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THEORY

P.V.Gorskyi, Doctor of Phys.-math. Sciences

Institute of Thermoelectricity of the NAS and MES of Ukraine,
1, Nauky str, Chernivtsi, 58029, Ukraine; e-mail: anatych@gmail.com

_ EFFECT OF STRUCTURE DEFECTS ON THE LATTICE
P. V. Gorskiy THERMAL CONDUCTIVITY OF Zn-Cd-Sb THERMOELECTRIC
MATERIALS

The paper is concerned with the effect of crystal structure defects, such as screw and edge
dislocations, packing defects and grain boundaries on the lattice thermal conductivity of Zn-Cd-Sb
system. Calculations are performed with regard to phonon-phonon scattering due to normal and
umplapp processes, as well as phonon scattering by the above defects. Both sound velocity
anisotropy and the Gruneisen tensor anisotropy are taken into account. To calculate phonon
relaxation time, an approximation is used wherein this time, though anisotropic, depends on
phonon frequency as a whole, rather than on its quasi-momentum components taken separately.
The results of calculations show that at attainable densities, only screw and edge dislocations can
have a tangible effect on the lattice thermal conductivity of single-crystal thermoelectric materials
based on Zn-Cd-Sb in the temperature range of relevance for practical applications. In so doing, it
was established that according to increase in phonon scattering efficiency, and, hence, the degree
of its effect on the lattice thermal conductivity, the above defects are arranged in the following
order: grain boundaries, screw dislocations, packing defects, edge dislocations. Bibl. 11, Fig. 3.
Key words: lattice thermal conductivity, phonon scattering, normal processes, umklapp processes,
crystal structure defects, defect density, grain boundaries, screw dislocations, packing defects,
edge dislocations.

Introduction

Reduction of the lattice thermal conductivity of thermoelectric materials is an important reserve for
improving their thermoelectric figure of merit. This reserve is essential even for relatively low-
resistivity materials, such as bismuth telluride and its alloys [1]. It is even more essential for high-
resistivity materials, in particular, Zn-Cd-Sb alloys. For the purpose of using it, numerous attempts are
made to control structure imperfection of these materials in order to increase the intensity of phonon
scattering. In particular, polycrystalline materials are used instead of single-crystal materials.
Moreover, the possibilities of creating amorphous or amorphized materials are considered, as well as
materials that would be “phonon glasses” and also “electronic crystals” [2]. At the same time, Zn-Cd-Sb
single-crystal materials are used to fabricate thermocouple and especially anisotropic thermoelements.
Because of this, it makes sense to analyze the effect of various crystal structure defects on the lattice
thermal conductivity of these materials. Such an analysis is the purpose of this article.

Analytical calculation of the lattice thermal conductivity of rhombic crystals with
structure defects and discussion of its results

Said analysis will be performed by the example of component «k;; of this thermal conductivity.
With regard to the effect of crystal structure defects, its analytical expression is given by:
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o ph ratep(w/0)dr | (v)" () 200)" ()
! 64712193kBTL§0(6Xp(x/9)—1)2 X x+A, x(3'12593+u11)+A11dt ‘

(1)

In these formulae, p — single-crystal material density, v;, v2, v; — sound velocities along principal
crystallographic directions, y;; — component of the Gruneisen tensor, p;; — component of umklapp
coefficients tensor, Tp — caloric Debye temperature, 0 = 7'/ Tp, A1y and A4 — relative contributions
to probabilities of phonon scattering on structure defects, k3 — Boltzmann constant, # — Planck
constant. Indexes /, ¢ refer to longitudinal and transverse legs, components of the Gruneisen parameter
tensors and umklapp coefficients are considered to be independent of phonon polarization.

We will now determine the values Ay and A, for different types of defects, taking into account
model expression [3] for relaxation time at normal phonon-phonon scattering processes, as well as
model expressions [4] for the intensity of phonon scattering on some basic defects of crystalline
structure. In doing so, as long as the above expressions are given for the case of a simple cubic lattice
with one atom in a unit cell, we will generalize them, having conventionally substituted real unit cells
of zinc and cadmium antimonides, as well as Zn-Cd-Sh ternary alloys, by equal-sized cubes.
Performing this substitution, we will neglect the small difference between true angles of the unit cell
and the right angles.

For instance, when phonons are scattered at grain boundaries, A; 4 and Ajy4 are determined as
follows:

9-102p(v,vyvy, ) AL

Ay = , (2)
M 256mk, T (K, Ty ) aara,
_9:107p(vvvy, ) AL )

A .
M 256mk, T (kyT,)' 3faana,

In so doing, a;, a,, a; — lattice constants, L — dimensionless parameter characterizing the density of
grain boundaries:

L=N,Jaa,a; , “4)

where N, — the number of grain boundaries per unit length.
When phonons are scattered by screw dislocations, A4 and Ay, are determined as follows:

9-1072ph? (vyvyyvy ) L

A 3
64k, T (k,T,)

X, )

1ar =

- /
_9:10 th3(vl,v2,v3,)35 'L . ®
64k, T (k,T,)

11dt

In this case, the dimensionless parameter L characterizing dislocation density is found as:
L=N,_b", (7)

where N, — the number of screw dislocations per unit area, b — the Burgers vector.
When phonons are scattered by packing defects, Aj 4 and A}y, are determined as follows:
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3 0.21ph* (v, vy vy, )4/3 Jaa,a,l

= X7, (®)
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4/3
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In this case, the dimensionless parameter L characterizing the density of packing defects is found as:
L= NS/ Jaa,a, (10)

where Ny, — the number of packing defects per unit length.
When phonons are scattered by edge dislocations, A, and A;4 are determined as follows:

23
_3thuvzzv31(a1a2a3) L,

A= X, 12
1l 32y 21T, (12)
23
_ 3phv, v, vs, (a1a2a3) L
Alldl - 212 X (13)
32y, k3 TT,,

In this case, the dimensional parameter L characterizing the density of edge dislocations is found as:
2/3
L:Ned(a1a2a3)/ ) (14)

where N, — the density of edge dislocations per unit length.

Dependences of component «;;; on parameter L for various types of defects in ZnSb crystals at
293 K, CdSb crystals at 293 K and Zng,5Cdyg755h crystals at 300 K are shown in Figs. 1,2,
respectively.

K, Wm-K
5 .

L

0.5

0 I 1 T
0 5 10 15 L
Fig. 1. Dependence of the lattice thermal conductivity of ZnSb at 293K

on parameter L at phonon scattering :1) at grain boundaries;
2) by screw dislocations, 3) by packing defects; 4) by edge dislocations.
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K, W/m-K

0.5

0

0 5 10 15 L
Fig.2. Dependence of the lattice thermal conductivity of Zng 155 Cdy.s75 Sb at 300K

on parameter L at phonon scattering:1) at grain boundaries;
2) by screw dislocations; 3) by packing defects; 4) by edge dislocations

Numerical data for calculations are taken from [5 — 8]. From the figures it is seen that in all
cases the lattice thermal conductivity of Zn-Cd-Sb thermoelectric materials is least effectively reduced
by phonon scattering at grain boundaries, and most effectively — by edge dislocations. But in order for
this decrease to be significant at room or higher temperatures, the defect densities must be very high.
Thus, for instance, to reduce the lattice thermal conductivity by half as compared with a perfect single
crystal due to scattering at the grain boundaries, it is necessary that their density exceed 6.63 - 10'° m™.
But such a high density of grain boundaries is impossible even in a polycrystalline material with grains
whose dimensions are measured by nanometers. Nevertheless, in such materials the effective decrease
in the lattice thermal conductivity is due to the comparability of the mean free paths of phonons with
grain sizes. To halve the lattice thermal conductivity due to additional phonon scattering by screw
dislocations, it is necessary that at their density equal, say, to 10" m™, the corresponding Burgers
vectors be of the order of 135 crystal lattice constants. This Burgers vector will be realized, if we take
into account that the ratio of the elasticity limits of Zn-Cd-Sb alloys to their shear moduli is much less
than 1/135 [9]. Thus, phonon scattering by screw dislocations can be an effective mechanism for
reducing the lattice thermal conductivity of cadmium and zinc antimonides.

Therefore, the effective reduction of the lattice thermal conductivity of thermoelectric materials
due to the additional phonon scattering by packing defects is impossible for the same reasons as due to
their scattering at grain boundaries (if dimensional effects are not taken into account).

Finally, in order to halve the lattice thermal conductivity due to additional scattering by edge
dislocations, it is necessary that their density at the lowest possible value of the Burgers vector, which

in the framework of the approach used is i/a,a,a, , exceed 1.44-10" m™. On the one hand, the largest

dislocation density detectable by the electron microscope is approximately 10" m™ [9]. On the other
hand, the value of the Burgers vector can substantially exceed and, as a rule, exceeds its lowest
possible value. And the density of edge dislocations necessary for effective reduction of the lattice
thermal conductivity, other things being equal, decreases in inverse proportion to the square of the
length of the Burgers vector, and, therefore, is quite attainable. Thus, additional scattering of phonons
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by edge dislocations can also serve as an effective mechanism for lowering the lattice thermal
conductivity of thermoelectric materials based on Zn-Cd-Sb.

It should be noted, however, that if the change in the lattice thermal conductivity of Zn,Cd,_.Sb
alloys due to a change in their composition could be explained only by the accumulation or "healing"
of structural defects, this thermal conductivity would have to be a monotonic function of x, varying
from the thermal conductivity of CdSh at x = 0 to the thermal conductivity of ZnSb at x = 1. However,
the experimental data [10, 11] indicate that such monotony does not occur. Thus, for instance, in [10]
it is shown that alloys have the lowest thermal conductivity at room temperature, for which the values
of x are equal to 0.35 and 0.45 (the thermal conductivities of these alloys are 1 and 1.2 W/(m'K),
respectively). In this case, the electrical conductivities of these alloys are by no means the least
possible. Therefore, a decisive role in the formation of a relationship between the thermal conductivity
and the composition of these alloys is played by the lattice component of thermal conductivity,
especially the part which is caused by phonon-phonon scattering with umklapp. The data of [10] are to
a certain extent confirmed by the data of [11]. In this paper it is shown that alloys of composition
Zno4CdysSb and ZngcCdy4Sh possess the lowest thermal conductivity among the five investigated
alloys. Their thermal conductivity is the same, and approximately equal to 0.712 W/(m-K), which is
28 % lower than that of zinc and cadmium antimonides. Therefore, a change in the thermal
conductivity of Zn,Cd, .Sbh alloys with a change in their compositions is mainly due to a change in the
unit cell of crystal lattice leading to a variation in the values of tensor components of umklapp
coefficients. The discrepancies between the data of [10] and [11] can be explained by the fact that in
the former case the materials studied were polycrystalline substances obtained by casting into an earth
mold, and in the latter case - single crystals grown by the zone melting method with the use of zone
levelling. In the former case, owing to the higher concentration of charge carriers, the electrical
conductivity and, consequently, the total thermal conductivity of the alloys turned out to be larger, and
the fraction of the lattice component in it — smaller. Therefore, in the latter case the symmetry of the
values of tensor components of umklapp coefficients with respect to ZnysCd,sSh composition was
more clearly manifested.

Conclusion

1. Analytical expressions are obtained that describe the effect of structure defects on the lattice
thermal conductivity of Zn-Cd-Sb alloys.

2. It is established that, at attainable densities, structure defects that can significantly reduce the
lattice thermal conductivity of Zn-Cd-Sb alloys are edge and screw dislocations. At the same time,
the effective reduction of the lattice thermal conductivity in going from single crystals to
polycrystalline thermoelectric materials is possible mainly due to size effects caused by the
comparability of the crystallite sizes with the phonon mean free paths in a single crystal.

3. It is shown that the behavior of the thermal conductivity of Zn-Cd-Sb single-crystal materials,
depending on the composition in the temperature range of relevance for practical applications, is
due not to the accumulation or "healing" of structural defects, but to the restructuring of the crystal
lattice, which leads to significant changes in the values of tensor components of umklapp
coefficients.
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Pozenanymo enaus Oegexmie Kpucmaniunoi cmpykmypu, maxkux, aK 26UHMOGi ma Kpauosi
oucaokayii, deghekmu 8naxKysaHHs 1 Medci 3epen Ha SpamKo8y Menionposionicms cucmemu Zn-
Cd-Sb. ¥V npoyeci pospaxynkie 8paxo8ano po3cito8anusa )OHOHIE 00HO20 HA 0OOHOMY, 00YMO8IeHe
K HOPMATLHUMY NpOYecamu, max i npoyecamu NepeKUuOants, a MaKodc po3Cciloeants QoHOHIE Ha
3azHauenux oegpekmax. Bpaxosani sixk anizomponis weuokocmi 38yKy, max i aHi30MpPONis MeH30pPy
I'pronaiisena. [[na pospaxyuxie uacy penaxcayii OHOHIE SUKOPUCMOBYEMbCA HAONUNCEHHS, Y
AKOMY Yell yac xoua ti aHU30MpPONHO, ajle 3ANedNCUMb 8i0 4acmomu OHOHA 6 YinoMy, a He 6i0
CKNA008UX 11020 K8A3IIMNYIbCY OKpemo. Pesyismamu pospaxymkie ceiouame npo me, wjo 3d
O00CAANCHUX WINbHOCMeEU BI0YYMHUL 6NIUE HA 2PAMKO8Y MENioNpOGiOHICMb MOHOKPUCTIALIYHUX
mepmoenekmpuuHux mamepianie ua ocnosi Zn-Cd-Sb 6 axmyanvuiii 0nf NPAKMUYHO20
3aCcmocy8antss 00IACME MeMnepamyp MOdiCymsb CAPAGIAMU JUulle 28UHMOBI U Kpauoei OucioKayii.
Ilpu yvomy ecmanogieno, wo 3a 3pOCMAHHAM epeKmueHoCmi po3ciloeanus oHouis, i, omice,
CmyneHs. 6NaU8y Ha cpamko8y menionposioHicmb, 32a0ani suwje Oeexmu po3mauio8yiomscs 6
HACMYNHOMY NOPAOKY. MedCi 3epeH, 28UHMOSI OucioKayii, oegexmu 6naxKygamHs, Kpaiosi
Oucnokayii. bion. 11, puc. 3.

KoarouoBi ciioBa: rpatkoBa TEIUIONPOBIIHICTh, pO3CilOBaHHS (HOHOHIB, HOPMaJbHI MPOLECH,
TpoIleCH TepeKuAaHHs, NePEeKTH KPUCTATIYHOI CTPYKTYpH, IIUIBHICTH Je(eKTiB, MeXi 3epeH,
IBUHTOBI TUCIIOKalii, 1e()eKTH BIIaKyBaHHsI, KpaHOBI AMCIIOKAILi].

Topckuii I1.B., ooxm. ¢huz.-mam. nayx

HNucturyT Tepmoanekrpudyectsa HAH 1 MOH VYkpaunsl, yia. Hayku, 1,
UYepnosupbl, 58029, Ykpauna, e-mail: anatych@gmail.com

BJIUAHUE JE®EKTOB CTPYKTYPbI HA PEHIETOYHYIO
TEIIJIONPOBOJHOCTDb TEPMOJJIEKTPUYECKUX
MATEPHUAJIOB HA OCHOBE Zn-Cd-Sb

Paccmompeno  enusnue Oepexmog Kpucmaiiuieckou cmpyKmypol, Makux Kak GUHMOSble U
Kpaeagvle ouciokayuu, 0eghekmol YNaKo8Ku U epanuybl 3eper Ha peuemoynylo menionpoeooHOCHb
cucmemsl Zn-Cd-Sb. B npoyecce pacuemos yumeHO paccesanue @HOHOHO8 Opye Ha oOpyee,
00ycro6lIeHHOe KAK HOPMANbHLIMU RpOYeccamu, mak u npoyeccamu nepedopoca, a maxoice
paccesinue (POHOHO8 HA YKA3AHHBIX Oeghekmax. Yumenvl Kak aHU30MPORUsL CKOPOCMU 36VKA, MAK
u anusomponusi mensopa I pionaizena. J[ns pacuema epemenu peiakcayuu  GoHoHo8
UCHONb3YEeMCsl NPUOIUdICEHUe, 8 KOMOPOM IMO 6PeMsl XOMsl U AHU30MPONHO, HO 3A6UCUN OM
yacmomol (QOHOHA 6 YEIOoM, d He OM COCHMAGIAIOWUX €20 KEASUUMNYIbCA N0 OMOETbHOCHU.
Pesynomamol pacuemog ceudemenbcmeylom o0 mMOM, YMO Npu OOCHMUNCUMBIX HIOMHOCTSX
owyymumoe  GIUAHUE ~ HA  PEUWEMOUHVIO  MENIONPOBOOHOCHb — MOHOKPUCMALIUYECKUX
MepMOodIeKmpuieckux mamepuanod Ha ocHoge Zn-Cd-Sb e axmyanvHoli 018 NPaAKMuyeckKozo
npuMeHeHus 0onacmu memnepamyp Mo2ym oKazams mojbKO 8UHMOGble U Kpaegble OUCTOKAYUU.
Ilpu smom ycmanognieno, Ymo no G03PACMAHUIO IPEHEKMUSHOCMU paccesHus (YOHOHO8, U,
C1e008amMenbHO, CMeNneHU GIUAHUS HA PeuemouHylo menionposoOHOCHb, YHOMAHYMblE Gblule
Oeghexmpul pacnonazaromces 6 ciedyiowem nopsioKe: panuybl 3epeH, GUHMOBble OUCTOKAYUU,
Odeghexmbi ynarkosku, kpaeguvle ouciokayuu. bubn. 11, puc. 3.

KiwueBble cjioBa: perieToyHas TEIUIOMPOBOAHOCTh, paccessHue (HOHOHOB, HOPMAaJbHBIC
MPOILIECCHI, TPOLECChI Mepedpoca, NeeKThl KPUCTAUIUNYECKON CTPYKTYPBI, IIIOTHOCTh JS(HEKTOB,
TPaHMIIBI 3€PECH, BUHTOBBIC JUCIIOKAIMH, Me(EKThl YIAKOBKH, KPAaeBbIC MUCIIOKAIINHU, [UIOTHOCTD
IePEeKTOB.
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MODELS OF CHEMICAL BONDING IN Bi,Te;

A complex approach has been developed for calculating the electronic structure parameters of hybrid
orbitals corresponding to nonequivalent interatomic distances in low-symmetry bismuth telluride
crystals. On the basis of quantum mechanical and quantum statistical approaches, calculations of the
Fermi energy, effective charges, effective radii, as well as redistribution of electron density and
dissociation energy of nonequivalent hybrid orbitals (NHO) are performed. The obtained results can be
used in the development of technological modes for the production of new materials based on bismuth
tellurides, which have high sensitivity, stability, and characteristics identity, especially necessary for
thermal converters of metrological application. Bibl. 11, Fig. 3, Table 1.

