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Highlights
* In2Ss films were deposited on SLG substrates by RF sputtering technique at 150 °C.
* The thermal annealing treatment at 450 °C improved the crystallization and morphology of the films.
* The films exhibited slightly sulfur deficit composition.
« PL spectra showed broad emission bands at ~ 1.70, 2.20 and 2.71 eV corresponding different defects.
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Indium sulfide films were deposited by radio frequency magnetron sputtering technique on soda
lime glass substrate. The deposition was conducted at the temperature of 150 °C and prepared
films were then thermally annealed under argon atmosphere at 350 °C and 450 °C for 30 min.
The impact of post-thermal annealing treatment on the properties of the films was investigated.
From X-ray diffraction analysis, the formation of the stable tetragonal B-In2Ss crystal structure
was substantiated and revealed that the thermal annealing treatment at 450 °C improved the
crystallization of the films. The change in surface topographies and morphologies of the films
depending on the post-thermal annealing process were examined by atomic force microscopy and
scanning electron microscopy techniques, respectively. The stoichiometric ratio of constituent

Sputtering elements in the films was obtained by elemental analysis and it was seen that the films had slightly

Thermal annealing sulfur (S) deficit composition. It was found that the concentration of S slightly increased with the
thermal annealing process. The room temperature photoluminescence spectra revealed that the
films included vacancies of sulfur (Vs: donor) and indium (In) (Vin: acceptor), indium interstitial
(Ini: donor) and oxygen (O) in vacancy of sulfur (Ovs: acceptor) defects with strong and broad
emission bands at around 1.70, 2.20, and 2.71 eV.

1. INTRODUCTION

Second generation thin film photovoltaic (PV) technologies have been deliberated as potential alternatives
to crystalline silicon (Si)-based first generation solar cells due to their minimum material usage. The most
leading thin film PV technologies are based on Cu(In,Ga)S, (CIGS) and CuZnSnS; (CZTS)-based
chalcogenide systems. According to the Shockley-Queisser efficiency limit, CIGS and CZTS-based solar
cells are expected to have theoretical efficiency value of up to ~32% [1]. However, the reported highest
power conversion efficiencies so far at laboratory scale for these technologies are 23.4% and 13.0%,
respectively [2]. For this reason, the development processes of these technologies continue unceasingly in
order to increase their efficiency values [3]. The researchers specifically focus on the production of the thin
film PV devices, all components of which are consisted of the materials that are plentiful in the earth's crust
and are non-toxic. One of the most important issues with these technologies is regarding the use of toxic
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cadmium sulfide (CdS) buffer layer in their heterojunction device structure [4-7]. It is well known that the
high-efficient devices of the CIGS and CZTS-based solar cells generally contain n-type CdS buffers which
are prepared by chemical bath deposition method (CBD) [8-10]. However, liquid waste resulting from CBD
method contains toxic Cd, S and ammonia and it creates environmental problems and hazards for human
health [11, 12]. Therefore, there has been a great effort to replace CdS buffer by other cadmium-free
materials. In addition, replacement of CdS with another material having a larger band gap than that of CdS
has also a great importance in this avenue of research, particularly to increase the transmission of the light
in the blue wavelength region [13, 14]. In this context, n-type semiconductor indium sulfide (In,Ss) which
belongs to I11-VI group of compounds is considered as a good alternative to CdS with its direct or indirect
band gap values varying between 2.1-3.3 eV. In addition to this, it has a high transmittance in the visible
and near infrared (NIR) spectral regions, and also structural stability and non-toxicity [15-17]. In,Ss tends
to crystallize in three diverse crystal structures such as cubic a-In,Ss3 (defective structure), tetragonal -
In2Ss (defective spinel structure) and trigonal y-In.Ss (layered structure) depending on the deposition
conditions, in particular to the temperature [16, 18]. However, it should be noted that the tetragonal B-In,Ss;
is the most stable phase at room temperature (RT) (till to 420 °C) among these phases [16, 18].

