Siileyman Demirel Universitesi Fen Edebiyat Fakiiltesi Fen Dergisi E

Stileyman Demirel University Faculty of Arts and Sciences Journal of Science
2017, 12 (1): 30-40

[=]

The Structural and Electronic Properties of TIGa;In,Te; (x=0.00, 0.25, 0.50, 0.75)
Alloys

Ismail YOCEL", Seyfettin CAKMAK?

!Siileyman Demirel University, Graduate School of Natural and Applied Science, Department
of Physics, 32260, Isparta, TURKEY
*Siileyman Demirel University, Faculty of Arts and Sciences, Department of Physics, 32260,
Isparta, TURKEY

*corresponding author e-mail: ismaillyucell@gmail.com

(Received: 16.06.2017, Accepted: 27.07.2017)

Abstract: In this study, the structural and electronic properties of TlGa,_In,Te, alloys have been
investigated using the full potential linearized augmented plane wave (FP-LAPW) method within
the density functional theory (DFT). The TlGa,_In,Te, (x=0.25, 0.50, 0.75) alloys have tetragonal
structure as in TlInTe; and TlGaTe; alloys. We create the crystal structure of these alloys using
the P1 (C}) space group. We found that the value of the lattice parameter a and volume of unit
cell increases with increasing In concentrations. These alloys have characteristics of
semiconductors. Moreover, we show that the band gap energy is dependent on the alloy
composition index x. The calculated band gap energies indicate that all the studied alloys here are
characterized by narrow band-gap semiconductors. The finding of this study motivates further
future studies for concerning quaternary T1Ga;_In,Te, for x=0.25, 0.50 and 0.75 alloys.
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TIGa;«In,Te; (x=0.00, 0.25, 0.50, 0.75) Alasimlarinin Yapisal ve Elektronik
Ozellikleri

Ozet: Bu calismada, yogunluk fonksiyonel teorisi dahilinde lineer genisletilmis diizlem dalga
metodu kullanilarak T1Ga,_In,Te, alagimlarinin yapisal ve elektronik 6zellikleri incelendi. T1Ga,;.
IngTe, (x=0.25, 0.50, 0.75) alasimlari, TlInTe, ve TlGaTe, alasimlar1 gibi tetragonal yapiya
sahiptir. Alasimlarm Kristal yapilart P1 (C]) uzay grubu kullanilarak elde edildi. Yapisal
hesaplamalardan, birim hiicre igerisindeki In konsantrasyonunun artisi ile 6rgii parametresi a ve
birim hiicre hacminin arttig1 tespit edildi. Incelenen alagimlarin, elektronik band yap1 ve durum
yogunlugu hesaplamalarindan, yariiletken 6zellik sergiledigini bulundu. Ayrica, alasimlarin
yasak band enerjisinin, X konsantrasyonuna bagl olarak degistigi tespit edildi. Hesaplanan yasak
band enerjileri, alagimlarin dar band aralikli yariiletken oldugunu gostermektedir. Bu ¢alismanin
bulgular1 dortli T1Ga,<In Te, (x=0.25, 0.50, 0.75) alagimlar ile ilgilenen arastirmacilar igin iyi
bir referans ¢aligma olacaktir.

Anahtar kelimeler: DFT Metot, Yapisal Ozellikler, Elektronik Ozellikler.

1. Introduction

The family of compounds identified with the chemical formula TIXY; (X =1In, Ga and Y
=S, Se, Te) is known as thallium dichalcogenides [1—4]. The structural, electrical and
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photoelectric properties of thallium-based semiconductors have been investigated in
previous studies [5-9]. The ternary alloy TlInTe, and TlGaTe, have partially chain-like
crystal structure. The space group of TlInTe; alloy, exactly the same as TISe alloy, is D}5
(I4/mcm). There are four selenium ions around the indium trivalent ions (In*") they form
negatively charged chains (In>*-Te*) along the tetragonal z-axis. There are both covalent
and ionic bonds between the atoms forming the chains, where covalent bonds are
relatively stronger than ionic bonds [10]. The electrothermal properties of TlInTe, and
TlGaTe; alloys have been studied experimentally in Ref [11]. The band gap energy of
TlGaTe; is reported as 0.84 eV from experimental study [12]. The quaternary TIGa,.
«IngTe, (x=0.25, 0.50, 0.75) alloys can be formed from the substitution of In and Ga atoms
in TlInTe; crystal structure. In this paper, the electronic properties of ternary TlInTe,,
TlGaTe, and quaternary T1Gag 75Ing25Tea, T1Gag solng soTea, TIGag2sIng 75Te, alloys are
investigated the using the FP-LAPW method [13] within the DFT [14].

