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Abstract
In2S3 thin films were grown on indium tin oxide (ITO) glass substrate by chemical spray
pyrolysis technique at 360°C. The structural analysis of the deposited films shows a
combination of tetragonal and cubic structures. The average crystallite size is about 25 nm.
The electrical properties of In2S3 thin films have been investigated in a wide frequency
(40Hz-100MHz) and temperature (400 K-660 K) ranges.
We find that the electrical conductance of the In2S3 thin films is frequency and temperature
dependent. The dc conductance shows a semi-conductor behavior for In2S3 films over the
explored range of temperature and it follows the Arrhenius law with different activation
energies. The variation of ac conductance and the frequency exponent `s’ are explained by the
correlated barrier hopping (CBH) model. The Nyquist plots of impedance exhibit semicircle
arcs and an electrical equivalent circuit has been suggested to interpret the impedance results.
Keywords: In2S3 thin film; ITO substrate; Spray pyrolysis; Structural properties; Electrical
properties
Introduction
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III-VI semiconductor thin films are attracting attention because of their interesting
properties. In particular, indium sulfide (In2S3) thin films have attracted more attention
because of their wide band-gap ranging from 2 to 3.7 eV [1-2], photoconductive behavior and
controllable electrical properties [3-5]. It has been proved that In2S3 can be used in diverse
applications such as solar energy conversion [6], photo detector [7], photo electrochemical
cells [8] and gas sensors [9]. In2S3 thin films can be fabricated using spray pyrolysis [1, 10],
ultrasonic dispersion [11], chemical bath deposition [12], physical vapor deposition [13], etc.
In general, the growth technique affects the physical properties of In2S3 thin films. Many
studies investigated a link between structural and optical properties of In2S3 thin films and
their growth conditions as well as the nature of used substrates [14-18]. But the films
electrical conductivity is not well studied. Indeed, only a few reports have been carried out on
impedance spectroscopy of these semiconductor thin films. For example, in our previous
works we investigated the ac conductivity properties of annealed In2S3 film [19] as well as the
electrical conductivity of nickel doped In2S3 thin films deposited on glass substrates by spray
technique [1]. Seyam [20] and Timoumi et al. [21] reported the dependence of ac conductivity
on frequency of thermally evaporated In2S3 thin films.
In fact, the charge transport is very important characteristic for any thin film device. As
known, the materials characteristics are mostly supervised by the charge carriers or defects
creating over the processing itself. Therefore, it is important to pinpoint the charge carrier
transport mechanism in these materials. In this paper, we investigate the frequency and
temperature dependence on ac-conductance in order to determine conduction mechanism in
In2S3 thin films deposited on indium tin oxide (ITO) substrate by spray pyrolysis technique.
2. Experiment
The In2S3 films were grown on ITO coated glass substrates by the spray pyrolysis
technique. The solution was prepared by dissolving indium chloride (InCl 3) and thiourea
2

SC(NH2)2 with a ratio of S:In = 2.5. The InCl3 concentration is 10-2 mol l-1. The formation of
In2S3 is given by the following equation:
2InCl3 + 3SC(NH2 )2 + 6H2 O ⟶ In2 S3 + 3CO2 + 6NH4 Cl

(1)

The obtained solution was sprayed onto the preheated ITO substrates maintained at 360°C.
The ITO coated glass substrates were prepared in our laboratory by using the same spray
pyrolysis technique and were used to carry out the electrical characterizations because of the
highly conductivity of ITO material. The solution and gas flow rates were kept constant at 4
ml/min and 6 l/min, respectively. The nozzle-to-substrate distance was approximately 30 cm.
The crystalline structure of the films was analyzed by X-ray diffraction (XRD) using Cu-kα
radiation (1.54186 Å) of a Philips PW1710 x-ray diffractometer. For electrical measurements,

