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The structural, compositional, morphological and optical properties of In,S; thin films, prepared by thermal
evaporation technique and annealed in sulfur ambient at different temperatures have been investigated. The
grazing incident X-ray diffraction patterns have indicated polycrystalline form and predominantly cubic struc-
ture of annealed In,S3 films. The scanning electron microscopy revealed textured surface with uniformly dis-
tributed grains and the grain size increased with increase of annealing temperature. The optical parameters of
the films have been determined using conventional transmission and reflection spectra as well as from surface
photovoltage measurements.

1. Introduction

Indium sulfide (In,S3) is a III-VI semiconductor with an n-type
electrical conductivity and a wide direct energy band gap of ~2.2eV
[1-3]. Due to its good photoconductive properties, high transparency in
the visible spectral region and chemical stability, In,S; thin films were
appeared to be suitable to use as a buffer or window layer in thin film
solar cells instead of cadmium sulfide (CdS) [4-6]. In,S5 thin films have
been deposited on different substrates (ITO, FTO, etc.) using various
deposition techniques such as atomic layer deposition (ALD), physical
vapour deposition (PVD), ultrasonic spray pyrolysis (USP), chemical
spray pyrolysis (CSP), sputtering, atomic layer epitaxy (ALE), ionic
layer gas atomic reaction (ILGAR), electrodeposition (ED), chemical
bath deposition (CBD) and metal organic chemical vapour deposition
(MOCVD) [1]. The maximum solar conversion efficiency of 16.4% has
been demonstrated by using In,S3 buffer layer in Cu(In,Ga)Se,-based
thin film solar cells [5,6], that is close to the value 20% achieved using
CdS as buffer layer in these cells [7,8].

In general, the material properties can be enhanced by either doping
or annealing processes. During post-annealing process of thin films,
recrystallization occurs, which causes improvement in crystallinity of
the films and increases grain size depending up on the working tem-
perature. Therefore, annealing of the films at optimized conditions

* Corresponding author.

could improve the film quality with reduced surface roughness and
defects present in the films. Many research groups studied the an-
nealing effect on physical properties of In,S; thin films at various
conditions. Some of the reports available on annealed In,S; thin films
on different substrates and at different conditions are listed in Table 1.

