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INVESTIGATIONS OF STRUCTURAL VIBRATIONAL AND OPTICAL
PROPERTIES OF MACKINAWITE NANOSTRUCTURED FeS FILM
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K Iron sulphide nanocrystalline (FeS NCs) may have significant potential for applications in many areas. Ultrasonic splg
pyrolysis (USP) method is used to deposit mackinawite FeS NCs film on glass substrate at 335 °C in this study. The film was
characterized by vibrational (FTIR and Raman) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) and
UV-vis spectra. The observed diffraction peaks at 20 angles 28.12° and 50.45° correspond to the lattice planes (103) and (112)
respectively. The crystallite size was calculated to be around 10 nm by using the Scherrer equation with the peak corresponding
to the (112) plane. Raman spectrum revealed four peaks placed in the region of 200-750 cm’ due to mackinawite FeS phase. FTIR
spectrum revealed two peaks at 649 cm™ and 827 cm™ that are attributed to stretching frequency of FeS. Optical band gap of the
FeS film was determined to be 2.52 eV. Refractive index, extinction coefficient and optical conductivity of this film were

@.‘ermined using transmittance and reflectance spectra.
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1. Introduction

The studies done on nanosize materials have
recently been showing great development in
becoming an important exclusive field. They are
divided into various classes as nanocrystals,
nanoparticles, nanotubes, nanowires or
nanostructure thin films. The main reason of
focusing on this subject is that materials show
extraordinary characteristics and functionalities
different to their bulk forms in specific size range [1,
2]. The nanocrystalline materials in the form of a
thin film allow to dramatically increase the basic
characteristic  properties such as optical,
mechanical, electrical etc. for materials and tools
produced by these materials. Due to increasing
number of particles forming materials, a gradual
transition from solid form to molecular form is
observed. Furthermore, as the crystal size of a thin
film affects the band form of a material, adequate
small size of particles forming materials causes the
load bearers at the quantum Ilimit and the
separation of band structures into intermittent
energy levels [3]. Currently, the rapid change of thin
film materials and their production creates new
opportunities for developing new processes,
materials and technologies. The synthesis of
transition metal chalcogenides in the form of thin
film, particularly metal sulfides have been of great
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interest due to their possible use in modern
optoelectronic devices, biological applications and
solar energy. Among these materials, iron
chalcogenides are of great interest because of their
important photovoltaic, optoelectronic
semiconducting, and structural properties [4, 5].
Recently, FeS nanomaterials, acting as a novel
electrode material, possesses excellent catalytic
and electrochemical properties and has drawn
considerable  research interests in  many
nonconventional applications, such as sensors,
alkaline secondary batteries, lithium ion batteries,
superconductors and solar energy materials [6-8].
Moreover, its abundance and non-toxicity are also
reasons for the enormous interest in FeS. Most of
the materials reported so far are either toxic or non-
abundant such as cadmium, lead, indium and
selenium, which means that these materials can
not contribute significantly to a future sustainable
energy needs [4]. Fe-S system exists in several
modifications, which include: pyrite (cubic- FeS>),
mackinawite  (tetragonal Fe1S), marcasite
(calcium chloride structure -FeSz), pyrrhotite (Fes-
xS, FerSs), greigite (cubic spinel-FesSs4), smythite
(hexagonal-FesS4) and troilite (FeS) [9-11]. Small
stoichiometry variations in the FeS structure cause
large changes in physical, chemical and optical
properties. FeS stoichiometric ratio is also closely
related to the preparation method and reaction
temperature [12]. In this study, nanostructured
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mackinawite FeS film was obtained by spray
pyrolysis method. The spraying method is spraying
the aqueous solutions prepared for the films to be
obtained by atomizing them on the hot substrate
with the help of air or nitrogen gas. The spray
pyrolysis method is one of the easiest and
cheapest methods of obtaining thin films. Film
quality varies with experimental parameters such
as base temperature, spray rate and film thickness.
If the two structures are pretty close with almost
identical lattice parameters then it may be difficult
to identify which of the two phases is the sample.
Raman spectroscopy is an approved method to
study qualitative and quantitative contribution of the
phases [13-15], as well as possible secondary
phases [16]. For this reasons, X-ray diffraction,
Raman and FTIR spectroscopy were used to
determine the crystal structure and identify the
organic species present in the FeS film obtained by
spray pyrolysis method at 335 ° C glass substrate
temperature. Other experimental techniques, such
as, UV-vis spectra, scanning electron microscopy
have been used in order to achieve accurate
knowledge of the optical properties and surface
morphology of the mackinawite FeS NCs film.

