Vol. 132 (2017)

ACTA PHYSICA POLONICA A

No. 2

Proceedings of the 46th International School and Conference on the Physics of Semiconductors “Jaszowiec” 2017, Szczyrk

Electronic and Optical Properties of Heterostructures

based on Indium Chalcogenides

L.YU. KHARKHALIS®*, K.E. GLUKHOV® AND T.YA. BABUKA%"
%Institute of Physics and Chemistry of Solid State, Uzhgorod National University,
Voloshyn St. 54, 88000 Uzhgorod, Ukraine
bInstitute of Physics, Faculty of Mathematics and Natural Science, Jan Dtugosz University in Czestochowa,
Al. Armii Krajowej 13/15, 42-200 Czestochowa, Poland

The models of the heterostructures based on the S-InSe, InysSes and InsTes crystals were proposed and the
first-principles study of their electronic and optical properties were presented. The band spectra, the spatial
distributions of the electron density and the absorption coefficients for different polarizations along crystal axes
for the heterostructures of the (InsSes),./(InsTes),, and B-InSe/InsSes type were calculated. The evolution of
the changes in both energy spectrum and optical functions of the heterostructures in comparison with the bulk
crystals has been analyzed. Our calculations point out the heterostructures stability and good agreement with the

experimental investigations of the photosensitivity in the near and middle infrared region.
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1. Introduction

The indium chalcogenides keep attracting an increas-
ing attention because of their wide applications in the
optoelectronics devices development as highly sensitive
dynamic and static strain sensors. In this context, the
semiconductor compounds of the In—Se system and their
solid solutions are used for the production of the pho-
tosensitive elements on the basis of the homo- and het-
erojunctions, which have been obtained by van der Waals
epitaxy method and laser restructuring [1-3]. The forma-
tion of the IngSes /Iny Tes and S-InSe/InySes heterostruc-
tures leads to widening of the spectral sensitivity range of
the photoelements. It is established that these elements
are sensitive within the range of 1.0—2.0 pm and thus can
be successfully used as infrared detectors and filters [4-7].
Indium selenides have also been found to be an attractive
materials for solar energy conversion [8, 9] and excellent
electrode materials for lithium ion batteries [10].

To contribute to the understanding of the spectral
characteristics formation of the photosensitive devices,
it is of interest to study the electronic structures and
optical properties of the different heterostructures built
upon IngSes, InyTez and B-InSe crystalline semiconduc-
tors. Considered choice of the crystals is made by virtue
to obtain the stable heterostructures with the perfect in-
terfaces. In this connection it should be noted that while
InsSe; and InsTes orthorhombic crystals (D37 space
group) are isostructural materials and lattice mismatch-
ing between constituent materials of heterostructures are
small (=~ 2%), the InsSes and S-InSe (Dj,, space group)
layered crystals have completely different lattice types
and form the strained heterostructures [11]. As it was
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shown in our previous article [11], the strain can drasti-
cally change not only lattice parameters of connected ma-
terials but also their energy parameters. Despite experi-
mental fabrications of the heterostructures on the base of
the indium chalcogenides [1-3], theoretical investigations
of electronic structure are almost absent today.

The main reason for such situation is in the com-
plex structure of these materials thus a great number
of unit cells in one period of heterostructures which con-
tains a huge number of atoms. This factor is the main
obstacle for performing ab initio investigations of such
heterostructures. In this work, we propose the models
of the heterostructures of (InsSes),,/(InsTes),, and S-
InSe/IngSes type and carry out the first-principles inves-
tigations of their band energy spectra and optical prop-
erties.

2. Modeling of the heterostructures on the base
of the $-InSe, InySe; and In,Tes crystals

The presence of the materials with different conductiv-
ity and the compatibility of the crystal parameters and
the similarity of the band structures are necessary condi-
tions for the formation of the heterostructures based on
the indium chalcogenides.

