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In2S3 films have been grown on preheated glass substrate by spray pyrolysis.
Indium chloride and thiourea in the molar ratio S:In = 2 were used as reagents.
Substrate temperature was fixed at 613 K. These films adhered well to the
substrate and were approximately 2 lm thick. Structural, morphological,
optical, and electrical properties of the as-grown In2S3 films were studied by
use of x-ray diffraction (XRD) analysis, energy-dispersive spectroscopy, atomic
force microscopy (AFM), optical absorption spectroscopy, and impedance
spectroscopy. XRD revealed well crystallized films oriented in the (400)
direction corresponding to the cubic b-In2S3 phase. The surface of the films was
smooth; average roughness was 5 nm. The AFM image revealed that the films
were nanopolycrystalline and contained grains in the range 20–30 nm. Optical
transmission in the visible and near-infrared regions was 80%. The direct
band-gap energy was 2.62 eV. The electrical data were analyzed on the basis of
the impedance Cole–Cole plots in the frequency range 0.1 Hz to 100 kHz at
room temperature. Constant-phase elements were used in equivalent electrical
circuits for fitting of experimental impedance data. The experimental results
were fitted to the equivalent electrical circuit by use of Z-view software. The
conductivity of grains and grain boundaries was estimated. The gas-sensing
properties of the sample were investigated on the basis of the change in con-
ductance as a result of adsorption and desorption of atmospheric oxygen.

Key words: Spray pyrolysis, In2S3 thin films, XRD, AFM, hopping
conduction, gas sensor

INTRODUCTION

Interest in indium sulfide (In2S3) has increased
during the last 10 years because of its high potential
for many applications. This material is an impor-
tant semiconductor with a band gap varying from 2
to 3.5 eV, depending on chemical composition and
deposition conditions.1–3 In2S3 is a good candidate
for replacing the toxic material CdS in thin-film

chalcogenide-based solar cells. It can also be used as
a catalyst and a luminophore, and in buffer layers,
electrodes, and gas sensors, because of its catalytic,
optical, electronic, and gas-sensing properties.4–14

In2S3 can also be used for fabrication of oxygen gas
sensors, because of the dependence of its conduc-
tance on oxygen adsorption and desorption. Oxygen
gas sensors are widely used in medical, environ-
mental, and domestic applications.15–17 Among the
materials used for this purpose, semiconducting
metal oxides have attracted most attention in the
past few years. The mechanism of sensing of such
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gas sensors is based on surface reaction, and the
microstructure of the material is one of the most
important factors affecting sensitivity.18 In addi-
tion, to enhance sensitivity and achieve lower
operating temperatures, noble metals are added.
However, these types of sensor still suffer from such
problems as long-term stability and high operating
temperature.19 Few studies have been devoted to
the gas-sensing properties of In2S3. In2S3 usually
crystallizes with the tetragonal structure and occurs
as several crystalline phases, for example a, b, c and
e, depending on preparation conditions.14 Among
these phases, b-In2S3 is the most stable at room
temperature. In2S3 films have been prepared by
several methods. Spray pyrolysis is one of the most
convenient, because of its simplicity and low cost; it
is also highly suitable for deposition on large-area
substrates.

In the work discussed in this paper, we investi-
gated the properties of In2S3 for oxygen gas sensing
at room temperature. Films were prepared by spray
pyrolysis. The effect of oxygen pressure on the
electrical properties of the films was studied by
impedence spectroscopy. We showed that this wide-
gap material can be used for fabrication of compet-
itive oxygen gas sensors operating at room temper-
ature. The mechanism of oxygen detection is
discussed.

EXPERIMENTAL

In2S3 films were prepared on glass substrates by
use of spray pyrolysis of a solution containing
thiourea SC(NH2)2 and indium chloride InCl3 as
sources of S2� and In3+, respectively. The molar
ratio of S to In in the solution was 2. The solution
and gas flow rates were kept constant at 2 L min�1

and 6 L min�1, respectively. Compressed nitrogen
was used as carrier gas. During the growth, the
substrate temperature was fixed at 613 K. To avoid
oxidation the films were cooled to approximately
473 K under nitrogen flow before removal from the
hotplate.

