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In this research work, the interaction of the SnSe-TuSe system was studied, and as a result of complex physicochemical analyses, the
solubility region of TuSe in SnSe (75-100%) was determined. It was also determined that the TuSnSe> compound was obtained in a
1:1 ratio of its components, and a phase diagram of the system was constructed. X-ray structure and differential thermal analysis of the
sample showed that this compound crystallizes in a hexagonal syngony. Some kinetic parameters of the triple compound TuSnSe> were
determined at room temperature. Electrical conductivity (), thermo electromotive force (e.m.f.) (o) and thermal conductivity ()) were
studied in the temperature range T=300+800K. In order to determine the variation in the charge carrier scattering mechanism the
temperature dependences of the Hall mobility and electrical conductivity of this compound were also investigated. Based on the sign
of the thermo-electromotive force and the Hall coefficient, it was determined that the conductivity in this compound is n- type. Based
on the obtained results, it was determined how the concentration of charge carriers and the Hall mobility changed. Anomaly changes
are observed in the temperature dependence of the electrical conductivity, thermoelectric potential and total thermal conductivity in
the temperature interval T=460+500K.
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1. INTRODUCTION

Interest in the study of semiconductor compounds of ANVBVi-type is driven by prospects for their use in
semiconductor devices. For example, SnS and SnSe are used as the main materials for obtaining active elements operating
in the infrared region of the optical spectrum in thermodynamic converters [1,2]. They are also used as absorber layers in
thin-film solar energy converters [3,4], as photoconductors [5], as semiconductor sensors [6], and as microbatteries [7].

Thus, the fundamental properties of these compounds - small band gap, high conductivity, relatively high radiation
resistance, and the predominance of ionic bonding expand their application possibilities [8]. In recent years, significant
efforts have been devoted to developing photovoltaic devices using low-cost materials and simpler, more cost-effective
fabrication technologies. SnSe, which has complex ionic-covalent chemical bonds, crystallizes in a deformed NaCl-type
structure and has a high degree of defects and vacancies in both sublattices [9].

The high concentration of these defects, especially tin vacancies (~10'7 cm™), results in the formation of positive-
type conductivity in SnSe. On the other hand, rare earth metals are distinguished by their unique specific
properties [10, 11]. It is known that the physical properties of compounds formed from defect-structured substances and
lanthanide atoms vary depending on the nature of their constituent atoms.

This is due to the fact that the 4f level in the electronic structure of lanthanoid element atoms is not completely
filled, the 4f- 5d- 6s transition easily occurs, and the formation of variable valence due to mobile electrons at the 4flevel
of atoms makes materials obtained with their participation an interesting object of research. For this reason, the study of
the complex TuSnSe, compound with the participation of lanthanide elements, including the Tu element, is of particular
interest.

Due to the presence of mobile electrons in the internal 4flevels in the electronic structure f~d—s transitions easily
occur, which leads to the formation of variable valence in them. Although rare earth metals are trivalent, intermediate
valence arises due to transitions between electronic energy levels. This significantly affects the kinetic properties of
materials obtained with their participation. The partial replacement of tin with rare-earth metals in SnSe leads to the
emergence of certain physical properties. In this regard, the synthesis of new materials based on alloys and compounds
involving rare earth metals demonstrates the importance of their investigation. The special importance of this research is
the possibility of obtaining new promising materials with the required physical properties based on alloys and compounds
with the participation of rare earth elements. [12, 13].

2. EXPERIMENTAL PROCEDURE
In this work, the SnSe-TuSe system was studied in the entire concentration range. However, since the melting
temperature of the TuSe compound is very high, it was not possible to synthesize samples containing 75-100% TuSe.
A physicochemical analysis of the SnSe-TuSe system was conducted and a phase diagram of the system was
constructed. At 10 mol% TuSe, a eutectic point is obtained and its melting point is 1053.2 K (780°C). The triple
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compound TuSnSe, decomposes at 1053.2 K before reaching its melting point 1093.2 K. Therefore, it cannot be
synthesized by direct melting of its components and it is obtained by pressing [14].

The process is carried out in the following sequence: To ensure the homogeneity and mechanical strength of the
material, the components are ground into a fine powder, mixed by mechanical vibration, and then pressed. Pressing was
carried out in two sequential processes: cold and hot pressing. In cold pressing, the sample was kept under a pressure of
P = 7.4 ton/cm? for 5 minutes. In hot pressing, the press mold was heated to t=663.15 K and kept under pressure
P =5 ton/cm? for 5 minutes.

