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Photosensitive Mn20s/n-InSe heterojunctions were produced by the method of low-temperature spray py-
rolysis. An aqueous solution of the appropriate composition was sprayed onto a heated substrate made of a lay-
ered n-InSe crystal. As a result, a thin film of Mn2Os was formed on its surface. The use of layered semiconduc-
tors makes it possible to obtain high-quality interfaces, even with significant differences in the crystal lattice
parameters of the contacting materials. The front layer of the wide-gap semiconductor Mn20s is transparent in
the region of maximum light absorption in InSe. This makes it possible to effectively exploit the photovoltaic
properties of the latter. The photoelectric and optical properties of the obtained heterojunction were studied,
the corresponding graphical dependences were constructed: current-voltage characteristics and differential re-
sistance at different temperatures, temperature dependence of the height of the potential barrier, spectral de-
pendence of the relative quantum efficiency in the photon energy range of 1.2+3.2 eV. Theoretical models de-
scribing the obtained results are proposed. Based on the analysis of the temperature dependences of the direct
and reverse branches of the current-voltage characteristics, the energy parameters of the heterojunction were
determined. The value of the series and shunt resistances was evaluated. The mechanisms of the formation of

forward and reverse currents through the Mn2Os/n-InSe energy barrier are determined.
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1. INTRODUCTION

Nowadays, thin films of semiconducting metal ox-
ides are of considerable scientific and practical interest.
Most vividly, such films reveal themselves in the field
of manufacturing heterostructures of various types.
They are able to efficiently absorb light in the region of
fundamental absorption and remain transparent at
photon energies smaller than the band gap. This de-
termines their potential as materials for the manufac-
ture of solar energy devices and optoelectronics. The
development of the physics and technology of semicon-
ductor heterojunctions is one of the main directions of
research in the field of modern materials science and
semiconductor device engineering [1]. This causes sig-
nificant and undiminished interest in semiconductor
devices based on heterojunctions and the emergence of
a significant volume of new scientific material regard-
ing manufacturing methods and research into their
electrical and photovoltaic properties. One of the main
problems faced by researchers in the manufacture of
heterojunctions is the difference in the parameters of
the crystal lattices of the starting materials. As a re-
sult, mechanical stresses and broken interatomic bonds
occur at the interface. The latter can effectively capture
charge carriers and/or form additional barriers for car-
rier movement. In addition, such surface defects create
energy levels in the middle of the band gap. They can
work as recombination centers or traps, which have a
significant effect on the electrical properties of semi-
conductor devices based on heterojunctions. Quite of-
ten, this leads to the fact that the experimenter has
two promising materials with suitable energy parame-
ters, and they do not produce a high-quality hetero-
junction. A possible solution to this problem is the use

* ivan.tkachuk.1993@gmail.com

2077-6772/2023/15(2)02022(5)

02022-1

PACS numbers: 73.40. — ¢, 78.66. — w

of layered 2D materials [2, 3]. The peculiarities of their
crystal structure make it possible to obtain atomically
smooth surfaces that do not contain broken bonds by
simple mechanical chipping without the need for fur-
ther mechanical or chemical processing. In addition,
they are not so sensitive to the mismatch of crystal
lattice parameters [4], which significantly expands the
choice of materials for the manufacture of high-quality
heterojunctions.

The layered structure of InSe crystals with a weak van
der Waals bond between the layers and a strong ionic-
covalent bond in the layers ensures their advantage over
classical semiconductors in the manufacture of substrates
for heterostructures. Ideal surfaces are obtained by simple
mechanical chipping along the layers of the crystal. This
allows you to exclude from the technological process such
operations as cutting ingots and further mechanical and
chemical processing. We also note that the resistance of
InSe to radiation expands the scope of its use. The inter-
est of researchers in InSe has grown significantly in re-
cent years, various prototypes of electronic devices have
already been manufactured on its basis [5-7].

This work is a continuation of research into the pos-
sibilities of constructing heterojunctions based on the
contact of the InSe layered semiconductor with other
semiconductors. We have already produced photosensi-
tive heterojunctions on FeSs/InSe [8], Zno5Cdo.5;0/InSe
[9], SnS2/InSe [10] and CuFeO2/InSe [11], which show
good straightening properties.

