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Multi-section thermoelements, advantages and problems of their creation

© M.Yu. Shtern

National Research University of Electronic Technology,
124498 Moscow, Russia

E-mail: m.y.shtern@gmail.com
Received August 12, 2021

Revised August 28, 2021
Accepted August 28, 2021

In this work, the ways of increasing the efficiency of thermoelectric generators are considered. These include
an increase in the figure of merit of thermoelectric materials, as well as an increase in the temperature difference
between hot and cold junctions of thermoelements and, accordingly, the range of their operating temperatures. The
expediency of using thermoelements with multi-section legs has been substantiated. For their creation, effective
thermoelectric materials with operating temperatures in the range of 300—1200 K have been proposed. A technique
for modeling such thermoelements has been developed. Structures and materials of effective contact systems for
multi-section thermoelements have been proposed, a technology for their manufacture has been developed. Ways
of switching sections in thermoelement legs are considered. The thermal expansion of thermoelectric materials is
investigated and a method for damping thermal stresses in the design of a thermoelement is proposed. The problem
of thermoelectric material sublimation at high temperatures was solved by using protective coatings.
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1. Introduction

One of the main modern scientific directions is the
creation of alternative energy sources and energy efficient
technologies. Thermoelectricity could become one of these
alternative technologies. Heat pumps operating on the
Peltier effect are promising for converting low-potential
energy of the earth and water sources for heating and
air conditioning buildings [1-3]. Thermoelectric generators
(TEG) are used wherever reliable power sources are
required with a long service life and do not require
maintenance. Huge opportunities lie in the use of TEG
for the conversion of ,,waste“ heat, the share of which
in the world energy production is more than 60% [4-6].
The efficiency of thermoelectric energy converters is mainly
determined by the efficiency of semiconductor materials
used for the manufacture of thermoelements. As a result of
the intensive development of thermoelectricity in the middle
of the 20th century, the efficiency of thermoelectric (TE)
materials was achieved. The efficiency of TE materials is
determined by their thermoelectric figure of merit (Z) or
dimensionless parameter ZT, the value of which did not
exceed 1.0. However, in order for thermoelectric devices
to compete with traditional methods of cooling and power
generation, it is necessary to increase the figure of merit of
TE materials by a factor of 2—3. At the same time, there
are no theoretical limitations for increasing ZT. In the last
two decades, the activity of scientific research in the field
of thermoelectricity has significantly increased. Effective TE
materials were obtained with the ZT parameter equal to
1.2—1.4 [7-12]. These TE materials cover almost the entire
operating temperature range for thermoelectric devices from

150 to 1300 K. At present, research is being actively carried
out in order to obtain nanostructured TE materials. Thus, a
decrease in the phonon component of thermal conductivity
and, accordingly, an increase in ZT are achieved [6,7,13-16].

The widespread use of TEG is constrained by their low
efficiency. The efficiency of modern TEG determined by
formula (1) is 8% at best.

- T —Tc (1+2T)-1

T VA +ZT) +Te/Tu

where Ty and Tc — temperature of hot and cold junctions
of thermoelements, respectively; T = (Tq + Tc)/2.

The efficiency of generators primarily depends on the
figure of merit of the TE materials. In addition, the
efficiency can be enhanced by increasing the temperature
difference (AT) between the hot and cold junctions of the
thermoelement and, accordingly, by expanding the operating
temperature range of the TEG. For all TE materials, the
figure of merit has a significant temperature dependence
with the presence of a rather sharp maximum. Thus, the
maximum values of the figure of merit of TE materials
are available in a narrow (limited) temperature range.
Therefore, to create effective TEG, it is necessary to use
several different TE materials. It is possible to constructively
realize this idea by means of the manufacture of multi-
section thermoelements (MTE). Each section operates in
a certain temperature range and is made of TE material,
which has a maximum Z at these temperatures [8,17-23].
However, the creation of MTE is the most difficult structural
and technological task that requires a number of problems
to be solved. When designing the MTE, it is necessary
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to optimize the dimensions of each section in the ther-
moelement legs. In addition to the electrical parameters of
the thermoelement, the dimensions of the sections, namely,
their height, determine the temperature range in which each
section functions. One of the main tasks in the manufacture
of efficient MTE is to ensure high-quality contact of
the sections. To solve this problem, it is necessary to
develop the technology of contact systems (CS), consisting
of contact layers. These layers perform the following
functions: carry out ohmic contact with the TE material;
are a diffusion barrier that prevents the interdiffusion of the
materials to be joined; provide the necessary adhesion of
the contact layers to the TE material. It should be noted
that the latter function is important, since this adhesion
is a limiting factor in the mechanical strength of the
thermoelement. In the MTE technology, it is necessary
to obtain thermostable contacts with an adhesive strength
of at least 8 MPa and a contact resistance not exceeding
1078 Q - m? [2,15,17,23-29]. There are several methods for
forming a CS. Prospective is their production by vacuum
deposition [19,23,27,30], which provides a minimum value
of contact resistance and high adhesion. In the design
of MTE, several TE materials with different values of the
thermal coefficient of linear expansion (T*CLE) are used.
This complicates the situation, since significant mechanical
stresses arise in the thermoelement, which can lead to its
destruction. In this regard, it seems expedient to create a
CS structure, which, while performing its main functions,
additionally is a damper layer. Another problem in the
design of high-temperature MTE, which has been studied to
a limited extent [31,32], is the sublimation of TE materials
at high temperatures. For such temperatures, it is necessary
to develop and research protective coatings.

