Vol. 136 (2019)

ACTA PHYSICA POLONICA A

No. 4

Proceedings of the 48th International School and Conference on the Physics of Semiconductors “Jaszowiec 2019”

Electronic and Optical Properties of the TlInS, Crystal:

Theoretical and Experimental Studies

T. BABUKA®"*, 0.0. GoMONNAI®?, K.E. GLUKHOV?, L.YU. KHARKHALIS?,

M. SZNAJDER® AND D.R.T. ZAHN/
%Institute for Physics and Chemistry of Solid State, Uzhhorod National University,
54 Voloshin Str., 88000 Uzhhorod, Ukraine
bInstitute of Physics, Faculty of Mathematics and Natural Science, Jan Dtugosz University in Czestochowa,
Al. Armii Krajowej 13/15, PL-42200 Czestochowa, Poland
¢Optics Department, Uzhhorod National University, 46 Pidhirna Str., 88000 Uzhhorod, Ukraine
4Vlokh Institute of Physical Optics, 23 Dragomanov Str., 79005 Lviv, Ukraine
¢Faculty of Mathematics and Natural Sciences, University of Rzeszéw, S. Pigonia 1, PL-35959 Rzeszow, Poland
fSemiconductor Physics, Chemnitz University of Technology, D-09107 Chemnitz, Germany

Investigations on the electronic and optical properties of a TlInS2 layered crystal in the framework of density
functional theory were carried out. The electronic band spectrum and the partial density of states were calculated

including the dispersion correction.

The impact of +U correction term on the bandgap values was analyzed

as well. Based on the band structure calculations, optical characterisation was made for the first time for T1InSs,
such as the real and imaginary parts of the dielectric function, the refractive index, and the absorption coefficient.
Theoretical results of dielectric function and refractive index were compared to the measurement results.
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1. Introduction

Recently layered crystals have attracted research inter-
est due to their promising structural and physical prop-
erties. A possibility to create new multifunctional ar-
tificial materials obtained through the arrangement of
several layered crystals has become a new subject of
studies [1]. At the stage of looking for new materials,
extensive studies are carried out on the structural and
physical properties of layered semiconductors. They can
be promising candidates for van der Waals heterostruc-
tures. One of such materials is TlInS;. It belongs to
the AITBMCYT group of chalcogenide semiconductors —
ferroelectrics and is regarded to be a highly anisotropic
crystal. It was grown for the first time by Offergeld [2].
TlInSs possesses both high- (5) and low- (a) tempera-
ture phases [3]. The growth and optical properties of the
high-temperature phase of T1InS, crystal were described
in [4]. The optical band gaps (direct ES = 2.33 ¢V and in-
direct B = 2.28 €V) were measured experimentally [5],
while in [6] the electrical conductivity and absorption co-
efficients as a function of temperature were investigated.
The electrical measurements show a strong anisotropy of
the conductivity, which is rather temperature indepen-
dent. The presence of an excitonic peak was registered
at 2.58 eV, and the spin—orbit splitting of the valence
band at the I' point at 2.87 eV was observed at 10 K.
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First-principle calculation of the electronic structure
of TlInS, crystal was presented for the first time in [7].
They were using the local density approximation (LDA)
and spin-polarized generalized gradient approximation
(SGGA) functional with the account of spin—orbit inter-
action, and only the energy band spectra and values of
the effective mass tensor components were calculated.

In the case of the TlInSs crystal, it possesses a van
der Waals gap (vdW) [2] between its layers. For a more
adequate description of its physical properties, the com-
bination of density functional theory and dispersion cor-
rection (DFT-D) approach should be taken into ac-
count. Since the ordinary DFT usually underestimates
the bandgap, the DFT+U approach will be used in-
stead, to obtain the correct values comparable with
the experimental data.

