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Iron (Fe)-doped antimony trisulphide (Sh,S3) thin films were prepared by Chemical Bath
Deposition (CBD) technique at temperatures 0 °C, 5 °C and 10 °C for 4 h and were
annealed at 500 °C for 2 hours under N,enviroment. The crystallinity and morphology of
un-doped and Fe-doped Sh,S; thin films was studied with X-Ray Diffraction (XRD) and
Scanning Electron Microscope (SEM), respectively. Chemical composition as well as
thickness of the thin films was determined by Rutherford Back Scattering (RBS)
spectroscopy. UV-Vis spectroscopy revealed that for un-doped and Fe-doped Sh,S; thin
films the optical band gap values increase to lie within the photoactive-visible region
making them suitable for solar cell applications.
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1. Introduction

Antimony trisulphide (Sh,Ss) thin films are being studied from the last two decades due to
their attractive photosensitivity, thermos- electric properties, high refractive index, large dielectric
constant, thermoelectric semiconductor and well-defined quantum size [1-4]. In addition to low
toxicity, Sh,S; has a band gap of 1.6 to 2.5eV, which covers visible and infrared region of solar
system [5-8]. These films also have high absorption coefficient (10* - 10° cm™) [9] making them
suitable for optoelectronic and solar thermal devices such as semiconductor sensitized solar cell,
Schottky diodes, photoanode material in photocatalytic water splitting, thin film photovoltaics and
solar cells yielding power conversion efficiency of 6.5% etc. [10-14].

During recent past Si solar cells gained much attention due to their abundance, non-
toxicity, high and stable cell efficiencies [15], but cannot overcome the energy crises due to their
high cost [16]. Different materials such as SbSNi, GaAs, InGaAs, AlGaAs, and TiOyhave been
reportedly used to obtain optoelectronic properties [17, 18]. Efforts have been made to choose
low-cost materials with direct band gap and absorb more light [19]. For this purpose, Sh,S; thin
films are considered to be potential candidates. Sbh,S; has high resistivity, which restricts their use
in photovoltaics. So far, few attempts have been made to enhance the structural, optical and
electrical properties by doping different elements like Sn, Ni, C, Ag having less or extra electrons
in their valence shell as compared to host fragments which affect the resistivity of the material[16,
20-24]. Ag-doping in Sh,S; atdifferentpositions not only decreases their resistivity, but also
increases their refractive index [25].

Till now, different techniques have been employed to prepare doped and un-doped Sh,Ss
thin films such as three temperature method, vacuum evaporation, chemical bath deposition, two-
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stage process, rapid thermal process, spray pyrolysis, hydrothermal deposition method etc.
Chemical Bath Deposition (CBD) technique is known for its low-cost at low temperatures and is
suitable for deposition of large area thin films. Many researchers investigated Sb,S; thin films
preparation using CBD [26-28]. Different film preparation techniques also affect the band gap
energy value. Savadogoand Mondal reported 1.8 eV band gap energy for Sh,S; thin films by using
CBD technique [11]. Spray pyrolysis technique is used by Bhosaleet al .[9], and they reported
band gap energy 1.55 eV. Later,Yesugade et al. investigated Sh,S;, As,Sszand Bi,S; by using
Electro Deposition Technigue and reported 1.7 eV energy for the band gap of Sbh,S;[29].

In the present work, we have reported Fe-doped Sh,S; thin films with Fe concentration of
1%, 2 %, 3 % and 4 % prepared by CBD method at three different temperatures i. e., 0 °C, 5 °C
and 10 °C. The structural, morphological and optical and properties of un-doped and Fe- doped
Sh,S; films were studied using X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS) and UV-Vis spectroscopy. In our study, the optimal
band gap was found to be in the rangel.53 — 1.97 eV. The bath temperature was also optimized
and its value for best synthesis of the understudy films was found to be 10 °C.