It should be noted that most of the information about optical
parameters of In,Ss films are reported to be received by conventional
optical transmission spectroscopy [22-25]. However, additional study
of the evolution of these parameters by surface photovoltage (SPV)
spectroscopy can be also useful here. The SPV is a non-destructive
technique to study opto-electronic properties of semiconductor mate-
rials by measuring of the photoinduced changes in the surface voltage
[26]. The surface voltage is known to be proportional to the con-
centration of charge carriers. During sample irradiation, the excess
carriers are generated and in the course of diffusion and recombination
processes, the carrier concentration distribution is changed, which
leads to changes of surface potential. Based on the obtained SPV signal,
the type of conductivity of the material also can be determined [27,28].
Besides, it is possible to identify different types of electronic transitions
such as defect states-to-band, surface states-to-band and band-to-band
transitions that occur in semiconducting materials and even for buried
layers, hetero-structures and multi-phased nano structures with SPV
technique, where conventional optical spectroscopic techniques are not
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Table 1
Data of annealed In,S3 thin films presented in literature.
Deposition method Annealing temperature (°C) Annealing atmosphere Phase Structure S/In ratio Band gap (eV) Ref.
Thermal evaporation 150 vacuum B-InyS3 tetragonal 1.39-1.38 - [9]
Thermal evaporation 100-400 vacuum B-InySs tetragonal 1.25-1.75 1.5-2.9 [10]
InS cubic
Thermal evaporation 200-350 air B-InySs tetragonal - 2.0-2.2 [11]
Thermal evaporation 150-450 air B-InySs tetragonal 1.46 2.84-3.04 [12]
Thermal evaporation 250-350 nitrogen B-In,S3 tetragonal - 1.94-2.19 [13]
Thermal evaporation 150 & 200 vacuum B-InySs tetragonal 1.39-1.38 2.65-2.75 [14]
Close space evaporation 100-500 vacuum B-InySs tetragonal 0.96-0.82 2.41-2.18 [15]
Flash evaporation 100-420 vacuum, sulfur B-In,S3 tetragonal 1.52-1.67 2.50-2.65 [16]
100-400 vacuum Mixed phases tetragonal 0.56 2.4-15 [17]
Spray pyrolysis 100-400 air B-InySs tetragonal - 2.61-2.51 [18]
Modulated flux deposition 250 & 350 vacuum, sulfur B-In,S3 tetragonal 1.4-1.6 2.66, 2.73 [19]
CBD 200-300 air amorphous In,S3 - - 3.0-2.0 [20]
CBD 400 nitrogen B-InySs Cubic - - [21]
Thermal evaporation 200-300 sulfur B-In,S3 Cubic 1.05-1.66 1.90-2.71 Present work
applicable [29]. Therefore, in the present study, the changes occurred = _
in the structural, morphological and optical properties of In,S; layers = s As grown
upon their post deposition annealing at various temperatures were in- I:; :28 g
vestigated and discussed. In particular, the optical properties were in- Ta =300 °C
vestigated using both conventional optical spectroscopy and surface . S
photovoltage (SPV) spectroscopy measurements to evaluate the optical 3 g P
behaviour of the In,Ss films. >
2
L
2. Experimental details =
In,S3 thin films were grown by thermal evaporation technique
(HHV BC300 model) at a constant substrate temperature (T;) of 300 °C
on ultrasonically cleaned soda lime glass substrates using In,S3; powder
(Sigma Aldrich 99.999% purity) as source material. The as-grown films —— T

were annealed in sulfur ambient at a residual pressure of
2 x 10" 2mbarat various temperatures (T,) in the range of
200 °C-300 °C for 1 h using a two zone tubular furnace. The structural
characteristics of In,S; films were analysed using Ultima IV X-ray dif-
fractometer (Rigaku) in grazing incidence X-ray diffraction (GIXD)
geometry at 1° of incident X-rays with CuK, radiation source
(A = 1.5406 1°\) scanned in the range of 10°-80°. The surface mor-
phology of the films was investigated using Hitachi S-806 scanning
electron microscope (SEM). The chemical composition of the films was
obtained by energy dispersive x-ray spectroscopy (EDS). The trans-
mission and reflection spectra of the films were measured using a
Photon RT spectrophotometer (Essent Optics). The SPV signal was ob-
tained in non-contact mode of metal-insulator-semiconductor (MIS)
configuration, measured in the wavelength range of 400-700 nm at a
constant frequency of modulation (226 Hz) [29].

3. Results and discussions

The as-grown and annealed In,S; films were uniform, free from
pinholes and cracks on the surface of the films and well-adherent to the
substrate surface.

3.1. Structural analysis

Fig. 1 shows the GIXD patterns of as-grown and annealed In,S;
films, which exhibit polycrystalline nature of the films irrespective of
the annealing temperatures.

For the as-grown films, the peaks obtained at 20 = 24.96°, 32.83°,
38.69° and 46.36° are corresponding to (300), (400), (421) and (521)
planes respectively, which are related to cubic B-In,S3; phase (JCPDS:
32-0456) with (300) plane as its preferred orientation. Also, certain
minor peaks are observed at 26 = 17.02° and 18.67° that are related to
the (112) and (105) orientations respectively corresponding to
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Fig. 1. GIXD patterns of In,S; films.

tetragonal -In,S3 (JCPDS 73-1366). As seen from Fig. 1 the annealing
of the films up to 250 °C leads to a presence of both orientations (111)
and (311) of cubic phase, the intensity of (111) peak increases sig-
nificantly compared to other peaks and the intensity of reflection of
tetragonal phase decrease. This indicates an improvement in crystal-
linity of the films and suppression of tetragonal phase with an increase
of annealing temperature [30]. But at 300 °C, the (112) reflection of
tetragonal phase is observed again along with changes in preferred
orientation of cubic phase from (111) to (311). It can be explained by
the fact that the rate of grain growth can differ for crystallographic
orientations of (111) and (311) due to anisotropy of the crystal. In this
case even for high annealing temperatures the secondary tetragonal
phase isn't suppressed completely. The existence of both cubic and
tetragonal phases was also reported in several works for In,S3 layers
prepared by different methods [31-33].

