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Abstract: The aim of this study is to investigate the effect of gamma irradiation on the hopping conductivity
parameters of the TlIngoSe1sGao1Teo2 compound. The DC conductivity of this solid solution was studied
in the 100-300 K temperature range before and after gamma irradiation (250 kGy). The temperature
intervals associated with localized-state conduction were identified for both conditions. Within the Mott
model, the hopping conductivity parameters were determined for both unirradiated and irradiated samples.
Irradiation increases the density of localized states (Ng) and trap concentration (N;) near the Fermi level
while reducing the energy difference (4£) and hopping length (R). Irradiation at 250 kGy was found to
broaden this temperature range, which is attributed to the formation of radiation-induced defects.
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1. Introduction

Semiconductor materials belonging to the A"B"C,"' family are highly suitable for
practical applications, attracting considerable research interest due to their highly anisotropic
crystal structure and lattice instability under external influences. These materials are promising
candidates for the fabrication of photoelectric converters, voltage-measuring devices, and X-ray
and neutron radiation detectors [1-4]. Among these, the chain-structured compounds TlInSe; and
TIGaTe; crystallize in the tetragonal system with lattice parameters of a = 8.075 A and ¢ = 6.847
A for TlInSe,, and a = 8.420 A and ¢ = 6.865 A for TIGaTe, [5-10].

In recent years, the ternary chain-structured semiconductor crystals TlIinSe, and TlIGaTe>
have been the subject of extensive research. In previous studies [11-15], the authors investigated
the temperature dependences of the electrical conductivity o(T) and dielectric permittivity £(T) in
TlInSe, and TIGaTe: crystals. The existence of transformation and memory effects, superionic
conductivity, and giant dielectric relaxation has been demonstrated, and complex impedance
spectra have been analyzed. It has been shown that the electrical properties of TlInSe; and TIGaTe;
in the ionic conductivity region are determined by the hopping of thallium ions, and the frequency
dependences of the real and imaginary parts of conductivity have been studied. Beyond their
significant scientific interest due to structural features, highly anisotropic crystal structure, and
lattice instability under external influences, A"'B"'C," family crystals are also promising
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materials for the development of photoelectric converters, strain gauges, and detectors [16-20].
Sheleg et al. investigated the conductivity and temperature dependence of TlInSe; and TlGaTe>
single crystals under alternating electric fields [10]. A sequence of phase transitions has been
observed in the low-temperature region of TlInSe; and TIGaTe,. The expansion of this class of
semiconductor materials, as well as the modification and control of their physical parameters, has
been a key focus of research in recent years.

In [11], the electrical and photoelectric properties of TlInSez single crystals—considered
promising for X-ray dosimetry - as well as the effects of lithium-ion intercalation on these crystals
were investigated. In [12], the effects of Ag, Cu, and Au dopants on the electrical properties of
TlInSe> single crystals were studied. In recent years, considerable attention has been devoted to
exploring anion—anion and anion—cation substitution in ternary compounds and to the systematic
investigation of the properties of the resulting solid solutions [17-25]. It is of interest to study the
physical properties of anion—cation substitution solid solutions formed on the basis of the
tetragonal structure of semiconductor compounds such as TlInSe, and TlGaTex.

In [26], the authors prepared alloys of the TlInSe>-TIGaTe, system and carried out a
comprehensive study of their physicochemical properties. It has been shown that the system
exhibits a quasi-binary eutectic phase diagram, in which the components have limited solid-state
solubility: the solubility of TIGaTez in TlInSe; is 30.0 mol%, while the solubility of TlInSe> in
TIGaTe; is 25.0 mol%. The eutectic point in the system occurs at 55.0 mol% TIGaTe; and 973 K
[26-30].

In [31-37], the authors investigated the temperature dependence of the electrical
conductivity of Tl-based compounds in the temperature range of 100-300 K and found that charge
transport in a constant electric field occurs via hopping conduction with a variable hopping length
along localized states near the Fermi level. The parameters of transient conductivity were
calculated, their variation with concentration was determined, and additional factors contributing
to the localization of energy states in solid solutions were also considered.

