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GENERAL CHARACTERISTICS OF THE WORK 

 

Relevance and development of the topic. In recent years, 

there has been a great increase in interest in the study of low-

dimensional (AO) materials with anisotropic properties. 

The structure of low-dimensional crystals or allows either 

electrons to move in only one or two directions, which gives them a 

number of interesting physical properties. This is the reason for the 

extensive research of low-dimensional materials. 

Due to the strong anisotropy of these crystals, they attract the 

attention of researchers. For the first time modular structural phase 

transitions were observed in TlAIIIBVI
2 type crystals, photo and 

thermo stimulated characteristics were studied, local level parameters 

were determined, transfer mechanisms were determined. This class 

of compounds is of interest in terms of obtaining solid solutions 

based on layered TlGaS2 and chain TlInSe2 crystals and studying the 

electronic processes in them, both in terms of obtaining new 

materials and determining the mechanism of electronic events in 

them. 

By isovalent substitution of anion and cation subgrades in 

TlGaS2 and TlInSe2 compounds, it is possible to obtain new types of 

low-dimensional crystals based on them. Unlike TlGaS2 and TlInSe2 

crystals, which have long been known as chemical compounds and 

are widely studied, the change in composition in the solubility range 

in solid solutions based on them allows for targeted control of 

electrical, photoelectric and optical properties. 

TlAIIIBVI
2 is a promising material used in optoelectronics and 

microelectronics of semiconductor crystals of solid solutions 

obtained by double anion-cation substitution. (TlGaS2)1-x(TlInSe2)x 

single crystals are used in the manufacture of small inversion 

photoreceptors in the infrared region. 

By changing the composition of solid solutions, it is possible to 

study their photoelectric, dielectric and optical properties, located in 

the forbidden zone, it is possible to obtain information about the 

level zone structure and the mechanism of recombination processes. 

The review of the scientific and technical literature, which we 
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commented on in the first chapter of the dissertation, allows us to 

scientifically substantiate our goal.  

Synthesis of polycrystals by determination of solid solution 

domains based on TlGaS2 and TlInSe2 crystals with wide bandwidth, 

high resistance, layered and chain structure, representing different 

platforms, bleaching of high quality single crystals, application of 

physical properties The study of "electrical, photoelectric and optical 

properties of (TlInSe2)x single crystals" is put forward as a topical 

problem in materials science and semiconductor physics. 

Unlike the TlGaS2 and TlInSe2 crystals, which have long been 

known as chemical compounds and are comprehensive, the variation 

of their composition in the solubility range in their solid solutions is 

the basis for the modification of physical properties. However, prior 

to research, it is necessary to determine the phase equilibrium and 

thermodynamic regime parameters in order to determine the 

solubility intervals of these crystals with cross-substitution and to 

green their single crystals. 

Based on the above, it can be said that the study of electrical, 

photoelectric and optical properties of single crystals of solid 

solutions (TlGaS2)1-x(TlInSe2)x is a topical scientific and 

technological issue. 

Object and subject of research. The object of study is low-

dimensional TlAIIIBVI
2 crystals, where modular structural phase 

transitions were first observed. These crystals have become the 

object of interesting research due to their strong anisotropy in 

electrical conductivity, light sensitivity and optical activity. 

The subject of research is the electrical, photoelectric and 

optical properties of two rows of solid solutions (TlGaS2)1-x(TlInSe2)x 

formed on the basis of crystals TlGaS2 and TlInSe2. Study of 

electrical, photoelectric and optical properties of (TlGaS2)1-x 

(TlInSe2)x single crystals representing various platforms with broad 

band, high resistance, layered and chain structure is important in 

terms of detection of solid solutions based on TlGaS2 and TlInSe2 

crystals representing different platforms, synthesis of polycrystals, 

bleaching of quality single crystals, revealing the laws of dependence 
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of their physical properties on composition, as well as exploring 

practical applications. 

Objectives and tasks of the research. The aim is to obtain 

new low-dimensional materials based on TlGaS2 and TlInSe2 

compounds with sharp anisotropy, elemental lattice parameters and 

physical characteristics that change monotonically and linearly 

depending on composition and temperature, study of electrical, 

photoelectric and optical properties in their single crystals and clarify 

the mechanism of electronic processes. 

The following issues have been resolved to achieve the set 

goal: 

 (TlGaS2)1-x(TlInSe2)x thermodynamic mode was selected based 

on the case diagram for the synthesis of crystals of solid 

solutions and the greening of single crystals; 

 The phase equilibrium in the TlGaS2–TlInSe2 system was 

studied, case diagrams were constructed and the region of solid 

solutions was determined; 

 Investigation of the obtained polycrystalsand single crystals 

Laue, electron beam methods; 

 Photo, dark and thermostimulated conductivity characteristics 

over a wide temperature range for different compositions of 

single crystals are derived. 

 Parameters of local levels generating photoconductivity have 

been determined; 

 Thermal and optical extinction of photocurrent is a study; 

 The dependences of dielectric constant on composition, 

temperature and frequency of the electric field have been 

studied. 

