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A chemical bath deposition (CBD) contained sodium thiosulfate (Na.S.03), iron (II) sulfate

heptahydrate (FeSO,4.7H-0), and L(+)-tartaric acid (C4;HsOs) as the complexing agent has been used

to deposit the iron-sulfide-oxide (FeSxOy) films. The effects of different solution pH (5.0-9.0) on film

properties were investigated. The thicknesses of the film analysed from the cross-sectional images

of Scanning Electron Microscopy (SEM) showed the thickness of the film is increasing with

increasing pH. The X-Ray Diffraction (XRD) pattern and the hot probe method revealed that all the

deposited films are crystalline, and possess n-type semiconductor behaviour due to high oxygen

content (around 72-82%). Larger crystallite sizes with extra peaks of goethite and hematite were

present for the films with pH > 7.0, while, better film uniformity and grains distribution, as well as

clear absorption edge in transmittance measurement, were obtained for the film with pH 5.0.
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I. INTRODUCTION

Iron sulfide (pyrite-FeS.) is an attractive solar cell material
since its elements are abundant (5.63%) in Earth’s crust, non-
toxic, and its material extraction cost (~$0.03/kg) is 57 times
lower as compared to silicon (~$1.70/kg) makes it far better
in terms cost-effectiveness as compared to silicon (Srivastava
& Ingole, 2020). For the performance, a 4% efficiency of
pyrite solar cell obtained with a material consumption of 0.3
kg/m2 can result in equivalent output as 19% efficiency of a
silicon solar cell produced by 1 kg/m?2 material consumption
(Rahman et al., 2020). Besides, FeS. has a high optical
absorption coefficient (a > 105 cm™) for A < 700 nm
(Henriquez et al., 2016; Qin et al., 2018) and could display
the n- (Walter et al., 2017; Srivastava et al., 2017) or p- type
(Supee & Ichimura, 2016; Bhandari et al, 2015)
semiconductor behaviour (n: excess of the electron; p: excess
of the hole) depending on impurity (oxygen) inclusion. FeS.

is suitably applied as an alternative material for absorber (p-
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type) or window layer (n-type) in solar cells due to the above-
mentioned properties.

So far, various methods have been used to deposit FeS. thin
films including spray pyrolysis (Orletskii et al., 2016),
electrochemical deposition (ECD) (Prabukanthan et. al.,
2017; Kawai et al., 2014), sulfurization of iron films
(Adusumilli et al., 2016), chemical bath deposition (CBD)
(Aluri et al., 2015; Vedavathi et al., 2015; Kassim et al., 2012),
sol-gel deposition (Kment et al., 2014), and others. In the
CBD method, the aqueous solution used consists of ions for
the targeted material of the thin film (Kassim et al., 2010;
Manikandan et al., 2014), and the complexing agents are
generally added to improve the solution stability, prevent
metal hydroxide precipitation, produce sufficient adherence
or smooth microstructures. The effects of complexing agents
on the iron sulfide-based film properties could be found in

works explained by previous scholars (Supee & Ichimura,
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2016; Vedavathi et al., 2015; Kassim et al., 2012; Manikandan
et al., 2014; Hidzi et al., 2019; Hidzir et al., 2021).

The status quo exhibited that the power conversion
efficiency (PCE) of FeS»-based solar cells is still low (< 3%)
(Luo et al., 2015) and far behind the theoretical value (20%)
(Ennaoui et al., 1985). Many efforts have been made to boost
the existing efficiency, which focuses on the heterostructures
formation (different combinations of n- and p- type
materials) (Wang et al., 2012; Kawai et al., 2016; Supee &
Ichimura, 2017), yet, still unsuccessful. This is due to the
poor quality of interface/bulk single film, which consequently
results in low-efficiency solar cells. Previously, we found a
significant improvement in bulk single iron sulfide film
properties with the addition of 50 mM tartaric acid as the
complexing agent (Supee & Ichimura, 2016; Hidzi et al.,
2019; Hidzir et al., 2021). The film is named iron-sulfide-
oxide (FeSxOy) because of the oxygen inclusion present.

In this work, we extend our previous work of CBD FeSxOy
films with 50 mM L(+)-tartaric acid (C4He¢Os) as the
complexing agent (Hidzi et. al., 2019; Hidzir et al., 2021) by
examining the effects of solution pH (5.0, 7.0, 8.0, 9.0) on the
properties of deposited films. To the best of our knowledge,
most scholars deposited the iron sulfide-based film at a
solution pH < 5.0 (acidic condition) (Kassim et al., 2010;
Annuar et al., 2009; Akhtar et al., 2015; Botchway et al.,
2019), and no published works are using the pH > 5.0. It
should be noted that, from the viewpoint of fabricating a good
sulfide-based cell with FeS:Oy as

window/absorber layers, it is valuable to investigate the

iron solar the

effects of solution pH (acidic, neutral, and alkaline

conditions) towards properties of single bulk deposited film.