2. Material and Method

The calculations of alloys were performed using WIEN2k software package [15-17]
within the framework of DFT. The required ground state of lattice parameters for the
cases x=0.00, 0.25, 0.50, 0.75, 1.00 are obtained by fitting experimental lattice parameters
[18]. We set the cut-off energy for separating core from valance states to -6 Ry. The
exchange correlation energy are treated with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approach (GGA) [19]. In order to improve band gap calculations and
electronic structures, we used Tran-Blaha modification of the Beckee-Johnson potential
(TB-mBJ) [20] in the SCF calculations. In our study, we take Ry« Kyix parameter equal
to 7.0. Here, Ry is the smallest atomic sphere radius in the unit cell and Kj..x is the
magnitude of the largest K vector. We have performed the calculations using a mesh of
100 k-points in the Brillouin zone. In addition, we perform Brillouin zone integrations on
4x4x5 k-points meshes for all alloys. The cutoff in the charge density Fourier expansion,
Gy, 1s taken to be 12. In order to substitute In and Ga atoms, the crystal structure of
these alloys are created using the P1 (C}) space group and 1x1x1 supercell.

3. Results
3.1. The structural properties of alloys

A typical thallium dichalcogenide alloy consists of two body centered tetragonal unit
cells. There are four Tl atoms, four In atoms and eight Te atoms in each unit cell. The
crystal structures of T1Ga,xInsTe; alloys for the cases x=0.00, 0.25, 0.50, 0.75 are shown
in Figure 1. The ground state structural properties are investigated by fitting the total
energy versus c/a graph (Figure 2). The lattice constants, bulk modulus, pressure
derivatives of the bulk modulus and ground state energy values of the alloys are calculated
at the ground state using Birch Murnaghan’s equation of state [21]. The structural
properties are presented in Table 1. From the table, we found that the value of the lattice
parameter and volume of unit cell increases with increasing In concentrations. In addition,
bond length of TI-Tl, Ga-Te and In-Te increase depending on as In concentration.
Because the atomic radius of In atoms are more greater than the atomic radius of Ga
atoms.
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Figure 1. The crystal structures of alloys (a) TIGaTe,, (b) TlGag 75Ing25Te,, (¢) TIGag splng soTe,, (d)
TlGao,251n0'75Te2 and (e) TlGaInTez.
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Figure 2. The total energy versus c/a graph for (a) TlGaTe,, (b) TIGag 75Ing,sTe,, (¢) TlGag solng soTe,, (d)
TlGao,251n0'75Te2 and (e) TlGaInTez.
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Table 1. The calculated lattice constants (a and c), bulk modulus (B), pressure derivatives of the bulk
modulus (B) and bond length R-R in unit A

Alloy a(A) | ¢c(A) | B(GPa) | B | Rp-Rp | Roa-Rre | Ru-Rre

TIGaTe, 8.5454 | 6.9183 | 36.3758 | 4.6483 | 3.46 2.70 -
TIGag7sIngasTe, | 8.6344 | 7.0370 | 35.1219 | 4.5924 | 3.52 2.73 2.73
TIGagsolngsoTe, | 8.6694 | 7.1740 | 35.7022 | 4.1969 | 3.59 2.76 2.76
TIGagasIng7sTe, | 8.7130 | 7.3674 | 32.9751 | 4.3624 | 3.68 2.80 2.80

