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resistance and thereby preserving the high values of the characteristics of thermoelectric converters under
miniaturization conditions, are currently central.

To design thermoelectric modules and calculate their characteristics, the experimentally established
contact resistance values are used. As a rule, to measure these values, rather complicated methods and
installations are employed [13 —17]. Contact resistance depends on the technology for producing
thermoelectric materials, methods for forming their contacts with metal layers, pre-processing of the
surfaces of semiconductor crystals [16, 18 —20] and other factors. Therefore, the experimental values of
contact resistance for specific TEM-metal pairs can differ significantly, which complicates the analysis and
optimization of the structure of transient contact layers. Theoretical methods for modeling TEM-metal
contacts are practically absent.

Therefore, the purpose of this work is to develop a model of the structure of TEM-metal transient
contact layers and methods for estimating the electrical contact resistance of such a structure, to calculate
the temperature dependences of contact resistance for thermoelements of traditional materials based on
BiTe with a view to their further application for the design of thermoelectric power converters, on
particular with microminiature legs.

Physical model of TEM-metal transient layer

In thermoelectric modules manufactured by traditional technology, connection of n- and p-type legs
in thermoelements is carried out by interconnect plates made of highly conductive metal, in particular
copper. The contact of the semiconductor material with metal interconnects, as a rule, is provided by
soldering or connection using a special electrically conductive paste. To restrict the diffusion of
interconnect elements and solder or paste into the bulk of a semiconductor leg, a thin anti-diffusion layer of
metal, usually nickel, is applied to its surface [21 — 26], which, in addition to low diffusion of elements,
provides high adhesion and a reliable electrical contact. After applying the metal to the surface of the
thermoelectric material, a transient TEM-metal contact layer arises at the interface. Physical processes in
the transient layer are the main cause for contact resistance that occurs when an electric current passes
through a thermoelement.

For the effective operation of thermoelectric modules, the contacts must be ohmic [21 —27]. In
ohmic contacts, current carriers pass from semiconductor to metal, overcoming the potential barrier at the
TEM - metal interface, which is created due to the difference in the energy band structure of
semiconductor and metal [28, 29]. The main characteristic of an ohmic contact is its resistance, reduced to
a unit area [30]. This resistance has two main components. The first is the resistance 7, of transient near-
contact area, the second — the resistance 7, associated with the transition of charge carriers through the
potential barrier at the boundary between the semiconductor and the metal. This second component is
commonly called the boundary electrical resistance [31]. However, the purpose of this paper is to calculate
the temperature dependences of thermoelectric characteristics of transient layer without taking into account
the presence of a potential barrier.

General formulae for thermoelectric characteristics of transient layer

The electrical resistance of transient layer is affected by its composition and structure, which depend
on the technology of fabrication of TEM-metal contact. The most common methods of metal deposition on
the surface of a semiconductor are the technologies of fusion, sputtering, electroplating, and epitaxy. The
structure of transient layer is determined by two basic physical processes. It is mutual diffusion of atoms
(molecules) of contacting materials and their chemical interaction [32]. Traditionally, the application of
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nickel diffusion layers on the surface of thermoelectric material is carried out by electroplating. As stated
in [22,23,32], under the conditions of such technology, the structure of transient layer is characterized by
the absence of any chemical compounds of metal atoms with atoms (molecules) of the semiconductor. In
this case, the main factor determining the electrical properties of transient layer is considered to be the
effect of semiconductor doping with metal due to mutual diffusion [32], which occurs under the conditions
of the operating modes of thermoelements. It should be noted that transient layer differs from the bulk
thermoelectric material by the inhomogeneous spatial distribution of metal impurity atoms, which leads to
the dependence of the electrical conductivity o,(x) of transient layer on the dimensionless coordinate
X = )7/ hwhere h is the thickness of transient layer, x €[0,1]. Suppose that electrical conductivity varies

continuously from its value o, in metal to the value o, in thermoelectric material, i.e., function o (x)
satisfies the requirements.

6,=01(0), o,=c/(1). (1)

To determine the appearance of the dependence c,(x), we use the concept of the distribution of the
volume fraction of an impurity metal in the material of the near-contact transient layer, which is
determined by the ratio of the volumes of impurity atoms to all atoms (molecules) of transient layer, which
are in the elementary volume of thickness dx at a distance x from the metal surface x = 0 and is calculated
by the relation

o) = (4, /v,)n) ,
O = G o0 + (A1) (o =) )

where A, A, is the atomic or molecular weight, y,, 7, is the density of semiconductor thermoelectric
material and metal, respectively, n(x) is the distribution of the concentration of metal atoms in transient
layer, which is established in the steady-state operating modes of the thermoelement due to diffusion, g is
the concentration of metal atoms that can diffuse. Formula (2) is correct, subject that part of the elementary
volume of transient layer, unoccupied by metal atoms, is considered to be occupied by atoms (molecules)
of thermoelectric material.