This study investigates the conductivity properties of Tlino.sSe18Gao.1Teo.2 solid solutions
within the 90-300 K temperature range to evaluate the effects of a 250 kGy gamma-ray dose.

2. Crystal Growth and Experimental Methods

TlInooSe18Gao.1Teo2 compound was synthesized using a two-temperature method from
high-purity elemental components (Tl 99.999%, In 99.9999%, Se 99.99%, Ga 99.999%,
Te 99.99%). The synthesis was carried out in quartz ampoules purified to 102 Pa by direct alloys
of constituent elements taken in stoichiometric amounts corresponding to the required solid
solution composition. The completeness of the synthesis, the homogeneity of the resulting
composition, and its properties were monitored using differential thermal analysis and X-ray phase
analysis (DTA and X-ray analysis). The synthesized ingots were crushed into powder, loaded into
quartz ampoules, evacuated, and sealed. The ampoules were subsequently placed in a vertical two-
zone furnace with independently controlled temperature zones for single-crystal growth by the
Bridgman method. During the growth process, the ampoule was moved through the temperature
gradient zone at a rate of 0.15 mm/h. Homogenization of the resulting solid solutions was achieved
by cooling to 700 K in the lower zone of the furnace, after which the furnace was turned off and
allowed to cool to room temperature.

Samples of the TlInooSe1.8Gao.1Teo. solid solutions were synthesized from the constituent
elements taken in stoichiometric ratios in purified quartz ampoules. Single crystals were grown
using a modified Bridgman method. Freshly cleaved samples prepared for the study, with the
crystallographic c-axis oriented in the cleavage plane, had a rectangular shape and a thickness of
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approximately 0.5 mm. Silver contacts were applied to the samples, and their ohmic behavior was
verified prior to each measurement.

Electrical conductivity measurements were carried out using a digital immittance meter
(E7-25). The measurements were performed in a nitrogen cryostat under quasi-stationary
continuous heating (cooling) conditions at a rate of approximately 0.1 K/min, employing the four-
probe method. The samples were cut perpendicular to the tetragonal c-axis. Irradiation was
conducted at room temperature using a Co® source.

3. Results and discussion

In the present study, the DC conductivity properties of the TlingoSe1sGao.1Teo2 solid
solution, irradiated with gamma quanta at initial and various doses, were investigated over the
temperature range of 110-300 K.

Figure 1 presents the temperature dependences of the electrical conductivity of the
TlInoeSe18Gao.1 Teo.2 solid solution in the unirradiated state and after gamma irradiation at a dose
of 250 kGy over the temperature range of 110-300 K. As can be seen, the electrical conductivity
increases with increasing irradiation dose in this compound.

As can be seen from Figure 1, the o(T) dependence exhibits an exponential character in the
temperature ranges of 151-221 K (0 kGy) and 143-237 K (250 kGy). In this region, electrical
conduction is dominated by thermally activated charge carriers in the allowed band [35-38]. This
behavior of steady-state conductivity at low temperatures suggests that charge transport in the
studied samples within the temperature range of 139-241 K occurs via hopping conduction with
variable hopping lengths along localized states near the Fermi level [39-43]. The hopping
conduction mechanism is characterized by low mobility of charge carriers, since hopping occurs
due to weak overlap of the wave-function tails of adjacent acceptor levels [42].

18

16 }
g2 14 $ —— unirradiated
L]
7 12 E —— 250 KGy
= 10 }
* 8}
b 6}

Eq !

21

|:| 1

2 4 6 8 10
1000/ T, K-

Fig. 1. Temperature dependences of the electrical conductivity of the TlIngeSeisGaogiTeo2 compound
irradiated with gamma quanta at different doses: 1 — 0 kGy, 2 — 250 kGy.
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Fig. 2. Dependence of Inc on T™'* within the Mott approximation. 1 — 0 kGy, 2 — 250 kGy.

