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This article presents the results of a study of the temperature dependences of the coefficients of thermal expansion and isothermal
compressibility of the ternary compound T1GaSz. In the studied temperature range (80-400 K), no anomalies were found in the
temperature dependences of these properties. The thermal expansion coefficient of the TIGaS: semiconductor compound is calculated
based on empirical formulas including Debye temperature and Debye functions, and the average energy of the crystal lattice is
calculated and its temperature dependence is tabulated. It was shown that the energy of the crystal lattice depends on the degree of
anharmonicity of the oscillations.
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INTRODUCTION

The class of thallium chalcogenide compounds of TIB"'CY'(B = In, Ga, C = S, Se, Te) exhibits a layered-
chain structure, is classified as 2D crystals and is characterised by anisotropic physical properties [1]. These compounds
are characterized by weak van der Waals bonding between layers and covalent bonding within each layer. The charge
carriers in TIB"CY" single crystals can move within the layers, while their motion between the layers is restricted by van
der Waals interaction. Crystals of this family are of not only scientific but also significant practical interest, since they
are optically active, have high photosensitivity in a wide spectral range and, as a result, are promising for use in
optoelectronics.

The ternary compound T1GasS, belongs to a large group of layered crystals of the TIB'C}! type exhibiting both
semiconductor and ferroelectric properties, and crystallizes into a monoclinic structure in the space group C2, (€ 2/c)with
unit cell parameters a = 10.299 4, b = 10.284 4, ¢ = 15.1754, f = 99.603°[2, 3]. TIGaS, is a p — type wide
bandgap layered semiconductor with melting point Ty,.;; = 1165 K, possesses a wide range of practically important
physical characteristics such as high photo- and X-ray sensitivity. On the temperature dependences of various physical
parameters of this compound, sharp peaks are observed. Sharp increases in the values of thermal parameters are often due
to the temperature dependence of the Gruneisen parameter in these substances. The role of optical phonons in phonon-
phonon scattering increases in these cases [4].

To assess the nature of chemical bonding and the dynamics of thermal oscillations in layered semiconductors, it is
important to investigate the temperature dependences of thermal parameters. In complex semiconductor compounds, these
dependencies are due to the degree of anharmonicity of crystal lattice vibrations, transverse and longitudinal acoustic
phonons, as well as optical phonons.

Analysis of literature data shows that TlGaS, is a perspective semiconductor material in terms of practical
applications [5, 6, 7, 8]. To elucidate the temperature range of applicability of a given material, it is necessary to know
the thermal and thermodynamic properties in addition to the electrical properties. The coefficients of thermal expansion
and isothermal compressibility are such parameters. These parameters are significant and informative characteristics
of solids that are related to the thermodynamic and structural characteristics of the material. The objective of the
present work is to investigate the temperature dependences of thermal expansion and isothermal compressibility
coefficients of TlGaS,, basing on experimental investigations of thermal properties of crystals to determine the Debye
function, the energy of zero-point vibrations in the lattice, the values of average lattice energy and the Debye
temperature.
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EXPERIMENTAL METHOD

The samples were synthesized from the elements taken in stoichiometric ratios by their direct fusion in quartz
ampoules evacuated to 1073 Pa at 1180 + 5K for 5-7 h. High purity chemical elements were used as initial
components: TI (T100), Ga (Ga 5N), S (HP 165). During the synthesis process, the ampoules were shaken frequently to
ensure better mixing of the components. The samples based on TlGaS,were annealed in vacuum at 750 K for 120 h in
order to homogenize. Homogenizing annealing of the resulting single-phase samples was carried out in a spectrally pure
argon environment. The annealed alloys were cooled to room temperature in a switched-off furnace mode. Completeness
of synthesis and homogeneity of the obtained samples, as well as their individuality, were controlled by DTA and XRD
methods. The single crystals of materials investigated by us were grown applying a modified Bridgman method — a
method of slow cooling at a constant temperature gradient along the ingot. The structural and morphological properties
of TlGaS,thin films were investigated by XRD, SEM and AFM techniques.

The angular positions of the diffraction spectrum lines of the synthesized TlGaS,samples were recorded on a Bruker
D8 ADVANCE X-ray diffractometer in 40 kV, 40 mA mode with CukK, -radiation (A = 1.5406 A) on a 450K TTC type
temperature chamber. Samples for measurements were prepared by grinding crystals and their subsequent pressing in a
special holder. Diffraction reflections were recorded in the range 26 0-90°, indexed by the TOPAS program, and
crystallographic parameters refined by using EVA program. To study the morphology and microcomposition of the
sample surface, a scanning electron microscope of Japanese brand JEOL JSM6610-LV was used.