2. EXPERIMENTAL

Mn20s/n-InSe heterojunctions were produced by the
method of low-temperature spray pyrolysis. The ad-
vantage of this technology is simplicity and cheapness.
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An aqueous solution of the appropriate composition was
sprayed onto the InSe substrate, which was placed on the
heater. The substrate was made of single-crystal n-InSe
grown by the Bridgman method. From the InSe crystal
ingot, plane-parallel plates were chipped along the cleav-
age plane, which were then cut to a size of 5 x 5 x 1 mm?.
Chipping was carried out in the air. The substrates had
perfect mirror surfaces.

The surface temperature of the substrate during py-
rolysis was maintained at 7s= 350 °C. Spray pyrolysis
took place under atmospheric pressure conditions. A so-
lution with a concentration of 0.1 M of manganese dichlo-
ride MnCl2-4H20 in distilled water was used to create a
finely dispersed aerosol over the substrates. As a result of
the process of pyrolysis of MnClz salt during interaction
with atmospheric oxygen, a film of the binary bixbite
compound a-Mn203 with n-type electrical conductivity
and resistivity p~107Q-<cm at room temperature is
grown on the surface of the substrates. The band gap
E;=2.12 eV of the obtained films is in good agreement
with the values of E; given in the literature sources
E;=2.02eV [12], Eg=2.2+2.4 €V [13]. The n-Mn20s films
grown by the spray-pyrolysis method have a high resis-
tivity and a small electron diffusion coefficient
Dy =510-2 cm%s [14]. The concentration of charge carri-
ers in them is n=1.1-102cm-3. The thickness of the
Mn:20s films was ~ 0.5 um. It was determined by the dis-
placement of the interference lines at the film-substrate
interface using the Linnyk MII-4 multi-beam microinter-
ferometer.

Contacts to the InSe base material and to the
n-Mn20s3 film were formed using silver-based conductive
paste. The current-voltage characteristics of the Mn20s/
n-InSe heterostructures were studied on a Solartron 1255
measuring complex (265+321 K). The photosensitivity
spectra were measured at room temperature on an
MDR-3 monochromator with a resolution of
2.6 nm/mm. The spectra were normalized with respect
to the photon flux.

3. RESULTS AND DISCUSSION

Fig. 1 shows the straight lines of the I-V characteris-
tics of the Mn20s/n-InSe heterojunction, measured at
different temperatures. To analyze the obtained graphs,
we will use a well-known formula that takes into account
the influence of series and shunt resistances [15]:

I= I{exp( e(Vn;g ;Rs )j - 1} +

where [; is the saturation current, n is the imperfection
coefficient, Rs is the series resistance, Rs: is the shunt
resistance. Solid curves in Fig. 1 represent the results of
approximation using formula (1). The value of the differ-
ential resistance of the heterojunction (Rai) (see Fig. 2)
was taken as the initial values of Rs and Rs: at high volt-
ages V in the saturation region and at V=0V, respec-
tively. A good match between experimental data and the-
oretical calculations confirms the validity of the selected
model and allows us to evaluate the characteristics of the
heterojunction n, Rs and Rsx. The found values of the fit-
ting parameters are given in the Table 1.
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Fig. 1 — Forward I-V characteristics of Mn20s/n-InSe he-
terojunction at different temperatures (points are experi-
mental data, curves are approximation by formula (1))

Table 1 — Fitting parameters

Is, Rs, Rsh,
LK 10-10 A n Ohm 108 Ohm
265 0.7 2600 7
281 5 5.4 1800 4
301 6 6 1350 2
321 8 2.9 950 0.5

The large value of the shunt resistance indicates
that our technology allows to grow high-quality hetero-
junctions, in which there is no shorting on the sides or
through conduction channels in the interface area.

The Rs value in Mn20s/n-InSe heterostructures is de-
termined by the resistance of the thick InSe base region.