Key words: chemical bond, force and energy characteristics, Fermi energy, effective charges, effective
radii, dissociation energy, nonequivalent hybrid orbitals.

Introduction

Bismuth telluride is considered to be the best investigated of thermoelectric materials.

It has high thermoelectric parameters; due to doping, it can be obtained both — and p-type.
Moreover, bismuth telluride is easiest to prepare in the form of sufficiently perfect single crystals.
However, despite the multi-year studies of its physicochemical properties, a number of key points
have not been clarified yet. The issues of chemical bonding remain open, and the theoretical
comprehension of numerous empirical dependences is connected with the revision of the system of
established views on the problem of interatomic interaction, i.e. with the emergence of qualitatively
new, non-standard concepts, which are not always the result of the development of existing theories,
and often deny some of them [1].

In this connection, predicting the physicochemical properties of materials based on bismuth and
tellurium by theoretical analysis of their electronic structure is a relevant task of thermoelectric
materials science.

The need for complex studies is caused by the fact that various phenomenological approaches
are based on fitting a certain interpretation model to the results of experimental studies and do not
allow one to unite numerous empirical relationships with the aim of searching for technological modes
for obtaining materials with predicted properties.

Therefore, in the present paper, the task was set as follows: on the basis of quantum mechanical
and quantum statistical approaches, to develop a complex method for calculating the parameters of the
electronic structure of the materials under investigation in order to further apply the results obtained in
solving technological problems.
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Quantum statistic models of the electronic structure of Bi and Te

To solve this problem, it is necessary first of all to establish the correlation between the energy
parameters of the initial components (bismuth and tellurium) and the energy of formation (destruction) of
chemical bonds in bismuth telluride crystals. To do this, in the approximation of the electron gas model in a
metal, it was necessary to find the maximum energy Er of electron when the electron gas in question is in
the ground state.

This model of the atom is based on two ideas: one borrowed from quantum mechanics, the other
from quantum statistics.

We will start from the quantum mechanical part of our problem. According to standard initial
assumptions in quantum mechanics, the energy of electrons in a metal having the shape of a cube of size L
is determined by formula [2]:

2,2
E=%(ﬂf+n§+n§), (1)
where ny, n,, n; natural integers.

Since in the examined metal we must distribute a very large number of electrons, it is necessary to
use the methods of quantum statistics. Let # be the distance from the origin to the point, then

n12+n§+n32=n2, 2)
and we can write that the number of points of the first octant, with integer-valued coordinates enclosed
between spheres of radius # and n + dn, is:

l47mzdn =7 n2dn 3)
8 2

"Placing" in each of these points two electrons with the opposite spin orientation (by virtue of the

Pauli principle), we get that between n and n + dn there are zn2dn electrons. Considering further that the
energy (1) depends only on 7 can be written:

B wrt o, nr’

= sn°, dE=——>
2mL mL

ndn 4)

The number of electrons whose energies are between the values of £ and £ + dE, we find the
formula:

3
dN = zn’dn =~[2m %ﬁdE (5)
T

The maximum energy of electron, when the electron gas is in the ground state, is determined by the
total number of electrons N:

3 E

N=\/2m’"2—L3j\EdE ©6)
Ty

If we introduce into consideration the density

N

WZE

()

then we obtain formulas that do not include the volume of the metal under consideration:

14 Journal of Thermoelectricity Ne3, 2017 ISSN 1607-8829



O.M. Manik, T.O. Manik, V.R. Bilinsky-Slotylo
Models of chemical bonding in Bi,Te;

1 (2mE.\"
W:37z2( th) ®
or
#? 2 \2/3
E, = %(371 W) )

As long as W= p/m, where m is the mass of one atom of metal under consideration, formula (8)
yields numerical values of maximum electron energy, which is called the Fermi energy of electron gas.
With the help of (8) the Fermi energy of bismuth and tellurium was calculated,

EY =2.71241eV, (10)

ET =3.47835¢eV (11)

and were further used in the consideration of processes of formation of chemical bonds in bismuth telluride
crystals, analysis of the diagram of states, phase transitions and polymorphous transformations.

Quantum chemical models of the electronic structure of Bi,Tes

The present paper contributes to further studies of quantum chemical models started in [3] and their
application to solving the problems of formation of atomic interaction in 4'—B"" crystals. According to [4],
the dependences tga = AlgR, /An turned out to be the most useful when searching for the solution of the
problem of the relationship of effective radii Ru with the number of electrons # on the orbitals of atoms.
Interrelation of the slopes of rectilinear dependences of logarithm R, on n excludes the possibility of
arbitrary change in the composed quantities. A good agreement of the complex of experimental data is
given by the system of equations [4]:

IgR,, =1g RSA — Xiga. 4, (12)
IgR,; =1gR), +xtga,, (13)
a, = R;A + R;év (14)

where R’ is the radius of atom in the unexcited state, and x is valence. The system of equations
(12 —14) is written on the assumption that the absolute values of the charges of the interacting atoms are
equal. In this case, the complex process of rearranging the electronic shells of interacting atoms is reduced
to the transfer of electrons from the orbitals of one to the orbital of the other. Therefore, additional criteria
are needed that allow the crystal chemical system of equations (12 — 14) to be translated into the language
of quantum chemistry. According to [3], for this purpose it is necessary to analyze the dependence of the
interatomic distances on the effective charges: d,=/'(z,). The change in the z,svalues of atoms should be
done in such a way as to assure the equality of density of states at the boundaries of corresponding ions:
removal of electrons (+Ag) or their localization (—Ag) in this bond direction equally changes the values of
charges that this pair of atoms had at d, = dyin, Zepa(3)= Zmina) + Aq/2.

With this approach, the system (12) — (14) takes on the form:

d =R+ R (15)
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lgR;j = 1g Rl(l)A - (ZminA +%j tgo’A (16)
lgleg = lgRuOB _(ZminB +%jtgazg (17)

It is noteworthy that the function d;=f(zs) in the approximation (x,=-xz) is correct only for
dy = dim, but it is sufficient for the system (15 — 17) to be solved at known d,. This is the basis for the use of
nonequivalent hybrid orbitals (NHO) to describe the interatomic interaction in the present paper.

Quantum mechanical models of interatomic interaction and dissociation energies of NHO

To derive semi-empirical dependences that can be used to calculate bond energies between
homogeneous atoms in dimensional molecular and crystalline groups is one of important problems in the
theory of materials science. The use of NHO to study the interaction in compounds that differ in
stoichiometry, structure, chemical bond type, and physical and chemical properties allows us to proceed to
the solution of prediction problems in materials science. Taking into account the above remarks, in this
paper it became possible to describe the dependence of NHO bond energies on the lengths and electron
configurations of interacting atoms in a single general expression:

D(i) _CI(RSAJ'-RL?B ( . Czdi lj’ (18)
d;

P (1ga, +1ga,) d> —RVRY 4.

uA

where R’,,, d;, tga, are coefficients of equations (12— 14); C; is coefficient that reflects the relation
between dimensional and energy characteristics and has energy dimension (eV); C, reflects the type of
crystalline structure and quantitative relation between coefficients tgo; tgaz. and quantities (R,z/R,z). In
contrast to [3] and [4], in the present paper the construction of formula (18) is carried out taking into
account the fact that the similarity numbers must be dimensionless quantities. Therefore, the coefficient C,
in formula (18) is a dimensionless quantity and, in the solution of the self-consistent variational problem, is
chosen in the first approximation to be equal to unity.

Effective charges and effective radii of atoms of the nonequivalent chemical bonds in
Bi,Tescrystals

The chemical bonding of Bi,Te; was widely discussed in the literature [1]. But despite this, until now
its nature cannot be considered definitively established.

Crystallographic data on Bi,Te; compound were first published by Lange [5]. He described the
structure of Bi,Te; as thombohedral with a spatial group Dy, (Rs3,,) and parameters ap = 10.43 A, az = 24°8".

More accurate measurements on the well annealed powders of stoichiometric composition were
performed in [6]. In so doing, one should note the work [7], where it was shown that in the non-annealed
powders the intensity of some reflexes is weakened, and some of them even disappear. To obtain reliable
data, annealing at 7= 550 °C is necessary.

One should also pay attention to the Bi-Te diagram of state [8]. This is a typical diagram of systems
forming a chemical compound. The lines of the liquidus and solidus intersect at the maximum point
(congruent point, at which the compositions of the melt and the solid phase coincide). Diagrams of this type
have two features that are important for the technology.

One of them is that the initial components can dissolve in the chemical compound, and another
feature of the diagrams considered is the displacement of the maximum less than the liquidus with respect
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to the stoichiometric composition. In this case, during crystallization of the stoichiometric melt, the solid
phase is enriched by a component toward which the maximum shifts. A solid phase of the stoichiometric
composition can be obtained by crystallization under equilibrium conditions of a melt with an excess of
another component or by rapid cooling of the stoichiometric melt and homogenizing annealing.

How can we explain the fact that the initial components can dissolve in a chemical compound and
what is the role of annealing in technological processes from the standpoint of available information on the
chemical bond?

According to the available information [1], the BiTe; structure can be represented as a set of
complex layers - quintets perpendicular to the symmetry axis of the third order. Due to the presence of a
layered structure, Bi,Te; easily accumulates along the (0001) planes in a hexagonal cell. The Te atoms in
the Bi,Te lattice have two essentially different places Te"" and Te®. Bi, accordingly, has three Te® and
three Te'” neighbours. The lengths of bonds between them are given in the table.

Unfortunately, there is still no experimental data on the distribution of electrons over bonds within
the quintet.

To solve the problem, it was necessary to first determine the maximum energy of the electron gas in
the ground state (the Fermi energy) and compare it with the energy of thermal motion (kT = 0.048 eV at
500 K).Therefore, thermal excitation can only slightly change the distribution of electrons over energies.

Table
Effective charges, effective radii and dissociation energies of nonequivalent
hybrid orbitals in BiyTe; crystals
@
Ru, Aq, Dj (0J] (Tel—Tez) [0 (BI-BI) 03 (Bl- Tel) (07 (Bl- Tez) (0 (BZ-BI) [ (Tel—Tel)

d*(A) - - 3.12 322 - 3.57
d?*" (A) 2.88 3.1 3.12 3.22 35 3.57
R (A) - 1.55 1.847 1.906 1.75 -
RF(A) 1.439 - 1.273 1314 - 1.785
R /R - - 1.4509 1.4505 - -

Ag bond ¢, 0.49 0.32 02 0.05 -0.45 -0.625

D, (eV) 2393 2577 227 2.198 2.283 1.929

At the same time, it can affect considerably the mode of motion of individual NHO: with a rise in
temperature, there is increase in the amplitude of vibrations of atoms along NHO, and this, in turn, leads to
the appearance of precession-rotational motion of individual NHO as a whole and results both in
polymorphous transformations and phase transitions.

In connection with this, the next stage of the research in this paper was the calculation of the
interatomic distances in Bi,Te; for the nearest neighbors. Using the technique developed in [9 — 10] and
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applied in [11], in this paper we calculated the interatomic distances dy. . , d'(Bi-Bi),

d¥(Bi-Te"), d¥(Bi—Te®), d®(Bi - Bi), d®(Te" —Te").

Calculation data are also given in the table (alongside with the experimental data [1]).

To establish the dependence of the effective charges on the interatomic distances, it was necessary to
write a system of equations (15) — (17) for each i-th NHO, and then, by solving the inverse problem by the
already known interatomic distances d,(1<i <6), to find Rz, Ruze, Aq.

Calculation data are given in the table. The necessary R,, tgoz and tgouz, for generation of equation
systems (15) — (17) were found by the procedure [4]. As a result of the calculations, the following
numerical values were obtained: R%;= 1.63 A; R°.,=1.57 A; tgog; = 0.068; tgar, = 0.076.

For the purpose of correct using the formalism of NHO method, in this paper we constructed the
diagram d; =f(x)/ Fig. 1 shows the dependence of the interatomic distances d; of @« Bi,-Te.,) bonds (in
angstroms) on the effective charges x in the range 4 < x < 4. As follows from the above results, the
minimum on this dependence is realized at dp,, = 3.2 A, exceeding the real interatomic distances di; d,; d;
given in the table. All this necessitated recalculation of the effective charges Ag for each bond.

d,(A)‘\
4.3
42
4.1
4.0
3.9
3.8
3.7
3.6
3.5
3.4
3.3
3.2

»
>
X

4-3-2-101234

Fig. 1. Dependence of interatomic distances d; on the effective charges x of BiTe bond ¢(Bi.Te.,)

Then, with regard to the above remarks, RE R, and Ag were calculated for the nonequivalent
hybrid orbitals 1 <i <6.

Thus, as a result of taking into account the quantum mechanical and quantum statistic interpretation
of the empirical material in a uniform quantitative method for calculating the parameters of the electronic
structure, in this paper it became possible to describe the dependence of the NHO bond energies on the
lengths and electron configurations of Bi,Te; atoms by one general expression. As a result of the
calculations, according to (18), the numerical values of the NHO bond energies in Bi,Te; crystals were
obtained.

The results of calculations of effective radii R,”, R,, redistribution of electron density Ag;
dissociation energy D; are given in the table. With a view to expand the possibilities of using formula (18)
for solving the tasks of polymorphous transformations, phase transitions, conditions of thermal treatment of
resulting materials, this paper presents the dependences of dissociation energies on the atomic energy
characteristics (reflected in coefficient ¢), Fig.2, and parameters of similarity numbers (reflected in
coefficient ¢,), Fig. 3.
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Fig. 2. Dependence of the NHO dissociation energy on the atomic energy characteristics C;
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Fig. 3. Dependence of the NHO dissociation energy on parameters of similarity numbers C,

Analysis of these dependences allows establishing the relationship between the physicochemical
properties of the resulting material and the choice of initial components and technological methods for the
synthesis of new thermoelectric materials based on bismuth telluride.

Discussion of the results

Analysis of the results obtained showed that the dependences presented in this study can be used
not only for calculating the binding energies of individual NHO in Bi,Te; crystals, but also for
developing technological modes for the production of new materials of Bi,Te;system with a predicted
set of properties. The results obtained in this paper agree with the results of studying state diagrams of
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stable and metastable equilibrium presented in [1], specify the possibilities of phase transitions and

polymorphous transformations in the formation of physico-chemical properties of produced materials.

Conclusion

1.

On the basis of a complex approach, a technique has been developed for applying the formalism of
nonequivalent hybrid orbitals to calculate the interatomic interaction in Bi,7e; crystals.

Calculations were performed of electron density redistribution on NHO, accompanied by electron
drift to other directions of interatomic interaction, i.e. it becomes donor (+Aq) or acceptor (—Aq).
Taking into account the quantum-mechanical and quantum-static interpretation of empirical material,
a method was developed and calculations of the dissociation energy of nonequivalent chemical
bonds in Bi,Te; crystals were performed.

The results obtained in the paper are consistent with the features of Bi-Te diagram of states and can
be used in the development of technological modes for synthesis of new materials based on Bi,Tes.
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MOJEJI XIMIYHOI'O 3B'AA3KY Bi,Te;

Po3pobreno komnaexcuuii nioxio 01 po3paxyHKie napamempis eleKmpoHHoi 06y008u 2iOpuOHuUX
opbimaretl, wo  GION0Gi0aloMb  HeeKGIBANeHMHUM  MIJCAMOMHUM — GIOCMAHAM Y
HU3bKOCUMEMPUYHUX Kpucmanax menypudie eicmymy. Ha ocnogi keanmosomexamniunozo u
K8AHMOBOCMAMUCIMUYHO20 NIOX00i8 NposedeHi po3paxyHku enepeii Pepmi, epekmusHux 3apaois,
epexmusHUX paodiycie, a MaKoxic Nepepo3snooily eileKmpoHHOI 2ycmuHu ma eHepeii oucoyiayii
HeekgigareHmHux 2iopuonux opbimaneu (HI'O). Ompumani pezyiemamu Mmodxcyms Oymu
BUKOPUCMAHI NPU PO3POOYI MEXHOLOSIYHUX PENHCUMIE 0OEPICAHHS HOBUX MAMEPIaNié HA OCHOBI
menypuoie 8icMymy, wo 60100il0mb BUCOKOIO UYMAUGICMIO, CMAOINIbHICMIO A IOeHMUYHICMIO
Xapakmepucmuk, — 0cobnuso  HeoOXIOHUX 0Nl MepPMONepemeopros8ayie  MempoiociyHo20
npusnavenns. bion. 11, Puc. 3, Tabn. 1.
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MOJIEJIA XUMHUYECKOWM CBSI3H Bi,Te;

Paspaboman komnnexchwiii no0xo0 0t pacyemos napamempos JNEKMPOHHO20 CIMPOEHUsE SUOPUOHBIX
opbumanei,  COOMBEMCMBYIOWUX — HEIKGUBANCHMHBIM — MENCAMOMHLIM — PACCMOSIHUAM 8
HUBKOCUMMEMPUUHBIX KPUCANIAX Mennypuoos sucmyma. Ha ocnose xeammosomuxanuueckoeo u
K6AHMOBOCMAMUCMUYECKO20 N00X0008 Npogedehbl pacuemvl dHepeuu Depmu, phexmueHvix
3aps1008, IPPEeKMUsHbIX paouycos, a maxdice NePepacnpedeneHuss NeKMPOHHOU NIOMHOCMU U
9Hepaul OUCCoyuayuu HesKeUBANeHmMHbIX cuopuonsix opoumanei (HI'O). Ilonyyennvle pe3ynomamol
Mozym  Oblmb  UCNONB308AHbL NPU  pA3PAOOMKE MEXHONOSUUECKUX DEeNCUMOB NOTYHEHUsI HOBbIX
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MAmMepuanos Ha OCHOBe MELTYPUOO8 GUCMYMA, OONAOAIUUX BbICOKOU UY8CHEUMENbHOCHIBIO,
CMAbUIbHOCMbIO U UOCHMUYHOCBIO  XAPAKMEPUCIUK, — OCOOEHHO — HeoOXOOUMbIX  Osl
mepmonpeodpazosamerneil memponozuieckoeo Hasnavenus. buon. 11, Puc. 3, Ta6bn. 1.

KnroueBble ci10Ba: XMMHMYECKOW CBSI3M, CHIIOBBIE M DSHEPreTUYECKHE XapaKTEPUCTHKH, SHEpPrus
®Depmu, >phexTuBHBIC 3apsiabl, YQ(GEKTUBHBIE PayChl, SHEPTHS TUCCOIMAINY, HEIKBUBAJICHTHBIC
ruOpuIHbIE OPOHUTAIH.
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A NEW d*/d° TYPE TETRAGONAL THERMOELECTRIC MATERIAL HfSiSh,
A HALF-HEUSLER COMPOUND: A FP-LAPW METHOD

We have studied the electronic and thermoelectric properties of HfSiSh using first principle
Density Functional Theory (DFT) within a Full Potential Linearized Augmented Plane Wave
method (FP-LAPW). The electronic structure is a key in determining the thermoelectric properties.
A most common generalized gradient approximation (GGA) is taken into consideration for
electron exchange. The thermoelectric properties like Seebeck coefficient, electronic thermal
conductivity and electrical conductivity are calculated. In addition, we have also included a lattice
thermal conductivity (x,) to obtain the total thermal conductivity. The presence of total thermal
conductivity gives us an exact understanding of material thermodynamics and its efficiency (ZT).
HfSiSb possesses a tetragonal structure, the thermoelectric parameters are calculated along
perpendicular and parallel direction. The low value of lattice thermal conductivity (below
10 W/Km) and sharp variation of ZT in the range (300 — 400) K predicts that this system is a
potential thermoelectric material at room temperature. Bible 15, Fig. 5, Table 1.

