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Abstract: It has been studied the electrical conductivity (o), thermal-emf (a), Hall (Rx), and thermal
conductivity (y) coefficients of extruded samples BiossSbois undoped and doped with tellurium,
unirradiated and irradiated with gamma quanta at various doses in the temperature range ~77 -300K and
magnetic field strength (H) up to ~74x10* A/m.

It was found that at low doses of irradiation (1 Mrad) in undoped and tellurium-doped samples of
the solid solution BigsShis there appear radiation defects, which play the role of donor centers that lead to
an increase in the concentration of free electrons n, electrical conductivity o, thermal conductivity (y) and
a decrease in the coefficient of thermal-emf o. These defects, scattering current carriers, reduce their
mobility p. An increase in the irradiation dose leads to a decrease in the concentration of structural defects
arising as a result of plastic deformation of the crystal lattice in individual grains of extruded samples
BigsShis, an increase in the electron mobility, and an increase in the prevalence of current carrier
scattering on lattice vibrations. When irradiated with gamma rays, not only the generation of radiation
defects (centers) occurs but also their rearrangement, which leads to a change in electrical and thermal
parameters.
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1. Introduction

Single crystals of solid solutions of Bi-Sb systems have high thermo- and magneto-
thermoelectric efficiencies, which make them, at present, indispensable materials for creating
various electronic converters [1, 2]. The main disadvantage of single crystals of these systems
when creating electronic converters on their basis is their low mechanical strength, due to the
layered nature of their structure. Samples of solid solutions of Bi-Sb systems, obtained by hot
extrusion, have high mechanical strength and are the most effective material for creating various
thermo- and magneto-thermoelectric energy converters [3-6].

Various electronic devices, including devices based on solid solutions of Bi-Sb systems,
are often used under radiation conditions. Radiation defects, affecting the physical properties of
semiconductor materials, significantly change the parameters of devices based on them.
Therefore, the study of the influence of radiation defects on the physical properties of crystals of
solid solutions of the Bi-Sb system is relevant [7-11].

Plastic deformation, as well as doping of solid solutions with various impurities of the
donor and acceptor types, not only leads to the formation of structural imperfections in crystals
and hardening of the material but also significantly changes the mobility and concentration of
charge carriers [12]. Consequently, at the same time, the thermal-emf, resistivity, and thermal

34


mailto:ilahe.abdullayeva@mail.ru

conductivity change. Therefore, when strengthening material to improve its thermoelectric
efficiency, it is necessary to take into account the correlation of electrical and mechanical
properties and their dependence on the purity of the material and the perfection of crystalline
structures.

Extruded samples of the BigsSbis solid solution with a grain size of ~630 um, doped with
0.0005 at.% Te at ~77K, have thermo- and magneto-thermoelectric figures of merit ~6.2-10°K™*
and ~7.2-10°K?, respectively [13].

Therefore, to elucidate the features of the influence of radiation defects on the magneto-
thermoelectric properties of solid solutions of the Bi-Sb system, undoped extruded samples
Bio.gsSbo1s and samples doped with 0.0005 at.% tellurium were obtained, their magneto-
thermoelectric properties were studied depending on the dose of gamma radiation in temperature
range ~77+300K and the magnetic field strength up to ~74x10* A/m. Non-irradiated samples and
the same samples irradiated with 1 Mrad, 10 Mrad, and 50 Mrad doses of gamma quanta were
examined.

2. Experimental part

Extruded samples of solid solutions Bio.ssSbo.1s and Bio.gsSho.15<Te> were obtained in the
following technological sequence:
e synthesis of composition from initial components;
e mechanical grinding of the alloy in a porcelain mortar and selection of a fraction
with a particle size of < 0.63 mm using a sieve;
e production of briquettes with a diameter of ~30 mm from it by cold pressing at
~300K and at a pressure of ~3.5 T/cm? for the next stage;
e extrusion of finely dispersed blanks (briquettes).