In,S; films can be prepared by different methods, including thermal evaporation [19], CBD [20], spray
pyrolysis [21], atomic layer deposition (ALD) [22], electrodeposition [23] and sputtering [24, 25]. The most
common methods used for the preparation of In,Ss buffer layers are thermal evaporation and CBD methods
in the literature and high-efficient thin film PV devices were achieved by applying In,Ss buffer layers
deposited by these two methods. Spiering et al. obtained a record efficiency of 18.2% from a CIGS device
with thermally evaporated In,S3 buffer layer [26]. On the other hand, Kim et al. reported 12.7% efficiency
for a CZTS solar cell with a double CBD-In,Ss/CdS emitter [27]. Moreover, Hiroi et al. reported a record
efficiency of 6.3% from a CZTS-based solar cell device with a CBD-In,S; buffer. However, there are only
a few studies on thin film PV devices with sputtered-In.S; buffer layers in the literature [17, 28-30] and all
these studies were reported on CIGS-based thin film PV devices. Hariskos at al. and Soni et al. reported the
efficiencies of 15.3% and 13.84% for Cu(In,Ga)Se, (CIGSe) solar cell devices with sputtered In,Ss buffer
layers, respectively [17, 30]. It is seen that the solar cell efficiency values in these studies are comparable
to those of the values obtained from the solar cell devices with In,Ss buffer layers prepared by thermal
evaporation and CBD methods. Therefore, the sputtering method can be taken into consideration as an
alternative to these methods for the preparation of the CIGS and CZTS-based thin film PV devices’ buffer
layers. The sputtering method is a very suitable method for a continuous deposition of solar cell devices in
an in-line vacuum process and it also allows to the production of good quality and uniform In,S; films over
large areas. In addition, it has some other advantages over thermal evaporation and CBD method. Thermal
evaporation is an expensive technique because of high amount of material loss and there can be some
problems regarding the homogeneity and stoichiometry of the films in this technique. When it comes to
CBD method, as it is well known, it is necessary to remove the samples from the vacuum chamber after the
deposition process of the absorber films for the wet CBD process of buffer layer and subsequently
reintroduce the samples to the vacuum chamber for i-ZnO/Al:ZnO window layer in vacuum-based
deposition techniques. Exposure of the samples to the air in this process leads to the formation of the
impurities at the surface and thus interfaces which are the reasons for the decrease in the efficiency. The
use of sputtering method for the preparation of buffer layer eliminates the necessity of removing the sample
from vacuum chamber during the deposition process. Thus, it can be said that the sputtering method is more
advantageous than the CBD method, as it eliminates both the liquid waste problem and the necessity of
removing the sample from the vacuum chamber in the deposition process of the solar cells’ buffer layers.
However, the number of studies on the deposition of In,Ss films by sputtering method is limited in the
literature [17, 24, 25, 29-34] and the properties of the sputtered-In,Ss films are still not clear. Therefore,
new studies need to be done on the sputtered-In,Ss films and the present shortcomings on this topic in the
literature should be filled. In the study of Abou-Ras et al., InSy films were deposited at three different
substrate temperatures: i) without any heating, ii) at 240 °C and iii) 340 °C) and the characterizations of
both prepared InsSy films and In,S,/CIGS interfaces were done. It was seen that the sulfur concentration of
the films and copper, gallium, indium interdiffusion between the buffer and absorber layer increased with
increasing the substrate temperature [29]. On the other hand, In.Ss films were prepared at different RF
powers (40 W, 80 W and 120 W), sputtering pressures (5 mTorr, 7.5 mTorr and 10 mTorr), substrate
temperatures (300 °C, 373 °C and 473 °C) and deposition times (30 min, 60 min and 90 min) by Wang et
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al. and the structural, morphological, and optical properties of the films were examined depending on the
deposition parameters [31]. In the study reported by Hwang et al., the working pressure and the substrate
temperature was fixed at 3x10 Torr and 100 °C during the deposition process of In.Sz films, but the
sputtering power were changed from 60 W to 120 W and the effect of different sputtering powers were
investigated [32]. Ji et al. studied the effect of thickness on the structural, morphological, optical, and
photoconductive properties of the In,Ss films prepared at 100 W RF power and 350 °C by RF magnetron
sputtering technique [25]. In another study reported by Karthikeyan et al, In,S; films were deposited at
different substrates temperatures (without any heating, at 100 °C, 150° C, 200 °C, and 250 °C) at 25 W by
pulse direct current magnetron sputtering technique and they achieved to grow a single phase B-1n,Ss
without substrate heating or annealing for the first time [24]. They observed that increase in substrate
temperature led to a decrease in sulfur content. In the study of Soni et al., the deposition of In,S; buffer
layers were performed at different sputtering powers and working pressures on CIGSe absorber layer and
fabricated CIGSe solar cells were exposed to heat treatment at 210 °C for 15 minutes. They investigated
sputter induced damage on the absorber layer and the effect of sputtering and annealing at the buffer
layer/absorber layer interface [17]. Hariskos et al. studied the influence of the substrate temperature during
the deposition of InSy layer on the buffer layer/absorber layer interface formation and the solar cell
performance. The substrate temperature was increased from RT to 240 °C and the highest efficiency values
were obtained at around 200 °C [30]. In other two studies reported by Siol et al. and Soni et al., reactive
sputtering method was used to prepare In.Ss films unlike the other studies [33, 34]. In the study of Siol et
al., the deposition of the films was performed at 40 W sputtering power and CZTS solar cell devices were
fabricated to show the feasibility of sputtered In,S; buffer layers in CZTS solar cell device [33]. Soni et al.
reported that the deposition of buffer layer at slower sputtering rates with H,S reactive gas enhanced the
interface quality and uniformity [34].

