
Solar Energy 222 (2021) 290–297

Available online 14 May 2021
0038-092X/© 2021 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.

Effect of heat treatment in sulfur on structural, optical and electrical 
properties of thermally evaporated In2S3 thin films 

M.S. Tivanov a,*, I.A. Svito a, S. Rasool b, K. Saritha b, K.T. Ramakrishna Reddy b,*, V. 
F. Gremenok c 

a Faculty of Physics, Belarusian State University, Nezavisimosti 4 av., 220030 Minsk, Belarus 
b Solar Photovoltaic Laboratory, Department of Physics, Sri Venkateswara University, Tirupati 517 502, Andhra Pradesh, India 
c Scientific and Practical Materials Research Centre, National Academy of Sciences, 220072 Minsk, Belarus   

A R T I C L E  I N F O   

Keywords: 
In2S3 films 
Thermal evaporation 
Sulfur annealing 
Structure 
Optical 
Electrical 

A B S T R A C T   

Crystallinity, optical band gap, resistivity and photoresponse of thermally evaporated In2S3 thin films deposited 
at a temperature of 350 ◦C and further annealed in sulfur vapour at different temperature range of 200–300 ◦C is 
investigated. It is observed that with an increase of annealing temperature, predominantly β-In2S3 phase is 
formed and the optical band gap for indirect allowed transitions increases from 1.6 eV to 2.0 eV and for direct 
allowed transitions from 2.3 eV to 2.7 eV. The electrophysical properties indicate that the activation mechanism 
of conductivity with an activation energy in the range of 0.5–0.73 eV, which is typical for the presence of indium 
vacancies in the β-In2S3 crystal structure and for the replacement of sulfur by oxygen atoms. It is also noted that 
sulfur annealing at temperatures of 250–300 ◦C leads to an increase in the conductivity and photosensitivity of 
films, which is suitable for photovoltaic applications.   

1. Introduction 

Indium sulfide (In2S3) is one of the potential materials used in 
advanced solar cells, as buffer/window layer in Cu(In,Ga)Se2, 
Cu2ZnSnS4 and Sb2S3 based thin film solar cells (Spiering et al., 2016; 
Lee and Yang, 2021; Lugo-Loredo et al., 2014; Shi et al., 2021), as an 
electron transport layer (ETL) in perovskite solar cells (Yang et al., 2019; 
Hou et al., 2017) and as a photosensitizer in sensitized solar cells (Yang 
et al., 2015; Zhang et al., 2014) due to its high stability at room tem
perature, transparency in a wide wavelength range, less toxicity of its 
constituent elements and also photosensitive nature. The record con
version efficiency of 18.2% was achieved using thermally evaporated 
In2S3 films as buffer layer in Cu(In,Ga)Se2-based thin film solar cells 
(Spiering et al., 2016), which is close to 22.6% efficiency achieved using 
toxic CdS as buffer layer in these cells (Jackson et al., 2016). Shi et al. 
(Shi et al., 2021) was also able to achieve improved conversion effi
ciency of Sb2S3-based solar cell by introducing In2S3 as buffer layer 
between TiO2 and Sb2S3 layers that can reduce the charge recombina
tion and enhanced the electron lifetime. Further, In2S3 is used as a 
photo-anode in photoelectrochemical (PEC) cells for hydrogen produc
tion (Wang et al., 2020). Moreover, it can be used in Li-ion batteries (Gu 

and Wang, 2014), gas sensor (Souissi et al., 2018; Souissi et al., 2019; 
Souissi et al., 2020; Souissi et al., 2020) and biosensor (Nagesh et al., 
2001; Li et al., 2020) applications. 

Indium sulfide has three different structural forms: α-In2S3 (defective 
cubic), β-In2S3 (defective tetragonal) and γ-In2S3 (layered hexagonal) 
(Lee et al., 2008; Pistor et al., 2016). Crystalline β-In2S3 is an n-type 
semiconductor with direct band gap energy varies from 1.8 eV to 2.4 eV 
depending on its composition and deposition conditions (Sanz et al., 
2013; Bouabid et al., 2004; Ji et al., 2015; Nehra et al., 2015). It is the 
most stable compound at room temperature (Pistor et al., 2016). 

