to which such algorithms become useful for clustering and associative segmentation [9].

Machine learning models rely on three key components: training data, descriptors, and an
algorithm. Training data are sets of examples from which the algorithm tries to obtain chemical trends,
descriptors are low-level characteristics of materials (crystal structure, chemical formula, average
atomic number, etc.), which allows to "vectorize" a chemical material and make it suitable for further
machine learning. learning algorithm — polls training vector data in combination with a certain template
[10].

Kamal Choudhary et al. [11] in their work on the search for highly efficient 3D and 2D
dimensional thermoelectric materials use supervised learning algorithms, namely: decision trees,
random forest of decision trees, k nearest neighbors, multilayer perceptron and gradient amplification
techniques.

A decision tree is a popular machine learning algorithm when the task is to classify a data set or
perform regression, this solution effectively copes with missing values and possible errors in the data
set [12]. A graphical representation can be represented as a tree, where the nodes represent the
validation of conditions for the data and the branches represent the possible outcomes of those
conditions. Data for use in this method are partitioned into subsets based on entropy, Gini coefficient,
etc. In the article by Alrebdi et al. [13], this method is used to predict the thermal conductivity of
thermoelectric materials based on Bi7es. Decision trees are often used as the basis for ensemble
methods, such as a random forest of decision trees.

The main idea of the random forest ensemble method is to create subsets of training data and
train individual decision trees for further averaging of predictions (regression task) or combination
(classification task). This approach makes it possible to obtain much higher accuracy of forecasts. The
advantages of this algorithm include the evaluation of data structure and dependencies for data analysis,
and the disadvantages include a relatively slow learning speed due to the need to create and train a large
number of individual trees. In the work of Chen et al. [14] the random forest method is used to discover
new M2X3 thermoelectric materials with only composition information.

Gradient amplification is used for the composition of weak models (decision trees), gradient
descent is used, which allows minimizing the loss functional. Increasing the accuracy of predictions is
achieved by adding new models that correct the errors of previous models. This method is widely used
and is included in well-known libraries such as XGBoost, LightGBM, CAT Boost. Sheng et al. [15]
used this algorithm to predict the power factor in diamond-like thermoelectric materials.

K-nearest neighbors is one of the simplest supervised machine learning algorithms, which is
based on the classification of a new object given the classes of K nearest neighbors. For example, the
Euclidean distance can be used to determine the nearest neighbor. This can lead to slow learning of the
algorithm on large data sets due to the need to calculate the distance between all pairs of objects.
Gyoung et al. [16] use K-nearest-neighbor regression to predict the target value for the input data by
interpolating the K-nearest-neighbor target values in the training data.

The multilayer perceptron belongs to more advanced machine learning algorithms. It is a neural
network consisting of three or more layers, each of which contains several neurons. The algorithm uses
backpropagation of error for training, which allows to optimize the weights of the neural network using
gradient descent. Thus, each neuron, receiving input data, calculates their internal sum and applies some
activation function: sigmoid, hyperbolic tangent, etc., adding nonlinearity to the value of the neuron.
Uysal et al. [17] use a multilayer perceptron algorithm to estimate the Seebeck coefficient for a p-type

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2023 45



M. M. Korop
Machine learning in thermoelectric materials science

high-temperature thermoelectric material. This algorithm can serve as a basis for more complex neural
networks of the convolutional neural network type.

Unsupervised machine learning methods in thermoelectric materials science

Unsupervised machine learning algorithms are effective when working with datasets that do not
contain labels, allowing for hidden structures to be found. Thus, there is an opportunity to carry out
clustering to group materials based on their chemical, mechanical or physical properties, identifying
their new classes or properties that are common to a certain group. They are also used in the search for
anomalies and defects due to the search for deviations from standard values. One of the main
applications is the automatic search for combinations of elements or parameters to obtain optimal
materials under given conditions or to carry out their optimization. Jia et al. [18] use
K-means, Gaussian mixture, DBSCAN, AGNES, Birch to search for promising semi-Heusler
thermoelectric materials, and Iwasaki et al. [19] use the LASSO algorithm (Method of Minimization of
Absolute Compression and Operator Selection) to identify modern materials based on spin-
thermoelectric material.

K-means works by dividing the data set into clusters (groups) and aims to minimize variability
within clusters and maximize between them. K determines the number of clusters specified by the user.
The algorithm uses K arbitrary centroids and places the data record in the closest one. After completing
the placement of objects, the centroids calculate their average value in the cluster, this process happens
iteratively until the centroids stabilize and equilibrium occurs. Sheng et al. [20] use this method to
accelerate the discovery of Cu-Sn-S thermoelectric compounds using high-throughput synthesis.

The combination of Gaussian divisions is a statistical model and represents a Gaussian sum,
where the skin component contains the mean, dispersion and value. This algorithm is often used to
generate elliptic shapes in data clusters. To set the parameters, the method of maximizing likelihood
through the EM algorithm (Expectation-Maximization) is used. Shimizu et al. [21] use this method for
gate analysis of several target parameters in materials design.

DBSCAN, AGNES and Birch are clustering algorithms used to measure the distance or similarity
between data points, their main goal is to detect natural groups in data without the need to explicitly
specify the number of clusters.

DBSCAN (Density-Based Spatial Clustering of Applications) works by identifying clusters
based on large density variance.

AGNES (Agglomerative Nesting) — gradual unification of objects into hierarchical clusters and
visualization using a dendrogram.

Birch — the algorithm is optimized for clustering large data sets, allowing them to be processed
quickly.

These methods are often employed to discover new groups of promising materials and are used
in a number of works [18, 22].

The LASSO regression method works by L regularization, reducing the coefficients of some
variables to zero, which facilitates feature selection and helps to highlight the most important features
from a large set of features. One drawback follows from this - with signs that are strongly correlated,
only one can be taken into account.

When searching for and optimizing a thermoelectric material, the efficiency of the material can
be affected by electrical conductivity, thermal conductivity, the Seebeck coefficient, and other
parameters. Using this method, you can determine the set that will give the most accurate result. Also,

46 Journal of Thermoelectricity Nel, 2023 ISSN 1607-8829



M. M. Korop
Machine learning in thermoelectric materials science

it provides an opportunity to understand how changing conditions (temperature, pressure, etc.) will
affect their properties and to understand the mechanisms of this influence. Wudil et al. [23] use this
method to evaluate the performance of materials based on Bi,Tes.

Results of the application of machine learning in thermoelectric materials science

In the paper by Gaultois et al. [10] published in 2015, the authors were among the first to develop
an electronic system for evaluating the parameters of thermoelectric alloys in real time based on
machine learning. In the illustration presented by them it is clear that the best studied thermoelectric
materials lie in a certain region of the periodic table (black and blue dots), chalcogenides and p-
elements, while orange dots highlight new material alloys proposed by the system based on machine
learning and these materials are placed outside the known materials (pure intermetallics).
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Fig. 1. The periodic table of elements based
on the composition-weighted average
of the positions of the elements in the material [10]

The authors of this paper have developed a machine model that provides recommendations on
the suitability of new thermoelectric alloys for further research, but such a model does not return
quantitative predictions of thermoelectric properties or accurate identification of thermoelectric alloys.
Such a machine learning-based recommendation system looks for empirical, chemical patterns in
experimental data on known thermoelectric materials in order to make statistical predictions about the
performance of new materials. When checking the obtained results, the system provided results with
high accuracy, where the error distribution for various material properties approaches 0. As a result,
several interesting thermoelectric alloys were found selected from the list proposed by the algorithm
and experimental confirmation of thermoelectric properties [23 — 25] (Table 1).

Table 1

Several promising new thermoelectric compounds selected from the calculated list. P values
refer to the model s level of confidence that a given material will exhibit room temperature values of
a certain property (for instance, S or p) within target values [10]

Material Ps P, Py Poop Comments
TaPOsand High polyhedral connectivity and
0.894 | 0.793 | 0.958 | 0.987 .
TaVO:s structural superlattices
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Continuation of table 1

Recently reported to be a good

Tl,SbTes 0.845 1 0.871 | 0.999 | 0.876 thermoelectric material (z7 = 1 at 600 K)

High mass contrast, high polyhedral
TaAlOs 0.893 | 0.703 1 0.977 | connectivity (7aOs octahedra dividing
edges and vertices)

High polyhedral connectivity (3-D
angular connection of CrOs octahedra),
SrCrO; 0.772 | 0.767 | 0.996 | 0.95 . .
metallic, when created under high

pressure.

High polyhedral connectivity: layered,

TaSbOs 0.892 | 0.919 1 0.997 edge-sharing MOs octahedra

TiCoSb is not a new compound, but has
been studied as a high z7 material.
TiCoSh 0.981 | 0.714 | 0.958 | 0.833 . . .
However, it was not included in the

training data.

Thanks to machine learning, the authors managed to be the first to propose an experimentally
viable new compound from a real white chemical space, where no previous characteristics indicated
promising chemical processes [10].

Another area where machine learning can find promising application is finding the dependences
and parameters of the spin-controlled thermoelectric effect (STE) [19, 26]. Such devices could provide
a universal thermoelectric technology with scalable production, but this is hindered by a lack of
understanding of the fundamental physics and properties of the materials responsible for the effect. The
article by Iwasaki et al. [19, 26] claims the synthesis of a material that helped in the identification of a
new STE material with a thermal EMF that is an order of magnitude higher than that of the current
generation of devices.

Recent works describe the emergence of new, more accurate models, which, in addition to
predicting probably new interesting thermoelectric materials for research, also learn to predict the
properties of materials with high accuracy, the coefficient of determination R, = 0.91-0.959 for well-
studied materials [27 — 29].

