Journal of Radiation Researches, vol.5, No.2, 2018, Baku

PACS: 71.20.Nr, 72.20.Ee, 72.20.Fr, 72.20.Jv, 72.30.+q

INFLUENCE OF y -RADIATION ON DIRECT AND INDIRECT OPTICAL
TRANSITIONS IN (TIGaSe2)1x(T1InS2)x MIXED CRYSTAL

F.T. Salmanov

Institute of Radiation Problems of ANAS
famin-salmanov@rambler.ru

Abstract: The optical properties of (TIGaSe2)1x(TlInSz2)x solid solutions were performed through
transmission and reflection measurements in the wavelength range of 400 - 1100 nm. Optical indirect and
direct band gap energies of (TIGaSe2):x(TlInS;)x were found by analyzing the absorption data at room
temperature, after y-irradiated 0 - 25 Mrad. Band-gap energies of the studied crystals were estimatedby
means of the derivative spectra of transmittance and photon energy dependence of absorption coefficient.
The compositional dependence of direct band-gap energy at room temperature revealed that y-irradiation
increased in the (T1GaSe,)1.x(TIINS,)x solid solutions, the direct band-gap energy increases approximately
on ~0.04 eV, from D=0 Mrad to D=25 Mrad, the indirect band-gap energy increases approximately on
~0.03-0.1 eV from D=0 Mrad to D=25 Mrad. The observed bands were assigned to the transitions of
electrons from conduction band to the shallow acceptor levels in the band gap.
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1. Introduction

TlGaSe2 and TIInSz is a semiconductor with promising optical and electrical properties,
especially for applications in electronics and optoelectronics. Due to the high mass density,
thallium-containing chalcogenides are promising sources of materials for the detection of hard
radiation. By combining layered chalcogenides, the band gap can be tuned in a wide energy
range (0.6 — 2.4 eV) and the crystal can be prepared in complex stoichiometric and crystal
structures that can be used in photovoltaic. Structures of these types of semiconductors present
anisotropy on account of different bonding of intra- and interlayers. Strong ioniccovalent
bonding occurs within each layer packet while weak van der Waals bonding occurs between the
packets. Thallium dichalcogenides with chemical formula TIMX2 (where M = In or Ga, X =S or
Se) are members of layered crystals and have been previously investigated with regard to optical,
electrical and structural properties. They can be good candidates for application in devices such
as emission modulators, memory switching elements and nonlinear optical transducers [1-7].
Modification of the physical features of these crystals is possible and practicable due to the easy
formation of mixed crystals on their own base.

In TIGaSe, and TlInS> crystals discovering low temperature ferroelectricity, it was found
the incommensurability phase for TlInS, between 200-220 K and 107 - 120 K for TIGaSex.
Incommensurate phase fills the gap between the high temperature paraelectric and low
temperature ferroelectric phases. Investigation of TlGaSe, and TIInS, contributes to better
understanding of the carrier transport, recombination and optical properties.

This crystals crystallize in monoclinic system which at room-temperature belongs to
symmetry group C2/c — C?h. Crystallographic c-axis is slightly tilted from the normal to the
layer plane c-axis and forms the monoclinic angle p= 100.06°. The crystal lattice contains 16
atoms on two adjacent layers [1— 5]. Smaller units of GaSes form tetrahedron with Ga atoms
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placed in the center and Se atoms placed in the corners. These four tetrahedral units form larger
polyhedron GasSeio which is linked by common chalcogenide atoms at the corners connected
with the next one. Four neighboring polyhedral are forming a layer plane.In each successive case
two anionic layers are stacked along the [001] with TI* ions placed between them. Structurally
every succeeding layer is twisted by 90° to each other and forming trigonal prismatic cavities
where Tl atoms lay in straight lines a[110] and b[110] that are parallel to the edges of the
GasSeio groups.

Due to close proximity of the direct and the indirect bandgaps the crystal is often referred
as a mixed direct/indirect bandgap semiconductors. It was found experimentally that direct
bandgap optical transitions are allowed slightly due to low oscillator strength constant.
Theoretical calculations of the TIGaSe, band structure have shown that the top of the valence
bands is composed of Se:4p and TI:6s wave functions, while the bottom of the conduction bands
is composed of Tl:6p, Ga:4s and Se:4s states which showed the slight separation of indirect
bandgap [8,9]. The valence band maximum lies in the I'-point in the Brillouin zone diagram
while the positions of the indirect conduction band valleys have shown controversy. Indirect
minima of the conduction band were found theoretically in various directions between (I'—Y) or
(L-2) lines depending on the calculation approach. According to [9], the indirect and direct
bandgaps are separated energetically only by 90 meV (I'-Y); in [10] estimated a value 100 meV
(I'-Y) separation; in [11] — 50 meV (I'-Y) and Kashida et al. [12] found only 10 meV (L-2)
separation. Only in the method of Ref. [9] the spin orbit coupling was included in the analysis.
Nevertheless, (I'-Y) and (L-Z) indirect conduction valleys are energetically close to one another.
It is well known that theoretical calculations estimate smaller bandgap value E4 comparing to
experimental results. Theoretical mismatch with experiment is of about 200 — 300 meV.

