PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 26, No. 2 (2025) pp. 231-234

Section: Physics

PACS: 78.66.—w

Vasyl Stefanyk Precarpathian
National University

®I3UKA I XIMIA TBEPJOI'O TIJIA
T. 26, Ne 2 (2025) C. 231-234

Dizuxo-mamemamudti HayKu

ISSN 1729-4428 (Print)
ISSN 2309-8589 (Online)

I.G. Tkachuk'?, I.G. Orletskii?, Z.D. Kovalyuk?, V.I. lvanov!, A.V. Zaslonkin?,
B.V. Kusnir!

Photoelectric properties of heterojunctions based on semiconducting
metal oxides and indium selenide

LInstitute for Problems of Materials Science, Chernivtsi Branch, Chernivtsi, Ukraine, chd.ipm@gmail.com
2Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine, office@chnu.edu.ua
3Bukovinian State Medical University, Chernivtsi, Ukraine, office@bsmu.edu.ua

The results of a comparison of the photosensitivity of heterojunctions based on InSe layered semiconductor
and various wide band gap oxides (Mn20s, CuFeOz2, Fe203) produced by the spray pyrolysis method are given. The
photoresponse of the heterojunction irradiated from the side of metal oxides was studied in the photon energy range
of 1.2+3 eV. The possibility of the formation of In2Ses phase between of InSe and oxides and its effect on the

photosensitivity of the heterostructures have been considered.
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Introduction

In the field of modern instrumentation, the
photovoltaic properties of semiconductor materials and
heterojunctions based on them are no less important than
electrical properties. The ability of heterojunctions to
convert optical radiation into electrical energy allows the
manufacture of various optoelectronic devices, such as
photodetectors, photoresistors, solar panels, etc. Such
devices have a wide field of use - from the peaceful
industry for the production of ecologically clean energy to
tracking of missile launches. Therefore, our goal is to
create heterojunctions not only with diode parameters but
also with photovoltaic ones. The layered structure of the
InSe semiconductor, where the atoms within the layers are
bound by a strong covalent bond, and the interaction
between the layers is weak van der Waals, determines the
anisotropy of its physical properties. Because of this
crystal structure, InSe is easily chipped in a direction
parallel to the layers. As a result, a mirror surface is
obtained, which contains almost no broken bonds.
Accordingly, on such a surface there is no adsorption of
atoms of a foreign substance, which makes InSe an ideal
candidate as a base material in the manufacture of various
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heterojunctions. The band gap width of InSe Eq~ 1.2 eV
is in the range of optimal values for the photoelectric
conversion of solar radiation [1,2]. In addition, InSe is a
material with increased radiation resistance [3]. This
determines the prospects of InSe for the manufacture of
various optoelectronic devices [4-6].

The choice of the material of the front layer and the
fabricating technology are important technological tasks.
It is necessary to ensure the formation of a defect-free
interface, as well as the maximum absorption of radiation
in the base material, that is, the transparency of the front
layer. It is the optimal choice of raw materials and
manufacturing technology that allow us to create high-
quality, competitive heterostructures with the necessary
electrical and photovoltaic parameters. Transparent
conductive oxides are promising materials for the front
layer of heterojunctions. They have high electrical
conductivity and low optical absorption of visible light.
Their thin films are widely used in various devices such as
flat panel displays, touch panels and solar cells.

This paper compares the spectra of heterojunctions
based on the contact of InSe and semiconductor oxides
Mn,03, CuFeO,, and Fe,Os, produced by the spray
pyrolysis method [7-10].
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I. Methodology of the experiment

Single-crystal n-InSe and p-InSe grown by the
Bridgman method were used as the base material of the
heterojunctions. From the InSe crystal ingot, plane-
parallel plates, which had perfect mirror surfaces, were
chipped along the cleavage plane. Chipping was carried
out in the air.

Then rectangular substrates with side lengths <5 mm
were cut from the plates using a blade. The original InSe
has n-type conductivity. To ensure the p-type, doping with
cadmium (0.1 wt.%) was carried out. The concentration
(n) and mobility (u) of charge carriers in the perpendicular
direction relative to the symmetry axis ¢ was calculated on
the basis of Hall studies at room temperature:
p=10%cm=3 py, = 50 cm?(V-s) for p-type samples;
n =~ 10% cm3, p, = 850 cm?(V-s) for n-type samples.

For the fabrication of heterostructures, a thin layer of
various semiconducting wide band gap oxides was
deposited to the surface of the InSe substrate by spray
pyrolysis. This technology is simple, cheap and does not
require complex technological equipment. Spray pyrolysis
took place under atmospheric pressure conditions, and
ordinary air was used as the carrier gas. Before spraying,
the surface of the substrate was degreased by a chemical
method. Next, an aqueous solution of the appropriate
composition was sprayed onto the heated InSe substrate.
The temperature of the substrate was 620+700 K,
depending on the grown oxide. As a result of pyrolysis, a
thin oxide film is formed on the surface and a
heterojunction is obtained. The contacts were made using
a conductive paste that containing finely dispersed silver
particles. The spectral photosensitivity of the
heterojunctions was studied at room temperature using the
MDR-3 monochromator. The thickness of the films grown
by spray pyrolysis was measured by a MlIl-4

microinterferometer.

We fabricated the following heterostructures based on
the contact of InSe and semiconductor oxide: n-Mn,Os/p-
InSe, n-Mn;0s/n-InSe, p-CuFeOy/n-InSe and n-Fe,Os/p-
InSe. All of them were made according to the same
technological algorithm, only the chemical composition of
the aqueous solution used to generate an aerosol over the
surface of the substrates changed: MnCl,-4H,O for n-
Mn20s/p-InSe and n-Mn2Os/p-InSe [7,8]; CuCly-2H0
and FeCl3-6H20 for p-CuFeOa/n-InSe [9]; FeCls-6H,0 for
n-Fe20s/p-InSe [10]. In the table 1 shows the thickness of
the obtained films, the contact potential difference of the
heterojunction, and the width of the band gap (Eg) of the
oxide. The main mechanism of charge transfer in these
heterojunctions is tunneling.