One of the challenges facing improving the accuracy of such machine learning models is the
creation of complete and high-quality databases of material properties, as well as access to them [30].
Despite the constant growth of interest in the application of machine learning algorithms for the search
and discovery of new materials, today we have very modest tools compared to other areas of its
application, namely image processing and industrial production. The degree of freedom (DoF) is the
number of model variable parameters that are statistically significant. The degree of freedom directly
affects the desired size of the required training data sets, so it is common to use models with a limited
number of variable parameters and an approximate estimate of properties in the search space.

In the article by Gyoung S. Na et al. [31] a publicly open database of educational data was
formed, obtained through a literature search containing the chemical structure and experimentally
measured thermoelectric properties of materials. These data are presented in table form (Table 2) and
total 5205 experimental values.
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Table 2
Description of the collected characteristics in the ESTM data set [31]. The first value is the
chemical composition of the collected thermoelectric materials, which must be translated into a

digital representation when applied in machine learning models, the second value is the temperature.

Other parameters were obtained either experimentally or theoretically calculated

Units of
Property name Range Average value
measurement
Chemical
composition
Temperature K [10, 1275] 539.28+192.42
Seebeck coefficient uV/K [-1174,1052.4] 73.18 £208.92
Electrical
eetrica S/m (0.9.47E +07) 1.10E + 05 + 1.47E + 06
conductivity
Thermal
.. W/ m * K) [0.07, 77.16] 2.25+3.29
conductivity
Power factor W/ (m * K?) (0. 7.61E—03) 9.92E—04+1.12E-03
ZT - (0.2.28) 0.35+0.35

As a result, based on the collected database, the authors of [31] developed a machine model that

achieved an accuracy of R above 0.9 in predicting 5 thermoelectric properties of materials and showed

an average absolute error of less than 0.06 when predicting Z7. In addition to the publicly available

dataset, the authors have developed a method for representing alloys and alloyed materials called
System Identifiable Material Description (SIMD). Based on transfer learning using SIMD, it was

possible to improve the R, from 0.13 to 0.71 when extrapolating to predict the ZT of materials from

unexplored groups to find new high-performance materials.

Conclusions

1.

The study of supervised and unsupervised machine learning methods used in thermoelectric
materials science to optimize existing and search for new promising thermoelectric materials is
considered.

Thanks to new opportunities, it becomes possible to further develop those areas of science that do
not contain a perfect fundamental understanding, for example, the spin-driven thermoelectric
effect, a deep understanding and determination of the interdependence between parameters that
affect the efficiency of a thermoelectric material.

The accuracy of the latest models is high. However, their further improvement is limited by the
space of well-studied materials and existing databases of experimentally collected thermoelectric
properties of materials or theoretically calculated using alternative methods.

The author expresses his sincere gratitude to his supervisor, Lukyan Ivanovich Anatychuk, for

the proposed topic of the work and useful remarks.
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MAIIMHHE HABYAHHSA B TEPMOEJIEKTPHYHOMY
MATEPIAJIO3HABCTBI

YV pobomi Hasoosmbcs  mMemoou  MAWUHHO20 — HAGUAHHS MA  IXHE 3ACMOCYBAHHS 6
mepmoereKmpuiHomy mamepianosnascmsi. Iokasano pesynbmamu ixub020 3aCMOCY8ANHS, CUTbHI
cmopoHu ma obaacmi 3acmocygannsi. Byno 63amo 0o yeazu ckiaoHowi, IKi GUHUKAIOMb Y NPoYeci
NPOCHO3YEAHHSA GLACMUBOCICI MEPMOCTICKMPUYHUX MAMEPIanie ma cnocobu ix nooonanis. Bion.
30, puc. 1, maba. 2.

Karo4oBi cjioBa: METOIM MAIIMHHOTO HABYAHHS, TEPMOECIICKTPUIHE MaTepiaTo3HaBCTBO.
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COMPUTER DESIGN OF A THERMOELECTRIC PULMONARY
AIR CONDENSER FOR THE DIAGNOSTICS OF CORONAVIRUS
AND OTHER DISEASES

The physical model of a thermoelectric device for collecting exhaled air condensate is considered.
By means of computer simulation, the distribution of temperature and velocity of air movement in
the working chamber of the device was determined depending on the temperature of the working
chamber, as well as humidity, temperature and volume of exhaled air. The results of calculations of
the cooling efficiency of thermoelectric modules, necessary to ensure the specified modes of
operation of the device, are given. Bibl. 6, Fig. 9.

Key words: diagnostics, coronavirus, condensate, exhaled air, thermoelectric cooling.

Introduction

The coronavirus disease COVID-19, caused by the severe acute respiratory syndrome coronavirus
SARS-CoV-2, is attracting the attention of doctors, researchers, politicians and communities around the
world. COVID-19 is the third major outbreak of a coronavirus in the last two decades, with a greater
global impact than the previous outbreaks of coronaviruses in 2003 (SARS-CoV) and 2012 - 2015 and
2020 (MERS-CoV). Transmission of SARS-CoV-2 could be enhanced by spread from individuals with
asymptomatic and mildly symptomatic disease. Diagnostic testing plays a crucial role in overcoming
the pandemic of the coronavirus disease COVID-19. Rapid and accurate diagnostic tests are essential
for identification and treatment of infected individuals, contact tracing, epidemiologic characterization,
and healthcare decision-making.

Modern diagnostic testing for the coronavirus disease COVID-19 is based on the detection of the
SARS-CoV-2 coronavirus in swab samples from the nasopharynx by the reverse transcription polymerase
chain reaction (RT-PCR) method. However, this test is associated with an increased risk of viral spread
and environmental contamination and shows a relatively low sensitivity due to technical shortcomings of
the sampling method. Given that COVID-19 is transmitted through aerosols and droplets exhaled by
humans, the detection of SARS-CoV-2 in lung condensate may serve as a promising non-invasive
diagnostic method. This method is proposed in the works of scientists from Japan, the USA, Ireland and
other countries as a more sensitive and reliable method of detecting COVID-19 [1 — 4]. Usually, special
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devices are used to collect condensate - condensers, in which vapors from the air exhaled by a person
condense at a temperature from 0 to -70 °C and are collected in a container for further research by the RT-
PCR method [5].

It is important to ensure a controlled low temperature of the condenser, convenience, low cost and
safety of using such a device. Lowering the condensation temperature makes it possible to speed up
obtaining the amount of biological material required for research. At the same time, the operating
temperatures of condensers that use ice at 0°C or compressor cooling down to -20 °C are not efficient
enough and do not provide a high condensation rate. In addition, compressor condensers are complex,
expensive, with insufficient control and maintenance of operating temperature, as well as the presence
of dangerous refrigerants. There are attempts to make thermoelectric condensers of exhaled air, but their
thermoelectric capabilities are not used to the maximum (the operating temperature level up to -20 °C).
The temperature of -70 °C, which is achieved using dry ice (solid CO»), is excessive and extremely
inconvenient for operation, which radically reduces the possibilities of using this method. Therefore, it
is important to create a thermoelectric condenser with precisely controlled temperatures below -20 °C
and close to -70 °C without using dry ice.

The purpose of this work is the computer design and development of the design of the
thermoelectric pulmonary air condenser for the diagnostics of coronavirus and other diseases.

Physical and computer models of thermoelectric pulmonary air condenser

The thermoelectric device for collecting condensate from the air exhaled by a person contains a
cooling unit, a power supply unit and a respiratory circuit. The physical model of its main element, the
cooling unit, is shown in Fig. 1.
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Fig. 1 — Physical model of the cooling unit of a thermoelectric device for collecting condensate
from the air exhaled by a person: 1 — thermostat (device body); 2 — tube for collecting condensate;
3 — working chamber, 4 — thermoelectric modules; 5 — air heat exchangers,
6 —thermal insulation
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In Fig. 1:

G, Tair, @air — flow rate, temperature and relative humidity of air exhaled by the patient;

0o — cooling capacity of thermoelectric modules;

01 — heat flow entering the tube for collecting condensate together with the air exhaled by the
patient;

0> — heat flow removed from the test tube to the environment;

(3 — the heat released in the test tube during the condensation of exhaled air vapours;

04 — heat flow transferred from the walls of the test tube to the cooling chamber;

Qs — inflow of heat to the test tube from the environment through thermal insulation;

Qs — inflow of heat to the test tube from the air heat exchangers through thermal insulation;

(07 — heat flow removed from the air heat exchangers to the environment;

T1 — the temperature of the test tube walls;

T. — the cold side temperature of thermoelectric module;

Ti, — the hot side temperature of thermoelectric module;

T, — the temperature of air heat exchangers;

To — the temperature of environment (device body).

A computer model of the device was built using the Comsol Multiphysics software package. In
doing so, the following program modules were used.

1. Turbulent Flow. Allows simulating turbulent flow using a wide range of turbulence models, as
well as Large Eddy Simulation (LES) and Detached Eddy Simulation (DES). The eight turbulence
models differ in how they model flow near walls, the number of additional variables that are calculated,
and what these variables represent. All these models supplement the Navier-Stokes equation with an
additional eddy viscosity term of turbulence, but they differ in the way it is calculated.

