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Abstract—Iron pyrite (FeS,) thin films were fabricated by spin coating the solution of FeS, nanocrystals of ~40 nm in
size on glass substrates, followed by annealing in a sulfur environment at different temperatures. The effect of sulfuriza-
tion temperature on the morphology, structural, optical and electrical properties was investigated. With increase of the
sulfurization temperature, the grain size and crystallinity of the films was improved, although some cracks and voids
were observed on the surface of thin films. The band gap of the FeS, films was decreased at higher sulfurization tem-
perature. The electrical properties were also changed, including the increasing in resistivity and the decrease in Hall
mobility, with increase of sulfurization temperature. The change in the optical and electrical properties of the FeS, thin

films was explained based on the changes of phase, morphology, surface, and grain boundary property.
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INTRODUCTION

Owing to its suitable band gap (0.95 eV) and high optical absorp-
tion coefficient in the mid-infrared range (~10°cm™', two magni-
tudes higher than that of Si) as well as the abundance of the non-
toxic source of Fe and sulfur, pyrite (or fool's gold) has been con-
sidered as a potential material for low-cost environmental-friendly
solar cells and photonic devices of the future [1-3]. Although FeS,
can be a promising solution for photovoltaics (PVs), actual results
have been unsatisfactory. Pyrite FeS, devices suffer from a low open-
circuit voltage (<200 mV) and an efficiency of ~0% despite the efforts
to utilize FeS, as an absorber in many kinds of solar cells [4]. Many
studies have tried to solve the issue of low open-circuit voltage and
lack of efficiency. A sulfur deficiency is one of the main reasons
for the low open-circuit voltage and is present as impurity phases
in the pyrite bulk, including pyrrhotite, marcasite, and amorphous
iron sulfide phases. Sulfur vacancy formation in FeS, crystallites
has been proposed to induce an energy level within the band gap
and cause surface Fermi level pinning, lowering the band gap of
FeS,. In addition, pyrite shows rather complex behavior, including
the change in optical and electrical properties in an intriguing way
with the change of crystal structure due to a sulfur deficiency [5].
Under this assumption, the sulfurization process may be an effective
tool to modify the bandgap of FeS,. Sulfurization can help compen-
sate for the sulfur deficiency, and improve the properties of FeS,
for the applications in photovoltaics [6].
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Many efforts have been examined to improve the properties of
FeS, thin films using sulfurization treatment. The properties of FeS,
thin films were investigated based on natural or synthetic FeS, nano-
crystals. The Ferrer group was the first group to fabricate FeS, thin
films by flash evaporation of natural iron pyrite nanocrystals with
different thicknesses followed by annealing them in a sulfur atmo-
sphere [7]. The changes in the optical properties produced by ther-
mal annealing of the as-evaporated films in a sulfur atmosphere
depend on the thickness of thin films. The absorption edge of the
n-type films increases with increase of annealing temperature. How-
ever, the photoresponse representative of the intrinsic band gap
has not been observed [7]. Besides that, iron pyrite thin films have
been synthesized by a variety of solution methods, such as spray
pyrolysis [8], electrodeposition [9], chemical bath deposition [10],
and sol-gel method [11,12]. The principle of these methods is de-
positing a film of iron, iron oxide or iron sulfide and annealing the
films in sulfur gas environment at different temperatures. These
methods provide a pure phase, polycrystalline iron pyrite thin films,
which are of p-type conductivity with low resistivity and low mobil-
ity They exhibit no photoelectrochemical response [12]. On the other
hand, the features of FeS, thin films, including structure, morphol-
ogy, optical property, composition, and electrical properties (resis-
tivity, Hall mobility, carrier density) are dependent on the experi-
mental procedure used to prepare the films and thermal treatment
conditions. Recently; pyrite films have been fabricated by FeS, solu-
tion deposition. Pyrite nanocrystals were first synthesized by a wet
chemical route, such as hot injection [13] or hydrothermal method
[14]. The thin films were then formed by spin coating [15] the as-
synthesized iron pyrite solution. After the thin films are formed, the
sulfurization process is performed to increase the grain size, film
density, and carrier diffusion length. However, the structure, mor-
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phology, optical and electrical properties of these films have not
been reported in detail. Because of the complexity and non-unifor-
mity of properties of FeS,, iron pyrite thin films are still an excit-
ing research objective.