A lot of optical spectroscopy studies have been performed under normal light direction
perpendicularly to the layer plane. It was revealed predominant enhancement of optical
transitions above the indirect bandgap edge. Different simplified approaches were used to extract
the bandgap values where direct bandgap varied E4;=2.08—2.23 eV and indirect bandgap varied
E'¢=1.83-2.13 eV [2 - 12]. However, more likely, it has to do something with involvement of
disorder parameter or with simplified band gap extraction approach in a narrow energy range.

This study presents the results of transmission measurementsat atroom temperature, after
y- irradiated 0—25 Mrad doze, an insight to optical properties of(TIGaSez2)1x(TIInS2)x solid
solutions. The aimed of this work to obtain new knowledge about optical properties, in the bang
gap semiconductors (T1GaSez2)1-x(T1InS2)x solid solutions after y— irradiated.

2. Experimental details

(T1GaSe2)1x(TlINnS2)x solid solutions were grown by using the Bridgman-Stogbarger
method from a stoichiometric compositions of amelt of starting materials.The quartz tube with
reagents is inserted into a thin quartz tube, evacuated and sealed(10°Torr). The tube is
introduced into perpendicular two zone furnace and temperature is increased in careful
controlled manner up to melting temperature of 950° C. Temperature gradient is about 20 K/cm
and hot zone is maintained at 970° C. Melt homogenized for 6—7 hours in the furnace and then
translation initiated at a speed of 1.5mm/hour. When solidification is complete the top and
bottom ends of the slab are removed to dispose segregated impurities. Our samples were selected
from the most pure regions of bulk crystals. Obtained crystals were yellow and dark brown-red
color and had cleavage normal to the c-axis.

The resulting in gots of (T1GaSez)1x(T1InS2)x solid solutions no cracks and voids on the
surface. The chemical compositions of the (TIGaSe2)1.x(TIInS2)x solid solutions were determined
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by using energy dispersive spectroscopic analyses with a JSM-6400 electron microscope.
Thicknesses of the samples used for transmission experiments were in the range of 10—15 mkm.

Optical absorption obtained by unpolarized light transmission in the direction normal to
the layer plane for (T1GaSez)1-x(T1InSz)x solid solutions.

The transmission and the reflection measurements were carried out in the 400 - 1100 nm
wavelength region with a “Shimadzu” UV-1201 model spectrophotometer. The transmission
measurements were done under the normal incidence of light, which is perpendicular to the c-
axis of the crystal. The measured reflectivities were compared with those for a protected silver
mirror. The resolution of the spectro photometer was 5 nm. Researches are executed before and
after y-radiating by quanta energy =1 MeV (1.17 and 1.33 MeV) from %°Co, at room temperature.

3. Results and discussion

The transmittance spectra of the TIGaSe, and T1InS; crystals presents in Figure 1. The
absorption coefficient index o were calculated using the following relations:
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where d is the sample thickness.

30 r 80 r

- 1
25 | 70

20 F
i5 r

10 f

Transmission (%)

Transmission (%)

hv (eV)

Fig. 1. Spectral dependencies of the transmittance for the TIGaSe, and TlInS; crystals at T = 300 Kfor
various doze of y — radiation, the curve 1-0, 2—-1,3-2,4—-5and 5 - 25 Mrad.

Spectral dependencies of the transmittance for the TIGaSe, and TlInS; crystals at T = 300
K for various doze of y - radiation are represente don fig. 1. On fig. 2 are presented doze
dependences of transparency at 1.8 eV. It seems in the field of a transparency of crystals (1.8 eV)
at doses of irradiation 1 and 2 Mrad 5 times decreases (Fig. 2). The further growth of a dose
irradiation to 25 Mrad leads to small restoration transparency of samples.
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Fig. 2. Doze dependence of transmission spectra of (TIGaSe2)1x(TIInSz)x mixed crystalsin the field of a
transparency 1.8 eV at T=300 K.