In connection with the above, the purpose of this work
is to determine ways to solve the problems associated with
the creation of multisection thermoelements for TEG with
operating temperatures up to 1200 K.

2. Researtch methods

To determine the elemental composition of the ob-
tained TE materials and contact layers, a JEOL
JSM 6480LV scanning electron microscope with an INCA
ENERGY Dry Cool attachment for energy-dispersive X-ray
spectrometry was used. The limit of the relative error of the
measurement method does not exceed 5%.

The study of thermoelectric parameters of TE materials
was carried out using the developed technique and mea-
suring complex presented in [33]. The technique allows
to carry out studies of electrical conductivity, Seebeck
coefficient and thermal conductivity of materials in the
range of 300—1200 K. Measurement errors are: electri-
cal conductivity and Seebeck coefficient — 3%; thermal
conductivity — 5%.

The roughness of the surface of the samples intended
for deposition contacts after mechanical treatment was
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determined using a KLA-Tencor P-7 profilometer. The same
device was used to measure the thickness of the deposited
Ni layers with an error not exceeding 5%.

The measurement of the adhesion strength of the CS
formed on the TE materials was carried out by the method
of uniform normal tear on the Force Gauge PCE-FM50
installation. For this purpose, contacts with an area of
1 mm? were formed using photolithography. The adhesion
strength was measured in terms of the tear force per unit
area (Pa). The measurement error did not exceed 5%.

The contact resistance of the CS was determined using
a technique developed by the authors. It is based on the
measurement of the total electrical resistance, consisting of
the transient contact resistance and the resistance of the TE
material, with its subsequent exclusion.

To determine the thermal stability of the CS, the samples
were annealed in vacuum at their operating temperatures
for 60 min. After thermal treatment, the CS was studied
by Auger electron spectroscopy (AES) on a raster Auger-
electronic spectrometer PHI-670xi with a field emission
Schottky thermocathode.

The thermal stability of TE materials was assessed using
differential scanning calorimetry on a Shimadzu DSC-50
calorimeter. 5 measurements of each sample were carried
out in a nitrogen atmosphere (20 ml/min) at a heating rate
of 10 degrees per minute.

Thermogravimetric analysis for the study of sublimation
evaporation of TE materials was carried out using a TA
Instruments SDT Q600 thermal analyzer. The sensitivity of
the device for determining the change in mass is 0.1 ug.
The heating rate of the samples was 10K per minute. The
measurements were carried out on 5 samples of each TE
material.

To study the TCLE, we used a dilatometric method
based on quartz dilatometers. To determine the TCLE
of low-temperature TE materials, a technique based on
a thermoelectric thermostat was used [34]. The TCLE
studies were also carried out on a high-precision horizontal
dilatometer L75 PT with an operating temperature range
from 300 to 1700 K.