we have realized two-plots of gold by vacuum evaporation technique. The first one was
deposited on In2S3 film as the top contact and the second one was deposited on ITO substrate
as the bottom contact. An Agilent 4294A impedance analyzer was used to collect impedance
measurements over a wide frequency range (40Hz-100MHz). We used a parallel circuit mode
to measure the conductance (G). The voltage amplitude of the alternating signal was fixed at
200mV to get a best ratio of signal/noise. The sample was put in liquid nitrogen cryostat to
vary the temperature between 400 K and 660 K.
3. Results and discussion
3.1. Structural analysis
Fig. 1 shows the XRD pattern of In2S3 thin film deposited on ITO-coated glass at 360°C.
The pattern confirms that the elaborated films are polycrystalline in nature with the presence
of sharp and well defined peaks. The diffraction peaks at 2θ values of 33.53°, 43.96°, 48.06°
and 50.81°, are correlated with the reflection of (400), (511), (440) and (600) planes of cubic
β-In2S3 (JCPDS data file No. 73-1366). Whereas peaks at the positions of 14.4°, 27.63°,
60.45° and 70.58° which are assigned to (109), (431) and (444) planes respectively,
3

correspond to tetragonal β-In2S3 (JCPDS data file No. 41-1445). The (400) peak is the most
intense one in the XRD pattern, which indicates that the β-In2S3 thin film has a preferred (400)
growth direction and grow up approximately perpendicular to the seeded substrates. There are
two diffraction peaks related to ITO substrates which can be indexed to the (222) and (400)
planes of In2O3 phase.
The crystallite size and strain for the In2S3 thin film can be determined by Williamson–Hall
plot as displayed in Fig. 2.
Williamson and Hall analysis is mainly used to separate these size and strain by combining
the following two equations [22]:

 hkl =  S +  D
 k 
 + (4 tan  )
 D cos  

 hkl = 

(2)

(3)

Rearranging the equation gives:
 k 
 + (4 sin  )
D

 hkl cos  = 

(4)

where D is the crystallite size (nm), k is the shape factor ( k = 0.9),  is the wave length of
the X-rays (  = 1.5406 nm for Cu Ka radiation),  is Bragg diffraction angle and  hkl is the
broadening of the hkl diffraction peak measured at half of its maximum intensity (in radians).
A plot is drawn by taking 4 sin  along X-axis and  hkl cos  along Y-axis as shown in Fig. 2.
The strain and the crystallite size are, respectively, extracted from the slope and the intercept
of the linear fit made to the plot. The obtained values of the crystallite size and the strain are
found to be 25 nm and 2.71×10-3, respectively. It is noticed that the strain in the film is tensile
(  > 0) [23].
4

The value of dislocation density (δ) was obtained using the relation [24]:

=

1
D2

(5)

The calculated value of dislocation density (δ) is 15.5×1010 lines.cm-2.

3.2. DC conductance (Gdc) and activation energy
Fig. 3 shows the dc conductance plotted as a function of frequency for the In2S3 thin film
deposited on ITO substrate. The conductance increases with temperature. Such result reflects
a semiconductor behavior along the entire explored temperature range [25]. In fact, as the
temperature is enhanced more charge carriers surmount the activation energy barrier and
participate in the electrical conductivity [26].
The experimental data of electrical conductance are well adjusted by Arrhenius relation as
described by the following equation [27]:

 − Ea 

Gdc = G0 exp
K
T
 B 

(6)

where G0 is a pre-exponential factor, Ea is the activation energy of dc-conductivity, kB is the
Boltzmann constant and T is the absolute temperature.
The thermal evolution of Log (Gdc) versus 1000/T is illustrated in Fig. 4. Three regions are
shown and separated by two discontinuities in the temperature range 480 and 540 K. The
deduced activation energy values in region I, II and III are equal to 0.711 eV, 1.42 eV and
0.981 eV, respectively. The variation in the activation energies values can be due to change in
the type of conduction or to the change in the charge carrier type (electron or hole) [28].
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3. 3. AC conductance (Gac)
Fig. 5 shows the frequency (ω) dependence of the ac-conductance at different
temperatures. It is noticeable that ac conductance spectra can be divided into three parts. The
first is at low frequency, in such region, the conductance varies slightly with frequency and
increases with temperature. However, at intermediate frequencies, the conductance increases
linearly with frequency. This rise of conductance is attributed to hopping mechanism that
occurs by the influence of an applied electrical field. In this region, the conductance increases
proportionally to ωs with increasing frequency. The third region is at higher frequencies where
the conductance decreases with increasing frequency. So, for this sample, metallic behavior
dominates for temperatures > 610K. This might be due to the enhancement of resistive
character as a result of the polaron scattering and the larger amplitude of vibration at high
temperature [29].
In addition, we noted that at any one of these selected frequency, Gac increases with the
increases in temperature, which emphasizes the semiconductor behavior of this sample [30].
In fact, this rise of ac conductance is attributed to the increasing in the numbers of charge
carriers and mobility [31].
In the other hand, the experimental data of ac-conductance are well described by the
equation:

