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Abstract- The FeS2 films were deposited by using the spray pyrolysis method using mixed aqueous solutions of CH4N2S 
and FeCl3, with different S:Femolar ratios. The homogeneous FeS2 nanocrystalline films with good crystallinity were 
synthesized. The structure, composition, and properties of these filmswere verysensitive to the S:Femolar ratios. The direct 
transition of the pyrite FeS2films were about 0.9-1.25 eV. High absorption coefficients andsuitable band gapswere observed. 
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I. INTRODUCTION 
 
Lithium transition metal oxides, such as LiMn2O4, 
LiCoO2, LiCoxNi1−xO2, and LiNiO2 have been used as 
cathodes materials for lithium batteries [1–4]. To 
develop high-energy and long-lasting efficient 
batteries to satisfy the need of microelectronic 
systems, many researchers have spent a lot of time to 
developnew cathode materials. Not only due to the 
high theoretical capacity, low cost (due to its 
abundance), and non-toxicity of Pyrite (FeS2); but 
also Pyrite material could be used as solar energy 
conversion devices, such as photoelectrochemical 
solar cells [5]and battery devices [ 6-10]. This is due 
to its suitable energy band gap [11-12] and its very 
high optical absorption coefficient. The theoretical 
efficiency of the conversion of solar radiation in a 
pyrite p–n junction has beenpredicted to be about 
20%[13-14]. 
 
II. DETAILS EXPERIMENTAL  
 
Semiconducting thin films of FeS2 have been 
prepared using different methods, such as metal 
organic chemical vapor deposition (MOCVD) [15-
16], spray pyrolysis [17], reactive ion beam 
sputtering [18], eletrodeposition [19], sulfurization of 
iron thin films [20], among others. 

Recently spraypyrolysis has received a 
considerable amount of attention due to its 
simplicity,suitability for product industrialization, and 
low-cost [17]. Spraying FeS2films onto glass 
substrates is less expensive and less complicated than 
other conventional methods. However, a very 
sensitive factor for the formation of the thin films is 
the S:Fe molar ratio, which has a noticeable affect on 
the opticaland structural properties. The effect of the 
S:Fe molar ratio is usually seen in the one-step 

synthesis process without post annealing treatment, 
and thus far, this type of synthesis for the preparation 
of iron pyritehas not been reported in the available 
literature. We present adetailed study on direct 
formation of spray deposited FeS2 thin films at 
different S:Fe molar ratios at a fixed low substrate 
temperature of 260 °C.  

Correspondingly, the physicochemical and 
optical characteristics were studied for the 
synthesized pyrite films to determine the effect of the 
S:Fe molar ratios and thus, has subsequently been 
highlighted in this study. 

An easy to use experimental spray pyrolysis 
system was designed for our research. The main 
experimental apparatus that was used in this study 
was a manual sprayer. This sprayer was used for the 
dispersion of the reaction mixtures, and was similar 
to a regular perfume bottle. This dispersion was in the 
form of fine-size droplets of the reactant mixture that 
was then deposited onto the heated substrate. The 
preparation of the spray pyrolysis technique is critical 
because the uniformity of fine droplets and the 
controlled thermal decomposition of these droplets 
must be accurate. The sprayer was stationary and set 
at a distance of 25 cm from a heated glass substrate. 
During the spraying process the substrate was heated 
by an electrical heater. In order to evaporate the 
volatile elements in the aqueous solution, the 
substrate temperature was regulated to a constant 
level. We used J-type thermocouple instrument, and 
the substrate temperature of 260°C was controlled 
within ±2°C. The distance between the substrate and 
the spray gun nozzle was kept at 25 cm, and the spray 
flow rate was fixed at about 0.3 ml/min for all the 
deposited films. For the best continuity of the films, 
the spraying and flow rate distance were useful as 
possible through several additional pre-tests. The 
FeS2 thin films were formed by using an aqueous 
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solution of FeCl3(0.1M) and CH4N2S(0.2 M, 0.4 M, 
0.6M, and 0.8 M) by spraying the solution on the 
clean glass substrate which was kept at 260°C. To 
assist in the uniform dispersion and fine size of 
solution droplets, compressed air assisted in the 
uniform deposition of the mixture through the spray 
nozzle. The pulverizing solution was prepared with 
FeCl3 (Iron(III) chloride, FeCl3, 97.0%, SHOWA) 
and CH4N2S (Thiourea puriss, CH4N2S, 98.5%, 
Fluka). In this current study, the deposition of the 
reaction mixture was conducted at a steady glass 
substrate temperature of 260°C under ambient 
conditions. The synthesis of the FeS2 thin films was 
done by via the outlined spray pyrolysis technique for 
the deposition of the reaction solution with S:Fe 
molar ratios of 2:1, 4:1, 6:1, and 8:1. The spraying 
cycle involved 2 seconds of spraying followed by 10 
seconds without spraying (in order to avoid 
unnecessary cooling of the substrate). The films were 
400 nm thick with 15 spray cycles. The films were 
black, uniform, and adhered well to the substrates. 