The structural parameters such as interplanar spacing (d), lattice
constant (a), size of coherent scattering region (L), dislocation density
(8) and internal lattice strain (¢) were calculated according to the
preferred (hkl) plane of as-grown and annealed In,Ss films using the
following relations and the obtained values are presented in Table 2.

The interplanar spacing (d) was calculated using the Bragg's dif-
fraction law:

_ nd
2sin6’

@

where n is an integer, A is the wavelength of incident CuK,, radiation, 6
is a Bragg angle. Since all the preferred orientations of In,S; films were
related to cubic structure, the lattice constant is ‘a’ (a = b = ¢) that can
be calculated using the following equation:
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Table 2
The structural parameters of In,S3 films.
T, CC) 26 () (hkD) FWHM (radians) d &) a(A) L (nm) 8 (lines/m?) ex 1072
As-grown 25.10 (300) 0.046141 3.54 10.62 3.0 1.09 x 10" 5.54
200 14.25 (111) 0.008671 6.21 10.75 15.8 4.00 x 10*® 1.85
250 14.25 aain 0.007626 6.21 10.75 18.0 3.09 x 10%° 1.63
300 27.35 (311) 0.008369 3.25 10.77 16.7 3.57 x 10'° 0.91
a=dJh* + k> + 2. 2) Table 3
. . . . EDS elemental analysis of In,Ss films.
The size of coherent scattering region was estimated by the Debye-
Scherrer formula [34]: T, (°C) Atomic content (%) S/In
L= 0.941 In S
- ’
Beoso &) Bulk 40.20 59.80 1.49
. . 215 . . As-grown 48.73 51.27 1.05
where f is an integral breadth of the prevailing peak in racllgms. We use 200 4553 447 119
Gauss approximation of the peaks, when f= (”/4[;12) X FWHM. 250 39.50 60.50 1.53
300 37.48 62.52 1.66

FWHM is full width at peak half maximum height. The dislocation
density was calculated using the Williamson-Smallman relation [35]:

1

5=F

4

The lattice deformation was calculated using the following relation
[36]:

€= B
4tan 6

)

3.2. Elemental analysis

The elemental analysis of as-grown and annealed In,S; films was
carried out by employing energy dispersive spectroscopy (EDS). Fig. 2
shows the typical EDS spectrum of In,S; films annealed at 250 °C and
the elemental atomic percentages of ‘In’ and ‘S’ in the films with respect
to annealing temperature are given in Table 3. In order to grow In,S;
thin films, the bulk material with an S/In ratio closed to stoichiometry
was used. Upon thermal evaporation of the material the sulfur content
decreased strongly due to its high volatility. The post annealing process
carried in vacuum is known for an additional loss of sulfur due to re-

cps/eV.

evaporation from the film [12,15]. To avoid such negative effect, the
as-grown films were annealed in sulfur ambient, resulting to gradual
increase of sulfur content in the films with an increase of annealing
temperature (see Table 3). At higher annealing temperatures, a rapid
reaction of S vapors with In led to the formation of stoichiometric -
In,S3 phase. So, films annealed at 250 °C showed a S/In ratio of 1.53,
which is close to 1.49 of bulk In,S; [14]. Bouabid et al. [16] also re-
ported S/In value of 1.67 for flash evaporated In,S; films annealed at
573K under sulfur atmosphere. Such method of annealing allows to
receive necessary S/In ratio in In,Ss films.