In this study; pyrite (FeS,) thin films were fabricated by spin coat-
ing the solution of FeS, nanocrystals of ~40 nm in size, on pure
glass substrates, followed by annealing in a sulfur environment. The
sulfur annealing procedure was performed at different tempera-
tures to examine the effects of temperature on the structure, mor-
phology, as well as the optical and electrical properties of the films.
The changes in stoichiometry, crystallinity, microstructure, and
grain size of the films were also investigated in detail.

EXPERIMENT DETAILS

1. Chemicals

Iron (II) chloride tetrahydrate (FeCl,-4H,O, 99%), octadecyl-
amine (ODA, 90%), sulfur element (S, 98%), oleylamine (OLA,
70%), and trioctylamine (TOA, 90%) were purchased from Sigma-
Aldrich. The other solvents, including chloroform (CF) and meth-
anol, were commercially available analytical-grade products that
were also purchased from Sigma-Aldrich. All chemicals involved
in these experiments were used as received.
2. FeS, NCs Synthesis

The FeS, NCs were synthesized using a hot injection method.
In a typical procedure for the preparation of FeS, NCs, a mixture
of 1.5mmol FeCl,-4H,0, 10g ODA, and 10 ml TOA was stirred
in a three-necked flask at 150 °C under vacuum for 1 h to form the
Fe-surfactant precursor species. In parallel, the sulfur (S) precur-
sor was prepared by adding 9 mmol of elemental sulfur into 5 ml
OLA. The mixture was stirred vigorously in air at 70 °C, until the
sulfur had been dissolved completely. Subsequently, the S-precur-
sor was injected rapidly into the solution of the Fe-surfactant pre-
cursor. The solution was then heated to 220°C and kept being
stirred at this temperature for 2 h under a nitrogen atmosphere to
complete the growth of the iron pyrite NCs. The solution was
cooled to 100°C in a water bath and 20 ml chloroform was then
added. The iron pyrite NCs were purified by mixed solvent pre-
cipitation using chloroform and methanol in a centrifuge at 4,500
rpm for 10 min.
3. FeS, Thin Film Fabrication

The FeS, solution was prepared using 150 mg FeS, in 2ml of
CE A thin layer of FeS, NCs (700 nm) was deposited on top of clean
glass at 1,500 rpm for 40 s. The FeS, thin films then were annealed
by placing the substrate at downstream of the sulfur vapor and
nitrogen flow. Sulfurization was performed at different tempera-
tures (250-650°C) for 1h. After the sulfurization treatment, the
samples were cooled naturally in a N, atmosphere.
4. Characterization

The crystal structure of the FeS, thin films was examined by X-
ray diffraction (XRD, PANalytical, X’Pert-PRO MPD) using Cu
Ko radiation and Raman spectroscopy using a WiTec confocal
Raman spectrometer (Ar" laser, A=532nm) at a spectral resolu-
tion of 5cm . The surface morphology of the FeS, thin films was
observed by field emission scanning electron microscopy (FESEM).
The chemical composition at the surface of the thin films was
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examined by X-ray photoelectron spectroscopy (XPS, Thermo Sci-
entific, K-Alpha) using Al K monochromatized radiation. The
optical properties of the as-synthesized FeS, NCs were examined
by ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotom-
etry (Cary 5000, Varian) from 300 nm to 2,000 nm. The electrical
properties were determined by a Hall effect measurement system
using the Van der Pauw method.