In these previously reported studies, it has been revealed that the deposition parameters such as sputtering
power, working pressure and deposition temperature have a great effect on the film composition, structural,
morphological, and optical properties in magnetron sputtering method. Particularly, the sputtering power,
working pressure and deposition temperature are much more effective on the composition of the films due
to the large difference in vapor pressures of the In and S elements during sputtering process. Therefore, the
deposited films may have a non-stoichiometric composition, or the uniformity of the films may change
depending on the sputtering power, working pressure and deposition temperature. Another important issue
is the possibility of high temperature and high sputtering power induced damage on the absorber layer
during the deposition process. In this context, we preferred to conduct the deposition of the films at lower
temperatures and at lower sputtering powers with the aim of reducing this possible damage on the absorber
layer. In our study, the In,Ss films were deposited at a temperature of 150 °C by applying a 20 W RF power,
and subsequently, a post thermal annealing process was applied to as-deposited films at the temperatures
of 350 °C and 450 °C under argon (Ar) atmosphere in a tube furnace, outside the deposition chamber unlike
the existing studies in the literature. As a result of our literature review, we concluded that a lot of work has
been done on thermal annealing of In,Ss3 films in the literature [19, 35-39]. However, as we mentioned
above, in all these studies, the films were deposited by mostly thermal evaporation and CBD methods.
When it comes to the abovementioned studies where In,S; films were grown by magnetron sputtering
technique [17, 24, 25, 29-34], it was seen that the In,S; films were deposited at different substrate
temperatures, but no thermal annealing process was applied to the films after the deposition process. To the
best of our knowledge, such thermal annealing has not been done before in the literature on In,S;z films
deposited by magnetron sputtering technique.

In the present research, the effect of post-thermal annealing process on the physical properties of RF-
sputtered In,Sz films at low sputtering power were scrutinized by utilizing a variety of characterization
techniques. In our study, the structural and morphological characterizations showed that the annealing
treatment at the temperature of 450 °C improved the crystallization and surface morphology of the films.
Herein we concluded that the films with a thickness of about 280 nm annealed at 450 °C were suitable for
use as buffer layers in thin film PV applications. However, within the scope of more detailed studies, the
physical properties of the films might be enhanced through optimizing the thickness of the films for the
thin film solar cell applications.
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2. EXPERIMENTAL