The α-modification of In2S3 is usually stable at temperatures above 
420 ◦C. However, in the case when higher annealing rates or deficiency 
of S atoms prevail during the synthesis process, it is possible to obtain 
samples of α-In2S3 phase that are stable even at room temperature 
(Sandoval-Paz et al., 2005). A high-temperature trigonal γ-In2S3 modi
fication is stable at temperatures above 754 ◦C. Nevertheless, the re
searchers showed that the addition of 5 at. % As or Sb or other elements 
of V-group leads to the stabilization of γ-In2S3 phase at room tempera
ture (Diehl et al., 1976; Choe et al., 2001). 

Defect characteristics of In2S3 structure violate the periodicity of the 
crystal lattice potential that leads to the appearance of allowed local 
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states in the optical band gap of the semiconductor, which can partici
pate in the generation and recombination of non-equilibrium charge 
carriers. In this study, we observed the effect of subsequent heat treat
ment in sulfur vapor on the structure, phase composition, optical and 
electrophysical parameters of In2S3 films obtained by the vacuum 
thermal evaporation. 

2. Experimental 

In2S3 films were prepared using vacuum thermal evaporation tech
nique (HHV BC300 model) using In2S3 powder (Sigma Aldrich, 99.999% 
purity) as a source material. The films were deposited on soda lime glass 
substrates at a temperature of 350 ◦C and annealed for 1 h in sulfur 
vapor at temperatures Ts = 200 ◦C, 250 ◦C and 300 ◦C. 

A high-quality β-In2S3 crystal was used as a reference sample in the 
study of Raman spectroscopy and photoluminescence of thin films. This 
β-In2S3 crystal was obtained by the Bridgman - Stockbarger method from 
initially ground into powder polycrystalline ingots synthesized by the 
two-temperature method from elementary components (grade V4). A 
detailed description of the synthesis technique and conditions is pre
sented in the works (Bodnar and Gremenok, 2011; Bodnar and Polubok, 
2014). 

The surface morphology and cross-sectional view of the films were 
investigated by S-806 (Hitachi) scanning electron microscope (SEM). 
The chemical composition was determined by energy dispersive X-ray 
(EDX) analysis using a CAMECA SX–100. The structural characteristics 
of the samples were analyzed by using Ultima IV (Rigaku) X-ray 
diffractometer in the grazing incidence diffraction geometry (GIXD) at 1 
degree of incident X-rays with Cu Kα radiation source (λ = 1.54078 Å). 

The transmission and specular reflection spectra of the films were 
obtained using Photon RT (Essent Optics) spectrophotometer in the 
wavelength range of 400–2400 nm with spectral resolution better than 
4 nm using unpolarized light at room temperature. 

Room-temperature Raman and PL spectra, as well as low- 
temperature PL spectra, were recorded by a high-resolution Raman/PL 
spectrometer Nanofinder HE (LOTIS TII). Solid-state lasers were used as 
excitation sources (532 nm for Raman and 355 nm for PL measurement) 
and the excitation region diameter was about 2 µm. The power of the 
laser radiation incident on the sample was attenuated to few tenths of 
milli Watt in order to avoid its thermal damage and the spectral reso
lution was better than 2.5 cm− 1. The signal accumulation time was 60 s 
and a cooled silicon CCD matrix was used as a photodetector. During the 
low-temperature PL measurements, the samples were studied in a vac
uum (less than 5 × 10− 4 Pa) temperature-controlled cell with a setting 
accuracy of ±0.05 K. 

To study the electrical and photoelectrical properties of In2S3 thin 
films, 3 × 2 mm2 samples were prepared. The electrical measurements 
were carried out by the 2-probe method, for which the contacts to the 
samples were made by soldering with silver paste (Silberleitlack Nr. 
530042 GmbH), followed by drying under atmospheric conditions for 
one day. The distance between the electrical contacts was in the range of 
0.2–0.5 mm. Conductance measurement of the films was carried out in 
the dark condition (after exposure for several days). 