Key words: band structure, Seebeck coefficient, thermal conductivity.

Introduction

Thermoelectric materials can convert waste heat into electrical power and thus have attracted great
attention because it can lead to sustainable energy management [1]. In recent years, several materials
have been studied to search for efficient thermoelectric materials. Among these several compounds,
some of the compounds that were extensively investigated were Heusler compounds, derivative of HH
compound, skutterudites, Zintl compounds, Ca;CosOy etc. [2-—5]. The best materials for
thermoelectric devices were found to be alloys of bismuth, antimony and tellurium. [6]. However, the
efficiency of thermoelectric materials is still limited for practical purposes. Highly efficient
thermoelectric materials are therefore in urgent demand. The efficiency of a thermoelectric material is
defined by its figure of merit Z7, which is expressed as ZT = S20/x-T where S is the Seebeck
coefficient, ¢ the electrical conductivity and « the thermal conductivity. It is known that k¥ comprises
two parts, kK =K, + K, where «; and «, are respectively the electronic and phononic contribution to
thermal conductivity.

In this work, we have investigated the electronic and thermoelectric properties of ternary
antimonide HfSiSh for its potential use as thermoelectric material. Dashjav and Kleinke have
investigated the crystal structure and electronic properties of Ge based ternary antimonide HfGeSb and
found it to be a thermoelectric material with a tetragonal structure [8]. HfSiSbH is a hypothetical
compound with an assumption that this compound has the same structure as the Ge based compound.
Recent structural studies on HfSiSh showed it to be mechanically stable [9]. No systematic research
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has been reported on the electronic and thermoelectric properties of HfSiSb till date, and thus we have
made a detailed investigation on these properties for this compound. The density of states (DOS),
electronic band structure and the thermoelectric figure of merit Z7 of this compound have been
discussed in detail for the first time.

Crystal structure and computational method
Crystal structure

HfSiSh is a hypothetical compound and it is assumed that it crystallizes in the ZrSiS-type
structure. HfSiSbh has tetragonal structure with the space group P4/nmm. Its unit cell consists of six
atoms occupying three two-fold positions: Hf on 2¢ (1/4, 1/4, z1), Si on 2a (3/4, 1/4, 0) and Sb on 2¢
(1/4, 1/4, 22) [9]. The following figure shows the crystal structure of ternary antimonide HfSiSh and its
atomic position is shown in Fig. 1.

8.7-10'4 ¥,=816.2382, B (GPa) = 111.2288,
BP = 4.6449
8.7-10'
= -87-10'
[-4
% -8.7:10'1
5 87.10°
8.7-10°

-8.7-10°

700 750 %00 8§50 900 950 1000 1050
Volume (a.u.)’

Fig. 1. Crystal structure of ternary antimonide HfSiSh.

Computational details

We have performed the first principle calculations based upon the density functional theory
(DFT) using the WIEN2k code [10]. The total energy was calculated using the generalized gradient
approximation (GGA) [11] and linearized augmented plane wave method (LAPW) [12]. The
electronic and thermoelectric properties were calculated using the full potential linearized augmented
plane wave method (FP-LAPW) [13] as implemented in the code WIEN2k. The cut off energy to
define the valence and the core state separation was chosen as —6 Ry. We had set Ry K. =7 and
used 10,000 k-points with 28 x 28 x 12 k-point mesh in the first Brillouin zone, which resulted in the
generation of 1893 no. of plane waves in the irreducible part of the Brillouin zone. For self-
consistence calculation, the convergence criterion for charge was set to 10 e~ and that for energy
was set to 10 > Ry. The semi-core states were treated ignoring the spin orbit coupling i.e. it was treated
semi-relativistically.

To calculate the transport properties, we used the program code BoltzTraP [14] based on the
Boltzmann semi-classical transport equation. The Fermi energy at zero temperature (7= 0K) was
taken as chemical potential () in the transport calculation.

Results

The lattice constant taken from the previous theoretical study given by Ref. [9] was used to
perform the volume optimization. In order to determine the equilibrium lattice constant, bulk modulus,
its pressure derivative etc., and the total energy vs. the changed volumes were fitted using
Murnaghan’s equation of state [15]. Fig. 2 shows the volume optimization curve and the comparison
of the calculated lattice constant, bulk modulus etc. with that of the available on are presented in
Table 1. The change in the parameters is given by A. Our calculated value of the bulk modulus is
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111.2288 GPa, its pressure derivative is 4.6449 and the optimized lattice constants are, a = 3.746 A
and ¢ = 8.618 A.

Table 1
Calculated equilibrium lattice parameters, bulk modulus (B) and its pressure

derivative (B’) of bulk modulus along with the available theoretical data

a(A) c(A) B (GPa) B’
Our result 3.746 8.618 111.23 4.645
Ref[9] 3.740 8.603 114.07 4.389
Difference (A) 0.006 0.015 2.84 0.256

Density of states (DOS)

To study the electronic properties optimal lattice constants @ = b = 3.746 A and ¢ = 8.618 A
were used. Fig. 3 gives the total DOS plot of HfSiSh. It shows that the maximum contribution to the
total DOS is due to the Hf atoms (~ 4.2 eV), the Si and the Sb atom both has very low contribution of
less than 1 eV. Since Hf has the highest contribution, therefore the sharp peaks in DOS are mainly due
to the d-state electron in the semi-core and valence region (Fig. 4a). A closer look on the Fig. 4b and
4¢ shows that the Si contributes the least to the total DOS which is ~ 0.6 eV, whereas Sh has a

contribution of ~ 0.7 eV. The contribution in Si and Sb is due to the p-state electron in the valence
region.

407 4 total

0.6 v [—Sip 0.74 o [— ‘;':'.:‘"
si—mHrd I i
g '/ 0.5 051 N et T

% 3.0 1—Hfd, 0.44 0.54
7 25| —HEd ;
£ ,01—Hfdd 0.3 041
. 0.3
% 1.5 0.2 -
& 10

0.24
0.14

0.14
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a) b) ¢
Fig. 2. (a) partial DOS of Hf (b) partial DOS of Si (c) partial DOS of Sb.

0.0+

Band structure

Fig. 3 gives the band structure of HfSiSh. The band structure shows metallic nature of HfSiSh,
with more dense bands in the conduction region than in the valence region.
8.0 3

6.03\

SO 0] e

Energy (eV)
=

™,

RATAXZM EZT0 2 4 6 8 10

Fig. 3. Band structure of HfSiSb

The greater number of bands in the conduction region is due to the 3-d state of Hf atoms. In
valence region also, dense bands are observed which is also due to the 3-d state of Hf atoms. In
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comparison with DOS results it can be seen that in the valence region, the bands below —1 eV consist
mainly of the p-state electrons of Si and Sb.

Thermoelectric properties
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Fig. 4. Thermoelectric parameters as a function of chemical potential (1)
along X and Z directions at different temperatures (a) Seebeck Coefficient
(b) Electrical conductivity and (c) Electronic thermal conductivity.
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Fig. 5. Thermoelectric parameters as a function of temperature (a) Seebeck coefficient
(b) electrical conductivity (c) partial and total thermal conductivity
(d) thermoelectric figure of merit (ZT).

Conclusion

The Ge based ternary antimonide was found to be a good thermoelectric material, whereas we
see a different case for the Si based ternary antimonide. The highest ZT value calculated was 0.52 and
0.39 respectively for the XX and ZZ direction at 200K. However, the value is not too low to consider
HfSiSh as a bad thermoelectric material, but is half of the benchmark value 1. These ZT values are
only due to the dense bands in and around the Fermi level in the band structure of HfSiSh. The low
values of the Seebeck coefficient and high values of thermal conductivity are due to the absence of
narrow band gap in the band structure. If we can, however, dope with elements which modify the DOS
near Fermi energy, then HfSiSh may show semiconductor behavior leading to a high value of ZT.
Making nano-structural or external pressure may modify the ZT value.

R. K. Thapa and H. Joshi acknowledge DST-SERB for project grant.
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HOBHMU TETPATOHAJIBHUN
TEPMOEJEKTPUYHUN MATEPIAJI HfSiSh
THUITY d*/d’, HANIBTENCJEPOBA CIIOJIYKA: METO/]
MMOBHOI'O TOTEHLIAJIY JIHEAPU30BAHUX
MMPUENTHAHUX IIOCKUX XBUIb

Hamu docniooiceni 3 nepuwiux npunyunie eiekmpoHui u mepmoenexkmpuuri eracmusocmi HfSiSb 6
DPAMKAX  YHKYIOHANbHOT meopii 2yCmuHu 3a O0ONOMO20H0 Memoody NOBHO20 NOMEeHYiaLy
JIHEeapu306aHUX NPUEOHAHUX NIAOCKUX X6UTb. Enexmponna cmpykmypa € Kuioyem 00 6U3HAYEHHs
mepmoenekmpuyHux eracmueocmell. Havinowupeniuia anpoxcumayis y3aeanvHeH020 epadieHma
bepemuvcst 00 ysazu 05t 0OMiHy enekmpoHamu. Po3paxosani mepmoenekmpuyti xapaxmepucmuxu,
maxki Kk Koeghiyicum 3ecOeka, eleKmMpOHHA MeNnIonpoGiOHICMb I eleKmpuyHa npogioHicms. Kpiu
mo20, 05l OOEPHCAHHSL 3a2abHOT MENTONPOSIOHOCT MU BKIIOUUNY MENTONPOGIOHICIb 2PAKU (Kp).
Hassnicmo 3aeanvroi menionpogionocmi 0ae Ham moune po3yMiHHIA MepMOOUHAMIKU Mamepiany i
tio2o eghexmusnocmi (ZT). HfSiSh mae mempazonanshy cmpykmypy, mepmoeieKmpudHi napamempu
PO3paxo8ami 6 NnepneHOUKYJIAPHOMY U NapaneibHoMy Hanpamkax. Husbke snauenus epamxogoi
mennonposionocmi (hudcue 10 Bm/Km) i piska 3mina ZT y dianasoni (300 — 400) K npoenosye, wo
Ys cucmema € NOMeHYiaIbHUM MEPMOENSKMPUYHUM MAMEPIANOM NPU KIMHAMHIN meMnepamypi.
KouoBi ciioBa: anpokcumarisi y3aralsHEHOTO TPaJie€HTa, 30HHA CTPYKTYypa, KoedimieHT 3eedeka,
TEIUIONPOBIIHICTb.
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COEAUMHEHME: METO/ ITIOJIHOI'O IOTEHILHUAJIA
JIMHEAPU3OBAHHBIX ITIPUCOEJUMHEHHBIX ITVIOCKHUX BOJIH

Hamu uccredosanvl u3 nepevix NPUHYUNOS INEKMPOHHbIE U MEPMOINEKMPUUECKUE CEOUCMEA
HfSiSb 6 pamxax @yukyuonaienoti meopuu NIOMHOCMU C HOMOWDBIO Memood NOAHO20
HOMEHYUANA TUHEAPU30BAHHBIX NPUCOCOUHEHHBIX WIOCKUX GONH. DIEeKMPOHHAS CMpPYKMypa
ABIAEMCAL KIIOYOM K ONPeO0eNeHuio mepModieKmpudeckux ceolicme. Haubonee pacnpocmpanennas
annpoxcumayus  0000WeHHO20 — 2padueHma NPUHUMAemCcs 60  BHUMAHUe Ol  00MeHd
anexmpoHamu. Paccuumansl mepmoaiekmpuyeckue Xapakmepucmuru, maxkue Kax Kodgguyuenm
3eebeka, snekmpoHHaAs MENIONPOBOOHOCHb U INEKMpUYecKas npogooumocms. Kpome moeo, 0ns
noxyuenus obujell mMenionposoOHOCU Mbl EKTIOYUIU TMENTONPOEOOHOCHb peutemKku  (K,).
Hanuuue obweii mennonpogoonocmu oaem Ham moyHoe NOHUMAHUE MEPMOOUHAMUKY MAMepUad
u eco opgexmusnocmu  (ZT). HfSiSb  umeem  mempaconanvHylo  CMpPYKmMypy,
MEePMOIIEKMpUYecKie napamempsbl pACCUUMAHbl 6 NEPREHOUKYIAPHOM U  NAPALIETbHOM
Hanpaenenuu. Huskoe 3nauenue pewemounoll menionpogoonocmu (Husice 10 Bm/Km) u pesxoe
usmenenue ZT 6 ouanazone (300—400) K npeockazvisaem, umo sma cucmema S6IAemcs
NOMEHYUATTLHLIM MEPMOIIEKMPUHECKUM MAMEPUATOM NPU KOMHAMHOU memnepamype.
KoaroueBble ciioBa: anmnpokcumaiiysi 0000IIEHHOTO rpajueHTa, 30HHask CTPYKTypa, kodddurmeHt
3eebeka, TemI0NPOBOIHOCTb.
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LOCALIZATION EFFECTS IN THIN FILMS OF Bi,Te;;Sej3
THERMOELECTRIC COMPOUND

Thin films of Bi,Te; 7Sey s thermoelectric compound were prepared using “hot wall” method by
thermal evaporation in vacuum. High quality of the resulting thin films is proved by the data of
X-ray diffraction and Raman scattering. Electron transport was investigated in a wide range of
temperatures 1.4 —300 K and magnetic fields up to 8 T. In the temperature dependence of
electric conductivity at temperatures below 10 K there is localization of electrons caused by
electron-electron interaction in a two-dimensional limit. It is supposed that the observed weak
anti-localization in the field dependence of magnetoresistance is caused by the dominant
contribution of surface states of a topological insulator. The length of phase failure was

estimated. Bibl. 9, Fig. 2.
Key words: thin films, conductivity, magnetoresistance, localization, weak localization, weak

anti-localization, topological insulator.

Introduction

Thin films of thermoelectric materials based on compounds of group 4, B;"" are of interest on
the one hand because according to modern theoretical concepts [1] considerable increase of
thermoelectric figure of merit can be achieved in low-dimensional systems based on thermoelectric
materials, and on the other hand compounds of group 4,'B;"' have been positioned of late as
topological insulators [2].

Moreover, according to [3], thermoelectric devices based on Bi,Te; and Bi,Se; thin films allow
achieving essential cooling to 32 K and heat flux pumping to 700 W/cm®. Local cooling or heating
occurs approximately 2-10* times faster than in devices based on the bulk materials. The use of thin
films is also more preferable for reasons of miniaturization of devices based on these compounds.

The purpose of this work was to determine the mechanism of low-temperature transport of
electrons in thin films of Bi,Te, 7S¢y solid solution. The choice of exactly this composition for
investigation was due to the fact that the data reported in the literature [4] indicate that Bi,Te; 7S¢
possesses the highest thermoelectric figure of merit in the system of Bi,(7e;_.Se,); solid solutions.
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Experiment and discussion of the results

Thin films were prepared using “hot wall” method by thermal evaporation of synthesized
substance in vacuum 10 mm mercury on the substrates of oxide silicate glass. Substrate temperature
was maintained at 300°C. Thermal annealing of prepared films was made in vacuum at 200°C for
1 hour. The thickness of prepared films varied within 500 — 600 nm.

To characterize the resulting thin films, X-ray diffraction was studied on X-ray diffractometer
Bruker D8 Advance, Raman scattering was studied on a 3D confocal Raman microspectrometer
Nanofinder 30 (Tokyo Instr.) and film surface morphology was investigated on atomic-force
microscope AIST-NT (Tokyo Instr.). The results of these investigations testify to considerable
crystallization of films due to annealing in vacuum at 200°C for 1 hour and increased size of
crystallites.

Another evidence of thin films crystallization after thermal annealing in vacuum is provided by
the results of investigation of temperature dependence of resistivity given in Fig. 1.

150 108.0 :
140 i
107.54 i
é 130+ =
S S 107.01
d120‘ d "t
110: 106.51
- 106.0 ——————— -
0 50 100 150 200 250 300 1 3 6 10 30
T,K T.K
a) b)

Fig. 1. Temperature dependence of resistivity in annealed Biy(Tej0Sey 1); thin films (a)
at temperatures T < 300 K and at low temperatures T < 30 K (b).

The temperature dependences of resistance were studied in a wide temperature region
1.4 —300 K and in magnetic field up to 87. The measurements were performed by standard four-
probe scheme on alternating current of frequency 20.5 Hz using phase detection method. Point
contacts were applied with the aid of silver paste. The nonannealed film shows a “dielectric”
behaviour of the temperature dependence of resistivity caused by structural disorder. In this case we
observe thermoactivation hopping conductivity over localized states which we reported earlier in [5].
In the thin film Bi,(Tey9Sep); annealed at 200°C the temperature dependence of resistivity shows a
“metallic” behaviour, like in the bulk single crystals [6].

It is interesting that at low temperatures (below 8 K) with decreasing temperature the value of
resistivity in the annealed film somewhat increases (Fig. 1b). Similar temperature behaviour of
resistivity is typical with the dominance at low temperatures of quantum interference corrections to
the conductivity caused by weak localization or electron-electron interaction [7]. As long as in the
case of weak localization, on application of a transverse magnetic field, a negative magnetoresistance
should be observed (instead, as will be shown below, there is a positive magnetoresistance), we
believe that the observed localization of charge carriers is caused by electron-electron interaction.
Analysis of the temperature dependence of resistivity at temperatures 7'< 8 K has shown (Fig. 1b)
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that there is a logarithmic temperature dependence of resistance p(7)~In7 which is typical of a

two-dimensional case [7].

Fig. 2 shows the results of investigation of the field dependence of magnetoresistance. In weak
magnetic fields (up to 1 7) there is a drastic growth of resistance with increasing magnetic field
(Fig. 1a), and in magnetic fields greater than 1 7T there is a standard Lorentz square-law dependence
typical of the field dependence of magnetoresistance in the bulk single crystals. Such drastic growth
of resistance with increasing magnetic field in weak magnetic fields is characteristic of weak anti-
localization effect [7]. Observation of weak anti-localization effect is not unexpected, as long as
A,"B;"" compounds are characterized by a strong spin-orbital interaction. However, it should be
noted that weak anti-localization is not observed in the bulk single crystals and it is typical only of
the thin films of szB3VI compounds. Therefore, it is natural to assume that weak anti-localization
observed in the thin films is a manifestation of interference effects in electronic subsurface states of
topological insulator.