2. Lattice parameters of the T1InS; crystal
and calculation details

TlInS, crystallizes in a centered monoclinic lattice
structure with C2/c (CS,) space symmetry group and
exhibits four formula units per primitive cell, that con-
tains 32 atoms. The experimental primitive cell param-
eters of TlInS, [8] are: a = 7.72390 A, ¢ = 15.18650 A,
a = f = 97.5481°, v = 89.5861°. Figure 1 presents
the primitive unit cell of a TlInSs crystal.

Calculations of the band structure, the electron den-
sity of states, real and imaginary parts of the dielec-
tric function, and the absorption coefficient for differ-
ent polarizations along crystal axes were performed for
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Fig. 1.

Primitive cell of a TlInSy crystal.

TInSs. We used the DFT-based Quantum-ESPRESSO
program package [9]. Since the TlInS,; crystal pos-
sesses a layered structure with a vdW gap, the DFT-
D approach was applied, taking into account the
Tkatchenko and Scheffler (TS) correction [10] of the
dispersion interaction. Furher, the electronic configu-
rations that were considered were: T1 — 5d'°6s26p!,
In — 4d'05s25p!, S — 3523p%. The core electrons were
described by means of the ultrasoft Vanderbilt pseu-
dopotentials [11], while the exchange-correlation func-
tional was used in the general gradient approxima-
tion (GGA) with the Perdew, Burke, and FErnzer-
hof (PBE) parametrization [12]. The plane-wave cut-
off energy in the self-consistent field (SCF) calculations
was selected such that the convergence in the total unit-
cell energy was not worse than 5 x 107 eV /atom, and it
was equal to 300 eV. The Monkhorst—Pack k-points grid
sampling was set at 4 x 4 x 2 points for the Brillouin
zone [13].

3. First-principle calculation results
of the electronic properties of TlInS; crystal

To explain physical properties of a layered semiconduc-
tor TlInSy, we calculated its electronic band structure
and partial density of states (pDOS). To this we have
applied the DFT-D and DFT(D)+U approaches. The
simulation was carried out for fully geometry optimized
structure, i.e., the lattice parameters and atomic posi-
tions were relaxed under preserved symmetry. As was

shown already in previous papers concerning materials
characterized by a vdW gap [14-16], the inclusion of the
dispersion correction in the DF'T calculations gives a pos-
sibility to describe in a correct way interlayer distances.
As a result, the obtained relaxed TIInS,; structural
parameters are as follows, a = b = 7.783385 A,
c=15.267074 A, a = B = 96.882950°, v = 90.035269°,
V =911.507392 A3. They are in a good agreement with
experimental data [8].

The first calculation of the TIlInS, band structure us-
ing the LDA functional was reported by Ismayilova and
Orudzhev [7]. In that paper, underestimated values of
the bandgap (1.43 eV and 1.25 eV) were obtained by the
HGH and FHI pseudopotentials, respectively. The re-
sults were consistent with the DFT methodology. From
our calculations it follows that T1InS, is a direct bandgap
semiconductor with the gap edges localized at the I" high
symmetry point. The value of the direct energy gap ob-
tained in DFT-D approach E; = 1.37 €V is also signifi-
cantly smaller than the available experimental estimation
of the optical gap (= 2.33 eV [5]).

For other ferroelectric chalcogenide semiconduc-
tor [17], it has been shown that the DFT+U ap-
proach [18] can lead to a correct description of energy
bandwidth. Hence, we applied this approach for T1InS,.
When the U correction was included for d-states of T1
and In atoms, no significant changes of the bandgap val-
ues were observed. This is an expected result, since
strongly correlated d-states are located in very deep en-
ergy regions (d-states of Tl at —10 €V and d-states of
In at —15 €V). Next, the parameter of the Coulomb
repulsion U = 5 eV was applied for p-states of S
atoms. In this case, the obtained values of bandgap
(Eg(theor)y = 2.296 eV) were closer to experimental data
(Eg(exp.) = 2-33 €V [5]) (see Fig. 2).

Furthermore, we calculated for the first time the
partial density of states in the DFT(D)+U approach.
The results are presented in Fig. 3.
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Fig. 2. Electronic band structure of a TlInSy crystal

obtained in DFT(D)+U approach.
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Fig. 3. The DFT(D)4U partial densities of states
(pDOS) of a TlInS, crystal.