The temperature dependences of conductivity of films were 
measured using Keithley 2400 source-meter. A high-temperature vac
uum chamber was used to measure the resistance, while the residual 
pressure in the chamber was 5 Pa. A platinum resistance thermometer 
PT-100 was used to measure the temperature in the range, 300–450 K 
with accuracy better than 0.5 K. The Lake Shore 332 controller was used 
to adjust and control the temperature. The temperature dependent 
resistance was measured during cooling at a rate of 2 ◦C/min of pre
heated samples to a temperature of 450 K. This algorithm for measuring 
the temperature dependences of conductivity ensured the reproduc
ibility of the measurement results. 

Photoconductance measurement was carried out under illumination 
with a ProLight PM6B-3LFx LED with a wavelength of λ = 465 nm and a 

maximum optical power density Wmax = 35 mW/cm2. Hamamatsu 1336 
8BQ photodiode was used to measure the radiation power density. 
During the measurements, the samples were on a thermostatically 
controlled table at a constant temperature of 300 K. The voltage at the 
sample contacts during the measurement did not exceed U = 1 V. 

3. Results and discussion 

3.1. Crystal structure 

As shown by SEM images taken in the mode of elastically reflected 
electrons detection (Fig. 1), the surface of both as-deposited and after 
sulfur annealing at various temperatures films is developed with a 
granular structure. 

As shown by the statistical analysis of images using the ImageJ 
software (Schneider et al., 2012; Mazzoli and Favoni, 2012), an increase 
in annealing temperature to leads to an increase in the size of granules: 
for as-deposited film average size is ~70 nm, for annealed at 200 ◦C is 
~110 nm, at 250 ◦C is ~140 nm and at 350 ◦C is ~180 nm. In general as 
is known, the rate of grain growth is proportional to the mobility of grain 
boundaries, which has an activation mechanism and consequently obeys 
the Arrhenius dependence on the temperature (Hu et al., in pressa, b). 

Here, the increased annealing temperature led to migration of grains 
and connect with adjacent grains, consequently forms the bigger grains. 
According to SEM cross-sectional images, the thickness of the obtained 
films was observed to be varied in the range, 260–320 nm. 

Fig. 2 shows diffraction patterns of In2S3 films with subtracted 
background and normalized to the intensity of highest peak. Colored 
markers represent the positions and intensities of the peaks for the 
corresponding phases. 

Analysis of the diffraction patterns for the as-deposited and annealed 
at 200 ◦C films (Fig. 2) showed that the peaks at 2θ = 17.08◦, 18.62◦, 
32.86◦ are related to (112), (105), (1011) planes of modified tetragonal 
β-In2S3 phase (JCPDS reference no. 01–080-6324). The peaks obtained 
at 2θ = 21.52◦, 24.99◦, 26.01◦, 45.1◦, 46.45◦ and 47.6◦ are related to 
(221), (222), (023), (611), (026) and (145) cubic modification of 
In5S4 phase (JCPDS reference no. 01–073-0844). Thus, it can be noted 
that the as-deposited and annealed in sulfur vapor at 200 ◦C films are 
characterized by relatively low crystallinity and are a mixture of at least 
two phases: the cubic modification of In5S4 and the tetragonal modifi
cation of β-In2S3. 

Analysis of position and intensity of the peaks after annealing the 
films in sulfur vapor at temperatures of 250 ◦C and 300 ◦C showed good 
agreement with the tetragonal modification β-In2S3 (JCPDS reference 
no. 01–080-6324). However, (112) characteristic peak of tetragonal 
modification β-In2S3 was turned out to be very insignificant in intensity 
with increase of annealing temperature. This fact may indicate both the 
presence of film texture and cubic modification In2S3 phase (JCPDS 
reference no.01–084-1385) after sulfur annealing at such temperatures. 

The crystallographic parameters such as inter planner spacing (d) 
and lattice constants (a and c) were calculated according to the preferred 
(109) plane of films annealed at 250 ◦C and 300 ◦C. The lattice pa
rameters of tetragonal phase were evaluated from the relation con
cerned and inter planner spacing was calculated using Bragg’s 
diffraction law 

1
d2 =

h2 + k2

a2 +
l2

c2,

nλ = 2dsinθ,

where h, k, l are Miller indices of the lattice plane, n is the integer, λ =
0.154078 nm is wavelength of incident radiation and θ is Bragg’s angle. 