 Calculation of the density of localized levels near the Fermi 

level, the distance between jumps, the change in energy at 

localized levels, as well as the concentration of deep levels of 

hunger-conduction; 

 Determination of X-ray symmetric characteristics for single 

solution single crystals and the regularities of its composition 

dependence were determined; 
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 Raman scattering of light in pure TlGaS2 and TlInSe2 crystals, 

as well as in solid solutions based on them, was examined; 

Research methods. Differential-thermal (DTA), X-ray phase 

(RFA) and microstructure (MSA) analyzes Laue, the leading 

research methods in solid state physics, have been widely used in 

electron beam, electrical, photoelectric, thermal, TSK, X-ray 

dosimetry, optical properties, including the Raman spectrum of light. 

The main provisions of the defense: 

 Construction of phase equilibrium diagram of TlGaS2 and 

TlInSe2 quasi-binary system; 

 Certain regularities of change of elementary lattice constants 

with increasing concentration in solid solutions of     

(TlGaS2)1–x(TlInSe2)x crystal system; 

 Determination of the parameters of local levels in single-

crystals of solid solutions, which lead to photoconductivity, as 

well as thermal and optical extinction of the photocurrent; 

 Observation of the jump mechanism of conductivity in single 

crystals of solid solutions in the energy zone close to the Fermi 

level; 

 Proportional increase in the width of the band gap in single 

crystals of solid solutions, ie dEg /dT>0. 

 Quantitative linear decrease in electrical conductivity with 

increasing concentration of InSe2 structural packages in single 

crystals of solid solutions, linear increase in dielectric constant 

and shift of relative and non-relative phase transition 

temperatures to a smaller temperature range. 

 Composition dependence of sensitivity to X-rays in single 

solution crystals. 

 Dispersion of phonons and single-mode behavior of light 

during Raman scattering with increasing number of TlInSe2 

crystals replaced in TlGaS2 crystals and single crystals of solid 

solutions (TlGaS2)1–x(TlInSe2)x based on it. 

Scientific novelty of the research. Cross-substitution was 

performed on TlAIIIBVI
2 crystals, phase equilibrium was studied by 

studying the alloys of TlGaS2–TlInSe2 system by DTA method, and 

the composition of solid solutions (TlGaS2)1–x(TlInSe2)x was 
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determined. 

 TlGaS2–(TlGaS2)0,3(TlInSe2)0,7 and TlInSe2 etrogonal structure 

TlInSe2–(TlGaS2)0,1Tl(InSe2)0,9 with monoclinic structure in 

Tl(GaS2)1–x(InSe2)x system by RFA method, solid solutions 

were formed. With increasing concentrations of TlInSe2 

crystals in solid solutions based on TlGaS2 crystals, the lattice 

parameters a, b, c increase, the angle β of the monoclinic phase 

decreases, however, it has been shown that (TlGaS2)1–x(InSe2)x 

crystals approach a pseudo-tetragonal structure rather than 

monoclinicity. 

 It has been determined that with increasing concentration of 

InSe2 structural packages in (TlGaS2)1–x(TlInSe2)x system, the 

linear conductivity of special electrical conductivity decreases, 

the dielectric constant increases linearly, the temperature of 

compatible → incompatible phase transitions shifts to lower 

temperatures. 

 Parameters of local levels in the forbidden band based on the 

study of photoconductivity and TSK in single temperature 

crystals of solid solutions (TlGaS2)1–x(TlInSe2)x in the wide 

temperature range - depth Et =0,3eV, capture cross section 

1,6•10–17 cm2, the seizure coefficient was set at 1,5 • 10–10 

cm3 / s. 

 By studying the dielectric properties of the changing electric 

field in single crystals of (TlGaS2)1–x(TlInSe2)x solid solutions, 

the transfer mechanism of the charge carriers in these samples 

was determined and shown to be jumpy for cases close to the 

Fermi level.For (TlGaS2)1–x(TlInSe2)x single crystals, the 

density of localized levels near the Fermi level is                

(2,1–7,7) • 1018eV1 cm – 3, mean time 3,3 • 10–7–2 • 10–6s, 

and the distance between jumps is 90– 103Å, energy 

dissipation at localized levels of 75–85 meV, as well as the 

concentration of deep levels responsible for hunger-conduction 

(4,2–6,5) • 1017 cm– 3. 

 As a result of studying isothermal relaxation currents, volt-

ampere characteristics at different temperatures and 

thermostimulated currents, two traps with activation energies 
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Et1=0,14-0,16 and Et2 = 0,32 eV were detected in TlGaS2 single 

crystals. Etl = 0,14eV has been shown to be responsible for the 

long-term relaxation of current in TlGaS2 single crystals. 

 The X-ray dosimetric sensitivity (Kσ) of single crystals of solid 

solutions (TlGaS2)1–x (TlInSe2)x is higher than that of pure 

TlGaS2 crystals, and as the TlInSe2 component in the solid 

solution increases to x = 0,5, the value of Kσ increases by 

0,142 ÷ 0,25. 

Theoretical and practical significance of the research. The 

results of the dissertation are useful in clarifying the mechanism of 

electronic processes in low-dimensional materials and in obtaining 

new functional materials. The high X-ray dosimetric sensitivity 

observed in solid solutions (TlGaS2)1–x(TlInSe2)x allows the use of 

these crystals in suitable converters. Also, these solid solution 

crystals allow to obtain materials with new physical properties by 

changing the composition of the lattice parameters b, c, changing 

monotonically and linearly depending on the concentration. 