2. Heat Transfer in Solids. Allows solving equation

oT

dS
pCP('a_f +Wipans VT] +V.-(q+q,) = —oT":

a9
where:

* p — density (SI unit: kg/m’);

* Cp — specific heat capacity at constant pressure (SI unit: J/(kg-K));

 T'— absolute temperature (SI unit: K);

* Uyans — vector of translational speed (SI unit: m/s);

» q — heat flow due to thermal conductivity (SI unit: W/m?);

* q; — heat flow due to radiation (SI unit: W/m?);

* o — coefficient of thermal expansion (SI unit: 1/K);

* S — the second Piol-Kirchhoff stress tensor (SI unit: Pa);

+ O comprises additional sources of heat (SI unit: W/m?).

For a stationary problem, the temperature does not change with time and conditions and
derivatives disappear with time.

3. Moisture Transfer in Air. Interface of moisture transfer in air solves the equation

de

v
MV§-+MVu-VcV+V-g =G
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in which the change in moisture content is expressed through the transfer of vapour concentration, which
itself can be expressed as the product of the molar mass of water, the relative humidity, and the vapour
saturation concentration:

¢y = ¢csat
with the following material properties, fields and source:

* M, (SI unit: kg/mole — molar mass of water vapour;

* ¢ (dimensionless) — relative humidity;

* Csar (SI unit: mole/m?®) — vapour saturation concentration;

+ D (SI unit: m?/s) — coefficient of vapour diffusion in air;

* u (SI unit: m/s) — air velocity field;

* G (SI unit: kg/(m®-s)) — moisture source (or absorber).

Transfer of vapour concentration occurs by convection and diffusion in moist air. It is assumed
that moisture consists only of vapour. In other words, the concentration of the liquid is zero.

4. Heat Transfer in Moist Air. It is used to model heat transfer in moist air by convection and
diffusion using thermodynamic properties defined as a function of the amount of vapour in moist air.

5. Multiphysics. Nonisotermal Flow. Non-isothermal flow refers to fluid flows with non-constant
temperatures. When a liquid undergoes a change in temperature, its material properties, such as density
and viscosity, change accordingly. In some situations, these changes are large enough to have a
significant effect on the flow field. And since the liquid transfers heat, the temperature field, in turn, is
affected by changes in the flow field.

6. Multiphysics. Moisture Flow.. The Moisture Flow multiphysics coupling is used to model fluid
flows where fluid properties (density, viscosity) depend on moisture content. The Moisture Flow
interface allows one to maintain vapour concentration, mass and momentum in the air. It synchronizes
the functions of the moisture transport and fluid flow interfaces when a turbulent flow regime is defined.

7. Multiphysics. Heat and Moisture. This Multiphysics relationship is used to model coupled heat
and moisture exchange processes in various environments, including moist air by modeling moisture
transport by vapour diffusion and convection and heat transfer by conduction and convection. The
thermodynamic properties of moist air depend on the moisture content, while the temperature is used to
define the saturation conditions for vapor concentration. This module synchronizes the functions of heat
transfer and moisture transport interfaces:

* determines the relative humidity ¢w (with appropriate temperature and pressure) to adjust the
appropriate input to the Wet Air function of the heat transfer interface;

* defines the temperature to set the model input data in the functions of the moisture transport
interface;

* calculates the latent heat source due to evaporation and condensation fluxes on surfaces and
adds it to the heat transfer equation.

The geometry of the working chamber with a tube for collecting condensate, as well as the mesh
of the finite element method used for calculations in Comsol Multiphysics are shown in Fig. 2.

The created computer model allows one to calculate temperature distributions in the working
chamber and tube for collecting condensate from air exhaled by a person, the velocity of air movement
in the tube, and determine the amount of condensate received.
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Fig. 2. A computer model of a thermoelectric device
for collecting exhaled air condensate

Computer simulation results

The used boundary conditions of the computer model correspond to the physical model shown in
Fig. 1. In this case, the average consumption of incoming air is determined by the number of exhalations
per minute and the volume of exhaled air. It is known from the literature that the typical number of
exhalations per minute is between 12 and 21. In doing so, the volume of exhaled air is equal to 0.3 - 0.7
1. The work [7] shows the results of experimental studies of the temperature and relative humidity of the
exhaled air: the temperature range of exhaled air is 31.4 - 35.4 °C for participants from Haifa and
31.4 - 34.8 °C for participants from Paris, and the exhaled air relative humidity range is 65.0 - 88.6 %
and 41.9 - 91.0 % for Haifa and Paris. participants respectively. That is, the temperature of air exhaled
by people is in the range of 34 - 35 °C, and the relative humidity of the air is high, 90 % and above,
regardless of geographical location.

The above ranges of input parameters were used for calculations. Fig. 3 shows typical temperature
and air velocity distributions in the working chamber and condensate collection tube. The following
input parameters were used for this case: temperature of the working chamber — 263.15 K; temperature
of the air exhaled by a person is 306.65 K; humidity of exhaled air — 70 %; the average air velocity at
the entrance to the test tube is equivalent to 12 exhalations per minute with an air volume of 0.31 1.

The computer model makes it possible to obtain similar distributions for other values of the input
parameters, to build the dependence of the amount of collected condensate and its temperature on these
parameters, to determine the requirements for thermoelectric modules and to optimize the design and
operating modes of the device.

Figs. 4, 5 give an example of the results of computer calculations of the condensate collection
velocity Pk (in ml per minute) and the thermal power Qo that must be removed from the working
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chamber at different values of the temperature of the working chamber 7k,, relative humidity of the
exhaled air @.ir,, temperature and exhaled air consumption.
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Fig. 3. Typical distributions of temperature (a) and air velocity (b)
in the working chamber
of the device for collecting exhaled air condensate
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Fig. 4. Dependences of the condensate collection velocity Vk on the temperature in the working
chamber Tx for different values of the relative humidity of the exhaled air (the temperature of the exhaled air
is 33.5 °C; the air consumption is equivalent to 18 exhalations per minute with
an exhalation volume of 0.5 )
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Fig. 5. Dependences of the thermal power Qo which must be removed from the working chamber,
on the temperature in the working chamber Tk for different values of the relative humidity
of the exhaled air (the temperature of the exhaled air is 33.5 °C; the air consumption is equivalent
to 18 exhalations per minute with an exhalation volume of 0.5 1)

Fig. 6 shows the dependence of the condensate collection velocity Vx on the exhaled air
consumption G for different temperature values of the working chamber Tk (at the exhaled air
temperature of 33.5 °C and its relative humidity of 90 %). It can be seen that lowering the temperature
of the working chamber from -10 °C to -50 °C allows you to increase the velocity of condensate
collection by 1.5 times. Fig. 7 shows the dependence of the thermal power Qy,, which must be removed
from the working chamber to ensure such operating modes.
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Fig. 6. Dependences of the condensate collection velocity Vx on the exhaled air consumption G
for different values of the temperature of the working chamber Tx (at the temperature
of the exhaled air 33.5 °C and its relative humidity 90 %)
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Fig. 7. Dependences of the thermal power Qo, which must be removed from the working chamber,
on the exhaled air consumption G for different temperature values of the working chamber Tx
(at the temperature of the exhaled air 33.5 °C and its relative humidity 90 %)

Based on the results of computer simulation, to ensure the necessary operating modes of a
thermoelectric device for collecting condensate from the air exhaled by a person, one module, for
example, Altec-2 type produced by the Institute of Thermoelectricity, is sufficient to maintain the
temperature of the working chamber at the specified cooling capacity of the module.

Using computer simulation in Comsol Multiphysics for the physical model shown above in Fig. 1,
the values of heat inflow from the environment Qi are calculated, consisting of heat Qs — heat inflow
into the test tube from the environment through thermal insulation) and Os— heat inflow into the test tube
from air heat exchangers through thermal insulation. The calculation results are shown in Fig. 8.
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Fig. 8. Dependences of heat inflow from the environment Qinfion. On the temperature
of the working chamber Tk for different hot side temperatures
of the thermoelectric module
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Taking into account the maximum values of the thermal power Qo,, which must be removed from
the working chamber for different values of its temperature 7k, the dependence of the total cooling
capacity of the thermoelectric module Qg On the temperature of the working chamber for different
hot side temperature values of the module was obtained (Fig. 9).
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Fig. 9. Dependences of the cooling capacity of the thermoelectric module Qooual.
on the temperature of the working chamber Tk for different hot side
temperature values of the thermoelectric module

Thus, in order to ensure the necessary modes of the working chamber of the device (temperature
below -20 °C) with a power consumption of the Altec-2 thermoelectric module of about 145 W and a
cooling capacity of up to 20 W, a heat exchange system is required, which will remove about 165 W of
heat with a temperature difference relative to the environment above 15 °C.

The presented results are the basis for the further development of the design of a thermoelectric
device for collecting exhaled air condensate.

Conclusions

1. A physical and computer model of a thermoelectric device was built for collecting condensate of
exhaled pulmonary air to determine the distributions of temperature and air velocity in the working
chamber of the device, to establish the patterns of heat transfer in such a device and to determine the
conditions that ensure the achievement of the required level of operating temperatures and
improvement of the efficiency of condensate collection.

2. The dependences of the distributions of temperature and air velocity in the working chamber of the
device on the temperature of the working chamber, humidity, temperature and volume of exhaled
air, and the amount of heat inflow from the environment are calculated. It has been established that
lowering the temperature of the working chamber from -10 °C to -50 °C makes it possible to increase
the velocity of condensate collection by a factor of 1.5.

3. Itwas established that to ensure the necessary operating modes of the device, namely, the temperature
of the working chamber below -20 °C, the cooling capacity of thermoelectric modules should be
15-20W.
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u\ COMPUTER METHOD OF DESCRIPTION OF

TECHNOLOGIES AND PROPERTIES OF
THERMOELECTRIC Bi;-Te; BASED MATERIAL
BY EXTRUSION METHOD

b. E. Rybchakov

This paper presents the results of a study of literature sources which describe the technology and
properties of thermoelectric materials obtained by extrusion method. The result of one of the stages
of creating a software product to describe the technologies for obtaining of a thermoelectric
materials based on Bi-Te compounds and their properties are presented. Bibl. 7, Fig.4, Tabl. 1.
Key words: extrusion method, extrapolation, bismuth telluride.