As it is known, the §-InSe, IngSes and InsTes indium
chalcogenides occupy a special place between the strongly
anisotropic materials due to a complex crystal structure.
The IngSez and InyTez belong to the layered-chain ma-
terials and crystallize in orthorhombic syngony D%}QL with
nearly lattice parameters (a = 15.296 A b=12308 A,
¢ =4.0806 A for InsSes and @ = 15.619 A, b = 12.749 A,
¢ = 4.4348 Afor InyTes) [12]. Their unit cell contains
28 atoms that form non-flat warped layers connected
through a weak interaction. Band spectra for the InsSeg
and InyTes crystals are very similar. The points of the
localization extremes of both the conduction and valence
band are coincided and placed in the Brillouin zone cen-
ter [13, 14]. So as the IngSes compound has a larger
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band gap (Eg* = 0.65 eV [15], EJ* ~ 0.42 eV [16]) in
comparison with the InyTes (E5* ~ 0.48 eV [1], B ~
0.29 eV [16]) and accordingly it is characterized by higher
photosensitivity [1, 17]. Recently in [1, 2] it was found
that the heterostructures based on IngSes and InsTes and
their solid solutions, which have been obtained by the
liquid epitaxy and laser solid restructuring, are new ma-
terials for infrared technology. They are photosensitive
in the spectral range 1.0—2.0 gm at room temperature.
The largest shift in the long-wavelength photosensitivity
occurs in n-IngSeg—p-InsTeg heterojunction [17].

Unlike to the IngySes and IngTes crystals, the S-InSe
compound (the 8 of atoms per unit cell) crystallizes in a
hexagonal lattice symmetry and it is described by space
group D, (a = b =4.048 A, ¢ = 16.930 A) [18]. How-
ever, as it follows from the experimental studies [3], one
can also create the quality heterojunctions based on (-
InSe and InySes materials with different space symmetry
and lattice parameters stacked by the van der Waals con-
tact of their surfaces. In this case the S-InSe is the frontal
semiconductor for the creation of the 8-InSe/InySes het-
erojunctions because it has the almost twice bigger band
gap (E; = 1.25 eV ) in comparison with InsSes crystal.
Spectral sensitivity range of the n-InSe—p-InsSes and p-
InSe—n-InsSes heterostructures is 1.0—1.8 pm [3].

The crystal structures and the spatial distributions of
the electron density for the (IngSes),,/(InsTes),, (m =
1,2) and S-InSe/IngSe; heterostructures are presented
in Fig. 1a and b. Both systems were geometrically opti-
mized to obtain stable atomic configuration. Construc-
tion of the (IngSes),, /(IngTes),, was carried out by such
way that the Se atoms in one layer were substituted by
the Te atoms unchanging the structural periodicity.

Fig. 1.

The map of the electron density distribution
in the unit cell of (InsSes):/(InsTes): (a) and of -
InSe/In4Ses (b) heterostructures.

The symmetry lowering and the lattice parameters
changes take place for both the (IngSes);/(IngTes);
and (IngSegz)s/(IngTez)s heterostructures. In particu-
lar, the (IngSes);/(IngTes); heterojunction is described
by CJ, space group (a = 15.8628 A, b = 125499 A,
¢ = 4.1430 A) and more complicated (InsSes)s/(IngTes),
heterostructure is characterized by the C’21h space group
and its lattice parameters: a = 30.5920 A, b =12.3080 A,
¢ = 4.0810 A. According to the estimation of the total
energy, the considered heterostructures are stable. It also
shows the spatial distribution of electron density. As it
follows from our calculations, the increase of the wave

function overlapping for the In atoms belonging to dif-
ferent layers on the heterointerface: a layer of the Se
atoms and layer of the Te atoms, is obvious with the
growth of the heterostructure period. The charge redis-
tribution at the layers indicates that the formation of the
heterostructures may effect on the In(Te)-Se bonds.

In the article [11] it was shown that strain-balanced
heterostructure [-InSe/IngSes can be constructed of
three unit cells of IngSes crystal and of twelve unit
cells of B-InSe crystal. From the conditions of mechani-
cal equilibrium of the S-InSe/InsSe3 heterojunction, the
strain tensor components for hexagonal and orthorhom-
bic structures and the new parameters of the deformed
B-InSe and IngSes crystals were theoretically calculated.
Using the established in [11] specific orientation of the
B-InSe and InySes stacking monolayers and their match-
ing we performed the first-principle calculations of the
band spectrum and the spatial distribution of the elec-
tron density for the 8-InSe/InySes heterostructure (using
the SIESTA code [19]). As it is seen in Fig. 1b, the space
charge accumulation region is observed at the heteroint-
erfaces of f-InSe/InySes system.