For the most intense diffraction peak (2θ = 27.423◦) d = 0.325 nm, a 
= 0.761 nm and c = 3.231 nm are found. The size of coherent scattering 
region (L) of the annealed films was calculated using Debye–Scherrer 
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formula 

L = 0.94λ/β∙cosθ,

where β is an integral breadth of the prevailing peak in radians. The 
Gauss approximation of peaks was used when β = (π/4ln2)1/2

× FWHM, 
where FWHM is full width at diffraction peak half maximum height in 
radians. Calculations showed that for β-In2S3 films after annealing in 
sulfur atmosphere at Ts = 250 ◦C and Ts = 300 ◦C, the average crystallite 
size was 14 nm and 13 nm, respectively. 

The elemental atomic percentages of In and S in the films with 

 

As-dep 200°C 

250°C 300°C 

Fig. 1. Surface and cross-sectional SEM images of In2S3 films (mode of elastically reflected electrons detection).  

Fig. 2. X-ray diffraction of In2S3 thin films depending on the annealing temperature.  

Table 1 
EDX elemental analysis of In2S3 films depending on the annealing temperature.  

Ts (◦C) In (at %) S (at %) S/In ratio 

As-grown 49.6 50.4 1.0 
200 48.4 51.6 1.1 
250 37.5 62.5 1.7 
300 36.8 63.2 1.7  
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respect to annealing temperature are given in Table 1. It is seen that the 
films of as-deposited and annealed at 200 ◦C, the S/In ratio is close to 1, 
which indicates the presence of sulfur deficiency and is in good agree
ment with XRD results (Fig. 2). The films deposited at substrate tem
perature of 350 ◦C contained sulfur deficiency due to re-evaporation of 
the sulfur from the films, owing to its high volatility (Revathi et al., 
2008). While the films annealed at higher temperatures, the S/In ratio 
increases to 1.7, which is slightly higher than the stoichiometric for the 
β-In2S3 phase. At higher annealing temperatures, a rapid reaction of 
sulfur vapor with indium atoms which favors the grain growth and high 
rate of elemental sulfur diffusion in the as-deposited In2S3 films. 
Consequently, the films contain sulfur rich at higher annealing tem
peratures. Bouabid et al. (Bouabid et al., 2007) also observed S/In value 
of 1.67 for In2S3 films anealed at 573 K under sulfur atmosphere. 

The results of Raman spectroscopy of In2S3 films are presented in 
Fig. 3. Both for as-grown and sulfur annealed films at Ts = 200 ◦C, a 
series of wide peaks are observed indicating a high degree of disorder of 
the material structure. Small distinguishable peaks centered at 102 
cm− 1, 128 cm− 1 and 161 cm− 1 can be attributed to the presence of In2O3 
phase (Berengue et al., 2010; Liu et al., 2013; Kranert et al., 2014), 
whose characteristic peaks are not appeared in diffraction patterns 
indicating that In2O3 phase is present only on the surface. A small peak 
present at 480 cm− 1 corresponds to the S – S bond (Trofimov et al., 
2009). 

The Raman peaks intensity of as-grown and annealed films at Ts =

200 ◦C was increased due to the effect of resonance enhanced intensity 
of Raman scattering (Strommen and Nakamoto, 1977). As will be shown 
in part “Optical properties”, band gap for direct allowed transitions is 
close to the Raman excitation photon energy in case of as-grown and 
annealed at Ts = 200 ◦C films. And with an increase in the annealing 
temperature of films, the value of the band gap for direct allowed 
transitions differs more from the value of the Raman excitation energy. 

Further, the films annealed at Ts = 250 ◦C and Ts = 300 ◦C leads to 
the appearance of relatively weak peaks in the spectra at 73 cm− 1, 246 
cm− 1, 267 cm− 1, 307 cm− 1 and 367 cm− 1. A comparison of the spectra 
of the films annealed at temperatures of 250 ◦C and 300 ◦C with the 
spectrum of pure high quality β-In2S3 crystal obtained by the Bridge
man–Stockbarger method and described in works (Choe et al., 2001; 
Bodnar and Polubok, 2014) indicates an increase in the degree of crys
tallinity of the films and confirms the formation of β-In2S3 phase. In 
addition, the characteristic peaks of In2O3 phase disappear, which may 
be due to the replacement of oxygen by sulfur. 