 − Ea 

GacT = B exp
K
T
 B 

(7)

Ea is the activation energy of conduction mechanism and B is a temperature-dependent
constant.
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The variation of Log GacT versus 1000/T can be splitted into two regions; the first region
which is relatively to the temperatures below a certain temperature symbolizing by Td and the
second region which is relatively to the temperature above Td as depicted in Fig. 6.
In the region 1, the ac-conductivity increases with rising frequency and temperature. Such
behavior may be related to the ac-hopping conduction of the localized carriers [32]. While in
region 2, the conductance is independent of frequency. The obtained activation energy (Ea)
values are reported in the Table 1. As noted, the activation energy involved in ac conductivity
is lower than the activation energy attributed to the dc-conductance (region II of Fig. 4).
Knowing that for dc-conductivity, the charge carriers look for the easiest path between ions
but in sometimes, the paths which are chosen, comprises a large distance between ions in the
hopping mechanism. Other hopping sites are ready in ac-conductance; hence the activation
energy deduced from ac-conductance is lower than the one of dc-conductance.
In addition, we notice that the activation energy (Ea) decreases with increasing frequency,
such behavior is due to the increment of the applied field frequency which improved charge
carriers to jump between localized states [33].
To identify the conduction mechanism of our sample, various theoretical models proposed by
Elliot et al [34] are used to link the conduction mechanism of ac-conductivity with the
temperature behavior of s exponent. The values of the s exponent were deducted from the
slopes of straight lines in Fig. 5. The evolution of frequency exponent‘s’ with temperature is
depicted in Fig. 7. It is evident that the values of s decrease with increasing temperature in
three regions which is in good agreement with the predicted values of the correlated barrierhopping (CBH) model which explains the hopping of charge carriers between sites separating
by the potential barrier [35].
According to this model of conduction (CBH)[36], we have used the following equation
proposed by Mott and Davis to calculate the maximum barrier height (WM):

7

s = 1 - (6 kB T / Wm)

8)

The potential barrier WM was calculated from the linear fit of the curve (1-s) as a function of
temperature which is illustrated in Fig. 8.
The obtained values of WM in the three regions I, II and III are Wm1 (I)= 0.093 eV, Wm2(II)=
0.601 eV and Wm3(III)= 0.141 eV, respectively.
3. 4. Impedance measurement
Fig. 9 represents the variation of the real part of impedance Zʹ with frequency for the
In2S3 thin film deposited on ITO substrate. One can see that Zʹ has large values at low
frequencies and temperatures, and then Zʹ decreases with increasing the temperature and
frequency indicating an improvement in ac conductance. However, at high frequencies, it
merges for all temperatures which confirm the presence of space charge polarization in our
materiel.
The temperature dependence of real part of impedance can be explicated by deducing
the average normalized change (ANC) which is considered to be the intrinsic response of the
sample. The ANC is calculated from the quantity (ΔZ′/Δf)/Z0, where ΔZ′ is the difference
between the Z′ value (Zlow) at low frequency (flow) and its value Z′high at high frequency
(fhigh), i.e. ΔZ′ = Z′low - Z′high [37], Δf = flow - fhigh and Z0 is the value of Z′ at frequency equal to
zero. The last quantity is determined from the extrapolation of the plateau to low frequency.
The ANC variation with the temperature is represented in Fig. 10. The ANC is temperature
independent in the low temperatures region then it shows a decreasing trend with increasing
temperature. This behavior proves the presence of different conduction process in low and
high temperature regions, and also suggests that the density of trapped charges decreases with
increasing temperature [38].
The slope of the ANC derivative at any temperature provides us information about the
number of released trapped charges, which is dependent upon the density of trapped charges
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state. Fig. 11 shows the