Approbation and application: III Republican Conference on 

"Modern problems of physics", Baku. Azerbaijan, 2009; IV 

Republican Conference on "Modern Problems of Physics", Baku, 

Azerbaijan, December 24-25, 2010; International Conference on 

"Prospects for the Peaceful Uses of Nuclear Energy", Baku, 

Azerbaijan, November 23-25, 2011; V Republican Scientific 

Conference on "Opto-, nanoelectronics and condensed matter 

physics" on modern problems of physics, Baku, Azerbaijan, 

December 16-17, 2011; VIII International Conference on "Technical 

and Physical Problems of Power Engineering". Ostfold University 

College, Fredrikstad, Norway, 5-7 September 2012; V International 

Conference «Perspectives of Peacefiıl Use of Nuclear Energy» Baku. 

Azerbaijan, November 19-21, 2012; VI Republican Conference on 

"Opto-, nanoelectronics, condensed matter and high-energy physics" 

dedicated to Modern Problems of Physics, Baku. Azerbaijan, 

December 14-15, 2012; VIII Conference on “Radiation Research and 

Their Practical Aspects”, Baku, Azerbaijan, November 20-21, 2013; 

VII Meждународная научно-техническая конференция, 

Микроэлектронные преобразователи и приборы на их основе», 
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Баку, Сумгаит, 27-29 ноября, 2013 г.;7th International Conference 

on Materials Science and Condensed Matter Physics, dedicated to the 

50th anniversary of the Institute of Applied Physics. Chisinau, 

Moldova, 16-19 September 2014; VIII International Conference on 

"Opto-, nanoelectronics, condensed matter and high energy physics", 

dedicated to the 95th anniversary of BSU, Baku, Azerbaijan, 

December 24-25, 2014;V International Advances in Applied Physics 

and Material Science Congress, APMAS 16–19 April 2015, Fethie–

Mugla, Turkey; V International Advances in Applied Physics and 

Material Science Congress, APMAS 16-19 April 2015, Fethie-

Mugla,Turkey;International Scientific Conference on “Modern 

Scientific-Technical and Applied Problems of Energy”, Sumgayit, 

October 27-28, 2015; XI Meждународный семинар «Магнитные 

фазовые переходы», Махачкала. 19-21 ноября 2015 г.; 

International Conference on "Opto, nanoelectronics, condensed 

matter and high energy physics", dedicated to the 10th anniversary of 

the Institute of Physical Problems of BSU, December 25-26, 2015, 

Baku, Azerbaijan;XXIV Meждународная научно-техническая 

конференция и школа по фотоэлектронике и приборам ночного 

видения, Москва, Россия. 24-27 мая 2016; V International 

Scientific-Practical Conference on "Modern Problems of Metal 

Physics", Baku, Azerbaijan, June 10-11, 2016; Международная 

конференция «Фундаментальные и прикладные вопросы 

физики», 13-14 июня 2017г., Ташкент, Узбекистан; Turkish 

Physical Society 33rd International Physics Congress, Bodrum, 

Turkey, September 6-10, 2017; International Conference on "Actual 

problems of modern natural and economic sciences", 04-05 May 

2018, Ganja, Azerbaijan; International scientific conference 

dedicated to the 100th anniversary of Academician Hasan 

Abdullayev, September 25-26, 2018, Baku, Azerbaijan; International 

Scientific Conference on "Actual Problems of Modern Natural and 

Economic Sciences", dedicated to the 96th anniversary of National 

Leader Heydar Aliyev, May 3-04, 2019, Ganja, Azerbaijan. 

In addition, the results of the dissertation were reported at the 

Ganja Scientific Center of ANAS, Ganja State University, scientific 

seminars of the "Crystallophysics" laboratory of the Institute of 
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Physics of ANAS. 

Based on the results of research on the topic of the dissertation, 

40 works were published. 13 of them are articles of scientific 

journals, 27 are materials of scientific conferences of different levels. 

The dissertation work was carried out at the Institute of Physics 

named after academician H.M.Abdullayev of the Azerbaijan 

National Academy of Sciences. 

Structure and scope of the dissertation: The dissertation 

consists of an introduction, four chapters and 15 sub-chapters, the 

main results and a list of 267 references, including the author's 

personal articles. The dissertation contains 46 pictures and 11 tables. 

The total volume of the work is 186 pages. Introduction - 13742 

signs, Chapter I – 84405 signs, Chapter II - 28063 signs, Chapter III - 

27022  signs, Chapter IV - 36338 signs, Conclusion - 3044 signs. 

 

SUMMARY OF THE WORK 

 

The introduction substantiates the topicality of the topic, 

explains the purpose of the work, scientific innovations in the work, 

the main scientific provisions submitted for defense, and provides 

information about international and domestic conferences where the 

results of research are discussed. 

Also, the scientific and practical significance of the dissertation 

was shown and the short content of the chapters was commented. 

The first chapter is a summary. This chapter provides and 

analyzes the literature on the synthesis of TlGaS2, TlInSe2 and solid 

solutions based on them, the study of structural, electrical, 

photoelectric, optical and dielectric properties. 