Introduction

Thermoelectric materials science is the most promising trend in thermoelectricity, covering such
aspects as the development of methods for optimizing the parameters of thermoelectric materials
(TEMSs), the study of the properties of semiconductors traditionally used in thermoelectric conversion,
and the improvement of technology for manufacturing TEMs for thermoelectric generators, refrigerators
and measuring instruments, development of high-precision methods for measuring and monitoring
material parameters.

The optimization of TEM properties is one of the most important issues in materials science. It is
a well- known fact that thermoelectric materials must satisfy a number of requirements, often
contradicting each other: have high values of figure of merit in a wide temperature range, have a high
thermoEMF coefficient at low values of the resistivity and thermal conductivity coefficients, and be
characterized by high mechanical strength. The mechanical and thermoelectric properties of materials
described above depend, in their turn, on the structure, composition of the initial components, impurities,
and manufacturing method.

Traditional methods for producing bismuth telluride compounds include Bridgman, Czochralski
and zone melting methods, alongside with the powder metallurgy methods such as hot pressing and hot
extrusion [1].

The purpose of this work is to study the thermoelectric characteristics of bismuth telluride based
solid solutions obtained by extrusion. Using a modified computer programme to study the extrusion
method and characteristics of thermoelectric materials based on Bi-Te compounds.

Dependence of thermoelectric characteristics of Bi.-Tes based materials obtained by
extrusion

When obtaining Bi,Te; samples by extrusion, pre-formed pellets of thermoelectric material are
pressed through a mold (die), during which the said pellet is heated to a temperature below the melting
point [2]. Table 1 shows the thermoelectric characteristics of Bi>-Te; based materials obtained by extrusion.
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Table
Thermoelectric characteristics of Bi>-Tes based materials obtained by extrusion

2 E v 2| B | 2|5 = 2 g
g > = | E | 3 5 z &
SN I SE 2
O g N 5 ¥ § S il
280 2.39 225 567 1.2 P Bio4SbhisTe3 753
328 2.44 239 512 1.2 P Bio4SbisTe3 753
400 1.75 230 406 1.23 P Bio4SbisTe3 753
475 0.90 200 332 1.47 P Bio4SbisTe3 753
280 2.50 230 525 1.11 P Bio4SbisTe3 753
328 2.50 241 469 1.09 P Bio4SbhisTe3 753
400 1.75 236 377 1.2 P Bio4SbisTe3 753
475 0.93 205 295 1.34 P Bio4SbisTe3 753
280 2.96 240 669 1.3 P Bio4SbisTe3 753
328 2.74 247 809 1.8 P Bio4SbisTe3 753
400 2 245 439 1.32 P Bio4SbisTe3 753
475 1.16 206 422 1.55 P Bio4SbisTe3 753
280 2.96 243 627 1.25 P Bio4SbisTe3 753
328 2.89 252 556 1.22 P Bio4SbisTe3 753
400 2.05 250 419 1.28 P Bio4SbhisTe3 753
475 1.22 207 421 1.48 P Bio4SbisTe3 753
294 1.06 191 369 1.27 P BiosSbis5Te; 613
294 2.17 229 438 1.06 P BiosSbis5Te3 653
294 2.78 237 529 1.07 P BiosSbis5Te3 693
294 2.72 241 568 1.21 P Bio sSbis5Te; 733
294 1.11 176 444 1.24 P BiosSbis5Te; 593
294 1.94 177 879 1.42 P BiosSbis5Te; 623
294 1.56 194 497 1.41 P BiosSbis5Te; 613
294 1.71 197 564 1.29 P BiosSbis5Te; 653
294 2.44 215 621 1.18 P BiosSbis5Te; 693
294 2.70 225 675 1.27 P BiosSbis5Te; 733
294 0.67 145 144 0.46 P BiosSbis5Te; 573
294 1.63 207 263 0.69 P Bio sSbis5Te; 643
294 2.94 231 540 0.98 P BiosSbis5Te; 713
300 2.7 150 1844 1.5 P (Bio.3Sbo.)Tes 673
350 2.5 170 1423 1.6 P (Bio.3Sbo.)Tes 673
400 2.1 180 1114 1.7 P (Bio.3Sbo.)Tes 673
450 1.7 185 934 1.8 P (Bio.3Sbo.s)Tes 673
300 3.3 200 1083 1.3 P (Bio.aSbo.s)Tes 673
350 2.85 215 834 1.35 P (Bio.aSbo.s)Tes 673
400 2.4 210 761 1.4 P (Bio.aSbo.s)Tes 673
450 1.7 212 573 1.45 P (Bio.aSbo.s)Tes 673
300 3.16 250 658 1.3 P (Bio.sSbi)Tes 673
350 2.28 245 495 1.3 P (Bio.sSb1)Tes 673
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Continuation of table

400 1.62 240 366 1.3 P (Bio.sSbi)Tes 673
450 1 215 281 1.3 P (Bio.sSb1)Tes 673
240 3.2 193 1350 1.57 P Bio4SbisTe; 673-723
260 3.28 202 1180 1.47 P Bio4SbisTe; 673-723
280 3.3 210 1010 1.35 P Bio4SbisTe; 673-723
300 3.25 220 900 1.34 P Bio4SbisTe; 673-723
320 3.19 225 800 1.27 P Bio4SbisTe; 673-723
340 3.05 230 700 1.21 P Bio4SbisTe; 673-723
360 2.78 235 675 1.34 P Bio4SbisTe; 673-723
240 2.79 205 1195 1.80 N BixTe; 325eo.15 673-723
260 2.83 215 1090 1.78 N BixTe; 325eo.15 723-773
280 2.84 220 990 1.69 N BiyTes $25e0.13 723-773
300 2.82 222 900 1.57 N BiyTes $25e0.13 723-773
320 2.7 230 800 1.57 N BiyTes $25e0.13 723-773
340 2.6 231 750 1.54 N BiTexsnSeo.1s 723-773
360 24 230 700 1.54 N BiyTeysnSeo.1s 723-773
240 3.18 193 1300 1.52 P Bio4SbisTe; 673-723
260 3.26 201 1130 1.40 P Bio4SbisTe; 673-723
280 3.29 205 960 1.23 P Bio4SbisTe; 673-723
300 3.25 209 850 1.14 P Bio4SbisTe; 673-723
320 3.18 218 750 1.12 P Bio4SbisTe; 673-723
340 3.04 220 670 1.07 P Bio4SbisTe; 673-723
360 2.76 230 650 1.25 P Bio4SbisTe; 673-723
240 2.74 193 1250 1.70 N BixTe; 325eo.15 673-723
260 2.78 200 1145 1.65 N BixTe; 325eo.15 723-773
280 2.80 205 1045 1.57 N BixTe; 325eo.15 723-773
300 2.82 207 955 1.45 N BiTexsSeo.1s 723-773
320 2.71 208 855 1.36 N BiyTes 825e0.13 723-773
340 2.62 209 805 1.34 N BiTexsSeo.1s 723-773
360 2.43 210 755 1.37 N BiyTes $25e0.13 723-773
240 3.1 182 1600 1.71 P Bio4SbisTe; 673-723
260 3.2 193 1400 1.63 P Bio4SbisTe; 673-723
280 3.23 195 1200 1.41 P Bio4SbisTe; 673-723
300 3.25 200 1100 1.35 P Bio4SbisTe; 673-723
320 3.19 203 1000 1.29 P Bio4SbisTe; 673-723
340 3.05 205 900 1.24 P Bio4SbisTe; 673-723
360 2.83 207 800 1.21 P Bio4SbisTe; 673-723
240 2.7 170 1450 1.55 N BiyTes 825e0.13 673-723
260 2.73 180 1350 1.60 N BixTe; 325eo.15 723-773
280 2.78 185 1250 1.54 N BixTe; 325eo.15 723-773
300 2.8 195 1150 1.56 N BiyTes $25e0.13 723-773
320 2.78 200 1050 1.51 N BixTex$x5€9.15 723-773
340 2.7 203 1000 1.53 N BiyTes $25e0.13 723-773
360 2.6 204 950 1.52 N BiyTeysnSeo.1s 723-773
294 2.92 166 1600 1.51 P Biy;Tei15e3 -
294 3.25 208 960 1.28 P BigsTe14Ses -
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Continuation of table