To create homogeneity in the obtained substance, the ampoule was placed horizontally in a heater at a temperature of
953.15 K and kept for 336 hours, during which the infusion was carried out.

To determine the stoichiometric composition and crystal structure of the compound, a physicochemical analysis was
carried out. The results of the complex physicochemical analyses are given in Table 1.

Table 1. Physicochemical parameters of the TuSnSe> compound

. 3 3 .

Thermal heating efficiency Densityx10” g/m Microhardness, MPa Lattice parameters, A
Ppikno Prent a b C

716.86 7.22 7.34 263 4.77 - 11.58

The table notes show that the obtained TuSnSe, compound is a crystal with a stoichiometric composition, a defective and
partially deformed hexagonal structure.

3. RESULTS AND DISCUSSION
The main kinetic parameters of the obtained TuSnSe; triple compound were determined at room temperature, the Hall
coefficient (R), electrical conductivity (¢), thermo electromotive force (o) and thermal conductivity (1) were studied in
the temperature range T = 300+800 K. The concentration of charge carriers (n) and the Hall mobility (i) of the sample

were calculated. The results obtained for the main kinetic parameters of the TuSnSe; triple compound at a temperature of
300 K are given in Table 2.

Table 2. Some kinetic parameters of the TuSnSe, compound (300 K)

Compound | R, cm?C P(n)-10"°, cm™ o, Ql.cm’! u, cm*V-sec | o, uV/K A, W/emK
TuSnSe; -0.22 2.8 16.2 4 -155 14.67

Figure 1 shows a graph of the temperature dependence of the electrical conductivity in the Ino = f(103/T)
coordinates of the triple compound TuSnSe; in the temperature range T=300+750 K

10%T (K™
Figure 1. Temperature dependence of the electrical conductivity of the triple compound TuSnSe>

The temperature dependence of the electrical conductivity can be analyzed as follows:

1. In the temperature range T=300+440 K, the change in electrical conductivity varies according to the law 6~T!2,
and the activation energy of charge carriers is AE; = 0.1eV.

2. In the temperature range T>510 K, this variation is according to the law of 6~T!”, and the width of the bandgap
is AEg=0.93eV [15].

3. In the temperature range T=440+-520 K, an anomalous change is observed. This change is most likely due to a
sharp decrease in the mobility of charge carriers.

It should be noted that the main reason for the observed anomalous change is the region where the concentration of
charge carriers does not change (n=const) and the region where the specific conductivity corresponds to a decrease. Thus,
the concentration of charge carriers does not change with increasing temperature (n = const), that is, all free electrons in
the conduction band participate in conduction.
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To excite the donor (acceptor) levels, a certain amount of energy is required (the temperature should be increased).
Analyses show that the decrease in o due to the decrease in the Hall mobility of charge carriers is approximately 0.06%.
The remaining part of the decrease in the value of o is due to the anomalous change as shown above. This anomalous
change is also confirmed by the properties observed in the temperature dependence of thermo-electromotive force (e.m.f.)
and electrical conductivity (Fig. 2)
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Figure 2. Temperature dependence of the thermo e.m.f. (1) and thermal conductivity (2) of the TuSnSe2 compound

As can be seen from the figure, a gradual increase in the thermo e.m.f. is observed in the temperature range
T =300+420 K. In the temperature range T =440+500 K o(T) changes anomalously; at temperatures T = 500 K the
magnitude of 0(T) decreases monotonically with increasing temperature, and this rate of decrease follows the law o~T-!38.
The anomalous change in the temperature range T = 440+500 K is likely to be due to a structural transformation, as in
SnSe [3,4]. The anomaly in the SnSe crystal is explained by the transition of the orthorhombic structure to the cubic
structure [5]. The physicochemical analysis of the obtained triple compound TuSnSe, shows that it crystallizes in a
hexagonal syngony.

It is likely that a structural transformation occurs at T = 440+-500K. In order to determine the type of this structural
transformation, its mechanism, and at the same time how the scattering mechanism of charge carriers changes, and to
identify a general pattern, the temperature dependences of the Hall coefficient and electrical conductivity of this
compound were also studied. The variations in the charge carrier concentration and Hall mobility were determined based
on the obtained values.

