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ABSTRACT

Indium sulfide (InyS3) is a promising semiconductor that it is known as a candidate material for optoelectronic devices and applications owing to its exceptional
electrical and optical properties. Here, we used the spray pyrolysis process to deposit undoped, and chlorine doped In,Ss films. Then, the as-prepared samples were
exposed to heat treatment in a furnace at 400 °C for 1 h. The structural measurements reveal that the obtained samples show a polycrystalline nature with the
formation of B-InySg cubic structure. Besides, the InpO3 appears as a secondary phase for undoped In,S3 and gradually disappears with the increase of level doping.
The formation of InyO3 from In,S3 is inversely proportional to the evolution of the chlorine concentration. The EDS analysis reveals the constituent elements In and S
of the undoped layer and indicates that the material is sulfur deficient. The forbidden energy of In,Ss is ranging from 2.59 to 2.92 eV. These results prove that our

material is suitable for interesting application such as thin film solar cell, buffer layer and transparent conductive oxide (TCO).

1. Introduction

In recent times, In,S3 has been among the most widely used materials
in the manufacturing of the solar cell component. The best-known
properties are as an n-type semiconductor with non-toxic constituents
and a direct wide bandgap (2.0-3.2 eV) [1]. As well as its chemical
stability, photoconductive nature and high transparent in the visible
range, make InyS3 an alternative to cadmium sulfide toxic buffer layer
[2]. Overall, InyS3 has three crystallographic phases which are: a phase,
B phase and y phase. Noting that, the p phase of In,Sg is the most stable
one in room temperature [3]. In order to synthesize InyS3 layers different
processes were used like: RF sputtering [4], thermal evaporation [5],
chemical bath deposition [6], electroplating [7] and ultrasonic pyrolysis
[8]. Moreover, the physicochemical properties of this material could be
adjusted via different ways like doping, heat treatment and etching. In
order to enhance the physical properties, a post deposition annealing
treatment is required [1,9]. It is interesting to note that several research
groups resort to the doping of InySs3 films to improve their structural,
morphological and optical properties. Namely, Tiss et al. determined
that introducing silver resulted in an improvement in the crystallinity
and conductivity of the samples [10]. Kim et al. noted that cobalt doped
samples show a reduction in the defects [11]. Others found that
aluminium doping increased the oxygen adsorption in the samples [12],
and the introduction of sodium resulted in a bandgap widening in
addition to enormous and better conductivity [13]. Chlorine is a
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promising doping material since it has been shown to increase the
photosensitivity and crystallinity of In,Sz [14]. John et al. reported that
the activation energy of the C1~ doped In,Ss3 layer is about 3 times than
that of the original layer, which means that the former constant is 6
times than that of the In,S3 layer without Cl [15]. According to reports,
the use of CI” based precursors can produce highly crystalline and
light-sensitive InyS3 films as an effective compensation mechanism to
replace cadmium telluride (CdTe) films, as a non-toxic material for solar
cell applications [16]. Annealing effects on the structural, optical, and
morphological properties have been studied by various research groups.
The main idea is that thin film crystallinity improves when the annealing
temperature increases, thankful to reduction of structural film defects
[17,18]. In addition, the surface finish improves as the surface
smoothness increases when the annealing temperature increases while
the band energy decreases [19,20].

The present study focuses particularly on the impact of air annealing
treatment on: structural, morphological and optical properties of
In,Ssfilms deposited by spray pyrolysis on glass substrates. The depos-
ited films have been subjected to heat treatment for 1 h at 400 °C.

2. Experimental study
2.1. Preparation of indium sulfide layers

Our protocol of synthesize consists of dissolving 0.1504 g of indium
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Fig. 1. (a) X-ray diffractograms of In,S3:Cl annealed layers, (b) Left shift in the
(311) and (400) orientations due to dopant incorporation.

