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Abstract 

          Films of FeS2 were prepared by the spray pyrolysis technique onto a substrate heated 

up 350 0Ct using iron chloride FeCl2 and thiourea CS(NH2)2 solutions with a concentration 

of 0.1 M. The optical properties of the films were studied using optical absorption 

measurements in the wavelength range 300-900 nm and confirmed that the annealing 

temperature has a significant effect on the properties of these films. The optical constants 

confirm that FeS2 films have an indirect band gap that decreased from 2.1 to 1.95 eV as 

the annealing temperature increases to 450ºC. The dispersion of the refractive index was 

analyzed using the concept of a single oscillator. The values of oscillator energy Eo were 

4.2, 4, and 3.9eV. The dispersion energy Ed were determined to be 52.7, 90.7, and 102.6 

eV for the as deposited films and the annealed films at 400 and 450ºC, respectively. The 

increase in the density of localized states Ed causes an expanding in the Urbach tail and 

consequently decreases the energy gap. 
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Introduction  
       As a semiconducting material, cubic system iron pyrite FeS2 has received growing 

attention due to its promising potential for applications as a photovoltaic or optoelectronic 

material required to have excellent environment compatibility, excellent electron mobility, 

high optical absorption coefficient, suitable energy band gap, high quantum efficiency and 

low production cost for photocurrent generation [1-7]. These characteristics made the 

material to be a promising candidate as an absorber material in thin film solar cells. 

Synthetic pyrite has been considered to be a more available product than natural ones due 

to the considerable variety difference and high impurity concentration in the latter. In 

general, synthetic pyrite can be employed as thin film status since it has high ability of 

optical absorption.  

   Many techniques were used to produce pyrite films and the effects of the preparation 

processes on the structural, stoichiometrical, electrical and optical characteristics have been 
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reported [8-17]. A complex mechanism was proposed to be responsible for the growth of 

pyrite films from the iron conversion in sulfur atmosphere or H2S [18]. FexS or Fe1-xS was 

first formed chemoepitaxially and then converted into FeS2 by a chemoendotaxial reaction 

with sulfur. Grain boundaries played a decisive role in the growth process. The 

transformation of iron into pyrite was accompanied by a large increase in electrical 

resistivity during the changes of structure and stoichiometry [19].  

    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 paper, we report and discuss 

the characterization of the pyrite films prepared by spray pyrolysis technique and annealed 

to 400 and 450ºC. 

 

 

Experimental details  
         Iron pyrite FeS2 thin films were deposited by the spray pyrolysis technique [20], 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 
[21]. Knowing the dimensions of the substrates used, the thicknesses can be determined 

using the following equation [22]: 

 (1........................)
lL

m
d

m


 

   Where ∆m is the difference between the mass after and before spraying, ρm is the density, 

l the width and L the length. Optical transmittance and absorbance were recorded in the 

wavelength range (300-900 nm) using UV-VIS spectrophotometer (Shimadzu Company 

Japan). The effect of annealing temperatures on the optical properties was investigated. 
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         The study of the optical absorption of the investigated pyrite films, particularly the 

absorption edge has proved to be very useful for elucidation of the electronic structure of 

these materials. The optical absorption spectra of the tested films with different annealing 

temperatures are shown in Figure 1. The tested films exhibit strong optical absorption in 

the wavelength range 

(λ ˂ 550  nm) and the absorption coefficients reach approximate constants in the regions 

of high absorption energy. These results were in a good agreement with that obtained by 

Liu et al. [23]. Moreover, it can be noticed that the obsorbance tends to increase with the 

increasing of annealing temperature to 450ºC. 

The tail of the absorption edge is exponential, indicating the presence of localized states in 

the energy band gap. The amount of tailing can be predicted to a first approximation by 

plotting the absorption edge data in terms of an equation originally given by Urbach [24]. 

The absorption edge gives a measure of the energy band gap and the exponential 

dependence of the absorption coefficient, in the exponential edge region Urbach rule is 

expressed  as [25,26]: 

            α = αo exp (hυ / EU)     ………………… (2) 

Where αo is a constant, EU is the Urbach energy, which characterizes the slope of the 

exponential edge. Figure (2) shows Urbach plots of the films. The value of EU was obtained 

from the inverse of the slope of lná vs. hõ and is given in Table 1. EU values change 

inversely with the optical band gap. The Urbach energy values of the films increase with 

the increasing of annealing temperature. The increase of EU suggests that the atomic 

structural disorder of FeS2 films increases by increasing annealing temperature. This 

behavior can result from increasing the concentration of surface defects. It is speculated 

that surface defects in thinner films could play a more important role in the effect on film 

properties whereas grain boundary defects in thicker films could play a more important 

role in the effect on film properties, this result was also confirmed by Liu et. al.[23]. So, this 

increase leads to a redistribution of states, from band to tail and may be attributed to the 

improvement of crystallinity of anatase phase. As a result, both a decrease in the optical 

gap and expanding of the Urbach tail have taken place. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1) Absorptance of as deposited and annealed FeS2 films versus 

wavelength. 
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Fig. (2) lnα versus photon energy for as deposited and annealed FeS2 

films. 
 

   According to inter-band absorption theory, the optical band of the FeS2 films can be 

calculated using Tauc's relation [25]: 

            (αhυ) = A(hυ–Eg)
n       ………….(3) 

   where α is the absorption coefficient, A a constant, h is Planck's constant, υ the photon 

frequency, Eg the optical band gap and n is an index which could take different values 

according to the electronic transition. For allowed direct transitions the coefficient n is 

equal to 1/2 and for allowing indirect transitions n = 2. The curves (αhυ) 1/2 for the allowed 

direct transition does not present evidence linearity, this seems to suggest that FeS2 has an 

indirect band gap. 