3. Experimental part and discussion

3.1. Thermoelectric materials

For MTEs with operating temperatures from 300 to
1200 K, effective TE materials have been obtained. Using
energy-dispersive X-ray spectrometry, the chemical compo-
sition of the obtained TE materials was determined. Studies
of temperature dependences of thermoelectric parameters
of TE materials have been carried out. The data obtained
were used to calculate Z and the dimensionless parameter
ZT, the temperature dependences of which are shown in
Fig. 1. The results of the temperature dependence of ZT
make it possible to determine the ranges of operating tem-
peratures of TE materials, where they have the maximum
values of ZT.
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For temperatures up to 400K, n-type conductivity
BirTez3Sep (0.14wt% CdClp) and p-type conductivity
Bip.5Sby sTes (2 wt% Te, 0.14 wt% Tely) with maximum ZT
equal to 1.05 and 1.11 respectively, were prepared by zone
melting.

For the temperature range 400—600K, BiyTe, 4Sep
(0.18 wt% CuBr) n-type and Big 4Sb; ¢Tes (0.12 wt% PbCl,,
1.50wt% Te) p-type were obtained by extrusion with
maximum ZT equal to 1.19 and 1.20, respectively. In the
temperature range 600—900 K, the maximum ZT values of
1.08 and 1.20 are found for n-type PbTe (0.2wt% PbIy,
0.3wt% Ni) and ptype GeTe (7.4wt% Bi) respectively.
These materials are obtained by hot pressing. For operating
temperatures of 900—1200K by the method of spark
plasma sintering, n- and p-type materials were obtained:
Sip.§Geg.» (22Wt% P) and SijgGeg.n (18 wt% B), with
maximum ZT equal to 1.04 and 1.03, respectively.

3.2. Modeling multisection thermoelement

As indicated above, the maximum efficiency of MTE
will be if each section and, accordingly, the TE material
from which it is made operate in the temperature range
where ZT has high values (Fig. 1). For this, it is
necessary to optimize the design of the MTE. For this
purpose, a methodology for modeling MTE and software
for its implementation has been developed. When modeling
the MTE design, the main data are the thermal and
electrophysical parameters of the TE materials and their
temperature dependences. Simulation boundary conditions:
temperatures of hot (Ty) and cold (T¢) junctions and
temperature difference (AT =Ty — Tc) as well as the
maximum permissible height of the thermoelement. As a
result of modeling, the optimal height of the sections in the
legs of the MTE is determined, at which the TE materials
has the maximum ZT. As a result, it allows to obtain the
maximum values of efficiency for MTE. Optimization of the
MTE design is carried out as follows. The height of each
section (ln, lpj), depends on the operating temperature
range of the sections (Tni — Tni—1, Tpj —ij_l) and the
thermal conductivity coefficients of the TE materials («ni,
Kpj), where i, ] are the section numbers for the n- and
p-types. First, according to the experimental data, the
average values of the Seebeck coefficient (S), electrical
conductivity (0) and thermal conductivity () coefficients
are calculated for each section in the operating temperature
range. Next, the height of each section is determined. The
calculation is based on the fact that the heat flux passing
from the hot junction to the cold one through each section
has a constant value:

Kn1AThy _ Kn ATy _ _ EnNATnN.
In1 Ini o InN ’
o1 Ipj o lpp
where ATy and ATp; — temperature difference on i and |

sections of n- and p-legs; N and P — number of sections
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Figure 1. Temperature dependences of the parameter ZT of TE
materials. 1 — BizTCz.gSC(lz, 2— Bio.58b1.5T63, 3— B12T62<4SC().6,
4 — Big4Sby ¢Tes, 5 — PbTe, 6 — GeTe, 7 — SigsGep.» (n—type),
8 — Sip sGeop.2 (p—type)

of n- and p-legs; kn and Kp; — the averaged value of
the thermal conductivity coefficient in the range of working
temperatures of i and | sections.

The sums of the heights of the sections of the n- and
p-legs must be equal between themselves and correspond
to the given size of the MTE legs. The same applies to the
temperature difference between the hot and cold junctions
of the MTE:

N P N P
Ln,pZZh:Zh‘; ATZZATni:ZATPj' (3)
=1 = i=1 =1

The temperature profile of the MTE legs is determined
by Knj and Kpj. Thermal conductivity data were obtained
as a result of studies of TE materials. In addition, the
temperature ranges are known in which the maximum
values of ZT are observed (Fig. 1). In this regard, from
equations (3), you can calculate the height of the i-th or
j-th sections as follows:

. Lp, nKni ATni .

| _ LpnKpjATh
" N '

KpAT @)

As a result of modeling the MTE using the boundary
conditions (Ty = 1200K; Tc = 300 K; the maximum height
of the MTE legs is 20mm), the MTE design is shown
in Fig. 2.