Cleavage along the basal plane (001) TlGaS, was carried out immediately before the experiments. Electron
diffraction patterns and micrographs were taken on freshly cleaved surfaces. AFM surface micrographs were obtained for
3-5 samples, from which the clearest images reflecting the general trend were selected.

Measurements of the coefficient of thermal expansion («;) and isothermal compressibility (Tyx) were carried out
using the dilatometric setup described in [9, 10]. For these measurements, cylindrical samples with a length of 0.03 m
and a diameter of 0.005 m were made from synthesized ingots. The measurements were carried out in a direction
perpendicular to the layers. The relative measurement error was 0.5%.

RESULTS AND DISCUSSION

The X-ray pattern ofTlGaS,recorded at offset angle 26 in the range of 0- 90°, is depicted in Figure 1a). Analysis of
the intensities of X-ray reflections shows the presence of a predominant direction in the crystal, as well as that the investigated
sample consists of a single phase. It is evident that the diffraction peaks in the control pattern of the sample appeared at
20 = 24.35°,36.15° and 48.45°. These peaks are associated with the (400), (—422) and (215)planes, respectively.
Diffraction patterns recorded from different areas of single crystals corresponded to the monoclinic syngony. The unit cell
parameter calculated by the least squares method for the reflections isa = 10.299 4, b = 10.284 4, ¢ = 15.175 4,
B = 99.603°, agreeing satisfactorily with the results of [11, 12].

=
‘c
3 30004
o
—
8 2000+
2
g 1000 1
£ ] | | g
0 10 20 30 40 50 60 70 80 90
20 (Degree)

wmn/cex/sB

(=]

Figure 1. a) X-ray diffraction pattern of the TIGaS, crystal; b) microanalysis of the crystal surface
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Quantitative X-ray microanalysis determined the phase composition and distribution of chemical elements on the
surface of the investigated sample (Fig. 1b). Analysis of the obtained results shows the homogeneity of the surface, but
with a change in stoichiometry within the homogeneity region T1lGaS,towards the excess of thallium.

The results of microprobe X-ray spectral analysis showed that the content of elements in the grown single crystals
corresponds to the formula - [T1] : [Ga]: [S] = 1: 1: 2.

A two-dimensional image of TlGaS,single crystals obtained by magnifying a relatively homogeneous surface area
5-10% x 5 - 103nm in an atomic force microscope is presented in Fig. 2. a). Fig. 2.b). shows a volumetric description of
a part with a relatively uniform relief on the surface of this single crystal. As is clear from the figure, the surface of TlGaS,
single crystal is quite homogeneous and smooth.

Although the TlGaS$, single crystal is a layered crystal, certain irregularities are observed on the natural fracture
surface. Analysis of the histogram of the atomic force microscope image shows that the natural surface of the TlGasS,
single crystal is varied in a uniform arrangement of 25 nm. The average grain size is 55 nm. The observed certain
roughness in the boundary layer is most likely associated with the presence of weak van der Waals forces between the
layers. In the process of separation, groups of atoms, rather than individual atoms, remain on the crystal surface [13].
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Figure 2. 2D (a) and 3D (b) images of TlGaS, single crystal surface

The measurement results of the coefficient of linear thermal expansion (CLTE) are presented in Fig. 3. Analysis
of the obtained results demonstrates that a;, in the temperature range 80 — 220 K increases sharply from 3.8 - 1076 to
9.9-107°K 1, and above (260 — 300 K)the growth of @, slows down and depends weakly on temperature, and with
further temperature increase remains almost constant. This behavior of «;, is probably related to the change in the degree
of anharmonicity of thermal vibrations of atoms in single crystals of the ternary compound TlGasS,.
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Figure 3. Temperature dependence of the coefficient of thermal expansion of TIGaS,

The CLTE of solids is due to the anharmonicity of the resulting interaction potential of atoms in the crystal lattice.
The CLTE is known to be directly proportional to the anharmonicity coefficient [14,15]. Therefore, a sharp increase in
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CLTE in the temperature range 80 — 220K and a slight change in its relatively high temperatures is caused by a change
in the coefficient of anharmonicity of thermal atomic vibrations in the crystal lattice. Since at low temperatures, the degree
of temperature dependence of the vibration coefficient in the TlGaS, lattice is greater than that at relatively high
temperatures. The Gruneisen constant, which is a measure of the anharmonicity of atomic vibrations, decreases with
increasing temperature, and starting at a temperature of ~280 K, it practically remains constant [16].