The synthesis was carried out by direct co-fusion of the components. The initial
substances in a stoichiometric ratio were placed in a quartz ampoule, which had been
preliminarily etched in a chromic acid solution and washed with distilled water. Because the
thermoelectric properties of low-temperature materials significantly depend on the degree of
purity of the components, the initial components of bismuth of “Vi-0000 brand and antimony of
“Su-0000” brand were subjected to preliminary purification. Distilled (or doubly sublimated)
tellurium T-sCh was used as dopants. Impurities and initial components were weighed with an
accuracy of +0.0001 g. The dopant Te was introduced during synthesis. Samples with a tellurium
concentration of 0.0005 at.% were obtained by fusing an appropriate amount of a sample
Bio.ssSho15 with a concentration of 0.1 at.% Te with a BiogsShossample. The synthesis was
carried out in quartz ampoules evacuated to ~10Pa at ~ 673K for 2 hours. During the synthesis,
the ampoule with the substance was constantly subjected to swinging. The ampoule with the
synthesized substance was abruptly cooled to room temperature by dipping into the water. In the
process of extrusion, the technological parameters of extrusion (temperature, extraction speed,
etc.) were chosen such that the formation of extruded bars took place under superplasticity
conditions without macro- and micro-disturbances. The bending strength of the obtained
extruded samples is ~3 times higher than the strength of single-crystal samples of this
composition.

Extrusion was carried out on an MS-1000 hydraulic press from a diameter of ~30 mm to
a diameter of ~6 mm using special equipment. Technological parameters of extrusion were:
Tex.=475 +3K; Rex.=480MPa, press movement speed vpr= 0.02 cm/min, extraction ratio -25.
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The texture of samples Bio.gsSbo.15<Te> was studied using the XR D8 ADVANCE X-ray
facility, Bruker, Germany, by the method described in [14]. X-ray diffraction patterns were
recorded at room temperature using a D2 Phaser diffractometer, Brucker. Using the TOPAS-4.2
program, it was shown from the obtained diffraction patterns that the samples are powders of the
solid solution Bio.gsSho.15, which crystallizes in the hexagonal synonym.

The interplanar distances of bismuth, antimony, and their solid solutions along the main
lines are close to each other, so the determination of the phase composition was carried out using
bismuth of “Vi-0000” brand.

From the bars obtained on the A207M installation, samples for research were cut out by
the method of electric spark cutting in the form of a parallelepiped with dimensions of
3x5x12mm. The damaged layer formed on the sample surface during cutting was removed by
electrochemical etching in a KOH+C4H406+H20 solution described in [15]. Samples were
annealed in quartz ampoules evacuated to a pressure of ~10°Pa at a temperature of ~503K for 5
hours.

Electrical and thermal parameters were measured by the method described in [16] parallel
and perpendicular to the direction of the extrusion axis. The error in measuring the electrical and
thermal parameters was ~3 and 5%, respectively.

3. Results and discussion

The measurement results are presented in Figures 1 and 2 and in the table. In undoped
and tellurium-doped extruded samples of BiogsSho 15 solid solutions, with an increase in the dose
of gamma irradiation, the concentration of current carriers (n) decreases, and the mobility (u)
increases over the entire temperature range under study, except for the sample irradiated with
gamma quanta with a dose of 1 Mrad, where at low doses of irradiation, the concentration of
current carriers n in undoped and tellurium-doped samples somewhat increases, while the
mobility (p) decreases. With an increase in the irradiation dose in the samples, n drops

significantly, while p increases. These changes in n and p correlate well with changes in ¢ and o
(Table).
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Fig. 1. Temperature dependences of electrical conductivity o(a), thermal-emf coefficients a (b), Hall (Ry)
(c), and thermal conductivity y (d) of extruded samples of the BigsgsShois solid solution doped with
tellurium. 1- undoped unirradiated sample; 2-4 - undoped samples irradiated with 1 Mrad, 10 Mrad, and
50 Mrad gamma quanta; 5 - doped with tellurium, non-irradiated; 6-8 - samples doped with tellurium
and irradiated with gamma rays of 1 Mrad, 10 Mrad, and 50 Mrad, respectively.