TlInTe, 8.7535 | 7.3609 | 33.3824 | 43601 | 3.68 - 2.81

3.2. The electronic properties of alloys

We analyzed the electronic properties of TlGaTe,, TlGag 7sIng2sTes, TIGag solng soTez,
T1Gag 25Ing 75Te, and TlInTe, alloys in this subsection. These include the band structure,
the electronic total density of states (TDOS) and partial density of states (PDOS). The
band structures of the alloys are calculated using mBJ methods and are shown along with
high symmetry points in Figure 3. As can be seen from Figure 3, the top of the valance
band and bottom of the conduction band are positioned at the same symmetry point I'.
This shows that the all alloys have characteristics of a direct band gap material, and hence
can be considered as a future prospective material for optoelectronic devices. From the
figure band gap energies (E,), the antisymmetric gap (Eas) between the two lowest
valence bands and the total valance band width (Evyg) are obtained by using mBJ method
are given in Table 2. The antisymmetric gap (Eas) between the two lowest valence bands
and the total valance band width (Evg) are used to calculate ionicity parameter. The
ionicity is directly associated with the characteristics of the chemical bond, which
provides us with a means for explaining and classifying the properties of the alloys. We
calculate the ionicity parameter for all crystals adopting the empirical formula used in ref.
[22]. In this empirical formula, the ionicity parameter is defined as Equation 1. The
calculated ionicity parameters show that TlGaTe, is more covalent than other alloys.

fi= %[1 — oS (n%)] (1)

Table 2. The calculated band gap energies (E,), the antisymmetric gap (E,s), the total valance band
width (Eyp) and ionicity parameters (f,).

Alloys E.(eV) |Eas(eV) ]| Evws(eV) | f
TIGaTe, 0.94 3.36 11.72 0.19
T1Gag 75Ing.»sTes 1.05 3.50 11.50 0.21
T1Gag solng so Tes 1.14 3.55 11.42 0.22
T1GagsIng 75 Tes 1.28 3.67 11.35 0.23
TlinTe, 1.26 3.63 11.35 0.24
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Figure 3. The obtained band structures for (a) TlGaTe,, (b) TlGag75Ing5Te,, (¢) TIGag solngsoTes, (d)
TlGa0,251n0,75Te2 and (e) TlGaInTez.

Figure 4 we illustrate the TDOS and PDOS of TlGaTe, crystal system using mBJ method.
As can be seen from the Figure that TDOS exhibits very similar behaviour to that of the
band structure. From figure, we see that the valence band is divided into two sub-bands.
The low energy sub-band extends from -10.98 eV to -9.83 eV. The d-states of Tl atoms
and the s-states of Te atoms mainly create these bands. The high energy sub-band extends
from -6.57 eV to Fermi level. The s-states of Tl atoms, the s and p-states of Ga atoms and
p-states of Te atoms mainly create this band. Moreover, the d and p-states of Tl atoms
and d-states of Ga atoms rarely appears in this band. This results shows that the high
energy sub-band located between -6.57 eV and Fermi levels mainly dominated by Tl and
Ga atoms. In addition, the peaks in conduction band between 0.91 eV and 16.20 eV
mainly result from p states of Tl atoms, s and p-states of Ga atoms. The d-states of Tl, Te,
Ga atoms and s-states of Tl atoms rarely effect formation of conduction band.
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Figure 4. The TDOS and PDOS of TlGaTe, alloy.

We illustrate the TDOS and PDOS of T1Gay 75Ing 25 Te, crystal system using mBJ method
Figure 5. As can be seen from the Figure that TDOS exhibits very similar behavior to that
of the band structure. From figure we see that the valence band is divided into two sub-
bands. The low energy sub-band extends from -10.69 eV to -9.72 eV. The d-states of Tl
atoms and In atoms, s-states of Te atoms mainly create these bands. The high energy sub-
band extends from -6.57 eV to Fermi level. The s-states of Tl, Ga, In atoms and p-states
of Ga, In, Te atoms mainly create this band. Moreover the d -states of Tl and In atoms
and p-states of Tl atoms rarely appears in this band. This results shows that the high
energy sub-band located between -6.57 eV and Fermi level is mainly dominated by TI,
In, Te and Ga atoms. In addition, the peaks in conduction band between 0.95 eV and
16.49 eV mainly result from p states of T1, Ga, In atoms and s-states of Ga, In atoms. The
d-states of Tl, Te, Ga, In atoms, s-states of T1 atoms and p-states of Te atoms rarely effect
formation of conduction band.
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Figure 5. The TDOS and PDOS of T1Gag 75sIng »5Te; alloy.