d ( ANC )
as a function of temperature. A change in the slope of the
dT

derivative of ANC at around 600 K was noted, indicating that the available density of trapped
charge states disappeared around 600 K, which is in a good agreement with the conductance
analysis reported by [39].
Fig. 12 represents the variation of the imaginary part of impedance Zʹʹ with
frequency at different temperatures. As noted in this figure, the evolution of Z″ is dominated
by a single peak which shifts to higher frequencies with the increase of temperature,
confirming the existence of a relaxation phenomenon in the system. Furthermore, a
considerable broadening of the peaks with increase in temperature affirms the existence of a
temperature dependent electrical relaxation phenomenon. Further, the height of the detected
peaks decreases when the temperature increases. Such behavior suggests that the charge
carriers existed in this material, are thermally activated.
Further, the impedance data of Z" was used to evaluate the relaxation time (τ) of the electrical
phenomena in the material. The τ values are determined from the peak position of Z'' versus
frequency plot using the relation 2𝜋𝑓𝑟 𝜏 = 1, where 𝑓𝑟 is the relaxation frequency. Fig. 13
illustrates the plot of Ln(τ) against 1000/T using Arrhenius model. This plot reveals two

change of slope at 480 K and 540 K. The calculated activation energies from the linear fit of
the data points are found to be 0.71, 1.19 and 2.156 eV in the regions (I), (II) and (III),
respectively. It was detectable that the values of activation energies deduced from relaxation
time in the regions (I) and (II) are near to the values estimated from conductance spectrum,
which indicates that transport property is owing to hopping mechanism [40]. Besides, the
activation energy of the relaxation process (region III) is higher than that of the conduction
mechanism, suggesting that the relaxation process does not govern the conduction mechanism
[41]. Indeed, the all types of carriers contributed to the conduction at low temperatures,
cannot contribute to the relaxation process [42].
9

The Cole-Cole plots at different temperatures of the In2S3 thin film deposited on ITO
substrate are exhibited in Fig. 14. These plots show semi-circle arcs below the real axis
suggesting a non-Debye type relaxation phenomenon of charge carriers [43]. The shape of the
semi-circle patterns is independent of the temperature. Moreover, the maximum of the semicircles displaces to higher frequencies and their diameters decrease with rise in temperature,
which proves that electrical conduction process is thermally activated, and relaxation times
distribution.
To associate the electrical properties with the microstructure of the sample, the experimental
data are fitted using Zview software [44]. The best fit is reached when using an equivalent
circuit composed by a parallel combination of grain resistance (Rg) and constant phase
element impedance of grain (CPEg) associated in series with a parallel combination grain
boundaries resistance (Rgb) and constant phase element impedance of grain boundaries
(CPEgb) as shown in Fig. 15.
The CPE impedance is expressed as:
ZCPE=1/Q (j)

(9)