3.2. Optical properties 

Fig. 4 shows the optical transmission and specular reflection spectra 

of In2S3 films as-deposited and after annealing at different temperatures. 
As seen from the optical transmission spectra, for the as-deposited 

films at wavelengths exceeding 600 nm, the transmittance takes on 
relatively high values (60–65%). Subsequent annealing at temperatures 
of 250 ◦C and 300 ◦C leads to an increase in transmittance up to 80%, 
which is a good indicator for use as an optical window in solar cells. 

From the transmittance and reflection spectra, the absorption coef
ficient (α) was calculated according to a formula that takes into account 
multiple internal reflections in a plane-parallel sample: 

α = −
1
d

ln

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1 − R)4
+ 4T2R2

√

− (1 − R)2

2TR2

⎞

⎠,

where d is the thickness of the films, T and R are the transmittance and 
reflectance respectively. 

The calculated absorption spectra of the In2S3 films are shown in 
Fig. 5. As seen, for the as-deposited and annealed at Ts = 200 ◦C films, 
the optical absorption coefficient within the spectral range of solar ra
diation assumes quite high values (α > 105 cm− 1). As the annealing 
temperature rises above 200 ◦C, the optical absorption coefficient de
creases by a factor of 1.5–2.0, and the absorption edge shifts noticeably 
toward the short-wavelength region, indicating an increase in the band 
gap. 

Fig. 3. Raman spectra of In2S3 thin films before and after sulfur heat treatment 
at different temperatures as well referent β-In2S3 single crystal. 

Fig. 4. Transmittance and reflection spectra of In2S3 films (solid lines - trans
mission spectra, dashed lines - reflection spectra). 

Fig. 5. Absorption spectra of In2S3 films before and after annealing at various 
temperatures. 
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It is known that the optical absorption at interband transitions, as a 
rule, increases according to the power law when the energy of the ra
diation quanta exceeds the semiconductor band gap. The optical band 
gap energy (Eg) can be determined from the following expression by 
rearranging the spectral dependence of the absorption coefficient in the 
Tauc coordinates and extrapolating the linear portion of the (αhν)1/r 

dependence to zero: 

(αhv)1/r
= A

(
hv − Eg

)
,

here r = 1/2 for direct allowed transitions, r = 3/2 for direct forbidden 
transitions, r = 2 for indirect allowed transitions, r = 3 for indirect 
forbidden transitions. 

Fig. 6 shows the spectral dependences of the absorption coefficient in 
Tauc coordinates and observed that the In2S3 films had linearization 
regions with an exponent of r = 2 and r = 1/2, which indicates the 
existence of indirect and direct allowed transitions, respectively. 
Moreover, with an increase in the annealing temperature from 200 ◦C to 
300 ◦C, the band gap for indirect allowed transitions increases from 1.6 
eV to 2.0 eV and for direct allowed transitions the band gap increases 
from 2.5 eV to 2.7 eV. The observed enhancement in energies of direct 
and indirect transitions upon annealing temperature is due to the 
improvement in the crystallinity and less defects of the annealed films 
compared to the as-grown films (Revathi et al., (2010) 1487.). 

The PL study revealed the absence of PL-peaks both for the initial 
film and for annealed at Ts = 200 ◦C films. However with an increase in 
the annealing temperature, an insignificant photoluminescence band 
appears and increases in intensity at Ts = 300 ◦C. In Fig. 7, the PL spectra 
of In2S3 films annealed at 300 ◦C and pure high quality β-In2S3 crystal 

measured at temperatures of 295 K and 25 K are presented. As seen from 
Fig. 7a, for the β-In2S3 crystal at room temperature, a significant peak 
was observed at 1.84 eV, which, upon cooling to 25 K, shifts by 0.05 eV 
towards decreasing energy and increases in intensity. This behavior is 
associated with transitions between sulfur vacancies (donors) and in
dium vacancies (acceptors) (Ho, 2010; Ho et al., 2016). 