In InSe in the region of the investigated tempera-
tures, the electron concentration increases with 7 due
to electron transitions from a deep uncompensated do-
nor level, and the mobility is determined by optical
phonon scattering: n ~ T'34-exp(—Ea/2kT), 1~ T-32[16].
Taking this into account, the temperature dependence
of electrical conductivity is described by the expression
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o(T) ~ T-34*exp(—Ea/2kT). Using this formula, it is pos-
sible to estimate the depth of the donor level Eq by the
slope of the graphical dependence In(c-T34) on 1/T (see
Fig. 3): E4=0.3 eV.

V.V

Fig. 2 — Dependence of differential resistance of MnzOs/n-InSe
heterojunction on voltage at different temperatures
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Fig. 3 - Dependence  of  In(c-T'%4) of  Mn20s/n-InSe

heterojunction on 103/T

The value of the energy barrier of the heterojunction
¢ is an approximation of the linear section of the I-V
characteristic to the intersection with the abscissa axis.
Its temperature dependence (see Fig. 4) is linear:

o (T) =,(0)- B,T . 2

where fB,=0.016 eV-K-1 is the temperature coefficient of
the height of the potential barrier, and ¢o(0) =6.1 €V is
the height of the potential barrier at 7= 0 K.

Straight branches of the current-voltage characteris-
tics of the heterojunction in semi-logarithmic coordinates
at different temperatures are shown in Fig. 1. As can be
seen from the figure, straight sections are observed in the
area of direct displacements V> 3kT/e.
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Fig. 4 — Temperature dependence of the height of the

potential barrier of Mn203s/n-InSe heterojunction
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Fig. 5 —Reverse -V characteristics of Mn203/n-InSe

heterojunction at different temperatures
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The analysis of the straight branches of the I-V char-
acteristics of the Mn20s/n-InSe heterostructures built on
a semi-logarithmic scale showed that the dependence
In I=f(V) consists of two straight sections, which indi-
cates the exponential dependence of the current on the
voltage. The calculated by formula Aln I/AV=e/nkT
values of the non-ideality coefficient are n = 3.5 (V<1V)
and n=7 (V>1V). A large value n and a weak slope of
the dependences In I=f(V) at high voltages is evidence of
the tunneling nature of the current transfer mechanism.

The expression for the tunnel current with reverse bi-
as in the case of a sharp heterointerfaces has the form [1]:

It b—O , (3)

~ ay exp
rev 0 W

where ao and bo are voltage-independent parameters.

The fact that the reverse branches of the I-V charac-
teristics in Fig. 5 are straight lines in the coordinates
In Lrew = fipo — eV) =12, according to equation (3), confirms
the dominance of the tunnel mechanism of current trans-
fer in the region of reverse displacements | V| > 3kT/e.
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Fig. 6 — Spectral characteristics of the Mn2Os/n-InSe
heterostructure
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Fig. 6 shows the spectral dependence of the quantum
efficiency of the Mn20s/n-InSe heterostructure irradiated
from the side of the Mn20s film in the photon energy
range of 1.2+3.2 eV with a maximum at 1.95eV. The
long-wavelength edge of photosensitivity at Av=1.2 eV is
caused by the fundamental absorption edge in n-InSe.
Mn20s3 thin films are polycrystalline, as a result of which
the fundamental absorption edge is blurred due to partial
absorption at grain boundaries compared to monocrystal-
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observed in the spectral characteristic, after which it
reaches saturation. The full width of the spectrum of the
relative quantum efficiency at half-height §121s =~ 1.88.

4. CONCLUSION

Photoelectric parameters of Mn20s/n-InSe hetero-
junctions produced by low-temperature spray pyrolysis
of Mn203 thin films on n-InSe crystalline substrates
were studied. The heterojunctions shows rectifying prop-
erties and photosensitivity. Based on the analysis of the
I-V characteristics, the values of the coefficient of non-
ideality, series and shunt resistances were determined.
The high value of the shunt resistance confirms the
quality of the grown heterostructures. It is shown that
the dependence of the height of the energy barrier on T'
is linear in the region of the investigated temperatures.
The mechanisms of the formation of forward and reverse
currents through the Mn2Os/n-InSe energy barrier has
tunneling nature. The spectral dependence of the quan-
tum efficiency of the Mnz20s/n-InSe heterostructure irra-
diated from the side of the Mn203 film shows the hetero-
structure is photosensitivity in the range of photon en-
ergies of 1.2+3.2 eV with a maximum at 1.95eV. The
long-wavelength edge of photosensitivity at Av=1.2 eV
is caused by the fundamental absorption edge in n-InSe.
Mn20s3 thin films are polycrystalline, as a result of which
the fundamental absorption edge is blurred due to par-
tial absorption at grain boundaries compared to mono-
crystalline materials.
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DoToesiekTpUYHi BracTuBocTi rereponepexoay Mn20s3/n-InSe
ILT. Trauyk!, I.I'. Opaenprnii?, B.1. Isanos!, 3.J1. Koamok!, A.B. 3acimoukiu!, B.B. Hersara!l