1.87

1.54

—_—

B, T B, T

Fig. 2. Field dependence of magnetoresistance (a) and conductivity (b, dashed line is theoretical
calculation) in annealed Biy(Tey ¢Sey 1); thin films at temperature T = 5 K.

Theoretically, the magnetic field dependence of magnetic conductivity in the case of strong

1,) in two-dimensional approximation for weak fields is described

50

spin-orbital interaction (1, >>1

by the Hikami-Larkin-Nagaoka formula [8]:

Acs(B)—li LB 2 (1)
“2oen| Y27 B B

Here, 1y, T., Ty, are the times of spin-orbital interaction, elastic scattering and phase failure,
respectively, e is electron charge, / is reduced Planck constant, characteristic field B, = 4 / 4el,, [, is
phase failure length.

We have adjusted experimental data to formula (1) using two adjustable parameters: coefficient
A 1in front of the entire formula and field B,. The results of adjustment are given in Fig. 2b. As is seen
from the figure, the theoretical curve (dashed line) calculated from (1) agrees well with the
experimental data with the values of parameters 4 = 1.1 and characteristic field B, = 0.004 T. The
estimated length of phase failure is /, = 200 nm. Despite the fact that this value is comparable to film
thickness L ~ 500 nm, one should take into account that localization depth of surface states of
topological insulator @ < 10 nm. Therefore, condition /, >> a is satisfied strictly enough.

32 Journal of Thermoelectricity Ne3, 2017 ISSN 1607-8829



N. A. Abdullaev, O. Z. Alekperov, Kh. V. Aligulieva, V. N. Zverev, A. M. Kerimova, N. T. Mamedov
Localization effects in thin films of Bi,Te; ;Se, ; thermoelectric compound

Conclusions

Thus, in the present paper it was shown that thermal annealing in vacuum at 200°C leads to
considerable crystallization of Biy(TegoSey); thin films, which is confirmed by the data of X-ray
diffraction and Raman scattering of light. The annealed Biy(TepoSey); thin films show the same
“metallic” behaviour of the temperature dependence of resistivity, as in the bulk single crystals, with
essential distinctions in the low-temperature region.

The logarithmic resistance increase with decreasing temperature at low temperatures (below
8 K) is due to the dominant contribution of electron-electron scattering to processes of low-
temperature electron transport.

The observed drastic growth of magnetoresistance with increasing value of magnetic field in
weak fields (up to 1 7) at low temperatures (7=5K) is due to weak anti-localization effect
characteristic of systems with a strong spin-orbital interaction. Observation of weak anti-localization
points to domination of topological surface states in electron transport in magnetic fields at low
temperatures.

The work was performed with the financial support of Science Development Foundation under
the President of the Republic of Azerbaijan — grant Ne EIF/GAM-3-2014-6(21)-24/01/1.
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RESEARCH ON THERMOELEMENTS BASED ON n-PbTe AND p-TAGS
MATERIALS FOR THERMOELECTRIC GENERATOR CASCADE MODULE

The results of experimental research on creation of thermoelements based on n-PbTe and p-TAGS
materials for the high-temperature stage of thermoelectric generator two-stage module optimized
for the hot temperature level 500 °C are presented. The features of manufacturing technology of
thermoelement samples are described, their design is presented and the results of measuring the
temperature dependences of the parameters of legs obtained by the method of combined hot
pressing are given. Bibl. 11, Fig. 5.

Key words: cascade modules, thermoelement, combined hot pressing, interconnects.

Introduction

The main factor restricting wide practical application of thermoelectric generators (TEG) is a
low efficiency of thermal into electric energy conversion caused by the use in TEG design of single-
stage modules with a low value of dimensionless figure of merit of thermoelectric materials,
ZT =1.0 — 1.6 [1]. One of the methods for increasing the efficiency of thermoelectric conversion lies
in the expansion of the operating temperature range of module by cascading its design [2]. To create
generator modules optimized for the operating temperature level 30 — 500 °C, it is rational to use a
two-stage scheme with thermoelements based on n- and p-type Bi-Te-Se-Sh in the low-temperature
stage and, accordingly, thermoelements based on n-type PbTe and p-type GeTe-AgShTe (TAGS) in the
high-temperature stage [3].

Manufacturing technology of the low-temperature stage of a two-stage module is similar to
production processes of a single-stage module of bismuth telluride that are perfectly well proven by
now, so do not require special attention. In this case, thermoelement legs are generally obtained from a
single-crystal sample grown by the Czochralski method, the Bridgman technique and variations of
zone melting methods [4]. On the cold side, connection of thermoelement legs to interconnect plates is
done by soldering, on the hot side — using the interconnect layer of electroplated nickel [5].

In contrast to thermoelements of the low-temperature stage, the use of the above technological
operations to obtain the legs of the high-temperature stage from materials based on
n-PbTe and p-GeTe-AgSbTe is ineffective. According to experimental studies, brittle lead telluride
single crystals under thermomechanical loading usually break down and are practically unsuitable for
creation of thermoelement legs. At temperatures above 600 °C, n-PbTe intensively sublimes and under
the action of compression force is plastically deformed. So, connection by soldering, which is
performed on preformed legs, consists of many operations and stages, requires thorough selection of
fluxes, solders, as well as a complete removal of flux after soldering [4]. Moreover, during high-
temperature soldering of interconnects there is a drastic thermal effect on thermoelectric material
(TEM), since solders have high thermal and electric resistances. Under these conditions, a diffusion of
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impurities from the solder to semiconductor takes place, decreasing significantly the operating
temperature of thermoelement and reducing its efficiency [6].

In this connection, the search for and application of fundamentally new technological methods
for the creation of thermoelements based on n-PbTe and p-TAGS materials are of relevance, allowing
to ensure structural uniformity of the legs, their resistance to thermal stresses and, at the same time, a
reliable contact between TEM and interconnect plates with minimal losses of thermoelement
efficiency.

Analysis of the literature shows that this task can be solved by methods of powder metallurgy,
in particular, by combined vacuum hot pressing of TEM powders and interconnects [7]. This
technology ofters the following advantages [8]:

— uniformity and fine-grain structure of TEM which imparts strength and thermal resistance
thereto;

— increase of the actual area of contact between TEM and contact plate due to mutual
penetration of powder grains at the interface with the interconnect plate;

— increased strength of interconnect transition as compared to other connection methods;

— higher ZT criterion values as compared to single crystals due to reduction of lattice
component of thermal conductivity, which is caused by phonon scattering at the grain boundaries of
pressed TEM.

Therefore, the purpose of this work is to study the temperature dependences of thermoelectric
parameters of thermoelement legs from materials based on n-PbTe and p-GeTe-AgSbTe, made by the
method of combined hot pressing in vacuum, for creation of the high-temperature stage of a two-stage
generator module.

Technological aspects

Synthesis of materials based on PhTe and TAGS was performed at 1000 — 1100 °C, based on
TAGS — at 900 — 1000 °C in graphitized and evacuated quartz ampoules in oscillating furnace during
one hour. lodine in the form of Cdl, compound was used as a donor impurity for PhTe. To reduce the
intrinsic acceptor defects (Pb vacancies), excess of lead was introduced into PhTe simultaneously with
Cdl,. For TAGS, where carrier concentration is not controlled by doping impurities, the necessary
parameters of thermoelectric material were achieved by changing the ratio Sh/Ag, which yielded an
optimal alloy composition (AgSbTe;)o15(GeTe)oss.

The powders of initial materials were prepared by crushing the synthesized ingot in inert gas
with a consecutive separation of TEM samples — screening and fractionation. Powders with a grain
size of less than 100 um were used for pressing of samples.

The samples of legs from PbTe and TAGS materials were pressed in the mode optimal for
compaction of thermoelectric material. For lead telluride and TAGS the best results were obtained by
vacuum hot pressing at a pressure of 1700 kg/cm®. The warmup time is determined by the section of
the sample for pressing and at the diameter of pressing 6 — 10 mm it should be at least 15 minutes. To
avoid strong grain intergrowth due to secondary recrystallization (repressing), increase in pressing
time would be objectionable.

To reduce the mechanical loads on the multi-layer compacted PbTe and TAGS material and
minimize the appearance of microcracks, the bilateral pressing is used in a knock-down tool set which
is schematically depicted in Fig. 1. The tool set has a die 1, into which the powder of thermoelectric
material 2 is filled. On both sides the TEM charge is pressed by punches 3. The die with the TEM and
punches is placed into heater 4, following which it is closed by bell jar 5 and evacuated. Pressing of
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the sample is effected by the action of a mechanical load on the TEM powder through the rod (not
shown in the figure) of bellows 6. Molybdenum is used as material for parts of the hot vacuum
pressing mold. In the contact of the thermoelectric material with molybdenum, a thin film of
chalcogenide is formed on the surface, which prevents further interaction and provides inertia of

molybdenum.

Fig.1. Schematic of a device for pressing of TEM samples: 1 — die; 2 — TEM powder; 3 — punches;
4 — heater; 5 — bell jar; 6 — bellows;7 — base; 8 —air outlet.

The resulting molybdenum chalcogenides have the properties of solid oils which reduce friction
during pressing. Owing to these molybdenum properties, it is easy to disassemble the die and remove
the sample after pressing. Depending on the geometry, the mold withstands the pressure up to 3050
MPa at temperatures close to melting temperature of lead telluride.

The structure of samples of #n- and p-type legs obtained by combined hot pressing is given in

Fig. 2.
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Fig.2. Thermoelement legs on the basis of PbTe and TAGS
with prepressed transient and interconnect layers
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The n-type PbTe leg consists of 7 layers which comprise the following materials: PbTe, mixture
of PbTe with iron powder and pure iron. Pressed Fe powder is used as anti-diffusion layer and contact
plate. Intermediate layers of the Fe and PbTe mixture serve to compensate the difference in linear
expansion coefficients between TEM and the contact plate of pressed iron.

The first layer which is adjacent to a thermoelectric material comprises 20 % Fe and 80 %
PbTe, the second — 50 % Fe and 50 % PbTe. With such layer structure of a mixture of Fe and PbTe, a
smooth transition is achieved from a thermoelectric material that has high linear expansion coefficient
to iron that has lower coefficient of linear expansion.

Thus, an n-type leg consists of two contact iron plates, two transient layers of a mixture of Fe
and PbTe and a thermoelectric material. The general height of the leg is 7.1 -7.2 mm,
the diameter is 6 mm.

A p-type leg comprises 5 layers of pressed powder materials TAGS, SnTe, Fe. In this leg, SuTe
is used as a compensating and anti-diffusion layer, iron is used as a contact plate.

Samples of n-PbTe based material obtained by pressing had unstable thermoelectric properties
and essential internal stresses. In order to improve the structure, the PbTe samples were subject to
additional annealing at a temperature of 500 °C in pyrex ampoules in the inert argon atmosphere.

Subsequently, the pressed cylindrical samples of PbTe and TAGS were fixed in a tool set
(Fig. 3) that was fixed in a grinding machine. Grinding of samples was performed to the size of
7.0 mm to achieve flat-parallel workpiece ends.

3

2

5 Fig.3. Tool set for grinding of thermoelements:
1 — cartridge; 2 — pressure plate;
1 3 — height adjuster;4 — thermoelement legs,
5 — elastic gasket.

After that, the ground samples were removed from the cartridge, washed and installed on a wire
cutting machine [9], where the samples of PhTe and TAGS were cut into legs of size 4x4x7 mm.

The process of electrochemical deposition of intermediate layers on PhTe and TAGS included
preparation of the surface of the samples and direct application of galvanic coating on these surfaces.
The p- and n-type legs, predegreased with a solution of surface-active substance, were placed into a
special tool set which is schematically shown in Fig. 4.

Fig.4. Tool set for metallization of
thermoelement legs: 1 — base; 2 — silicone
insert; 3 — thermoelement legs;

4 — electric contact.
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The tool set with the pressed TEM samples was placed into an electrolytic bath for copper
coating. In the process, the thermoelement legs were additionally coated with nickel layer, since it is
impossible to directly apply copper on the surface of contact iron layer due to separation of the
mechanically unstable copper layer from the electrolyte solution.

Measurement results

Experimental temperature dependences of thermoelectric parameters of materials based on
n-PbTe and p-TAGS (Fig. 5) were obtained on the automated equipment Altec-10001, developed at
the Institute of Thermoelectricity [10].

a, pV/K BT
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c) d)

Fig. 5. Temperature dependences of thermoelectric materials based on n- PbTe and p-TAGS:
a) Seebeck coefficient; b) electric conductivity; c) thermal conductivity; d) figure of merit.

From Fig. 5 it is seen that the maximum value of the Seebeck coefficient o for n-PbTe in the
operating temperature range 500-—770°K is 225 uV/K, the electric conductivity o is
1360 — 450 Q'-sm™, the thermal conductivity k — 0.02 — 0.024 W/sm-K. The maximum value of the
figure of merit Z of optimized n-PbTe material is 1.45x10” K™, which exceeds the figure of merit of
known materials by a factor of 1.2 — 1.1[4, 11].

With the operating hot side temperature 770 °K for p-TAGS the maximum value of a is
180 uV/K; 6 =800 Q'-sm™; k« = 0.017 W/cm-K. The thermoelectric figure of merit reaches the value
of 1.5x107 K'!, which is sufficient for practical application of such material. The Z of material can be
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further increased to 1.7 — 1.8x10° K by increasing the ratio Sh/Ag or decreasing (GeTe)/(AgShTe,),
however, in this case the mechanical strength of legs being pressed is reduced.

Conclusion

1.

A process flow chart for thermoelement legs of materials based on n-PbTe and p-TAGS is
developed, which includes synthesis of thermoelectric material, crushing and separation of
synthesized TEM, combined vacuum hot pressing of TEM powders, anti-diffusion and
interconnect layers with a consecutive electroplating of legs.

It is shown that the maximum value of the thermoelectric figure of merit of thermoelement legs
obtained by hot pressing method in the operating temperature range 500 — 770 °K is 1.45x10° K!
for n-PbTe materials and, accordingly, 1.5x107 K™ for materials based on p-TAGS at the hot
side operating temperature 770 °K.

The rationality of using powder metallurgy methods for creating the high-temperature stage of
thermoelements based on n-PbTe and p-TAGS materials of thermoelectric generator two-stage
module optimized for the level of hot temperatures 500 °C is experimentally confirmed.
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JOCJIIIXKXEHHSA TEPMOEJIIEMEHTIB 3 MATEPIAJIIB
HA OCHOBI n-PbTe i p-TAGS TEPMOEJIEKTPUYHOI'O
IF'EHEPATOPHOI'O KACKAJHOI'O MOAYJsA

Haseoeno peszynomamu excnepumeHmManbHux 0O0CRiOJCeHb 3i CHMGOPEHHS MEPMOeNeMeHmie Ha
ocnosi n-PbTe i p-TAGS mamepianie 0na 8ucokomemnepamypHo2o Kackaoy mepmoenekmpuiHo2o
ceHepamopHoco 0B0KACKAOHO20 MO()y]lﬂ, ONMUMI308AH0O20 HA piGeHb eapAadux memnepamyp
500 °C. Onucano memoouxy OmMpUMAHHA Ma O0COOIUBOCMI MEXHONOI] 8U20MOBNEHHS 3DPA3KI8
mepMoeﬂeMeHmie, npedcmaeﬂeﬂo ix KOHcmpyKMi}O, nooano pe3yromamu GuMlpiOeaHb
memMnepamypHux 3ajiexcHocmell napamempis 6imokK, 00epHCaAHUX MemoooM CYMICHO20 2apA1020
npecyeanns. bion. 11, Puc. 5.

Kiro4oBi ciioBa: xackaiHi MOy, TEPMOEIEMEHT, CyMiCHE rapsde MpecyBaHHS, KOMYTaIlis.
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HNCCIEAOBAHUE TEPMOJSJIEMEHTOB U3 MATEPUAJIOB
HA OCHOBE n-PbTe U p-TAGS TEPMOJJIEKTPUYECKOI'O
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I'EHEPATOPHOI'O KACKAZJHOI'O MOYJIA

Ilpusedenvl pe3yiomamosl SKCNEPUMEHMALLHBIX UCCTEO08AHUL O CO30AHUIO MEPMOITIEMEHMO08 HA
ochose n-PbTe u p-TAGS mamepuanogé Onsi  6bICOKOMEMNEPAMYPHO20  KACKAOA
MepMOdIeKIMPUIEeCKO20 2eHepamopHO20 08YXKACKAOH020 MOOYIA, ONMUMUSUPOBAHHO20 HA
yposenv  copsiuux memnepamyp 500 °C. Onucana memoouka noayyeHus U O0coOeHHOCmU
MeXHONo2UU U320MOBTIeHUs. 00pA3Y08 MEPMOINEMEHMO8, NPeOCMABIeHd UX KOHCMPYKYUs U
pe3yibmamsl U3MepeHull memMnepamypHuIX 3Ad6UCUMOCMel NApamempos 6emeell, NOIYYeHHbIX
MemoooM co8mMecmHoz20 2opaye2o npeccoganus. bubn. 11, Puc. 5.

KaloueBble ciioBa: KackaJHble MOAYJIH, TEPMOIJIEMEHT, COBMECTHOE Tropsiuee IPEeCcCOBaHUE,
KOMMY Tl
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EXPERIMENTAL STUDY OF THERMOELECTRIC
LIQUID-LIQUID HEAT PUMP

Based on the elaborated design of thermoelectric liquid-liquid heat pump, its experimental
prototype was manufactured and a series of tests was performed. The characteristics of
thermoelectric heat pump under study were compared to its analogs and the results of computer
design. Bibl. 7, Fig. 3, Table 1.

Key words: thermoelectric heat pump, experimental study, water recovery system..

Introduction

General characterization of the problem. The use of thermoelectric heat pumps (THP) in the air and
liquid conditioning systems, special-purpose evaporators is related to their unique advantages
[1-5]

An example of efficient use of thermoelectric heat pumps is systems of water recovery from liquid
biowaste on board of manned spacecrafts (urine, atmospheric condensate, sanitary and hygienic water)
[4, 5].

The results of computer design of thermoelectric liquid-liquid heat pump are presented in [6, 7]. By
means of multi-parametric computer optimization, the design parameters of thermoelectric heat pump
which provide the highest performance factors were determined. The next stage of this work is
experimental study of the design of a thermoelectric heat pump.

The purpose of the work is experimental confirmation of the basic results of computer design of a
thermoelectric heat pump under conditions close to its actual use as a high-efficient heater for water
recovery systems of space application.

Design and operating conditions of THP

Proceeding from the requirements to THP for water recovery system of space application (Table 1),
its computer design was performed and the construction of thermal pump was determined (Fig. 1).

