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ABSTRACT:

Pyrite phase FeS; thin films have been grown by a two-stage process of chemical bath deposition followed by sulfurization.
Thiourea and thioacetamide were used as sulfur precursors in separate baths. The deposition time was controlled for 1, 2, and 3
hours respectively. The as-deposited films were sulfurized at temperatures of 250 °C and 500 °C to form the pyrite phase. The
effect of deposition time and sulfurization temperature on the structure, morphology and optical properties of the iron pyrite films
obtained from the two separate baths were studied and compared. X-ray diffraction analyses established the formation of the pyrite
phase in all the films after sulfurization, in addition to iron (II) oxide hydrate as impurities. All films showed further improvement
in pyrite formation, crystallinity as well as an increase in crystallite size after sulfurizing at 500 °C. EDAX and SEM microscopy
showed that the iron pyrite films produced from the bath containing thiourea, had better crystallinity and a higher iron content. The
optical band gap of the iron pyrite films obtained with thiourea, was 2.1, 1.9 and 1.6 eV for the various deposition times. With
thioacetamide, the band gap was 1.4 eV, for the deposition time of 3 hours.

KEYWORDS: Chemical bath deposition, Iron pyrite thin films, Sulfurization, Photovoltaic materials.

1. INTRODUCTION

Iron pyrite cubic phase is a remarkable semiconductor with
estimated reserves of 1012 kg on the earth’s surface (Zhao et
al., 2017). It has a bandgap of 0.95 eV, absorption coefficient
(@) of 5 x 10% cm™? for wavelengths, A = 700 nm (Banjara
et al., 2018) and adequate minority carrier diffusion length of
100 — 1000 nm (Caban-Acevedo et al., 2012; Liu et al., 2014).
These properties coupled with its low extraction costs and
abundance gives pyrite the potential to be a competitive
photovoltaic material when compared to many other candidates
(Wadia et al., 2009). A pyrite cell with only 4 % efficiency
could be as cost effective as a similar single crystalline silicon
solar cell of 20 % efficiency (Bi et al., 2011). Despite these
promising characteristics and diverse fabrication techniques,
there are no known pyrite-based photovoltaic (PV) devices
currently in existence. This could be attributed to its low PV
conversion efficiency of 2.8 % (Richardson et al., 2013). This
low performance could be attributed to high density of surface
defects. In addition, a low open-circuit voltage of around 0.2
mV, could be attributed to the presence of phase impurities
(Moon et al.,, 2018). Orthorhombic marcasite FeS, and
hexagonal troilite FeS are common iron sulfur phases, which
may form as impurities. They have much smaller band gaps
(0.34 eV for marcasite and 0.04 eV for troilite), thus, even trace
amounts of these phases, would explain the low open circuit
voltage observed (Wadia et al., 2009).

Several synthesis techniques such as; sulfurization of
electrodeposited films (Wang et al., 2013), hydrothermal
method (Liu et al., 2014), spray pyrolysis (Al Khateeb &
Sparks, 2019) and metal-organic chemical vapor deposition
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(MOCVD) (Clayton et al., 2011), have been developed to
deposit iron pyrite thin films.

Among these techniques, the chemical bath deposition (CBD)
is a very common deposition method with respect to economic
considerations (Anuar et al., 2012).

The synthesis of nanocrystalline metal chalcogenide and metal
oxide thin films by chemical bath deposition (CBD) method is
currently attracting considerable attention as it is relatively
inexpensive, simple and convenient for large area deposition
(Pawar et al., 2011). CBD is an important deposition technique
for thin films of compound materials like chalcogenides
(Hodes, 2002).

The characteristics of chemical bath deposited thin films are
strongly influenced by the growth conditions. Variations in key
parameters such as; reactant concentrations, pH, deposition
temperature and time, etc. can cause significant changes in the
microstructure characteristics and hence observed physical
properties (Hone et al., 2014).