II. MATERIALS AND METHOD

All the chemicals used in Table 1 were purchased from Kanto
Electronic Chemicals (M) Sdn. Bhd., and used as it is without
further purification. Those chemicals were mixed in a beaker
containing 50 ml of de-ionised water (DI). The fluorine-tin-
oxide (FTO)-coated glass substrate is used as per received
from the Latech Scientific Supply Pte. Ltd. (dimension: 10
mm X 25 mm; resistivity value = 7 Qcm=). Before each
deposition of FeSxOy thin film, the FTO substrate was

ultrasonically cleaned using alkyl benzene (CsHs), and

acetone (CH3COCH3), and rinsed with DI water. The FTO was

masked using heat-resistant masking tape for the targeted
deposition area (10 mm x 10 mm) on the FTO surface. In CBD,
the total deposition time and the temperature were set to 3 h
and 75 °C, respectively. To determine the effects of solution
pH on FeS:Oy film properties, the addition of NH3 (diluted
NH; in DI) was adjusted to desired pH value. In our
preliminary works, we tried the solution pH of 3.0 obtained
by the addition of sulphuric acid (H=SO,), however, we
observed a white cloudy solution appearance before the
deposition. Furthermore, yellow precipitation was observed
at the bottom of the beaker after the deposition process was
completed. Therefore, we exclude the pH of 3.0 and only
consider the pH with no precipitation in the solution (pH 5.0,
7.0, 8.0, 9.0). A magnetic stirrer with 100 revolutions per
minute (RPM) was used throughout the deposition to ensure
the solution used is in perfect mixing condition. After the
completion of the CBD process, the FTO substrate (with
FeSxOy film deposited on it) was carefully removed from the
solution, followed by removing the heat-resistant masking
tape using a tweezer and then fully dried using a dryer before

being stored in vacuum storage.

Table 1. Related chemical information

No. Chemical Formula Concentration
name weight (mM)/amount
(chemical (FW)
formula) gM-~1

1 Sodium 158.11 100
thiosulfate
(Na28203)
2 Iron (II) sulfate 278.01 30
heptahydrate
(FeSO47H20)
3 L(+)-tartaric 150.09 50
acid (C4He¢Os)
4 Ammonia 17.03 As required for
solution (NHj) desired pH
adjustment

Surface morphology, thickness, and compositional analysis
were performed using Scanning Electron Microscopy (SEM)
equipped with Energy Dispersive X-Ray Spectroscopy (EDX):
SEM iT300LV (Jeol). X-ray diffraction patterns were
recorded by SmartLab X-ray Diffractometer (Rigaku) with
CuKa as the radiation source. Raman spectra were measured

using Raman Xplora Plus (Horiba Scientific) with near-
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infrared (IR) 785 nm laser wavelength as an excitation
source. Optical transmittance was measured using UV-1800
UV-Vis Spectrophotometer (Shimadzu Scientific
Instruments Inc.). A hot probe method was used to determine
the semiconductor behaviour whereby a couple of hot and
cold probes were attached to the deposited films. The hot
probe was connected to the multimeter’s positive (+) terminal
while the cold probe was connected to the negative (-)
p-type

multimeter (under-voltage mode) pointer will be deflected in

terminal. For semiconductor behaviour, the

a negative direction, and vice versa for n-type semiconductor
behaviour (Axelevitch & Golan, 2013). A Scherrer equation

shown in Equation (1) was used to calculate an average

crystallite size for the deposited films (Patterson, 1939):

_ k
- BcosB

d

@)

whereby

d = average crystallite size-in nm

k = dimensionless shape factor (typical value is about 0.94)
A = x-ray wavelength (typical value for CuKa is about
0.154056 nm)

B = line broadening at half the maximum intensity (full width
at half maximum-FWHM)-in radians

0 = Bragg angle or peak position-in radians

III. RESULTS AND DISCUSSION

The effects of solution pH (5.0, 7.0, 8.0, 9.0) on the surface
morphology of FeSxOy films as well as the film thicknesses are
shown in Figure 1. In Figure 1, the left image represents the
surface morphology while the right image illustrates the
thickness of the films. The thickness of the deposited films
was increased from 514.75 nm to 823.59 nm when the pH of
the solution was increased from 5.0 (Figure 1(a)-right image)
to 9.0 (Figure 1(d)-right image). Besides, the film deposited
under pH 5.0 (Figure 1(a)-left image) has shown better
quality in terms of uniformity and grain distribution. The
small-flower-like grains were formed (Figure 1(b)-left image)
when the pH is increased to 7.0. Further increment in pH to
9.0 has resulted in a larger size of flower-like/agglomeration
grains.

