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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, 

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 mm2. 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  5  1 mm3. 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  1015 cm – 3 and their mobility at 

room temperature in direction perpendicular to the 

symmetry axis c was equal to  ≈ 850 cm2/(Vs). 

Thin films of tin sulfide with a thickness of 0.5 μm 

were made from a 0.1 M aqueous solution of tin dichlo-

ride SnCl2·2H2O 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 
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high volatility, a large part of the sulfur leaves the sur-

face. The pyrolysis temperature for obtaining the film 

was Т = 623 K, the specific resistance of the film was 

ρ = 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]: 
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where n is the diode coefficient, Rs is the series re-

sistance, and Rsh is the shunt resistance. 
 

 
 

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  4 V) voltages was taken as the initial values of Rsh 

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 ln 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]: 

 I = B·exp(a(V – I·Rs)). (2) 
 

Fig. 2 shows the results of approximation using for-

mula (2). We see that when V  1 V, formula (1) describes 

the experimental data quite accurately. The found values 

of Rs are given in Table. 1. At small forward bias 

V = 0÷1 V, the graphical dependence can no longer be 

described by formula (1), but a power-law dependence 

I  a·V m 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. 
 

 
 

Fig. 2 – Forward I-V characteristics of p-SnS/n-InSe 

heterostructure at different temperatures (points are 

experimental data, curves are approximation by formula (1) 

and I  a·V m) 
 

Table 1 – Fitting parameters 
 

T, K Rs, kOhm Rsh, 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/Rsh). The value of Rsh 

can be found from the slope of the reverse I-V character-

istics (see Table 1). The nature of Rsh 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 Rsh 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 

φ ≈ 0.1÷0.3 V. These data correlate with the work [11], 

where the maximum value of φ was 0.33 V. Note, that 

the significant influence of the shunt resistance makes it 

difficult to accurately determine the contact potential 

difference. 
 

 
 

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 hν = 1.2 eV is caused by the fundamental 

absorption edge in n-InSe. p-SnS thin films are polycrys-

talline, as a result of which the eigenabsorption edge is 

blurred due to partial absorption at the grain boundaries 

compared to single-crystalline materials. At energies 

hν  Eg = 1.45 eV, part of the radiation is absorbed at the 

grain boundaries. At the same time, the light that can be 

absorbed in n-InSe does not penetrate into the base re-

gion due to absorption in SnS. The full width of the spec-

trum of the relative quantum efficiency at half height 

δ1/2 ≈ 1.56. 

 

4. CONCLUSION 
 

A photosensitive p-SnS/n-InSe heterojunction was 

produced by the method of low-temperature spray pyrol-

ysis. I-V characteristics were measured in the tempera-

ture range from 247 K to 333 K at forward and reverse 

biases of the p-n–heterojunction (V = – 5÷5 V). It was 

established that the current flow is mainly determined 

by two factors – tunneling of charge carriers and shunt 

resistance. The first is decisive at forward biases greater 

than 1 V. The second is responsible for the linear de-

pendence of the reverse I-V characteristics, and also, 

starting from some temperatures (T  294 K), plays a 

decisive role for forward bias of V  1 B. In addition, 

there is a region where the forward I-V characteristics 

are described by the Child-Langmuir law (space charge 

limited current): T  294 K, V  1 B. Based on the ap-

proximation of experimental data by theoretical models, 

the values of series and shunt resistance at different 

temperatures were calculated: Rs = 40÷70 kOhm, 

Rsh = 0.1÷7.6 mOhm. 

The magnitude of the contact potential difference 

found from I-V characteristics was about φ ≈ 0.1÷0.3 V in 

the studied temperature range. 

It is shown that the p-SnS/n-InSe heterojunction is 

photosensitive in the energy range hν = 1.2÷3.2 eV, 

which makes it promising for use in the near-infrared 

region of the spectrum. 
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Гетероструктури p-SnS/n-InSe створені методом спрей-піролізу 
 

І.Г. Ткачук1, І.Г. Орлецький2, З.Д. Ковалюк1, В.І. Іванов1, А.В. Заслонкін1 
 

1 Інститут проблем матеріалознавства ім. І.М. Францевича НАН України, Чернівецьке відділення, 

вул. І. Вільде, 5, 58001, Чернівці, Україна 
2 Чернівецький національний університет ім. Юрія Федьковича, вул. Коцюбинського, 2, 58012, Чернівці, Україна 

 

Дана робота присвячена виготовленню та дослідженню електричних та фотоелектричних харак-

теристик анізотипних гетеропереходів p-SnS/n-InSe. Для нанесення тонких плівок SnS на кристалічні 

підкладки InSe використовувалась технологія низькотемпературного спрей-піролізу. На основі аналі-

зу температурних залежностей прямих і зворотних гілок вольт-амперних характеристик досліджено 

динаміку зміни енергетичних параметрів гетеропереходу. Запропоновано теоретичні моделі, що опи-

сують поведінку прямих та зворотних гілок вольт-амперних характеристик. Визначено величину пос-

лідовного та шунтуючого опорів, а також їх вплив на вольт-амперні характеристики гетеропереходу. 

Оцінено величину контактної різниці потенціалу. Встановлено основні механізми протікання струму. 

Досліджена спектральна залежність квантової ефективності опроміненої зі сторони плівки SnS гете-

роструктури p-SnS/n-InSe в інтервалі енергій фотонів 1.2÷3.2 eV. 
 

Ключові словаs: Селенід Індію, Сульфід олова, Гетероструктури, Спрей-піроліз, Вольт-амперні  

характеристики, Електропровідність, Фоточутливість. 