Different investigations on the chemical bath deposition of iron
pyrite thin films have been reported by several independent
research groups, using different deposition parameters and
experimental conditions.

Prabukanthan et al. (2010) processed CBD deposited FeS thin
films in a sulfur and nitrogen rich atmosphere to form the pyrite
phase of FeS,. The authors concluded that an optimum
sulfurization temperature between 400 °C and 500 °C for a
duration of one hour, yielded the iron pyrite cubic phase. They
also reported that the optical band gaps are controlled by the
disorder in the films network regardless of the sulfurization
temperature and time duration. Saced Akhtar et al. (2015) used
the CBD technique without any post deposition heat treatment.
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They reported the formation of Monophasic (mackinawite) FeS
thin films. Studies on the thermal treatment of chemical bath
deposited iron pyrite thin films were reported by Mazén-
Montijo et al. (2013). The authors sulfurized the as-deposited
films at 400 °C with the duration varied between 3 to 10 hours.
They concluded that prolonged heating did not improve the
crystallinity of the films, rather, heat treatment lasting for 3
hours with 15 mg of elemental sulfur was sufficient to convert
a-FeO/S to polycrystalline pyrite thin films. Aluri et al. (2015)
also reported the growth of polycrystalline and single phase
FeS; films as a potential absorber layer in solar cells. They
recommended a bath temperature of 70 °C for achieving a pure
pyrite phase.

In this study, pyrite phase FeS, thin films have been
synthesized from two separate acidic chemical baths, one with
thiourea as the sulfur precursor and the other with
thioacetamide followed by sulfurization to obtain the pyrite
phase. The effect of deposition time and sulfurization
temperature on the structure, morphology and optical
properties of the iron pyrite films obtained from the two
separate baths, are studied and compared. To the best of our
knowledge, the reactants used in this work together with their
concentrations, are being used for the first time under the
deposition conditions reported in this study.

2. MATERIALS AND METHODS

The chemicals used were iron sulfate heptahydrate
(FeSO4-7H,0) as the iron source, thiourea (CS(NH),) both
from BDH laboratories and thioacetamide (CH3CSNH3) from
Merck laboratory. Sodium hydroxide (NaOH) from BDH
laboratories to adjust the pH and ethylene-diamine-tetra-acetic
acid di-sodium salt (Na,EDTA) from Fizmerk laboratories was
used as a complexing agent.

Thiourea and thioacetamide are sulfur precursors which are
normally used for chemical bath deposition of compound
materials like chalcogenides. Thiourea is the most commonly
used sulfur precursor. Thioacetamide can be hydrolyzed over a
wide range of pH and is often used for CBD in acidic baths
(Hodes, 2002).

Prior to deposition, the microscope glass slides were degreased
in nitric acid and subsequently kept in ethanol for about 30
minutes, then ultrasonically cleaned with distilled water and
dried under ambient condition (Hone et al., 2015).

In a typical reaction mixture, 20 ml of 0.3 M iron sulfate, 4 ml
of 0.1 M sodium EDTA and 20 ml of 0.3 M thiourea were
mixed in a 100 ml beaker. The pH of the reactant mixture was
about 1 and this was adjusted to 2.5 by the addition of 3 ml of
0.1 M sodium hydroxide. The solution was then placed in a
water bath kept at a temperature of 80 °C for deposition.
Chemically cleaned glass slides were fastened to a holder and
placed vertically in the beaker. The mixture was stirred
continuously for uniform film deposition. The deposition time
was controlled for 1, 2, and 3 hours respectively. After
deposition, the substrates were taken out and washed with
distilled water to remove any non-adherent particulate matter
and allowed to dry under ambient conditions.

This same process was repeated in a second bath containing
thioacetamide as the sulfur precursor.

It was observed that when thiourea was used as the sulfur
precursor, films were obtained for each deposition time,
however, with thioacetamide as the sulfur precursor,
substantial film growth occurred only at a deposition time of 3
hours.

