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Hopping conductivity in Tl,,In.,Si,Se, single crystals

The temperature dependence of the electrical conductivity in single crystals Tl;,In;,Si,Se, (x = 0,1; x = 0,2) is
investigated between the temperatures 77 and 300 K. It was found, that variable-range hopping conductivity over
localized states near Fermi level takes place in titled solid solutions in the temperature range 125-215 K. The thermal
activation energy of hopping is estimated to be ~ 0,24 eV and 0,22 eV for x = 0,1 and 0.2 respectively. At T <125 K
the non-activated hopping conductivity along crystal layers is observed.
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Introduction. Thallium-containing ternary compounds TIB"'CY', (B=In, Ga, C=S, Se, Te) have
pronounced layered-chain structure. They have anisotropy of physical properties due to high mobility of
carriers intra the layers. Inter the layers mobility is limited. As a consequence carriers have different
effective masses determined by correspond anisotropy of chemical bonds.

The structure and physical properties of ternary chalcogenide compound TlInSe, are described in
[12—15; 17-20; 22]. Electric and photoelectric properties, that stipulate use of these compounds as materials
for detectors of X-ray irradiation are reported in [16]. In [4; 23] the influence of Ag, Cu, Au Eu, Sm, Yb
impurities on electric properties of TlInSe, has been investigated. The temperature dependences of per-
mittivity and conductivity of TlInSe, and TIGaTe, single crystals in ac electrical fields are presented in [3].

Interest to the compounds TIB"'CY', (B=In, Ga, C=S, Se, Te) is caused by possibility of their appli-
cations in optoelectronic devices [2; 3; 8]. Based on TlInTe, and their structural analog TlInSe, low-inertial
photoresistors, detectors of X-ray irradiation are created. To extend the operation opportunities of physical
properties for the titled crystals promising is to study the possibility of the cationic substitution for the
crystals TlInSe, and to investigate relevant solid solutions.

The goal of this work is to study electrical properties of TlInSe,—SiSe, solid solution and to define the
conductivity mechanism in these crystals on dc.

Experimental. Crystals, grown by the method, described in [21], had layered structure, were homo-
genous and had very close parameters. For optical measurements samples were cleaved from the middle of
the crystalline ingot along the cleavage plane. The studied samples had a form of parallelepipeds. The
Ohmic contacts were applied by melt of indium on the opposite faces of the samples.

The studies of the temperature dependences of specific dark conductivity was performed using cryostat
with Utrex thermoregulation. The temperature varied from77 to 300 K with stabilization +0,1 K.

Basic results and discussion. The single crystals Tl 4In;,Si,Se, (x = 0,1; 0,2) are p-type semicon-
ductors. Stoichiometric cation vacances which are situated in the down part of the forbidden gap are of
acceptor type. They cause a hole type of conductivity which is typical for different kind of complex
chalcogenides. Conductive type does not change with increasing x because the concentration of the Si
decants is less than the concentration of the stoichiometric vacancies and other structural defects.

The temperature dependence of specific dark electroconductivity o(T) for the Tl,,In,,Si,Se;at x = 0,1;
0,2 is represented on fig. 1 (a, ). The analysis of the experimental results shows that within the temperature
range 1 (300—240 K and 315-270 K for the samples with x = 0,1 and x = 0,2, respectively), the temperature
dependence can be well described by expression for disordered semiconductors [6]:

a(T)=0, exp[—E—{_‘j M)

where o, is dependent on conductive mechanisms for disordered compounds.
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Calculation of the activation energy from experimental data using an eg. (1) gives values ~ 0,24 eV and
0,22 eV, for x = 0,1 and 0,2; respectively.
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Fig. 1. Temperature dependences of specific dark electroconductivity for the single crystals Tl,,In.,Si,Se,:
a,b-x=01;c,d-x=0,2
Following the Mott criterion [6] the defined value of coefficient g, for this range corresponds to
electroconductivity mechanisms due to excitation of carriers from the levels near E to the localized states,

which are situated in the tails of the valence band (for p-type semiconductors). In temperature region Il
(fig. 1 a, c) the activation energy continuously decreases with decreasing temperature to ~ 120 K.

Fig. 1 (b, d) represents conductivity values in this field, rebuilt in the coordinates In(a)—T*”“. The
temperature dependences are fitted by straights, so the conductivity can be described by the known Mott
ratio [6]:

o~ exp [—(T0 /T)MJ. )
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This suggests that a charge transfer is carried out by means of hopping conduction carriers over
localized states in a narrow band of energies near the Fermi level. At low temperatures the freezing out of
doped carriers in the permitted area leads to the fact that the largest contribution to the conductivity is made
by jumps of the carriers over localized impurity states without activation into permitted zone.

According to hopping conduction mechanism charge carriers make their jumps through a weak overlap
tail part of the wave functions of neighbouring acceptors. Therefore this mechanism is characterized by
extremely low mobility. But hopping conductivity exceeds band one for in hopping conduction every hole
located on the acceptor takes part versus exponentially small part of the holes in valence zone [1].

From the steepness In(o) — T™ the magnitude of 7; for electroconductivity along the chains of
Tl.,In.,SikSe, is calculated to be 7,2x10° K and 4,6x10° K for x = 0,1 and 0,2, respectively. According to [6]:
= &3 (3)

Ngka

where k — is Boltzmann constant, a — radius of localization, N — is the density of states near the Fermi
energy level. From ratio (3) we have estimated the density of localized states near Fermi levels: Ng =
3,2x10" eV'cm™ and 5,02x10" eV?'ecm® for x=0,1 and 0,2; respectively. Here we assumed the
localization radius equal to radius of the first coulombic excitons [7]. For the crystals A"'B"'C,"'a = 20 A.