The Lorentz approximation of PL spectrum of In2S3 films allows to 
distinguish four main peaks (see Fig. 7b). As can be seen, in the room- 
temperature PL spectrum of the film annealed at Ts = 300 ◦C, in addi
tion to low-energy peaks at 1.9–2.0 eV associated with donor–acceptor 
transitions in the structure of indium sulfide, there are peaks of 2.45 eV, 
2.8 eV and 3.0 eV which can correspond to emission from oxidized 
surface due to β-In2S3-3xO3x (Ho et al., 2016; Barreau et al., 2002). At the 
temperature of 25 K, the intensity of these peaks increases. 

Thus, based on the analysis of the dependences of the absorption 
coefficient in the Tauc coordinates and the PL spectra, it can be assumed 
that the In2S3 films we obtained are an indirect-gap semiconductor with 
a band gap of 1.6–2.0 eV. Direct transitions in the 2.4–2.8 eV range can 
be attributed to the In2S3-3xO3x phase. This conclusion seems quite 
appropriate, since an oxide phase is present in the initial films and the 
granular polycrystalline structure of films with a coherent scattering 
region size of about 15 nm (due to the large number of grain boundaries) 
promotes oxygen diffusion along the boundaries and the formation of an 
indium oxysulfide phase on the surface and interfaces. 

3.3. Electrophysical properties 

Fig. 8 shows the temperature dependences of dark resistance of In2S3 

Fig. 6. Tauc plots of In2S3 films for (a) indirect allowed (b) direct allowed 
transitions. 

Fig. 7. PL spectra of β-In2S3 single crystal (a) and In2S3 thin films annealed at 
300 ◦C (b), measured at 25 K and 290 K. 
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films in Arrhenius coordinates. Linearization of the temperature de
pendences of the dark resistance in Arrhenius coordinates indicates an 
activation mechanism of electron transport with constant activation 
energy, Ea. 

The resistivity in this case is determined by the expression: 

ρ = ρ0exp[Ea/kT],

where ρ0 is the characteristic resistivity, k is the Boltzmann constant and 
T is temperature. Fig. 9 shows the variation of resistivity (ρ) of In2S3 
films with annealing temperature. As the annealing temperature 
increased, the resistivity of the films decreased up to one order. This 
might be due to the ordered structure of the films that leads to increase 
the grain size and reduction in resistivity. 

As seen from Table 2, the activation energy depending on the 
annealing temperature varies in the range of 0.51–0.73 eV and with an 
increase in Ts, a tendency to decrease in the activation energy was 
observed. This may be due to an increase in the number of deep levels 
involved in the transport of charge carriers, for example, the substitution 
of sulfur defect by oxygen with an activation energy of Ea = 0.82 eV 
(Jayakrishnan et al., 2005). As well as, which may indicate changing the 
ratio of the number of deep levels 0.52 eV, 0.64 eV and 0.95 eV of VIn 
(Ghorbani and Albe, 2018) associated with an enrichment of films with 
sulfur at higher annealing temperatures (Table 1). 

To study the photoconductivity of the films, the resistance was 

measured under dark and illuminated by an LED with a wavelength λ =
465 nm. It was found that for the as-deposited indium sulfide films, 
photoconductivity was practically absent, while for annealed films, a 
significant change in the conductivity under illumination was observed. 
The dependences of the relative photoconductivity on the illumination 
intensity of the annealed films are shown in Fig. 10. 

From Fig. 10, the dependences of relative photoconductivity of In2S3 
films are linearized on a double logarithmic scale, which indicates a 
power-law dependence of the form: 

ΔG/G0 = Sγ,

where ΔG = G–G0 is the change in photoconductivity under illumina
tion, G0 is the dark conductivity of films. 

Table 3 presents the calculated values of relative photoconductivity 
at Smax = 35 mW/cm2 and coefficient (γ) for In2S3 samples with different 
annealing temperatures. 