All the as-deposited films appeared brownish to the naked eye,
however the films deposited from baths containing
thioacetamide, were of a much darker color as shown in
Figures 1 and 2.

Figure 1. Films deposited with a time of 1 hour, 2 hours and 3
hours respectively, from baths containing thiourea as the sulfur
precursor.

Figure 2. Film deposited with a time of 3 hours from the bath
containing thioacetamide as the sulfur precursor.

2.1 Sulfurization

The pyrite phase is obtained by treating pre-deposited films
thermally in a sulfur rich atmosphere, this process is called
sulfurization. Sulfurization plays an important role in the
crystalline formation as it fills sulfur vacancies and improves
crystallinity due to the heat treatment. It also removes defects
and other phases of FeS; to obtain pure pyrite.

In this work, the sulfurization process was carried out using the
technique described by Botchway et al. (2019) in Figure 3.
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Figure 3. Schematic illustration of the two-heating-zone
borosilicate-tube furnace (Botchway et al., 2019).

A borosilicate tube furnace with two heating zones was flushed
with argon for 10 minutes to get rid of any oxygen. 0.5 g of
elemental sulfur powder was placed in a ceramic boat and kept
at one end, with the iron sulfide sample placed at the other end.
The temperature at the sulfur heating zone was kept at 200 °C,
whilst temperatures of 250 °C and 500 °C were used for the
sample heating zone. An argon flux carried the sulfur vapor
towards the sample placed at the other end of the tube. All the
samples were sulfurized for an hour, after which the furnace
was switched off and allowed to cool under the flow of argon.

2.2 Film Thickness

The average thickness of the films was determined after
sulfurization using the gravimetric method. For films deposited
with thiourea as the sulfur source, the thickness was 100 nm,
150 nm and 176 nm for deposition times Of 1, 2 and 3 hours.
With thioacetamide, the thickness was 183 nm, for films
deposited at 3 hours.
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2.3 Thin film characterization

The crystal structure of the as-deposited and sulfurized FeS,
thin films were analyzed by a PANalytical Empyrean X-ray
diffractometer with Cu-ko radiation (14; = 1.5406 A). The
elemental composition and surface morphology of the samples
were determined by energy dispersive X-ray analysis (EDX)
attached to a high resolution JEOL JSM-7600F scanning
electron microscope (SEM). Optical absorption measurements
were taken with the UV-Vis spectrophotometer (Cecil CE 7500
series) within the wavelength range of 190 — 1100 nm.

3. RESULTS AND DISCUSSION

3.1 Structural analysis

Figure 4 shows the XRD pattern for FeS, films at various
stages of the synthesis processes. These films were grown with
a deposition time of 1 hour, from baths containing thiourea as
the sulfur precursor.
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Figure 4. Films grown with a deposition time of 1 hour, from
baths containing thiourea. (a) as-deposited film, (b) film
sulfurized at 250 °C

From Figure 4, it can be observed that the as-deposited film has
a single low intensity peak indexed to silicon oxide [JCPDS
01-077-8628], which could emanate from the substrate used.
There were no discernable peaks indexed to iron sulfide even
after sulfurizing at 250 °C.
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Figure 5. Films grown with a deposition time of 2 hours, from
baths containing thiourea. (a) as-deposited film, (b) film
sulfurized at 250 °C and (c) film sulfurized at 500°C.

The diffraction pattern for the as-deposited film, Figure 5(a),
shows peaks which were matched to Marcarsite, labeled M and
iron oxide hydrate (Fe;O3-H,O) labeled X [JCPDS: 00-003-
0799 and 00-001-0401]. There were no discernable peaks
indexed to the pyrite phase at this stage. After the thin films
were sulfurized at 250 °C (Figure 5(b)), there was a decrease
in intensity of the peaks X and M, and the appearance of a low
intensity peak indexed to the (200) plane of FeS, pyrite phase
labeled as, P, [JCPDS: 98-001-0422]. After sulfurization at 500
°C (Figure 5(c)), the impurity peak, X, further decreased in
intensity and the number of peaks indexed to the pyrite phase,
increased to include reflections from the (211) and (312) planes
of the pyrite phase. This suggests that there was further
improvement in pyrite formation at the sulfurization
temperature of 500 °C. Figure 5(c) also shows an increase in
intensity of the peaks corresponding to the pyrite phase,
suggesting an improvement in crystallinity of the films
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Figure 6. Films grown with a deposition time of 3 hours, from
baths containing thiourea (a) as-deposited film, (b) film
sulfurized at 250°C and (c) film sulfurized at 500°C.