4. CONCLUSIONS

Physicochemical analyses indicate that a eutectic is formed at the 10 mol% TuSe compound and its melting
temperature is 1053.15 K. X-ray structure and differential thermal analysis showed that this compound crystallizes in a
hexagonal syngony. Based on the sign of the thermo e.m.f. and the Hall coefficient, it was determined that this compound
has n-type conductivity. In the temperature dependence of the electrical conductivity, thermo e.m.f., and coefficient of
thermal conductivity anomaly changes are observed in the T =460+500 K temperature interval. Based on the values of
electrical conductivity, carrier concentration and Hall conductivity, it was determined that this compound is a partially
compensated semiconductor. From the temperature dependence of electrical conductivity, the activation energy of charge
carriers (Eg = 0.1 eV) and the energies of the bandgap (E; = 0.93 eV) were calculated.

Since the localized energy levels in the ground and excited states are close to the chemical potential, the effective
potential created by the 4f scattering of Tu*" ions affects the change in kinetic parameters. These energy levels are close
to the Fermi energy level and affect the electronic spectrum and valence of the material. This causes changes in the values
of physical parameters.
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CHUHTE3 TA TEPMOEJIEKTPUYHI BJJACTHBOCTI CITOJIYKH TuSnSe:
Pazim Baiipamui, Yabkap AdaypaxmaHoBa
Kadgheopa ¢izuxu, Baxuncokuil inocenepruil yHigepcumem, baky, Aszepbaiioscan

V it nociigHAIBKIA po6oTi Oyiio BUBUEHO B3aeMoiro cuctemu SnSe-TuSe, i B pe3ysbTaTi KOMIUIEKCHUX (Di3MKO-XIMIYHUX aHAIIi3IB
Oyino Bu3Ha4YeHO o0aacTh po3unHHOCTI TuSe B SnSe (75-100%). Takox Oyno BcTaHOBIEHO, 10 cnoiaykKy TuSnSex orpumano y
cHiBBiHOMLIEHHI ii koMnoHeHTiB 1:1, i moOynoBano (a3oBy giarpamy cucteMu. PEeHTTeHOCTPYKTYpHUH Ta quepeHITiaTbHO-TepMITHAH
aHaJIi3 3pa3Ka MoKa3aJiy, 10 Lis CIIOIyKa KPHCTAIi3y€eThCsl B TeKCaroHanbHii CHHIOHil. JIesKi KiHeTHYHI TapaMeTpH NOTPIHHOI CIIOTYKH
TuSnSe> Oymm Bu3HaweHi 3a KiMHaTHOI Temmneparypu. EnekrponposimHicts (6), TepmoenektpopymiiiHa cuina (EPC) (o) Tta
TeIIonpoBiaHicTh () Oyim mocmimxkeHi B aianasoni temneparyp T = 300+800 K. [lnst Bu3HaueHHS 3MiHH MEXaHi3My PO3CiIOBaHHSI
HOCITB 3apsIy Takos OyJI0 JOCTIPKEHO TeMIIepaTypHi 3aJISKHOCTI pyXJIMBOCTI X0JlIa Ta eeKTPpOonpoBigHocTi miel comyku. Ha ocHOBI
3HaKa TEPMOEICKTPOPYILiitHOl ciin Ta KoediienTa Xota 6y0 BCTAHOBICHO, 110 MPOBIAHICTh Yy Wil cnonyui € n-tumy. Ha ocHoBi
OTPHUMAaHHX pe3yJIbTaTiB OyJI0O BU3HAUEHO, SK 3MIHIOBAJINCS KOHIEHTpAIs HOCIIB 3apsmy Ta pyxiuBicTh Xouia. CroCTepiraloTbest
aHOMaJbHI 3MIHM B TEMIEPATYpHIH 3aJe)KHOCTI EJNEKTPONPOBIAHOCTI, TEPMOCICKTPUYHOrO TOTEHILialy Ta 3arajibHol
TEIUIONPOBITHOCTI B iHTepBaii Temneparyp T=460+500K.

KuniouoBi cnoBa: enexmponpogionicms, nompitina cnonyka, 2eKcazoHaibHa CUHSOHIsA, pyxaugicms Xoana