294 3.2 205 1020 1.34 P BiosTer4Se3 -
294 1.62 296 168 0.91 P BiosTer4Se3 -
294 3 215 1030 1.59 N BizTez,gzseo,lg -
294 2 295 225 0.98 N BiyTes 825e0.18 -
294 1.9 245 325 1.03 N Bi2T62_1Seo_9 -
294 1.7 240 323 1.09 N BizTel_gsel_z -
300 3.2 208 960 1.30 P BiosTe) 4Ses -
300 2.2 260 310 0.95 P BiosTe) sSes -
300 1.6 295 170 0.92 P BiosTei aSes -
300 3.2 205 776 1.02 P BiysTe14Seo.12Ter 53 -
300 3.1 213 1055 1.54 N BirTex$:5e0.13 -
300 2.9 240 655 1.30 N BirTez$:5e0.13 -
300 2 295 260 1.13 N BirTe»$:5e0.13 -
300 3.2 208 960 1.30 P BiosTeis5Se; -
300 2.92 163 1166 1.06 N BiyTe;7Seo 3 660
300 2.62 171 1059 1.18 N BiyTe;7Seo 660
300 2.55 157 1407 1.36 N BiyTey7Seo 3 660
300 1.40 165 1308 2.53 N BiyTey7Seo 3 660
300 1.73 175 1197 2.12 N BiyTe>7Seo s 660
300 1.80 196 1975 2.34 N BiyTes75e03 660
300 2.03 214 846 1.91 N BiyTex7Seo s 660
300 2.10 202 940 1.83 N BiyTex7Seo s 660
300 2.50 207 978 1.69 N BirTe>1Seo 3 660
300 2.33 222 741 1.57 N BirTe:>1Seo 3 660
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Fig. 1. Graph of dependence of thermoEMF
on temperature
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All data in the table were entered into a software product to describe the technologies and
properties of Bi-Te based thermoelectric material. Updating the software product database will be
described in the next articles. Based on the collected data, we will plot graphs of the dependence of
electrical conductivity and thermoEMF on temperature fig. 1-3.
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Fig. 2. Graph of dependence of electrical
conductivity on temperature
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Fig. 3. Graph of dependence of the figure of merit
on temperature

The given graphs not only clearly demonstrate the dependence of electrical conductivity,
thermoEMF and figure of merit on temperature, but also allow introducing certain restrictions into the
operation of the programme in order to bring the extrapolated values closer to the real ones.
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Theory of linear extrapolation

Extrapolation in the general sense is a method of calculating certain values beyond the known
range of any studied value based on a set of known values.

Linear extrapolation means creating a tangent line at the end of known data and extending it
beyond those. Linear extrapolation will only provide good results when used to extend the graph of an
approximately linear function or not too far beyond the known data.

If the two data points are closest to the point to be extrapolated and, the linear extrapolation is
calculated according to formula 1:

Y=Y+ ((Yl - Y) + Xy — Xo)) X (X — Xo) (1)

where X is the abscissa of the first point, X; is the abscissa of the second point, and X is the
abscissa of the sought point, then Yj is the ordinate of the first point, Y; is the ordinate of the second
point, and Y is the ordinate of the sought point.

(which is identical to linear interpolation if Xj.; < Xx< X}). It is possible to include more than two
points, and by averaging the slope of the linear interpolant, in regression-like techniques, on the data
selected for inclusion. This is similar to linear prediction.[14].

The use of linear extrapolation in this work will allow predicting the behavior of materials, thus
reducing the cost of resources and time to search for the optimal material for specific tasks.

Further development of the software product for describing the technologies and
properties of Bi-Te based thermoelectric material

Currently, a function for theoretical prediction of unknown values of a and ¢ using extrapolation
has been introduced into the software product for describing the technologies for obtaining of
thermoelectric material based on Bi-Te compounds and their characteristics. The general algorithm for
this function is as follows.

* User call of extrapolation function.

* Creation of a dynamic form and all its components for extrapolation.

* After the user enters the required operating temperature, the program searches the database for
a material with the closest operating temperature range.

* After selecting the optimal material, the program calculates the coefficient value using the linear
extrapolation formula.

. Based on the obtained result, the programme builds a graph of temperature dependence.

o Having received the a results, the programme calculates the o value using the linear
extrapolation formula.

. Based on the obtained result, the programme builds a graph of temperature dependence.

o The results obtained are displayed in Label.

J When the user exits, the programme deletes all form components and the form.

. The general view of the value extrapolation window is shown in Fig. 4.
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Fig. 4. General view of the value extrapolation window

Further development of the software product will be described in the articles in the future.

Conclusions

1.

A study of literary sources that describe Bi-Te based thermoelectric materials, obtained by

extrusion, was carried out.
These studies were added to the software product database to describe the technologies and
properties of obtaining Bi-Te based thermoelectric materials.

The function of extrapolation was introduced into a software product to describe the
technologies and properties of obtaining Bi-Te based thermoelectric materials.

Further versions of the software will be described in the articles in the future.

The author expresses gratitude to Academician of NASU Anatichuk Lukyan Ivanovich for the

proposed topic of the article.
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SECTIONAL GENERATOR THERMOELEMENTS
IN A MAGNETIC FIELD

Using computer simulation, temperature distributions in the working body of sectional
thermoelements in a magnetic field were determined. Temperature dependences of the efficiency
of sectional gyrotropic thermoelements were found. It was established that the efficiency of
generator gyrotropic sectional thermoelements depends on the number of sections. Bibl. 14,
Figs. 4.

Key words: thermomagnetic figure of merit, Nernst-Ettingshausen coefficient, sectional
gyrotropic thermoelement, gyrotropic material, thermomagnetric figure of merit, efficiency.

Introduction

Today, thermoelectric devices and systems are used in many industries, including medical, space, military,
energy, refrigeration and instrumentation. For further development, it is important to study known and create
new types of thermoelectric materials and thermoelements based on them, in particular for generating
electricity in magnetic fields in the presence of a perpendicular temperature gradient [1 — 14].

Gyrotropic generator thermoelements are known to have a number of advantages over classic ones, such
as the solderless connection and thereby the possibility of adjusting the required voltage, which guarantees the
reliability and manufacturability of gyrotropic thermoelements and converters in general. Gyrotropic
thermoelements as sensors can also increase their sensitivity and response time due to constructive solutions
and can be effectively used in measuring technology.

Therefore, the study of the efficiency of gyrotropic materials and thermoelements based on them is
important and relevant for their further use in general measuring and instrument-making equipment. The
purpose of this work is to calculate the main parameters of sectional gyrotropic thermoelements and assess the
efficiency of their use.

Computer simulation results

To study the parameters of gyrotropic thermoelements, it is necessary to solve the following heat
conduction equation with the corresponding boundary conditions:

KAT +p,j° +2a, j,G—T—jxa—T =0, (1)
 Ox oy
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where T is temperature; k is thermal conductivity of the gyrotropic medium; p, is electric resistivity; x,
y are coordinates; j, j,, j, aremodule and projections of the electric current density vector; ., = Q B

is the asymmetric part of the thermoEMF tensor; O, is transverse Nernst-Ettingshausen coefficient; B

is magnetic field induction.

a, a, 0
a=|-a, a, 0], 2)
0 0 a

where o,,a, are diagonal components of the thermoEMEF tensor.

A ULAGY )
Kp

To conduct further simulation, a number of gyrotropic materials were considered, and the most
promising of them were determined. Further, using the experimental data, the temperature dependence of
the thermomagnetic figure of merit was constructed for /nSb and /nAs, and polynomials were also obtained,
which are subsequently used to construct temperature distributions and calculate the efficiency of gyrotropic
thermoelements. Fig. 1 shows the temperature dependences of the thermomagnetic figure of merit of /nSb
and /nAs materials. It is evident that the best material for the production of gyrotropic generator

thermoelements is /nSh, which is consistent with the experimental results presented in [1, 11, 12]
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Fig. 1. Temperature dependence of thermomagnetic figure of merit
for InSb (a) and InAs (b) materials
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Hereinafter, the Comsol Multiphysics 6.2 application program package was used to build
computer models of sectional gyrotropic thermoelements. Calculation of temperature distributions in
gyrotropic thermoelements was carried out using the finite element method. Using computer simulation,
temperature distributions were determined for the /nSh material in the temperature range of 300—700 K and
a magnetic field with induction B =1.4 T (Fig. 2).

0

30

30

d)

Fig.2. Three-dimensional models of the finite element method mesh (left) and temperature distribution
(right) in single- and multi-section rectangular gyrotropic thermoelements with regard to thermoelectric
contacts (where a — 1 section, b — 2 sections, ¢ — 3 sections, d — 4 sections)
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It is worth noting that contact electrical resistances are taken into account on the edges, which
usually reduce the expected positive effect from the use of sectional legs.

Further, Fig. 3 shows the dependences of the efficiency of single- and multi-section thermoelements
on the hot side temperature of /nSh and InAs material.

n, % _
4 sections
— InSh 3 sections
‘ sections
3 — InAs 1 section
2 |
1 | 4 sections
| 3 sections
2 sections
1 section

300 400 500 600 700 T,K

Fig. 3. Dependence of the efficiency on the temperature of sectional
gyrotropic generator elements

From Fig. 3 it is evident that for the /nSh material the efficiency of the sectional thermoelement is
approximately 3.35 %, for the temperature range of 280 — 780 K and magnetic field induction of 1.4 T,
which is almost 1.2 times greater than for a conventional rectangular thermoelement. Fig. 4 shows the
dependence of the maximum efficiency on the number of sections N for /nSb and InAs).

n, %
H . . )|
3 | .
L 4
2 —InSb
—InAs
|
e - ———
-
0
1 2 3 4 5 6
N, pc

Fig. 4. Dependence of the maximum efficiency 1 on the number of sections N
(upper row of curves — InSb, lower row of curves — InAs)
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From Fig. 4 it can be seen that with an increase in the number of sections, the efficiency of the
thermoelement decreases due to the influence of contact phenomena, which become more significant in
this case.

Conclusions

1. Computer simulation methods were used to study temperature distributions in rectangular generator
thermoelements, single- and multi-section, made of /nSh and InA4s thermoelectric materials.