The results of an elemental compositional analysis
performed by EDX are depicted in Figure 2. Overall, high

oxygen (O) content (around 72-82%) was observed, and low

iron (Fe) and sulfur (S) contents (< 20%) were obtained
regardless of solution pH. The solution pH of 8.0 exhibits the
turning point for the decreasing trend of oxygen content and

the increasing trend of sulfur and iron contents.
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Figure 1. Left: surface morphology (x 1000), and right:
cross-sectional images (x 5000) for the FeSxOy films
deposited at different solution pH of (a) 5.0, (b) 7.0, (c) 8.0,

and (d) 9.0
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Figure 2. Elemental compositional analysis by EDX
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Figure 3 illustrates the XRD patterns for FTO-coated glass
substrates and FeSxOy films deposited at different solution
pH. JCPDS 29-0713 (orthorhombic goethite-aFeOOH),
JCPDS 1309-37-1 (hexagonal hematite-aFe.03), and JCPDS
42-1340 (cubic pyrite-FeS.) which is consistent with the
conclusion reported in previous works (Wu et al., 2021; Nie
et al., 2019; Saragi et al.,, 2018) has been used for peaks
identification. There was no peak observed in Figure 3(a)
which reflects that the FTO substrate is amorphous. For the
pH higher than 7.0 (pH 8.0-Figure 3(d), and 9.0-Figure 3(e)),
there are two additional peaks appeared named goethite
which is located at 26 = 26.66°-plane (120), and hematite
which is located at 26 = 54.76°-plane (116). The remaining
peaks of hematite: 20 = 33.85°-plane (104), pyrite: 26 =
37.88°-plane (210), and goethite: 26 = 51.75°-plane (221)

were present in all the deposited films regardless of pH.

of 23.7 nm (26 = 33.85°-plane (104)) was obtained, and this
exactly corresponds to the visual observation (qualitative) in
Figure 3.

In published works (Hidzi et al., 2019; Hidzir et al., 2021),
we have explained the influence of complexing agent (L(+)-
tartaric acid with different concentrations) on FeSxOy film
properties, the transformation of pyrite to hematite, as well
as the iron oxide (hematite) suppression by the 50 mM L(+)-
tartaric acid. In this work, we found similar effects whereby
the solution pH < 7.0 produced less goethite (absence of a
peak at 26 = 26.66°-plane (120)) and hematite (absence of a
peak at 20 = 54.76°-plane (116)) peaks. Thus, it is concluded
that the solution pH < 7.0 can delay the transformation of

FeSxOy to hematite.

Table 2. Input used in a Scherrer equation (extracted from

Figure 3) and calculated average crystallite size
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Figure 3. X-ray diffraction pattern of (a) FTO substrate, 80 0.0074 204
FeSxOy deposited at solution pH of (b) 5.0, (¢) 7.0, (d) 8.0,
9.0 0.0064 23.7
and (e) 9.0
5.0 0.0118 13.0
Based on Figure 3, it seems that a narrow/smaller peak 7:0 0.0098 37.88 0.6612 157
width (FWHM) was obtained with increasing pH. It shows 8.0 0.0098 157
that the films deposited with higher pH possess higher 9-0 0.0098 15.7
crystallinity (larger crystallite size) as compared to lower pH. 5.0 0.0091 17.7
These qualitative findings were further confirmed by usinga 7-° 0.0074 217
51.75 0.9033
quantitative method whereby a Scherrer equation was used 80 0.0074 21.7
for average crystallite size calculation. The estimation of p 9-O 0.0074 21.7
and its value (numbers that use the black font colour) are 8:0 0.0091 17.9
54.76 0.9559
displayed in Figure 3. For a better illustration, the input used 9-0 0.0104 15.6