The developed technique is focused on obtaining the
maximum efficiency. For the MTE shown in Fig. 2,
the efficiency, excluding heat and electrical losses at the
contacts, is 21.5%. This is consistent with the data [17,35].
The calculated efficiency value for a thermoelement made
of TE materials based on Siy §Geg 2, at AT = 900K, without
taking into account losses, is 12%. This confirms the
feasibility of designing MTEs.

Semiconductors, 2022, Vol. 56, No. 14
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Ty = 1200 K
10.0 mm Si0_8G60_2 Si0.8G60_2 10.0 mm
5.0 mm PbTe GeTe 5.0 mm
3.2 mm Bi2T€2_4Seo_6 Bi0.4Sb1.6Te3 3.3 mm
1.8 mm : BizTez_gseo'z Bi0.5Sb1.5Te3 :17 mm
{ {

Te=300K

Figure 2. The design of the multi-section thermoelement.

3.3. Contact systems

Obtaining high-quality contact systems is the main prob-
lem in the development of MTEs. To form the contact layers
in the CS, we used the methods of vacuum deposition in
conjunction with the chemical deposition of the connecting
layers. The state of the surface of TE materials, on which
the CSs are formed, is a decisive factor for their adhesion,
and also has a significant effect on the contact resistance.
Before the formation of the CS, the surface of TE materials
was subjected to mechanical treatment according to the
technique [19]. It is important to obtain a given surface
roughness, which significantly affects the adhesion of the
film. With a roughness commensurate with the thickness
of the film, its discontinuity formation are possible and, as
a consequence, a decrease in adhesion and an increase in
the electrical resistance of the contacts [23]. Films with
a thickness of 300nm and higher were used as the first
layers of the CS. Therefore, the surface of TE materials
was processed with a roughness not exceeding 200 nm.
Before loading into the chamber of the sputtering system,
the samples were washed in isopropyl alcohol, followed
by drying in a nitrogen flow. Vacuum-thermal annealing
of the samples was carried out directly in the chamber
at an initial pressure of 7- 1078 Torr and the temperature
of 473 K. After annealing, the surface of the samples was
cleaned by bombardment with argon ions for 30 seconds.

Contacts can be made of one material, for example, Ni or
Co, which is possible at low temperatures [23,27]. However,
at elevated temperatures, which are typical for MTEs, it is
necessary to use CSs consisting of several contact layers.
In this case, each layer in the CS structure performs its
own functions, which were mentioned above. The first
layer in the CS structure, which is formed directly on the
TE material, should provide ohmic contact with the TE
material. This layer mainly determines the adhesive strength
of the contact. A necessary condition for the existence of
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an ohmic contact at the metal-semiconductor interface is a
low value of the Schottky barrier. The Schottky barrier is
determined by two mechanisms of conduction: thermionic
emission and tunneling [36]. For most semiconductors,
it was experimentally found that the energy barrier does
not depend on the work function of the metal, but is
determined by the density of surface states [36-38]. In
this regard, a method for making ohmic contacts is widely
used-heavy doping of a semiconductor at the contact.
The dominant tunneling current component exponentially
depends on the concentration of free current carriers [37].
At a concentration of about 10!° cm~3 the contact resistance
is determined mainly by tunneling processes. It should be
noted this positive effect for TE materials with a carrier
concentration, as a rule, exceeding 10'? cm~3.

To ensure ohmic contact, it is necessary to use materials
of contact layers with low resistivity, for example: Mo,
W, Co and Ni [23]. For low temperatures, Ni obtained
by vacuum deposition has proven itself well [19,27,28,39].
The AES studies of samples with Ni contacts 400—500 nm
thick after thermal treatment in vacuum at 577K showed
that at this temperature Ni ceases to function as a barrier
layer [23,27]. Thus, it is advisable to use nickel contacts at
temperatures up to 500 K. Above this temperature, Ni can
be used in combination, for example, with Mo [23,27].