As can be seen from Figs. 2 and 3, the top of the va-
lence band is formed by p-states of sulfur, while the bot-
tom of the conduction band is created mainly by p-states
of all TlInS, atoms with admixture of In s-states. The va-
lence band range from —16 €V up to 0 eV can be sepa-
rated into four subbands. The subband deepest in energy
(—16,—14) eV is built of d-states of indium. The next
subband, covering the energy region from —12 up to
—7.5 €V, consists of sulfur s-states and d-states of thal-
lium. As reported for TlGaSes [19], the T1 5d states also
contribute to a low-energy peak of pDOS around —10 eV
(see Fig. 3). The third subband in the range from —7 to
—5 eV originates from p-states of S and s-states of In and
T1 atoms. The last subband between —5 and 0 eV ex-
hibits a strong contribution of S p-states hybridized with
p-states of indium and thallium atoms.

4. Optical properties of the TIlInS, crystal

Next, we investigated the optical properties of TlInS,
within the DFT approach, taking into account the
Kramers—Kronig relations [20, 21|. The spectral depen-
dences of the TlInS, optical characteristics for different
photon polarizations are presented in Figs. 4-6. It should
be noted that the energy dependences for unpolarized
light and for the polarizations F || z and E || y as well,
completely coincide due to their symmetry.

The absorption spectra for different polarizations cal-
culated within the DFT/PBE-D(TS) approach are pre-
sented in Fig. 4. Our first-principles calculation indicates
that TlInS; is a direct bandgap crystal with a gap value
of 2.296 eV. This feature can be validated either by a com-
parison of calculated values (the band structure in Fig. 2)
of the direct and indirect optical gaps (see Fig. 4), as well
as of the experimental results [5]. Theoretical energy
dependence results of the light absorption coefficient «,
(axhv)?, and (axhr)'/? are presented in Fig. 4. A rough
estimation of the indirect and direct optical gaps with the
use of simple parabolic model leads to Eind 2.11eV

g(theor) —
and E‘;(theor) = 1.82 eV values.
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of the refractive indices and extinction coefficients for
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We have also conducted experimental measurements
of the optical properties of TlInS,. In particular, single
crystals of TlInS, were grown by the Bridgman tech-
nique [22|. Spectroscopic ellipsometry measurements
were carried out using a variable angle spectroscopic el-
lipsometer J.A. from Woollam Co., Inc. The angle of
the incident light beam was adjusted to 70°. As we could
not define the x and y axes unambiguously, the measure-
ments were made on the layer-plane, i.e., the (001) crys-
tal surface, perpendicular to the optical axis c. The real
(e1) and imaginary (e2) parts of the effective dielectric
function of the TlInSs single crystals obtained from ex-
perimental measurements, were acquired in the spectral
range from 2 to 5 eV.

Theoretical data are presented in Fig. 5. It was
found that at the =zero energy the refractive in-
dices for TlInS; are the following: n(theory = 2.24,
Ng(theor) = My(theor) = 2.12, and Nz (theor) = 2347 while
Nexp ~ 2.85 [23]. High peaks of the refrac-
tive indices (n(theor) = 2.69, Ny y(theor)y ~ 2.67 and
T2 (theor) ~ 2.76) are observed for unpolarized spectra at
the energy F(iheory ~ 4.26 €V, while for polarized at
Etheory = 3.98 eV for F || x(y) and E(theor) ~ 4.7 eV for
E || z. The latter corresponds to the visible spectral re-
gion. In our experimental measurement the high peak
of the refractive index nexp, = 3.18 was obtained at the
energy Eexp, = 3.17 €V (see an inset in Fig. 5).
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Fig. 7. The second-derivative energy spectra of the
components of the TlInSy dielectric function.