In,S3 films were prepared on soda lime glass (SLG) by using RF magnetron sputtering method in a confocal,
Nanovak, NVTS500, magnetron sputtering system. A stoichiometric ceramic In,Sz target (In:S=40:60 at%)
with a 99.95% purity (2" dia x 0.125" thick) was used as a sputtering source for the depositions. Target-to-
substrate holder distance was kept at 12 cm with an angle of 45°. The homogeneity of the films was
achieved by rotating the substrate holder at 5 rpm. After loading the substrates to the deposition system, it
was evacuated to a base pressure of ~107 Torr and then Ar with a purity of 99.995% as a sputtering gas was
introduced to the chamber. Prior to the deposition process, the target was pre-sputtered at 20 W for 8 min
to remove contaminations and oxides over its surface. The working pressure was kept at 20 mTorr during
the deposition. All depositions were performed using a sputtering power of 30 W for 30 min at a substrate
temperature of 150 °C. The as-deposited film’s thickness was determined as ~280 nm by profilometer
measurement. The as-deposited films were subsequently thermally annealed at 350 °C and 450 °C
temperatures for a period of 30 min. The annealing process was conducted under Ar atmosphere keeping
the pressure at 3 mbar in one zone of a two-zoned tubular diffusion furnace. Before the thermal annealing
treatment, the base pressure of the tube in the furnace was decreased to 10* mbar and cleaned with Ar gas.
The as-deposited and thermally treated films were named as IS, 1S-350 (350 °C) and 1S-450 (450 °C),
respectively.

The X-ray diffraction (XRD) exploration was accomplished in a APD 2000 PRO X-ray diffractometer to
observe crystallographic properties of the films using Cu Ka radiation (A=1.54052 A). The elemental
composition of the films was investigated by energy dispersive X-ray spectroscopy (EDX) using a Quatax
200 EDS detector (Bruker, Germany). The topographical analysis of the films was done by atomic force
microscopy (AFM) technique (hpAFM, Nano-Magnetics Instruments). The surface images of the films
were collected in dynamic mode scanning at RT. Surface and cross-sectional morphologies of the films
were also examined by scanning electron microscope (SEM) (Hitachi S-4800 with Supra40). The
photoluminescence (PL) studies were conducted by a Fluorolog-3, Horiba, Jobin-Yvon spectrofluorometer
system using a He-Cd laser source with excitation wavelength of 325 nm at RT. Dektak 150 a contact mode
profilometer was employed to obtain the thickness of the as-deposited films.

3. RESULTS and DISCUSSION
3.1. Structural Characterization

X-ray diffraction patterns of the as-deposited and thermally annealed In,S; films were given in Figure 1. It
is evident from the XRD patterns that the as-deposited film (the sample 1S) exhibited low-intensity XRD
peaks at 26=27.59°, 26=28.76°, 26=33.43° and 26=48.01° of (109), (206), (0012) and (2212) planes of the
tetragonal B-In.Ss phase, respectively (ICDD: 25-0390). After the post-thermal annealing treatment at 350
°C, additional peaks appeared at 260=14.30°, 20=23.47°, 20=43.81°, 20=56.35°, 206=59.65°, and 20=66.86°
corresponding (103), (116), (1015), (3015), (4012), and (4015) planes of the tetragonal B-In,S; phase,
respectively (ICDD: 25-0390 and ICDD: 73-1366). When the post-thermal annealing temperature increased
to 450 °C from 350 °C, the film showed an additional diffraction peak at 26=36.93° corresponding (303)
plane of the tetragonal B-1n.Sz phase. It is noteworthy to mention here that the occurrence of manifold peaks
in the diffraction patterns suggest the polycrystallinity of the films and it increased with the post-thermal
annealing treatment at 350 °C. As the annealing temperature increased to 450 °C from 350 °C, the intensity
of the peaks got slightly stronger and sharper, and the films exhibited a preferential orientation in the (103)
plane. This is an indication of an obvious enhancement in the crystallization of the films after 450 °C
annealing temperature.

XRD data was used to determine some structural parameters such as lattice constants, crystallite size (D),
microstrain (g), dislocation density (), and stacking fault probability (a) for the thermally annealed films.
The low intensity peaks for as-deposited film shows their poor crystalline nature, hence the structural
parameters could not be calculated. Rietveld analysis [40] was used to calculate lattice constants,
implemented in the «Material Analysis Using Diffraction» («MAUD») software package [41]. The lattice
constants (a and c) calculated from XRD data for the samples 1S-350 and 1S-450 were presented in Table
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1. The calculated a and ¢ values were found to be well agreement with the standard data (ICDD: 25-0390,
a=7.619 A and ¢=32.329 A).
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Figure 1. XRD patterns of the as-deposited and thermally annealed (at 350 °C and 450 °C) In,Ss films