For thermoelements operating at elevated temperatures, it
is necessary to use a diffusion-barrier layer (DBL) in the CS
structure. In work [23], on the basis of the physicochemical
analysis of the reasons for the stability and degradation of
the DBL, we substantiated the criteria and determined the
DBL materials that provide high temperature stability of
the CS. The most promising for DBL are materials such as
Mo, Nb, Ta, W. At high temperatures, it is advisable to use
amorphous materials as DBL [23]. Films of the Ta-W-N
alloy formed by the method of magnetron sputtering were
used as an amorphous layer in the CS. Thus, according
to the criteria defined above, the following structures and
materials of the CS layers were selected. Nickel films up
to 400nm thick were used at temperatures up to 500 K.
Above this temperature, a two-layer Mo/Ni CS was used.
The Mo layer 300—400 nm thick provided a low-resistance
contact and adhesion of the CS to TE materials, and also
served as a DBL. The Ni layer, up to 400nm thick, was
used as a commutation layer. At high temperatures, it is
advisable to use CS Mo/Ta-W-N/Ni. The Ta-W-N layer
400 nm thick, in addition to the barrier functions of Mo,
significantly enhanced the DBL.

The deposition of the contact layers of the CS was
carried out in a single vacuum cycle on an URM 3.279.026
ion-plasma sputtering unit equipped with two magnetron
systems. The formation of a Ni-based CS was carried out
by sputtering a Ni target. The Mo/Ni CS was deposited
by sequential sputtering, first target Mo, then Ni. The
formation of a three-layer Mo/Ta-W-N/Ni CS was carried
out by sequential sputtering, first of a Mo target in an argon
atmosphere, and then a Ta-W composite target in a mixture
of argon and nitrogen gases.
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Table 1. Samples of TE materials and structures of the CS formed
on them

Samples

Ne Structures of CS
of TE materials
1 |BisTezsSep2 | Ni(400nm)
2 | BigsSbysTes | Ni (400 nm)

3 Bi0_4Sb1_6Te3 Mo
4 Bi2T62.4SC()<6 Mo

300 nm)/Ni (400 nm)
300 nm)/Ni (400 nm)

5 PbTe (600K) | Mo (400 nm)/Ni (400 nm)
PbTe (850K) | Mo (400 nm)/Ta-W-N (400 nm)/Ni (400 nm)
GeTe (600K 0

) |M
GeTe (850K) Mo
7 | Sio.sGeo.2 (P)
8 | Sip.sGeg o (B) Mo

400 nm)/Ta-W-N (400 nm)/Ni (400 nm)
400 nm)/Ta-W-N (400 nm)/Ni (400 nm)
400 nm)/Ta-W-N (400 nm)/Ni (400 nm)

~ N~ A~~~

(0]

)
)
)
)
400 nm)/Ni (400 nm)
)
)
)

Table 2. Adhesion strength and resistivity of CS

Adhesive Contact

TEM samples strength resistivity
of CSs, MPa Q- m?

BizTCz,gSCo.z 15.72 0.8 - 1079
Bio.sSb.5Tes 15.64 0.9-107°
Big.4Sby ¢Tes 14.56 0.9-107°
Bi>Te».4Seo.s 14.42 1.0-107°
PbTe (600K) 14.12 1.1-107°
PbTe (850K) 14.08 1.3-107°
GeTe (600K) 14.24 1.1-107°
GeTe (850K) 14.20 1.4-107°
Sio.sGeo.2 (P) 14.73 1.5-107°
Sio.sGeo2 (B) 14.64 1.5-107°

Each leg of the MTE consists of four sections made of
different TE materials (Fig. 2). On TE materials, taking into
account their operating temperatures, the CSs were formed,
presented in Table 1.

Measurements of adhesion strength and specific contact
resistance of CS formed on TE materials, indicated in
Table 1. On all samples, the contact was destroyed along
the TE material-CS interface. The measurement results are
presented in Table 2.

On TE materials operating at temperatures up to 400 K
(Fig. 2), single-layer nickel CSs with a thickness of 400 nm
were formed. The obtained CSs had good adhesion strength
exceeding 15 MPa and low specific contact resistance, of the
order of 1072 Q - m?. On TE materials operating at tempe-
ratures up to 600K, Mo with a thickness of 300—400 nm
was used as a barrier layer. The Ni commutation layer
was deposited 400nm thick. Such CSs were formed on
Big.4Sb; ¢Tes and BiyTey 4Seg ¢ samples, as well as on PbTe
and GeTe samples, at their operating temperatures up to
850 K. The adhesion strength of the obtained CS decreased

slightly (by 6—7%). Change in the contact resistance of
the CS within the measurement error. For temperatures of
850K and higher, DBL was enhanced on PbTe and GeTe
samples and samples based on Sip3Geg > by introducing an
amorphous Ta-W-N layer 400 nm thick into the CS. For the
obtained CSs, the adhesive strength remained practically
unchanged. In this case, there is a slight increase in the
contact resistance due to the amorphous layer (Table 2).