The maximum value €(theor)(w) = 6.94 was found at
E ~ 3.93 eV, 1z(theor)(w) = 6.92 at E ~ 3.82 ¢V and
€1z(theor) (W) = 7.06 at E(peory = 4.33 eV. As one can
see in the inset of Fig. 6, the experimental maximum
value €(exp)(w) = 9.28 was observed at E(eyp) = 3.1 V.
Meanwhile, in [24], the maximum value &(cyp)(w) was
found to be 12.51. Other values of the static dielec-
tric constants were reported by Kalomiros and Anagnos-
topoulos [25] (£15(exp) (W) = 6.4, €12(exp)(w) = 7.2) and

were based on ellipsometric measurements. Our first-
principles calculations (at E(ineory = 0) reported that the
static dielectric constants are equal to €(theor)(0) & 5.02
for unpolarized spectra, €14 (theor)(0) ~ 4.51 for the pho-
ton polarization E ||z(y), and €1 (theor)(0) =~ 5.46 for
E || 2. As shown in Fig. 5, a very slight anisotropy
(n22(0)/n44(0) = 1.03) was found for these optical pa-
rameters. A similar anisotropy is observed for the real
part of the dielectric function (£1,(0)/e1,(0) ~ 1.21).

The obtained dielectric spectra can be used to find
the critical point energies (E.,). This critical point
energies FEg, corresponding to interband transitions
in TlInSs were considered in [26]. The results at
room temperature, namely FEgiexp)=(3.24 £0.01) eV,
Eeo(exp)=(3.33 £ 0.01) eV, Ec3(exp) = (3.59 £ 0.01) eV,
and FEgg(exp) = (4.52 £0.05) eV were obtained in [26]
based on the experimentally measured dielectric func-
tion. We performed similar calculations of the critical
point energies, based on the theoretical value of the di-
electric function. For this purpose, we utilized the sec-
ond derivative spectra of the components of the dielectric
function with respect to energy. Figure 7 presents the re-
lated spectra for €; and €5 of TlInS,.

Typically, second-derivative spectra are related to
the photon energy F, amplitude A, critical point en-
ergy E.p, broadening parameter I', and phase angle ¢.
The graphs of second-derivative spectra were smoothed
using low-level binomial filtering. The fitting processes
were accomplished in the energy range (2-5 €V) in which
the smoothed results do not deviate from the experimen-
tal data. As a result of calculations, the following values
were obtained: Ec¢j(theor) = 2.83 €V, FEco(theor) = 5.57 V.
Taking into account the band structure (Fig. 2), the re-
vealed critical point energies may be associated with
band-to-band transitions from 2p sulfur states at the top
of the valence band to the 5p thallium states in the bot-
tom of the conduction band.

The description of the optical properties of T1InS,; and
their comparison with experimental data presented in
this work has been done for the first time. We should
underline that the most accurate, but also very compu-
tationally expensive way to simulate optical properties
is to solve the Bethe—Salpeter equation [27]. A perfect
agreement between theory and experiment can only be
achieved considering the electron—hole interaction (ex-
citons), especially if the system is a semiconductor or,
an insulator. The Bethe-Salpeter approach which is
proved to be very successful for the calculation of ab-
sorption spectra of a large variety of systems will be used
elsewhere in the future investigation of the optical prop-
erties of TlInS, crystals.

5. Conclusions

In this work, the energy band spectra and partial den-
sities of states of a layered T1InS, crystal were obtained
using the DFT approach with a dispersion correction.
It was shown that interlayer distances in T1InS, are well
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described only when the vdW correction is included.
This is an important aspect for future investigations of
its vibrational properties. Additionally, for a correct de-
scription of the bandgap value, the DFT /PBE-D(TS)+U
approach was applied. Next, the following optical prop-
erties: refractive indices, dielectric constants, and ab-
sorption coefficients were calculated for the first time
for TlInS;. Our theoretical calculations were supplied
with the experimental results of ellipsometric measure-
ments of the dielectric constants and refractive index of
TlInSs. A comparison of theoretical and experimental
data concerning the optical properties of TlInSs demon-
strates a good agreement.
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