The reflection measurements were carried out using specimens with natural cleavage
planes and the thicknesses such that ad>>1. Thickness of the samples was reduced until it was
convenient for measuring the transmission spectra and determined through the transmission
interference. We evaluated the thickness of the sample by measuring the wavelengths at which
two adjacent transmission maxima occur

A4
D= 1742
Zn(ﬂ.z - /11)

The long-wavelength values of the refractive index n = 2.79 for TIGaSe2, and n = 2.60for TlInS;
found from the reflection measurements.

An analysis of the experimental data revealed that the absorption coefficient awas
proportional to (hv-Eg)" with n = 2 or 1/2 in two different energy regions. The dependencies of
(ahv)Y? and (ahv)? on the photon energy hv for (TIGaSez)1-x(T1InS2)x solid solutions at T = 300 K
and y — irradiated are presented in Fig. 3 and Fig 4. The experimental data were fitted to a linear
equation(the dashed lines) to find the energy band gaps. Linear dependencies were observed for
the relations (ahv)Y? and (ohv)? versus hv. This implies the realization of the direct and indirect
allowed transitions according to over the ranges2.03-2.38 and1.87 - 2.32 eV for (TIGaSey):-
x(THNS2)x mixed crystals, in the range of dozes 0-25 Mrad (Table 1).
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Fig. 3. The direct absorption spektra for of (ahv)2 versus photon energy for the (TIGaSe2)1x(TlInSz)x solid
solutions at T = 300 K and y — irradiated the curve
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Fig. 4. The indirect absorption spektra for of (ahv)¥? versus photon energy for for the (TIGaSez):
«(THNS2)xmixed crystals at T = 300 K and y-irradiated the curve 1 — x=0; 2 - 0,1; 3-0,2;4 - 0,3;5 -
0,46 -0,6;7-0,7;8-0,8,9-0,9;10-1,0. Fig.a—0; b—-1; c—2; d-5; f— 25 Mrad.
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Fig. 5. The dependences of the direct (a) and indirect (b) band gap versus doze radiation for (TIGaSe;).
«(THNnS2)xmixed crystals: curve 1- x=0; 2— x=0,1; 3— x=0,2;4- x=0,3;5- x=0,4;6— x=0,6;7— x=0,7;8-
x=0,8;9—-x=0,9;10- x=1,0.

Figure 5 presents the variations of direct energy band gaps of (TIGaSe2)1-x(TIInS2)x mixed
crystals. As seen from this figure, the energy band gaps increase with the increasing doze
radiation.

The compositional dependence of direct band gap energy at room temperature revealed
that y-irradiation increased in the (TIGaSe2)1x(T1InSz)x solid solutions, the direct band-gap
energy increases approximately on ~0.04 eV, from D=0 Mrad to D=25 Mrad, the indirect band
gap energy increases approximately on ~0.03-0.1 eV from D=0 Mrad to D=25 Mrad (Table 1).

Table 1. Quantities of direct and indirect band-gap energy versus doze radiation and
concentration (x) for (TIGaSe2)1x(T1InS2)x mixed crystals.

Ego |Esi [Ege |Egi |Ew |Egi [Eg |Egi |Ege | Eg

0 Mrad 1Mrad 2 Mrad 5 Mrad 25 Mrad
TIGaSe; 2,03 1,87 2,04 1,9 2,04 1,91 2,05 1,92 2,07 1,97
(TIGaSe2)oo(TlINS2)01 | 2,07 | 1,98 | 21 2| 211| 201| 217 | 205| 218| 2,06

