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ABSTRACT

KEYWORDS

In this investigation, FeS2 thin films were synthesized by spray pyrolysis
technique on glass substrates. The films were annealed at 400 ºC and 450ºC
in air for a period of 1 hour. The optical characterizations of the as deposited
and annealed films were carried out using UV–VIS transmittance
spectroscopy in the wavelength range 400–900 nm. The results show that in
the visible region the transmittance of the films decreases as the annealing
temperature increases to 450ºC. The reverse is the case with the reflectance
as it was observed to be increased in the same region. The result also shows
that the absorption coefficient, extinction coefficient, real and imaginary
parts of dielectric constant are tending to increase with the increasing of
annealing temperature. Further analysis shows that the films have high optical
conductivity about 4.06-6.20 x 1014S-1. The refractive index was found to be
4.38-5.14. The foregoing desirable properties make the FeS2 to be a promising
material for the fabrication of solar cells and optoelectronic devices.
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INTRODUCTION
Iron pyrite FeS2 has been widely investigated due
to its potential photovoltaic and photoeletrochemical
applications as a result of its proper band gap (Eg 
0.95eV) and large absorption coefficient (á >105cm”1
for ë < 103nm)[1,2]. In addition, iron pyrite which consists of nontoxic and widely available elements, is a suitable semiconductor material for the environment. Therefore, it is attracting more attention because of its promising potentials for applications as optoelectronic and
photovoltaic material[3-9].
Formation of a particular phase depends on the
nature of the starting material, its composition, deposition method, and annealing temperatures. Many tech-
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niques were used to produce pyrite films such as
sulfurization of electrodeposited[10,11], metalorganic
chemical vapour deposition[12], ion beam magnetron
sputtering[13], spray pyrolysis[14], electrodeposition [15,16], MOCVD [17], solvothermal synthesis
method[18], magnetron sputtering[19] and Plasma-assisted
sulfurization[20]. Each one of these methods has its own
benefits which can be used to obtain films with specific
characterizations.
Many researches have been devoted to study the
fabrication and characterization of FeS2 thin films. In a
review of literatures, it can be seen that the effect of
annealing parameters on the film characteristics should
be studied more sufficiently. In this study, the optical
characteristics of FeS2 films deposited by spray py-
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rolysis technique on glass substrates are reported. The
optical constants of the films were examined and the
effect of annealing temperature upon the optical properties of the films was investigated.
EXPERIMENTAL DETAILS
Iron pyrite FeS2 thin films were deposited by the
spray pyrolysis technique[21], using iron chloride FeCl2
(purity: 99.99%) from Sigma-Aldrich UK and thiourea
CS(NH2)2 (purity: 99.98%) from Merck Germany. The
molarity of the prepared solution is 0.1 M. The FeCl2
was dissolved in a mixture of methanol and redistilled
water in the ratio of 1:1, while the thiourea was dissolved in deionized water. To enhance the solubility of
FeCl2, a few drops of HCl were also added. The prepared solutions of iron chloride and thiourea were appropriately mixed to obtain an Fe:S proportion of 1:2.
The solutions obtained were pulverized on glass substrates with compressed air that maintained at a pressure of 105 Nm-2 at a flow rate of 5 ml/min and deposition time 5 sec followed by 2 minutes wait to avoid
excessive cooling. The substrate temperature was maintained at 400 oC. The distance from the spray nozzle to
the heater was kept at approximately at 29 cm. Under
these deposit conditions, good films are obtained. They
are uniform and very adherent to the substrates.
The samples were weighed before and after spraying to determine the mass of the films[22]. Knowing the
dimensions of the substrates used, the thicknesses can
be determined using the following equation[23]:
d

m
 m lL

deposited FeS2 films and the films after annealing to
400 ºC and 450 ºC are shown in Figure 1. The results
indicate that T increases with the increasing of the incident photons wavelength ë, and decreases with the increasing of annealing temperature. Also the figure announces that the percentage of transmission of the as
deposited film is approximately 45% in the visible region, decreased to 25% and 20% by increasing the
annealing temperature to 400 ºC and 450 ºC respectively. This could be attributed to the effect of point
detects and film discontinuities from sulfuration at higher
temperature. More vacancies should be created in the
films annealed at 450oC because a lower energy of
vacancy formation was calculated at the temperature.
These point defects forming donor or accepter states
in forbidden zones cause the reduction of band gap
width[24]. Moreover, more film discontinuities or inhomogeneities, such as pinholes, peelings and irregular film
morphology can be formed at 450ºC. They tend to increase the transparency or decrease the film absorbency.
As a result, it is possible to make the optical absorption
edge move to low photon energies. This is in close agreement with the reports of Kassim et al[25] and Meng et
al[26].