This chapter gives a brief overview of the degree of study of 

the physical properties of TlGaS2 and TlInSe2 crystals, the primary 

components of the TlGaS2-TlInSe2 quasibinar cross-section, and 

summarizes the results of the most important studies.- The degree of 

study of chemical interactions in systems (A-Ga, In; B-S, Se, Te) has 

been studied in depth. 

The discovery of relaxor properties in recently alloyed and 

irradiated crystals is important for both science and technology.On 
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the other hand, there are great expectations for the extraction of 

nanoparticles from crystals. It should also be noted that thallium-

based compounds are of great interest for studying some interesting 

physical effects, such as nuclear spin diffusion at the atomic level. 

One of the goals of the study is to obtain new low-dimensional 

materials with sharper anisotropy, monotonous and linearly changing 

elementary lattice parameters and physical characteristics, with a 

new composition that retains the similarities of these crystals and 

retains their positive properties. Creating these qualities on the basis 

of solid solutions makes it possible to modify the width, physical 

parameters and properties of the forbidden strip by changing the 

parameters of the cage. Unlike the TlGaS2 and TlInSe2 crystals, 

which have long been known and widely studied as chemical 

compounds, the variation in composition in the solubility range in 

their solid solutions serves as a new tool for modifying physical 

properties. However, prior to the studies, it is necessary to determine 

the phase equilibrium and thermodynamic regime parameters in 

order to determine the solubility intervals of these crystals by cross-

substitution and to green their single crystals 

Dispersion of both electrical conductivity and dielectric 

constant was found in TlGaS2 crystals. This means that irradiating 

these crystals with electrons can significantly change their dielectric 

constant and specific electrical conductivity. This creates wide 

prospects for the application of active elements based on this crystal 

in detectors of ionizing radiation.  

Anisotropy of optical emission spectra in TlGaS2 crystals was 

studied. The intensity line was determined in the TlGaS2 crystals 

placed between the two cross polarizers, the reflection spectra 

measured in the E || a and E || b polarizations of the TlGaS2 crystals 

revealed both the basic state and the excited state of the exciton, and 

the reflection spectra of the exciton were calculated. The main 

parameters of the excitons and energy zones in the center of the Brullen 

zone have also been determined.  

Dispersion was observed in TlGaS2 single crystals alloyed with 

rare earth and transition elements, with a decrease in the value of 

dielectric constant and an increase in electrical conductivity with 
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increasing frequency of dielectric ratios. Addition of Co and Yb has 

been shown to lead to a decrease in dielectric constant and an 

increase in electrical conductivity in TlGaS2 crystals. The parameters 

of local conditions in TlGaS2 crystals alloyed with Co and Yb were 

calculated.  

The aim of Chapter II of the dissertation was to study the phase 

balance of TlGaS2 and TlInSe2 in the system, to identify areas of 

mutual solubility and to determine the physicochemical criteria for 

the synthesis of crystals of the corresponding solid solutions. 

The purpose of this chapter is to study the phase equilibrium in 

the system of TlGaS2 and TlInSe2 compounds, to identify areas of 

mutual solution and to determine the physicochemical criteria for the 

synthesis of crystals of the corresponding solid solutions. 

Appropriate methods have been selected to know the case 

diagram of the properties of the studied compounds, to synthesize the 

crystals of these compounds and to green the single crystals.We 

preferred the direct synthesis method of the primary components we 

used to synthesize TlGaS2 and TlInSe2 triple compounds.Because 
VITlB  and VIIII BA some of the binary components are peritectic and 

make it difficult to obtain homogeneous crystals. 

It has been taken into account that slight deviations from 

stoichiometry in crystals such as TlGaS2 with a wide bandwidth have 

a strong effect on the physical properties of single crystals. 

TlGaS2 and TlInSe2 crystals were synthesized by melting to 

study the phase equilibrium in the TlGaS2-TlInSe2 system. 

Polycrystals of (TIGaS2)1-x(TlInSe2)x solid solutions were 

obtained by synthesizing the stoichiometrically obtained samples 

from the synthesized TlGaS2 and TlInSe2 samples by melting them 

directly in a quartz ampoule in a similar manner. 

Diffractograms of the initial triple components TlGaS2 and 

TlInSe2 polycrystals, which we used to obtain alloys of different 

solutions of solid solutions, were drawn at room temperature. 

Based on the results of differential-thermal (DTA), X-ray 

phase (RFA) and microstructure (MSA) analyzes, a case diagram of 

(Tl GaS2)1-x(TlInSe2)x (x = 0¸0,5) system was constructed.TlInSe2 

has been found to be up to 55 mol.% Soluble in TlGaS2, and it has 
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been shown that the microhardness increases linearly from TlGaS2 to 

TlInSe2. 

Thus, the study of phase equilibrium in the TlGaS2-TlInSe2 

system made it possible to determine the physicochemistry for the 

formation of primary crystals, as well as their solid solutions. Taking 

into account this criterion, it became possible to obtain single crystals 

of the required components of the TlGaS2-TlInSe2 system. 

In this chapter as well synthesis and certification of solid 

solutions of (TlGaS2)1-x(TlInSe2)x was carried out. 

For polycrystalline samples of different compositions, the 

parameters of the elemental lattice of the (TlGaS2)1-x(TlInSe2)x 

crystal system studied from X-rays using the Fullprof software 

package were calculated. The values of the set parameters of the 

elementary cage are tabulated. 