From the Table 3, it is observed that the films annealed at Ts =

200 ◦C, the photosensitivity is low and the exponent is close to 0.5, 
which indicates the realization of a high level of excitation of 
nonequilibrium charge carriers when the concentration of nonequilib
rium charge carriers significantly exceeds the equilibrium one. 

Quite large values of the relative photoconductivity are observed in 
In2S3 films annealed in a sulfur atmosphere at 250 ◦C and 300 ◦C, while 
the coefficient γ takes values close to 1.0. This fact indicates the reali
zation of a low level of excitation, when the concentration of nonequi
librium charge carriers generated by the radiation is much less than the 
concentration of equilibrium ones. This correlates well with a decrease 
in the dark resistance of β-In2S3 films and an increase in the optical band 
gap after sulfur annealing. 

4. Conclusion 

Changes occurred in the structural, optical and electrical properties 
of thermally evaporated In2S3 films upon annealing in sulfur vapour 
have been studied. SEM analysis showed that the films have a granular 

Fig. 8. Temperature dependences of the dark resistance of In2S3 films.  

Fig. 9. Variation of resistivity at room temperature with annealing 
temperature. 

Table 2 
The calculated values of characteristic resistivity and activation energy of In2S3 
films.  

Ts (◦C) ρ0 (Ω∙∙cm) Ea (eV) 

as-dep. 1.09 × 10− 4 0.73 
200 1.56 × 10− 3 0.60 
250 2.50 × 10− 3 0.56 
300 7.26 × 10− 3 0.51  

Fig. 10. Variation of photosensitivity of In2S3 films with different annealing 
temperature from light intensity. 
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structure, the size of granules enhanced with increase in annealing 
temperature. According to the EDX analysis, the S/In ratio varies from 
less than stoichiometric to slightly higher than stoichiometric. The GIXD 
patterns revealed that the as-deposited and annealed in sulfur vapor at 
low temperature films are characterized by low crystallinity and mixture 
of cubic In5S4 phase and tetragonal β-In2S3 phase. As the annealing 
temperature increase leads to an improvement in the crystallinity of the 
films and the formation of tetragonal β-In2S3 phase. A comparison of the 
Raman spectra of the films with the spectrum of pure high quality 
β-In2S3 crystal indicates an increase in the degree of crystallinity of the 
films and confirms the formation of β-In2S3 phase with increase of 
annealing temperature. In addition, the characteristic peaks of In2O3 
phase disappear. The spectral dependences of the absorption coefficient 
in Tauc coordinates indicates the existence of indirect and direct allowed 
transitions, with an increase in the annealing temperature from 200 ◦C 
to 300 ◦C, the energy gap for indirect allowed transitions increases from 
1.6 eV to 2.0 eV and for direct allowed transitions, the energy gap in
creases from 2.5 eV to 2.7 eV. Comparison with PL spectra makes it 
possible to associate indirect transitions with the In2S3 band gap, and 
direct transitions with the oxysulfide phase. The temperature de
pendences of dark resistance of the films in Arrhenius coordinates 
indicate an activation mechanism of electron transport with constant 
activation energy. As the annealing temperature increased, the re
sistivity and the activation energy value of the films decreased. For the 
as-deposited films, photoconductivity was practically absent and for the 
films annealed at 200 ◦C, the photosensitivity was low with the reali
zation of a high level of excitation of nonequilibrium charge carriers. 
With an increase in the annealing temperature, a significant increase in 
the relative photoconductivity is observed, which indicates an increase 
in the lifetime of charge carriers. In this case, it is realized that the low 
level of excitation at which the concentration of nonequilibrium charge 
carriers generated by radiation is much lower than the concentration of 
equilibrium carriers. This fact correlates well with a decrease in the dark 
resistance of β-In2S3 films and an increase in the optical band gap after 
sulfur annealing at higher temperature. 

The present analysis revealed that the physical properties of the 
thermally evaporated In2S3 thin films were improved with increase of 
annealing temperature and the films annealed under sulfur atmosphere 
at 300 ◦C showed good structural, morphological, optical and electrical 
properties indicating that such films are suitable as window/buffer layer 
in the development of polycrystalline thin film solar cell. 
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