This conclusion is further supported by the linear dependence of Ine on T-*4[36-43]. Figure
2 presents the Ino versus T~ dependence in Mott coordinates for the studied solid solutions in
the temperature range 139 < T < 241 K. As can be seen, this dependence is linear in the given
temperature interval.

In this case, the electrical conductivity is described by the well-known Mott relation [42,
43], assuming that the frequency of the measuring field is negligible compared to the phonon

frequencies (=10*2 Hz).
TV B
o (4] ity o

where Nr — is the density of localized states at the Fermi level, a — is the localization radius of
states near the Fermi level, k —is the Boltzmann constant, and £ — is a numerical constant dependent
on the dimensionality of the system.

The density of localized states (Nr) near the Fermi level can be estimated using the
following formula.

16
N =@ ()

When calculating the Nr value, which represents the density of localized states near the Fermi
level, a localization radius of the solid solutions of a = 30 A and a phonon frequency vpr =102 Hz
were used [36-43].

Within the framework of the considered model, the average hopping length of charge
carriers between localized states near the Fermi level at a given temperature T is given by the
following formula:

R=2a (5)1/4 3)
8 T

It can be seen from this formula that the value of the parameter R increases with decreasing
temperature. In this case, the localized energy levels in the forbidden gap become depleted, and
the main contribution to electrical conductivity is provided by the hopping of charge carriers from
individual dopant levels to the conduction band. As a result, the probability of charge carriers
hopping to more distant localization centers that are energetically closer increases, which leads to
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a decrease in the activation energy of hopping. This type of electrical conductivity is also referred
to as conduction with monotonically decreasing hopping activation energy.

AE - The width of the optimal energy band near the Fermi level, which effectively
encompasses the entire energy range of electrical transport at a given temperature, is determined
by the following relationship: AE = 3/4nR3NE.

For the studied solid solution, the concentration of traps responsible for the electrical
transport via localized states near the Fermi level was determined using the following formula:
Nt = Nr4E

The density of localized states (Nr), the concentration of deep traps (Ny), the energy width
of localized states (4E), and the hopping length (R) were calculated within the Mott approximation
for TlIno.oSe1.8Gao.1 Teo.2 compounds before irradiation and after irradiation at different doses. The
calculated values as a function of irradiation dose are presented in Table 1.

Table 1
Calculated parameters of electrical conductivity for TlingeSe1sGao.1Teo2 compound within the
Mott approximation at 225 K.

D (kGy) Nk (eV t-cm™) R(A) AE (meV) | Ni(cm™®)
0 4.43-10Y 182 88 3.89-101°
250 6.21-107 167 80 49610

4. Conclusion

The DC conductivity of TlIno.eSe1.8Gao.1Teo.2 compound, irradiated with gamma quanta at
a dose of 250 kGy, was studied in the temperature range of 100-300 K. The temperature ranges of
conductivity were determined under local conditions before and after radiation exposure. It was
shown that the temperature range of hopping conductivity expands with increasing radiation dose,
from 151-221 K at 0 kGy to 143-237 K at 250 kGy. Within the framework of the Mott model, the
parameters of hopping conductivity were calculated for both the unirradiated and irradiated
samples. It was found that irradiation leads to an increase in the density of localized states (NF)
and the concentration of traps (Nt) near the Fermi level, whereas the energy difference (4E) and
hopping length (R) decrease. The experimental results obtained are attributed to the formation of
radiation-induced defects.
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BJIUAHUE TAMMA-OBJYYEHUSA HA TPOBOJJUMOCTD ITIOCTOAHHOI'O TOKA
TlInosSe18Gao1Teo2 B PEXXKUME JIOKAJTU30BAHHBIX COCTOSIHUI