Therefore, a temperature regime based on the physicochemical 

criteria of the relevant party was chosen to green the single crystals 

of the solid solutions. Melting temperatures, temperature in 

isothermal zones and its gradients for bleaching single crystals of 

(TlGaS2)1-x (TlInSe2)x solid solutions are given in the table below. 

 

Table 1. 

Elemental lattice parameters of (TlGaS2)1-x (TlInSe2)x solid 

solution single crystals 
 

x α, Ǻ b, Ǻ c, Ǻ 
, degree V,Ǻ3 

0 10,299 10,284 15,175 99,59 1584,80 

0,1 10,311 10,293 15,176 99,57 1588,23 

0,2 10,327 10,294 15,179 99,56 1591,21 

0,3 10,341 10,301 15,180 99,55 1594,60 

0,4 10,348 10,315 15,181 99,51 1598,14 

0,7 10,390 10,324 15,186 99,48 1606,70 

0,9 8,035 8,035 6,807 90 439,47 

1 8,075 8,075 6,847 90 446,46 
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Table 2. 

(TlGaS2) 1-x (TlInSe2)x melting temperatures for solidification of 

single crystals of solid solutions and its temperature gradients 

 

Branches of the 

system 

Tərimə 

K 
T, K 

gradL 

TII, 

K/sm 

TIII, K 
gradL TIV, 

K/sm 

Based on TlGaS2 1153 1183 82 770 47 

Based on TlInS2 1040 1070 75 695 39 

 

Single crystals of (TlGaS2)1-x(TlInSe2)x solid solutions were 

obtained by Brijmann's method. The device uses an electric motor 

with a reducer to achieve low speed movement of the bulb. 

Samples of various sizes have been prepared for the study of 

physical properties in molten single crystals. For the preparation of 

research samples, special diamond-shaped saws were used to cut the 

samples from the massive single crystal in the required shape, size and 

oriented relative to the crystallographic coke and layer planes. 

Depending on the measurement method, appropriate electrical contacts 

are placed on the prepared samples. The composition area amplitude 

and order of placement of these contacts in each measurement are 

indicated in the relevant subsections of the dissertation. 

In the third chapter of the dissertation the thermostimulated 

conductivity and adhesion of carriers in TlGaS2, TllnSe2 and on their 

basis (TlGaS2)1-x(TlInSe2)x solid solution single crystals were 

studied. In the studied samples of (TlGaS2)1-x(TlInSe2)x single 

crystals, thermal extinction of the photocurrent is observed at 

T≥300K temperatures. As the amount of the second component 

(TlInSe2) in the solid solution increases, it slides towards a maximum 

lower temperature range. As the intensity of light falling on the 

sample, the duration of illumination, and the rate of heating increase, 

the amplitude of the TSK increases, and its maximum shifts toward 

the high temperature region. 

The energy depth of adhesion levels in (TlGaS2)1-x(TlInSe2)x 

single crystals is 0,27-1-0,30eV, depending on the composition. The 

temperature dependence of the photocurrent shows that this 
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phenomenon is due to recombination and thermal exchange between the 

conduction zone and the centers a. This is due to the release of free 

charge carriers captured as a result of heating and, consequently, an 

increase in unbalanced concentration, the optical charge discharges 

between the t-and r-centers at low temperatures (T= 80¸140K) to the 

discharge of photosensitive centers leads to a decrease in the 

effectiveness of recombination. As a result, the holes recombine with 

another channel (s-), the additive photoconductivity is lost and the 

specific photoconductivity increases. The decrease in photocurrent at 

room temperature (T³300K) can be explained by a decrease in the 

recombination flow through the r-centers. The optical attenuation (FOS) 

of a specific photocurrent consists of a band in the (TlGaS2)1-x(TlInSe2)x 

single crystals with a maximum spectral range of 1,1–1,2 μm. 

The analysis of TSK allows to study complex spectra of 

adhesion levels in easy ways, as well as to determine with great 

accuracy the concentration of traps and their cross-sections of the 

catchment area. 

In this chapter, the thermal attenuation of the photocurrent in 

TlGaS2 single crystals has been studied and the parameters of the 

adhesion levels have been determined. Then, the results of the study 

of the temperature dependence of TSK on TlInSe2 single crystals 

were given. The parameters of the adhesion levels in TlGaS2 and 

TlInSe2 single crystals are given in the table. 

Our main goal here was to study the bounce conductivity of 

TlGaS2 crystals in the case of localization at constant current. These 

studies were performed for the first time on TlGaS2 single crystals. In 

TlGaS2 crystals, DC conductivity was determined at low temperatures, 

both along the layers, ie in the direction perpendicular to the c axis 

(s^c), and in the direction perpendicular to the layers (s^c). In both 

configurations, molten indium was used as the contact material. These 

contacts provided an ohmic regime in TlGaS2 crystals. The thickness 

of the samples was 40-50mm. The voltage of the constant electric field 

given to the samples was 2,102-2,7∙103V/cm. Conductivity in the 

samples was measured in the range of 110-296K. The samples were 

placed in a UTREX-type cryostat with a thermostable system. 