Function n(x) is a solution of one-dimensional boundary value problem of steady-state diffusion in
the presence of a constant source of metal atoms with the boundary conditions n(0)=n,, n(1)=0, which
under the condition of constancy of diffusion coefficient D and intensity Q of the source with

concentration n,, looks like:
n(x)=n, [1 —(1-4)x- szj. 3)

where n, — concentration of atoms in metal, dimensionless parameter A =Qd?/2Dn,

characterizes the mode and conditions of contact creation.
Under these assumptions, the dimensionless function (2) of the distribution of volume
fraction of impurity v(y) takes on the form

W(y)= ] (Am/Vm)[l—(l,—A)y—szl N @)
(4, /7, 1 = (1= A)y = 4y” [+ (4, /7, |1 = )y + 4y° |
and the following conditions for it are satisfied

w(0)=1, (1)=0. (5)
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We assume that electrical conductivity proportional to carrier concentration in the case of doping
impurity is proportional to concentration of impurity atoms. As a result, the form of coordinate dependence
of electrical conductivity of transient layer o,(y) will be determined by the coordinate dependence (4) of the
volume fraction v()’) of metal impurity. Then c,(y) without regard to percolation effect, when metal atoms

do not form clusters, will be determined through v(y) by the function

o,(y)=0,+(0, o M»), (6)

for which, taking into account (5), the requirements of (1) will be satisfied. Formula (6) coincides with
classical formula for generalized composite conduction.
With this approximation, the electrical resistance of the near-contact transient layer can be estimated

by the formula
1 dy
=i (7)
0 Oy (y)
The relation similar to (6) is also valid for thermal conductivity of transient layer:
Kl(y):Ks+(Km_Ks)v(y)’ (8)

where x; and «x,, are thermal conductivities of TEM and metal, respectively, so for electrical

contact resistance the following relation is valid:

1
(D
_h'([l(‘

For thermoEMF the following relation is true:

)

1

I oy K W)+ (et 6, 1= vy )y

=0 . (10)

e+ 5 L= v

[ ——

Approximation of the temperature dependences of thermoelectric characteristics of
material and metal

To calculate the temperature dependences of contact resistance, we will need the temperature
dependences of thermoelectric characteristics of TEM and metal. This approximation can be done in two
ways, namely by construction of regression models on the basis of experimental data, or purely by
calculation, on the basis of certain model assumptions of the microscopic mechanisms of charge and heat
transfer in material. In this paper we use the second way.

We start with the thermoelectric characteristics of TEM. Let at some temperature 7, we know its

thermoelectric parameters, namely the thermoEMF «, the electrical conductivity o, and the thermal

conductivity k. To construct their temperature dependences, using this data we make the following

model assumptions:
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1) zone spectrum of carriers in TEM is parabolic and isotropic with temperature independent effective
mass;

2) quasi-elastic scattering of carriers in relevant temperature region occurs on the deformation potential
of acoustic phonons with energy independent cross section and mean free path inversely proportional
to temperature;

3)lattice thermal conductivity of semiconductor is determined by phonon-phonon scattering with
umklapp and is inversely proportional to temperature.

Provided that these assumptions are valid, the carrier scattering index » = —0.5. Taking into account
its value, the construction of the necessary temperature dependences on the basis of known general
relations [33] is carried out in the following order.

From the relation for the thermoEMF

s0

we find a reduced chemical potential 77, of carrier gas at temperature 7.

Using the condition of carrier concentration constancy, from the equation

T Fysn) —1
Ty Fy5(mo)

we determine the temperature dependence of reduced chemical potential 77 of carrier gas on temperature 7'

(12)

in given temperature range.
From the relation

“SZSPF?(?))‘”} )

we determine the temperature dependence of the thermoEMF of TEM.

LS(U)Z(ETF%(U)_ 41712(77)} a4

e Fo(n) Foz(n)

we determine the temperature dependence of the Lorentz number of TEM.