We illustrate the TDOS and PDOS of T1Gay solng soTe, crystal system using mBJ method
Figure 6. As can be seen from the Figure that TDOS exhibits very similar behavior to that
of the band structure. From figure, we see that the valence band is divided into two sub-
bands. The low energy sub-band extends from -10.54 eV to -9.64 eV. The d-states of Tl
atoms and In atoms, s-states of Te atoms mainly create these bands. The d-states of Tl
atoms rarely appears in this band. The high energy sub-band extends from -6.21 eV to
Fermi level. The s-states of Tl, Ga, In atoms and p-states of Ga, In, Te atoms mainly
create this band. Moreover the d -states of In atoms and p-states of Tl atoms rarely appears
in this band. This results shows that the high energy sub-band located between -6.21 eV
and Fermi level is mainly dominated by TI, In, Te and Ga atoms. In addition, the peaks
in conduction band between 1.02 eV and 16.65 eV mainly result from p states of Tl, Ga,
In atoms and s-states of Ga, In atoms. The d-states of T1, Te, Ga, In atoms, s-states of T1
atoms and p-states of Te atoms rarely effect formation of conduction band.

36



Ismail YUCEL, Seyfettin CAKMAK/ The Structural and Electronic Properties of TIGa,..dn.Te; (x=0.00,

0.25, 0.50, 0.75) Alloys

a0 [ " total DOS —— | Tltot
Gln tot
25 atot ............. 4
25 Te tot
T o0l J 3 2
7] | " 7]
Ll | L | u il f ‘rm
g 15| |L Wﬁ “ iy 8
2 ol LW [| g2
8 10 “ \|\ L g
\ /
|/ "
I
0 \‘ w"‘.\‘\J‘ k " L . 0 }%
-10 5 0 5 10 15 -10
Energy (eV) Energy (eV)
L TIs Gas
ne '|
AAAAAAAAAAAAA ad e
127 TIf 08
s | N T
g 0.8 | “| g o6 “ )
B 06t | 5 ‘
o} ‘ S 04t I ‘ |
[S] 4 [\ a \‘ ’
0.4 M | | ‘
Id 02 | |
0214 N P Ji |4 /
10 5 0 5 10 15 -10 5 0 5 10 15
Energy (eV) Energy (eV)
! ' ins 3 Tes
| in& 2 14
o8t nd e 5 ed
> —
2 S 2t
a @
g o6t 2
2} I 15
%3] (2}
2 o g "
e | \ 8 4
; " | e
| i \
Py i (v ;
K TR CHE R o L i ) s
-10 -5 0 5 -10 5 0 5 10 15

Energy (eV) Energy (eV)

Figure 6. The TDOS and PDOS of T1Gag 5oIng 5o Te; alloy.

In figure 7, we illustrate the TDOS and PDOS of T1Gay »5Ing 75Te, crystal system using
mBJ method. As can be seen from the Figure that TDOS exhibits very similar behavior
to that of the band structure. From figure, we see that the valence band is divided into two
sub-bands. The low energy sub-band extends from -10.28 eV to -9.57 eV. The s-states of
Te atoms mainly create these bands. The d-states of T1 and In atoms rarely appears in this
band. The high energy sub-band extends from -6.03 eV to Fermi level. The s-states of T1,
Ga, In atoms and p-states of Ga, In, Te atoms mainly create this band. Moreover the d -
states of In atoms and p-states of Tl atoms rarely appears in this band. This results shows
that the high energy sub-band located between -6.21 eV and Fermi level is mainly
dominated by T1, In, Te and Ga atoms. In addition, the peaks in conduction band between
1.09 eV and 16.91 eV mainly result from p states of Tl, Ga, In atoms and s-states of Ga,
In atoms. The d-states of Tl, Te, Ga, In atoms, s-states of Tl atoms and p-states of Te
atoms rarely effect formation of conduction band.
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Figure 7. The TDOS and PDOS of TlGagsIng 75Te; alloy.