2. Experimental procedures

2.1. Preparation of antimony trisulphide (Sb,Ss) thin films

Glasssubstrate was used in this work to prepare the pure and Fe-doped Sh,S; thin films.
The glass substrate (75 mm length, 25 mm width, and 1 mm thickness) was cleaned well in soap
solution with a cotton piece, then was rinsed with distilled water and further etched with 5% of
hydrochloric acid (HCI) for 30 minutes and then cleaned ultrasonically. The cleaned glass
substrate was put in a vacuum oven for half an hour. The solution was prepared according to a
procedure published elsewhere [16, 30]. The chemical bath was prepared by dissolving 650 mg of
Antimony trichloride (SbCls) in 10 ml acetone, and 25 ml of a 1Msolution of sodium thiosulphate
(Na,S,053) in 65 ml distilled water, and further; both solutions were mixed in a beaker. Resultantly,
the whole mixture becomes transparent. The mixed solution was stirred well, and was turned into
orange color after 10 to 15 minutes. For the deposition of Sh,S;films, the clean glass substrate was
placed vertically in the beaker solution for 4 h, and the bath temperature was kept at 0 °C, 5 °C and
10 °C respectively. A thermometer and magnetic stirrer were placed in the beaker at the same
time. The pH of the prepared solution was increased from 1.5 to 3.5 after mixing. The Sb,S; thin
film was deposited on both sides of the glass substrate. Gently, the glass substrate was placed
horizontally on the table after cleaning one side of it with cotton swabs moistened with dilute HCI
(1%) [30]. At the end, films were washed with distilled water and dried under N, flow.To avoid
any oxidation, the films were annealed for 4 h at 500 °C under N, flow. The prepared thin films
were placed in the glove box to avoid contamination. The Sb,S; formation mechanism first involve
the formation of Sb,(S,03); from ShCl; and Na,S,0; [6, 31], which turned to be hydrolyzed to
form Sb,Ss. The Sb®* and (S,03)* ions also produced through decomposition of intermediate
Sh,(S,05); whereas the hydrolysis of (S,03)* ions reacts with water to produce S* ions which
react with Sb® ions to form a Sb,S; thin film [22]. For the preparation of Fe-doped Sh,Ss thin
(Sb2S3)a00-xFex, ferrous chloride powder (99 % pure powder) was dissolved by varying the Fe
percentage concentration (1 %, 2 %, 3 % and 4 %) into the antimony trisulphide solution with
percentage concentration of 99%, 98%, 97% and 96%, respectively. The rest of the experimental
parameters were kept similar as described earlier. All the Fe-doped thin films were prepared at 10
°C for 4 h and were annealed at 500 °C for 2 h under N, flow to improve crystallinity.

2.2. Characterization

Siemens X-Ray diffractometer was used to observe crystal structure of the prepared
(doped and un-doped)thin films with Cu Ka radiation (A = 1.542A). The scanning range was 20° -
960° at 40 kV and 40 mA. The surface morphology and composition of doped and un-doped Sh,S;
thin films with size 1 cm x 1 cm, wasanalyzed using SEM (model: JEOL JSM-63602LV)
equipped with EDX. To study the influence of dopant on the composition of the layers, the
Rutherford Back Scattering (RBS) techniques were used, using 2MeV He®" ion beam operating at
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20 keV for compositional analyses. UV-Visible spectrometer (Perkins Elmer Lambda - 25) was
used to measure the optical constants such as optical absorption coefficient and energy band gap
etc. in the range of 400 -800 nm.

3. Results and discussion

3.1. X-ray diffraction analysis

The X-ray diffraction patterns were obtained for pure and Fe-doped Sh,S; thin films
synthesized using CBD on glass substrates at different temperatures. The28range was from0° to
60° for all XRD measurements. Ironwas doped in Sh,S;thin films that were deposited at 10 °C and
annealed at 500 °C under N, flow. All XRD patterns are shown in Fig. 1. Annealing of the
prepared films at 500 °C results in XRD peaks that show high crystallinity as compared to the
unannealed films (not shown here). All the values for 26 and d- spacing of the respective
diffraction peaks for Fe-doped and un-doped Sh,S; films revealed an orthorhombic structure. The
(200), (220), (310), (121), (221), (231), (341) and (061) peaks observed at 26= 16.01, 22.44,
24,99, 29.22, 32.25, 37.08, 46.91 and 54.26 respectively matched with the standard pattern.
Identification of peaks were made using Stibnite phase ICSD # 00-002-0374. No extra peaks have
been observed which confirms the fact that Fe has been substituted in the Sh,Sslattice. No peak
corresponding to Fe was detected. In addition, the intensity of peaks decreases in the Fe doped
samples along with increment in the full width half maximum (FWHM) which is due to the lower
crystallinity of the doped samples compared to the un-doped Sh,S; as shown in Fig 1 (b). The shift
of peaks to the larger angles reflects the lattice distortion and lattice defects in Sh,S; unit cell
which shows that size of dopant is larger as compared with the Sb*3. This suggests that Fe doping
causes a reduction in doped films planes. Similar results have been reported by other researchers
[20, 25, 30, 32].
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Fig. 1.A representative powder X-ray diffraction pattern of (a) pure Sh,S; thin films prepared by
chemical bath deposition technique at 0 °C, 5 °C, and 10 °C and the calculated PXRD pattern of
szS3 (red). (b) Doped (Sb233)(100_X)FeX thin films for x =1, 2, 3, 4.