From the relation

The temperature dependence of electrical conductivity of TEM for the above model assumptions is
determined as:

o, :Gso(ﬁjl's Fo(n)Fo.s(Uo) (15)

T F0.5(77)F0(77 ) '

The temperature dependence of thermal conductivity with regard to everything mentioned above is
determined as:

T
Ks = GSLS (77)T + [KSO - GSOLS (770 )Tb ]70 : (16)

In formulae (11) — (16), Fm(n) denote the Fermi integrals that are determined by the

following relation:
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Fm(n):Ixm[exp(x—n)+l]_ldx. (17)
0

Relations (11)~(17) completely determine the temperature dependences of the thermoEMF, the
electrical conductivity and the thermal conductivity of TEM.

Let us pass to approximation of the temperature dependences of the electrical conductivity, the
thermal conductivity and the thermoEMF of metal. We assume that in metal, just as in TEM, scattering of
free carriers takes place on the deformation potential of acoustic phonons, and in the real temperature
region the mean free path of carriers is inversely proportional to temperature. Then, taking into account
strong degeneracy of carriers in metal, the temperature dependence of its electrical conductivity will be
determined as [34]:

Gm:GmO'(TO/T)’ (18)

and, therefore, taking into account the Wiedemann-Franz relation, the thermal conductivity of the metal

Kk ,, will be considered to be temperature independent. We will also consider the thermoEMF of the metal

o, to be independent of temperature.

Results of calculation of the temperature dependences of thermoelectric characteristics of
the TEM-metal transient contact layer and their discussion

The temperature dependences of the electrical and thermal contact resistances, the thermoEMF and
the dimensionless thermoelectric figure of merit of the TEM-metal transient contact layer for bismuth
telluride-nickel pair obtained in the framework of the calculation procedure described above, provided that
the uneven distribution of the metal atoms in the layer is preserved, are shown in
Figs. 1-7.
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Fig. 1. Temperature dependences of electrical contact
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Fig.2. Temperature dependences of electrical contact

resistance at transient layer thickness of 150 um: 1 —
A=0; 2—-A=1.
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When plotting, the following material parameters for 300K were taken: c,=1.25-10° S/cm, 5,=800
S/em, «,=92 W /(m'K), x~=1.4 W /(m'K), a,= — 23 uV/K, a,= 200 uV/K, and, besides, 4,=58.5, 4,801,
p,=9100 kg/m’, p,=7700 kg/m’. It can be seen from the figures that in the temperature range studied, the
electrical and thermal contact resistances, the thermoEMF, and the dimensionless thermoelectric figure of
merit of transient layer increase, and the power factor has a maximum in the range of 300-350 K. Such
temperature dependences can be explained by an increase in the resistivities of metal and semiconductor, a
decrease in their thermal conductivity, and an increase in the thermoEMF of semiconductor with a rise in
temperature. With an increase in the thickness of transient layer, the electrical and thermal contact
resistances increase in proportion to this thickness. The presence of a maximum in the temperature
dependence of power factor is explained by two competing processes: an increase in the thermoEMF and a
decrease in TEM electrical conductivity with a rise in temperature. It should be noted that the thermoEMF
of transient layer is mainly determined by the semiconductor due to the fact that thermal conductivity of
metal is significantly greater than thermal conductivity of semiconductor.

In addition, it can be seen from the figures that with increasing parameter A, that is, the intensity of
metal atoms entering transient layer, the thermal and electrical contact resistances, as well as the
thermoEMF decrease, and the power factor and the dimensionless thermoelectric figure of merit increase.
On the whole, in the studied ranges of temperature, the intensity of metal entering transient layer, and the
transient layer thickness, the electrical contact resistance varies from 1.8-107 to 4.8-:10° Ohm-cm?, and the
thermal contact resistance varies from 0.022 to 0.35 K-cm®W, the thermoEMF - from 155 to 235 puV/K,
the power factor - from 1.6:10* 10 2.9-10™* W/(m-K?), the dimensionless thermoelectric figure of merit -
from 0.55 to 1.7.

