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This work is devoted to the fabrication and investigation of electrical and photoelectric characteristics
of p-SnS/n-InSe anisotype heterojunctions. Low-temperature spray pyrolysis technology was used to depos-
it SnS thin films on InSe crystal substrates. Based on the analysis of temperature dependences of forward
and reverse I-V characteristics, the dynamics of changes in the energy parameters of the heterojunction
were investigated. Theoretical models describing the behavior of the forward and reverse I-V characteris-
tics are proposed. The value of the series and shunt resistances, as well as their influence on the I-V char-
acteristics of the heterojunction, was determined. The value of the contact potential difference was esti-
mated. The charge transfer was analyzed. The spectral dependence of the quantum efficiency of the p-
SnS/n-InSe heterostructure irradiated from the side of the SnS film in the photon energy range of

1.2+3.2 eV was studied.
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1. INTRODUCTION

There is an active phase of design and fabrication of
new materials for use in thin-film solar cells and vari-
ous types of electronic sensors in the modern world of
semiconductor materials. An important condition of
such research is the simplicity of technology, low cost
and the availability of the materials used. Tin sulfide
(SnS) is a promising semiconductor material for optoe-
lectronic applications with a band gap of 1.2+1.6 eV
and a high absorption coefficient [1, 2, 3]. In addition,
SnS is an environmentally safe and potentially afford-
able photovoltaic material.

Usually SnS films exhibit p-type conductivity and
only in some cases they are n-type. The films can be
deposited by various methods, such as: electrodeposi-
tion, thermal evaporation, chemical deposition, and
others. The spray pyrolysis technique allows for mobile
correction and control of the deposition process of tin
sulfide on the surface of crystalline semiconductor
[4, 5], which in this experiment are layered InSe crys-
tals.

Indium selenide has a band gap of 1.26 eV, which is
in the range of optimal values for photoelectric conver-
sion of sunlight [6, 7]. There were created different
types of photosensitive structures using indium sele-
nide [8-10].

This paper presents the results of studies of the
electrical and photovoltaic properties of p-SnS/n-InSe
heterostructure produced by the spray pyrolysis meth-
od. Similar heterostructures produced by the physical
vapor deposition method are described and analyzed in
Ref. [11]. The differences of our research from hetero-
junctions with a planar contact configuration [11]: ex-
ternal contacts from the front and rear surfaces of the
structure improve the electrical properties of the struc-
tures contributing to the reduction of internal re-
sistance, the area of the heterojunction is increased,
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the thickness of SnS and InSe is increased to avoid
shunting, and a low-cost non-vacuum manufacturing
technology is used. In work [11], heterostructures were
made from nanometer layers of SnS and InSe, the area
of which was hundreds of microns. In our case, the
thickness of InSe and SnS was 1 mm and 0.5 mm, re-
spectively, and the area of the heterostructure was
equal to 25 mm?. Due to the low cost of fabrication of
the SnS films, spray pyrolysis is a more attractive
technology for the mass production of electronic devices
compared to the physical vapor deposition method used
by the authors of the work [11].

2. EXPERIMENTAL

The p-SnS/n-InSe heterostructures were produced by
the method of low-temperature spray pyrolysis. The ad-
vantage of this technology is simplicity and cheapness.
An aqueous solution of chemical reagents of a given com-
position was sprayed onto the InSe substrate, which was
placed on the heater. The substrate was made from
n-InSe single-crystal grown by the Bridgman method.
From the InSe crystal ingot, plane-parallel plates were
chipped along the cleavage plane, which were then cut to
a size of 5 x5 x 1 mm?. Chipping was carried out in the
air. The substrates had perfect mirror surfaces. Accord-
ing to the study of the Hall effect, the concentration of
charge carriers was n~ 10% cm -3 and their mobility at
room temperature in direction perpendicular to the
symmetry axis ¢ was equal to = 850 cm?/(V-s).