Table 1. The Bragg angle (20), FWHM of the (103) and (109) peaks, and the lattice parameters of the
samples 1S-350 and 1S-450

Samples 1S-350 1S-450
Miller indices (hkl) (103) (109) (103) (109)
Bragg angle 26 (°) 14.31 2757 14.13 27.30
FWHM (°) 0.16493 0.30693 0.26815 0.32783
Lattice constants a 7.585 7.627
(A) c 32.461 32.400
Volume (A%) 1880.1176 1884.3097

The room-temperature powder XRD pattern and the Rietveld refinement results of In,S; films were shown
in Figure 2. The diffractogram of the films well matched with the pure -1n,Ss. The good fitting parameters,
the profile factor (Rp), weighted profile factor (Rup), expected profile factor (Rexp) and goodness of fit (?),
suggested that the derived samples were of high quality. The average crystallite size for the films was
calculated from Scherrer’s formula for the intense (109) and (103) diffraction peaks [42]:

K\
= 1
b BCosb @)

here K, 4, fand 6 are shape factor (K=0.9), wavelength of the X-ray, the full width at half maximum height
of the peak (FWHM) of the (109) and (103) peaks and the Bragg angle, respectively. The microstrain (g)
in the films was estimated by using the following relation [43]:

_ B
Ty @)

The dislocation density (8) was determined by Williamson and Smallman’s equation [44]:
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The existence of a stacking sequence fault in the structure lead to a shift in the peak positions observed in
regard to the ideal positions of a faultless sample [45].
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Figure 2. Rietveld refined XRD patterns of (a) the sample 1S-350 and (b) 1S-450 (In the patterns, the
black and red curves indicate the experimental data and the results of the calculated spectrum by Rietveld
method, respectively. The vertical lines show the positions of the calculated diffraction peaks, and the
lower curves correspond to the difference between the experimental data and the calculated curves
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The stacking fault probabilities (o)) of the samples 1S-350 and 1S-450 were calculated from the measured
(103) and (109) peak shifts 426 taking ICDD Card No. 25-390 as reference and using the following
equation [46]:

a{ 2’ }A(ze). (4)

45./3tan0
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All calculated structural parameters were given in Table 2. The average crystallite sizes were determined
as 25.0 nmand 28.1 nm for the samples 1S-350 and 1S-450, respectively. It was observed that the crystallite
size increased when the annealing temperature increased from 350 °C to 450 °C. In consistent with the
results of average crystallite size, the dislocation density of the sample 1S-450 was found to be slightly
lower than that of the sample 1S-350. The increment in crystallite size of the films tends to diminution in
the grain boundaries and defect levels. The reduction in the number of defects in the sample 1S-450 was
also confirmed by PL analysis, which will be given in the following discussions. In addition, it was observed
that there was a difference between the microstrains due to the widening of the FWHM with the effect of

temperature.

Table 2. The structural parameters of the samples 1S-350 and 1S-450

Samples 1S-350 1S-450

Miller indices (hkl) (109) (103)
Crystallite size, D (nm) (Scherrer) 25.0 28.1
Microstrain, ¢ (x107 lines?/m*) 5.8 10.0
Dislocation density, & (x102! lines/m?) 1.6 1.3
Stacking fault probability, o (x107%) 291 3.58

3.2. Compositional Characterization

The elemental compositions of the samples 1S, 1S-350 and 1S-450 were discovered through EDX and it was

depicted in Figure 3.
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Figure 3. EDX spectra of the samples (a) IS, (b) 1S-350, and (c) 1S-450
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The signals related to the main elements In and S constituting the films were obviously observed in the
spectra. Along with the main elements in the films, the silicon (Si), oxygen (O) and sodium (Na) signals
coming from SLG substrates were detected in the spectra as well. The small signals related to magnesium
(Mg) and aluminum (Al) in the spectra were also associated with the constituent elements of SLG substrate.
In addition, due to conductive carbon (C) tape which was used to fix the samples onto the sample holder
and spraying the samples with platinum (Pt) before EDX analysis to inhibit charging problem, the peaks
corresponding to the C and Pt elements were also appeared in the spectra.