4. Effect of levelling of metal concentration in transient layer on the temperature
dependences of its thermoelectric characteristics

The above results were obtained on the assumption that the distribution of the volume fraction of
metal in transient layer is subject to relation (4). However, the most intense supply of metal atoms into
transient layer occurs directly during contact. Further, especially at low temperatures, this intensity
decreases significantly and the uneven distribution of metal in transient layer is levelled. Therefore, it is
worthwhile to study the effect of this levelling on the temperature dependences of thermoelectric
characteristics of transient layer. After levelling, the average steady volume fraction of metal in transient
layer will be determined as follows:

_1 . (m/7m [1 1 A)y Ay]
G0 A - B -] 19
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So, the steady electrical conductivity of transient layer without regard to percolation theory will be
determined as:

0,=0*+ (Gm — Oy )Vma > (20)

and its electrical contact resistance as:

r.=hlo,. 1)
The steady thermal conductivity of transient layer will be determined as:
Ky = Ky + (1 =K W (22)
and its thermal contact resistance as:
r.=h/k,. (23)

For the thermoEMF of transient layer the following relation is valid:

(am/Km)Vm +(as/Ks)(l_vm)‘ (24)
Vm/Km +(l _Vm)/Ks

The results of calculations of the temperature dependences of thermoelectric characteristics of

transient layer obtained in case of uniform distribution of metal concentration therein are presented in
Figs.8-14.
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Fig.8. Temperature dependences of electrical contact
resistance after levelling of metal concentration at
transient layer thickness of 20 um: 1 — A=0; 2 — A=1.
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Fig.9. Temperature dependences of electrical contact
resistance after levelling of metal concentration at
transient layer thickness of 150 um: 1 — A=0; 2 —A=1.
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Fig. 10. Temperature dependences of thermal contact
resistance after levelling of metal concentration at
transient layer thickness of 20 um: 1 — A=0; 2 — A=1.

Fig.11. Temperature dependences of thermal contact
resistance after levelling of metal concentration at
transient layer thickness of 150 um: 1 — A=0; 2 —A=1.

Fig. 12. Temperature dependences of transient layer
thermoEMF after levelling of metal concentration: 1 —
A=0; 2—-A=1.

Fig.13. Temperature dependences of transient layer
power factor after levelling of metal concentration: 1 —
A=0; 2—-A=1.
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It can be seen from the figures that after levelling of metal concentration in the bulk of transient
layer, the electrical and thermal contact resistances at all temperatures essentially decrease, the thermoEMF
power practically does not change, and the power factor and thermoelectric figure of merit essentially
increase. In contrast to the case of an uneven distribution of concentration, after its levelling in the studied
temperature range, the power factor does not have a maximum, but is a growing function of temperature.

As regards the effect of parameter A, that is, the intensity of metal entering transient layer, on the
thermoelectric properties of transient layer, after the concentration is levelled, the same tendency remains
as with its uneven distribution.

In general, in the studied ranges of temperature, the intensity of metal entering transient layer and the
thickness of transient layer after levelling metal concentration the electrical contact resistance varies from
8:10% to 1.2:10° Ohm-cm?, the thermal contact resistance — from 7-10 to 0.12 K-cm’/W, the thermoEMF
— from 155 to 235 V/K, the power factor — from 6-10* to 1.5 5-10° W/(m-K?), the dimensionless
thermoelectric figure of merit — from 0.8 to 2.2. Thus, after the concentration is levelled, the electrical
contact resistance drops by a factor of 2.25 — 4, the thermal contact resistance drops by a factor of 3, the
thermoEMF is practically unvaried, the power factor grows by a factor of 3.75 — 5.3, the thermoelectric
figure of merit increases 1.5 times.

Note that when designing thermoelectric energy converters, such parameters of transient contact
layers as power factor and thermoelectric figure of merit do not have self-importance, but they may be of
some interest for the integral evaluation of the contact structures.

It is clear that the results obtained can be considered valid only when nickel does not form bismuth
telluride intermetallic compounds. But according to the data of [23], this is basically true.

Effect of contact resistance on the efficiency of thermoelectric generator module

The above temperature dependences of the electrical and thermal contact resistances were used to
calculate the efficiency of thermoelectric generator modules with the height of thermoelectric legs 3 and
1.5 mm, respectively. The calculations were performed by methods of object-oriented simulation in
Comsol Multiphysics software environment.

For this purpose a physical model of thermoelectric generator module was considered which is
shown in Fig.15.
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Fig. 15. Physical model of thermoelectric generator module. 1 — n-type leg; 2 — p-type leg;
3, 4 — electrical interconnects, 5, 6 — ceramic plates; 7 — gas, 8, 9 — electrical contacts between legs
and interconnect plates; 10— thermal contact between ceramic plate and hot thermostat;
11 — thermal contact between ceramic plate and cold thermostat.