Thin films of tin sulfide with a thickness of 0.5 pm
were made from a 0.1 M aqueous solution of tin dichlo-
ride SnClz 2H20 and thiourea (NH2)2CS (99 %). The solu-
tion was prepared in bidistilled water. The ratio of
[Sn]:[S] components was 1:3 to provide the required
amount of sulfur when forming a SnS film with a compo-
sition that is close to stoichiometric. During the pyrolysis
of salts on the surface of the InSe substrate, due to its

© 2023 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.15(6).06028
mailto:ivan.tkachuk.1993@gmail.com

I.G. TKACHUK, I.G. ORLETSKII, ET AL.

high volatility, a large part of the sulfur leaves the sur-
face. The pyrolysis temperature for obtaining the film
was T'=623 K, the specific resistance of the film was
p =50 kOhm cm. The film thickness was measured using
a Linnyk MII-4 interferometer. Contacts to the InSe base
material and to the SnS film were formed using silver-
based conductive paste. The I-V characteristics were
studied on a Solartron 1255 measuring complex in the
temperature range from 247 K to 333 K. The photosensi-
tivity spectra of the heterojunctions 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

For a correct analysis of the current mechanisms in
the heterojunctions, which are made using high-
resistance semiconductors, it is necessary to take into
account that part of the external applied voltage falls on
the series resistance I-Rs. Let's start by comparing the
experimental data with the theoretical dependence,
which describes a I-V characteristics, taking into account
the influence of series and shunt resistances. It has the
following form [12]:

Fo1eoxg V1B |, VIR, 1)
nkT Rsh

where n is the diode coefficient, Rs is the series re-
sistance, and Rsx 1s the shunt resistance.
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Fig. 1 — I-V characteristics of p-SnS/n-InSe heterostructure at
different temperatures (points are experimental data, curves
are approximation by formula (1))

The results of approximation of experimental data us-
ing formula (1) are shown in Fig. 1a (solid curves). The
value of the differential resistance at zero and high
(V>4YV) voltages was taken as the initial values of Rsn
and Rs, respectively. It can be seen that this formula does
not accurately describe the forward I-V characteristics at
forward bias of V< 1.5 B, and the calculated values of
n =14+16 are quite large. The temperature-independent
slope angle of the dependences In I =f(V) indicates the
tunneling mechanism of current flow through the barrier.
In this case, a forward I-V characteristics are described
by the following expression [13]:
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I=B-exp(a(V-1Ry). 2)

Fig. 2 shows the results of approximation using for-
mula (2). We see that when V> 1V, formula (1) describes
the experimental data quite accurately. The found values
of Rs are given in Table. 1. At small forward bias
V=0+1V, the graphical dependence can no longer be
described by formula (1), but a power-law dependence
I=a-Vm is observed, where m=1.5 for T<294 K and
m=1 for T>294 K. We assume that the value m=1.5
indicates the dominance of the current limited by the
space charge (Child-Langmuir law), and m =1 is due to
the current flowing through the shunt resistance. Thus,
with increasing temperature at small forward bias, the
shunt resistance begins to play a decisive role in charge
transfer.
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Fig. 2 — Forward IV  characteristics of p-SnS/n-InSe
heterostructure at different temperatures (points are

experimental data, curves are approximation by formula (1)
and I=aVm)

Table 1 — Fitting parameters

T, K Rs, kOhm Rsn, 106 Ohm
247 48 7.6
257 48 4.7
273 54 2.5
294 70 0.7
313 64 0.23
333 40 0.1

As can be seen from Fig. 1, the shunt resistance has a
significant effect on the I-V characteristics. This is espe-
cially true for reverse bias, when the dependence of cur-
rent on the voltage is linear (I = U/Rs1). The value of Rsn
can be found from the slope of the reverse I-V character-
istics (see Table 1). The nature of Rs: is determined by
crystal defects at the interface, which lead to the for-
mation of alternative current flow paths. On the basis of
the linear dependence of the reverse I-V characteristics at
different temperatures, it can be assumed that the re-
verse current in the heterostructure is determined not by
tunneling, but by the flow of current through the shunt
resistance. It should be noted that in other heterojunc-
tions based on InSe and semiconductor oxides, produced
by us using the spray pyrolysis method, such a signifi-
cant effect of Rs» was not observed [14, 15]. This is ex-
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plained by the higher pyrolysis temperature of fabrica-
tion of the p-SnS/n-InSe heterostructure (623 K vs.
523 K) — the higher the temperature, the more defects
are formed at the interface, which causes the appearance
of shunt currents.