Table 3 presents the atomic percentages and the atomic ratios in In.Ss films for the samples IS, 1S-350 and
IS-450. It was seen that the films were slightly sulfur deficit with atomic ratios of S/In=1.33, 1.38 and 1.38
for the samples IS, 1S-350 and 1S-450, respectively, considering the stoichiometric ratio of S/In=1.50. As
the films have slightly sulfur deficit composition, one can consider making the post-thermal annealing
process under the sulfur atmosphere by controlling the amount of sulfur. As a result, with post-thermal
annealing process, no significant changes were observed in the compositions of the films.

Table 3. Elemental composition in atomic percentages (at. %) of the samples 1S, 1S-350 and 1S-450

Atomic percentages Atomic
Sampl (at. %) ratios
° In S S/in
IS 43 57 1.33
1S-350 42 58 1.38
1S-450 42 58 1.38

3.3. Morphological Characterization

Figure 4 depicts 3D-AFM images of the as-deposited and thermally annealed In.Sz films over a scan area
of 3 pm x 3 um. It was obviously seen that the surface morphology of the sample 1S-450 was much more
uniform than those of the other samples. The sample 1S-450 also exhibited the most uniform grain
distribution among the samples. These results are consistent with better crystallinity of the sample 1S-450
obtained in XRD results.

The average roughness (Ra), root mean square roughness (Rims) and total amplitude roughnesss (R:) (or
called peak to valley height) values of the films estimated by AFM analysis were tabulated in Table 4. Each
roughness parameter which was calculated to assess the roughness of the film surface is defined in a
different way. R, is the average deviation of the peaks and valleys from a reference line/plane on the entire
measured length/area. Rims is another roughness parameter which is similar to R,, but it describes the root
of square amplitude of surface roughness, and thus, it is more sensitive to peaks and valleys and their large
deviations with regard to reference line/plane than Ra.. As for R, it separates the highest peak and lowest
valley in the evaluated length/area, that is, it is the vertical distance between the highest peak and lowest
valley and represents the overall roughness of the surface. The R, Rms and R; values of the films except
for the sample IS increased with increase in thermal annealing temperature. In addition, some spike-like
clusters appeared on the surface of the as-deposited film. It should be stated that these large clusters are the
reason for this sample to exhibit high Ra, Rims and R; values. Such clusters were not observed on the
thermally annealed films’ surfaces. Similar clusters on the In,Ss films’ surfaces were reported by Kumar
and et al. [47]. In this study, these kinds of clusters were identified as oxide crystallites and attributed to
recrystallization in the films. However, we think that these clusters can also be associated with non-
homogeneous surfaces. Moreover, the grain size increased with thermal annealing treatment for all films.
This can be explained by the fact that ad-atoms combine with neighboring atoms with sufficient energy
provided by the thermal annealing process at high temperatures and form larger grains.
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Figure 4. 3D-AFM images of (a) as-deposited, thermally annealed (b) at 350 °C and (c) at 450 °C In,S3
films

Table 4. Roughness parameters of the films obtained by AFM analysis

Sample Ra (nm) Rims (NmM) Rt (nm)
IS 2.45 3.51 26.56

1S-350 2.17 2.65 19.22

1S-450 2.24 2.87 19.92

Figure 5 presents the surface and cross-sectional SEM images of the samples IS, 1S-350 and 1S-450. SEM
analysis showed that all films had uniform, homogeneous, and dense surface morphologies without any
voids or cracks. From the surface images, it was seen that the sample IS showed a grain growth in granular
structure. The post-thermal annealing of the film at 350 °C leaded to an increase in the compactness of the
film. For the samples IS and 1S-350, it was observed that some clusters with very small sizes formed on the
surfaces. When the temperature raised from 350 °C to 450 °C, the amount, and the sizes of these kinds of
clusters on the surface of the film increased. This caused to a surge in the unevenness of the film as
perceived in Figure 5 (c), consistent with R, and Rms Values obtained by AFM analysis. The formation of
the clusters on the surfaces of the films and the increase in their amounts with thermal annealing treatment
can be more clearly seen from SEM cross-sectional images which were taken from a different viewpoint in
Figure 6. It was obviously seen that the films consisted of compact grown grains with distinct grain
boundaries. The thickness values of the films for the samples IS, 1S-350 and 1S-450 were determined as
280 nm, 310 nm, and 280 nm from the SEM cross-sectional analysis, respectively. The slight difference in
the thickness (~30 nm) of the sample 1S-350 can be explained by uneven surface of the SLG substrate and
small disparities in the deposition conditions. The thickness values of the films attained through SEM
analysis are well agreement with the results obtained by the profilometer measurement.