Table
Electrical parameters of extruded samples of the BigsShis solid solution irradiated with different
doses of gamma radiation
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Fig. 2. Dependences of electrical conductivity ¢ (a), thermal-emf coefficients o (b), and thermal
conductivity y (c) on the magnetic field strength (H) of extruded samples of the BiggsSho15 solid solution
undoped and doped with tellurium at ~77K. The designations are the same as in Fig.1.

The obtained data on Ry show that the low-temperature region of the dependence o (T) is
associated with an increase in the concentration of charge carriers with temperature, but the high-
temperature region o with the temperature dependence of the mobility of charge carriers. From
the temperature dependences of o, o, and Ry, it follows that with an increase in the dose of
irradiation of samples, n decreases, and p increases in the entire temperature range under study,
except for the sample irradiated with gamma rays with a dose of 1 Mrad (Figure 1). It can be
seen that the nature of the temperature dependences of o, o, and Rx of non-irradiated pure and
doped with 0.0005 at.% Te unmodified samples of the BigsShis solid solution differ from the
temperature dependences of irradiated samples with the indicated parameters.

During hot extrusion, the crystallites of a polycrystal gradually change their shape and
orientation concerning external deforming forces, as a result of which a predominant
crystallographic orientation of grains occurs, i.e. deformation texture. At the same time, as a
result of plastic deformation, various defects of the crystal lattice arise in individual grains.
These defects are scattering centers for current carriers and reduce their mobility. In this case,
these structural defects are predominantly concentrated between the (111) cleavage planes. The
degree of texture will depend on the technological parameters of the extrusion process, the grain
size, and post-extrusion heat treatment. During heat treatment, the misorientation of grains due to
thermal energy can also occur, i.e. change in the degree of the texture of the extruded sample.
The concentration of structural defects inside grains also depends on the grain size [5].

With plastic deformation, changes in resistance and thermal-emf are determined by the
joint influence of texture and scattering on isotropic disturbances. The change in the Hall
coefficient is mainly determined by the changes in the preferential orientation of polycrystals
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that occur during plastic deformation [17], which occur at the initial stage of deformation. These
factors should significantly change the thermoelectric properties of solid solutions of the Bi-Sh
systems.

In non-irradiated samples BiogsSbo1s, doping with tellurium, creating donor centers does
not change the course of o (T), however, it significantly increases o relative to o of a pure
sample in the range of ~77-300K. In these samples, Rx monotonically decreases with increasing
temperature. In samples, BiogsShois doped with tellurium and irradiated with different doses of
gamma rays at low temperatures, o greatly increases and, at the same time, the nature of the
temperature dependence changes. For all samples doped with tellurium and irradiated with
gamma quanta, the temperature dependences typical for the region of impurity conduction are
also typical. Such a dependence o (T) can be associated with the temperature dependence of
mobility (u) and the concentration of charge carriers (n).

For non-irradiated samples BigsSbis<Te>, it can be seen from the dependences Rx(T) that
a strong change in Rx and, consequently, in the concentration of charge carriers falls in the
temperature range below 270K. As the temperature rises, the change in Rx(T) slows down much.
For samples BigsSbis<Te> irradiated with gamma rays of 10 and 50 Mrad, Rx decreases
monotonically with temperature, and a strong change in Rx(T) is observed for heavily irradiated
samples. For samples doped with tellurium and irradiated with gamma rays of 1 Mrad, which
have the highest concentration of charge carriers among the samples under study, Rx is almost
independent of temperature.

The Hall mobility p of charge carriers, calculated from the ratio p=Rxo, for all samples
decreases with increasing temperature. Doping with tellurium and irradiation with gamma quanta
lead to a decrease in mobility relative to the undoped unirradiated sample. With an increase in
the radiation dose, the degree of n also changes depending on pu~T™.

In samples undoped and doped with tellurium, not irradiated by gamma quanta, the
absolute value of the thermoelectric coefficient o decreases with increasing temperature.
Irradiation leads to a decrease in the absolute value of a in the range of 77-300K. In this case, the
course of the temperature dependence changes in the irradiated samples. This behavior of a
correlates well with the temperature dependence of the electrical conductivity.

For samples BigsShis doped with tellurium and irradiated with gamma rays, the course of
the temperature dependence a acquires the form characteristic of the impurity conduction region.