1. Results and discussion

Fig. 1 shows the photoresponse spectra of the
heterojunctions. lllumination was carried out from the side
of the oxides. The front layer is transparent in the region
of maximum photosensitivity of InSe, which makes it
possible to effectively exploit the optical properties of the
latter. We see that the heterojunctions are photosensitive
in the photon energy range of 1.2+3eV. The long-
wavelength edge of photosensitivity at hv~1.2eV is
caused by the fundamental absorption edge in InSe. Due
to the polycrystalline nature of the oxide films, the
fundamental absorption edge in some samples may be
blurred compared to single crystal materials (see curves
for n-Mn,Os/n-InSe and n-Fe,Os/p-InSe). At energies
lower than band gap of the oxide, part of the radiation is
absorbed at the grain boundaries. Accordingly, the number
of photons entering InSe decreases.

As can be seen from the presented spectra, peaks of
different intensity are observed at their long-wavelength

Table 1.
Parameters of the heterojunctions
oxide thickness, pm InSe thickness, mm o, eV oxide band gap, eV

n-MnOs/n-InSe 0.5 1 14 2.12
n-MnOs/p-InSe 0.5 1 11 2.12
p-CuFeO,/n-InSe 0.3 1.2 1.02 2.6
n-Fe;Os/p-InSe 0.3 0.5 0.74 2.1
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Fig. 1. Photoresponse spectra: a) — n-InSe; b) — p-InSe.



Photoelectric properties of heterojunctions based on semiconducting metal oxides and indium selenide

edge depending on the type of heterojunction. It is related
to the formation of excitons. The observation of excitons
at room temperature indicates the high perfection of InSe
crystals.

Usually, the photosensitivity of heterostructures is
limited on the one hand by the band gap of the base
material, where the main absorption of radiation occurs,
and on the other hand by the band gap of the front layer.
This behavior is demonstrated by n-Mn,Os/p-InSe and n-
Fe,Os/p-InSe heterostructures (see Fig. 1b). The p-
CuFeOa/n-InSe and n-MnyOs/n-InSe  heterostructures
have slightly different behavior (Fig. 1a). In the case of p-
CuFeOa/n-InSe heterostructures, this is explained by the
formation of the In,Ses film, which we will discuss below,
and isotype n-Mn,Os/n-InSe heterostructures are less
sensitive to losses caused by light absorption in the front
layer.

A feature of our heterostructures manufacturing is the
possibility of formation of extraneous phases on the InSe
surface during the sample manufacturing process. It is
known that when InSe is heated in air to temperatures of
573+773 K, In2Ses and In2(SeQq); phases are formed, and
at higher temperatures — In,Os; [11,12]. The band gap
width of a-In.Ses films depends on its thickness: Eg4
increases with decreasing thickness and can reach 2.8 eV
for 3.1 nm [13]. The formation of such phases is an
uncontrolled process. We established the formation of a
thin In,Ses film between InSe and oxide in the process of
fabrication of p-CuFeQO2/n-InSe [9] and n-Fe;Os/p-InSe
[10] heterostructures. These phases can cause changes in
the spectra of photosensitivity. Exactly which part of the
InSe surface changes is not known, this requires additional
research. But it is obvious that when such changes affect
some critical percentage of the InSe surface area, this is
reflected in the photosensitivity spectra in the form of the

appearance of additional maxima (2.3 eV for p-CuFeO,/n-
InSe) or a change in the shape of the photoresponse curves
due to the redistribution of absorbed photons between
InSe and In;Ses. Thus, the analysis of the spectra can be a
confirmation of the phase transformations of InSe.

Conclusions

The photosensitivity of heterostructures based on the
layered semiconductor InSe and wide band gap oxides of
various types (Mn;Os, CuFeO;, Fe,03;) was analyzed.
Heterostructures were produced by the spray pyrolysis
method. These heterostructures effectively convert light
into electric current in the photon energy range of
1.2+3 eV. It is shown that the main absorption of light
occurs in InSe, since the oxides are transparent in the
range of its maximum photosensitivity. Peaks
corresponding to exciton absorption are visible on the
photoresponse curves. The fact that they are observed at
room temperature confirms the perfection of InSe crystals.

Due to the heating of InSe in the technological
process, a thin film of In;Ses can form on its surface,
which affects the photoresponse spectra.
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[IpuBeneHo pe3yabpTaTH TOPIBHAHHA (OTOUYTIMBOCTI TEeTEPONEPEXOMiB HAa OCHOBI IIapyBaToro
HamiBnpoBinHuKa INSe Ta pisHuX MmHUpoko3oHHUX okcuaiB (Mn20s, CuFeO2, Fe203), BUTOTOBICHHX METOJIOM
copeil mipomizy. JocmimKkeHo chekTpu (POTOBIATYKY, OIMPOMIHEHOTO 31 CTOPOHHM IUTIBOK OKCH/IB METaliB
rerepornepexony B iHTepBaii enepriii gporouis 1.2+3 eB. BeraHoBneno BunukHeHHs ¢da3u IN2Ses Mix moBepxHEO
kpucrany InSe Ta rriBkaMu OKCHIIB Ta ii BIUIUB Ha ()OTOUYTIUBOCTH TETEPOCTPYKTYP.

KurodoBi ciioBa: cenenif iHAiI0, FeTePOCTPYKTYpH, (GOTOBIATYK.
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