The distribution of temperature and electrical potential in the module was found from the system of
differential equations with respect to temperature 7' and electrochemical potential U . These equations
were obtained on the basis of the law of energy conservation which is given by the following two

equations:
Vw=0, (25)
Ww=g+Uj. (26)
In formulae (25) and (26), ] — electric current density, g —heat flux density:
G=-xVT +11}, (27)
where IT is the Peltier coefficient, « is thermal conductivity.
M= af, (28)

where a. is the Seebeck coefficient, T is temperature.
The electric current density is found from the equation

j=-oVU-0aVT, (29)

where o is the electrical conductivity.
Substituting (26), (27) into (25), we obtain

~V(xVT)+(VIT+VU);j =0. (30)

From expression (30), using (28) and (29), we obtain the following equation to find the

distributions of temperature and potential:
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V]oa?r + k7|~ V(carvu)-o|VUY +avTvU|=0. (1)
To obtain the second equation, we will use the law of conservation of electrical charge:
Vi=0. (32)
Substituting (29) into (32), we obtain the following equation:
V(oaVT)+V(eVU)=0. (33)

System (31), (33) is a system of differential equations with variable second-order partial differential
coefficients, which describes the distribution of temperature and potential in an inhomogeneous
thermoelectric medium. A feature of the system of equations (31), (33) is that the parameters a, o, k depend
on the spatial coordinates X, y, z both directly and implicitly through the temperature T (x, y, z). This leads
to the fact that it becomes inevitable to use numerous computer methods to solve equations of this kind.

In a computer model, the thermoelectric field is described by a two-element column matrix in the
functional space of twice differentiable functions, namely, the coordinate dependences of temperature and

M :(T .y ’Z)]. (34)

U(x,y,z)

Matrix M satisfies one matrix differential equation

potential:

V(eVM)=f, (35)

whose components are equations (31) and (33) if the matrix nonlinear coefficients of equation (35) have
the form

c:{O'OCZT+K aaT]’f:{a[(VU)z +VIVU G36)

ao o 0

A system of equations of the form (35) with allowance for (36) is solved for each of the layers that
make up the thermoelectric module. For this, we additionally introduce the boundary conditions for the
continuity of temperature, electric potential, heat flux, and electric current density at the boundaries of the
layers. In addition, for reasons of optimality of the conditions under which the thermoelement operates, and
which are determined from the requirement to achieve the maximum value of the efficiency, the potentials
on the switching electrodes and the temperatures of the “hot” and “cold” thermostats are set. Therefore, the
potentials on the switching electrodes of one of the legs are 0 and 0.0573 V, on the second - 0.0573 and
0.1146 V, and the temperatures of the “cold” and “hot” thermostats are 273 and 573 K, respectively.

The impact of the electrical and thermal contact resistances is taken into account in the physical
model in the framework of two approaches. The first is that the contact layer is not explicitly introduced
into the physical model, but its electrical conductivity and thermal conductivity are considered to be known
from experiment or, in this case, temperature functions preliminarily calculated by calculation. Then, the
proportionality of the electrical and thermal contact resistances to the layer thickness is taken into account.
The second approach is that a contact layer with temperature-dependent thermal conductivity and electrical
conductivity, taking into account its thickness, is explicitly introduced into the physical model. The
thermoEMF of the contact layer at this stage of research is not taken into account.

Such mathematical description allows solving the above described system of equations for
temperature and potential in Comsol Multiphysics simulation environment. The results of solving Eq.(11)
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are three-dimensional temperature and electrical fields in given geometry of thermoelectric module. Their
examples for one thermoelement which is part of the module with the height of leg 3 mm are shown in
Figs. 16, 17. Knowing these fields, it is easy to calculate the basic energy characteristics of the module.
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Fig. 16. Temperature field in thermoelement

0.1

0.09
0.08
0.07
0.08
0.05

0.04

0.03

0.02

= 0.01

Fig. 17 Electrical potential distribution in thermoelement

The results of these calculations are presented in Figs.18 — 21.
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Fig. 18 Dependence of generator module efficiency
with the height of leg 3 mm on transient layer
thickness for the case when contact resistance is
considered to be a lumped parameter:1 — A=0, the
distribution of metal atoms in transient layer is
uneven; 2 — A=1, the distribution of metal atoms in
transient layer is uneven; 3 — A=0, the distribution of
metal atoms in transient layer is uniform;4 — A=1, the