The isothermal compressibility measurement results of TlGaS, in the temperature range of 80 — 400 K are
presented in Fig. 4. It is evident from the figure that in the entire investigated temperature range, the isothermal

2 2
compressibility coefficient yr increases slightly from 6.4 - 10712 mT t0 6.9 - 10712 mT as the temperature increases.
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Figure 4. Temperature dependence of the isothermal compressibility coefficient of TIGaS,

A comparison of CLTE and isothermal compressibility shows that changes in CLTE are considerably larger in
magnitude than changes in the isothermal compressibility coefficient. In the temperature range 80-400 K, the increase in
the isothermal compression coefficient is 8%, and in this range an increase in CLTE of more than 3 times is observed.
This significant change of CTLE in the investigated temperature range in comparison with isothermal compressibility is
associated with the fact that thermal expansion also changes the amplitude of vibrations of atoms in the crystal lattice,
which in turn leads to isothermal compressibility.

It is apparent from Figures 3 and 4 that no anomalies are noticed in the temperature dependences of the coefficient
of linear thermal expansion and isothermal compressibility in the analyzed temperature range. This confirms that no phase
transformations are present in the indicated temperature range.

As is known, a number of physical properties of crystalline bodies depend greatly on the value of the interaction
energy between the atoms and molecules that make up it. As the temperature increases, the vibrational motion of the
atoms that make up the crystal lattice also increases, and this, in turn, leads to an increase in the energy of the lattice as a
whole. Based on the existing theoretical models, the average energy of the crystal can be calculated with the help of
thermodynamic parameters [17].

9 6
W = 2Nk +3koNTD (2). (1)

Here, W, = ZN ko0 - is the energy of the zero-point oscillations of the lattice, 0 - Debye temperature, N - is the

Avogadro number, k,- is the Boltzmann constant, T - is the absolute temperature, and D(6/7) - is the Debye function. The
value of the Debye temperature is determined from the expression

_ hvmax
0 == 2

Here 4 — Planck's constant, vy — is the maximum frequency of thermal oscillations of atoms. The value of this frequency

1 (B
Vmax = g\/%’ 3)

is determined from the expression. Here S - is the coefficient of the harmonic oscillation limits, m — is the mass of the
atom. The value of £ can be determined using values of Young's modulus (E) and lattice parameter a, [18]. In this case
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B = (4)

F-—pAa, (5)

equations are used.

In the existing literature, the values of E, f and v,,,, have been reported for solids that crystallize in the cubic
structure. As a result of the calculations, a value of approximately 10'*> Hz was obtained for the v,,,, value, as shown in
Einstein's theory. It is interesting from both theoretical and practical point of view how useful these expressions are for
complex semiconductor compounds.

In this study, using the values of the Debye characteristic temperature (6p) and Young's modulus (E) calculated
based on the experimental values of the thermal expansion coefficient for the TIGaS, semiconductor compound, the
energy of the zero-point oscillations of the crystal lattice and the values of the average energy of the lattice as a whole
were determined. The Debye characteristic temperature and Young's modulus values were calculated using existing
empirical formulas [19, 20].

19.37
O = Tavera (©)
and
1.6818:103VE
O = —iapirs ™

Here, the value of Young's modulus is given in units of 10 kg/cm?. M - molecular weight, p - density, A - root
mean square atomic mass, ¥ - molar volume, a - coefficient of linear thermal expansion.

It should be noted that the values of 8, and E calculated from these expressions depend on the temperature according
to the change of the value of a.

Since the Debye approximation is used in the reported formula (1), the maximum value of E was taken to find the
value of 6. In this case, the calculated zero-point energy for the crystal lattice can be taken as constant. Thus, the average
energy of the lattice and its temperature dependence were determined by adding the temperature and the Debye function
to this energy each time.

The values of a, D(g), W for the T1GaS; compound given in the Table 1. The value of the D(?)— Debye function
corresponding to different temperatures is taken from the literature [20].

Table 1. Thermodynamic parameters and values of Debye function of T1GaS,

(1,10_6 0 Wo, W,

T.K 1/K D(F) J/mol J/mol O, K
80 3.85 0.521 1972.71 3009.37 325
90 4.29 0.549 1972.71 3206.24 319
100 4.75 0.590 1972.71 344298 302
120 5.24 0.651 1972.71 3916.46 276
140 6.42 0.680 1972.71 4345.07 267
160 6.92 0.725 1972.71 4863.42 258
180 7.28 0.765 1972.71 5404.18 243
200 8.21 0.770 1972.71 5810.36 228
220 9.57 0.812 1972.71 6424.41 225
240 9.76 0.835 1972.71 6966.65 222
260 9.89 0.840 1972.71 7415.22 218
280 10.83 0.848 1972.71 7896.68 215
300 10.86 0.854 1972.71 8352.21 212

As can be seen from the table, with the increase in temperature, both the Debye function, but also the average energy
of the lattice increases. These increases can be attributed to the anharmonic oscillation of atoms in the crystal lattice.