To study the thermal stability of the CS, the samples were
annealed in vacuum at the operating temperatures of each
TE material for 60 min. After that, using Auger electron
spectroscopy, a study of AES was carried out — the profile
of the distribution of elements over the depth of the CS. In
this case, layer-by-layer ion sputtering of the surface of the
samples was used. As an example of the research results,
AES are given — profiles of the distribution of elements
over a depth of about 900 nm from the surface of GeTe and
PbTe samples (Fig. 3).

To study the thermal stability of CS-Mo
(400nm)/Ni (400nm), the samples were annealed in
vacuum at 800K for 60min. The figure clearly shows
pronounced Ni layers with a thickness of about 400nm
and layers of Mo (400nm) deposited directly on the TE
material. It is important to note the absence of penetration
of elements of TE materials through DBL from Mo. Thus,
it can be concluded that CSs are thermally stable at
temperatures up to 800 K.
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Figure 3. AES — profiles of the distribution of elements over the
depth of the samples: (a) GeTe+ Mo (400 nm) + Ni (400 nm);
(b) PbTe + Mo (400nm) + Ni (400 nm).
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Also, studies of AES were carried out — the profiles of
the distribution of elements in depth on other TE materials
with CS, presented in Table 1. The results of the study
showed the thermal stability of the CS.

3.4. Commutation of thermoelement

For commutation sections in MTE, an increased thickness
of the commutation layer is required. For this purpose,
we used the chemical deposition of Ni on the above CS.
Deposition was carried out from a borohydride electrolyte
at temperatures of 360K for 60min. The thickness
of the deposited films was 17—-20um. Using energy-
dispersive X-ray spectrometry, the chemical composition
of the obtained films was determined, in which Ni was
found to be 96.84 wt%. The main other elements are: C —
1.85wt%; O — 1.17 wt%.

The sections were commutated in the MTE structure in
several ways. Commutation of low-temperature sections
in the legs of the MTE was carried out using soldering.
At elevated temperatures, in addition to high-temperature
soldering, the methods used for commutation were realized
by means of: the formation of a Ni-In alloy; Ni-Sn eutectic
alloy; using bonding of Au-Au layers.

The sections were commutated using the Ni-In intermetal-
lic compound as follows. On the surfaces to be joined on
a Ni layer, a galvanic In layer 2um thick was formed in
the galvanostatic mode in an electrolyte based on Iny(SO4)3
and Na,SOy4 at a temperature of 300 K. The splicing of the
sections was carried out under pressure at 570 K, followed
by an increase in temperature to 670K for 30min. To
commutate the sections using a Ni-Sn eutectic alloy, a
2-um-thick tin layer was formed on the CS nickel layer by
vacuum thermal evaporation on a UVN71R-1 installation.
The splicing of the sections was carried out under pressure
in a box with an inert atmosphere at a temperature of 600 K
for 30 min.

Bonding is a promising method of commutation sections,
which ensures the splicing of the Au-Au commutation
layers. To perform bonding operations, V (50nm) and
Au (500 nm) layers were formed on the surface of the Ni
commutation layer in the CS. The deposition of these layers
was carried out on a Kurt J. Lesker Company electronic
deposition system of metals at a pressure in a vacuum
chamber no higher than 7.5- 107 Pa and an accelerating
voltage of 10*—10°W/cm. The bonding operation was
carried out on a SUSS MicroTec FC150 FLIP CHIP
BONDER device at the following modes: temperature
610 K; pressing force of the connected sections up to 850 N,
time 25min. To determine the quality of the joints of
sections in MTE based on lead and germanium tellurides
with sections based on SiGe, the method of uniform normal
tear was used. Separation of the joints occurred at loads
exceeding 14 MPa along the TE material-CS boundary. That
is, the mechanical strength of the joint of the sections was
determined by the adhesion strength of the CS. The bonded
commutation was not disturbed.

Semiconductors, 2022, Vol. 56, No. 14

3.5. Thermal expansion of materials

Using quartz dilatometers of various designs, the thermal
expansion of the developed TE materials in the temperature
range of 200—1200 K was studied. The average value of the
TCLE was determined by the formula [40]:

a= (Lt —Lo)/(Lo- (T — To)), (5)

where Lt is the sample length at the final temperature, Lo
is the sample length at Ty.