The XRD patterns shown in Figure 6, are for the films grown
with a deposition time of 3 hours, from baths containing
thiourea as the source of sulfur ions. The diffraction patterns
are similar to that of Figure 5, where the as-deposited films are
composed of mainly iron oxide, labelled X. Sulfurization at
250 °C, shows a decrease in the intensity of X, and the
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appearance of a peak corresponding to reflections from the
(200) plane of the cubic pyrite phase at a 20 angle of
approximately 33° labeled P, [JCPDS: 98-001-0422]. After
sulfurizing at 500 °C (Figure 6(c)), there was a further decrease
in intensity of the impurity peak, X, and the number of peaks
contributing to the cubic pyrite phase increased to include
reflections from the (211) and (312) planes.

Comparing Figures 5(c) and 6(c), the films obtained with a
deposition time of 3 hours, appear to have more intense peaks,
suggesting better crystallinity.

Figure 7 shows the XRD pattern of films grown with a
deposition time of 3 hours, from baths containing
thioacetamide as the source of sulfur ions and sulfurized at 250
°C and 500 °C
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Figure 7. Films grown with a deposition time of 3 hours, from
baths containing thioacetamide, (a) as-deposited film, (b) film
sulfurized at 250°C and (c) film sulfurized at 500°C

The diffraction pattern shown in Figure 7 suggests that the as-
deposited film and the film sulfurized at 250 °C are composed
of mainly iron oxide (Fe3O4). There are no discernible peaks

indexed to the pyrite phase after sulfurizing at 250 °C. The
presence of a low intensity peak indexed to the (200) plane of
the pyrite phase can be observed after sulfurizing at 500 °C. A
few impurity peaks were also observed at this stage.

The relatively fewer number of peaks observed in Figure 7(c)
suggests that the pyrite phase obtained from baths containing
thioacetamide have poor crystallinity

Structural properties in Figure 4(a-b), 5(a-c), 6(a-c) and 7(a-c)
showed that mixed phase of iron (II) sulfide and iron (II) oxide
hydrate are present. It is worth mentioning that there is a
possibility that the iron oxide impurities observed in the films
after sulfurization could be as a result of self-oxidation of the
films during storage prior to the XRD analyses.

3.1.1 Average crystallite size: Calculation of the average
grain size was done using the Scherrer‘s formula (Muniz et al.,
2016) which is given as;

D k4 1
" Bcosh M

Where D is the crystallite size, A is the X-ray wavelength, p full
width at half maximum (FWHM) or integral breadth, 0 is the
Bragg angle and K is a constant
The parameters, B and 0, were calculated from the peaks
indexed to the (200) plane which is the preferred orientation of
the pyrite phase.
Table 1 shows the variation in the average grain size with
sulfurization temperature. It can be seen from this table that the
grain size significantly increased from 250 °C to 500 °C. This
is particularly noticeable with films deposited from baths
containing thiourea as the sulfur precursor, where the XRD
confirmed the formation of the pyrite phase at both
temperatures. According to Hodes (2002) thin films annealed
at temperatures above 573 K (300 °C) usually exhibit a large
degree of crystal growth, and this might explain the increase in
grain size observed.