Film thickness was measured by use of a Talystep
profilometer. A clearly distinguishable step is
apparent in Fig. 1. The film thickness was approx-
imately 2 lm, so the corresponding average rate of
deposition was approximately 0.1 lm/min.

The structures of the layers were characterized by
use of an x-ray diffractometer (Philips PW 1729)
with CuKa monochromatic radiation (k = 1.5406 Å).
Morphological characterization was performed by
atomic force microscopy (Digital Instruments Na-
noscope II). A.c. electrical investigations were con-
ducted with an impedance analyzer (HPLF 4192A).
For electrical characterization, two gold electrodes
were evaporated in planar geometry. The conduc-
tivity of the In2S3 films was determined by use of
impedance spectroscopy.

RESULTS AND DISCUSSION

X-ray Diffraction and EDS Analysis

The x-ray diffraction (XRD) pattern of an In2S3

film deposited at a substrate temperature of
Ts = 613 K is depicted in Fig. 2. The four peaks are
related to (311), (400), (511), and (440) of cubic b-
In2S3, according to JCPDS card no. 65-0459. The
(400) peak is the most prominent, indicating that
this orientation is preferred. We thus inferred that
grains grew predominantly along the (400) plane as
a result of lower interfacial energy. That all the
XRD peaks are indexed to the In2S3 cubic phase is
an indication of the crystallographic purity of the
samples. No characteristic peaks were observed for
such impurities as In2O3, S or In(OH)3. The XRD
main peak values expected for these impurities
according to JCPDS cards nos. 71-2194, 76-2242,
and 76-1464 are In2O3 (2h = 30.586�), S (2h =
23.093�), and In(OH)3 (2h = 22.279�), respectively.
The average grain size of the film, calculated by use
of Scherrer’s equation, was approximately 30 nm.

The atomic percentages of In and S were deter-
mined by energy-dispersive spectroscopy (EDS)
measurements on different points of the film surface

Fig. 1. Talystep profile of In2S3 film.
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to verify its homogeneity. The measured EDS
spectra were almost identical, meaning our film was
homogeneous. A typical EDS spectrum of the film is
presented in Fig. 3. It is clearly apparent that the
main chemical components of the film are indium
and sulfur. However, other chemical elements, for
example oxygen, silicon, and aluminum were also
detected, but in much smaller amounts. We believe
they are related to the glass substrate, because
these elements are the main components of com-
mercial glass, and EDS probes a depth of up to
3 lm. The Cl atoms probably arise from unreacted
precursors.16 The average S:In atomic ratio is
approximately 1.2. This is slightly less than the
stoichiometric ratio (1.5) and can be explained by
evaporation of sulfur, even at low temperatures.

AFM Analysis

Surface topography was studied by use of atomic
force microscopy. Figure 4 shows a two dimensional
atomic force microscopy (AFM) image of the In2S3

layer, scanned over an area of 1 lm 9 1 lm. The
polycrystalline structure of the film is clearly
apparent. Indeed, it can be seen that the surface is
formed by crystallites with diameters of approxi-
mately 250 nm which probably correspond to col-
umn tops in the microstructure.20 These crystallites
are separated by depressions and consist of grains,
as shown in Fig. 5. The average grain size of the
film varied in the range 20–30 nm. This value con-
firms the XRD results. Fig. 4b shows the roughness
profile of the film surface along the direction
marked in Fig. 4a. The average surface roughness is
in the order of 5 nm. A similar value was reported
by W. Vallejo et al.4 on In2S3 co-evaporated films
deposited on glass substrates. While the profile de-
picted in Fig. 5b reveals the local roughness of a
crystallite along the direction marked on the AFM
image (Fig. 5a). The crystallite surface is flat with a
local roughness of 1.5 nm. Gas-sensitive properties
are strongly correlated with the microstructure of
the films and can be modified by changing the sur-
face-to-volume ratio of the grains.

Optical Properties

The optical transmittance and reflectance spectra
of In2S3 film prepared at Ts = 613 K are shown in
Fig. 6. A sharp UV cut-off is observed at approxi-
mately 370 nm. The transmission coefficient is more
than 80% and the reflection coefficient is approxi-
mately 20%. The large-amplitude of the interference
fringes is indicative of high reflectance, and there is
little scattering or absorption in the bulk of the
film.21Fig. 2. XRD spectrum of In2S3 film.