The phase identification and crystallinity of 
the films were confirmed by X-ray diffraction (XRD) 
(Shimadzu X-ray powder diffractometer, Japan) and 
X-rays were supplied by CuKα radiation (λ = 1.54056 
Å) in the 2θ range from 20° – 60° operated at 40 kV 
and 30 mA. The morphology of the films was 
examined by field-emission scanning electron 
microscopy (FESEM, HITACHI S-4800). The 
composition of the films was checked by energy 
dispersive X-ray analysis (EDAX system). The 
optical absorption spectra were recorded in the 
wavelength range of 300–1800nm using a U-3501 
spectrophotometer (Hitachi, Japan). 
 
III. RESULTS AND DISCUSSION 
 
Figure 1 showed the XRD patterns of the film after 
the spray pyrolysis process of CH4N2S and FeCl3, 
with different S:Fe molar ratios at a fixed substrate 
temperature. In addition, figure 1 showed that films 
deposited witha S:Fe molar ratio of 2:1 have an 
amorphous structure, since no peaks are present in the 
XRD diffraction pattern or are composed of very 
small crystallite sizes. Afterspray pyrolysis without 
post annealing treatment, the S:Fe molar ratios 4:1, 
6:1, 8:1 of the direct synthesized films showed the 
(111), (200), (210), (211), (220), and (311) peaks of 
normal FeS2. The peaks were identified from the 
XRD patterns with JCPDS data (89-3057) for FeS2. 
In addition, no measurable peaks of other phases or 
impurities were detected. This implied that the 
precursor CH4N2S and FeCl3 layer can easily 
transform into the FeS2 film during spray pyrolysis 
under conditions with an S:Fe molar ratio value of ≥ 
4. All pyrite FeS2films had a slightly different 
crystallite size of about 19–26 nm, evaluated from the 
XRD patterns and Scherrer's formula. The average 
values of the crystallite size were evaluated from the 
six strongest diffraction peaks and were 19, 22, and 