Table 1. Variation of the average grain size of the pyrite phase with sulfurization temperature

Sulfur Deposition time Sulfurization o Average grain size
Precursor /hours temperature/ °C FWHM(B) 26 D/nm
5 250 0.9446 33.0558 9.1629
. 500 0.3149 33.0437 27.4840
Thiourea
3 250 0.9446 33.0333 9.1623
500 0.3149 32.9919 27.4803
. . 250 - - -
Thioacetamide 3
500 0.3939 32.9283 21.9820
3.2 Optical analysis
3.2.1 Absorbance measurement
35
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Figure 8. Absorbance spectra of the iron pyrite films obtained after sulfurizing at 500 °C for deposition times of 1, 2 and 3 hours
using thiourea as the sulfur precursor and 3 hours using thioacetamide as the sulfur precursor.
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Figure 8 compares the optical absorbance spectra of the pyrite
phase of FeS, thin films obtained from the two different
chemical baths and sulfurized at 500 °C. It should be recalled
that the XRD analysis confirmed the formation of the pyrite
phase in all films irrespective of the sulfur precursor after
sulfurizing at 500 °C. Further observations from Figure 8,
shows generally that the absorbance increased with increasing
deposition time with a corresponding shift in fundamental
absorption edge towards longer wavelength, indicating a
decrease in band gap. The increase in absorbance can be
attributed to a higher yield in FeS, resulting in an increase in
the thickness as the deposition time increased from 1 hour to 3
hours. It has been reported that the thickness of thin solid films
synthesized by chemical bath techniques, in which the film
formation and kinetics take place by ion-by-ion condensation
has a linear relationship with deposition time (Ezema, 2005).
The films exhibit a strong absorption edge around 350 - 500
nm.

Further observation of Figure 8 shows that the film deposited
from the bath containing thioacetamide appears to have a
higher absorbance, with the fundamental absorption edge
slightly red shifted. This difference could be due to defect
states in the deposited thin film or poor crystallinity of the film.

3.2.2 Determination of optical band gap

The optical band gap of the film was evaluated from
mathematical treatment of data obtained from optical
absorbance versus wavelength, with the Stern relationship
(Hone et al., 2015) of near-edge absorption which is given as

"/
k(hv —E,
_lktn=5,) o

where v is the frequency, % is the Planck’s constant, K is a
constant while n carries the value of either 1 for direct
transition or 4 for indirect transition. n = 1. Figure 9 shows
(Ahv)? as a function of hv
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Figure 9. Comparing the optical band gap of the iron pyrite films obtained after sulfurizing at 500 °C for the various deposition

times and different sulfur precursors.

The energy band gap is obtained by plotting a line of best fit to
the linear portion of the graph and extrapolating it to the point
where it intersects the /v axis as shown in Figure 9. The linear
nature of the graph at high Av indicates the presence of a direct
transition. From Figure 9, the estimated band gap of the pyrite
phase FeS, obtained after sulfurizing the films at 500 °C, for
films deposited from baths containing thiourea as the sulfur
source, was found to be 2.1, 1.9 and 1.6 eV for deposition times
of 1, 2 and 3 hours respectively. For film obtained from the
bath using thioacetamide as the sulfur source the band gap of
the pyrite phase was 1.4 eV.

The value of energy band gap shows high marginal increase
(i.e between 2.1 eV to 1.6 eV) compared to the energy band
gap of 0.95 eV for iron (II) sulfide as reported in the literature.
This value of energy band gap suggests the presence of iron
oxide (1.95 eV - 2.35eV)

It is worth noting that semiconductors with an optical band gap
within the range of 1 - 1.5 eV are suitable for achieving high
energy conversion efficiency (about 30 %) when used as an
absorber material in solar cell applications (Ngbiche et al.,
2019).
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Figure 10. SEM micrograph of iron pyrite FeS; thin film
deposited from chemical bath containing thiourea, deposition
time of 3 hours and sulfurized at 500 °C.
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238,260 counts in 30 seconds

Figure 11. EDAX spectrum of iron pyrite FeS, thin film
deposited from chemical bath containing thiourea, deposition
time of 3 hours and sulfurized at 500 °C.