Several parameters, i.e., crystallite size, dislocation density, lattice strain and lattice
parameters for un-doped and Fe-doped Sbh,S; thin films were calculated to get information about
the microstructure of the thin films. The average grain size <D> can be estimated from the
broadening of three peaks (200), (310) and (121) using the Scherrer’s equation:

~ 092
~ Bcos6

where 1 =1.542 A is the X-ray wavelength, g is the FWHM and 6 is the Bragg’s angle.
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The lattice constants, “a”, “b”, and “c”, were determined for un-doped and Fe-doped
Sh,S; films using the following relations [33]:

1 h?> k I?
Z-oatpeEte

The dislocation density "6", due to Fe addition was calculated using:

82?

The lattice strain "" was calculated for un-doped and Fe-doped Sh,S;thin films using:

B

g =
tan6

The volume unit cell volume “V”, and X-ray density "p" were determined using:

Vcell = abc

p =
NA Vcell

where N, is the Avogadro number also calculated using Bragg’s relation, Z is the number of
molecules in formula unit, M is the molar mass.
The texture coefficient TC(hkl), was calculated for main planes using:

I(hkl)
Tohkl
1(hkl)
N'j nki

TC(hkl) = N

where l,(hkl) is the standard plane intensity, I(hkl) is the observed intensity and N is the no of
peaks to be considered.

Table 1 shows the microstructural parameters calculated for un-dopedSh,S; thin films
developed at different temperatures. The average crystallite size of Sh,S; thin filmsheat-treated at
0°C, 5°C and 10°C was found to be 31 nm, 27 nm, and 18 nm respectively, while crystal strain was
found to increase from 1.05 x 107 to 2.96 x 10 at higher temperatures with the decrease of
crystallite size.The lattice parameter “a” of un-doped Sh,S; unit cell is found to be increased from
10.22 A to 11.22 A, while the lattice parameters “b” and “c” are found to be decreased with the
increase of temperature.

Table 1. Microstructural parameters calculated from XRD patterns of un-doped
Sh,S; thin films at different temperatures.

Sh,S; 0°C 5°C 10 °C
a(A) 11.2  10.22 10.86 11.22
b (A) 11.28 11.95 11.49 11.25
c(A) 383 483 4.01 3.85
Ven(R)? 484 589 500 486
p(glem®) 466  3.83 451 4.64
D (nm) 31 27 18
5 (nm®) 1.05x10% 1.40x10° 296 x 10°
€ 1.35 1.55 2.25

* Standard values
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The calculated values of lattice and microstructural parameters for un-doped and Fe-doped
Sh,S; are tabulated in Table 2. Crystallite size for the Fe-doped filmsis found to decrease from 16
nm to 9 nm, whereas the crystal strain increases from 2.96 x 10°to 13.94 x 10 and the lattice
strain increases from 2.25t04.79 due to the large ionic size of Fe which leads to the growth of
smaller crystallite size of Sh,Ss. It is also observed that lattice constants “a” and “b” were found to
be increased while that of “c” was found to be decreased with the increase of Fe-dopant
concentration.

Table 2. Microstructural parameters calculated from XRD patterns of un-doped
and Fe-doped Sh,S; thin films (Sb;S3)100-xF€x.