Table 1

Evolution of crystallinity degree, lattice parameter (a), crystallite size (D),
bandgap energy (E;) and Urbach energy (Ey) with the chlorine doping con-
centration for In,Ss films.

In,S3:Cl Crystallinity (%) a (A) D (nm) Eg (eV) Ey (eV)
0% 63.03 10.7654 36.37 2.72 416
1% 60.01 10.7624 36.28 2.59 434
2% 55.32 10.7636 36.38 2.79 407
3% 55.15 10.7635 36.43 2.86 407
4% 53.27 10.7609 36.51 2.78 370
5% 54.04 10.7649 36.34 2.92 335

nitrate and 0.1142 g of thiourea in 50 mL of distilled water. For Cl
doping, we have added 0, 10, 20, 30, 40 and 50 pL of hydrochloric acid
(HCI) to 50 mL of the previously prepared solutions, to obtain 0, 1, 2, 3,
4 and 5% concentrations of Cl, respectively. Then, we cleaned the glass
substrates by ultrasound following a specific protocol and keeping their
temperature constant at 350 °C during the deposition, which is done by
the spray pyrolysis process. Finally, the obtained samples have been
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annealing in air for 1 h at 400 °C.
2.2. Characterization techniques

Structural, morphological, and optical studies were performed. X-ray
diffraction (XRD) was done to infer the structural properties of thin
layers (4 cuxq = 1.5406 A). On the other hand, we used Raman spec-
troscopy to study the vibrational modes of the films. Scanning electron
microscopy (SEM) was used to study the surface state Quanta 400 FEG
ESEM/EDAX Genesis X4M) using an accelerating voltage of 15 kV. SEM
images were taken at 50,000- and 100,000-times magnification, while
the optical characterization measurements as well as Fourier trans-
formed infrared spectroscopy attenuated total reflectance (FTIR-ATR)
with a PerkinElmer Spectrum BX system with a frequency ranging from
4000 to 500 cm ! in transmission mode.

3. Results and discussion
3.1. Structural characterization

Fig. 1a shows the XRD diffractogram of the indium sulfide layers
annealed at 400 °C. These patterns show the presence of many peaks
which reveal the anisotropic and polycrystalline nature of the samples.
All samples crystallize in cubic p-InySs phase in compliance with the
JPDS card No. 00-032-0456. In addition, these patterns reveal In,O3 as
secondary phase, demonstrating an onset in the conversion of In,Ss to
Iny03. The appearance of InyO3 can be explained by the occupation of
sulfur vacant sites by oxygen adsorbed during thermal annealing in air.
We also note that In,Ss3 tends to rise in the directions (220), (311), (222),
(400), (422), (511), (440), (533) and (444), whereas InyO3 appears with
(222) and (110) orientations. After doping, chlorine addition minimizes
sulfur vacant sites which explains the disappearance of InpOs. Similar
results have been reported in the literature [21,22] for annealed InySs3
thin films. The percentage of crystallinity was estimated using the
following equation:

Crvstallinit Area of cristalline peaks
rystallinity =
Y Y= Area of all peaks (cristalline + amorphous)

x 100 1)

The obtained values are shown in Table 1. It is clear that the degree
of crystallinity decreases with increasing doping concentration. In gen-
eral, the intensity of the diffraction peaks decreases sharply with
increasing doping concentration, indicating loss of crystallinity due to
lattice distortion. When Cl™ ions are incorporated into the periodic
crystal lattice of InySs, a strain is induced in the system, resulting in
altered lattice periodicity and decreased crystal symmetry [23].

From Fig. 1b we can observe a slight shift of the peaks towards low
diffraction angles. Such shift may be due to the presence of a uniform
stress (mesh volume dilation) that moves the peaks. This may be an
indication of the structural change resulting from the doping and
annealing process of the samples. The change in structure may be the
cause of the change in the mechanical behaviour (microhardness) of the
samples [24].