The main result of the first-principles calculations of
the band structures for the (IngSeg),,/(IngTes),, is the
change of the bandgap. For these heterostructures, we
have confirmed the appearance of the direct band gap
transition in the I' point as well as for InySes and InsTeg
bulk crystals. Unlike to the band structure of the con-
sidered heterostructures, the electronic spectrum for the
B-InSe/InySes heterostructure is very complicated with
many subbands. The electronic band structures of inves-
tigated heterostructures are very sensitive to thickness,
as well the strain.

3. Optical properties

We carried out the investigations of the optical prop-
erties of the (IngSes),,/(InyTe3),, (m = 1,2) and S-
InSe/InySes heterostructures according to the fundamen-
tal absorption theory using density functional theory
(DFT) calculation [19] and the Kramers—Kroenig rela-
tions [20]. Real and imaginary parts of the dielectric
function, the absorption coefficient for different polariza-
tions along crystal axes are determined by the expres-
sions:

ga (g — 0,w) = (3.1)
2627T [ v [ v
0o Z (¥ |U'T|‘I’k>|25(Ek — By — hw),
k,c,v
_ 1 e (w/) ’
El(w)_wv p[mw/_wdw, (3.2)

where £; = n? — k2, €5 = 2nk, and the absorption coeffi-
cient is oo = 2kw/c.

Figure 2a—c shows the evolution of the dispersive de-
pendences of the absorption coefficient « () for differ-
ent polarizations along crystal axes for the InsSes and
InyTes (a) and the (IngSes).,/(IngTes),, (b) and the S-
InSe and S-InSe/InySes (c).
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Fig. 2. Absorption coefficient dependences on the
wavelength for the InsSes and InsTes crystals (a),
and for (IH4S€3)1/(ID4T€‘3)1 and (IH4S€3)2/(IH4T€3)2
superlattices (b), and for [-InSe crystal and (f-
InSe)/(InsSe3) heterostructure (c).

An analysis of the absorption coefficient spectra shows
the anisotropic character that is connected with the
anisotropic crystal structure. Unlike to the F || b and
E || ¢ light polarizations, at the E || a light polarization
the optical absorption spectra in the InySes crystal con-
tain the separated peaks in the 0.50—0.70 pm wavelength
region and the wide peak in of 0.80—1.20 pum region, while
for the InsTes crystal the wide peak is shifted to the re-
gion of 1.10—1.60 pym. With the (IngSes)y,/(IngTes).,
heterostructure construction the spectral region widening
as well as the shift of absorption spectra into longwave
region take place. The essential change of the absorp-
tion coefficients spectra is observed for the 5-InSe/InsSes
heterostructure. Especially, the peak intensity increases
in comparison with one for the bulk crystals and the
(IngSes3)m/(IngTes),, heterostructures. The shift of the
optical absorption coefficient into the longwave region is
found for -InSe/InsSes heterostructure, too. This factor
can be related to specific stacked structure.

4. Conclusions

We have performed the first-principle calculations of
the band spectra, the spatial distributions of the electron
density and the absorption coefficients for different polar-
izations along crystal axes for the InySe; and IngTes lay-
ered orthorhombic crystals and the (IngSes),,/(InsTes),,
and -InSe/InySes heterostructures. The evolution of the
changes in the symmetry and both energy spectrum and
optical functions of the heterostructures in comparison
with the bulk crystals had been analyzed. It is shown
that the widening of the spectral sensitivity range takes
place with the increase of the heterostructures thickness.
The strain-induced electronic structure changes in the
B-InSe/InySes heterostructures have been analyzed well.

Our calculations point out the possibility of the forming
of the stable heterostructures on the base of the indium
chalcogenides and will guide the design of future appli-
cations of this type of heterostructures in the near and
middle infrared region spectra.
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