In pure samples, the influence of gamma radiation on a, with a significant change in o,
shows that during irradiation, p of charge carriers mainly changes, due to a decrease in the
concentration of scattering centers for electrons. When samples are irradiated with gamma
quanta, structural defects are “healed”, which leads to an increase in p of current carriers. In
samples BigsShis doped with tellurium atoms, the significant effect of gamma radiation on o and
o in the samples shows that radiation defects, which play the role of donor centers, increase the
concentration of charge carriers.

Thermal conductivity for all samples increases with temperature. Irradiation does not
affect the course of the temperature dependence of y, however, it increases the thermal
conductivity (except for the sample irradiated at 1 Mrad) over the entire temperature range of the
study, relative to the thermal conductivity of the non-irradiated sample. Doping with tellurium in
samples of the BigsShis solid solution leads to an increase in the total thermal conductivity and
the Hall mobility at ~77K.

At ~77K, the thermal energy in the Bio.gsSbo.1s solid solution is mainly transferred by
lattice vibrations and conduction electrons [18]. Based on this, according to the expressions =
x-xe (1) and ye=LcT (2), the electronic (ye) and lattice (y) components of thermal
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conductivity are calculated, respectively. Here y is the total measured thermal conductivity, o is
the electrical conductivity at a given temperature T, L= A(k/e)? is the Lorentz number, Kk is the
Boltzmann constant, e is the electron charge. The value of A was estimated from the dependence
of A on the thermal-emf coefficient [19].

The calculated electronic component of thermal conductivity ye at ~77K for samples
unirradiated and irradiated with y-quanta (1Mrad, 10 Mrad, 50 Mrad) are 0.72; 1.2; 0.59; 0.6 for
undoped samples and 1.0; 2.1; 1.7; 2.1 W/m-K for tellurium-doped samples, respectively. In this
case, the lattice component y; for the above samples, calculated by the formula (1) is: 2.3; 1.87;
2.47 and 4.21 for undoped samples and 2.19; 3.03; 4.27: 4.2 W/m-K for tellurium-doped
samples, respectively. It can be seen that at ~77K, in the studied samples heat is transferred
mainly for samples irradiated with gamma rays (1, 10 and 50 Mrad, respectively) by lattice
vibration. In irradiated samples, with an increase in the dose of y-irradiation, the values of the
lattice part of the thermal conductivity yr increase. This means that at low temperatures, with an
increase in the irradiation dose, the increase in the total thermal conductivity  in the samples is
due to the increase in ;.

Thus, the temperature dependences of the electrical parameters of pure and tellurium-
doped extruded samples of the BigsSbis solid solution irradiated with different doses of gamma
rays are explained based on the temperature dependences of p and n of charge carriers.

The introduction of radiation defects (RD) into the crystal lattice of a semiconductor
leads to a change in its electrical and thermal parameters.

Irradiation is rather a “reverse” (opposite) process of doping a semiconductor material
with impurities. By introducing a chemical impurity into a semiconductor, we thereby deviate
the chemical potential of the semiconductor to a position specified by the doping level relative to
some of its characteristic position FS for a given material. In this case, the limiting level of
equilibrium doping is always reached - the limiting position of the Fermi level in the case of
doping the semiconductor with donor (acceptor) impurities, respectively. The limitation on the
level of semiconductor doping with chemical impurities is associated with various processes of
self-compensation of the material, the more effective result of irradiation of the doped material is
the "return” of the Fermi level from the position specified by the doping level to the position Fiim
[20-22].

An irradiated semiconductor is a highly compensated material. This is what makes it
possible to consider the radiation modification of the properties of a semiconductor as a process
“reverse” to doping with chemical impurities, as a result of which the initial electrical activity of
the material decreases and the degree of its compensation increases.

The effect of irradiation on the electrical and thermal properties of extruded samples of
the BigsSbis<Te> solid solution shows that a heavily irradiated semiconductor is always a
material with a low concentration of free charge carriers, a high concentration of charge bound to
defects, and a degree of compensation of radiation donors and acceptors close to unity.