In order to calculate the crystallite size, Williamson Hall method was
used:

ﬁcos():%+4esin9 (2)

where D is the crystallite size, f§ full width at half maximum, K = 0.9 and
€ the micro strain.

Fig. 2(a,b,c) show the Williamson Hall graphs for In,S3:Cl thin films
at different chlorine concentrations (0; 1; 2; 3; 4 and 5%). The crystallite
size is in the order of 36 nm which indicates that In,S3 is a nanomaterial.
This value confirms the one found by the Debye-Scherer method
determined in a previous work [25].
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Fig. 2. Williamson-Hall graphs of In,S3:Cl films for different chlorine concentrations.
3.2. Raman spectroscopy and b) present the Raman spectra of pristine and doped In,S3 specimens.
The Raman modes are present between 100 and 500 cm ", It is clear the
Raman spectroscopy was used to characterize the quality of the ob- presence of five broadened peaks and of low intensities situated at 120,

tained films. This technique is very strong for the determination of the 205, 290, 306 and 363 cm™’. These peaks are assigned to the -InySs
phase and structure of thin films. Additionally, this system provides phase [26,27], which agree with the literature [28] confirming the
information on the mode of vibration within the crystal phase. These structural characterization as discussed above. The foremost intense
modes are strongly dependent on the local atomic arrangement. Fig. 3(a peak located at 290 cm ~! was identified to the A; vibration mode [29].
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Fig. 3. (a) Raman spectra of In,S3:Cl films for different chlorine concentrations,
(b) Deconvolution of 290 cm ™! peak of In,S3:Clye, sample.

Raman modes around 120 cm ™! and 306 cm™! have been attributed to
the Ay}, vibration [21-25], and the ones near 190 cm ™! and 363 ecm ™!
have been identified to be Fo4 and Ajq vibrations, respectively [30,31].

3.3. Morphological study

Fig. 4a depicts the surface morphology of pristine indium sulfide
layer. It is clear that the structure of the surface looks grainy with cracks.
By using ImageJ software, we calculated the histogram of grain size
distribution showed in Fig. 4b. The gaussian fit allows estimating the
average of grain size which is around 80 nm. EDS analysis depicted in
Fig. 4c was performed to determinate the chemical composition of
pristine indium sulfide layer and the results are listed in Table 2. Such
results reveal the existence of the pronounced elements: S, In, O and Si.
The origin source of Si atoms was the glass substrate, and the origin of O
was the glass substrate and some atoms adsorbed on the surface. Besides,
the S/In atomic ratio is of the order of 1.35. This indicates that the
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material is sulfur deficient due to annealing process.

3.4. Fourier transform infrared (FTIR)

In order to investigate the contribution of hydroxyl functions, Fig. 5
shows the FTIR spectra of films of pure and doped In,Ss, with a chlorine
concentration ranging from 0 to 5% after annealing in air at 400 °C.
Iny03 secondary phase can be found, which is in agreement with the
literature [32]. It can be seen also that there are focused absorption
bands at around 1300 and 1550 cm™?, as well as an absorption peak at
620 cm’l, which could be attributed to In-S [33]. The located peaks at
3200 cm ™! to 3700 cm ™! and 1656 cm ™! of samples treated at 400 °C
have been identified respectively to the O-H stretch vibration of HyO
and the C=0 stretch vibration of the absorbed CO, [34,35]. In fact, all
samples which were exposed to the atmosphere have common absorp-
tion of HpO and CO9 [32,36]. This suggests that some oxygen-based
defects sites and functional groups have been generated [37].

A close observation shows bands at around 3420, 2970, 2200, 1600,
1520, 1390, 872 and 574 cm’l, which did not exist for annealed spectra
below 400 °C. These bands might be due to the In-O binding and the
formation of InyOs3, concurring with XRD profiles [38]. Consequently,
XRD and FTIR techniques are both collectively consistent with the ex-
istence of hydroxyl groups in annealed samples.