The mean TCLE calculated in this way refers to the final
temperature of the interval (T). The results of the study of
the TCLE of TE materials of n- and p-type conductivities
are presented in Fig. 4. As a result of the study of low-
temperature TE materials in the range of 200—400K, the
average TCLE of Bi;Te, gSeq » varies from 14.5- 107 ¢K~!
to 14.8 - 107 K~!, and Big sSby sTes from 13.9 - 1076 K~!
to 15.0-10°K~'. Thus, the TCLEs of these materials
have similar values. For medium-temperature TE materials:
Bi,Tey 4Seq.¢ and Big 4Sb; ¢Tes, the studies were carried out
in the temperature range from 300 to 600 K. The TCLE of
the materials under consideration after 350 K has an almost
constant value at the level of (13.93—14.33) - 107 °K~1.
lose values of TCLE for bismuth and antimony tellurides
were obtained in [25].

The TCLE values of PbTe in the range 600—900K
vary from 20.14 - 107°K~! to 23.07- 107 K~! at 900 K.
Similar values of TCLE were obtained in [41,42]. For
GeTe, a sharp increase in TCLE in the temperature range of
620—680K is associated with a change in the structure at
these temperatures from the rhombohedral to cubic type
of NaCl, which is described in [43,44]. Subsequently,
as the temperature rises, the TCLE increases, reaching
24.47-107°K~! at 900K. At the maximum operating
temperatures, the TCLEs of PbTe and GeTe do not differ
significantly. The presented results agree with the X-ray data
obtained by other authors: PbTe [41] and GeTe [43].

The thermal expansion of high-temperature TE materials
based on SiGe has been studied extremely limitedly by
the dilatometric method [45] and on the basis of X-ray
data [46]. As expected, the temperature dependences
of the TCLE of n- and p-type SiGe practically do not
differ (Fig. 4). With an increase in temperature, TCLE
decreases from 7-10"°K~! (300K) to 4.5-107°K~!
at 500 K. Further, with temperature, the TCLE increases
insignificantly, reaching a maximum value of 4.8 - 1076 K~!
at 1180K. Above this temperature, there is an anomaly
associated with a tendency towards a decrease in TCLE.
The obtained results on the TCLE are in agreement with
the data for pure silicon [47].

Analyzing the results of the TCLE study, it should be
noted that the TCLE of materials based on PbTe and
GeTe differs significantly from the TCLE of SiGe. In the
temperature range of 900K, at which the sections made
of these materials are in contact, the TCLE differ by a
factor of 6. This requires the adoption of structural solutions
that provide damping of mechanical stresses arising in the
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Figure 4. Temperature dependences of TCLE for n-type (a) and
p-type (b) TE materials.

process of thermal cycling of MTE. For this purpose, we
propose to form a layer of composite material in the CS
structure in sections that differ significantly in TCLE in the
following way. An array of carbon nanotubes is grown
on the formed CS structure by chemical vapor deposition
at a temperature of 820K for 5min. After that, by the
method of chemical deposition, metallic nickel, which is
a conductive material, is deposited from a solution of a
nickel salt. Ni fills the space between carbon nanotubes.
At the final stage, the structure is heat treated in vacuum
at a temperature of 920K for 60 min. As a result, nickel
wets carbon nanotubes and flows between them, forming a
composite conducting material. The CS obtained in this way
increases the mechanical strength and increases the thermal
resistance of the thermoelement [48).

3.6. Thermal stability of materials

The evaluation of the thermal stability of the inves-
tigated TE materials during thermal cycling was carried
out using the methods of differential scanning calorime-
try and thermogravimetry. Researches of BiyTe;gSeq o;
Bi0.5Sb1_5Te3; Bi2T62.4Se().6; Bi0.4Sb1.6Te3 were carried out
in the temperature range 300—600K. On the obtained