Under irradiation, a process of lowering the initial electrical activity of the material
occurs in the sample, as a result of which the Fermi level is shifted from its initial position and is
fixed near a certain level position characteristic of a given semiconductor. The electronic
parameters of the irradiated material depend on the features of the band spectrum of the
semiconductor in the energy range near its minimum band gap, i.e. are determined by the
position of the Fermi level relative to the nearest extrema of the conduction band or valence
band.

Irradiation leads to a decrease in the concentration of structural defects arising as a result
of plastic deformation of the crystal lattice in individual grains of extruded BigsSbhis samples, an
increase in the electron mobility, and an increase in the prevalence of current carrier scattering
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on lattice vibrations. These assumptions are also confirmed in the dependence of ¢ and a on the
magnetic field strength.

The transverse magnetoresistance in weak fields is proportional to the square of the
magnetic induction B and the square of the mobility of charge carriers p [23].

Aplpo= A pn?B? 1)

where coefficient A depends on the mechanism of current carrier scattering. The experimental
results on the dependence of Ap/po on B2 are in good agreement with the value of A (A=1.18) for
electron scattering in BigsShis samples. This is also evidenced by the regularities in the
dependence of the Hall coefficient on the magnetic field strength in the studied BigsSbis samples.
Similar dependencies are also obtained at high (up to ~300 K) temperatures. However, due to a
decrease in the mobility of current carriers with increasing temperature, these dependencies are
somewhat weakened.

The values of y are in good agreement with the above considerations obtained from
measurements in a magnetic field.

The radiation-stimulated increase in charge mobility (due to the introduction of acceptor-
type point defects and local mechanical stresses, which are certainly higher), is probably
associated with the specifics of the interaction of radiation centers and with defects resulting
from plastic deformation of the crystal lattice in individual grains

The results of the obtained data indicate that, under irradiation with gamma rays, not only
the generation of radiation defects (centers) occurs, but also their rearrangement. Restructuring
significantly depends on the initial level of modification of the ingot, from which the
corresponding samples for research were made.

4. Conclusion

From the obtained experimental data, it is assumed that at low doses of irradiation (1
Mrad), in undoped and tellurium-doped samples of the BigsShissolid solution, radiation defects
appear, playing the role of donor centers, which lead to an increase in the concentration of free
electrons n and electrical conductivity o, and a decrease in the thermo-emf coefficient a. These
defects, scattering current carriers, reduce their mobility p. An increase in the irradiation dose
leads to a decrease in the concentration of structural defects arising as a result of plastic
deformation of the crystal lattice in individual grains in extruded BigsSbis samples, an increase in
the electron mobility, and an increase in the prevalence of current carrier scattering on lattice
vibrations. When irradiated with gamma rays, not only the generation of radiation defects
(centers) occurs but also their rearrangement, which leads to a change in electrical and thermal
parameters.

These assumptions are also confirmed in the dependences of o, a, and y on the magnetic
field strength.
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MATHATOTEPMODJEKTPHUECKHE CBOMCTBA SKCTPYJIUPOBAHHBIX
OBPA3IIOB TBEPJJOI'O PACTBOPA Bioss5Sbo15, OBJIYYEHHBIX TAMMA -
KBAHTAMUA

HN.A. Aday/uiaeBa

Pestome. ViccnenoBaHbl  3IEKTPONPOBOAHOCTE  (0),  Kodbduimentsr Tepmo-oac (o), Xomra (R u
TEIUTONPOBOMHOCTH  ()) OSKCTPYIMPOBAHHBIX 00pasoB BiogsShois HemernpoBaHHBIX H  JIETHPOBAHHBIX
TEJTYPOM, HEe OONMYYECHHBIX M OONYYCHHBIX TaMMa-KBaHTaMH MPH Pa3IMYHBIX J103aX B TEMIIEPATypPHOM
unrepaie ~77-300K u nanpsokernoctr marautaoro mojs (H) o ~74x10% A /wm.