2. The temperature dependences of the efficiency of sectional gyrotropic generator thermoelements
were compared for different numbers of sections. It was found that for a 4-section thermoelement,
the efficiency is approximately 3.35 %, for a temperature range of 280 — 780 K and a magnetic field
induction of 1.4 7, which is almost 1.2 times more than for a conventional rectangular
thermoelement for /nSh material.
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PERFORMANCE TESTING OF A THERMOELECTRIC
HEAT PUMP FOR CENTRIFUGAL DISTILLATION
OF WASTEWATER OF A SPACE
LIFE SUPPORT SYSTEM

The paper describes the test results of a multistage centrifugal vacuum distillation (CMED) system
with a thermoelectric heat pump (THP). The paper presents the results of research on the study of
the main characteristics of the process of concentrating water and urine when using three- and five-
stage distillers. Particular attention is paid to studying the influence of process parameters on the
change in the efficiency of a thermoelectric heat pump. Bibl. 26, Fig. 4, Tabl. 3.

Key words: heat pump, distiller.

Introduction

For future long-term human missions to the Moon and Mars, water recovery systems from life
support system wastewater are critical. NASA materials note that such a system should ensure maximum
recovery of water from urine, moisture condensation and hygienic water.

Features of many technologies - reverse osmosis (RO), electrodialysis (ED), airborne evaporation
(AES), mixed technologies (RO, AES, bioreactors), thermoelectric membrane evaporation (TIMES),
vacuum compression distillation (VCD) and centrifugal multi-stage distillation (CMED) are considered
in [1—3]. In doing so, only three technologies (TIMES, VCD, CMED) use the principle (method) of
energy reduction, i.e. heat pumps. This paper describes the main characteristics of a thermoelectric heat
pump (THP) in a CMED system.
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Characteristics of TIMES and VCD

The TIMES system was developed in NASA back in 1975 and is described in reports and papers
[4—8]. TIMES is a simple and effective system (Gd =1.0-1.51/h, SPC=150 W*h/kg) with urine
concentration up to 20 — 25 %. With increasing concentration, temperature depression increases and
productivity sharply decreases (Gd < 1.0 I/h), and specific energy consumption increases to 150 - 250
Wh/kg. These results are explained by the fact that in TIMES the heat transfer coefficients (evaporation
and condensation) have low values (according to our calculations, less than 1000 - 2000 W/m?*°C).
Increasing the surface where the processes take place gives insignificant results. Moreover, low liquid
flow rates (mainly urine) contribute to an increase in deposits on evaporation surfaces. This also leads
to an increase in the total salt content in the distillate (up to 100 puS/cm) and increased ammonia
concentrations (up to 100 mg/l or more) [4 — 6].

As with all technologies using membranes in areas of liquid evaporation, the main drawback is
contamination of the membranes, which requires their frequent replacement.

Another option for thermal distillation is the vacuum compression distiller (VCD), analyzed in
reports [9 — 11]. VCD uses the most efficient heat pump method — a mechanical compressor.

The transformation coefficient of a real vapor-compression heat pump is determined by the
formula

@ = Ak _ h, — hs
I hy—hy

where

gk is heat flow removed from the THP condenser, kJ/kg;

[ is energy consumed by the comp ressor, kJ/kg;

h is enthalpy of water vapor at the compressor inlet, kJ/kg;
h» is enthalpy of water vapor at the compressor outlet, kJ/kg;
h3 is enthalpy of water vapour at the condenser outlet, kJ/kg;

Theoretically, at low AP on the compressor at the beginning of the concentration, energy
consumption is < 10 - 20 W*h/kg. When the vapor pressure in the compressor increases, the density of
the vapor increases under vacuum, which leads to a decrease in system productivity. This is also
facilitated by the increase in temperature depression with increasing liquid concentration. Therefore, in
all VCD tests [9 — 11], during the concentration process, productivity decreases by 2 times and energy
consumption increases [12] to 200 Wh/I.

In [13, 14], the reasons for the high salt content of the distillate (up to 50-250 mg/l) are noted.
VCD technology consumes only for the evaporation - condensation process (costs for compressor drive
and concentration process) about 150-200 Wh/kg).

CMED system with a heat pump

The CMED system, developed by engineers and specialists from the Kiev Polytechnic Institute,
the Thermodistillation company and the Institute of Thermoelectricity of the National Academy of
Sciences of Ukraine, showed the best results: productivity - from 2 to 7 1/h, specific energy consumption
- less than 100 - 200 Wh/kg, recovery — up to 98 %. These main characteristics have been published in
many reports and articles [15 — 22].

CMED technology uses two scientifically and practically proven methods for reducing energy
when concentrating heat-sensitive liquids such as urine - a thermoelectric heat pump (THP) and multi-
stage liquid evaporation on a rotating surface.
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High heat transfer coefficients during condensation and evaporation on a rotating surface with

n=1500-1500 rpm amounted to a,, = (1 + 2)-10* v

m2x°C

[23 — 26]. These characteristics ensure high

film speed, which prevents salt deposits.

During the period 2000-2016, 2018-2022 a large number of tests were performed on 3 and 5 stage
distillers. The identity of three distillers made in Ukraine and two THPs was noted. The purpose of these
tests was to ensure the reliability of the CMED technology, study the influence of n, NTHP, type of
liquid, improve characteristics (increase Gd, reduce SPC, improve distillate quality). Stable operation
of the distiller and THP was noted without any shortcomings in the operation of the system. On the
example of a study of a 3-stage distiller manufactured and tested back in 1986, it was indicated that
long-term idleness of a centrifugal distiller does not affect its start-up and operation after a major
shutdown.

Special attention in this paper is directed to the study of the characteristics of a thermoelectric
heat pump. The results of tests on water and urine of 3-stage and 5-stage distillers with a thermoelectric
heat pump were considered. The effect on Gd and SPC of the number of revolutions n = 800, 900, 1000,
1200, 1500 rpm, with NTHP = 100, 150, 200, 300, 400 and 600 Watts was studied. Cycles of each test
were performed at £ = 60, 90, 120 min.

We measured: Newg, Ntup, Ga, G- and Gy, hot circuit temperatures t; and tp, cold circuit
temperatures #3 and #. Based on these experimental data, the following characteristics were calculated:
1. amount of heat in the hot circuit

Qrch'Gin'p'(tZ_tl)

where Cp is mass heat capacity of liquid, cm?/sec;
Gy is flow rate of circulating liquid, J/°C*g;
p is liquid density, g/cm’

2. temperature difference in thermoelectric heat pump

ATm = tl - t3
3. THP efficiency

Nrup = Qz/Nryp

4. specific energy consumption in the distiller
SPC = (Nag + Nryp)/Gq

where Ny, is electric power consumed by distiller motor, W;
Nrypis electric power consumed by the heat pump, W;
G4 is distiller productivity, I/h.

Unpublished data of testing a centrifugal distillation system with a thermoelectric heat pump,
performed at the test benches the Thermodistillation company, jointly with the Institute of
Thermoelectricity of the National Academy of Sciences of Ukraine and KPI specialists during 2000-
2002 and 2022-2023, are presented.

Table 1 shows the results of testing a 3-stage distiller when concentrating water, Table 2 shows
the results of testing a 5-stage distiller.
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Table 1
No| mmos, | Ntue, | ATin, | Ga, | Nyup | SPC, | No | nmor, | Ntuv, | AT, | Ga, | nyyp | SPC,
rpm, | W °C | Iph W*h/l pm, | W °C | Iph WH*h/1l
Not, Nonor,
\ \
111333 | 145 | 32 | 0.6 5 340 | 10| 1200 | 214 | 2.9 |2.01 | 2.45 127
59 41
211350 | 102 | 3.2 | 1.35] 3.23 140 | 11| 1200| 309 | 7.4 | 248 | 2.2 141
86 42
311400 | 155 | 3.5 [2.09| 335 | 105 |12]1200| 196 | 3.5 |1.76 | 2.76 | 135
64 42
411400 | 241 | 3.8 |2.54| 2.73 120 | 1311040 | 392 | 9.5 | 191 | 2.76 | 220
64 29 92 | 29 | 198 | 145
511400 | 392 | 6.3 |3.68| 2.6 123 | 14| 1200 | 196 | 3.5 | 191 | 2.6 125
62 42
6 |1400 | 63 2.5 | 142 3.55 89 15| 1380 | 217 | 5.7 |2.18 | 2.83 126
63 57
711750 | 65 1.5 | 1.35| 54 127 |16 | 1580 | 414 | 49 | 3.5 | 2.24 | 140
107 75
8 1400 | 226 | 40 |2.16| 3.7 133 | 171200 | 235 | 55 | 1.92| 2.56 | 147
62 48
911500 | 614 | 62 | 0.8 | 428 | 168
74
Table 2
Neo Amots NTHP, ATin, Gd, Nrup SPC, No Amots NTHP, AT,‘,,, Gd, Nrup SPC,
pm, | W °C | Iph W#*h/1 mpm, | W °C | Iph W#*h/1
Nos, Nos,
\% \
111500 90.7 | 6.1 | 1.13| 3.65 146 9 | 1000 | 101 38 | 24 | 3.8 63
74 51
211500 | 244 | 46 |237| 2.9 134 |10 | 1000 | 200 | 49 | 3.6 | 3.5 80
74 90
311570 | 414 | 5.1 |347| 2.24 145 | 11 | 1200 | 200 | 5.3 |3.84 | 2.97 78
90 100
411200 | 408 8 5.6 | 2.1 89 12 | 1000 | 400 | 64 | 5.6 | 2.24 88
90 90
511000 | 212 | 5.7 |3.66 | 2.87 84 13 | 1200 | 400 7 6.0 | 2.34 83
96 100
611200 | 236 | 59 | 3.8 | 2.7 87 14 | 1000 | 184 | 5.0 | 1.7 | 2.0 162
96 92
711200 | 420 | 74 | 6.0 | 2.1 87 151000 | 313 | 53 | 2.3 1.8 175
100 90
81200 | 415 | 74 | 6.0 | 2.0 86
100
Table 3 shows the results of testing a 5-stage distiller when concentrating urine.
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Table 3