In the investigated temperature range, the value of
the contact potential difference found from the extrapola-
tion to the axis of the voltages of the straight sections of
the forward I-V characteristics was approximately
@ =0.1+0.3 V. These data correlate with the work [11],
where the maximum value of ¢ was 0.33 V. Note, that
the significant influence of the shunt resistance makes it
difficult to accurately determine the contact potential
difference.
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Fig. 3 — Spectral characteristics of p-SnS/n-InSe

heterostructure

Fig. 3 shows the spectral dependence of the quantum
efficiency of p-SnS/n-InSe heterostructure irradiated
from the side of the SnS film in the photon energy range
of 1.2+3.2 eV. The maximum at 1.45 eV corresponds to
the SnS band gap. The long-wavelength edge of photo-
sensitivity at Av=1.2 eV is caused by the fundamental
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T'erepocTrpykrypu p-SnS/n-InSe crBopeni meronom cupei-mipoJiiay
I.T. Trauyx!, I.I'. Opaeuprnii?, 3.11. Kosamox!, B.I. Isamos!, A.B. 3acmoukiu!

L Inemumym npobnem mamepianoznascmea im. I.M. @panuyesuwa HAH Yipainu, Yepriseupice 8100i1eHHA,
eya. I. Binwoe, 5, 58001, Yeprisui, Vepaina
2 Yepriseupruil Haylonabrull yrisepcumem im. IOpis @eovkosuua, 8yn. Kouoburncoroezo, 2, 58012, Yepnisui, Yrpaina

Jlana poboTa IprCBAYE€HA BUTOTOBJIEHHIO Ta JOCIIIFKEHHIO €JIEKTPUIHUX TA (POTOCJIEKTPUUHUX XapakK-
TEPUCTUK aHI30TUITHUX reTeporepexomis p-SnS/n-InSe. Jlisa HaHeceHHsA TOHKUX IUTIBOK SnS HA KPUCTAJIYHL
makaagku InSe BUKOPUCTOBYBAIACh TEXHOJIOTA HU3BKOTEMIIEPATYPHOTO cripeii-mmiposidy. Ha ocHoBi anauri-
3y TEeMIIepaTypPHUX 3aJIEKHOCTeH MPSAMUX 1 3BOPOTHUX T1JI0K BOJIBT-aMIIEPHUX XAPAKTEPUCTUE JOCIIIHEHO
IUHAMIKY 3MIHM €HepreTUYHUX IIapaMeTpPiB TeTeporepexoy. 3amporloHOBAHO TEOPETUYHI MOJEJ], 110 OIH-
CYIOTH IIOBEIIHKY IIPSIMHX T4 3BOPOTHUX ILJIOK BOJIBT-AMIIEPHUX XapaKTePUCTHK. BU3HAYEHO BEJIMYMHY II0C-
JIZIOBHOTO Ta IILyHTYIOUOTO OIOPIB, 4 TAKOXK IX BILJIMB Ha BOJIBT-AaMIIEPHI XapaKTEPUCTHKY FeTePOIIePeXo/y.
OL1iHeHO BeJIMUYMHY KOHTAKTHOI PI3HUII HOTEHITaIy. BCTaHOBIEHO OCHOBHI MeXaHI3MHU IIPOTIKAHHA CTPYMY.
JlocmimxeHa crekTpaabHa 3aJIe/KHICTh KBAHTOBOI epeKTUBHOCTI OITPOMIHEHOI 31 CTOPOHU ILTIBKHM SnS rere-
pocTpykTypH p-SnS/n-InSe B iHTepBasi eHepriit goronis 1.2+3.2 eV.

Kmiouosi coosas: Cenenin Immito, Cynwdin omosa, I'erepocrpyrrypm, Cmpeit-miposia, Bosbr-ammepsi
XapakTepucTukH, EirekTponpoBigHicTs, ®oToUyTIUBICTS.
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