The high value of Ng indicates that we deal with the single crystals with high degree of disorder. The
highly deformed and broken chemical bonds lead to occurrence of acceptor properties. Such defects are
typical for the crystals with layered and chain-like structures [7; 9].

From the ratio [10]:

0

R= g aTYT V4, (4)

one can evaluate the average jump length R for localized states near Fermi level. At T=125K, R=65 A,
and at 7= 215 K R =57 A. So the average lengths of the jumps within the temperature range 125-215 K for
x =0,1is equal to Ry =61 A. Forx =02R=58 A at T=130 K and R=51 A at 7= 210 K. Te average
jump distance for the titled crystals within the temperature range 130-210 K is equal to Rs =55 A.
Assuming the average distances between the localized carrier centers a to be 20 A, one can estimate the
magnitude of R,/a It amounts 3 for x=0,1 and 2,7 for x = 0,2. High value of the ratio Ry/a indicates the
crank localization [6] in single crystals Tl 4In;,Si,Se,.

From [6] we have evaluated at different temperatures the distribution of the localized states for the
titled crystals using following equation:

4?” RN A—ZE =1. (5)

Forx=0,1 AE=53meV and 79 meV at 7= 125 K and 7 = 215 K respectively, for x=0,2 AE = 49 meV
and 70 meV at 7=130 K and 7= 210 K.

In temperature region Il at T <125 K (fig. 1 a, c) the activation energy does not depend on the
temperature. One can infer that along the crystal layers in this temperature range a hopping conduction is
activation-free.

Conclusions. The studied Tl;4In;,Si,Se; single crystals may be considered as crystals with high degree
of disorder. High conductivity over localized states in the band gap is due to the existence of a high
concentration of defect centers. In the temperature range 125-215 K ~ in the studied solid solutions one can
observe a hopping conductivity with variable-length jumps over states localized near the Fermi level. In the
temperature range T < 125 K the conductivity of single crystals is activation-free.

This work was supported by the Ministry of Education and Science of Ukraine (Contract M / 106-2014
0f 06.23.2014) and the state budget theme P/H 0115u 002348.
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3amypyeBa Oxkcana, Muponuyk anuna, Iapacwk Ouer, lllaBapoBa I'anna, Ilickau Jloamuaa. Ctpud-
KOBa NpPoBigHicTh y MoHOKpucTamax Tl ,Iny,SiySe,. JlocmimkeHa TemnepaTypHa 3aJIe)KHICTh TUTOMOT €JIeKTPOIPO-
BigHocTi MoHOKpucTamiB Tli4Iny,Si,Se; (x=0,1; Xx=0,2) B inrepani temneparyp 77-300K. Bcranosineno, 1o B
JOCIIDKYBAaHUX TBEPAMX PO3YHHAX MA€E Miclle CTPHOKOBA IPOBITHICTE 31 3MIHHOIO JTOBKHHOIO CTPHOKA IO CTaHaX, JIO-
KaJli30BaHUX 1003y piBHs Depmi B TemneparypHomy npomikky 125—215 K. Eneprist TepMiuHoi akTHBaLil cCTpHOKiB
ctaroBUTh ~ 0,24 eV 1a 0,22 eV, mna X = 0,1 Ta 0,2 Bignosigno. Ilpu T < 125 K y mocmimKyBaHUX TBEpIUX pPO3UMHAX
Mae Micue Oe3akTuBaliiiHa CTpHOKOBa MPOBIAHICTD Y3/I0BXK LIAPiB KpHCTAaa.

Kuro4uoBi ciioBa: XanpKOTeHITHI TBepi po34nHU, piBeHb DepMi, eHepris akTHBAIii, CTPHOKOBA MPOBIIHICTS,
6e3axTHBalliifHa CTPUOKOBA IIPOBiTHICTB.

3amypyeBa Oxcana, Muponuyk I'anuna, ITapaciok Ouer, lllaBapoBa Anna, IInckau Jlroamuiaa. Ipbik-
KOBasi MPoBOaAUMOCTh B MoHokpucTamiax Tly,In,,Si,Se,. VccnenoBana TemmeparypHas 3aBHCHMOCTD YACIBHON
3NIEKTPONPOBOIHOCTH MOHOKpHCTaIoB Tl1.4In;,Si,Se, (x = 0,1; x = 0,2) B unreppane temneparyp 77-300 K. Vcra-
HOBJICHO, YTO B HCCJIEAYEMbIX TBEPIBIX PACTBOPAX MMEET MECTO HPBDKKOBAsI MPOBOAMMOCTb C MEPEMEHHOM JTMHOM
NIPBDKKA TI0 COCTOSTHHSIM, JIOKAJIM30BaHHBIX BOIM3M ypoBHS DepMu B TemneparypHoi odnactu ~ 125-215 K. Tepmu-
YecKasi SJHEPIHsl aKTHUBAIIUK MPBDKKOB coctarisieT 0,24 eV u 0,22 eV must X = 0,1 u 0,2 coorBerctBenno. [Ipu T < 125 K
UMEET MeCTO Oe3aKTUBALlMOHHAS IIPBDKKOBAs IPOBOJIMMOCTE BJIOJIb CIIOEB KPHUCTAJLIA.
KaioueBble ciioBa: XanbKOTEHWIHBIE TBEPJbIE PACTBOPHI, YpoBeHb DepMu, dHEpPrus akTHBAIMHU, MPHDKKOBAs
IIPOBOANMOCTD, O€3aKTHBAILIMOHHAS IPBDKKOBAs TPOBOAUMOCTD.
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