(TIGaSe2)os(TlINS2)02 | 2,14 | 2,07 | 216 | 208| 215| 209| 222| 21| 22| 208

(TIGaSe2)o.7(THNS2)03 | 2,18 | 2,00 | 219 | 2,12 | 22| 213| 225| 214 | 222| 212

(T1GaSe2)o.s(TIINS2)o4 | 2.2 21| 221 | 219| 2,29 2,2 23| 221| 224] 219

(TIGaSe2)o4(TlNS2)o6 | 2,26 | 2,18 | 2,28 | 222| 231 | 223| 232| 225 23| 2,23

(T1GaSe2)o.3(TlINS2)o7 | 2,27 | 2,19 23| 224| 232| 224| 233| 227| 235| 2,28

(TIGaSe2)o2(TlNS2)os | 2,29 | 226 | 231 | 226| 233 | 227| 234| 229| 236 2,3

(TIGaSe2)o1(THNS2)00 | 2,31 | 2,28 | 232 | 2,29 | 234| 23| 235| 231| 237| 231

TlInS; 232 | 229 | 233 23| 235| 231 | 236 232| 238| 232

4. Conclusions

The transmission and the reflection spectra of (TIGaSez2)1-x(TIINS2)x crystals were
measured over thespectral region of 400 - 1100 nm to derive the absorption coefficient. The
analysis ofthe room temperature absorption data revealed the coexistence of indirect and direct
transitions with energy band gaps ofEgs = 2.03 and Eg =1.87 eV for TIGaSezand Eq¢ = 2.32and
Egi = 2.29 eV for TlIinSxfor D=0Mrad. This date for D=25 Mrad according to Eqq = 2.07 and Eg;
=1.897 eV for TlIGaSez and Eqg = 2.38 and Egi = 2.32 eV for TlInSo.
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BJIMUAHUE y — OBJIYYEHUS HA DHEPI'MM TPAMbBIX U HEIIPAMBIX
ONTUYECKUX INEPEXOA0B B TBEPJABIX PACTBOPAX (TIGaSez2)1x(T1INS2)x

dD.T. CanmaHOB

Pezrome: Ontuueckue cBoiictBa TBepabix pactBopoB (T1GaSer)1x(TlINS)x Obuin wccnenoBaHbl B
cnektpanbHor obmactu 400 - 1100 HM MOCPENCTBOM M3MEPEHUN CIIEKTPOB MPOITYCKAHHUS U OTPAKEHUS.
W3 aHann3a KpUBBIX MOMJIOMICHHS OBUIM ONpEdeNeHbl SHEPTUH MPSAMBIX W HENPSMBIX ONTHYECKUX
NepexooB Ul KpucTauioB TBepabix pacTBopoB (T1GaSez)1x(TlINS2)x npu koMHATHO# TemmepaType.
Wzmepenus npoBeneHs! 10 u mnocie Y —ooayuenus gozamu 0 — 25 Mpag. Jlo30Bast 3aBUCHMOCTb SHEPTUU
NPSAMBIX MEK30HHBIX ONTHYECKMX MEPEXOAOB MPH KOMHATHOW TeMIepaType IMoKa3ajl He3HauUTEIbHbINA
poct — npubau3uTenbHo Ha ~0.04 3B, mpu y — o6nyuenuu go3amu ot 0 10 25 Mpaja. DHepruu HenpsMbIX
ONITUYECKUX TEPEX0JI0B KPUCTAIIOB MCCIIEJOBAHHBIX TBEP/BIX PACTBOPOB BHEIPOCITH MPUOIH3UTEILHO Ha
~0.03-0.1 »B npu obmyuenun mozamu ot 0 go 25 Mpan. HaOmromaembie ONTHYECKHE TMEPEXOIbI
CBSI3BIBAIOTCSI C MEPEXOJaMHU AJIEKTPOHOB M3 30HBI MPOBOJMMOCTH Ha MEJKHE aKIIeNITOPHBIE YPOBHH B
3aIpEeNIEHHOMN 30HE.

Knrouesvie cnosa: T1onynpoBOHUKH, SHEPTHS 3AMPEIICHHONW 30HBI, TIPsAMas U KOCBCHHAsS 3ampelieHHAsN
30Ha, Y-00JIydcHHE.
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(TIGaSe2)1-(TlInS2)x BORK MOHLULLARIN DUZUN®O VO COPINO OPTIK
KECIDLORININ ENERJILORIN® y - SUALARIN TOSIRI

F.T. Salmanov

Xiilasa: (T1GaSe2)1x(TIINS2)x bark mohlullarinin optik xassalori 400-1100 nm spektral oblastda buraxma
va oks olunma spektrlorinin olgmalari ilo todqiq edilmisdir. (T1GaSe2)1x(T1INS2)x bark mohlullarinin udma
spektrlorinin analizindon otaq temperaturunda diiziino vo ¢opino optik kecidlorin enerjilori toyin
olunmusdur. Olgmolor y-radiasiyanin 0-25 Mrad doza intervalinda aparilmisdir. y-radiasiyanin 0-25 Mrad
intervalinda artmasi otaq temperaturunda diiziino optik kecidlorin enerjilorinin giymatlorinds 0,04 eV-a
gadar, ¢apino optik kegidlorinenerjilarinin giymotlorinds iss ~ 0,03-0,1 eV-a qodor zoif artim miisahido
olunmusdur. Miisahido olunan optik kecidlor elektronlaran kegirici zonadan akseptor soviyyeslorina
kegmeosi ils oalagelondirilir.

Acar sozlar: Yarimkeciricilor. gadagan olunmus zona, diizlino vo ¢opina optik kegidlor, y-siialanma
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