To confirm this idea, the ratio of the coefficient (y) characterizing the degree of anharmonicity of oscillations to the
square of the coefficient characterizing the degree of harmonicity (B?) for the TIGaS, compound was calculated and
presented in the table (Table 2). For this purpose, the formula given in the literature was used [21].

o= Yo
af?

Here, a is the thermal linear expansion coefficient, k is the Boltzmann constant, and o is the lattice parameter.
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Table 2. Temperature dependence of the degree of anharmonicity of T1GaS,

T.K 80 90 100 120 140 160 180 200 220 240 260 280 300

Y _
B—Z.107N 112873 | 31.18 | 34.53 | 38.09 | 46.67 | 50.31 | 52.92 | 62.95 | 66.57 | 70.95 | 72.17 | 76.73 | 78.95

As can be seen from the table, the ratio % increases with the increase in temperature. This suggests that the value of

the coefficient of thermal expansion is a function D (g)and the values of the average energy of the lattice depend on the
degree of anharmonic oscillation of atoms.
CONCLUSION

The morphology of natural fracture surfaces of layered TlGaS, single crystals grown by the Bridgman method has
been investigated. Analysis of the data obtained on a scanning probe microscope has revealed that the root mean square
roughness of the film surface is 25 nm, and the average grain size is 55 nm. Temperature dependences of the coefficient
of linear thermal expansion and isothermal compressibility exhibit no anomalies, showing that there is no phase transition
in the investigated temperature range (80 — 400 K). By calculations based on the experimental values of CLTE, the
characteristic Debye temperature decreases with increasing temperature, whereas the value of the average lattice energy
and the Debye function increase. It has been shown that these increases are determined by the anharmonicity of vibrations
of the atoms of the crystal lattice.
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EHEPT'ISI TEIIOBUX KOJIUBAHb KPUCTAJITYHOI TPATKH B HAINIBIPOBITHUKOBIN CITIOJIYIII TIGaS:
Kamana M. T'yceiinoBa?®, ®yax A. Mamenos?, Aiinyp A. lagiea™c, Bycana 1. Eminosa®%¢, SIranaip I. ['yceiinos!
4Cymeaimcovkuil oepoicasnuti ynisepcumem, Cymeaim, Azepbatiocan
b A3epbationcancoruii Oepaucasnuil yuieepcumem nagpmu ma npomucroéocmi, baxy, Asepbaiioxcan
“Xazapcokuil ynisepcumem, baky, Azepoaiioscan
Minicmepcmeo nayxu i oceimu Asepbatioscancoxoi Pecnybixu, Incmumym isuxu, Baxy, Azepbaiiocan
c@panyysvro-Azepbaiioxcancokuii ynieepcumem (UFAZ) npu Azepbatiosicarncokomy 0eparcagnomy yHisepcumemi nagpmu ma
npomuciosocmi, baxy, Azepbaiiodxcan
TAzepbaiiocancoruii depoaicasnuti nedazoziunuil ynieepcumem, baxy, Azepbaiiosican
VY crarTi HaBeACHO Pe3yJbTaTH JOCIIKCHHS TEMIICPATYPHOI 3aJIeKHOCTI KOCOIIi€HTIB TEIMJIOBOIO PO3IIMPEHHS Ta 130TEPMIUHOT
crucnuBocti motpiitHoi cronyku TlGaS:. ¥V pocmimkyBaHomy mianasoni temmeparyp (80-400 K) anomaniii TemmepaTypHHX
3aJIe)KHOCTI KX BJIACTHBOCTEH He BusiB/IeHO. KoedilieHT TeroBoro po3mnpeHHs HamiBIpoBiaHukoBoi coxyku T1GaS: pozpaxoBaHo
Ha OCHOBi eMIIipu4HUX (OpPMYIJI, BKIIOYa0un Temrepatypy Jebas ta ¢ynkumii [ebas, a Takok po3paxoBaHO CEPEIHIO CHEPTiI0
KPHUCTAIIYHOI PEIIiTKH Ta i TeMIepaTypHy 3aJeKHICTh SKi HaBeleHi B TaOmuimi. [lokazaHo, 0 eHepris KPHUCTATIYHOI PElIiTKA

3aJIeXKUTh BiJl CTYHEHS aHTapMOHIHHOCTI KOJIMBAHb.
Ku11040Bi c10Ba: HanienpogioHuk,; meniose poutupenHs; meniogi KOIUeAaHHs, KpUCMAaniyHa peuimka,; memnepamypa Jlebas,; Mmooy
IOnea; aneapmoniunicmo