distribution of metal atoms in transient layer is

By 50 100 7, wiwd uniform.
7 n »%
e Fig. 19.Dependence of generator module efficiency
741 with the height of leg 1.5 mm on transient layer
thickness for the case when contact resistance is
721 considered to be a lumped parameter:1 — A=0, the
distribution of metal atoms in transient layer is
7t uneven; 2 — A=1, the distribution of metal atoms in
transient layer is uneven; 3 — A=0, the distribution of
6.8 metal atoms in transient layer is uniform;4 — A=1, the
. . distribution of metal atoms in transient layer is
o 100 150  h, MKm uniform.
i
% Fig.20.Dependence of generator module efficiency
7 65. 5 4 with the height of leg 3 mm on transient layer
thickness for the case when transient layer is explicitly
introduced into model:1 — A=0, the distribution of
L metal atoms in transient layer is uneven; 2 — A=1, the
7.6f distribution of metal atoms in transient layer is
uneven; 3 — A=0, the distribution of metal atoms in
transient layer is uniform;4 — A=1, the distribution of
7.550 50 100 h, MKM metal atoms in transient layer is uniform.
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o,
AL
74| Fig.21.Dependence of generator module efficiency
with the height of leg 1.5 mm on transient layer
721 thickness for the case when transient layer is explicitly
introduced into model:1 — A=0, the distribution of
7t metal atoms in transient layer is uneven; 2 — A=1, the
distribution of metal atoms in transient layer is
6.8 uneven; 3 — A=0, the distribution of metal atoms in
transient layer is uniform;4 — A=1, the distribution of
6'60 160 150 h, MKm metal atoms in transient layer is even.

Note that in this case, the thermoEMEF of transient layer was considered to be zero.

It can be seen from the figures that the efficiency of the thermoelement in the mode of electric
energy generation is maximum when the distribution of metal atoms in transient layer is uniform. In
addition, other things being equal, it is the greater, the greater the intensity of the source from which the
metal enters transient layer. In the case of uneven distribution of metal atoms in transient layer, the
efficiency decreases with increasing transient layer thickness the more, the smaller the height of the
thermoelectric leg. In general, in the considered range of thermoelectric leg heights and layer thicknesses,
the efficiency changes from 6.4 to 7.7% when the contact layer is explicitly introduced into the model, and
from 6.6 to 7.7% when the contact resistance is considered to be a lumped parameter. In the case when
transient layer is introduced into model, the efficiency after levelling the distribution of metal atoms in
transient layer depends only slightly on the intensity of the source from which a steady-state diffusion of
metal to TEM occurs.

Conclusions

1. Without taking into account the formation of clusters in transient layer, the temperature dependences of
the electrical and thermal contact resistances, the thermoEMF, the power factor and the thermoelectric
figure of merit of bismuth telluride-nickel transient contact layers were calculated on the assumption
that carrier scattering in semiconductor and metal occurs on the deformation potential of acoustic
phonons, the thermal conductivity of metal is determined by electron gas, and the lattice thermal
conductivity of semiconductor — by phonon-phonon scattering with umklapp. In this case it was
believed that nickel does not form new phases with bismuth telluride.

2. It is shown that both with uneven and uniform distribution of metal atoms in transient layer, the
electrical and thermal contact resistances, the thermoEMF and the dimensionless thermoelectric figure
of merit of transient layer are growing functions of temperature and the intensity of metal atoms
entering transient layer during contact creation.

3. Power factor in the temperature range under study is a growing function of the intensity of metal atoms
entering transient layer, and at the same time has a maximum on the temperature dependence in case of
uneven distribution of metal atoms in transient layer. However, it becomes a monotonically growing
function of temperature in case of levelling the concentration of metal atoms in transient layer.

4. In the case of uneven distribution of metal atoms in the temperature range of 200 — 400 K, the intensity
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of metal atoms entering transient layer, which corresponds to a change in parameter 4 from 0 to 1 and
the thickness range of transient layer from 20 to 150 um, the electrical contact resistance changes from
1.8:107 to 4.8:10° Ohm-cm? the thermal contact resistance — from 0.022 to 0.35 K-cm*W, the
thermoEMF — from 155 to 235 uV/K, the power factor — from 1.6:10 to 2.9-10* W/(m'K?), the
dimensionless thermoelectric figure of merit — from 0.55 to 1.7.