Table

Requirements to THP

No Parameter Value
1. | Electric supply power of thermoelectric modules, W 300
2. | Heat carrier temperature at the inlet to hot heat-exchange circuit, °C 36
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Continuation of the Table

3. | Heat carrier temperature at the inlet to cold heat-exchange circuit, °C 315
4. | Hydraulic resistance of each heat-exchange circuit, atm 0.07
5. | Heat carrier flow rate in each circuit, ml/s 22

titan,

6. | Material for heat exch hich is i tact with liquid
aterial for heat exchangers which is in contact with liqui stainless steel AISI 304

Fig. 1. Design of thermoelectric liquid-liquid heat pump: A — appearance,

B — interconnect schematic of one row of heat exchangers, C — thermoelectric
module, D — liquid heat-exchanger; 1 — vertical couplings, 2 — case parts,
3 — unions, 4 — clamps with gaskets, 5 — horizontal couplings,
6 — collectors, 7 — adapters

Thus, THP is composed of two identical units that comprise 40 thermoelectric modules each
and differ only in the way of their electric power supply. The hydraulic connection of THP units is
done in series. Each unit consists of liquid heat exchangers (D), which together with collectors (6),
horizontal couplings (5) and clamps (4) form the rows of the heat pump (B). Between the rows of the
heat pump there are thermoelectric modules (C). Connection of the rows is done with the help of
vertical couplings (1) and adapters (7). At the inlets and outlets of the hot and cold circuits there are
unions (3).

The appearance of THP units is given in Fig. 2.
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Fig. 2. Appearance of thermoelectric heat pump units

Experimental study of THP

Measurement of characteristics was carried out on a specially created bench. The schematic of the
measuring bench is represented in Fig. 3. In the schematic, 1 and 2 are the hot and cold thermostats that
ensure motion of heat carrier of corresponding temperature along the heat pump channels (4, 5). Heat carrier
temperatures at the inlet and outlet of THP are recorded by thermocouples 3. Power supply to modules of the
first and second THP units is done by separate supply units 6.

Hydraulic pressure in the channels of thermoelectric heat pump was measured separately to ensure
the operating conditions of THP.

T, T, 5 T, T

’:E /E
4

[ ] v v b—

1 2 3 4 6

Fig. 3. Schematic of measuring bench to study THP:
1 — hot thermostat, 2 — cold thermostat, 3 — set of differential thermocouples with a recording device,
4 — 1 THP unit, 5 — 2 THP unit, 6 — power supply units of 1 and 2 THP units,
T, — heat carrier temperature at the inlet to hot circuit of THP, T, — heat carrier temperature at the outlet of the hot
circuit of THP, T; — heat carrier temperature at the inlet to cold circuit of THP,
T,— heat carrier temperature at the outlet of cold circuit of THP.

Heat flow which is transferred by thermoelectric modules to the hot circuit of THP was determined
by formula (1):

0,=C-G-AT,, (1)

where Qy is calorific power, C is heat carrier heat capacity, G is heat carrier flow rate, AT, = T, — T} is the
difference in temperature between the inlet and outlet of the hot circuit.
Heating coefficient in this case is found by formula (2):
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H=0y/W, (@)

where W is electric supply power of THP.
To control the heat balance in THP, measurements of cooling capacity and coefficient of
performance of THP were also carried out in its cold circuit by the similar method:

Oc=C-G-AT,, 3)

where Q¢ is cooling capacity, C is heat carrier heat capacity, G is heat carrier flow rate, AT, = T3 — T} is the
difference in temperature between the outlet and inlet to the cold circuit.
Coefficient of performance in this case is found by formula (4):

e=0 /W, “4)
where W is electric supply power of THP.

Results of measurement of THP characteristics

Investigations of THP characteristics were performed for each unit separately, as well as for the case
of two units that are hydraulically connected in series, but with individual power supply.

Results of measurement of unit 1:

T5=33°C =—> — T7,=30°C
7'=38°C =—> —> 1,=42.5°C
AT,=5°C AT,,=12.5°C

Under the conditions of power supply to thermoelectric modules U =28 V, I=4.6 A, W=129 W, at
heat carrier flow rate G =22.7 ml/s and the hydraulic resistance Ap = 0.025 atm, the calorific power of THP
unit 1 is Q,=429 W, and heating coefficient pu = 3.3.

Results of measurement of unit 2:

T3=223°C =3 > 7,=18.5°C
TI1=347°C =3 > T7,=40.1°C
AT,=124°C AT,=21.6°C

Under the conditions of power supply to thermoelectric modules U=279 V,[=6.7 A, W=1869 W,
at heat carrier flow rate G = 22.2 ml/s and the hydraulic resistance Ap = 0.025 atm, the calorific power of
THP unit 2 is Q, =503.5 W, and heating coefficient u=2.7.

Results of measurement of two THP units:

75=30.5°C — — 1,=25.5°C
T'=358°C — — T,=45.8°C
AT, =53°C AT,,,=203°C
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Under the conditions of power supply to thermoelectric modules U=279 V,I=11.1 A, W=309 W,
at heat carrier flow rate G = 21 ml/s and the hydraulic resistance Ap = 0.05 atm, the calorific power of THP
is O, = 882 W, and heating coefficient p = 2.85.

From the measurement results it is seen that the first unit works at a lower inlet temperature difference
(AT;, = 5 °C), which results in a higher value of heating coefficient L = 3.3. The second unit works at the
inlet temperature difference (AT}, = 12.4 °C), which results in heating coefficient value p = 2.7. Optimization
of THP units was done precisely for these specific temperature ranges, which yielded final heating
coefficient pu = 2.85. Comparison of the obtained results to the characteristics of previously developed THP
[4, 5] shows the advantages of the elaborated THP design by 10 — 15 %.

Moreover, an estimation of the discrepancy between the results of computer simulation carried
out in [6, 7] and the results of experimental study performed in this paper was performed. It was
established that in terms of heating coefficient the results of experimental study are lower by ~ 7 %.

Conclusion

1.  Experimental study of THP characteristics was performed and its calorific power O, = 882 W and
heating coefficient u = 2.85 were determined under conditions close to its actual use as a high-
performance heater for water recovery systems of space application

2. An estimation was performed of the discrepancy between the results of computer simulation carried
out in [6, 7] and the results of experimental study, which makes ~ 7 %.

3. Comparison of the results obtained to the characteristics of previously developed THP [4, 5] shows
the advantages of the elaborated THP design in terms of heating coefficient by10 — 15 %.

References

1.  Rozver YuYu. (2003). Termoelektrychnyi kondytsioner dlia transportnykh zasobiv
[Thermoelectric air-conditioner for vehicles]. Termoelektryka - J. Thermoelectricity, 2, 52 — 56
[In Ukrainian].

2. Anatychuk L.I., Vikhor L.N., Rozver Yu.Yu. (2004). Issledovaniie kharakteristik
termoelektricheskogo okhladitelia potokov zhidkosti ili gaza [Investigation on performance of
thermoelectric cooler of liquid or gas flows]. Termoelektryka - J. Thermoelectricity, 1, 73 — 80 [in
Russian].

3. Anatychuk L.I., Sudzuki N., Rozver Yu.Yu. (2005). Termoelektrychnyi kondytsioner dlia
prymishchen [Indoor thermoelectric air-conditioner]|. Termoelektryka - J. Thermoelectricity, 3,
53 — 56 [in Ukrainian].

4. Rifert V.G., Usenko V.., Barabash P.A., et al. (2011). Razrabotka i ispytaniie sistemy
regeneratsii vody iz zhidkikh otkhodov zhiznedeiatelnosti na bortu pilotiruiemykh kosmicheskikh
apparatov s ispolzovaniiem termoelektricheskogo teplovogo nasosa [Development and test of
water regeneration system from liquid biowaste on board of manned spacecrafts with the use of
thermoelectric heat pump]. Termoelektryka - J. Thermoelectricity, 2, 63 — 74 [in Russian].

5. Anatychuk L.I., Barabash P.A., Rifert V.G., Rozver Yu.Yu., Usenko V.I., Cherkez R.G. (2013).
Termoelektricheskii teplovoi nasos kak sredstvo povysheniia effektivnosti system ochistki vody
pri kosmicheskikh polyotakh [Thermoelectric heat pump as a means of improving efficiency of
water purification systems on space missions]. Termoelektryka - J. Thermoelectricity, 6, 78 — 83
[in Russian].

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2017 49



L.I Anatychuk, A.V.Prybyla, Yu.Yu.Rozver,
Experimental study of thermoelectric liquid-liquid heat pump

6. Anatychuk L., Prybyla A.V. (2015). Optimizatsiia teplovoi kommutatsii v
termoelektricheskikh teplovykh nasosakh zhidkost-zhidkost dlia priborov ochistki vody
kosmicheskogo naznacheniia [Optimization of thermal connections in liquid-liquid
thermoelectric heat pumps for water purification devices of space application]. Termoelektryka -
J.Thermoelectricity, 4,45 —51 [in Russian].

7. Anatychuk L.I., Prybyla A.V. (2015). Optymizatsiia systemy zhyvlennia termoelektrychnoho
teplovoho nasosa ridyna- ridyna [Optimization of power supply system of thermoelectric liquid-
liquid heat pump]. Termoelektryka - J. Thermoelectricity, 6, 53 — 58 [in Ukrainian].

Submitted 20.07.17
Anaruayk JLL" ax. HAH Vipainu,
Mpu6uaa A.B."? kand.giz.-mam. nayx, Pozsep 10.10."
'TncrutyT Tepmoenextpukn HAH i MOH Vkpainn, Byr. Hayxun, 1,
Uepnieti, 58029, Ykpaina, e-mail: anatych(@gmail.com;
*YepriBenpKknii HaliOHATBHMIT yHiBepcHuTeT iM. [0pist dempkoBnya,
ByJ. Komrobuncekoro 2, Yepniui, 58012, Ykpaina
e-mail: anatych(@gmail.com
EKCHHEPUMEHTAJIBHE JOCJII>KEHHSA
TEPMOEJIEKTPUYHOI'O
TEIJIOBOI'O HACOCA PIIUHA-PIIMHA
Ha ocnosi cnpoexmosarnoi’ koncmpyKkyii mepmMoeneKmpuiHo20 meniogo2o HAcoca piOuHa-pioura
BUOMOBNIEHO 11020 eKcnepuMeHmaﬂbHuzZ 3pa3oK ma npoee()eﬂo cepiio eunpo6y6aHb. 3oiticneno
NOPIGHAHHS XAPAKMEPUCIUK OO0CTIONHCYBAHO20 MEPMOCIEKMPULHO20 MENI08020 HACOCA i3 U020
ananozamu ma 3 pesyiomamamu Komn ’iomepHoeo NpOEeKmyeanHt:l.
KarouoBi cioBa: TepMOENEKTPHYHUA TEIUIOBHA HACOC, EKCIIEPUMEHTaJIbHE IOCIiHKEHHS,
cucTeMa pereHepartii BOIu.
Anaterayk JLU."? ax. HAH Yipaunwr,
Mpudsiia A.B."* kano.gus.-mam. nayx, Pozsep ¥0.10.'
1I/IHCTI/ITyT tepmoanektpuuectBa HAH u MOH VYkpaunsl,
yi. Hayku, 1, YeproBusl, 58029, Ykpauna; e-mail: anatych(@gmail.com;
zqepHOBI/I]_[KI/Iﬁ HalMOHAIBHBIN yHUBepcuTeT uM. Opusa denpkoBuya,
yi1. Komrobunckoro, 2, YepHogiipl, 58000, Ykpauna e-mail: anatych@gmail.com
OKCIIEPUMEHTAJIBHOE UCCJIEJOBAHUE
TEPMOJJIEKTPUYECKOI'O
TEIIJIOBOT'O HACOCA KUJAKOCTb-KUAKOCTb
Ha ocnose cnpoeKmupoeaHHoﬁ KOHCMPYKYUU  mMepMOINeKmpuiecKoeo menjioeoco Hacoca
AHCUOKOCBb-HCUOKOCMb  U3COMOGACH €20 9KcnepuMeHmaﬂbenZ 06]9613@14 u npoeedena cepust
50 Journal of Thermoelectricity Ne3, 2017 ISSN 1607-8829



L.I Anatychuk, A.V.Prybyla, Yu.Yu.Rozver,
Experimental study of thermoelectric liquid-liquid heat pump

UCNbIMAaHUiL. Ocymecmgﬂeﬂo CpasHerusl xapakmepucmuk uccxzedyemozo mepmodieKmpuiecKo2o
menjioe020 Hacoca c eco anajlozamu u ¢ pe3yaibmamamut KOMnoiomepHo2o npoeKmupoearusl.
KiroueBble cioBa: TepMO&HeKTpI/I‘IeCKI/Iﬁ TEIIOBOI HacoC, SKCIICPUMEHTAIIBHOE HCCICO0BAHUE,
CHUCTEMA pEereHepanuun BOJbI.

References

8.

10.

11.

12.

13.

14.

Rozver Yu.Yu. (2003). Termoelektrychnyi kondytsioner dlia transportnykh zasobiv
[Thermoelectric air-conditioner for vehicles]. Termoelektryka - J. Thermoelectricity, 2, 52 — 56
[In Ukrainian].

Anatychuk L.I., Vikhor L.N., Rozver Yu.Yu. (2004). Issledovaniie kharakteristik
termoelektricheskogo okhladitelia potokov zhidkosti ili gaza [Investigation on performance of
thermoelectric cooler of liquid or gas flows]. Termoelektryka - J. Thermoelectricity, 1, 73 — 80 [in
Russian].

Anatychuk L.I., Sudzuki N., Rozver Yu.Yu. (2005). Termoelektrychnyi kondytsioner dlia
prymishchen [Indoor thermoelectric air-conditioner]|. Termoelektryka - J. Thermoelectricity, 3,
53 — 56 [in Ukrainian].

Rifert V.G., Usenko V.I., Barabash P.A., et al. (2011). Razrabotka i ispytaniic sistemy
regeneratsii vody iz zhidkikh otkhodov zhiznedeiatelnosti na bortu pilotiruiemykh kosmicheskikh
apparatov s ispolzovaniiem termoelektricheskogo teplovogo nasosa [Development and test of
water regeneration system from liquid biowaste on board of manned spacecrafts with the use of
thermoelectric heat pump]. Termoelektryka - J. Thermoelectricity, 2, 63 — 74 [in Russian].
Anatychuk L.I., Barabash P.A., Rifert V.G., Rozver Yu.Yu., Usenko V.I., Cherkez R.G. (2013).
Termoelektricheskii teplovoi nasos kak sredstvo povysheniia effektivnosti system ochistki vody
pri kosmicheskikh polyotakh [Thermoelectric heat pump as a means of improving efficiency of
water purification systems on space missions]. Termoelektryka - J. Thermoelectricity, 6, 78 — 83
[in Russian].

Anatychuk L.I., Prybyla A.V. (2015). Optimizatsiia teplovoi kommutatsii v
termoelektricheskikh teplovykh nasosakh zhidkost-zhidkost dlia priborov ochistki vody
kosmicheskogo naznacheniia [Optimization of thermal connections in liquid-liquid
thermoelectric heat pumps for water purification devices of space application]. Termoelektryka -
J.Thermoelectricity, 4,45 —51 [in Russian].

Anatychuk L.I., Prybyla A.V. (2015). Optymizatsiia systemy zhyvlennia termoelektrychnoho
teplovoho nasosa ridyna- ridyna [Optimization of power supply system of thermoelectric liquid-
liquid heat pump]. Termoelektryka - J. Thermoelectricity, 6, 53 — 58 [in Ukrainian].

Submitted 20.07.2017

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2017 51



THERMOELECTRIC PRODUCTS

L. I. Anatychuk"? acad. National Academy of Sciences of Ukraine,
0. Ye. Yuryk®, R. R. Kobylianskyi'? Candidate Phys.-math. Sciences
I. V. Roi’ Doctor of Medical Sciences,

Ya. V. Fishchenko® Candidate of Medical Sciences
N. P. Slobodianiuk®, N. Ye. Yuryk®, B. S. Duda®

'Institute of Thermoelectricity of the NAS and MES of Ukraine,
1, Nauky str, Chernivtsi, 58029, Ukraine; e-mail: anatych@gmail.com
*Yu.Fedkovych Chernivtsi National University,
2, Kotsiubynskyi str., Chernivtsi, 58012, Ukraine, e-mail: anatych@gmail.com
3State Institution “Institute of Traumatology and Orthopedics of
the National Academy of Medical Sciences of Ukraine”,
str. Boulevard-Kudryavskaya, 27, Kyiv, 01601,Ukraine
e-mail: info@into.gov.ua

THERMOELECTRIC DEVICE FOR THE DIAGNOSIS OF
INFLAMMATORY PROCESSES AND NEUROLOGICAL
MANIFESTATIONS OF VERTEBRAL OSTEOCHONDROSIS

The paper presents the results of development of a thermoelectric device intended for
simultaneous measurement of temperature and heat flow density on the surface of the human body
by contact method. A specialized computer program "TermoMonitor" was developed for
processing measurement results, their accumulation and reproduction in given form on a
personal computer which makes it possible to monitor the temperature and thermal state of a
person in real time. Structural features of the device, its technical characteristics and the results of
preliminary clinical trials are presented. Bibl. 28, Fig. 3, Table 2.

Key words: thermoelectric sensor, heat flow density, temperature, inflammatory processes of the
human body, vertebral osteochondrosis.

Introduction

General characterization of the problem. Vertebral osteochondrosis and its neurological
manifestations are one of the topical problems of modern medicine. This is due to the widespread
prevalence of pathology in the active working age, the frequent inclination of the disease to a stable
and prolonged course, the continuous progress of the number of such patients with age. Of noteworthy
place in this list are neurological manifestations of osteochondrosis of the lumbar spine, which make
up 60 — 70 % of all diseases of the peripheral nervous system and cause more than 70 % of cases of
temporary disability. The prevalence of this pathology in Ukraine today is 10 thousand persons per
100 thousand of population. It should be noted that many aspects of this pathology have not yet been
studied; modern methods of diagnosis and treatment of this disease require further improvement
[1-5].

In recent years, especially at the State Institution "Institute of Traumatology and Orthopedics of
the National Academy of Medical Sciences of Ukraine” the method of epidural adhesiolysis began to
be widely applied [6 — 9]. The purpose of this type of treatment is to remove inflammation and
minimize mechanical effect on nerve structures. This technique is realized with the help of a catheter,
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a thin tube inserted unto the middle of spinal canal. The procedure is carried out under fluoroscopic
control. First, through a cleft in the sacral bone, a puncture with a thicker needle is done near the
attachment point of the coccyx. All this is done under local anesthesia. Inside the needle there is a thin
tube (catheter) with a metal wire which is visible on the X-ray. The doctor controls the position of the
tube using an X-ray machine. Once the end of the catheter is properly installed, the metal wire is
pulled out and inside the spine there remains only a soft plastic tube at the end of which there are
holes. Through this tube, once or several times, medicines, usually prolonged corticosteroids and a
hypertonic solution, are introduced which accelerates resorption of hernia and relieves pain.