Temperature stabilization accuracy was ± 0,02K. 
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TlGaS2 crystals have a long exponential fabric with a slope of 

0.31eV in the temperature range 200-293K, depending on the 

electrical conductivity (s^c) 103/T. Indeed, in the clg ~ 4/1T

coordinate system, all measurement points fit well on a line. Here, 

the results of calculations and experiments show that TlGaS2 single 

crystals have a high conductivity at both alternating current and 

constant current, and these results are well consistent. 

The third, at the end of Chapter III, is devoted to the study of 

the electrical conductivity and dielectric characteristics of solid 

solutions of (TlGaS2) and (TInSe2)x. The purpose is to determine the 

regularity of changes in the electrical and dielectric properties of 

solid solutions (TlGaS2)1-x (TlInSe2)x depending on the composition 

and temperature.The dielectric constant and electrical conductivity of 

single crystal samples of solid solutions (TlGaS2)1-x (TlInSe2)x were 

measured by the plane capacitor method. Measurements were made 

on a digital measuring device E7-20 in the temperature range 150-

320K, in the range of 103-106 Hz. Measurements were made in a 

direction perpendicular to the natural breaking plane of the crystal:   

x = 0; 0.2; 0.4; and to the plane (001) in crystals containing 0,7x 

=0.9; and 1; in the composition (110) in the direction perpendicular 

to the plane. An ohmic contact was made with silver paste on the 

samples and placed between metal clamping contacts. 

 

 

 

 

 

 

 

 

 

 

Figure 1. (TlGaS2)0.3 (TlInSe2)0.7 (a) and (TlGaS2)0.1 (TlInSe2)0.9 

(b) single crystals 103 (1), 104 (2), 105 (3) and temperature 

dependences of dielectric constant at 106Hz (4) 
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Figure 1 shows the temperature dependence of the dielectric 

constant of (TlGaS2)0.3(TlInSe20.7 (a) and (TlGaS2)0.1 (TlInSe2)0.9 (b) 

crystals at different frequencies of the measurement field. 

As can be seen from the figure, as the temperature increases, 

the dielectric constant (e) increases and a significant dispersion of the 

dielectric constant is observed. As the frequency increases, e 

decreases, which, as is well known, is due to relaxation processes in 

measurements in the high frequency range. From these 

measurements, it was determined that three anomalies were observed 

in the e=f (T) temperature dependence of (TlGaS2)0.1 (TlInSe2)0.9 (b) 

single crystals: Ti = 212K, TC1 = 202K and TC2 = 198,8K , they are 

related to the transition from the paraphase to the incompatible phase 

(Ti) and from the incompatible phase to the incompatible phase. 

Interestingly, in the second FC, Tc splits in two (Tc1 and Tc2). 

Similar results have been observed in the past when studying the 

dielectric properties of TlInSe2 crystals. It was found that the gradual 

replacement of TlGaS2→TlInSe2 in solid solutions leads to an 

increase in the value of dielectric constant and a decrease in FC 

temperatures (figure 2). 

Thus, these physical properties prove once again that there are 

two rows of solid solutions in the (TlGaS2)1-x(TlInSe2)x system. It is 

assumed that as the concentration of InSe2 structural packages 

increases, the “size-matched” ® “size-incompatible” phase transition 

temperatures shift to a smaller temperature range. 

 

 
 

Figure 2. Dependence of dielectric constant (left) and specific 

conductivity (right) on(TlGaS2)1-x (TlInSe2)x single crystals at 

1MHz, temperature 300K 
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In the fourth chapter of the dissertation photoelectric 

characteristics for the composition of solid solution monocrystals 

(TlGaS2)1-x(TlInSe2)x in the range of x = 0÷0.5 

As the concentration of the TlInSe2 component in the TlGaS2-

TlInSe2 system increases from 0 to 50 mol.%, (table 3.) The 

maximum photosensitivity shifts from 0,50 μm to 0,73 μm. An 

increase in the intensity of light x at a fixed 2001k value increases 

the ratio of the resistance of the crystal in the dark to the resistance 

under light (Rq/Ri) by 5-6 times compared to that of a pure TlInS2 

single crystal. This may be due to an increase in the lifespan (t), or 

lifetime (m), or both of the unbalanced free carriers created by the 

light. thermal and optical extinction of photocurrent in solution 

single crystals was studied. It was found that the solid solution 

crystals of the (TlGaS2)1-x(TlInSe2)x system also differ from the 

primary TlGaS2 and TlInSe2 crystals by the wide energy distribution 

of local levels in the band gap. 

Table 3. 

Composition of (TlGaS2)1-x(TlInSe2) x crystals in the range 

x =00,05 
 

Ingredients mkmmax,  mkm,  ,qR  Rq/Ri 

200lk 

TlGaS2 0,50 0,460,57 (3-5)xl010 58 

(TlGaS2)o,9(TlInSe2)0,1 0,54 0,500,62 (l-2)xl010 1025 

(TlGaS2)o,8(TlInSe2)0,2 0,59 0,550,66 (3-4)xl09 1530 

(TlGaS2)o,7(TlInSe2)0,3 0,64 0,590,71 (2-3)xl08 2137 

(TlGaS2)o,6(TlInSe2)0,4 0,68 0,640,76 (l-2)xl07 2342 

(TlGaS2)0,5(TlInSe2)0,5 0,73 0,690,81 (3-5)xl06 2546 
 

These energy levels include both adhesion levels distinguished by 

the effective exchange of the main charge carriers with the proximal 

zone, as well as r- and s-type recombination levels (centers) that cause 

optical extinction of the photocurrent. Unbalanced kinetic processes in 

the crystals of the (TlGaS2)1-x(TlInSe2)x system are caused by 
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multicenter electronic transitions occurring in the band gap. The 

phenomenological parameters of the relevant centers were determined 

and the general picture of recombination was constructed. 