Finally, we illustrate the total and partial density of states of TlInTe, crystal system using
mBJ method in Figure 8. As can be seen from the Figure that TDOS exhibits very similar
behavior to that of the band structure. From figure we see that the valence band is divided
into two sub-bands. The low energy sub-band extends from -10.25 eV to -9.52 eV. The
s-states of Te atoms mainly create these bands. The d-states of Tl and In atoms rarely
appears in this band. The high energy sub-band extends from -6.01 eV to Fermi level.
The s-states of T1, In atoms and p-states of In, Te atoms mainly create this band. Moreover
the d -states of In atoms and p-states of Tl atoms rarely appears in this band. This results
shows that the high energy sub-band located between -6.01 eV and Fermi level is mainly
dominated by TI, In and Te atoms. In addition, the peaks in conduction band between
1.23 eV and 16.93 eV mainly result from p states of T1, In atoms and s-states of In atoms.
The d-states of T1, Te, In atoms, s-states of Tl atoms and p-states of Te atoms rarely effect
formation of conduction band.
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Figure 8. The TDOS and PDOS of TlInTe; alloy.

4. Conclusion and Comment

In this work, the electronic properties of TIGa,xIn Te, alloys are studied using the DFT
method. The exchange correlation energy is treated using GGA method. In order to
improve band gap calculations and electronic structures, we used Tran-Blaha
modification of the Beckee Johnson potential (TB-mBJ) in the SCF calculations. We
found from structural properties that the value of the lattice parameter a and volume of
unit cell increases with increasing In concentrations. We have shown that TlGaTe,,
TlGao,75In0,25Te2, TlGao.solno.soTez, TlGao‘zsll’lojsTez and THIITGQ alloys have
characteristics of indirect band gap materials. In addition, the band gap energies of all
alloys depend on the germanium, silicon and tin concentrations. All the studied alloys
here are characterized by narrow band-gap semiconductors. Therefore, band gap energies
of these alloys lie in the ultraviolet region of the electromagnetic spectrum. The most
important properties of the narrow band gap semiconductor has been used as infrared
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sources and detectors. This theoretical work is of great interest for quaternary
semiconductor research and motivates further future studies.

References

[1]M. Isik and N. M. Gasanly, Interband critical points in T1Ga,In;_S, layered mixed crystals (0 < x < 1),
Journal of Alloys and Compounds, vol. 581, December 2013, pp. 542-546.

[2] A. Kato, M. Nishigaki, N. Mamedov, M. Yamazaki, S. Abdullayeva, E. Kerimova, H. Uchiki, and S.
Iida, Optical properties and photo-induced memory effect related with structural phase transition in
T1GaS,, Journal of Physics and Chemistry of Solids, vol. 64, no.2, September 2003, pp. 1713-1716.

[3] B. Abay, H. S. Giider, H. Efeoglu, and Y. K. Yogurtgu, Urbach-Martienssen Tails in the Absorption
Spectra of Layered Ternary Semiconductor T1GaS,, Phys. stat. sol. (b), vol. 227, June 2001, pp. 469-
476.

[4] K. R. Allakhverdiev, T. G. Mammadov, R. A. Suleymanov, and N. Z. Gasanov, Deformation effects in
electronic spectra of the layered semiconductors TIGaS,, TIGaSe, and TlInS,, J. Phys.. Condens.
Matter, vol. 15, February 2003, pp. 1291-1298.

[5] M. Isik and N. M. Gasanly, Trapping centers and their distribution in T1,Ga,Se;S layered single crystals,
Journal of Physics and Chemistry of Solids, vol. 70, June 2009, pp. 1048—1053.