This method is used as an alternative to surgical intervention. It does not replace traditional
surgery, but a significant proportion of patients can alleviate pain and do without further surgical
interventions. Also, this method is recommended for alleviation of pain in patients who refuse from
surgery or cannot be operated because of their health status. To evaluate treatment efficacy, improved
methods started to be applied for assessing changes in heat release and temperature reactions of human
organism in response to the procedure [10 — 13].

It is known that semiconductor thermoelectric sensors of heat flow [14 — 24], which combine
miniature size, high sensitivity and stability of parameters in a wide range of operating temperatures
and are consistent with modern recording equipment [25 — 28], are promising for the investigation of
local human heat release. The use of such sensors makes it possible to achieve high locality and
accuracy of heat flow measurements. This, in turn, makes it possible to obtain information on the
characteristics of objects under study and analyze them in detail in order to detect, at an early stage,
the inflammatory processes of the human body.

It is also important to control heat release in the areas of the human body where there was a
surgical intervention. With normal healing of the wounds, the heat release, though increased, is within
the appropriate limits. However, if healing is accompanied by significant inflammatory processes (for
instance, caused by sterility disorder), then such processes can first of all be informed of by
thermoelectric sensor that will record the local thermal anomalies. Thus, monitoring of the human
body heat release is extremely important, since it can provide information on both the course of the
disease exacerbation and, on the contrary, on the rehabilitation processes.

Therefore, the purpose of the work is to develop a thermoelectric device for the diagnosis of
inflammatory processes and pain syndrome in degenerative-dystrophic diseases of the lumbar-sacral
spine.

Design and technical characteristics of the device

A two-channel thermoelectric device for measuring temperature and heat flows was developed
at the Institute of Thermoelectricity of the NAS and MES of Ukraine (Fig. 1). Technical
characteristics of the device are given in Table 1.

The device is designed to measure temperature and heat flow density on the surface of the
human body by contact method, which makes it possible to reveal at the early stages the inflammatory
processes of human organism, various diseases and perform instant diagnosis during mass
examination of patients. In this paper, the device is used for the diagnosis of inflammatory processes
and pain syndrome in degenerative-dystrophic diseases of the lumbar-sacral spine.

The device comprises control unit 1 and thermoelectric sensors of temperature and heat flow 2.
Measurement of temperature and heat flow density occurs simultaneously using two thermoelectric
sensors and recording measurement results on MicroSD memory card and computer display on PC
(with operating system Windows 7 — 10). Data recording is done in "Comma-separated values" (csv)
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format, which allows one to open measurement results record files without any additional conversion
in the majority of programs for work with spreadsheets, such as "Microsoft Excel", "Open office",
etc., as well as in the specialized program of the device "TermoMonitor" for the construction of

measurement plots.

The operating principle of the device lies in conversion of heat flow and temperature of the
human body by means of two thermoelectric sensors of heat flow density and temperature into
equivalent in magnitude electric signals that are shown on the digital display of control unit in the

units of heat flow density (mW/sm?) and temperature (°C).

Fig. 1. Thermoelectric device for measuring temperature and heat flows:

1 — control unit, 2 — thermoelectric sensor of temperature and heat flows

Table 1
Technical characteristics of the device
Ne Technical characteristics of the device Parameter values
1. Operating temperature range of thermoelectric sensor (0 =+450) °C
2. Accuracy of temperature measurement +0.1°C
3. The range of measuring the density of heat flow (1 +100) mW/sm?
4, Maximum error in measuring the density of heat flow 5%
5. Number of thermoelectric sensors 2
6. Overall dimensions of thermoelectric sensor (14x14%3) mm
7. Overall dimensions of control unit (90%x55%25) mm
8. Weight of thermoelectric sensor 20¢g
9. Weight of the device 150 g
10. Time of continuous operation of the device 48 h
54 Journal of Thermoelectricity Ne3, 2017 ISSN 1607-8829
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The upper wall of the device accommodates two connectors for thermoelectric sensors of
temperature and heat flow and a power button. The right side wall has a connector for microSD
memory card and a miniUSB-connector for connecting the device to personal computer. Also, through
the miniUSB-connector the battery of the device is powered.

A liquid-crystal display is mounted on the front wall of the device, in which the values of heat
flow density of the corresponding parts of the human body and the temperature values are displayed in
the form of plots. Thus, the measured results can be analyzed directly from the plots shown on the
display. The presence in the device of two thermoelectric sensors simultaneously makes it possible to
compare the results of measurements of the affected and healthy area of the human body surface.

Besides, on the front wall of the device there are 6 buttons for control of the device operation —
"LEFT", "RIGHT", "UP", "DOWN", "OK", "MENU". The “MENU” buttons have the following
designation:

—"START RECORDING”/"STOP RECORDING" - the device starts recording of
measurement results into a new file, stops the corresponding record and saves information on the
memory card,;

—"MODE SELECTION" — causes sub-menu to select one of 9 modes of information display in
the form of on-line plots;

—"RECORDING PERIOD" - is intended to select a period of time through which the
measurement results will be recorded in a file on a memory card and shown on the device display;

—"TIME/DATE" — transition to time and date setting mode;

—"BATTERY" — shows voltage on device battery;

—"INFORMATION" — shows information on the device.

Structural scheme of the device (Fig.2) is composed of the following functional units: a
thermoelectric sensor of heat flow with embedded temperature sensor, an analog-to-digital converter
(ADC) for conversion of analog signals of the sensor to digital, a multiplexor for switching digital
signals from ADC and their alternate transmission to a microcontroller, which is used to ensure
processing of digital signals, their saving on a memory card, graphical visualization of information on
the display and personal computer.

. Computer Personal
Multiplexor
program computer

S TN

Analog-to-digital
converter Microcontroller

A A

Thermoelectric | [Temperature
sensor sensor

Memory card

NS

Display

Fig.2. Structural scheme of thermoelectric device for measuring temperature and heat flows

The main functional part of the control unit is a microcontroller operating at a frequency up to
20 MHz that ensures high processing speed of the thermoelectric sensor temperature and heat flow
signals. With the help of a personal computer, the microcontroller is programmed, which, in turn,
manages the operation of other functional parts of the device.

The device has its own power source in order to enable its use in offline mode with the patient.
This, in turn, extends the functionality of the device. The device is powered from a lithium-ion battery
of capacity 1200 mA/h, which ensures 48 hours of continuous operation of the device.
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Description of computer program of the device

Computer program of the device (Fig. 3) is written in programming language Delphi. The
program allows exchanging data with control unit through USB-interface. Data exchange is carried out
using the Human Device Interface (HID) protocol, which enables one to connect the device to a
personal computer without the need to install additional drivers.

Do <

TOEI TN (TN T UM TRNST I ] 1Tetd8 I3 THee I3 AN I Ny 1Tz 17200 T1etsA I M2 e 3T 2

Fig.3. Interface of computer program "TermoMonitor" for processing measurement results,
their accumulation and reproduction in given form on a personal computer
(the change in temperature and heat flow of the I* thermoelectric sensor)

When selecting “UPDATE DATA?” in the computer program, a loop that sends requests for data
transmission from the control unit is started. In response to such requests, the control unit sends a
package of data on the temperature and thermal flow of thermoelectric sensors with a given time
interval. The received data package is processed, following which information is displayed on a
personal computer in the form of tables and plots.

When you click the “SAVE” button, all data from the table is converted to “string” values (plain
text), separated by a dot and a comma, and written to a file with the extension "csv", which can be
opened by any spreadsheet program (Microsoft Excel, etc.). When you open a file, such a program
decodes the "csv" format into a floating-point data package, which allows one to display information
in a table and associated plots on a personal computer.

Results of preliminary clinical trials

The purpose of preliminary clinical trials was to evaluate with the help of a thermoelectric
device a change in the temperature and heat release of the human body in order to determine the
efficacy of using epidural adhesiolysis in the treatment of pain syndrome in degenerative-dystrophic
diseases of the lumbar sacral spine. Clinical trials were performed in the laboratory of
neuroorthopedics and pain problems at the Institute of Traumatology and Orthopedics of the National
Academy of Medical Sciences of Ukraine.

The main group under examination included 11 patients aged 39 to 69 years with signs of
vertebral canal stenosis at the lumbar-sacral level that had a long-term pain syndrome, which forced
the attending physician to conduct an epidural adhesiolysis. The number of men treated was 4, and
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women — 7. The distribution according to age groups was uneven: 1 man in the young age, 2 men and
1 woman of the middle age, 1 man and 6 women of the elderly age.

In the room where the examination was conducted the temperature was maintained within
20 — 22 °C and relative air humidity — 50 — 60 %. On the eve of the examination, all physiotherapy and
warm-up procedures, as well as anti-inflammatory, antipyretic, vasodilator or vasoconstrictive drugs
were canceled. 3 —4 hours before the examination the patients were to stop smoking. 2 — 3 hours
before the examination, various ointment applications were removed and the surface of the skin was
degreased with a mixture of 40 % ethyl alcohol and ether (4: 1 ratio). Immediately before the
examination, the patients underwent a temperature adaptation for 15 — 20 minutes. At that time they
were in a state of rest, without the static and dynamic tension of the muscles. Measurement of
thermometric parameters from the patient's skin surface was performed in real time for 3 minutes with
a thermoelectric device for measuring temperature and heat flows. During the measurement, the time
of thermal adaptation (in sec) — t (the time from the beginning of examination to the attainment of
“saturation” of the main device indicators) was fixed, as well as the temperature and heat flow density
under “saturation”. Thermoelectric sensors were applied in the region of the spine symmetrically on
both sides paravertebrally at the level of the spinous processes of the L4-L5 vertebrae.

Control group included 20 persons aged 23 to 62 years. Male persons were 8, and female — 12.
In the young age, 7 men and 5 women were examined, in the middle age — 1 man and 6 women, in the
elderly age — 1 woman.

As the trials have shown, in control group, the fluctuation of the basic thermometric parameters
in the paravertebral areas was symmetrical and practically did not differ according to the "left / right"
test. Heat and thermal adaptation of skin cover in contact with the surface of thermoelectric sensors
took place simultaneously and had the form of a flat curve with clearly visible saturation. In so doing,
all control group kept the total volume of movements in the lumbar sacral region of the spine, there
were no painful sensations of spinous processes and paravertebral areas in the lumbar sacral zone,
there were no signs of sensory impairment, reflexes in the affected areas. It should be noted that there
was a tendency to change the basic figures, depending on the age, which is given in Table 2.

According to preliminary trials, in control group persons, the temperature of the skin in
paravertebral areas in the lumbar-sacral division of the spine increases with age and the time of
attainment of "saturation" decreases and the value of heat flow density in these zones drops.

Table 2
Thermometric indicators of control group persons
Age categories Men Women
, (c) t,°C g, (mW/sm?) 1, (s) T,°C g, (mW/sm?)
Y =12
oung age n 453403 | 346405 | 171201 | 410402 | 34306 | 19.120.4
(m=7,w=5)
Middl =
ddleagen =7 | )¢ 1103 | 351402 | 14805 | 362512 | 351409 | 147:08
(m=1,w=06)
Elderl =1
derly age n - - - 31£0.6 | 362204 | 11.6£0.3
m=0,w=1)

The following trend has been noted in persons who have been diagnosed with vertebral canal
stenosis in the lumbar sacral region of the spine on the background of degenerative-degenerative
diseases. For the young man, the time of attainment of "saturation" has sharply decreased to 14 s
(normally - 45.3 £ 0.3 s); the temperature of the skin has decreased to 30.9 °C (normally —
34.6 + 5°C); the value of the heat flow density has increased to 45.2 mW/sm” (compared with

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2017 57



L. I. Anatychuk, O. Ye. Yuryk, R. R. Kobylianskyi, 1. V. Roi, Ya. V. Fishchenko, N. P. Slobodianiuk
Thermoelectric device for the diagnosis of inflammatory processes and neurological manifestatioins...

17.1 £ 0.1 mW/sm” in the control group). After the epidural adhesiolysis he showed a decrease in all
the initial indicators: the time to "saturation" decreased to 20 s, the temperature of the skin surface to
29.8 °C and the density of the heat flow — up to 30.9 mW/sm’. This suggests that long-term pain
syndrome has led to oppression of the sympathetic part of the nervous system and the body needs a
long time to restore its adaptive capacity.

The following study outcome has been obtained for middle-aged men. For each of the two
patients, until the procedure, the time to reach the saturation reduced to 20 s and 9 s, respectively (in
the control group — 28.1 s), the skin surface temperature in paravertebral areas decreased to 27.5 °C
and 30.9 °C (versus 35.1 °C in control group). Against this background, one man reduced the density
of the heat flow to 6.8 mW/sm? (in control this figure was 14.8 mW/sm?). Such a phenomenon can be
explained by the expressed signs of stagnation in venous plexus of the epidural space. After the
epidural adhesiolysis in these patients the temperature indicators increased by 6.6 °C and 5.1 °C, the
values of the heat flow density increased by 5 mW/sm” and 28 mW/sm”. For one patient, the time to
"saturation" increased by 4.4 s, while for the other — decreased by 2 s, which can be explained by the
degree of thermoreceptor storage within the epidural space due to the long-term pain syndrome. A
middle-aged woman maintained a similar tendency with regard to the time of attainment of
"saturation" (14 against versus 36.2 £ 1.2 s in control), a decrease in temperature (29.0 °C versus
35.1 £ 0.9 °C in control). A similar reduction was shown by heat flow density: 10.5 mW/sm* versus
14.7 mW/sm’. Five days after the manipulation, a woman showed a slight tendency to increase in the
temperature of the skin in the paravertebral area by 0.4 °C and a significant increase in the density of
the heat flow by 19.7 mW/sm”. The time to attainment of “saturation” increased to 38 s after the
procedure. Such changes can be explained by the peculiarities of neuroendocrine changes in females at
this age.

In the elderly age, males who had been treated with epidural adhesiolysis were not observed. In
this age group, 6 women were observed. The following results were obtained. All women drastically
reduced the time from the beginning of examination to the attainment of "saturation" (15.0 + 0.3 s
versus 31 s from the control group). The temperature indicators in this area decreased (31.9 + 0.2 °C in
the main group versus 36.2 ° C in the control group), the density of the heat flow increased to
23.4 + 2.4 mW/sm’ versus 11, 6 mW/sm’ for the woman in the control group. The obtained data could
show that elderly-aged women with prolonged pain syndrome on the background of spinal stenosis in
degenerative-dystrophic diseases of the lumbar-sacral spine showed increased activity of the
sympathetic department of the autonomic nervous system on the background of inhibition of the
activity of the parasympathetic region as a result of prolonged venous congestion in this spine region.
After the manipulation (epidural adhesiolysis), the time to attain the "saturation" of thermal indicators
did not change significantly. There was a tendency to normalize the temperature indicators in this age
group (the temperature increased by 2.54 £ 0.9 °C compared to the first day of the examination), as
well as a sharp increase in the density of the heat flow after the procedure (the density of the heat flow
was 54.2 + 2.4 mW/sm?). This could indicate that in the elderly-aged persons, as a result of prolonged
illness, there is a sharp suppression of the parasympathetic part of the autonomic nervous system and a
longer time is required for its recovery compared to persons of younger groups.

Thus, preliminary clinical trials provide an opportunity to diagnose inflammatory processes, in
particular, in neurological manifestations of spinal osteochondrosis, and to monitor the efficacy of
conservative treatment in degenerative-dystrophic diseases of the lumbar-sacral spine.

It should be noted that the authors of this work are pioneers in the neuro-orthopedics of this
method of examination of patients, and to confirm the reliability of the results of preliminary clinical
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trials, it is necessary to recruit more numerous main and control groups and conduct similar studies for

more patients, which will be the goal of further research in this direction.

Conclusion

1.

A two-channel thermoelectric device for measuring temperature and density of heat flows has
been developed which has the ability to store, process and visualize the measurement results on
the display of the device and the personal computer in real-time mode.

Based on the preliminary clinical trials, it was established that the thermoelectric device makes it
possible to diagnose inflammatory processes, in particular, in neurological manifestations of
vertebral osteochondrosis, and to determine the efficacy of using epidural adhesiolysis in the
treatment of pain syndrome in degenerative-dystrophic diseases of the lumbar-sacral spine.

The proposed device is promising for monitoring temperature and thermal human state in real
time, which makes it possible to reveal at the early stages the inflammatory processes, various
diseases and perform instant diagnosis during mass examination of patients.
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COMPUTER SIMULATION AND OPTIMIZATION
OF THE DYNAMIC OPERATING MODES OF
THERMOELECTRIC REFLEXOTHERAPY DEVICE

The paper presents the results of computer simulation of optimal dynamic operating modes of
thermoelectric reflexotherapy device. Optimal time function of control of power supply current to
thermoelectric micromodules in the multichannel reflexotherapy device was determined which
ensures given cyclic temperature influence on the bioactive points of the human body. Bibl. 13,
Fig. 6.

Key words: computer simulation, optimal dynamic mode, temperature influence, thermoelectric
probe, reflexotherapy device.

Introduction

General characterization of the problem. Reflexotherapy is a complex of therapeutic and
diagnostic methods of influence on the bioactive acupuncture points of the human body surface. For
influence on such bioactive points, irritants of different strength, character and duration are employed.
They are applied by special needles (acupuncture), burning or cooling (thermo-reflexotherapy or cryo-
reflexotherapy), electric current using special appliances (electro-reflexotherapy), dilute air (vacuum
reflexotherapy), permanent magnetic field (magneto-puncture), laser pulsed radiation (laser
reflexotherapy), ultrasonic radiation (ultrasonic reflexotherapy) and others. [1 —4].

The above reflexotherapy methods are based on stimulation of the reflex zones of the nervous
system, resulting in pulses transmitted to the corresponding centers of the nervous system. The
nervous system, in turn, directs pulses to the affected biological tissues that activate the self-healing
process. Reflexotherapy helps to treat diseases of the spine (osteochondrosis, radiculitis, etc.); hernias
of intervertebral discs and protrusions; headaches and dizziness occurring on the background of a
cervical osteochondrosis; intercostal neuralgia, as a consequence of osteochondrosis in the thoracic
spine, and also fights with the following problems: insomnia, recovery from trauma, depression,
overweight, weakening of immunity, weakness, problem skin, stress, neurosis, etc. [3, 4].

Thermoreflexotherapy — the effect of heat on the biological points of the human body, as well as
cryoreflexotherapy (exposure to cold) have come in widespread acceptance [5 —7]. Cold causes a
rapid constriction of the blood vessels, and then their expansion. This gives a powerful impetus to the
blood circulation system, and, as consequence, the activation of metabolic processes. As a result, pain
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in the affected area is reduced, venous and lymphatic blood flow, as well as the condition of
connective and cartilaginous tissues is improved.