RESULTS AND DISCUSSION

1. Structural Properties

Fig. 1(a) shows the XRD patterns of iron pyrite films as-depos-
ited and annealed in different sulfurization temperatures. The XRD
patterns suggested that increasing the sulfurization temperature
leads to an improvement in the crystallinity of the films. The (111),
(200), (210), (211), (220), and (311) diffraction peaks were observed
from the sulfurized FeS, thin films [11]. The crystal growth took
place equally in all orientations of FeS,, which was confirmed by
the increased intensity and sharpness for all the peaks mentioned
above. The increasing intensity and sharpness of all the peaks indi-
cated that the crystallinity of the films was improved, and the
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Fig. 1. (@) XRD pattern and (b) grain size of FeS, thin films at dif-
ferent sulfurization temperatures.
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Fig. 2. SEM morphologies of the FeS, thin films sulfurized at different temperatures (The inset pictures are cross-section SEM images).

grain size became larger at higher sulfurization temperatures. Fig,
1(b) shows the grains and full width at half maximum intensity
(FWHM) of the (200) XRD peaks of the FeS, thin films sulfurized
at different temperatures, supporting the XRD patterns. The grain
size of the formed thin films was determined by FWHM of the
(200) XRD peaks by applying the Scherrer’s equation with a calcu-
lation error of ~10% [16]:

A

D=0.9
p-cos@

where, D is the grain size, A is the wavelength of X-ray (1.54178
A), Bis the broadening of the diffraction line measured at FWHM
in radians, and @is the diffraction angle.

The grain size of the FeS, films was increased with increasing
the sulfurizing temperature, as indicated by the decrease of the
FWHM values. The grains grew rapidly as temperature was in-
creased in the range of 450 to 550 °C. SEM measurement was used
to investigate the effect of the sulfurizing temperature on the grain
size and surface morphology of the FeS, films. Fig. 2 shows the
morphology of the FeS, thin films at different sulfurization tem-
peratures. SEM images showed that the grain sizes of the FeS, thin
films annealed at 250 °C and 350 °C did not change, compared to
that of the as-deposited thin films. The grain size of FeS, increased
remarkably after being annealed at 450 °C, which is consistent with
the grain size calculated from XRD peaks. In the intermediate tem-
perature range of 250-450 °C, sulfur diffusion into the FeS, lattice
can occur slowly, allowing the rearrangement of FeS, NCs. The
grains tend to agglomerate and grow to a large scale. This explains
the increasing grain size with increase of sulfurization tempera-
ture. Besides that, cracks and voids were observed on the surface
of the FeS, thin films. In the intermediate temperature range of
250-450 °C, the surfactant of FeS, NCs will be decomposed partly,
forming a very small blank between the FeS, NCs. The decompo-
sition of surfactant decreases the surface area. The decreasing in
surface area directly affects the microstructure of thin films [17,18].
By further increasing the sulfurization temperature, thermal rough-

ening emerges. Additionally, grain size increasing is strengthened.
These may explain the formation of cracks and voids.

The sulfurization temperature not only affects the grain size and
crystallinity, but also the phase of FeS, films. The phase changes in
the annealed iron pyrite thin films were characterized by Raman
spectroscopy; which was found to be a substantially more sensi-
tive technique than XRD in detecting the trace sulfide impurities
in pyrite crystals. Fig. 3 shows the Raman spectra of the films on
glass substrates at different sulfurization temperatures. Before anneal-
ing, the as-deposited films consisted of a pure pyrite phase. In
Raman spectroscopy, for the pyrite peaks, two dominant bands
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Fig. 3. Raman spectroscopy of FeS, thin films sulfurized at differ-
ent temperatures.
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were observed at 340 and 377 cm™', and a minor band at 429 cm™, emerged. At high temperature, the rate of FeS, decomposition to
corresponding to the Ag (S2 dumbbell vibration), Eg (S2 dumb- form FeS is higher than the S compensation from S-annealing to
bell stretching), and Tg (3) (vibration mode), respectively [11]. No change FeS§ into FeS, phase. That explains why the FeS phase exits
peak for impurity phases was observed, which was confirmed by at high sulfurization temperature [19].