where Q is the capacitance value of the CPE impedance and α (0 < α < 1) represents the
deviation from Debey’s model.
The fitting results are listed in Table 2. It is evident that as the temperature increases the grain
resistance decreases until becoming negligible at 500 K. We note that the grain boundary
resistance values are higher than that of grain resistance. Such result can be ascribed to the
presence of dangling bonds on the grain boundaries, playing an important role in charge
carrier traps and barrier layer width which declines when the temperature rises and also to the
disorder of the atomic arrangement near the grain boundary area which improves significantly
the electron scattering [45].
4. Conclusion
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We have deposited In2S3 thin films on ITO substrate at 360°C by spray pyrolysis
technique. The XRD patterns show that the In2S3 films are well crystallized in mixed phase of
both cubic and tetragonal structure. The films crystallite size is estimated to 25 nm. The
electrical characterization illustrates that the electrical conductivity enhances with increasing
temperature, while this enhancement declines after 610 K where a metallic behavior appears.
The ac-conductance spectrum follows Jonscher's power law. The temperature dependence of
the exponent‘s’ proves that a correlated barrier hopping (CBH) is the most appropriate model
to identify the electrical conduction mechanism of the film. The impedance analysis reveals
the thermally activated dependence on temperature, which is in good coherence with the
conductivity analysis. Nyquist plots confirm the presence of grains and grain boundaries that
are modeled by an equivalent circuit.
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Tables and Figures
Table 1: Activation energy values of In2S3 film deposited on ITO substrate at different
frequencies.
Table 2: Fitting parameters of the Nyquist diagram at different temperatures for In2S3 film
deposited on ITO substrate.
Figure 1: XRD patterns of In2S3 film deposited on ITO substrate.
Figure 2: Williamson–Hall analysis of In2S3 films deposited on ITO substrate assuming
UDM. Fit to the data, the strain is extracted from the slope and the crystallite size is extracted
from the y-intercept of the fit.
Figure 3: Plot of DC conductance versus temperature for In2S3 thin film deposited on ITO
substrate.
Figure 4: Variation of log(Gdc) as a function of (1000/T) for In2S3 film deposited on ITO
substrate.
Figure 5: Frequency dependence of ac conductance for In2S3 film deposited on ITO substrate.
Figure 6: Temperature dependence of ac conductance at different frequency (1kHz, 20kHz et
100kHz) of the In2S3 film deposited on ITO substrate.
Figure 7: Variation of frequency exponent (s) with temperature of In2S3 film deposited on
ITO substrate.
Figure 8: Variation of (1-s) with temperature of In2S3 film deposited on ITO substrate.
Figure 9: Variation of the real part Z' of impedance as a function of frequency at different
temperatures for In2S3 film deposited on ITO substrate.
Figure 10: Average normalized change ANC with temperature for In2S3 film deposited on
ITO substrate.
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Figure 11: Variation of d(ANC)/d(T) with temperature for In2S3 film deposited on ITO
substrate.
Figure 12: Variation of the imaginary part Z" of impedance as a function of frequency at
different temperatures for In2S3 film deposited on ITO substrate.
Figure 13: Arrhenius plot of time relaxation.
Figure 14: Complex impedance spectrum (-Z" vs. Z') of In2S3 film deposited on ITO
substrate.
Figure 15: Results of fitting of the Nyquist diagram and equivalent circuit model for In2S3
film deposited on ITO substrate.
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Figures

Figure 1
XRD patterns of In2S3 lm deposited on ITO substrate.

Figure 2
Williamson–Hall analysis of In2S3 lms deposited on ITO substrate assuming UDM. Fit to the data, the
strain is extracted from the slope and the crystallite size is extracted from the y-intercept of the t.

Figure 3
Plot of DC conductance versus temperature for In2S3 thin lm deposited on ITO substrate.

Figure 4
Variation of log(Gdc) as a function of (1000/T) for In2S3 lm deposited on ITO substrate.

Figure 5
Frequency dependence of ac conductance for In2S3 lm deposited on ITO substrate.

Figure 6
Temperature dependence of ac conductance at different frequency (1kHz, 20kHz et 100kHz) of the In2S3
lm deposited on ITO substrate.

Figure 7
Variation of frequency exponent (s) with temperature of In2S3 lm deposited on ITO substrate.

Figure 8
Variation of (1-s) with temperature of In2S3 lm deposited on ITO substrate.

Figure 9
Variation of the real part Z' of impedance as a function of frequency at different temperatures for In2S3
lm deposited on ITO substrate.

Figure 10
Average normalized change ANC with temperature for In2S3 lm deposited on ITO substrate.

Figure 11
Variation of d(ANC)/d(T) with temperature for In2S3 lm deposited on ITO substrate.

Figure 12
Variation of the imaginary part Z" of impedance as a function of frequency at different temperatures for
In2S3 lm deposited on ITO substrate.

Figure 13
Arrhenius plot of time relaxation.

Figure 14
Complex impedance spectrum (-Z" vs. Z') of In2S3 lm deposited on ITO substrate.

Figure 15
Results of tting of the Nyquist diagram and equivalent circuit model for In2S3 lm deposited on ITO
substrate.