In [8 — 11] it was shown that the traditional method of thermal influence on the biologically
active points of the human body has a number of disadvantages; their elimination is possible due to the
use of thermoelectric devices whose operation is based on the use of the Peltier effect. The use of such
devices makes it possible to obtain the assigned, precisely controlled temperature, while excluding the
mechanical impact on the corresponding areas of the human body. However, thermoelectric devices
developed by this time have no possibility of computer control of power supply current to
thermoelectric modules to reproduce the necessary pre-set dynamic temperature modes.

So, the purpose of this work is development of computer methods for simulation and optimization
of the dynamic operating modes of thermoelectric reflexotherapy device.

Design and technical description of thermoelectric reflexotherapy device

An experimental sample of thermoelectric reflexotherapy device “ALTEC-7009” (Fig. 1)
intended for treatment of various human diseases by means of reflexotherapy method —
thermopuncture — was developed at the Institute of Thermoelectricity of the NAS and MES of
Ukraine. The operating principle of this device is based on a cyclic thermal effect on the acupuncture
bioactive points of the human body (heating or cooling of several bioactive points simultaneously).
Technical characteristics of the device are given in [11].

2

Fig. 1. Thermoelectric reflexotherapy device “ALTEC-7009":
1 — device power supply and control unit, 2 — thermoelectric probe,
3 —personal computer (PC)

The device makes it possible to reproduce given optimal functions of changing the temperature
of thermoelectric probe in the range (—10 + +50)°C and the time of exposure to given temperature. The
transition from one temperature value to another occurs automatically after the expiration of the
specified time of exposure. The device schematic provides for the opportunity of smooth setting the
time of exposure to selected temperature value in the range of 10 +250 s. Thus, a doctor has an
opportunity to select the necessary temperature mode and the time of its influence on the bioactive
points of the human body.

Said device is composed of two main parts — power supply and control unit and 20
thermoelectric probes.

The power supply and control unit of the thermoelectric device “ALTEC-7009” consists of the
following functional units: a programmable microcontroller (temperature and cycle duration setting
unit), a thermostat (temperature setting unit), a timer (time setting unit), a temperature and time
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display unit, a connecting board for functional units and power supply. The thermostat and timer, in
turn, contain an input amplifier, a current generator, a time pulse generator, two comparators, and units
for protecting thermoelectric micromodules from overcooling and overheating (in case of
emergency). It should be noted that the use of programmable microcontroller allows you to set from
the keyboard of PC virtually any temperature and time modes of the device. With the well-proven
clinical methods of thermoelectric probe influence on the bioactive points of the human body, in the
memory of the device one can write a set of typical dynamic operating modes, which accelerates
considerably the process of device preparation for carrying out therapeutic procedures. The block-
diagram of the device is given in [11].

The thermoelectric probe contains a thermoelectric micromodule, which is mounted on the
radiator housing.

The thermoelectric probe is located in a housing with a meshed cover. There is also a
thermoelectric micromodule with a built-in temperature sensor and a fan for cooling the hot side of the
micromodule. The design and overall dimensions of the thermoelectric probe are given in Fig. 2
[8—11].
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Fig.2. Design and overall dimensions of thermoelectric probe:
1 — protective net, 2 — outer case of stainless food steel, 3 —thermoelectric micromodule,
4 — temperature sensor, 5 — concentrator, 6 —radiator housing (base),
7 —fan, 8 —radiator, 9 — cover

The device design employs thermoelectric micromodules “ALTEC-98A”, the technical
characteristics of which for the mode of maximum cooling capacity have the following values:
Lnax = 1.8 A; Unax =3.9 V; Onax =3.6 W at a temperature of 7=300 K. The ceramic plates of the
micromodule are covered with nickel and gold, which allows the air radiator to be soldered to the hot
surface of the micromodule, and to the cold surface — a concentrator made of high-temperature
material and designed for temperature influence on the bioactive point or area of the human body.

Thermoelectric probes are mounted with regard to optimal thermal mode of their operation and
protection against the influence of external thermal and mechanical factors. As temperature sensors,
silicon pulse diodes are used, the voltage drop on which has a practically linear temperature
dependence in the operating temperature range. A special mount is provided for the fixation of
thermoelectric probe which has different dimensions depending on the location of the probe on the
human body. The thermoelectric probe protective case is made of stainless food steel, since it is in
contact with human skin.

On the basis of the existing methods during therapeutic sessions of thermal effect on the
bioactive points in the traditional way [1 — 4] and the results obtained during previous clinical trials,
the optimal temperature and time interval of cryothermic influence on the bioactive points of the
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human body was established [8 —11]. Full cycle schedule of the device operation in the mode of
maximum value of the time of exposure to set temperature in the range of -10 °C++50 °C is
shown in Fig. 3.

T,°C

B C

- N

The cycle begins to repeat

270 50
|
)t et 1 —_—— _—_——_—
250 \___ 510 T,
D E
J 250 1. 250 _

Fig. 3. Full cycle schedule of thermoelectric reflexotherapy device:
AB —heating mode — 10 s; BC —steady-state mode — 240 s; ABC = AB + BC = 250 s;
CD —cooling mode — 20 s; DE — steady-state mode — 230 s;, CDE = CD + DE = 250 s.

As is seen from Fig. 3, transition from the established temperature value -10 °C to +50 °C takes
place in 10 sec, transition from +50 °C to —10 °C — in 20 sec, and, hence, maximum exposure to
steady-state in case of heating is 240 s, and in case of cooling — 230 s. The rate of temperature change
in heating mode is 6 °C per second, and in cooling mode — 3 °C per second.

Consequently, due to the establishment of the correct cyclic thermal effect on the acupuncture
points of the human body, various diseases can be treated and prevented from occurring.

In order to determine optimal time functions of control of power supply current to
thermoelectric modules ensuring given dependences of cooling temperature change with time,
computer simulation methods should be used. The results of computer simulation are given below.

Computer simulation of optimal dynamic mode of thermoelectric reflexotherapy
device

The problem of computer simulation of the unsteady-state operating mode of the reflexotherapy
device is to determine the time function of control of power supply current to thermoelements /(¢)
which ensures given time dependence of the device working surface temperature 7.(¢).

The problem was solved with the use of the following approximations in the device model. It is
assumed that all thermoelements of the module which is used in the device are identical and are under
the same conditions. Thermoelement legs of height / and cross-section s are made of materials of
n- and p-type conduction. Characteristics of leg materials, namely the Seebeck coefficient o, ,(7) and
resistivity p,,(7) are temperature-dependent, and coefficients of thermal conductivity «,, and heat
capacity c,, are assumed to be constants due to their inessential temperature dependence in
thermoelectric materials for coolers. It is assumed that heat-releasing surface of thermoelements is
maintained at a fixed temperature T}, the lateral surfaces of legs are adiabatically insulated. On the hot
junctions of thermoelements we take into account the absorption or release (depending on the direction
of current) of the Peltier heat and the release of the Joule heat on the contacts of junction with contact
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resistance .. Account is taken of the total volumetric heat capacity g of interconnect and insulating
plates of the module and copper cone-shaped device probe per one thermoelement. Thermal load of
power gy which is created in working mode on thermoelement cold junction due to heat release from
the human body is taken into consideration.

For such a model the temperature distribution in thermoelement legs is given by a system of
one-dimensional equations of the unsteady-state heat conduction in the form

2 2
6T Kn67;’+pn(T)l (zt)_TnE)an(T)I(t)Gi
"ot Ox s or, s ox )
or, o7, oo (T or.’
c 2 + (T)I (t) T U.p( ) I(t) 14
"ot © ox PoorT s Ox

p

where xe[0,/], te[O,t ] I(¢) is current in thermoelement legs which is a function of time.

Equations (1) take into account the influence of the Thomson effect that arises in the bulk of
thermoelement legs due to temperature dependence of the Seebeck coefficients o, ,(7).
The boundary conditions for these equations are given by

or, o,
K,S—*++K s—— [
ox 7 oox |,

where 7,.(f), the temperature of thermoelement working surface, is the assigned function of time.

JOT.()-g—==

Tn(l’t) = Tp(l’t) =T,

LD 5% Pr)4q, =0,
ot S

)

The initial temperature distribution in the legs corresponds to the steady-state distribution at
initial current value /; and is assigned as a function

T, (x,0)= CyJ2x* + Cx + C,. 3)

where Cy, C; and C, are constants determined by solutions of steady-state thermal conductivity
problem in thermoelement legs at direct current /.

As mentioned before, the problem is to find current control function /(f) such that ensures given
time dependence of cold temperature 7.(¢).

The method of solving this problem is described in [12]. For the formulated problem the
solution is obtained in the form of the following integral equation:

1 p(lt X
I(t) = T(){ I(0)+ — ! K(t-1)I (r)dr+CD(t,TC(t))}, 4)
where
CD(t,Tc(t)):—gst(t)—%I +4-E jg(t— )dT(T) 'ZPI jK(r)dr
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0 s
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a= % K1) =81 -9 (), 9)=1+2D exp(-n’k’ar), 9(t)=1+2) (-1 exp(-n’k’at),
C k=1 k=1
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a=(a,+la,)/2 p=(p,+p,)/2, k=(x,+%,)/2, c=(c,+c,)/2,
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1
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P, dT.

Equation (4) is nonlinear and solved by numerical successive approximation method. The
algorithm for solving such an equation is implemented using computer simulation software developed
in the MathLab environment.

Computer simulation results

Simulation of current control function which would ensure given time dependence of operating
temperature (Fig. 3) was performed for thermoelectric module “ALTEC-98A” used in the
reflexotherapy device, which comprises 62 legs of height /=0.093 sm, cross-section area
s =0.058x0.058 sm?, and contact resistance value r.= 5-10 ° Q-sm”. The legs are made of Bi-Te based
materials of n- and p-type conductivity with standard thermoelectric characteristics o, ,, Pup> Knps Cnp
[13]. Module characteristics, namely dependences of cooling capacity and voltage on temperature
differences for different supply currents are shown in Fig. 4.

4 =

[ —a—r=18 A Ag s

Voltage, V

(&%
Lh
Cooling capacity.

~-10.5
o : ¢ H : 0 : : 3 0
70 60 50 40 30 20 10 O 70 60 50 40 30 20 10 0
Temperature difference, K Temperature difference, K
a) b)

Fig. 4. Characteristics of thermoelectric micromodule “ALTEC-98A4":
a)dependences of cooling capacity on temperature difference on the module
for different supply currents, b) dependences of voltage on temperature difference.

The total volumetric heat capacity of interconnect and insulating plates of the module and
copper probe per one leg was g = 0.0064 J/K. The heat release of the human body was assumed to be
equal to 5 mW/sm?, which creates thermal load on the device thermoelectric leg go=0.017 mW.

In conformity with medical requirements, in the working mode the reflexotherapy device should
provide a periodic time dependence of temperature on the skin surface 7.(¢) shown in Fig. 5.

The operating mode starts from cooling temperature -10 °C. The initial steady-state temperature
distribution in thermoelements, whereby on the device cooling surface under no thermal load the
temperature -10 °C is set, is ensured by supplying the module with direct current /,. The value [, is
determined on the basis of characteristics of module “ALTEC-98A” (Fig. 4a) and makes /,= 0.45 A.
In the operating mode (Fig. 5) within 10 s the device probe should warm up from -10 °C to +50 °C
and maintain this temperature for 240 s with subsequent cooling to -10 °C within 20 s.
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Fig. 5. Given time dependence of operating temperature T,(t)
of thermoelectric reflexotherapy device.

Fig. 6.Calculated function of control of power supply current to thermoelectric module 1(t).

Obviously, this function is periodic. Current direction which ensures working surface heating
is considered to be negative, and cooling — positive. Within 10 s, current value should be changed
from 0.45 A to -0.6 A, varying current direction, and its value should be reduced to -0.18 A, in order
to maintain heating at the level of 50 °C within 240 s. Afterwards, for cooling, current direction is
changed for the opposite, within 20 s its value is increased to 0.9 A and reduced to 0.45 A, in order to
maintain the temperature of device working surface at the level of -10 °C for the next 230 s. This cycle
is periodically repeated.

Thus, the results of computer simulation give an opportunity to increase the accuracy of
prediction of cyclic temperature influence on the bioactive points of human body and obtain a positive
curative effect in the course of therapeutic procedures.
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Conclusion

1.

Computer simulation was used to determine optimal time function of control of power supply
current to thermoelectric micromodules in a multichannel reflexotherapy device which ensures
given cyclic temperature influence on the bioactive points of the human body

Functions of this type are used for the design and auto-calibration of special electronic controller
which provides the work of automatic temperature control system for thermoelectric
reflexotherapy device.
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Based on the analysis of Lord Kelvin's scientific achievements, in particular in the field of
thermodynamics and thermoelectricity, and guided by the advances in nanotechnology, the
possibility of temperature quantization and reasonably grounded basis for creating a quantum
temperature standard is demonstrated. For the application of the standard, in addition to the
quantum standards of electric resistance and electric voltage, it is proposed to employ the
thermoelectric method, since the thermoelectric power, in the concept of the Chernivtsi School of
Thermoelectricity, integrates the action of elementary eddy currents caused by the flow of
individual electrons through the current-temperature converting element of the standard. As a
result, due to the creation of a quantum temperature standard, it becomes possible to achieve an
increase in the accuracy of the reproduction of the International Practical Temperature Scale,
first proposed in its modern form by Lord Kelvin. Bibl. 21, Fig.4 .

Key words: quantum temperature standard, temperature scale, reduced quantum temperature unit,
base SI units.

The story behind and current state of affairs in the implementation of temperature
scales

Early temperature scales

The temperature scales changed during the development of technical thought. In a more or less
modern form, that is, the scale with two fixed points (beginning and end of the scale), was proposed
by the Frenchman René A. Reomyr in 1730 (now the degrees Reoumur completely out of use). Its
zero was the point of freezing water, and one degree (°R) corresponded to a change in the volume of
alcohol with a solid strength of 96° to 1/1000. Considering that when the temperature changes from
0°C to 100°C, the volume of alcohol changes by 8%, the boiling point of water is defined as 80°R.
The commonly used degrees Celsius, which in reality are not degrees Celsius, and just degrees of
“centigrade scale” did not appear immediately. In 1742 the Swedish astronomer A. Celsius proposed a
“reverse” scale: in it the water boiled at zero degrees, and froze — at a hundred. Already after his death
in 1744 the scale was “turned” by M. Stromer (ice melting temperature was now taken as 0°C, and
water boiling temperature — as +100°C). In this form the scale is used up to now.

The so-called Leiden degrees (°L), which were used at the beginning of the 20" century by the
Kamerlingh-Onnes Laboratory in Leiden, became the prototype for the “absolute” temperature scale.
In this scale, the boiling point of liquid hydrogen (—253 C), which consisted of 75% orthohydrogen
and 25% parahydrogen, was taken as zero. Another reference point is the boiling point of liquid
oxygen
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(-193°C). Eventually, two absolute temperature scales appeared that are used today — Kelvin and
Rankin. The zero of both coincides with the absolute zero temperature, and one degree corresponds to
a change of 1°C/K (Kelvin scale) or 1°F (Rankin scale — USA) (Fig. 1).
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Fig. 1. Known temperature scales and the ratios of thermometer readouts when they are simultaneously used to
measure equal temperatures (vertical line); to the left are the names of thermometric scales.

Kelvin (K), until 1968 — degree Kelvin (°K), SI base unit. Named after the Irishman William
Thomson (1824-1907), who was born in Scotland and became a great English scientist, awarded for
his scientific achievements the title of Lord Kelvin — the name of the river flowing through the
University of Glasgow. 0 K corresponds to —273.15°C and, on the contrary, 0°C is equal to +273.15 K.
At the moment, “kelvin” is the name of the thermodynamic temperature scale and at the same time the
dimension of the unit of temperature of the same scale. The definition of this scale is based on the
materials of the 10" General Conference of Weights and Measures in 1954, which assumed that the
main reference point of the scale is the temperature of the triple point of water —273.16 K. In addition,
kelvin is the interval of the International Temperature (Kelvin) Practical Scale.

Since Lord Kelvin substantiated the above-mentioned scale, as well as the 2™ law of
thermodynamics, he is considered to be one of the three founders of thermoelectricity. For example,
the primary reference thermocouple is a thermocouple that has a specific temperature dependence of
the integral thermo-EMF determined in accordance with the methods of implementing the Kelvin
International Practical Temperature Scale.

Temperature scale and other scientific achievements of Lord Kelvin

In addition to the talent for mathematics, Lord Kelvin (William Thomson) was able to solve
applied problems. Among his main inventions and discoveries are:

¢ the absolute temperature scale;

Kelvin understood that it would be useful to accurately determine the extremely low
temperatures. He noticed that the molecules stop their movement at an absolute zero, and in 1848 he
proposed an absolute temperature scale — now called “Kelvin Scale” — where the absolute zero
corresponds to a temperature of 0 Kelvin (0 K). The Kelvin definition of the absolute temperature
scale is particularly important in the field of superconductivity. This phenomenon was discovered after
the death of Kelvin. And nowadays, as a snake bites its own tail, the superconducting carbon
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nanotube, which is considered below, is the main core in the creation of the Quantum Temperature
Standard, which can become the major support of the modernized Kelvin scale. Moreover, the next
feature embodied in the design of the temperature standard relates to Lord Kelvin's next achievement —
thermocouple and thermo-EMF.

o the second law of thermodynamics;

The study of the nature of heat led Kelvin to formulate the second law of thermodynamics and,
at the same time, to form the basis of thermoelectricity.

e telegraph cables and a mirror galvanometer;

In 1856, Kelvin became director of the Atlantic Telegraph Company, who was hired to install a
telegraph cable across the Atlantic Ocean. The laying of the first Atlantic cable in 1857 failed. In
1858, the laying succeeded with the use of a measuring instrument called a mirror galvanometer
(Kelvin’s invention) for measuring electric current passing through a cable. The nowadays technology,
in the end, could not substitute the mirror galvanometer of Kelvin.

e marine measuring equipment, including high-precision watches;

Kelvin was a keen sailor and used his skills to solve maritime problems; invented several tools
that improved navigation and safety at sea. His inventions included: nautical compass; machine for
audio signals; astronomical clock. Kelvin’s talent as a physicist and an interest in navigation led him
to create and patent in 1869 his own version of the astronomical clock. Below we will note the need
for accurate time measurement to ensure the operation of the Quantum Temperature Standard.

e atomic research;

In the 1860s, Kelvin was interested in the structure of atoms. He watched the rings of smoke,
and suggested that the atoms are mutually structured in a spiral, like whirls one around another. His
hypothesis was taken with enthusiasm for 20 years and was refuted by later studies. Today, the
peculiarities of the atomic motion are thoroughly studied by scientists at the National Physical
Laboratory of Great Britain, which is considered to be the leading research center in the world. On
May 18-19, 2015, about 50 researchers in the field of thermometry from all over the world gathered at
the International Center of the Royal Society in Chicheley Hall, Buckinghamshire, to discuss the
progress of the implementation of the new kelvin in 2018 before redefining as the base SI unit. At that
time Michael de Podesta presented probably the most accurate measurements of temperature in human
history, based on the observations of the atomic motion.

o tetrakaidekagedron (a geometric body with a minimum possible surface area limited by 14

planes);

Kelvin simulated a geometric figure (polyhedron), formed by 14 faces — a three-dimensional
shape with the smallest surface area. No one was able to improve this model until 1993, when the
Weaire-Phelan model with a surface area appeared to be only 0.3% less than the Kelvin model. So, we
can conclude that Kelvin is involved in the creation of an energy efficient type of outer housing. It is
not improbable that further study of the heat dissipation intensity from the heating zone of the
Quantum Temperature Standard will allow the application of the Kelvin solution to minimize heat
losses and improve the accuracy of the transfer of the temperature unit size to the reference
thermocouple.