Sb,S;s~ 0% 1% 2% 3% 4%
a(A) 112 11.22 11.27 11.1 11.5 11.7
b (A) 11.28  11.25 11.35 11.38 11.42 11.62
¢ (A) 3.83  3.85 3.84 3.75 3.71 3.65
Veen(A)®  483.87 485.97 491.19 473.69 487.23 496.23
p(glem®) 466 464 421 3.97 3.47 3.03
D (nm) 18 16 14 12 9
5 (nm?) 2.96 x10° 3.99x10° 540x10° 6.96x10° 13.14x 10°
£ 2.25 2.62 3.04 3.47 4.79

* Standard values.

The Texture Coefficient (TC) was calculated from intensity ratio of respective planes for
un-doped and Fe-doped Sh,Ssfilms [30] and is shown in Table 3. The result shows that un-doped
and 1 — 2% Fe-doped Sh,S; along (310) plane, and 3 — 4% Fe-doped Sh,S; along (221) and (341)
planes are highly textured showing a higher degree of preferred orientation along
particularplane(s). There is a decrease in TC along (310) plane for Fe-doped samples showing
deviation in texture coefficient from unity, while the Fe-doped films show a significant increase in
TC along (221) and (341) planes due to increase in planar density [34]. Therefore, the addition of
Fe in Sh,S; lattice creates vacancies along (310) plane and there is an increase in planar density for
(221) and (341) planes of Sh,S; unit cell.

Table 3. Texture Coefficient (Tc) for un-doped and Fe-doped Sh,S; thin films.

Planes
(hkl) Texture coefficient
Un-
doped
Sh,S; Fe-doped Sh,S;
0% 1% 2% 3% 4%

(310) 1.062 1.053 1.025 0.947 0.923
(221) 0.975 0.953 0.961 1.001 1.015

(341) 0.963 0.986 1.022 1.052 1.061
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3.2. SEM and EDX analysis

The morphology of un-doped samples of Sb,S; prepared at 0 °C, 5 °C and 10 °C was
studied using scanning electron micrographs (SEM), and the obtained images are shown in Fig. 2.
The un-dopedSh,S; films prepared at different temperatures show aggregated, unevenly
distributed, interconnected surface particles all over the surface, which does not affect peaks
formation and is similar to the reported work [7, 30, 35]. The Sh,S;thin films prepared at 0 °C and
5 °C have grains of spherical shapes with diameter of around 30 - 33 nm and 26 — 30 nm
respectively, while those prepared at 10 °C have spherical diameter around 15 - 20 nm. The sizes
observed using SEM images matche with the size determined through XRD.

In order to confirm the composition of un-dopedSh,S; thin film prepared at 0 °C, 5 °C and
10 °C, an energy dispersive X-ray (EDX) spectrum was obtained. The peaks obtained from EDX
spectrum (Fig. 2) shows that “Sb” and “S” elements are present in the prepared thin films. The
results show that films are highly stoichiometric, whereas the peaks corresponding to “Na” and
“Si” are due to the glass substrate and “CI” peaks are due to the Antimony trichloride (SbCl5) [36].
No oxygen peak was observed for un-doped thin films and is similar to the reported work [27, 36],
but this peak is observed for Fe-doped Sh,S; (not shown here). Un-dopedSh,S; thin film prepared
at 0 °C shows that atomic percentage of “Sb” is smaller than that of “S”, and this percentage
increases by raising bath temperature from 5 °C, and 10 °C. These results are in agreement with
the ones obtained through XRD as given in Table 1.
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Fig. 2.SEM micrograph of Sh,Ssthinfilms prepared by chemical bath deposition at different
temperatures: (a) 0 °C, (b) 5 °C and (c) 10 °C, and the corresponding EDX spectra (d-f).



43

Fig. 3.SEM micrographs of Fe-doped Sh,S; thin films prepared by chemical bath deposition with
(a) 3% Fe, and (b) 4% Fe as a dopant.

The SEM micrographs of Fe-doped Sh,S; thin films prepared at 10 °C for 3% Fe and 4% Fe
are shown in Fig. 3. The grains are solid and well distributed all over the surface of the films. The
crystallite size obtained from SEM images is in the range of 8 to 13 nm. The spherical solid grains
with no phase change for higher Fe concentrations suggest that Fe doping in Sb,S; causes
reduction in planes as described in XRD discussion.