no peaks at 319-325cm ' for marcasite and 210-280 cm™" for pyr- The elemental composition on the surface of FeS, thin films
rhotite (FeS phase). With increasing sulfurization temperature was studied by XPS (as shown in Fig. 4). XPS of FeS, films showed
from 250 °C to 550 °C, the pyrite phase in the thin films did not that the Fe 2p spectrum of pyrite has two major peaks at 707 eV
change. On the other hand, at 650 °C sulfurization, the FeS phase (assigned as Fe 2p3/2) and 720 eV (assigned as Fe 2p1/2), which
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illustrates the Fe** bulk peak (as shown in Fig. 4(a)). The peaks at
the position of 711, 715, and 725V indicate the formation of
Fe™"-O surface states, which are formed by oxidation in air [20].
With increase of sulfurizing temperature in the range of 250 to
350 °C, the signal of the Fe bulk also increased. At the same time,
the signal of Fe-O decreased. At 450 °C, the signal of Fe-O almost
disappeared, while the signal of the Fe bulk dominated. Therefore,
the change in surface properties depends on the annealing tem-
perature. An increase in sulfurization temperature results in an
increase in the grain size of FeS, NCs. When the grain size was
increased, the surface area to bulk area ratios was also decreased
[21]. This means that the oxidation of Fe** to Fe** on the surface
of thin films also decreases. The sulfurization of FeS, thin films at
an appropriate temperature would decrease the surface activity or
increase the stability of the films to air oxidation.

Fig. 4(b) shows the S 2p spectrum of the surface thin films at
different temperatures. The S 2p region was constructed in the
couple peak of S 2p3/2 and S 2p1/2, in which the intensity ratio of
S 2p3/2 and S 2p1/2 is 2: 1. The interval energy of S 2p,, and S
2py, is normally 1.1-1.2 eV [22]. Based on the peak fit of the S 2p
spectrum, there are three main contributions to the S 2p region.
The first contribution to the S 2p region is the peaks at 162.1 eV
(S 2psa) and 163.3 eV (S 2p,,a), which represent the surface-most
S atoms of the sulfur dimer located at the fracture surface (noted
as S 2p,). The second contribution, centered at 162.8 eV and 164.0
eV, was assigned to the S 2p,,b and S 2p,,b (noted as S 2p,),
respectively, which is the bulk core level of S bound as a disulfide
group in iron pyrite. Each S atom is bonded to another S atom
and three Fe* to produce S-S dimers with each atom being tetra-
hedrally coordinated. The third contribution is the large intensity
in the region, 165-170 eV; where S-O moieties were observed (noted
as S 2p,) [23]. The sulfurization at different temperatures affects
the contribution of the S atom types to the S 2p region, which is
illustrated by changing the intensity of the peak of the S atom type.
Two kinds of S atoms exist on the surface of the non-annealed
films. The first is the contribution of the sulfur surface, in which
most S atoms are dominated because of the remarkable signal of
the S 2p, peaks. In addition, the intensity of S-O bonding can be
observed in the region, 165-170 eV. In the range of 250 to 550 °C,
the signal for the S 2p, peaks decreased, while the signal for S 2p,
increased, and the signal of S 2p, did not change significantly. At
650 °C, the signal for S 2p, disappeared, while the signal for S 2p,
dominated. The S 2p, signal disappeared due to the decomposition
of the S-O component salt at temperatures higher 600°C [24].
The domination of S 2p, means that the higher the sulfurization
temperature, the more the contribution of S atoms of the S-S
dimer residing on the bulk site of pyrite.