The optical emission spectrum was measured in the range 77-

380K using a MDR-6 monochromator and a KSVU-6M device. 

Radiation was received by FEU-100. The absorption boundary of the 

TlGaS2 crystal is formed by a straight exciton line, which was 

observed in the range of 180-200K. In addition, unlike other 

semiconductors, the width of the TlGaS2 band gap increases with 

increasing temperature. For all components, a positive value of the 

maximum temperature coefficient of the exciton band is maintained. 

It has been shown that the optical activity in the crystals of TlGaS2 

and the (TlGaS2)(1-x)(TlInSe2)x solid solutions based on it is due to 

direct transitions between zones at the absorption boundary, and an 

exciton is observed. 

Is devoted to the X-ray dosimetriccharacteristics of single 

crystals of solid solutions of (TlGaS2)1-x (TlInSe2)x. The URS-55 X-

ray generator was used to measure X-ray dosimetry characteristics. 

The change in resistance under the influence of X-rays in crystal 

samples was recorded by the R-4053 bridge circuit. The dose of X-

rays was measured with a dosimeter DRQZ-02. The dark resistance 

and X-ray sensitivity characteristics of single crystal samples of 

(TlGaS2)1-x(TlInSe2)x solid solutions are given in Table 4 below. 

 

Table 4. 

X-ray sensitivity characteristics of single solution crystals of 

(TlGaS2)1-x(TlInSe2)x 

 

Ingredients ,qR  K0, R/min 

TlGaS2 (3÷5)×1010 0,063-0,159 

(TlGaS2)0,9(TlInSe2)0,1 (1÷2)×1010 0,075-0,178 

(TlGaS2)0,8(TlInSe2)0,2 (3÷4)×109 0,089-0,198 

(TlGaS2)0,7(TlInSe2)0,3 (2÷3)×108 0,098-0,213 

(TlGaS2)0,6(TlInSe2)0,4 (1÷2)×107 0,107-0,219 

(TlGaS2)0,5(TlInSe2)0,5 (3÷5)×106 0,142-0,252 
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As can be seen from Table 4, the values of K in single crystals 

of solid solutions (TlGaS2)1-x(TlInSe2)x are higher than in pure 

TlGaS2 crystals. 

This chapter also examines the combined scattering spectra of 

light in single-crystals of TlGaS2, TlInSe2 and their solid     

(TlGaS2)1-x(TlInSe2)x solid solution.The combined light scattering 

spectra in TlGaS2, TlInSe2 and their solid (TlGaS2)1-x(TlInSe2)x solid 

solution single crystals were measured on a Nanofinder 30 confocal 

ram microspectrometer manufactured by Tokyo Instr., Japan. An Nd: 

YAG laser with a wavelength of = 532 nm and a maximum power of 

10 mW was used to excite the crystal lattice. The spectral resolution 

of the device is not worse than 0,5 cm-1. A thermoelectric detector 

with a CCD chamber (1024 at 128 pixels) cooled to a temperature of 

T=-70° C was used to record the scattered radiation. The detector 

works in photon count mode. 

 

 
Figure 3. Dispersion graph depending on the composition of two 

different phonons (387cm-1 and 323cm-1) in (TlGaS2)1-x(TlInSe2)x 

single crystals 

In (TlGaS2)1-x(TlInSe2)x solid solution single crystals, the 

combined scattering spectra of light were studied by gradually 

increasing the amount of TlInSe2 from 0.5% to 2%, 10%, 20%, 30% 

and 40%.Figure 3 shows a dispersion graph based on the 

composition of two different phonons (387 cm-1 and 323 cm-1) in 

(TlGaS2)1-x(TlInSe2)x solid solution single crystals based on TlGaS2 
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crystals. 

At the end of this chapter, the heat capacity and phase 

transition of TlGaS2, TlInSe2 crystals were studied. Here the heat 

capacity of the TlInS2 crystal in the adiabatic calorimetric device in 

the range of 4,2–300 K was studied. The relative error in determining 

the heat capacity does not exceed 0,3% when T>10K, and ~ 2% 

when T <10K. 

High-precision measurement of the heat capacity of condensed 

matter is usually performed on an adiabatic calorimeter: a certain 

amount of energy (heat) is given to the sample and the temperature 

rise is measured at the expense of this energy. 

The temperature dependence of the experimental values of the 

heat capacity of the TlInS2 crystal on a logarithmic scale in the range 

4,2-100K is shown in Figure 4. The cubic law of heat capacity is paid 

in the range of 5,2 – 8,5K. From the cubic dependence, the value of 

the characteristic Debye temperature (θD) for the TlInS2crystal was 

determined: θD = 109 ± 2K. 