3.3. RBS analysis
Chemical composition, as well as thickness of the thin films, has been determined by

Rutherford Back Scattering (RBS) spectroscopy. The RBS spectra for Fe-doped Sb,S; thin films
are shown in Fig. 4.
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Fig. 4. RBS spectra for Fe-doped Sh,S; thin films prepared at 10 °C.

The small peaks corresponding to “O” and “Si”” were due to glass substrate and show that
substrate is not uniform and the presence of small edge may be due to the “Sb” and “S” diffusion
into the glass substrate. As the film is prepared at low temperature of 10 °C, after annealing no
such diffusion is observed. There is no oxide peak which confirms the sulphide formation only. As
seen through XRD and SEM analysis the grain growth is on account of Fe doping while
uncontrolled growth is observed in case of un-doped thin film. Thicknesses for 1%, 2%, 3%, and
4% Fe-doped Sh,S; thin films were found to be 189.20 nm, 227.3nm, 247.31 nm and 289.79 nm
respectively. Structural parameters were calculated from RBS patterns of Fe-doped Sh,S; thin
films as well as their atomic percent composition for varying Fe concentrations 1- 4%. The
corresponding data is given in Table 4.
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Table 4. Thickness and atomic composition of Fe-doped Sh,S; thin films with different
Fe concentration in percentage found with RBS technique.

Fe% Thickness (nm) Sh (%) S (%) Fe (%)

1 1892 38,57 6189 1.25
2 2273 38.01 60.84 243
3 24731 38.81 59.44 3.37
4  289.79 39.02 5876 3.91

3.4. UV-Visible analysis

Inorder to study the band structure features of un-doped and Fe-doped Sh,S; thin films, the
transmittance versus wavelength measurements were done using UV-Vis spectroscopy operated at
normal incidence of light. The optical absorbance spectra of un-doped thin films were recorded in
the wavelength range300 nm to 1000 nm as shown in Fig. 5(a). High absorbance is found in the
range300 — 600 nm, while weak absorbance is observed in the range 600 — 1000 nm. From the
figure it is clear that the absorption decreases with the increase of temperature. It is due to the
decrease in the particle size as evidenced by the XRD and SEM analysis. The optical band gap of
un-doped and Fe-doped Sh,S; thin films was determined using Tauc equation:

(ahv)" = A(hv — E,)

where n = 2, 1/2, 2/3 depend on allowed direct-, allowed indirect-, and forbidden direct transitions
respectively, A is constant, h is planks constant and « is the absorption co-efficient which was

calculated using:
1 100
a= g (7)

where d is the thickness of the thin film and v is frequency.The optical band gap of the films was
estimated from the intercept of the straight part of the curves with the horizontal energy-axis.
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Fig. 5. (a) Optical transmission spectra and (b-d) Tauc plot for the evaluation of band gap energy of Sb,S;
films prepared at different temperatures (0 °C, 5 °C, 10 °C) and annealed at 500 °C for 2 hours under N,
flow.
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We have chosen n = 2, which gives linear fit for un-doped and Fe-doped Sh,S; thin films.
The obtained values of band gap energies for the un-doped Sh,S; thin films prepared at different
temperatures of 0 °C, 5 °C and 10 °C and annealed at 500 °C for 2 hours under N, flow were in the
range 1.53 eV — 1.85 eV (as shown in Fig. 5(b-d)). These values are in agreement with the
reported values studied in Ref. [22, 30]. The results show that the band gap increases with the
increase of temperature. This may be due to the decrease of number of surface particles forming
homogenous thicker films.

The absorption spectra for Fe-doped Sbh,S; thin films are shown in Fig. 6 (a) at different
percentages of Fe concentration 1% to 4%. The thin films spectra were found in the range of
wavelength from 400 nm to 800 nm. It is clear from the spectra that absorbance is similar in both
the doped and un-doped samples and shows an overall decrease in absorption with the increase of
Fe concentration. A maximum absorption was found in Fe-doped sample in the range of 400-600
nm that is useful in the visible region for electricity generation.
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Fig. 6 .(a) Optical transmission spectra, (b) absorption coefficient, (c) refractive index, and
(d) extinction coefficient plot against wavelength for Fe-doped Sh,S; thin films with varying
concentrationprepared at 10 °C and annealed at 500 °C for 2 hours under N, flow.