Improvement of temperature scale and transfer of temperature standard to quantum
physical base

Introduction
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At the end of the 20™ century, as a result of intensive research in the field of nanotechnology,
six (m, A, kg, s, mole, cd) of the seven base units of the SI system, except for the temperature unit, K,
were expressed through fundamental physical constants [1]. A similar result was obtained for a
number of other quantities of the SI system. The obtained standards are considered “internal”, since
they are determined on the basis of the mentioned constants, and not constructed using the
invariability of material artifacts, such as platinum-iridium wire in the standard unit of length. Their
work is based on the determination of the discrete value of a particular physical quantity or its fixed
size (quantum), which makes it possible to construct a scale of this quantity.

Formation of a new generation temperature standard based on fundamental physical constants

The state for 2015-2016 is best presented in [2]. The current definition of the unit of
thermodynamic temperature, kelvin, is based on the material artifact, namely on the temperature of the
triple point of water. The latter depends on its isotopic composition, purity, etc., and therefore is
characterized by significant uncertainty. The need for a measurable and reproducible quantum
temperature standard was demonstrated by the work of scientists presented at the 13" International
Symposium TEMPMEKO-2016, whose activities concerned this radical thermometry problem:
CODATA found the need to redefine the concept of “Temperature” [3], as long as temperature — a
physical quantity that characterizes the internal energy of bodies, is not directly measured nowadays.
All measuring means convert the temperature to any other physical quantity which can be recorded
experimentally. Taking into account that the temperature is connected with the energy through the
Boltzmann constant, it was proposed to replace the temperature measurements with the energy ones
and thus to avoid the methodological error caused by the calibration of means for measuring the
temperature of the triple point of water T7py [4]. A series of leading metrology centers (USA, UK,
etc.) have developed [2-3] a new definition of the unit of temperature: Kelvin, K, is the unit of
thermodynamic temperature; its size is determined by fixing the numerical value of the Boltzmann
constant equating to 1.380 65 ... - 10 and expressed in units of s“m°kgK™" which are equivalent to
J/K. The result of the introduction of the proposed definition is as follows: 1 K will be determined by
the change in the thermodynamic temperature, which leads to a change in thermal energy per k7T —
1.380 65 ... - 107 J. The benefits of such replacements are obvious: the size of kelvin, by the new
definition, becomes independent of material; fixed reference point (the temperature of the triple point
of water) with the uncertainty of its definition (~ 0.01 K) is no longer needed.

This contributes to a more precise definition and transfer of the thermodynamic temperature unit
size directly by the methods of primary thermometry, in particular at very high and low temperatures
(the primary thermometry assumes that a specific measuring instrument is related to a certain
measurand (T), which can be determined by direct calculation of the results without use of any other
unknown quantities, but only using fundamental physical constants, as the coefficients of
proportionality). In this case, it is necessary to pre-determine with the highest accuracy the value of the
Boltzmann constant, to which a series of perfect works based on various physical principles is
devoted. Current value of k, recommended by CODATA, is determined by the results of acoustic
thermometry of gases [4-5].

Unfortunately, the one-sided approach to replacing the direct determination of the temperature
by the indirect (due to the use of the expression £ = kT, the energy measurements are carried out with
the well-known Boltzmann constant), forms new difficulties. Replacing temperature measurements
with the energy ones is inevitably involved with a number of problems in the area of ultralow energy
measurements which may be due to the sensitivity of measuring instruments, the establishment of the
minimum size of energy or unit energy, the insufficient thermal insulation and heat removal,
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particularly intensive in the low-temperature range [6-7]. Moreover, when the proposed method is
used as the basic one, an additional error is introduced into the obtained results, since according to the
principles of metrology [8] the indirect measurement is less accurate than the direct measurement: the
error 07 is replaced in the indirect method by the sum of two errors: 6E + k. So, it was proposed to
involve the only fundamental physical constant, namely the Boltzmann constant. The temperature
quantum, just as the energy quantum, was not singled out.

The state for 2017 has changed in connection with the achievements of the Lviv School of
Thermometry [9]. For the second time after M. Planck, who has introduced the temperature Tp
(temperature quantum in the Planck system of units) which can act as the defining unit of the
temperature scale: 0°C =273.15 K =1.9279 - 107" Tj [10], the existence of a quantum temperature
measurement unit was proved [11]. Moreover, the possibility of its realization was shown [12] on the
basis of the existing quantum standards: of electric resistance [13] and voltage U [14] and the draft
installation for getting a controlled and pre-determined temperature jump with the use of
thermoelectric device was discussed.

Investigation and determination of a temperature quantum

Macro- and nanoproperties expressed through the fundamental physical constants in the
case of temperature as the major physical quantity in the SI system. Taking into account in
consideration only the Boltzmann constant related to electron scattering energy in collisions with
atoms may be incomplete, and, hence, not quite correct. By ignoring the processes of acquiring energy
by electrons, where other fundamental physical constants may be involved, such as the Planck
constant, the model under consideration can not be considered perfect. Taking into account the two
aspects of the process contributes to the balanced solution of the problem of determining the
temperature quantum, as a manifestation of thermal energy release (in the case of passing electric
current) by conduction electrons when they interact with atoms.

There is an effective way to study the macroproperties of materials through their nanoproperties.
It is clearly demonstrated by the example of the Hall quantum effect research [13]: a relation between
the macrocharacteristic (the von Klitzing constant having a resistance dimension) was found,
expressed in the quantized value of the measured electric resistance 25812.807 557 + 0.0040 Ohm,
with nanosized characteristics of the substance (electron charge e and the Planck constant /). There is
a similar relation between the electric voltage and the above fundamental physical constants [15].

Possibility of temperature quantization and the existence of a temperature quantum. We
will prove the possibility of the existence of a temperature quantum as a manifestation of the
properties of a macroscale substance at the electron-phonon interaction, that is, the interaction at the
nanoscale. We will consider the passage of small currents through a material with the Klitzing effect.
It can be a semiconductor material or one of the types of carbon materials (graphene [17] or nanotubes
[18]). Specifically, the process takes place at low-medium temperatures [17] on the contacts of the
superconducting carbon nanotube, on graphene or other substance, where the quantum Hall effect is
fixed, with a conductor/semiconductor material (for carbon nanotubes of several nanometers in
diameter the conduction electron exhibits mainly wave properties. Through such nanotubes, the
electrons pass in the same way as light waves pass through light guideways. Thus, electricity in the
nanoworld turns into optics, and the Joule heat is dissipated only at the boundary of the nanoworld,
where a nanotube is connected to an external wire, that is, on the contacts with the lead-in wires. We
derive the formula: R,, = h/ e’ relating a quantum of resistance to the fundamental physical constants.

Suppose voltage U is applied between the specified contacts of the nanotube, and the current strength
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in it is /. Since energy is not dissipated, its change between sections 4 and B is AE =eU . This occurs

during time interval Ar equal to transit time between the contacts. The Heisenberg uncertainty relation

imposes restrictions on the changes, which implies that U > Ve We estimate the current in a
eAt

nanotube as a one-dimensional quantum structure. In it, as in the helium atom, only two electrons with

different spins can coexist. It means that current / between the contacts is 7 =2e/At . Hence, it is easy

to derive the formula for the desired resistance: Ry, =U/I =h/e’. Since nanotubes do not give off

heat, they are able to pass currents of huge density — more than 10’ A/cm®. If the carbon nanotubes
were of normal conductivity, then at these currents their temperature would increase to 20000 K,
exceeding the combustion temperatures — 700 K).

Structurally, it is proposed to perform research on one of the most commonly used designs of
field-effect transistors (CNTFET), namely on a transistor with a superconducting carbon nanotube
embedded as a gate [18]. The source and drain are made of different materials forming together a quasi-
thermocouple through the nanotube as the hot junction. A similar structure is characterized by the
electric resistance 25812.807 557 + 0.0040 Ohm caused by the resistive properties of the lead contacts
only.

When studying electric energy dissipation (I’R=U"/R) on such electric resistance in the
region of temperature measurement:

E=U’At/ Ry, :12RK,At:N%kT, (1)
we will note that it is possible to evaluate the temperature jump A7 due to dissipation of N electrons.
Replacing the equation by 7 = AA—Q = Ne (At — time), we reduce it to:

t
2
NeY h = N3, )
(Ar)'e 2

which describes electric current formation per unit time by N conduction electrons which transfer their

own energy %kT to atoms. Hence, the jump of temperature AT at current / through superconducting

nanotube (cooling is considered to be minor) is determined as:
_2h _ Zh_N (3)
ke 3kAt

Otherwise, the increase in temperature is due to the relaxation of electrons on phonons in the

contact zone of the transistor gate with the source/drain. At a fixed number of electrons per second it is

determined through the fundamental physical constants (4 and «) and equals 2A-1s./3k = 3.2:10"" K

under the condition of dissipating 1 e/s. When powered by an array of the Josephson contacts, it is

possible to pass a certain controlled number of electrons through an element with the quantum Hall

effect. The quantity reduced to dissipation of one electron on phonons per unit time or to a single-

electron current is called by us as the reduced quantum temperature unit (RQTU) and is defined by the
expression:

2h| K
AT |ns1s =—| — |- 1] 5], 4
e =51 @

Its value does not depend on the factors of influence and the type of substance, but is
completely determined by the ratio of 2 fundamental physical constants (4#/k). The RQTU under

consideration is recommended for creation of quantum temperature standard. The operation of such
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standard is based on 2 quantum effects (the Klitzing and the Josephson effects). The value of RQTU,
measured in realtion to the SI units, is characterized by uncertainty, which is determined by the sum of
two uncertainties: the Planck constant /# and the Boltzman constant k£ [19], forming together the total
relative uncertainty 59.2 - 10,

We draw attention to the fact that the uncertainties of the Planck constant and the Boltzmann
constant are given in the NIST tables as the averaged values of the physical constants determined by
several relevant physical methods. For example, to study the Planck constant, the method of power
balance was applied, the methods of studying: the density of crystal by X-ray scattering, the magnetic
resonance, the Faraday constant, the Josephson constant. As a result, the recommended by CODATA
2010 rms uncertainty for determining the Planck constant is u, = 4.4 - 10,

The methods for determining the Boltzmann constant are as follows: from the equation of state
of ideal gas; by studying the dielectric constant of gas; by studying the velocity of sound propagation
therein; from the Nyquist equation when studying the electron thermal noise; by measuring the
radiation intensity of the blackbody; by measuring of sound velocity in gas-like helium which is in
quasi-spherical resonator (of volume 0.5 1) at a temperature close to the temperature of a triple point of
water (273.16 K) [20]. Moreover, a laser method for measuring the Boltzman constant is introduced,
which allows achieving the uncertainty of 2 - 10™ as a result of successive 61-hour measurements [21].

Interrelations of the major SI units and their determination through the fundamental physical
constants

According to the results of the study it was established that presented in [14] interrelations of
the base SI units (Fig. 2) and the principles of determining these units through the fundamental
physical constants (Fig. 3) undergo a modification, and it is indicated by the corresponding arrows.

K

72 AN

mol

cd

Fig. 2. Interrelations and mutual definitions of the major SI units:
blue arrows show the revealed relationship between the investigated quantity T
and the quantity I, A (through the quantities V and R), as well as the quantity t, s.
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Fig. 3. Principles of studying the SI units through the fundamental physical constants:
elimination of relationship between units m and T (black arrow),
and the appearance (blue arrow) of the relationship between units I, A and T, K.

Metrological concept of a temperature quantum and the possibility of its implementation

The obtained RQTU is defined through known from [19] values of constants # and £ and makes
3.199 493 42 - 10" K with a relative standard uncertainty 59.2 - 10, Note that this consideration is
purely phenomenological, since the authors understand the simplicity of the above considerations
regarding the dissipation of a single electron and the transfer of all of its acquired energy to phonons.
In fact, for minimal, hard to observe changes in the temperature ~ 10" K due to one-electron
relaxation, we are not able to fix such small jumps of temperature, and therefore have to work with
considerably larger currents, to which statistical thermodynamics can already be applied.

This means that theoretically and practically one should: a) increase the current through a
nanotube/semiconductor with a quantum Hall effect; b) use electronic phenomena with a pronounced
integration effect to register a weak temperature signal. First of all, it is a thermoelectric effect, which
is based on elementary eddy currents corresponding to the cooperative motions of groups of electrons.
Since 1 A is defined as 6.2415093 - 10" electrons passing through the conductor cross section per 1
second, then, provided that the electronic pump is capable of counting 10® electrons per 1 second or an
ammeter of measuring the electric current of 6.24 - 10" A, we must measure the temperature jump
32-10"K - 108 = 3.2 - 107 K. This value is measurable: at a sensitivity of ~ 43 pV/K of K-type
thermocouple, the measured value is ~0.14 uV, and with a tenfold higher sensitivity of the
semiconductor thermocouple, the resulting value obtained reaches 1.4 uV. The above uncertainty of
59.2 - 10™ allows us to assert that the desired value (temperature jump 3.2 - 10° K) is determined with
an absolute uncertainty of ~ 1.9 - 10° K.

This is the main advantage of the temperature standard created on the basis of fundamental
physical constants. Proceeding from the predetermined value of the temperature jump with a certain
relative and absolute uncertainty, one can propose a methodology for creating an extremely helpful
temperature standard which refers to primary thermometric means and is qualified by analogy with the
known quantum standards of other quantities of the SI system as an “internal standard”.
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Creation of temperature standard on the basis of a temperature quantum

The study opens the opportunity in principle and indicates the way to create a temperature
standard based on fundamental physical constants. For these purposes, it is proposed to involve the
existing standards based on the fundamental physical constants: 1) electrical resistance standard based
on the inverse of conductance quantum [13]; 2) voltage standard based on the Josephson contacts [14]
which can produce voltage pulses quantized in integer values of h/2e with precision frequency-to-
voltage transformations (the synthesized voltage is determined through known values of the number of
pulses, clock frequency and fundamental physical constants) (Fig. 4).

The quantum temperature standard is realized as follows. In the quantum standard of electrical
resistance, based on one of the common types of field transistor designs, CNTFET [18], the source and
drain are made of two dissimilar conductive materials, for example, of nickel and copper. The latter
form a thermocouple with a quasi-junction in the form of a superconducting carbon nanotube (3d
intermediate body in the circle based on the basic laws of thermoelectricity) of ~ 0.1 um long. Thus,
provided the number of electrons passing through the nanotube contacts is determined, we can
measure the temperature jump by a thermoelectric method with a minimal methodological error (or
with maximum reliability in the uncertainty approach) on the structural element of the standard.

The operating mode of the installation is as follows. The same device serves as a generator of
the known temperature jump at the 1* stage, and is used to measure the temperature by thermoelectric
method at the 2™ stage. Since the device under study is powered by a sequence of short (~ 107s)
voltage pulses, at the 1% stage, a given current is fed to the device, and at the 2™ stage (in the absence
of an electric current), with the help of the thermocouple described above, the temperature increase is
measured. Thus, the same device — the “internal” temperature standard — serves as a generator of a
previously known temperature jump at the 1* stage, as well as a temperature measuring instrument at
the 2" stage.

[ 3 AT
3.2-10" £, K
L _

1

V= n-hfl(2e)

A

VIR, = K-hi2¢) @

2b

(&, —hr- avia 2hfI(3k,
2hi(3k,) = RQUT

.Y
PN

Fig. 4. Block-diagram of temperature standard based on RQTU and transfer of unit size from it to working
standards: 1 —voltage standard based on the array of the Josephson junctions, 2a — carbon nanotube as the
base of a field-effect nanotransistor; 2b — unit size transfer block; 3 — working temperature standard (reference
thermocouple).

Further transfer of a given value of the temperature jump from the standard to the reference
thermocouple is carried out in a traditional way, placing its hot junction close to the CNT-quasi-
junction of the temperature standard. With a deviation of temperature increase recorded by it from the
value of standard temperature jump which may be due to heat losses, a correction factor is introduced.
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For more significant heat losses, it is possible to offer the use of thermal screens, even executed in the

form of a 14-hedron, that is, according to Lord Kelvin.

Conclusion

For almost two centuries the inventions and discoveries of the great scientist live and work for

humanity, being used in everyday life, scientific and applied research. Each time we measure the

temperature, we inevitably turn to Kelvin. Carefully approaching the achievements of the present, we
will try to evaluate them through the prism of heritage of the great William Thomson, the 1* Lord
Kelvin.

1.

Progress in the measurement of physical quantities is determined by provision the measuring
instruments with standards built using quantum effects, based on the invariance of fundamental
physical constants. Accordingly, the progress in temperature measurements and the
improvement of the absolute temperature scale was hampered by the absence of such a standard.
Considering electron-phonon dissipation on electric resistance inversely proportional to
conductance quantum, the existence of temperature quantum expressed in terms of the ratio of
fundamental physical constants //k (the Boltzmann constant and the Planck constant) was first
proved.

It is shown that at a dissipation of one electron per second, a temperature jump is obtained,
defined as a reduced quantum of temperature, equal to 3.199 493 42 - 10" K, with a relative
standard uncertainty of 59.2 - 10™® determined due to the known values of fundamental physical
constants. For the experimental fixation of the effect of the temperature jump through the
quantum resistance, it is necessary to pass the electric current at least 0.1 nA = 10® e/s; then a
temperature jump of ~10°K is obtained, which is sufficient for fixing it with a built-in
nanothermometer (nanothermocouple), as well as for further transferring the temperature unit
size, for example, to the reference thermocouple. The thus built temperature standard can
provide step-by-step transfer of temperature size (quantum), starting from the temperature
sufficiently close to the absolute zero.

The proposed temperature standard can be recommended for use as an “internal” standard, which
does not require repetitive measurements and verification to ensure and validate the declared
accuracy, in contrast to the classical standards for physical quantities of the SI system. “Internal”
standards are becoming increasingly important metrological instruments for the spread of accurate
measurements, as an example in cyber-physical systems, whose elements are scattered in space
and time.

The authors express their deep gratitude to Lukyan Ivanovich Anatychuk, academician of the
NAS of Ukraine, President of the International Thermoelectric Academy, for his deep interest
and considerable research ambition and assistance.
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