 

 
 

Figure 4. Temperature dependence of the heat capacity of the 

TlInS2 crystal 

 

Minimization of thermodynamic potential in the low symmetry 

phase gives the following expression for the anomalous ΔCp addition 

of heat capacity: 
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By translating this formula, we can show that at temperatures 

below Tic temperature ( ΔCp/T)–2 as a function of temperature is as 

follows: Minimization of thermodynamic potential in the low 
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Figure 5 shows the dependence of the expression ( ΔCp/T)–2 on 

T for TlInS2. This dependence is in the range of 195– 196,7K, ie the 

line to the temperature Tic, which indicates that there is no 

significant addition of correlation effects to the heat capacity. From 

the equation (2), two relations between the coefficients of equation 

(1) are determined and shown in the table. 

 

 
Figure 5. Temperature dependence of the expression  

(ΔCp/T)–2 for TlInS2 

 

Our research shows that as the amount of TlInSe2 substituted 

on the basis of TlGaS2 increases, the frequency of phonons varies 

linearly from 387cm-1to 359cm-1, respectively, and in the second 

from 323cm-1 to 299cm-1. In other words, these phonons behave as a 

single-mode. 



23 

RESULT 

 

1. Phase equilibrium diagram of TlGaS2 and TlInSe2 quasibinar 

system by DTA, RFA, microhardness, electrophysical, 

photoelectric and optical methods was studied. In the system 

(TlGaS2)1–x(TlInSe2)x, two rows of solid solutions with 

different structures were found: solid solutions based on the 

combination of TlGaS2 and solid solutions based on TlInSe2. 

2. In the crystals of solid solutions of the system (TlGaS2)1–x(TlInSe2)x 

by radiographic methods, the parameters of the elementary lattice 

vary depending on the composition, ie with increasing x the 

parameters of the elementary lattice a, b and c increase, and the 

angle β decreases. The dielectric constant of the samples at 

different frequencies was calculated according to the capacitance 

values. In the system (TlGaS2)1–x(TlInSe2)x, the electrical 

conductivity and dielectric constant change regularly depending on 

the composition and temperature. TlGaS2–TlInSe2 has been shown 

to increase dielectric constant and electrical conductivity as the 

temperature in the quasibinar system increases. As the 

concentration increases, the electrical conductivity decreases 

linearly, while the dielectric constant increases. 

3. Parameters of local levels in the forbidden band on the basis of 

the study of photoconductivity and TSK over a wide 

temperature range in single crystals of solid solutions   

(TlGa2)1–x(TlInSe2)x - depth Et=0,3eV, capture cross section 

1,6·10–17 cm2, the coefficient of seizure was set at 1,5·10–10 

cm3/s. 

4. By studying the dielectric properties of the changing electric 

field in single crystals of solid solutions (TlGaS2)1–x(TlInSe2)x, 

the transfer mechanism of charge carriers in these samples was 

determined and shown to be jumpy for cases close to the Fermi 

level. For (TlGaS2)1–x(TlInSe2)x single crystals, the density of 

localized levels near the Fermi level is (2,1–7,7)· 0,18eV –1cm–

3, mean time 3,3·0–7–2·10–6s, and the distance between jumps 

is 90 -103Å, energy dissipation at localized levels was          

75-85 meV, as well as the concentration of deep levels 
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responsible for hunger-conduction (4,2–6,5)·1017cm– 3. 

5. As a result of studying isothermal relaxation currents, volt-

ampere characteristics at different temperatures and 

thermostimulated currents, two traps with activation energies 

Et1=0,14-0,16 and Et2 =0,32 eV were detected in TlGaS2 single 

crystals. Etl=0,14eV has been shown to be responsible for the 

long-term relaxation of current in TlGaS2 single crystals. 

6. By studying the temperature dependence of the spectral 

position of the exciton peaks in the single crystals of solid 

solutions (TlGaS2)1– x(TlInSe2)x in the temperature range 77–

180 K, it was proved that in these samples the bandwidth 

increases proportionally with temperature, ie dEg / dT>0 . 

7. X-ray dosimetric sensitivity (Kσ) in single crystals of solid 

solutions (TlGaS2)1–x(TlInSe2)x is higher than in pure TlGaS2 

crystals, and as the TlInSe2 component in the solid solution 

increases to x=0,5, the value of Kσ is 0,142÷0,252 R/ increases 

around the minute. 

8. Based on the study of light scattering spectra in TlGaS2, 

TlInSe2 and their solid (TlGaS2)1–x(TlInSe2)x solid solution 

monocrystals, it was determined that as the amount of TlInSe2 

crystals in the solid solution increases, the phonons disperse 

and behave as one. 

9. The results of the temperature dependence of the lattice 

parameters, heat capacity and photoconductivity of TlInSe2 

crystals in the temperature range of 800–300 K are shown. The 

interest in these studies is related to the following situation. 

First, the theory shows that phase transitions occur in TlSe-type 

crystals. Second, TlGaTe2 crystals have phase transitions in 

their substructures. The structural phase transition was detected 

in the other 3 layers of TlGaSe2 and TlInSe2, with a combined 

scattering of light and neutron scattering. It has been studied 

that the phase transition in these crystals occurs at 135K and 

184K. It has been shown that the change in heat capacity, 

photoconductivity and TlInSe2 lattice parameters is due to the 

presence of a phase mismatch in the phase transition region. 
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