1360 Neslihan AKCAY et al. / GU J Sci, 36(3): 1351-1367 (2023)

(f) 1S-450

" '500nm | 12.0kv E£(U)

() 1S-450

E(U) U 'sh0nm | 12,0 SE L R Py

Figure 6. SEM cross-sectional images of the samples (a) IS, (b) 1S-350, and (c) 1S-450
3.4. Optical Characterization

To understand the optical properties of the prepared and annealed In,Ss films, the transmission spectra was
recorded from 200 to 1100 nm wavelength range and the obtained results were given in Figure 7(a). The
films exhibited average transmissions of 53.34%, 55.27% and 54.53% in the visible region for the samples
IS, 1S-350 and 1S-450, respectively. It was seen that the transmission of the films decreased towards longer
wavelengths after reaching a peak point for all samples and then it started to rise again towards the near
infrared (NIR) region after about 800 nm. Moreover, the absorption edge got steeper for the sample IS after
thermal annealing treatment which can be considered as an indication of improvement in crystallinity of
the sample. Although, some studies were previously reported both on reduced and enhanced transmission
of the In,S; films with thermal annealing treatment [39, 48, 49], it can be stated that the transmittance
spectra of the films in our study were not strongly influenced by the thermal annealing treatment, only small
changes were observed. High transparency is desirable for the buffer layers in thin film PVs since it
enhances the number of photons in the device. Therefore, our studies on increase of transmission of In,Sz
films continue taking into account other structural and morphological parameters. Absorption coefficients
(o) of the films were calculated from optical transmittance data by using the following equation:

1,1
== In(=
a dn(T) (5)

where d is the thickness of the film and T is the transmittance. The plots of absorption coefficients of the
films as a function of photon energy (hv) were given in Figure 7(b). The absorption coefficients of the films
were observed to be in small values in the low photon energy region and increased with the photon energy.
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This indicated that the band-to-band transitions took place in the high photon energy region at above 2.1
eV. Similar absorbance spectra were obtained by Guttirez et al. and Nehra et al. [15, 39]. Tauc relation was
used to determine the band gap energy values of the as-deposited and thermally annealed films:

(ahv)'" = A(hv - E,) ©)

here, hv - photon energy, Ey - band gap and n is the integer that depends on the nature of the electronic
transition which is equal to 1/2 (direct) and 2 (indirect) permissible transitions, respectively.
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Figure 7. (a) Transmission spectra, (b) the plots of o versus hv, (c) (ahv)? versus hy (d) (ahv)*? versus hy
of the as-deposited and thermally annealed In.Ss films

From Figure 7(c) and 7(d), it was identified that the direct energy band gaps of the films were found as
2.32, 2.52 and 2.56 eV and the indirect energy band gaps of the films were found as 2.08, 2.24 and 2.36
eV, for the samples IS, 1S-350 and 1S-450, respectively. The observed band gap values were found to be in
concordance with the reported band gap values for In,Ss films in previous studies [25, 50-52]. Interestingly,
it was found that the high temperature treated films had higher E4 than as-deposited films. Kim et al. studied
on In,Sy thin films with various sulfur concentrations and reported that the band gaps of the films shifted
towards lower wavelength side (blue shift) with increase in sulfur content [53]. Therefore, it would be more
accurate to associate this result with the fact of higher sulfur concentrations of annealed films. From the
results of UV-Vis spectroscopy analysis, it can be concluded that the In,Ss films grown in this study meet
requirements that a buffer layer should have in terms of optical properties for thin film PVs applications,
but optical properties can be further improved.