2. Optical Properties

Fig. 5 shows the absorption spectra of the FeS, thin films as a
function of the annealing temperature (T5). In Fig. 5(a), all absorp-
tion curves tend to slope more and move to a higher photon energy
upon increasing Ts and the tails, which are present as a low pho-
ton energy (0.5-0.9 eV), tend to disappear in the sulfurization pro-
cess from 250 °C to 450 °C. On the other hand, at higher T5, the
absorption decreases slightly. The reason is that upon increasing
sulfurization temperature to 450 °C, the sulfur vacancy densities
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Fig. 5. (a) Absorption spectra and (b) plots of (¢h1)’ vs. hv of FeS,
thin films sulfurized at different temperatures.

should decrease due to sulfur diffusion into the films. Moreover,
the iron vacancy densities should also decrease due to the displace-
ment of iron interstitials into their lattice natural position. This
process should lead to a decrease in the optical absorption of the
film at low photon energy and to a displacement of their absorp-
tion edge toward the higher photo energy, as observed by Sanches
et al. [25]. In addition, increasing grain size or the reduction in the
grain boundary density and the presence of voids and cracks might
be responsible for the reduction in absorbance with increase of
sulfurization temperature [26].

Fig. 5(b) shows the band gap (Eg) of the FeS, thin films, which
can be obtained from an extrapolation of the straight-line portion
of the (¢h1)" vs. hn plot to the horizontal ordinate axis. With n=2,
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which is expected for a direct allowed transition, the best straight
line was obtained for all films. The band gaps of the FeS, thin films
changed slightly in the range of 0.8-1.2 eV, which is consistent with
the reported value of a pyrite direct transition [11]. When the anneal-
ing was increased from 250-450 °C, the band gap was stable ap-
proximately at 1.1eV. The band gap decreased noticeably to approxi-
mately 1.0eV at 550°C and 0.8eV at 650 °C, which became an
indirect transition. This means that the optical gap is almost con-
stant up to a sulfurization temperature of ~450 °C and then decreases
at higher temperatures, which is consistent with the results reported
by Lifante group [27]. Normally, the decrease in band gap is the
result of quantum confinement, which is deduced by the increas-
ing the NPs size. In this research, however, there was no quantum
confinement in FeS, NCs, because the size of the as-synthesized
FeS, is not small enough to reach the Bohr diameter [28]. There-
fore, quantum confinement resulting from an increase in size does
not account for the decreasing band gap, even though the size of
the FeS, increases with increasing Ts. The emergence of a FeS
impurity phase (confirmed by Raman spectroscopy), which has a
small band gap decreases the band gap of FeS, at 650 °C has been
suggested. Potential fluctuations from the defect perturb the elec-
tronic band edges and can result in a broadening of the electronic
states, leading to band tails extending below the band edges. This
could manifest as sub-band gap optical absorption, which was con-
firmed by changing the shape of the absorption curve at the 1.5
eV energy level [29]. There has been some debate about identify-
ing the band gap of FeS, NCs. Indeed, the reported optical proper-
ties of FeS, showed discrepancies, which suggest that the method
used to obtain the Eg might not be the correct one in the case of
pyrite [30]. In addition, the optical properties of FeS, thin films are
difficult to study, because they depend on many factors, such as
thickness, the morphology; and impurity phase.
3. The Electrical Properties

Electrical properties of the FeS, thin films were investigated using
the Hall effect measurements. Fig. 6 shows the carrier concentra-
tion, electrical resistivity, and Hall mobility of the FeS, thin films
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Fig. 6. Electrical resistivity, Hall mobility, and carrier concentration
of FeS, thin films sulfurized at different temperatures.