. In the case of levelling the distribution of metal atoms in transient layer, the electrical contact resistance

decreases by a factor of 2.25 — 4, the thermal contact resistance decreases by a factor of 3, the
thermoEMF is practically unvaried, the power factor increases by a factor of 3.75 — 5.3, the
thermoelectric figure of merit grows by a factor of 1.5 as compared to the case of uneven distribution.
Studies of the effect of transient contact layer without clusters on the efficiency of thermoelement in
generation mode have shown that, all other things being equal, if the influence of the thermoEMF of
transient layer is ignored, in the considered range of thermoelectric leg heights and layer thicknesses in
the case when a contact layer is explicitly introduced into the model, the efficiency varies from 6.4 to
7.7%. However, if contact resistance is considered to be a lumped parameter, the efficiency changes
from 6.6 to 7.7%. In the case when transient layer is introduced into the model, the efficiency after
levelling the distribution of metal atoms in transient layer depends only slightly on the intensity of the
source from which steady diffusion of metal into TEM occurs, whereas in the case when contact
resistance is considered to be a lumped parameter, this dependence is much stronger.
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IMPO TEMIIEPATYPHI 3AJIEZKHOCTI TEPMOEJIEKTPUYHUX
XAPAKTEPUCTHMK MEPEXIJTHOT' O IIIAPY TEPMOEJIEKTPUUHUI
MATEPIAJI-METAJI BE3 YPAXYBAHHSI SIBUILIA ITEPKOJIAIIIT

Pospaxynkosum winsixom ompumano OCHOBHI  CNIGBIOHOUIEHHS, SIKI  GUSHAYAIOMb  MEMNEPANYpPHI
3ANEAHCHOCHT MEPMOENEKMPULHUX XAPAKMEPUCTIUK NEPEXiOHUX KOHMAKMHUX Wapie MepMOereKmpudHull
mamepian-meman Oe3 ypaxyeanHs meopii npomixkauus. Konkpemui kinbkicHi pesynemamu ma epagiku
MEMNEPAmypHUX 3A1eHCHOCMEN eNeKMPUYHO20 MA MeNi08020 KOHmakmuux onopis, mepmoEPC, ¢axmopy
nomyscHocmi ma 6e3po3MipHOI MEPMOENeKMPUHHOL eqheKmUsHOCmi  HABe0eHO Osi KOHMAKMHOL napu
menypuo sicmymy — Hikelb. Bcmarnoeneno, wo pasi HepisHOMIPHO20 pO3noOLTy amomie Mematy 8 IHMepeall
memnepamyp 200 — 400 K, inmencusnocmi HAOX0OJCEHHS amomie Memany y Nnepexionuil wap, sKa
8IONOBIOAE 3MIHI PO3NOOITY AMOMIE MEemanry 3a MOBWUHOI NepexiOHo20 wapy 6i0 JIHIUHO20 00
Keaopamu4Ho2o ma iHmepeasi moswiur nepexionozo wapy 6io 20 0o 150 mxm enexmpuunuli KOHMAKMHUL
onip sminioemocs 6i0 1.8-107 0o 4.8:10° Omer’, mennosuti konmaxmuuii onip — 6io 0.022 do 0.35
K-cm’/Bm, mepmoEPC — 6id 155 0o 235 mxB/K, ¢paxmop nomyoicrocmi — 6id 1.6:107 00 2.9-10° Bm/(w-K?),
be3posmipna mepmoenekmpuuna egpexkmushicms — 610 0.55 0o 1.7. Bion. 34, puc. 21.
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KnrouoBi cjioBa: KOHTaKkT TEepMOENEKTPHYHHMI MaTepiajl — MeTall, NPUKOHTAKTHWH TEepexifTHui miap,
SJICKTPHYHUI KOHTAKTHHUI OIip, TeIUIOBHMI KOHTaKTHHH orip, TepMOEPC, dakTop moryxHOCTI, 6e3p0o3MipHa
TEPMOEJIEKTPUYHA e(peKTHBHICTh, TEMIIEPATYPHI 3aJIEXKHOCTI.
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O TEMIIEPATYPHBIX 3ABUCUMOCTSAX TEPMOJJIEKTPUIECKHUX
XAPAKTEPUCTHUK IEPEXOIHOT'O CJIOSI TEPMOXJIEKTPUUECKHIA
MATEPHAJI-METAJLJI BE3 YUETA SAIBJIEHUSA ITEPKOJISILIAN