in a Scherrer equation, as well as the average crystallite size,

were listed in Table 2. Under pH 9.0, a larger crystallite size
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Figure 4 displays the Raman spectra for the films deposited
at different solution pH. In previously published works,
Raman peaks related to iron sulfide/iron oxide are as follows:
pyrite (FeS2): 336, 373 cm™ (Morrish et al., 2012); marcasite
(FeS2): 319, 324, 382 cm™ (Morrish et al., 2012); pyrrhotite
(FeixS): 152, 292, 354 cm™ (Bi et al., 2011); iron-sulfide-oxide
(FeSxOy): 249, 305 cm™ (Umehara et al., 2012); goethite
(aFeOOH): 298, 397, 414, 474, 550 cm™ (Thibeau et al.,
1978), and hematite (aFe.05): 217, 285, 397 cm™ (Morrish et
al., 2012). In this work, all the deposited films showed the
Fe:xS, hematite, and goethite peaks which are located at the

wavelength around 152, 218, and 473 cm, respectively.
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Figure 4. Raman spectra of FeSxOy films at different solution

pH of (a) 5.0 (b) 7.0, (c) 8.0, and (d) 9.0

The measured optical transmittance is depicted in Figure 5.
Overall, all the deposited films exhibited a comparable optical
transmittance, nonetheless, only the film deposited at a
solution pH of 5.0 shows a clear absorption edge in the visible

wavelength range (around 400-500 nm).
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Figure 5. Transmittance for the deposited FeSxOy films at
different solution pH of (a) 5.0 (b) 7.0, (¢) 8.0, and (d) 9.0

The Tauc’s plot (indirect bandgap: (ahv)¥2 vs. hv; direct
bandgap: (ahv? vs. hv) was used to estimate the bandgap of
the film with a clear absorption edge (pH 5.0), whereby a is
the absorption coefficient and hv is the photon energy. The
plot of (ahv)¥/2 vs. hv in Figure 6(a) does not have a clear
linear portion, while in the plot of (ahv)2 vs. hv portrayed in
Figure 6(b), extrapolations of the linear part would intersect
the x-axis at about 3.21 eV. The bandgap for the iron
sulfide/oxide-based films are reported as followed: marcasite
(FeS2): < 0.30 eV (Nakamura & Yamamoto, 2001); pyrite
(FeS2): 0.95 eV (Ferrer et al., 1990); pyrrhotite (Fe.xS): 0.2
eV (Henriquez et al., 2016); goethite (aFeOOH): 2.5-3.1 €V
(Zhang et al., 2011); and hematite (aFe-03): 1.87 Ev (Akhtar
et al., 2015). The estimated bandgap for the film with the
solution pH of 5.0 is 3.21 eV, obviously greater than goethite
(aFeOOH) and hematite (aFe.03).

To this point, there are no published works for the FeSxOy
films with such a large bandgap. Presently, we cannot
describe why that film possesses such a large bandgap despite
the fact the hematite (aFe203)-218 ecm™ is the dominance
peak in the Raman result (Figure 4), and goethite (aFeOOH)-
20 = 51.75°-plane (221) is the dominance peak in XRD
measurement (Figure 3). The visual appearance of the
solution before the deposition is almost clear and no
precipitation is found in the bath solution throughout/after
the deposition process. For the deposited film, the visual
appearance is almost transparent. Yet, the absorption edge in
the visible wavelength range (around 400-500 nm) as
illustrated in Figure 5 is still clear. Based on Raman spectra
in Figure 4, there is no peak for the FTO-coated glass
substrate-1090 cm™ (La et al., 2012) appeared, and referring
to the surface morphology in Figure 1, better quality of the
film in terms of uniformity and grains distribution has been
obtained. Our EDX results in Figure 2 for all the films
including the film deposited under pH 5.0 contained high
oxygen (O) content (about 72-82%). Hence, the oxygen
content appears to have a strong influence on the film
properties, but the mechanism is not understood. For the hot
probe measurement, all the deposited films revealed n-type
semiconductor behaviour regardless of solution pH, which
reflects their application as window layer material in solar cell

applications.
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Figure 6. Plots of (a) (ahv)¥/2, and (b) (ahv)?vs. hv for the
film deposited at a solution pH of 5.0

IV. CONCLUSION

Iron-sulfide-oxide (FeSxOy) films were deposited on FTO-
coated glass substrates via a CBD method at different solution
pH which ranged from acidic to alkaline conditions (pH: 5.0,
7.0, 8.0, 9.0), for 3 h at 75 °C from an aqueous solution
containing 50 mM C4HeOs, 100 mM Na.S-03, and 30 mM
FeS0,.7H-0. The crystallite size increased with increasing

solution pH. Better film uniformity and clear absorption edge
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