3.3. Morphological studies

Fig. 3(a—c) shows the SEM micrographs of annealed In,S; layers at
T, = 200 °C, 250 °C and 300 °C. The SEM images showed that the films
were free of pinholes, voids and cracks. It is observed from the SEM
images that the surface of the films was distributed with large, uniform
granular structure and well-defined grain boundaries. Further, the grain
size of the films was increased with annealing temperature. This is

0.5
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2.5
kev

3.0 3.5 5.0

Fig. 2. Typical EDS spectrum of In,S; films annealed at T, = 250 °C.
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U
500nm

Fig. 3. SEM images of In,S3 films annealed at (a) T, = 200 °C; (b) T, = 250 °C; (c) T, = 300 °C.

mainly due to the coalescence of neighbouring grains at higher tem-
peratures. In general, the grain size of the films was greatly influenced
by the substrate temperature, annealing temperature and also thickness
of the films [12,37]. The changes in grain size obviously depend on the
annealing conditions applied and even the type of the sample. In the
present analysis, the grain size of the In,S3 films was increased up on
annealing, indicating the improved crystallinity of the layers, which
was confirmed by the GIXD analysis.

3.4. Optical studies

Fig. 4 shows the optical transmission and reflection spectra for In,S;
films as-grown and annealed at different temperatures.
As seen from Fig. 4 (a) the as-grown films and films annealed at
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Fig. 4. (a) Transmission and (b) reflection spectra of In,S; films.

200 °C are poorly transparent in the visible region whereas for the films
annealed at 250 °C and 300 °C good (> 70%) transmittance is observed
as well as significant interference fringes are appeared. The last two
features indicate an increase in homogeneity of the films and their
crystalline quality [11].

The optical absorption coefficient (o) was calculated by the fol-
lowing equation [38]:

1 JA —R)* +4TR* — (1 - R)?
——In
t

2TR?

>

(6)

where t is the thickness of the films (~0.5um), T and R are the
transmittance and reflectance, respectively.

Using the values of a and assuming that the band-to-band transition
is direct allowed one can calculate the optical energy band gap (Eg)
from the Tauc relation [39]:

(ahv)* = A (hv — Ey), )

where hv is the incident photon energy, A is a constant.

The value of E, was evaluated from the Tauc plot (see Fig. 5). The
calculated E, values were found to be 1.90eV, 2.10eV, 2.71 eV and
2.44 eV for as-grown and annealed at T, = 200 °C, 250 °C and 300 °C
films, respectively. The observed enhancement of E, upon annealing
temperature increasing up to 250 °C was due to the improvement in the
crystallinity and less defectiveness of the annealed films compared to
the as-grown film [15]. The dynamics of E, values with an increase of
annealing temperature are in agreement with both GIXD analysis
(Fig. 1) that showed the growth of (111) orientation of cubic phase and
elemental analysis that revealed the closeness of S/In ratio to its stoi-
chiometry (Table 3) at higher temperatures.

However, the films annealed at 300 °C showed some decrease in E,
due to the change in preferred orientation from (111) to (311) along
with the simultaneous development of tetragonal -In,S; phase (Fig. 1).
Moreover at this temperature, the stoichiometry of the films deviated

7x10"°
1 |=—a— As-grown
6x10" 4 |[—*—Ta=200 °C
—a— Ta=250 °C
sy10 | = Te=300°C
10" -
5 4x10"
>
)
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o
)
2x10™
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0 1 T I 1 T T T
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hv (eV)
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Fig. 5. Tauc plots for In,S; films.
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Fig. 6. Plot of In(a) against photon energy (hv) for In,S; films.

from the optimal value due to sulfur enrichment (Table 3), which re-
sults in decrease of band gap energy.