Pacuemnviv nymem nonyuenvl 0CHOGHbIE COOMHOUIEHUS], Onpedesioujue MeMnepanypHvle 3a6UCUMOCHIU
MEPMOINIEKMPULECKUX XAPAKMEPUCUK NEPEXOOHBIX KOHMAKMHbIX C0e8 MEePMOINIEKMPULECKULL MAMEPUA-
Memamn Oe3 yuema meopuu npomexanus. Koukpemmvle Konuuecmeenmvle pesyibmanmvl U paguxiu
MEMNEPantypHuIX 3a6UCUMOCIIEN JIEKMPULECKO20 U MENI08020 KOHMAKmHulx conpomueienut, mepmod/]C,
¢axkmopa mowHocmu U 6e3paAIMEPHOU  MEPMOIIEKMPUYECKOU 3 exmueHocmu npusedervl izl
KOHMAKMHOU Napbl Mewypud GUCMYma - HUKelb. Ycmanoenieno, 4mo 6 clyude HepasHOMEPHO20
pacnpedenenusi amomos memania 6 uumepsare memnepamyp 200 - 400 K, ummencusnocmu
HOCMYNJIEHUs. AMOMO8 MeMAIA 8 NEPEXOOHOU CIOU, KOMopdas omeeddenm UMeHEeHUIO PACnpeoeieHus.
amomo8 Memaind no MoAuUHe NePexoOH020 CA0si OM JUHENHO20 K K8AOpaAmuyHOMY 6 UHmepsedaie
monwun nepexoonozo ciaosi om 20 0o 150 mkm anekmpuyeckoe KOHMAKMHOE CONPOMUGICHUEe
usmensemes, om 1.8 107 0o 4.8 10° Om-ca’, mennosoe konmaxmuoe conpomusnenue - om 0.022 0o

0.35 K-cx’/Bm, mepmodJC - om 155 0o 235 mxB/K, gaxmop mowmnocmu - om 1.6 107 00 2.9 107

Bm/(m'K°), 6espazmepnasn mepmodnexkmpuueckas s¢ppexmusnocms - om 0.55 0o 1.7. Bu6n. 34, puc. 20.
KnroueBble cj10Ba: KOHTAKT TEPMOIEKTPUUECKUIM MaTepHal - MeTaJll, IPUKOHTAKTHBIN TIepeXOAHbIHN CIIoH,
ANIEKTPUYECKOE KOHTAKTHOE CONPOTHBIICHUE, TEIUIOBOE KOHTAaKTHOE comporusieHue, TepMod/lC, dakrop
MOIITHOCTH, Oe3pa3MepHast TepMOdJIeKTpHUecKast SXPQeKTHBHOCTb, TEMIIEpATypHBIE 3aBUCHMOCTH.
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COMPUTER SIMULATION OF EXTRUSION PROCESS
OF Bi;Te; BASED TAPE THERMOELECTRIC MATERIALS

As long as in the process of hot extrusion of thermoelectric materials in the form of tape structures,
billets of material are deformed under practically perfect plastic conditions, when optimizing equipment
to obtain such materials, viscous fluid approximation may be used. This allows a computer simulation
of the extrusion process using the hydrodynamic theory, where material is regarded as a fluid with a
very high viscosity, which is a function of velocity and temperature. This paper presents the results of
an object-oriented computer simulation of the process of hot extrusion of Bi,Te; based thermoelectric
material. Cases of producing thermoelectric materials in the form of tape structures for various matrix
configurations are considered. The distributions of temperature and flow velocity of material in the
matrix are obtained, as well as material velocity fields at the exit from the matrix which directly affect
the structure of resulting material and its thermoelectric properties. Bibl. 6, Fig. 5, Tabl. 1.

Key words: simulationo, extrusion, tape thermoelectric material.

Introduction

At present, alongside with single-crystal Bi-Te based thermoelectric materials, extruded materials are
also used for the production of thermoelectric products. The main advantage of the extrusion method is
associated with improved material strength. Moreover, their thermoelectric properties may remain at the
level of properties obtained by crystallization from the melt.

Generally, extruded thermoelectric materials are made in the form of cylindrical samples up to
25-30 mm in diameter. The use of extruded thermoelectric materials in the form of tape structures for the
production of standard modules can reduce their cost by significantly reducing material losses.

At the same time, when creating equipment for producing extruded materials in the form of tape
structures, the design and optimization of its structure are necessary.

One of effective ways to study the effect of conditions for producing material on its structure is
mathematical simulation of the extrusion process in combination with the experimental results of structural
studies [4, 5].

The purpose of this work is to create a computer model of the hot extrusion process of Bi,Te; based
thermoelectric material to study the distributions of temperature and material flow velocity in a
rectangular-shaped matrix, which can be the basis for optimization of equipment for producing extruded
thermoelectric material.

Physical, mathematical and computer extrusion models

To build a computer model of the hot extrusion process of tape thermoelectric material, the viscous
fluid approximation and the application package of object-oriented simulation Comsol Multiphysics were
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