Table 2. Table showing percentage of atomic elements in the
film grown with a deposition time of 3 hours, from baths
containing thiourea and sulfurized at 500 °C

Element | Atomic | Weight | Oxide | Stoich.

Symbol | Conc. | Conc. | Symbol | wt Conc.
(6] 63.28 | 39.87
Fe 16.84 | 37.04 Fe 61.60
Si 8.55 9.46 Si 15.73
S 6.88 8.69 S 14.44
Na 2.92 2.64 Na 4.39
Ca 0.81 1.28 Ca 2.13
K 0.54 0.83 K 1.37
Al 0.19 0.20 Al 0.33

Figure 10 shows the SEM micrographs of the iron pyrite films
obtained from baths containing thiourea, synthesized with a
deposition time of 3 hours and sulfurized at 500 °C. The
morphology shows compact sharp-edged shaped grains of
different sizes and uniformly distributed over the background
with very few voids. Figure 11 shows the EDAX spectra which
is consistent with the formation of iron sulfide. The presence
of silicon and trace quantities of sodium, aluminum, potassium
and calcium shown in Table 2, emanate from the substrate used
for the deposition and trace amounts of these elements in the
salts used.

Figure 12. SEM micrograph of iron pyrite FeS; thin film
deposited from chemical bath containing thioacetamide,
deposition time of 3 hours and sulfurized at 500 °C

o 1 2
271,487 counts in 30 seconds

Figure 13. EDAX spectrum of iron pyrite FeS, thin film
deposited from chemical bath containing thioacetamide,
deposition time of 3 hours and sulfurized at 500 °C.

Table 3. Table showing percentage of atomic elements in the
film grown with a deposition time of 3 hours, from baths
containing thioacetamide and sulfurized at 500°C.

Element | Atomic | Weight | Oxide | Stoich.

Symbol | Conc. | Conc. | Symbol | wt Cone.
6] 78.06 | 64.77
Si 12.12 | 17.65 Si 50.10
Fe 2.70 7.82 Fe 22.18
Na 4.56 5.44 Na 15.45
N 1.22 2.03 S 5.77
Ca 0.73 1.52 Ca 4.33
Mg 0.54 0.69 Mg 1.95
Al 0.06 0.08 Al 0.23

Figure 12 shows the SEM micrographs of the iron pyrite films
obtained from baths containing thioacetamide, synthesized
with a deposition time of 3 hours and sulfurized at 500 °C., the
morphology shows loosely packed granular crystallites with a
sandy texture forming an amorphous matrix and having a non-
uniform coverage over the entire substrate. This kind of
morphology may account for the presence of relatively fewer
peaks with low intensity, observed in the diffraction pattern of
Figure 7(c).

A comparison of the percentage of atomic elements in Table 2
and 3 shows that the iron pyrite films produced from the bath
containing thiourea, had a higher iron content. Percentage of
oxygen as shown in both tables confirms the presence of
reasonable amount of iron oxide in the films

4. CONCLUSIONS

The effect of deposition time and sulfurization temperature on
the structural, morphological and optical properties of iron
pyrite films deposited from two separate acidic chemical baths,
one with thiourea as the sulfur precursor and the other with
thioacetamide followed by sulfurization have been studied.
The deposition time was controlled for 1, 2, and 3 hours
respectively. Sulfurization temperatures of 250 °C and 500 °C
were used. Results of the characterization techniques
established that the deposition time, the sulfurization
temperature and choice of sulfur precursor had a significant
effect on the properties measured. Structural analysis showed
that all the films were not purely pyrite phase of iron (II) sulfide
but were composed of mixed phase of iron (II) sulfide and iron
(II) oxide hydrate. However, under the deposition conditions
used in this work, films deposited from baths containing
thiourea as the sulfur precursor, with a deposition time of 3
hours and sulfurized at 500 °C, had much improved properties.
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