Ne| nmor, | Ntue, | AT, | Ga, | Nrgp | SPC, | No | Buwor. | Ntup, | ATin, | Ga, | nyyp | SPC,
mpm, | W °C | Iph W*h/1 pm, | W °C | Iph W*h/l
Nos, Nos,
% \W%

1| 800 | 400 | 69 | 3.5 | 1.97 125 9 [ 1100 | 150 | 59 | 29 | 35 83
39 7.9 2.02 90 79 | 2.6 | 3.0 92

2| 800 | 300 | 6.0 |4.08 | 2.27 83 10| 900 | 150 | 59 | 29 | 2.7 71
39 6.7 |3.35]| 227 101 55 7.0

31 800 | 150 | 4.7 | 2.6 | 2.45 73 111000 | 600 | 87 | 5.0 | 1.91 133
39 6.9 2.75 66 10.1 | 4.0 | 1.89 166

4| 800 | 200 | 6,4 |2.82| 2.41 85 1211200 | 200 | 9.1 | 3.5 | 2.5 84
39 8.8 1290 | 2.45 82 96 13.4

51900 | 300 | 94 | 4.1 | 2.22 86 13| 1100 | 400 | 99 |5.34 | 2.16 92
55 11.8 93 11.4 | 523 | 2.04 94

6| 1000 | 150 | 6.4 |3.00]| 2.86 74 14| 1100 | 200 | 7.0 |3.25] 3.1 90
73 8.8 2521 271 89 93 7.6 | 3.5 | 273 84

711100 | 600 | 11.8 | 6.6 | 1.89 104 | 15| 1200 | 400 | 12.5 | 5.06 | 2.74 102
90 13.1 | 54 | 1.76 128 114 13.5 2.0

811000 | 200 | 64 | 3.4 | 2.82 80 16 | 1060 | 300 | 74 | 43 | 24 88
73 7.7 | 3.4 | 2.62 80 80 9.0

In tables 1 and 2 with testing on water, one figure AT}, is written in all tests, since the temperature
at the inlet to the THP does not change after turning on the system for no more than 5-10 minutes after
turning on the engine. In table 3 on urine in the hot circuit, the temperature changes during the entire
concentration period due to the appearance of temperature depression. Therefore, in these tables, AT;,
increases during the entire concentration cycle. We have written this ATj,,, its values at the beginning of
the cycle and at the end of the system work.

Fig. 1 shows data on water evaporation in 3- and 5-stage distillers.

rIT,\'P
| L ]
4.0} 4
[
a
5 L ] 4 4 B
s °
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o 0
[ " S @
- b . =
e .

a |

2.0 P
1.5}
1.0 |
0.5

5 0 S( 201 250 300 35( 0
50 100 150 200 25 0 350 400 Ny W
e 3-stage distiller (water) m S-stage distiller (water)

Fig.1. Dependence nrup = f(Nrup) at n = 1000...1500 rpm
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Fig. 2 shows data on the operation of a 5-stage distiller using urine.

T]T-\'f’

4.0

35 »

3.0 i ;

2.3 ; i !

.

20 ! 4 |
1.5 ’
1.0

0.5

50 100 150 200 250 300 350 400 450 500 550 N, W

s 5-stage distiller (urine)

Fig.2. Dependence nrup= f(Nrup) at
n=3800...1200 rpm

Figures 3 and 4 present a comparison of theoretical and experimental data on the dependence of
the efficiency of a thermoelectric heat pump 7nryp on power consumption for various coolant
temperature differences at the inputs of the cold and hot circuits. Pump efficiency increases significantly
as electrical consumption decreases and coolant temperatures become closer. Taking these dependencies

into account makes it possible to optimize the energy parameters of the space distillation complex as a
whole.

n INP|

4.0¢

50 100 150 200 250 300 350 400 N, W

® 3-stage distiller (water) m 5-stage distiller (water) A 5-stage distiller (urine)

Fig.3. Comparison of experimental data with the results
of theoretical calculations at AT;,, = 5°C
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Fig.4. Comparison of experimental data with the results
of theoretical calculations at ATy, = 10°C
Summary

This paper presents a study of the efficiency factor of a thermoelectric heat pump based on the
power it consumes. During the research, the power consumption of the heat pump varied from 60 to 600
Watts, and the distiller engine speed varied from 800 to 2000 rpm. When the heat pump power
consumption changes from 400 to 600 Watts, the value of the nyp coefficient changes slightly, while in
the range of 200 - 400 Watts the nyp value almost doubles. The maximum value of nyp on the heat
pump under study reaches 5 with a power consumption of 145 Watts. The specific energy consumption of
SPC to produce one litre of distillate has minimum values precisely at low heat pump powers, which makes
it possible to use this fact for the further development of energy-efficient distillation units.
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EKCILTYATAIIWHI BUITIPOBYBAHHS TEPMOEJIEKTPUYHOI'O TEILIOBOT'O
HACOCY JJISI BIIHEHTPOBOI JUCTHUJISAIII CTIYHUX BOJ KOCMIYHOI
CUCTEMM KUTTE3ABE3NNEYEHHSI

Y cmammi onucano pesynomamu eunpobyeanv cucmemu 6acamocmyninyacmoi 6ioyenmposoi
saxyymuoi oucmunayii (CMED) 3 mepmoenexmpuunum mennosum uacocom (THP). B pobomi
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HABeOeHO pe3yabmamu  O0CHIONCeHb 3 BUBHEHMSI OCHOGHUX XApAKMepucmux npoyecy npu
KOHYEHMPYGAHHI 800U Ma Ypunu 6 pasi GUKOPUCMAHHA  OUCMUNAMOPIE  MpboxX- i
n’amucmyninyacnoi xoncmpyxyii. Ocobaugy yseazy npudiieHo GUGHUEHHIO 6NIUSY NAPAMempie
npoyecy Ha 3MiHy KoepiyieHma eexmusHoCmi mepmMoeneKmpuyHo2o meniogoeo Hacocy. bion. 26,
puc. 4, mabn.3.

Kuio4oBi ciioBa: TermnoBuii Hacoc, TUCTHIIATOP.
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ON THE DESIGN OF A TRENCH THERMOELECTRIC
SOURCE OF HEAT AND ELECTRICITY

The article presents physical and mathematical models of a trench thermoelectric source of heat
and electricity intended for heating the military and powering low-power military equipment,
mobile and special communications systems, charging batteries and lighting, providing heat and
minimal electrical energy to the civilian population in places where the energy infrastructure has
been destroyed, as well as in non-electrified areas outside the combat zone.A computer model has
been created for designing the structure of such a heat and electricity source, as well as
optimizing the thermoelectric material it is made of for various operating modes.Bibl. 15, Fig.1.
Keywords: thermoelectric source of heat and electricity, physical model, efficiency, cyclic mode.

Introduction

At present, the use of chemical current sources as autonomous low-power sources of electricity
remains traditional for powering military equipment. However, their significant disadvantages are
self-discharge and low reliability, especially at low ambient temperatures and under conditions of
increased mechanical loads. Mobile mini-power plants are practically unsuitable for use in combat
areas due to unacceptable mass and dimensional characteristics, the need for fuel, which may not
always be available in combat conditions, and most importantly - due to the noise accompanying their
operation, they become a significant unmasking factor. In this regard, it is important to search for and
create fundamentally new designs of autonomous heat and electricity sources that are as close as
possible to military equipment and at the same time suitable for use in combat areas.

In this regard, autonomous thermoelectric power sources operating from the heat of combustion
of any fuel are especially promising. They can offer a long service life, have increased reliability and
resistance to climatic and shock loads, are universal, silent in operation and easy to use.Scientists and
engineers from many countries are actively working on the creation of such sources. Thermoelectric
generators with an electric power of 2 - 20 W, intended for charging mobile phones, MP3 players,
navigators during travel and hiking trips, have been developed by a number of foreign companies
(TES, Power Pot, Biolite) [1 — 5]. Thermoelectric generators have also been developed, the operation
of which is based on the use of heat from solid fuel furnaces [6 — 9]. They are mass-produced by a
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number of foreign enterprises [8 — 10]. However, all of these thermoelectric generators are expensive,
have an exclusively domestic purpose and are not suitable for military needs.

At the same time, the main obstacle for their widespread practical use is a relatively high cost,
primarily due to the high cost of the thermoelectric material from which they are made. Therefore, it is
important to carry out research aimed at significantly reducing the cost of materials for autonomous
thermoelectric sources of electricity and heat, as well as finding optimal designs of such sources,
specialized according to the conditions of their use.

Therefore, the purpose of the work is to create tools (physical and mathematical models,
computer programs) necessary for the design of autonomous thermoelectric generators and
optimization of the thermoelectric material they are made of, as close as possible to the reality of their
operating conditions.

Physical model

The physical model of the thermoelectric generator (Fig. 1) comprises: heat sources 1 (heated
surface), heat exchangers for supply 3 and discharge 8 of the heat flow to/from the thermopile 6,
thermal insulation 5, water tank 10, electronic device for stabilizing the output voltage with electric
energy accumulator 11. The model also takes into account thermal contact resistances 2, 4, 7 and 9:
between the heat source (heated surface) and the hot heat exchanger — Ki; between the hot heat
exchanger and the thermopile - K>; between the thermopile and the cold heat exchanger - K3; between
the cold heat exchanger and the water container - Ks.