(1)

Where m is the difference between the mass after and
before spraying, ñm is the density, l the width and L the
length. Where m is the difference between the mass
Figure 1 : Transmittance versus wavelength for as deposited
after and before spraying, ñ is the density, l the width and annealed FeS thin films
2
and L the length. Optical transmittance and absorbance
Figure 2 shows that in the visible region, the reflecwere recorded in the wavelength range (300-900 nm)
tance
average value of the as deposited films was about
using UV-VIS spectrophotometer (Shimadzu Company
Japan). The effect of annealing temperatures on the op- 0.38%, while the reflectance for the films after annealed
to 400 ºC and 450ºC increased with the increasing of
tical properties was investigated.
wavelength and have the average value of 0.45%. It
can be seen that the reflectance in the visible region is
RESULTS AND DISCUSSIONS
limited only by the surface reflectance.
The optical properties of FeS2 films by means of
The spectral dependence of transmittance of the as
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to calculate the optical constant refractive index (n) and
the extinction coefficient (k) of the films at different
wavelengths, we can use the following relations[28,29]:

Figure 2 : Reflectance versus wavelength for as deposited and
annealed FeS2 thin films

optical absorption in the visible region of (400–900)
nm have been investigated. The absorption coefficient
(á) could be calculated using the following relation[27]:



2.303 A
t

(2)

Where (A) is the absorption and (t) is the film thickness. Figure 3 show the dependence of the absorption
coefficient (á) of the as deposited and annealed FeS2
films. It can be seen that with increasing annealing temperature the absorption edge shifts to a higher wavelength direction in the visible region. This result proves
that the films are sensitive to visible light. The blue shift
in the absorption band edge has been claimed as a consequence of exciton confinement with decrease particle size (the so-called quantum-size effect) in FeS2 films.
Also, it might be due to the change of the energy gap of
the disorder crystal in the films.
The refractive index of the films is an important parameter for the optoelectronic device design. In order

Figure 3 : Absorption coefficient versus wavelength for FeS2
thin films

n = [1 +R/1 – R] + [4R / (1-R)2 – k2 ]1/2

(3)

k = áë/4ð

(4)

Where (á) is the absorption coefficient and ë is the
wavelength. The refractive index of the films was calculated by using Eq. (2) and the variation of refractive
index with wavelength for the films is shown in Figure
4. After annealing to 400 ºC and 450ºC both films
showed similar behavior in refractive index spectra
which is a gradually increases with increasing wavelength. This increase may be attributed to the higher
packing density and change in crystalline structure.
Many researchers have reported that annealing treatment caused the refractive index to increase due to the
enhancement of crystallization. Refractive index values
of the samples have varied between (4.9-5.0) at long
wavelengths.

Figure 4 : Refractive index versus wavelength for as deposited and annealed FeS2 thin film

Figure 5 : Extension coefficient versus wavelength for as deposited and annealed FeS2 thin films
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The calculated values of extinction coefficient k
versus ë for FeS2 films are illustrated in Figure 5. It
could be noticed that k values increases with increasing
the wavelength and also increased as the films annealed
to 400 ºC and 450ºC.
The obtained values of n and k were used to calculate both å1 and imaginary å2 parts of the dielectric constant and they were obtained using the formulas[30]:

 1 = n2 – k2

(5)

(6)
 2 = 2nk
Where å1 determines the maximum energy that can be
stored in the material, å2 also is called the relative loss Figure 7 : Imaginary part of the dielectric constant for as
deposited and annealed FeS2 films
factor and represents the absorption of electrical energy by a dielectric material that is subjected to an alternating electromagnetic field. The variation of both real
å1 and imaginary å2 parts of the dielectric constant for
FeS2 films (before and after annealing) as a function of
wavelength is shown in Figures 6 and 7. It can be noticed that the values of the real part are higher than those
of the imaginary part. The å1 increase forward as the
wavelength increases and display a maximum starting
around 520nm which corresponds to the direct energy
gap. Also the å2 values of the dielectric are found to be
increases after annealing.
The skin depth could be calculated using the following relation[31]:
÷ = ë / 2ðk

(7)

Where ë is the wavelength of the incident photon, k is
the extinction coefficient. Figure 8 show the variation of
skin depth as a function of wavelength for all films. It is
clear from the figure that the skin depth increase as the
wavelength increase, this behavior could be seen in all
samples, but the skin depth decreases as the annealing

Figure 6 : Real part of the dielectric constant for as deposited
and annealed FeS2 films

Materials Science
An Indian Journal

Figure 8 : Skin depth versus wavelength for as deposited and
annealed FeS2 thin films

Figure 9 : Optical conductivity versus wavelength for as deposited and annealed FeS2 films
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temperature increases to 450ºC, which means that the
skin depth is a transmittance related.
The optical conductivity was calculated using the
relation[32]:
ó = á n c / 4ð

(8)

Where (c) is the velocity of light.
Figure 9 shows the variation of optical conductivity
with the wavelength. It was observed that the optical
conductivity increases with the increasing of annealing
temperature. Also, It can be noticed that the optical
conductivity for all films increased in the high photon
energies region and decreased in the low photon energy region, this decrease is due to the low absorbance
of the films in that region. This suggests that the increase
in optical conductivity is due to electrons excited by
photon energy. The origin of this increasing may be attributed to some changes in the structure due to the
annealing and the charge ordering effect.
CONCLUSION
FeS2 thin films have been successfully deposited
onto a glass substrate by the spray pyrolysis technique.
All samples were optically characterized by using UVVIS technique and the results were systematically presented. It was found that the transmittance of the as
deposited films in the visible domain reaches 45% while
it decreases to 25% and 20% with increasing the annealing temperature to 400 and 450ºC respectively.
Results indicate that the optical parameters are strongly
dependent on annealing, as the annealing temperature
increases, the absorption coefficient, extinction coefficient, real and imaginary parts of dielectric constant were
calculated and they are tending to decrease with increasing annealing temperature, on the other hand the
skin depth decreases with increasing annealing temperature. Further results show that the films have a high optical
conductivity of about 4.06-6.20 x 1014S-1.These present
observations can help improve the understanding of the
optical parameters of FeS2 thin films.
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