Fig. 3. EDS spectrum of In2S3 film.
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Values of the absorption coefficient at the funda-
mental absorption edge were calculated from the
transmittance and reflectance data by use of the
formula:

T ¼ ð1 �RÞe�ad; (1)

where R is the reflectance, a the absorption coeffi-
cient, and d the thickness of the sample.

The optical band gap (Eg) of the film was deter-
mined from the variation of the absorption coeffi-
cient (a) as a function of photon energy (hm). The
optical band-gap energy was determined by use of
the relationship:

ðahmÞ ¼ Aðhm� EgÞ
1
2; (2)

where A is a constant which depends on the
probability of transition. A plot of (ahm)2 as a
function of hm is shown in Fig. 7. The band-gap
energy can be determined by extrapolating the
linear portion of the curve to the photon energy
axis. The band gap was found to be 2.62 eV. This
value is similar to those reported for In2S3 thin
films prepared by flash evaporation, the SILAR
method, and chemical spray pyrolysis.22–24 The
deviation from the gap value of the single In2S3

crystal (�2 eV) may be because of the quantifica-
tion effect induced by the nanocrystalline structure
of the films. The wide band gap of In2S3 films is
favorable for gas-sensing applications.

Fig. 4. (a) AFM topography of the surface of In2S3 film and (b) roughness surface profile along the direction marked in (a).

Fig. 6. Optical transmission and reflectance spectra of In2S3 film.

Fig. 5. (a) AFM topography of a single crystallite and (b) roughness surface profile along the direction marked in (a).
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Impedance Spectroscopic Analysis

The impedance behavior of the In2S3 nanoparti-
cles at 300 K is depicted in Fig. 8.

This figure shows the relationship between the
real (Z¢) and imaginary (Z¢¢) parts of the complex
impedance, which form two arcs. Modeling of the
impedance semicircles by use of Z-view software
reveals that they comprise a pair of parallel resis-
tances and capacitances connected in series. The
experimental impedance data can be analyzed by
means of impedance spectroscopy. In this instance
the ideal equivalent circuit must be modified by
introducing constant-phase elements (CPE) to sub-
stitute for C. It is known that the impedance of a
CPE can be described by ZCPE ¼ 1

CðjxÞa. The complex

impedance of a single parallel R–CPE is given
by:25,26

Z ¼ R

1 þ RCðjxÞa (3)

For a = 0 the CPE behaves as an ideal resistor and
when a = 1 the CPE behaves as an ideal capacitor.
Experimentally, a is found to be between 0 and 1.

In the equivalent circuit two CPEs replace both
capacitive components, C1 corresponding to grains
and C2 to the grain boundary regions. The im-
pedance, corresponding to this equivalent circuit,
takes the form:27

Z ¼ R1

1 þR1C1ðjxÞa1
þ R2

1 þ R2C2ðjxÞa2
: (4)

This following equivalent circuit was used for data
fitting by use of commercial software (Z-view). In
the fitting procedure, first, it is necessary to take the
starting values R1 and R2 for each component in the
circuit and, then, to find the most appropriate val-
ues. The fitted values used for the circuit are pre-
sented in Table I. Although the equivalent circuit
contains a large number of fitting terms (six), all are
allowed to vary simultaneously by in-house soft-
ware based on the Simplex method. Satisfactory
fitting of data, with different a values, indicates that
the dependence of capacitance on frequency is dif-
ferent in intensity for grains and grain-boundary
regions. We believe that CPE1 and CPE2 elements
with a1 ‡ 0.90 of In2S3 correspond mainly to capac-
itors, whereas CPE1 with a2 = 0.80 corresponds
both to the resistive and capacitive behavior of the
bulk region. The results shown in Fig. 8 illustrate
the validity of the proposed equivalent circuit and
results from successful application of the in-house
software that enables assessment of the most plau-
sible model.