DSC curves, no thermal effects were observed with an
increase in temperature from 300 to 600K due to phase
transitions. The results were obtained for all the indicated
TE materials, regardless of the composition and methods of
their preparation. Thermogravimetry was used to estimate
the change in the mass of TE materials. Studies have
shown that an increase in temperature does not lead
to a significant change in the mass of samples for all
TE materials at temperatures of 300—600 K. The absence
of a noticeable change in weight during thermal cycling
indicates that sublimation and oxidation of TE materials are
not observed in the investigated temperature range. The
thermal stability of TE materials based on PbTe and GeTe
was investigated in the temperature range 300—900 K and
TE materials based on n- and p-type SiGe in the range
300—1200K. On the obtained DSC curves, no obvious
thermal effects were observed over the entire temperature
range of measurements. Thus, it can be noted that the
materials under study are thermally stable in the indicated
temperature ranges for each TE material. In the study
using thermogravimetry of sublimation and oxidation in the
working temperature ranges, the following was observed.
For TE materials based on SiGe, the mass of the samples
decreases insignificantly up to a temperature of 1200K.
Above 850K, a sharp decrease in the mass of the samples
begins for PbTe and GeTe, which indicates the onset of
sublimation of these materials. The research results show
that when choosing the range of operating temperatures
of TE materials, it is necessary to take into account not
only the temperature dependences of their thermoelectric
parameters, but also the thermal stability of materials.
For example, for PbTe and GeTe, the upper operating
temperature range should be limited to 850 K.

To exclude negative oxidation and sublimation processes,
it is advisable to use protective coatings for thermoelements.
With the help of this technique, it is possible to increase the
range of operating temperatures. The layers of SisN4 and
Si0, were studied as protective coatings. The deposition
of these layers was carried out by the plasma-chemical
method (CORIAL D250 setup); the layer thicknesses were
1.0 and 0.25 um, respectively. The formation of protective
coatings was carried out at a temperature of 520K.
Thermogravimetric studies have shown the effectiveness of
these protective coatings up to a temperature of 1200 K.

4. Conclusion

Effective TE materials have been developed for the
operating temperature range of 200—1200 K with a figure
of merit ZT from 1.03 to 1.20, which are used for fabricating
MTE sections. A method, mathematical models, and
software for modeling MTE have been developed. As a
result, the design of the MTE was optimized and the value
of its efficiency was calculated. Excluding heat and electrical
losses, it is 21.5%, which is significantly higher than the
efficiency of a conventional thermoelement.

Semiconductors, 2022, Vol. 56, No. 14
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The structure of the CS in the MTE design has been
substantiated, which consists of several contact layers that
ensure the performance of the following functions: ohmic
contact, adhesive, diffusion-barrier and commutation layers.
Criteria for the selection of materials for the contact layers
of the composite are substantiated. The factors determining
the stability of the DBL are established and the materials
for the DBL are determined. For deposition of contact
layers, magnetron ion-plasma sputtering was used. The
effective methods of surface preparation of samples of
TE materials for the formation of CS were used. As a
result of the analysis of the thermal stability of the CS
using the Auger-electron method, the efficiency of the DBL
was confirmed. Compounds with high adhesive strength
(more than 14MPa) and low contact resistance (about
1072 Q - m?) were obtained. To increase the thickness of the
switching layer of Ni (17—24 um), its chemical deposition
from borohydride electrolyte was used. The commutation
of sections and tires in the MTE structure was carried out
in several ways. Soldering was used at low temperatures.
For commutation sections in MTE, at elevated temperatures,
methods were used, implemented by: formation of Ni-In
alloy; Ni-Sn eutectic alloy; using bonding of Au-Au layers.

As a result of the study of the temperature dependences
of the TCLE of the materials, the following was established.
The main problem area in the MTE structure at the contact
of sections based on PbTe and GeTe with sections based
on SiGe. In the temperature range of 900K, the TCLE
of the materials of these sections differ by a factor of 6. To
eliminate mechanical stresses arising at high temperatures, it
is proposed to form a damping layer of a composite material
based on carbon nanotubes in the CS structure.

To assess thermal stability using differential scanning
calorimetry, it was found that TE materials are thermally
stable in the recommended ranges of operating temper-
atures. When using thermogravimetric analysis, it was
determined that above a temperature of 850K, intense
sublimation begins for PbTe and GeTe. It has been
experimentally established that protective layers of SizNy4
and SiO,, obtained by plasma-chemical deposition eliminate
sublimation of TE materials up to 1200 K.

Thus, in this work, ways are determined and methods
for increasing the efficiency of generator thermoelements
are justified. To implement these methods, a set of mea-
sures has been developed that determine the physical and
technological foundations for the creation of multisection
thermoelements, which make it possible to significantly
increase the efficiency of TEG.
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