[6] R. H. Al Orainy, Charge transport properties of Tl,GalnSe,; prepared by Bridgman technique,
Superlattices and Microstructures, vol. 65, January 2014, pp. 177-183.

[7] A. F. Qasrawi and N. M. Gasanly, Mixed conduction and anisotropic single oscillator parameters in low
dimensional TlInSe, crystals, Materials Chemistry and Physics, vol. 141, August 2013, pp. 63-68.

[8] B. Abay, B. Giirbulak, M. Yildirim, H. Efeoglu, Y. K. Yogurt¢u, Electrothermal Investigation of the
Switching Phenomena in p-Type TlInSe, Single Crystals, Phys. stat. sol. (a), vol. 153, 1996, pp. 145-
151.

[9] A. F. Qasrawi and N. M. Gasanly, Electrical conductivity and Hall mobility in p-type TIGaSe, crystals,
Materials Research Bulletin, vol. 39, July 2004, pp. 1353-1359.

[10] O. Watzke, T. Schneider, and W. Martienssen, Crisis induced intermittency in the electrical
conductivity of TlInTe,, Chaos Solitons and Fractals, vol. 11, June 2000, pp. 1163-1170.

[11] B. Abay, B. Giirbulak, M. Yildirim, H. Efeoglu, S. Tiizemen, and Y.K Yogurtcu, Electrothermal
Investigation of the Switching Effect in p-Type TIInSe,, TIInTe,, and TIGaTe, Chain Chalcogenide
Semiconductors, Journal of Electronic Materials, vol. 25, no. 7, 1996, pp. 1054-1059.

[12] M. M. Asadov, S. N. Mustafaeva, A. N. Mamedov, and D. B. Tagiyev, Effect of Composition on the
Properties of (TlInSe,); «(T1GaTe,), Solid Solutions, Inorganic Materials, vol. 51, no. 12, 2015, pp.
1232-1236.

[13] M. Petersen, F. Wagner, L. Hufnagel, M. Scheffler, and P. Blaha, K. Schwarz, Improving the efficiency
of FP-LAPW calculations, Computer Physics Communications, vol. 126, April 2000, pp. 294-309.

[14] K. Schwarz, DFT calculations of solids with LAPW and WIEN2k, Journal of Solid State Chemistry,
vol. 176, December 2003, pp. 319-328.

[15] K. Schwarz, P. Blaha, and G. K. H. Madsen, Electronic structure calculations of solids using the
WIEN2k package for material sciences, Computer Physics Communications, vol. 147, August 2002,
pp. 71-76.

[16] K. Schwarz and P. Blaha, Solid state calculations using WIEN2k, Computational Materials Science,
vol. 28, October 2003, pp. 259-273.

[17] K. Schwarz, P. Blaha, and S. B. Trickey, Electronic structure of solids with WIEN2k, Molecular
Physics, vol. 108, no. 21-23, December 2010, pp. 3147-3166.

[18]J. Banys, F. R. Wondre, and G. Guseinov, Powder Diffraction Study of TIGaTe,, TlInTe, and TlInSe,,
Materials Letters, vol. 9, n0.7-8, April 1990, pp. 269-274.

[19] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gradient Approximation Made Simple,
Physical Review Letters, vol. 77, n0.18, October 1996, pp. 3865-3868.

[20] F. Tran and P. Blaha, Accurate band gaps of semiconductors and insulators with a semilocal exchange-
correlation potential, Physical Review Letters, vol. 102, June 2009, pp. 226401(1-4).

[21] F. D. Murnaghan, The compressibility of media under extreme pressures, Proceedings of the National
Academy of Sciences of the United States of America, vol. 30(9), July 1944, pp. 244-247.

[22] T. Ben Nasr, H. Ben Abdallah, and R. Bennaceur, First-principles study of the electronic and the
optical properties of IngSe; compound, Physica B, vol. 405, August 2010, pp. 3427-3432.

40