Electrical Conduction

The ac conductance was calculated from mea-
sured impedance over the frequency range 0.1 Hz to
100 kHz by use of the formula:28

GðxÞ ¼ Z0

Z02 þ Z002
; (5)

where G(x) is the conductance of the In2S3 sample.
The dependence of measured conductivity on fre-

quency is shown in Fig. 9.
A frequency-independent plateau in the low-fre-

quency region changes to a monotonous increase
with frequency in the high-frequency region
(>10 Hz). This behavior obeys the universal power
law:29,30

GðxÞ ¼ Gdc þ Axs; (6)

where Gdc is the dc conductance (frequency-inde-
pendent plateau in the low frequency region), A is
the pre-exponential factor, and s is the fractional
exponent between 0 and 1, corresponding to a hop-

Fig. 7. A plot of (ahm)2 as a function of photon energy (hm) for In2S3

film.

Fig. 8. Complex Impedance plots at 300 K, and the equivalent cir-
cuit used to represent the electrical properties of grain and grain
boundary effects.
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ping process. Therefore, charge carrier transport
could occur by hopping between the localized states,
which can be explained by Mott’s hopping model.31

Some of the trap states, created by disordered atoms
and incomplete bonding between them, could be
filled by the carriers depending on their distribution
in the band gap. The empty states may capture
electrons from the charged states and hence con-
duction would be followed by hopping of charge
carriers from filled trap states to empty trap
states.32

The dc conductivity is frequency-independent, i.e.
G = Gdc = 10�6 X�1.

According to the results in Table I, the contribu-
tion of both grain boundary resistance and grain
resistance to the total resistance of the film is:
R = R1 + R2 = 1.02 9 106 X, i.e.:

1

G
¼ 1

G1
þ 1

G2
; (7)

where G ( (1/R)w is total conductance, reverse of
R, G1 is grain conductance, and G2 grain boundary
conductance. Thus, the total conductance is the
result of parallel association of the conductance of
the grains and the boundary of the grains. For a
polycrystalline material the total impedance ZT can
be written as:33 ZT = R1 + R2 = Zg + Zgb where Zg

and Zgb are the complex impedance contribution of
the grains and grain boundaries contacts, respec-
tively. Each can be represented as a resistance (R)
and capacitance (C) in parallel.

The power exponent s is given by:

s ¼ d ln racðxÞ
d lnx

: (8)

The frequency-dependence of the exponent s is cal-
culated from logGac–logf plots. The variation of s
with frequency, shown in the inset of Fig. 9, gives
useful information about the specific conduction
mechanism involved. As is clearly apparent from
this figure, s is frequency-dependent; in fact, s in-
creases with increasing frequency. s is <1, which
corresponds to a long-distance hopping process.
However, s increases with increasing frequency at
T = 300 K. Thus, in the correlated barrier-hopping
(CBH) model, s increases with increasing frequency
similar to the experimental data obtained at
T = 300 K. The frequency exponent in the CBH
model is given by the equation:34

sðx;TÞ ¼ 1 � 6kT

Wm þ kTLnðxsohÞ
; (9)

where Wm is the energy required to remove an
electron from one site (activation energy), and soh is
the relaxation time. Using the best fit to experi-
mental data, one can calculate Wm = 300 meV and
soh = 10�13 s at T = 300 K. This result is compatible
with the assumption of electronic hopping between
localized sites.35,36

The different films were placed in a vacuum test
chamber, the chamber was evacuated (10�3 Torr),
then air was introduced. As is apparent from
Table I, the resistance ZT decreases in a vacuum.

It is well known that In2S3 is an n-type wide
band-gap semiconductor with excess sulfur vacan-
cies acting as donors. During exposure of the film to
air, molecular oxygen acts as an electron acceptor,
reducing the number of electrons in the conduction
band of the In2S3 semiconductor. Oxygen in the

form O�
2 , O� or O2�, depending on temperature, is

chemisorbed on the material surface and on the
grain boundaries.37 The reaction between oxygen
molecule and the surface of the samples can be de-
scribed by the equation:

e� þ 1

2
O2 ðgÞ $ O�

2 ; at temperatures < 100�C: (10)

The incorporated ions result in a surface Schottky
barrier build up of an electron-depleted region in
the material, which leads to the increase in resis-
tance. During the pumping phase, however, the film
loses the adsorbed oxygen. The ionic oxygen is des-

Table I. Values of equivalent circuit term deduced from experimental data fits

Terms R1 (X) C1 (nF) a1 R2 (X) C2 (nF) a2 s1 (s) s2 (s) RT (X)