1 Inemumym npobnem mamepianosnascmea im. I.M. @panyesuuwa HAH Yipainu, Yepriseupie 61001ieHHA,
eya. I. Binwoe, 5, 58001 Yepnisui, Yrpaina
2 Yepriseupkuil Haylonawnuil ynisepcumem im. KOpis @edvrosuua, 8yn. Kouoburncokoeo, 2, 58012 Yepnisul, Yipaina

MeTom0M HU3BKOTEMIIEPATYPHOIO CIPEH-IiposIi3y BUTOTOBIEHO OoTOUyTIUB] reTteponepexomau Mn2Os/n-
InSe. Ha marpity makaanky 3 mapyBaToro Kpuctaiay n-InSe posmuIioBaBCsS BOOHUM PO3UMH BiJIOBIIHOIO
ckiaay. B pesynbraTi woro Ha #oro moBepxi yTBopoBasiach ToHKA ILTiBKa Mn2Os. Bukopucramms mapysa-
THUX HAIIBIIPOBIIHUKIB J03BOJIAE OTPUMYBATH AKICHI iHTepdeiicy, HABITh IIPX 3HAYHIN PO30IKHOCTI IIapaMe-
TPiB KPUCTATIYHUX I'PATOK KOHTAKTYIOUHX MarepiayiB. OpoHTa IbHUM 1Iap 3 IMTHPOKO30HHOr0 HAIIBIPOBiI-
uuka Mn203 e mpo3opum B obsacTi MakcuMasbHOro morianHaHHsS cBitia y InSe. Ile mossossie ederruBHO
EKCILIyaTyBaT! (POTOEJIEKTPUYHI BJIACTMBOCTI OCTAHHBOrO. [IpoBeneHo HocimireHHS (DOTOEJIEKTPUIHUX Ta
ONTHUYHUX BJIACTHBOCTEH OTPUMAHOTO MeTePOIIePexoy, 00y I0BAHO BIIIOBIIHI TpadIidHi 3aJI€sKHOCT]: BOJILT-
aMIIepHI XapaKTEePUCTUKN Ta JU(epeHIINHIN OIip IpY PI3HUX TeMIepaTypax, TeMIlepaTypHa 3aJIe:KHICTh
BHCOTH TOTEHIIMHOTO 0ap’epy, CIIEKTpasbHA 3aJIeKHICTH BIIHOCHOI KBAaHTOBOI e)eKTHUBHOCTI B IHTEepBAJIL
enepriit ¢oroniB 1.2+3.2 eV. 3anpornoHOBAHO TEOPETHYHI MOJIEJII, 10 OIKCYIOTh OTpUMaHi pedyiabraTu. Ha
OCHOBI aHAJI3y TEMIIEPATyPHUX 3AJIESKHOCTEH MPAMUX 1 3BOPOTHUX TlJIOK BOJIBT-AMIIEPHUX XAPAKTEPUCTHUK
BU3HAYEHO €HEepreTUYHI IapaMeTpy rerepomepexoay. IIpoBeeHo OIiHKY BeJIMYWHU IIOC/II0OBHOIO TA Iy H-
Tylodoro oropiB. BuanaueHl mexaHiaMu GopMyBaHHS IPSMOTO Ta 3BOPOTHOTO CTPYMIB KpP13h €HEePreTHIHHU
6ap’ep Mn20s/n-InSe.

Kimouori cnosas: Cenenin Inmito, Mn2Os, I'erepocrpyrrypu, Bossr-ammiepri xapakrepucrukn, GoTouyT/IMBICTD.
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