2. Experimental details

50 ml (0.05 M) FeCl.6H20 and 50 ml (0.05
M) SC (NHz)2 were taken as a precursor solution to
obtain FeS NCs film. Substrate temperature was
kept constant at 335+5 °C using Fluke 62 max
infrared thermometer. Experimental details for
deposition can be found in our previous work [17].
For XRD measurements X-ray powder
diffractometer (BRUKER D8 Advance) was used.
The Raman spectrum of the film was recorded
in 0-1750 cm™ range on a Bruker Senterra
Dispersive Raman instrument using laser
excitation with the wavelength of 632.8 nm. FT-
IR spectra were recorded on a Perkin Elmer
2000 FT-IR spectrometer in the wavenumbers
of 500-4000 cm™ at room temperature by using
ATR (4 cm™ resolution). For the optical
reflectance and transmittance measurements of
FeS film, we used a double beam Shimadzu 2450
UV-spectrophotometer with an integrating sphere
attachment in 200-900 nm wavelength range.
Surface morphology of the film was studied using
ZEISS Ultra plus model field emission scanning
electron microscopy (FESEM) at 10 kV.

3. Results and discussion

3.1. XRD-FESEM studies of the FeS NCs film

XRD is an analytic technique which allows
us to get information on various crystal forms or
phases in structures of solid and powder materials.
The diffraction peaks of FeS NCs film are
illustrated in Figure 1.
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Fig. 1 - XRD pattern of the mackinawite FeS NCs film.

As it is seen in these figure, the observed
diffraction peaks at 206 angles 28,12° and 50,45°
correspond to the lattice planes (103) and (112)
respectively [18, 19]. According to the XRD
spectrum, it can be said that FeS film produced on
glass substrate is preferentially in mackinawite
FeS (112) crystal form. Crystallite size can be
smaller than grain size or particle size. Crystallites
are coherent diffraction zones in X-ray diffraction.
The results obtained from SEM images are usually
related to grain size. The crystallite size (D) of the
films for the peak with highest intensity can also be
estimated by using Scherrer's formula [20],

D= & (1)
fcosd

where A is the X-ray wavelength used, B is the
angular line width of maximum intensity, and 0 is
Bragg’s diffraction angle. The crystallite size of the
FeS was calculated to be around 10 nm by using
the Scherrer equation [20] with the peak
corresponding to the (112) plane. The average
grain size and surface morphology of the FeS NCs
film were determined by SEM. The SEM images
are shown in Fig.2 (a) and (b) with magnifications
of 20,000x and 100,000x%.respectively. As seen in
Fig. 2, glass surface is fully covered with irregular
distributed spherical grains. From the SEM
images, it was observed FeS film well adhered to
the glass substrates. The average particle size
was around 12 nm, similar to the result obtained
from XRD measurement.

3.2. Raman and FT-IR analysis

Raman  spectroscopy, a  vibrational
spectroscopic method based on inelastic
scattering of light, is an approved method for
characterization of FeS phases [21-24] as well as
possible secondary phases [25]. Figure 3 shows
the Raman spectrum of FeS NCs film in the
frequency region of 50-1750 cm'. Raman
spectrum revealed four peaks that are situated at
208 cm, 271 cm 382 cm-' 581 cm' of the
spectrum due to mackinawite FeS phase [21].
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2 - SEM image of the mackinawite FeS NCs film.
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. 3 - Raman spectrum of the mackinawite FeS NCs film.
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. 4. FTIR spectrum of the mackinawite FeS NCs film.
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Less intense abroad hump-like feature around
1275 cm™, in the high frequency region due to
Fe:Os phase [16, 21] is noticed. XRD
measurement did not detect the existence of the
Fe20s3 phase. It is technically challenging to detect
or identify any phase via XRD if it has a very small
volume percentage of poorly formed crystallites. In
contrast to X-ray diffraction, Raman spectroscopy
provides more information about the defect phases
because it is sensitive to local symmetry. Low
energy Raman mode lattice vibrations around 56
cm™ and around 105 cm™' were, however, also
observed. Particles of nanometric size show low
wavenumber vibrational modes that can be
observed by Raman spectroscopy [26]. More
recent quantitative investigations into the
chemistry of semiconductor film have used FTIR
spectroscopy together with the XRD and Raman
spectroscopy. The characteristic peaks exhibited
by FTIR absorption spectrum of FeS film at room
temperature in the wavenumber range of 500 to
4000 cm' are shown in Fig. 4. There are two
peaks at 649 cm-'and 827 cm-' that may be
attributed to stretching frequency of FeS bond. A
strong band at 1276 cm™' due to the Fe-O
stretching bands, is also noted. The spectrum
indicated the absorption at 2397 cm~' (weak),
which is assigned to CO2 molecule in air and it is
not related to the film.

3.3. Optical properties

Optical properties of FeS NCs were
investigated with UV-vis spectroscopy. The optical
transmittance and reflectance spectra (inset the
plot of (ahv)? vs hv) for FeS NCs film in the
wavelength range of 200-900 nm are shown in
Figure 5.
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Fig. 5 - The optical transmittance and reflectance spectra (inset
the plot of (ahv)2 vs hv) for FeS NCs film.