Further, to study the structural disorder of In,S; films, the Urbach
energy (Ey) was also calculated. The existence of an exponential in-
crease in the absorption coefficient near the band edge (Urbach tail)
indicates the presence of localized states or impurity states in the band
gap region that causes disturbance in the band structure of the poly-
crystalline films [40]. The value of Ey; indicates the level of crystallinity
and structural defects present in the films. In the low photon energy
range, an exponential variation in the absorption edge followed the
Urbach empirical equation [41]:

a=a exp[hv]
— “o - I’
Ey

where q is a constant.

The value of Ey can be obtained by linearization of the dependence
of In(@) on hv as given in Fig. 6 [42].

The determined Ey values for the corresponding In,S; films de-
creased with increase of annealing temperature. The variation in
Urbach energy and optical band gap energy with respect to annealing
temperature is as shown in Fig. 7. The lower value of Ey at higher
annealing temperatures indicates the decrease in structural disorder
and density of localized states in the layers.

(8

238 900
} } I 800
2,6 F .
700 >
[ [}
J { i =
W 2,4 [
= r =
=) 5
5 F500 G
= L =
(0] 29 [0}
s = 400 &
o L S
£ 300 o
< L
@ 20- ¢ $ |
% I 200
148 T T /,/I T T 100
28 29 30 200 250 300

Annealing temperature (°C)

Fig. 7. Variation of E; and Ey with annealing temperature of In,Ss films.
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Fig. 8. SPV signal versus photon energy of In,S; films.

3.5. SPV studies

The positive SPV signal was obtained for all In,S; films, indicating
the n-type conductivity of the films [43]. Fig. 8 presents the spectral
dependences of the SPV signal Uspy, for In,S5 films, annealed at different
temperatures.

It was revealed that surface photovoltage generated from the films
increases upon their annealing. The as-grown and films annealed at
T, = 200 °C showed very low surface photovoltage compared to other
annealed films. It may be caused by the presence of impurities' energy
states or surface states in the band gap region, which allows high rate of
recombination of photoinduced charge carriers that are generated at
the surface. During annealing the concentration of impurity energy
states or surface states are decreased, leading to a higher value of SPV
signal and the increase in surface photovoltage is due to an increase of
carrier concentration near the surface region. This increase in carrier
concentration indicates increase in open circuit voltage, which is ben-
eficial for the performance of the solar cell.

The SPV studies regarding the existence of surface states or tail
states near the band edge region of the films are in accordance with the
band bending analysis of Urbach tail, which was done through the
optical absorption data (Fig. 6). It was revealed that the density of
surface states and structural defects in In,S; layers were decreased with
increase of annealing temperature. In addition, the band gap of the
films can be estimated from the SPV measurements as intersection of
the extension of the curve with the hv-axis [44,45] as shown in Fig. 8.
According to this, the determined band gap values of as-grown and
films annealed at 200°C, 250°C and 300°C are 1.99eV, 2.12eV,
2.55eV and 2.49 eV respectively. The band gap energy increases with
the annealing temperature as it was observed in Tauc plots (Fig. 5) and
the values themselves are almost the same.

4. Conclusion

Changes occurred in the structural and optical behaviour of ther-
mally evaporated In,S3 layers upon annealing in sulfur ambient have
been investigated. The GIXD patterns revealed that the films are poly-
crystalline in nature and exhibited improved crystallinity with cubic
structure of In,S; and also the SEM images showed good uniformity and
enhanced grain size with the raise of annealing temperature. The EDS
analysis showed that S/In ratio increased with annealing temperature
and the films annealed at 250 °C indicated composition close to stoi-
chiometry. The energy band gap of the films increased while the Urbach
energy values decreased with the increase of annealing temperature.
The SPV data revealed that all the films had n-type conductivity and the
obtained energy band gap values are in good agreement with the
conventional optical data. The present work revealed that In,S; films
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annealed at 250 °C exhibited good structural properties, stoichiometry
and surface morphology with a wide band gap compared to other layers
and hence such films are suitable as window/buffer layer in the de-
velopment of environmentally benign polycrystalline thin film solar

cell.
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