1Q9

10\ T __‘Qs
9

8

7\

6

5

4

3

2

1

Fig. 1 Physical model of a trench thermoelectric generator:

1 — heat source (heated surface); 2, 4, 7, 9 — thermal contact resistances; 3 — hot heat exchanger,
5 — thermal insulation; 6 — thermopile;8 — cold heat exchanger; 10 —container with water:
11 — electronic device for stabilizing output voltage with an electric energy accumulator
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In Fig. 1: Q1 — is heat entering the hot heat exchanger from the heat source; O, — is heat loss
from the lateral surface of the hot heat exchanger to the environment due to radiation and convection;
0; — is heat entering the hot side of the thermopile from the hot heat exchanger; Q4 — is heat loss from
the lateral surface of the thermopile; Os — is heat coming from the cold side of the thermopile to the
cold heat exchanger; Q¢ — is heat transferred from the lateral surface of the cold heat exchanger to the
environment due to radiation and convection; Q7 — is heat transferred from the cold heat exchanger to
the container with water; Qg — is heat transferred from the lateral surface of the container with water to
the environment due to radiation and convection; Qs — is heat transferred from the container with
water to the environment due to evaporation; P is electric power of the thermopile.

The thermoelectric generator can have two modes of operation:

1) heating water in the container to boiling temperature and gradually reducing the amount of

water due to evaporation;

2) heating water in the container to boiling temperature and replacing it with water at room

temperature.

Since it is assumed that the generator is mounted on a heated surface with a constant
temperature 73, heat exchange processes between the real source of fuel combustion and this surface
are not considered.

Mathematical and computer descriptions of the model

To calculate the thermoelectric generator according to its physical model (Fig. 1), a system of
heat balance equations was used:

Q1 :Qz +Q3s

Q3:P+Q4+Q6+Q8+Q9' .

The supply of heat from the heated surface to the hot side of the thermopile and the removal of
heat from its cold junctions to the cold heat exchanger is carried out due to thermal conductivity and is
described by the equations:

S
Q3=K; (T, -T,), @)
h
Y
0, = l”(Ta-T7), (3)

where: «;, K. — is the thermal conductivity of the material of the hot and cold heat exchangers; /5, I., Sy,
S. — are the thickness and area of the hot and cold heat exchanger.

The thermal power of Qs is removed from the cold side of the thermopile by a cold heat
exchanger, which is a container with water.

In doing so, different approximate formulae can be used to calculate the heat transfer coefficient
during boiling, which are in good agreement with the experimental data [11]. In particular, the
following approach to calculating the heat transfer coefficient during boiling is presented in [12]

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2023 95



L. I. Anatychuk, V. V. Lysko

On the design of a trench thermoelectric source of heat and electricity

q
B =, “)
AT
where ¢ is the heat flow density at the solid-liquid interface; AT is the temperature head between the
surface and the liquid,

AT =T -T

Hac -
It is considered that the heat flow density on the wall:

qc =QConv+ {vapor, (6)

where gcon takes into account the transfer of heat by convection of a single-phase liquid; g.apor takes
into account the transfer of heat by vapour bubbles breaking away from the wall.
The heat flow density corresponding to heat transfer by vapour bubbles is equal to:

N,
anpOl’ = Vp"lrFZf > (7)

where: V is the average volume of the bubble at the moment of separation from the heating surface; p,
is vapour density on the saturation line; Nz is the number of active vaporization centres on the area AF;
fis the average frequency of separation of vapour bubbles; 7 is the heat of vaporization.

Assuming that the main amount of heat is transferred due to boiling, and the effect of
convection is taken into account by introducing a correction, we can write:

NZ
AF

fe, ®)

q(’ = qCO"lV + qvapar = qvaparg = Vpnr

where ¢ is the correction for gcn, Which takes into account the proportion of heat transferred by
convection.

o T . .
Substituting the value V' = gdg and making some permutations we get:

q. L8 NZ
=— dOZS )
ipnfdo 6 AF

Here, the left side of the equation is the ratio of the average rate of vaporization A (this value
r

has the dimension m/s) to the average rate of growth of vapour bubbles d, f = w".

In general, the dependence for calculating the heat exchange coefficient will have the form [12]:

0.7 -0.2

A o fd ) \a | (19)

p
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where 0 is the characteristic size, in this case the Laplace capillary constant

o= —2 11
g(p"p”) ( )

The average growth rate of vapour bubbles is determined by the relationship:

w=w =d,f=036-10"11"", (12)

sat *

P
Where I = f ; defining temperature ,,, =1, =1

The electric power generated by the thermopile is proportional to Qs and the thermopile
efficiency 1.

The main heat loss:

- from the lateral surface of the hot heat exchanger due to convection and radiation

T, +T T,+T,\
szhhAh( 22 2 _T0j+8hGC.E.Ah (%j _T04 , (13)

where: 4, is the coefficient of convection heat exchange between the lateral surface of the hot heat
exchanger and the environment; 4 is the area of the lateral surface of the hot heat exchanger; ¢ is the
radiation coefficient of the lateral surface of the hot heat exchanger; os.5. is the Stefan-Boltzmann
constant.
- from the lateral surface of the thermopile due to thermal insulation
K,S

0, =T”(T4 -T,), (14)

13

where: ;; is the thermal conductivity of the insulating material; S;; is the surface area of the hot heat
exchanger not occupied by the thermopile; /;; is the thickness of the thermal insulation layer.

The electric power P generated by a thermopile is proportional to (3 and the efficiency of the
thermopile 1 and is determined primarily by the operating temperatures of the thermopile 74 and 75, as
well as the properties of the thermoelectric material it is made of.

The solution of the system of equations (1) with regard to formulae (2) - (15) allows one to
determine the main energy and design parameters of a thermoelectric generator for various properties
of the thermoelectric material, generator designs and its operating modes.

In this case, the Comsol Multiphysics software package [13] was used for the computer
representation of the mathematical model of the thermopile. To do this, it is necessary to present the
equation in the following form.

To describe the flows of heat and electricity, we will use the laws of conservation of energy
divE =0 (15)

and electric charge
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divi =0, (16)
where
E=§+U], (17)
G=xVT+alj, (18)
j=—o6VU -ocaVT. (19)

Here E — is energy flow density, § — is heat flow density, j — is electric current density, U —

is electric potential, 7 — is temperature, o, 6, Kk — are the Seebeck coefficient, electric conductivity and
thermal conductivity.
From equations (17) — (19), one can obtain

E=—(k+a’cT +aUc)VT —(acT +Uc)VU. (20)
Then the laws of conservation (15), (16) will acquire the form:

~V[(x+0’cT +aUc)VT |-V[(asT +Us)VU]=0, 1)

~V(6aVT)-V(cVU) =0. (22)

By solving equations (21) - (22), it is possible to obtain the distribution of physical fields, as
well as the value of the efficiency and power of a thermopile, depending on the thermoelectric
properties of the thermopile material and the temperature conditions of its operation, obtained by
solving the thermal part of the model.

This information is the basis for the creation of specialized thermoelectric modules based on
thermoelectric materials optimized for different modes of their operation. The significant change in the
cost of thermoelectric generators can be achieved, especially due to the development and use of
optimized functional thermoelectric materials, use of flat extruded thermoelectric materials, etc.
Indoingso, material optimization is usually done experimentally. For this purpose, samples of different
chemical composition and with different impurity concentrations in the expected range of its values
are prepared using different methods. The set of thermoelectric materials obtained in this way is
subjected to measurements of o, a, k in the required temperature ranges.The measurement results
provide information used to adjust the initial chemical composition and concentration of impurities
and, accordingly, to find their optimal values. The decisive role in this will be played by the accuracy
of the measurements and their speed [14, 15].

Conclusions

1. A physical model of a trench thermoelectric generator designed to power low-power military and
civilian equipment is presented, as well as a mathematical and computer description of this model.

2. The created computer model allows determining the dynamic and average power of a
thermoelectric generator, and designing a generator with specialized thermoelectric modules based
on thermoelectric materials optimized for various operating modes.
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Haseoeno ¢hisuuny ma mamemamuyny mooeni OKONHO20 MepMOeNeKmPUUHO20 0xcepena menaa ma
@eKMPUKU, NPUSHAYEHO20 O 00iepisy GIlICLKOBUX MA HCUBTICHHS MATONOMYHCHOL BIliCbKOBOI
anapamypu, cucmem MoOIIbHO20 MA CNeYianLHo20 36 A3KY, 3apAOKU AKYMYIAMOPIe ma 0CeimaeHHs,
3abe3neyuents menioM ma MiHIMATbHOIO eeKMPULHOIO eHePRIEI0 YUBLILHO20 HACENEHHS 8 MICYAX, Oe
3PYIHOBAHA eHepeemUYHa THPPACMPYKMYPA, a MAKodC y HeeleKmpuikosanux paiionax nosa
30HOI0 Ootiosux Oiti. CmeopeHo KoMN IOmepHy MoOoelb 015 NPOEKMYBAHHA KOHCMPYKYII MAKo2o
Odicepena menia ma eneKmpuxy, d maxKoxc OnMmuMi3ayii mepmoenreKmpusuHo20 Mamepiany, 3 AK020
11020 8U20MO6IeHO, 071 PI3HUX pexcumie ekcnayamayii. bion. 15, puc. 1.

KnrouoBi cjioBa: TepMOelIeKTpUYHE JUKEpeNo TeIUla Ta eNeKTpUKH, (i3udHa MOJens,
e(PeKTUBHICTD, IUKIIIYHUAN PEKHM.
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