As seen in these curves, the transmittance
value starts to increase at 400 nm and reaches its
maximum value at 900 nm. It is seen that the
reflectance value of the film is minimum up to 700
nm and there is an increase within 700-900 nm
range by increasing wavelength of the light. It has
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been determined that in the visible region the film
has almost no reflectance and the maximum
transmittance value is about 70%. The optical band
gap is evaluated according to the well-known
Tauc'’s relation [27]:

aF = A(E-E,)" (2)

where A is a constant, «is the absorption
coefficient, E is the photon energy and Eg is the
optical band gap. The exponent m depends on the
nature of the transition, m=1/2, 2, 3/2 or 3 for
allowed direct, allowed indirect, forbidden direct or
forbidden indirect transitions, respectively. Inset of
Figure 5 shows the plots of (& E)? vs E for the film.
The studies on the band structure of FeS using Eq.
(2) [27] resulted in the direct allowed transition
associated band gap for the tetragonal
mackinawite FeS fiim. The band gap can be
obtained by extrapolating the linear portion of the
plot (ax E)2 vs E to @ = 0. Optical band gap of the
tetragonal mackinawite FeS film was found to be
2.50 eV with a direct optical transition. The higher
band gap energy compared to that of the bulk FeS
material is due to the smaller particles size (~10
nm) of the film. The previously reported forbidden
energy range for bulk FeS is 0.04 eV [6] The
increase of the band gap has been attributed to the
defects and secondary phases. Secondary Fe-O
phases were already detected by Raman and FTIR
spectroscopy. Besides that is well known that when
the size of particles decrease into the nanoscale
range, the band gap will increase due to quantum
confinement effects, which means that smaller size
leads to a larger band gap energy [28, 29]. In the
bulk matter, the bands are actually a combination
of multiple atoms and neighboring energy levels of
the molecule. When the particle size reaches the
nano scale, where each particle is composed of a
very small number of atoms or molecules, the
number of overlaps of the orbitals or the energy
level is reduced and the width of the bands is
narrowed. This causes an increase in energy gap
between the valance band and the conduction
band [30]. The non-toxic FeS NCs film with
expanded energy range obtained in this study, can
be applied for solar energy harvesting. The
refractive index of the film was calculated by the
following equation [31]:

14 R 4R
= — —k’ 3
" (1—1@) (1-R) ©

In this equation, k, extinction -coefficient is
expressed as k = aM41m equation while R is the
reflectance.

The refractive index and extinction
coefficient values of the film are shown in Figures
6-7 respectively.
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Fig. 6 - Variation of refractive index of the film with wavelength.

extinction coefficient, kx10™
B
1

260 350 460 560 660 750 8&0 960
Wavelenght(nm)
Fig. 7 - Variation of extinction coefficient of the film with
wavelength.
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Fig. 8 - Variation of optical conductivity of the film with photon
energy.

The refractive index value which was at
fixed and maximum range of 200-700 nm was
quickly decreased to the minimum value in 700-
900 nm range. The extinction coefficient has the
maximum value in the 300-400 nm range by
increasing 200-300 nm range and reached its
minimum value by decreasing 400-700 nm range.
The decrease in extinction coefficient with increase
in wavelength show that the fraction of light is lost
due to scattering and consequently absorbance
decreases [16]. Optical conductivity is a powerful
tool to measure electronic states of materials.
Photoconductivity is a special case of optical
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Fig.9 - Variation of absoption coefficient (a) of the film with
wavelength.

conductivity. When the light falls on a
semiconductor, it is transmitted to the electrons of
the valence band, and the electrons of the valence
band are excited to the emission band and the
conductivity increases. The value of optical
conductivity is related to the absorption coefficient
(a), speed of light (c) and the refractive index (n) by
the following expression [27].

_anc )

4r
A plot of film's optical conductivity (o) as a
function of photon energy (hv) is given in Fig.8.
Due to the fact that the absorption coefficient can
be increased to this region, the optical conductivity
is increased gradually by the photon energy up to
4.0 eV, and gradually decreased down to 6 eV.
The optical conductivity directly depends on both
the absorption coefficient (Fig.9) and the refractive
index of the material and it is found to follow the
same trend as that of the absorption coefficient and
the refractive index with increasing wavelength.

4. Conclusion

FeS NCs film prepared on glass substrate.
XRD, Raman and FTIR techniques were used to
analyze the chemical bonding and to characterize
and identify the organic species present in the film.
The XRD result suggests that the FeS NCs film
has polycrystalline structure. The Raman spectrum
revealed seven peaks of the film in the frequency
region 50-2000 cm-'. The Raman bands inside the
low-frequency region are assigned to acoustic
modes related with the vibration of individual
nanoparticles as a whole. Optical band gap of the
film was found to be 2.50 eV with a direct optical
transition. The refractive index, extinction
coefficient and optical conductivity were calculated
for the film.
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