H.A. Anuesa, P.M. CapaapJasl, P.A. Mammanos, A.A. PacyJioBa,
I'.2. Mamenosa, ®.T. Caamanos

Pe3tome: 1enbro pabOTHI SBISETCS HCCIICIOBAHHUE BIMSHUS TaMMa-00Jy4eH s Ha ITapaMeTphbl IPBDKKOBOM
nposogumocty coenuHeHus TlIng.oSe1sGao1Teo2. DIEKTPONPOBOJHOCTE MOCTOSIHHOTO TOKAa JTAHHOTO
TBEP/OT0 pacTBOpa u3yvanack B mHTEepBase temmeparyp 100-300 K 1o 1 mocie raMma-o0ryueHus ¢ 10301
250 xI'p. beum ompexmeneHsl TemrepaTypHble OOJACTH, COOTBETCTBYIOLIME IPOBOAMMOCTH Uepe3
JIOKaJIM30BaHHBIE COCTOSIHUS, KaK JUIsi MCXOJHBIX, TaKk U JUIs OOJydeHHBIX 00pasioB. B pamkax mojenu
MortTa paccuuTaHbl TApaMeTPhbl IPHDKKOBOI MPOBOAUMOCTH. Y CTAHOBJICHO, YTO 00y4YeHHE TPUBOJIHUT K
YBEJTMUEHHIO TNIOTHOCTH JIOKaTM30BaHHBIX cocTOsIHUHN (NF) 1 KoHIeHTpamu JoBymek (Ny) BOJIN3u ypoBHS
Depmu, a TaKkKe K YMEHBIICHHUIO 3HepreTrdeckoro urepsaia (AE) u anunst npeokka (R). [lokazano, uro
ob0myuerne no3or 250 kI'p pacmmpsier TemmepaTypHBIH AWana3oH MNPBDKKOBOW MPOBOAWMOCTH, YTO
CBsI3aHO C 00pa30BaHUEM PaJAHALMOHHO-UHAYIUPOBAHHBIX 1e(HEKTOB.

Knrwoueswie cnosa: DC npoBoaguMocTb, TBEPIBINA pacTBOp, raMMa-o0Iy4deHue, IPbDKKOBAs IPOBOANMOCTb.
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TlIno.sSe18Gao1Teo2 BIRLOSMOSINDD LOKALLASMIS HALLAR REJIMINDO
QAMMA SUALANMASININ DC KECIRICILIYIN® TOSIRI

N.9. 9liyeva, R.M. Sardarh, R.A. Moammadov, A.9. Rasulova,
G.E. Mommadova, F.T. Salmanov

Xiilasa: Bu todqigatin moqsadi TlInoeSe1sGaoiTeo, birlosmasinds qamma siialanmanin  sigrayish
kegiricilik parametrloring tosirini arasdirmaqdir. Bu bark mahlulun DC kegiriciliyi 100-300 K temperatur
intervalinda stialanmadan avval vo 250 kQr dozada qamma siialanmadan sonra dyronilmisdir. Hor iki hal
tglin lokallagmis hallar tizro kegiriciliyo uygun temperatur saholori miioyyon edilmigdir. Mott modeli
corgivasinda hom siialanmamuis, hom do siialanmis niimunolor {iglin sigrayish kegiricilik parametrlori
hesablanmigdir. Miioyyan edilmisdir ki, siialanma Fermi soviyyasi yaxinliginda lokallagsmis hallarin
sixligini (Ng) vo talolorin konsentrasiyasini (Ny) artirir, eyni zamanda enerji forqini (AE) vo tullanma
uzunlugunu (R) azaldir. 250 kQr dozasinda giialanmanin bu temperatur intervalimi genislondirdiyi
gOstarilmisdir ki, bu da radiasiya ila induksiya olunmus defektlorin yaranmasi ila izah olunur.

Agar sézlar: DC kegiriciliyi, bark mahlul, gamma siialanma, sigrayish kegiricilik.
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