3.5. Optical characterizations

3.5.1. Transmission spectra

The transmission spectra of the InyS3 and InySs:Cl films, with
wavelength ranging from 200 nm to 2500 nm, are shown in Fig. 6. We
can deduce that the samples are transparent in the visible and near
infrared region. It is clear that all the transmission spectra reveal
interference fringes, which indicates a good homogeneity and unifor-
mity of the samples. With the incorporation of chlorine in the matrix of
In,Ss, the transmittance value becomes unchanged up to a doping per-
centage equal to 3%. Its value is in the order of 70%. Beyond this con-
centration, the transmittance increases to reach 80%.

3.5.2. Absorption coefficient
We obtained the absorption coefficient a(4) from the transmittance
spectra using:

a(d) :éln G) 3)

Fig. 7 shows the absorption coefficient spectra of InyS3:Cl. We
observe fundamental absorption for 4 < 500 nm, due to transitions from
valence band to conduction one. However, when 1 exceeds 500 nm this
coefficient is reduced to zero.

3.5.3. Band gap

Fig. 8 depicts the evolution of ((xho)2 versus (hv) with different
concentrations of chlorine with annealing at 400 °C. It has been
observed that the curves give a linear dependence, which means that the
optical band gap makes a direct transition. To determinate the gap en-
ergy value, we extrapolated the linear part of the evolution of («hv)?
compared to (hv) for a value of zero absorption coefficient. The obtained
values were summarized in Table 1. It can be seen that the gap energy
value decreases with the increase in the chlorine level up to a minimum
value of 2.59 eV for a doping concentration of 1%, then it increases until
reaching 2.92 eV for 5% chlorine. The bandgap value decreases for the
sample InyS3:Clyg, as a result of dopant states creating a defect tail
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Fig. 4. (a) SEM micrograph, (b) Histogram of grain size distribution, (c) EDS spectrum of undoped In,Ss thin layer annealed at 400 °C.

Table 2

Compositional analysis of the pristine In,Ssfilm.
Element Weight % Atom % K-Ratio Z A F
S 27.31 57.37 0.2776 1.2176 0.8211 1.0167
In 72.69 42.63 0.6293 0.9089 0.9526 1.0000
Total 100.00 100.00

named Urbach tail (Cl1™ states) [39]. This is characterized by the red shift
in absorption spectra illustrated in Fig. 7. The bandgap increase with the
rise of doping amount is due to the Burstein Moss effect [40], which is
characterized by blue shift in absorption coefficient, causing an increase
of charge carrier concentration at high dopant amounts.

3.5.4. Urbach’s energy

In Fig. 9, we have schematized the evolution of In(a) versus (hv).
Using the linear part, we can collect the energy of Urbach given by the
following equation:

dLna) ™!
Euz{ dhv} )

The deduced values were grouped together in Table 1. It is noted that
the Urbach and gap energies are inversely proportional. The Urbach
energy evolution proves that the default density decreases with the in-
crease in the concentration of chlorine doping. This subsequently im-
plies the increase in the gap value.
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Fig. 6. Transmittance spectra of In,Sslayers for different Cl concentrations.
4. Conclusion

In,S3 layers were deposited on glass substrates using spray pyrolysis
process. These layers were treated in air at 400 °C. Structural studies
reveal that the prepared layers have a polycrystalline p-InyS3 cubic
structure, whereas a secondary phase of InyO3 was obtained, clearly as a
result of the annealing process. In addition, the crystalline size is around
36 nm, while the lattice parameter is around 10.76 A. From the
morphological characterization it was found that the average value of
particle size is around 80 nm, which implies that each grain contains
approximately two to three crystallites. Optically, 80% in transmittance
was obtained for the high doping concentration. The band gap value is
affected by the chlorine doping and varies in the range of 2.59-2.92 eV.
From the optoelectronic properties studied, it can be concluded that the
obtained In,S3 films are good candidates for solar cell applications.
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