July, 2018

annealed at different sulfurization temperatures. The FeS, thin
films show the nature of the p-type semiconductor. In general,
there are some intrinsic point defects in pyrite films, such as Fe
vacancies, S vacancies, interstitial Fe atoms, and interstitial S atoms.
The nature and number of defect types may decide the nature of
the FeS, thin films, ie., n-type or p-type. The Fe vacancies and
interstitial S atoms act as acceptors to generate p-type carriers. On
the other hand, the interstitial Fe atoms and S vacancies act as a
donor to form n-type carriers. In the present case, a high tempera-
ture may increase the diffusion of sulfur vapor into the FeS, lattice
[31]. This can decrease the S-vacancy defect and form the intersti-
tial S atoms in the FeS, lattice, which decide the nature of p-type of
FeS, thin films. The carrier concentration of the thin films changed
unpredictably from 1.73x10" to 6.29x10" cm ™. The change in
carrier concentration cannot be explained, because it depends on
the change in Hall mobility and resistivity of the thin films. The
Hall mobility of the films tended to decrease from 2.78 to 0.1 cm’/
V-s when the sulfurization temperature was increased. The de-
crease in Hall mobility can be explained by two reasons: The first
is reducing the impurity phases which played as the doping reagents
in the FeS, lattice. The second is the formation of S-interstitial into
the number of point defects on the surface of the thin film by sul-
fur diffusion into the lattice of FeS, at high temperatures, which
was confirmed by changing the type of S-S in the surface of FeS,
thin films in XPS S2p spectra [28]. This process may increase the
point defects. Reducing the doping reagents and increasing the
point defects may reduce the mobility of the thin films.

The resistivity of FeS, thin films first decreases lightly from 35
to 0.85 Q-cm with increasing sulfurization temperature to 350 °C.
After that, the resistivity increases from 72 to 207 Q-cm when sul-
furization temperature increases from 450 to 650°C. In a poly-
crystalline semiconductor, increasing the grain size or decreasing
the grain boundary as well as increasing the crystallinity can reduce
the resistivity of the thin films [32]. As observed by SEM, the films
increased in size and crystalline with increasing the sulfurization
temperature. Therefore, higher sulfurization temperatures should
have decreased the resistivity of the thin films. In addition, poly-
sulfide was detected by XPS, in which its concentration increased
with increasing temperature, being the sulfur part diffused along
the grain boundaries that also reduced the segregation of sulfur
molecules in the boundaries. Reducing the segregation of sulfur
molecules in the boundaries will decrease the resistivity of the films.
In this study, the reducing resistivity tended to occur as described
above at low sulfurization temperatures. On the other hand, the
morphology of the surface thin films shows many cracks and voids,
particularly in high-temperature sulfurization (at a temperature
higher than 350 °C). The cracks and voids formed discontinuities
and decreased the cross section area to electric conduction, which
is the main reason for the increase in resistivity at temperatures
higher 350 °C. That explains the decreasing of the resistivity of the
thin films at a sulfurization temperature lower than 350 °C, while
higher than 350 °C, the resistivity of the thin films increased strongly.

CONCLUSIONS

We examined the effects of sulfurization temperature on the
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morphology, structure, and the optical and electrical properties of
the FeS, thin films fabricated by spin coating from a suspension of
40 nm FeS, NCs. A change in the morphology and structure can
facilitate a change in the optical and electrical properties. The in-
creasing grain size and thermal strain facilitate cracks and voids on
the surface of the thin films with increasing Ts. In particular, in
high Ts (650 °C), the lower rate of S diffusion than S evaporation
forms an impurity phase of FeS. The presence of a FeS phase with
a low band gap is the main reason for the decreasing band gap of
FeS, thin films in high Ts. A defect of the structure (impurity phase)
and the surface (voids and cracks) can reduce the absorption. From
250-650 °C of the sulfurization process reducing the doping reagents
and increasing the point defects may reduce the Hall mobility of
the thin films. The resistivity of the FeS, thin films increased at
high temperatures because of the emergence of many voids and
cracks on the surface of the thin films. Based on the obtained results,
the FeS, thin films should be sulfurized in the regime of tempera-
ture lower 550 °C to achieve the desirable properties of FeS, thin
films for photovoltaic applications.
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