The plot of absorption coefficient is shown in Fig. 6 (b). The range of absorption
coefficient is 2.1 x 10*— 11 x 10*cm™ as shown in Table 5. The highest value obtained is 11 x 10°
cm™ for 2 % Fe, and shows almost decreasing trend for higher Fe concentrations. The higher
values of absorption coefficients are useful in photovoltaic applications [9, 16].

The refractive index of Fe-doped Sh,S; thin films was calculated using:

_1+R 4R

= _k2
1-r' |d+Ry2

n

The calculated values of refractive index in the range 400 — 800 nm were plotted as shown
in Fig. 6(c) The highest value of refractive index shows the improved crystal quality and grain
size. The highest value of refractive index is shown by the 2% Fe, and it decreases for all
concentrations at higher wavelengths.
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The extinction coefficient k was used to find the smoothness and homogeneity of the
deposited films[23] by using following relation:

_al
T 4Am

The variation of extinction coefficient versus wavelength for doped Sh,S; thin films are
shown in Fig. 6 (d). The figure shows an increase in extinction coefficient with the decrease of Fe
concentration. All of these concentrations also show a maximum value of extinction coefficient
around 500 nm, whereas at higher values of wavelengths its low value shows the smoothness and
homogeneity of deposited film.

The optical conductivity was also calculated using:

o,(s™H = ane
© T 4m
Fig. 7 shows that Fe-doped Sb,S; thin films with high optical conductivity response ~ 10%
s in the wavelength range 400 — 800 nm. All the Fe-doped thin films showsimilar trend. The
optical conductivity decreases with the increase of wavelength and become constant at higher
values of wavelengths. Similar result was reported for Sn-doped Sh,S; thin films [16].
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Fig. 7. Optical conductivity variation with wavelength for Fe-doped Sb,S; thin
films at various concentrations.

The band gap values for Fe-doped samples were obtained by fitting n = 2 in Tauc equation
to the experimental data as shown in Fig. 8 (a-d). The band gap values show increasing trend with
the increase of Fe concentration. This increase is due to the addition of Fe resulting in the
decreasing number of surface particles which consequently forms a homogeneous but slightly
thicker film as observed by RBS analysis. This may be due to the new nucleation centers after the
Fe doping. The obtained values of the band gap energies lies in the range 1.79 eV — 1.97 eV,
which shows the suitability of Fe-doped Sb,S; thin films for the solar cell applications.
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Fig. 8. (a-d) Tauc plot for the evaluation of band gap energy for Fe-doped Sh,S; thin
films at various Fe concentrations.

The obtained energy gap values for 3-4 % Fe-doped thin films are higher than those
obtained for pure Sh,S; thin film prepared at the same temperature (10 °C) and annealed at 500 °C
for 2 hours under N, flow. The higher values of the band gap for 3-4% Fe-doped Sh,S; thin films
may be due to the crystallinity of the phase obtained, atomic/ weight ratios of elements and
interaction of valence band of antimony sulfide with the 3d level of Fe. Similar observations for
Sh,S; have been reported in literature where its band gap decreases on Ag doping [30, 37].

4. Conclusions

In this work, the effect of Fe doping on physical properties of Sh,S; thin films has been
studied. An optimized temperature of 10 °C was used to obtain a pure crystalline phase for all Fe-
doped films. The addition of Fe affects the microstructural properties of the prepared crystalline
thin films, i.e., it decreases particle size and increases stresses and dislocation densities. Fe
addition to Sb,S; thin films not only improves morphological properties but also interestingly
increases the band gap values to lie within the photoactive-visible region. Conclusively one can
say that the energy gap values obtained for un-doped and Fe-doped Sh,S; thin films (1.53 eV —
1.85eV and 1.79 eV — 1.97 eV respectively) are found to be in the range of standard values being
used for semiconductors in photovoltaics, which shows high absorbance of the prepared films and
hence they can be used as potential candidates for solar cell applications.
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