In general, spinel structure B-In.Sz contains high number of defects such as sulfur (Vs: donor) and indium
(In) vacancies (Vin: acceptor), indium interstitial (Ini: donor) and oxygen in vacancy of sulfur (Ovs:
acceptor) [54-56]. In order to have information about the types of the defects existing in the structure, the
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films were analyzed by PL spectroscopy at RT. Figure 8(a) shows PL spectra of the as-deposited and
thermally annealed In.Sz films. In the spectra of the films, three broad emission bands were observed at
around 1.70, 2.20 and 2.71 eV. It is known that the oxygen replaces Vs site in In,Sz and creates an acceptor
level at around 0.82-0.88 eV above the valance band [57]. Therefore, the red emissions (P1) at around 1.70
eV in our study were attributed to radiative transitions from indium interstitial (In;) donors to oxygen in
vacancy of sulfur (Ovs) acceptors [58-60]. The intensity of the red emission showed a remarkable increase
with the thermal annealing process at 350 °C and it decreased again with the thermal annealing process at
450 °C. This confirmed better crystalline, morphological, and optical properties of the sample 1S-450
obtained by XRD and AFM analysis. The green emissions (P2) centered at around 2.20 eV were attributed
to transitions from Vs donor states to Vi, acceptor states [49, 59, 60].
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Figure 8. RT-PL spectra of (a) as-deposited and thermally annealed In;Ss films, the PL spectra of (b) the
sample IS, and (c) the sample 1S-450 separately

The third emissions (P3) at around 2.71 eV in the blue light region can be associated with the recombination
of the electrons occupying the sulfur vacancies with photo-excited holes or to the PL emission resulting
from B-1n2Ss.3x03x due to the oxidation of the surfaces of the films [49, 56, 61]. Another blue emission peak
(P4) was observed at around 3.03 eV for the sample 1S-450. This peak was observed as a shoulder (marked
by asterisk in Figure 8(a) and (b)) which is accompanying with the P3 emission peak for the samples IS
and 1S-350. Souli et al. and Bensalem et al. also observed such a blue emission peak in their study and they
reported that this peak was probably because of defect level related to interface traps at grain boundaries
and thus, the transitions between this level and valance band [62, 63]. To better evaluation the PL intensities
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of the films, the PL spectrum of the sample IS and 1S-450 were also given separately in Figure 8(b) and (c).
It is concluded that there were no significant changes in the peak positions after the as-deposited films were
annealed at 350 °C and 450°C, and thermal annealing process changed the densities of the luminescence
centers, and this caused to a change in the PL emission intensities.

4. CONCLUSION

The In,S; thin films with the thickness of 280 nm were deposited on SLG by RF magnetron sputtering
technique and the effect of the thermal annealing treatment at 350 °C and 450 °C were investigated. XRD
and AFM results displayed that the crystallization and topographical morphology of the films enhanced
with thermal annealing treatment at 450 °C and it was determined that these films had slightly sulfur deficit
composition. It is inferred from the cross-sectional SEM analysis that the films consisted of compact grown
grains with distinct grain boundaries. The films showed an average transmission in the range of 53% - 55%
in the visible region. From optical analysis, it was demonstrated the existence of direct and indirect allowed
transitions. It is important to indicate here that the band gaps of the as-deposited films increased with the
thermal annealing process. With an increase of the annealing temperature from 350 °C to 450 °C, the energy
band gaps increased from 2.52 eV t0 2.56 eV and from 2.24 eV to 2.36 eV for the direct and indirect allowed
transitions, respectively. In the RT-PL spectra, two strong and broad emission bands were observed at
around 1.70 eV and 2.20 eV corresponding to the transitions from In; donors to Oys acceptors and from Vs
donor states to Vi, acceptor states, respectively. In addition, the emissions at around 2.71 eV and 3.03 eV
in the blue light region were attributed to the emission resulting from B-1n,S33xOsx due to the oxidation of
the surfaces of the films and the transitions between defect level related to interface traps at grain boundaries
and valance band, respectively. As a result, the temperature value of 450 °C can be considered as a suitable
temperature for the thermal annealing treatment of the as-deposited RF-sputtered In.S; thin films to improve
their structural, morphological, and optical properties.
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