BrIsicHeHO, 4TO TIpu Majbix jgo3ax obmyueHus (1 Mpan) B HENErMPOBAaHHBIX M B JISTHPOBAHHBIX
TEJLTYypoM 00pasiiax TBepaoro pactBopa BigsShis Bo3HHKaIOT pagnanoHHble Ae(hEKThI, HTPAIONIHE POITh
JOHOPHBIX HEHTPOB, KOTOPLIC IMPUBOAAT K POCTY KOHICHTPALUIO CBO60}IH])IX QJICKTPOHOB 1,
ANIEKTPOTIPOBOAHOCTH G, TEIUIOMPOBOAHOCTH()Y) W YMEHBIIEHUIO KOX(PQHUIMEHTa TEepPMO-3AC O. OTH
Je(eKThI, paccerBasi HOCUTEN TOKA, YMEHBIIAIOT UX MOJABMKHOCTE . POCT 03Bl 00My4YeHUsT PUBOINUT K
YMEHBIICHUIO KOHIEHTPALUH CTPYKTYPHBIX JIe(EKTOB, BO3HUKAIOMIUX B PE3yJbTaTe IUIACTHYECKON
JneGopManiy KPUCTAITMUYSCKON PEIICTKH B OTACNBHO B3STHIX 3€pHAX DKCTPYAMPOBAHHBIX 0OPAa3IlOB
BigsSbis, yBenHueHNIO TOABMKHOCTH SJICKTPOHOB M YCHJICHHIO NMPEBATUPOBAHMS PACCESHHS HOCHTEIICH
TOKa Ha KOHe6aHI/IﬂX PCHICTKHU. HpI/I O6J'Iy‘-ICHI/II/I raMMa- KBaHTaMHM IPOUCXOJUT HE TOJBKO I'€HEpalud
paauanoHHbIX NeeKkToB (IIEHTPOB), a TAKKe HX MEPEeCTpOlKa, KOTOpas NPUBOAUT K H3MCHCHHUIO
AIIEKTPUIECKUX U TETUIOBBIX TAPaMETPOB.

Knrouesvle cnosa: SKCTpy3usi, raMMa-paidaius, MoJABUKHOCTh, TEKCTYpa, N1e(EKThI.

QAMMA KVANTI iL© SUALANAN BiogsSbo1s BORK MOHLUNUN EKSTRUZIYA
EDILMIS NUMUNOLORININ MAQNITOTERMOELEKTRIK XUSUSIYYOTLORI

I.A. Abdullayeva

Xiilasa: Asqarlanmamis vo tellurla agqarlanmis, siialanmamis vo gamma-kvanta ilo miixtalif dozalarda
stialanmig ekstruziya edilmis BiggsSho 15 niimunalorinin elektrik kegiriciliyi (o), termo-emf (o), Hall (Ry)
vo istilik kegiricilik () omsallar1 ~77-300K temperatur diapazonunda vo ~74x10* A/m-o qodor magnit
sahosindo (H) arasdirilmigdir.

Miioyyon edilmisdir ki, BigsShis bark mohlulunun agqarlanmamis va tellur ilo asqgarlanmig
niimunalorinds siialanmanin asagi dozalarinda (1 Mrad) donor markazlori rolunu oynayan radiasiya
qusurlar1 yaranir ki, bu da sorbast elektronlarin n konsentrasiyasinin, elektrik kegiriciliyinin o, istilik
keciriciliyinin () artmasina vo termo-emf o omsalinin azalmasia sabab olur. Bu qiisurlar, corayan
dasiyicilarini soporak, onlarin harakatliliyini p azaldir. Stialanma dozasinin artmasi ekstruziya edilmis
BigsSbis niimunolorinin ayri-ayr1 donolorinds kristal gofasin plastik deformasiyasi naticasinds yaranan
struktur qiisurlarinin konsentrasiyasinin azalmasina, elektronlarin haroketliliyinin artmasina va qofos
vibrasiyalar1 lizerindo carayan dasiyicisinin sapilmasinin giliclonmasine sabab olur. Qamma siialar ilo

43


https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1063%2F1.4972388

stialandiqda tokco radiasiya qiisurlarinin (morkozlorinin) yaranmasi deyil, hom do onlarin yenidon togkili
bas verir ki, bu da elektrik va istilik parametrlorinin doyismasine sabab olur.

Acgar sézlar: ekstruziya, gamma siialanma, horakatlilik, tekstura, qtisurlar.
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