26 nm for 4:1, 6:1, and8:1 respectively. In Figure 2, 
the average thicknesses of the films prepared at 4:1, 
6:1 and8:1 are 417, 405 and 371nm respectively.The 
grain size slightly increased as the S:Fe molar ratio 
values increase. The crystallinity of the films also 
increased as was indicated by the sharpness of the 
XRD peaks. When the S:Fe molar ratio values were ≥ 
4, a unique phase corresponding to FeS2 with good 
crystallinity appeared. As the S:Fe molar ratio values 
were increased, the crystallinity was also found to 
increase. SEM images (Figure 2) showed that all FeS2 
films werenano-scaleand granular in size. The grain 
sizes of the FeS2 dependedupon the S:Fe molar ratios 
of the directly synthesized films. No pinholes or 
cracks could be observed in any of the samples. The 
grain sizes of the films prepared at 4:1, 6:1 and8:1 are 
about 30, 60, and 90 nm respectively. Since the 
estimation from Scherrer's formula is generally the 
subgrain size on the principle of X-ray diffraction 
[21], the grain sizes evaluated from XRD patterns 
should be noted, because it’s generally smaller than 
those obtained by SEM determination. 
With an increase in the S:Fe molar ratio values (that 
is, the increase in CH4N2S molar concentrations), the 
grain size as determined by SEM apparently 
increases, but was estimated from slight changesin 
XRD. This fact indicates that a larger grain formed at 
higher S:Fe molar ratio valuesand consisted of 
slightly larger sub-grains.Thus, it was speculated that 
the observed grain sizes were as a result of grain 
growth due to sub-grain accumulation as was 
observed by the SEM analysis. S:Fe atomic ratio 
obtained from surface and cross sectional EDAX 
analyses were shown in Table 1 as a function of the 
CH4N2S molar concentrations. The S:Fe atomic ratio 
value was estimated in the range of 1.83 to 1.92 at 
S:Fe = 4:1, which was lower than the ideal 
stoichiometric ratio of FeS2, with the presence of S 
deficiencies (S vacancies) or Fe abundance (Fe 
interstitial atoms) in the films. Since the 
concentration of sulfur vacancies is higher, thesulfur 
deficiency could also result in a lower S:Fe atomic 
ratio. Asignificant increase in the S:Fe atomic ratios 
(2.23 to 2.28 at S:Fe = 8:1) occurred by increasing the 
CH4N2S molar concentrations. 
A high absorption coefficient (α~ 1.0 × 105 cm-1) was 
observed for all FeS2 films in the 400 to 1800 nm 
range (Figure 3). The αhv is connectedto the 
following photon energy equation [22](αhv)n=A(hv–
Eg), where Eg is the energy gap, α is photo absorption 
coefficient, A is a constant, and hv is the photon 
energy, respectively. The power factor of nhas the 
values of 2/3and 2for direct forbidden and direct 
allowed transition; and the values of 1/3 and 1/2 for 
indirect forbidden and indirect allowed, respectively. 
The band gap determined from optical 
measurementswere in the range between 0.5 and 3 
eV, and given in Figure 4.The value of the direct 
band gap was about 1.25 eV at a molar ratio of 6:1, 
which is apparently higher than bulk FeS2 (0.95 eV) 
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[23]. The band gaps deduced for all thin films in this 
manner increased from 0.91 to 1.25 eV as the S:Fe 
molar ratio value was increased from 4 to 6. This 
band gap (1.25 eV) was close to the solar spectrum, 
whichindicated that the synthesized thin films had 
potential to be used in the manufacture of solar 
materials for energy conversion. However, the band 
gap was found to decrease to 1.19 eV as the S:Fe 
molar ratio value was further increased to 8. The S:Fe 
molar ratios havesome influence on the band gap of 
FeS2 thin films. Some researchers have observed the 
blue-shift phenomenonof the UV–Vis-IR absorption 
spectra of FeS2 nanostructures[24-28]. The 
defectspresent, shape and thesize of FeS2 
nanostructurescan cause a dramatic change in optical 
propertiesand can affect the localized structure of the 
thin film [24-28]. 

 
Fig.1.The XRD patterns of samples at different CH4N2S molar 

concentrations with a fix FeCl3 of 0.1M (CH4N2S molar 
concentrations of 0.2 M, 0.4 M, 0.6 M and 0.8 M correspond to 

FeS2-0.2, 0.4, 0.6 and 0.8 samples, respectively.) 
 

 
Fig.2. FE-SEM images of surface and cross-sectional view of 

samples at different CH4N2S molar concentrations. 

 
Fig.3. Plots of absorption coefficient versus wavelength for FeS2 
thin films prepared at different CH4N2S molar concentrations. 

 
Fig.4.Plots of (αhv)2 versus hv for FeS2 thin films prepared at 

different CH4N2S molar concentrations. 
 
CONCLUSIONS 
 
Nanocrystalline pyrite (FeS2) films were prepared by 
the spray pyrolysis process of CH4N2S and FeCl3 
with different S:Fe molar ratios. The structural and 
optical characteristics were investigated, and the 
effect of S:Fe molar ratios on film properties was 
discussed. Crystalline FeS2 films wereprepared at 
S:Fe molar ratio values of ≥ 4. SEM images showed 
that all nanocrystalline FeS2 films were compact, 
smooth, and granular. The grain sizes of FeS2films 
were estimated to be in the range of 20 to 90 nm.The 
grain size apparently increasedwith an increase in 
CH4N2S molar concentrations. The direct energy 
band gap deduced byoptical analyses enabled for the 
variation in the range of 0.90 to 1.25 eV. The high 
absorption coefficient (9 × 104 cm-1< α < 1.3 × 105 
cm-1), the suitable band gap (~ 1.3 eV), and the 
environmental compatibility observed for these 
nanocrystalline FeS2-pyrite films should be suitable 
for testing in photoelectrochemical and photovoltaic 
applications by such a low-cost, effective and simple 
technology. 
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