Atmospheric pressure 566,840 19 1.016 446,880 412 0.83 0.01123 0.1050 1013,720
Primary vacuum 702,300 16.26 1.014 157,420 1586 0.81 0.01215 0.1803 859,720
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Fig. 9. Ac conductivity as a function of frequency. Inset: frequency
dependence of the exponent s for In2S3 at 300 K.
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orbed from the film as molecular oxygen (O2), leav-
ing one or two electrons per atom. The electrons are
then re-introduced to the conduction band, leading
to a decrease of resistance18 because of lowering of
the potential barrier at the grain boundary and the
increase of the carrier density.

CONCLUSION

By use of a spray technique we deposited In2S3 films
on glass substrate maintained at 613 K. Film thick-
ness was approximately 2 lm. XRD studies revealed
that the In2S3 films grew along the preferred (400)
orientation in the cubic b-In2S3 phase without any
secondary phases. AFM measurements indicated that
the films were nanopolycrystalline in structure and
consisted of 20–30 nm grains. Local and average
surface roughness were 1.5 nm and 5 nm, respec-
tively. Optical analysis revealed that the film was of
high quality with high transparency (>80%). The
absorption coefficient was 4 9 104 cm�1 in the trans-
mission region. The band-gap energy was 2.62 eV.
Impedance analysis and circuit Modeling for complex
impedance plots resulted in two equivalent (R–CPE)
parallel circuits for grains and grain boundaries.
Higher frequency response with larger resistance was
attributed to grain effects. Relaxation times were dif-
ferent for charge carrier transport originating from
grains and from grain boundaries. Agreement be-
tween experimental and simulated results was good.
The circuit variable (a), ‡0.85 at 300 K, reveals the
capacitive nature of the bulk and the grain bound-
aries. The fractional exponent s was between 0 and 1,
corresponding to a hopping process. Values of s in-
creased with increasing frequency at T = 300 K,
similar to the behavior of the CBH model. Because of
their electrical conductance change in different
atmospheres, In2S3 films are promising materials for
oxygen gas sensor applications at room temperature.
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Thin Solid Films 403–404, 331 (2002).

2. E.B. Yousfi, T. Asikainen, V. Pietu, P. Cowache, M. Powalla,
and D. Lincot, Thin Solid Films 183, 361 (2000).
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25. E. Şentürk, J. Sol. State Chem. 177, 1508 (2004).
26. S. Komornicki, M. Radecka, and M. Rekas, J. Mater. Sci. 12,

11 (2001).
27. J.H. Park and B.C. Choi, J. Cryst. Growth 276, 465 (2005).
28. M. Vijayakumar, P. Muralidharan, M. Venkateswarlu, and

N. Satyanarayana, Mater. Chem. Phys. 95, 16 (2006).
29. A.K. Jonscher, Dielectric Relaxation in Solids (London:

Chelsea Dielectric Press, 1983).
30. A.K. Jonscher, Nature 267, 673 (1977).
31. N. Revathi, P. Prathap, Y.P.V. Subbaiah, and K.T.R. Reddy,

J. Phys. D Appl. Phys. 41, 155404 (2008).
32. D.K. Paul and S.S. Mitra, Phys. Rev. 34, 1000 (1973).
33. P. Knauth and J. Schoonman, Nanostructured Materials

(Dordrecht: Kluwer Academic Publishers, 2002), p. 111.
34. G.F. Pike, Rev. B 6, 1572 (1972).
35. A. Oberlin, G. Terriere, and J.L. Boulmier, Tanso 83, 153

(1975).
36. A. Oberlin, G. Terriere, and J.L. Boulmier, Tanso 80, 29

(1975).
37. D.H. Yoon and G.M. Choi, Sensor. Actuators B 45, 251

(1997).

Investigation of the Physical Properties of Sprayed Nanocrystalline In2S3 Films 4219


	Investigation of the Physical Properties of Sprayed Nanocrystalline In2S3 Films
	Abstract
	Introduction
	Experimental
	Results and Discussion
	X-ray Diffraction and EDS Analysis
	AFM Analysis
	Optical Properties
	Impedance Spectroscopic Analysis
	Electrical Conduction

	Conclusion
	Acknowledgements
	References