   The value Eg corresponding to the indirect band gap transition was calculated from the 

curve of (αhυ)2  versus hυ, using the formula: 

         (αhυ)2 = A(hυ–Eg)       ………….(4) 

   The extrapolation of the linear part of the curve (αhυ)2 to the energy axis is shown in Fig. 

3. The indirect band-gap energy of the as deposited film is equal to 2.1eV, this value is in 

good agreement with the value obtained by Anuar et al. [27] ( 1.85-2.25eV) However, this 

value is larger than those reported by Wan et al. [28] (1.16 eV) and Heras et al. [29] (1.05 

eV). According to Ben Haj Salah et al. [30], the observed disparity in the energy gap is 

explained by the different growth conditions of these films. It can be seen that the energy 

band gap of the films tends to decrease to 1.95 eV with increasing annealing temperature 

to 450ºC. Due to the fact that at any temperature crystals contain various structural 

imperfections or defects “the ideal crystal does not exist”, the decrease in the optical band 

gap with increasing annealing temperature can be attributed to a decrease in crystallinity 

disorder of the films. The optical band gap of FeS2 film is obviously affected by the defects 

and the crystallinity.  
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film versus photon energy for the  as deposited and annealed  2for FeS 2hυ)α) (Fig (3

films. 

 

 

 

  S. Wemple and H. Didomenico [31,32] use a single-oscillator description to define 

dispersion energy parameters Ed and Eo. The refractive index dispersion plays an important 

role in the optical communication and designing of the optical devices. Therefore, it is a 

significant factor. Although these rules are quite different in detail, one common feature is 

the over-whelming evidence that both crystal structure and ionicity influence the refractive-

index behavior of solids in ways that can be simply described. The relation between the 

refractive index n, and the single oscillator strength below the band gap is given by the 

expression: 

       n2 = 1 + [Ed Eo / Eo
2− E 2]    ………. (5) 

   Where Ed and Eo are single oscillator constants, Eo is the energy of the effective 

dispersion oscillator, Ed the so-called dispersion energy, which measures the intensity of 

the inter band optical transitions. The oscillator energy Eo is an average of the optical band 

gap, Eopt, can be obtained from the Wemple–Didomenico model. This model describes the 

dielectric response for transitions below the optical gap. Experimental verification of Eq. 

(4) can be obtained by plotting (n2−1)−1 versus (hυ)2as illustrated in Fig. 4 which yields a 
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straight line for normal behavior having the slope (EoEd) 
-1 and the intercept with the 

vertical axis equal to Eo/Ed. Eo and Ed values were determined from the slope, (EoEd)
−1 and 

intercept (Eo/Ed) on the vertical axis. Eo values decreased as the optical band gap decreases. 

According to the single-oscillator model, the single oscillator parameters Eo and Ed are 

related to the imaginary part of the complex dielectric constant, the moments of the 

imaginary part of the optical spectrum M−1 and M−3 moments can be derived from the 

following relations [33]:  

      Eo
2 = M−1 / M−3   ……….. (6)     

      Ed
2 =M3

−1 / M−3   ………. (7) 

   The values obtained for the dispersion parameters Eo, Ed, M−1 and M−3 are listed in Table 

(1).The obtained M−1 and M−3 moments are increased with increasing the annealing 

temperature. For the definition of the dependence of the refractive index (n) on the light 

wavelength (λ), the single-term Sellmeier relation can be used [31]: 

      n2 (λ) − 1 = Soλo
2

 / 1 − (λo/λ)2   ………. (8) 

   Where λo is the average oscillator position and So is the average oscillator strength. The 

parameters So and λo in Eq. (8) can be obtained experimentally by plotting (n2 – 1)−1 versus 

λ−2 as shown in Fig.(5), the slope of the resulting straight line gives 1/So, and the infinite-

wavelength intercept gives 1/ So λo
2. The results shows a decrease in the band gap which 

may be attributed to the presence of unstructured defects, that increase the density of 

localized states and cause an expanding in the Urbach tail and consequently decrease the 

energy gap. 

 

Table (1) The optical parameters 

Sample dE 

(eV) 
oE 

(eV) 
gE 

(eV)  
n(o) 1-M 

 
3-M 
2-eV 

o S
13x10 
2-m 

oλ 

nm 

 tailU

meV 

Before 

Annealing 

52.7 4.2 2.10 13.5 3.67 12.5 0.71 4.1 553 714 

400oC After 

Annealing 

90.7 4.0 2.00 23.0 4.80 22.2 1.33 4.8 642 769 

450oC After 

Annealing 

102.6 3.9 1.95 27.0 5.20 26.3 1.73 5.8 660 781 
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Fig. (4) Variation in (n2 – 1) −1 as a function of (hυ)2 for FeS2 films. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5) Variation in (n2 – 1) −1 as a function of (λ)-2 for FeS2 films. 
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Conclusion 

   Iron pyrite FeS2 thin films have been successfully deposited onto a glass substrate by the 

spray pyrolysis technique. The as deposited and annealed films were optically 

characterized by using UV-VIS technique and the results were systematically presented. 

The optical band gaps were calculated in terms of Tauc method and Wemple–Didomenico 

model. The type of optical transition responsible for optical absorption was indirect 

allowed transitions. The Eg  WD values obtained from Wemple–Didomenico model are in 

agreement with those determined from the Tauc model and found to be decreasing with the 

increasing of annealing temperature and have the values of 2.1, 2, and 1.95eV for the as 

deposited, annealed films at 200, and 250ºC respectively. The optical dispersion 

parameters were characterized. The single oscillator parameters were determined. It was 

shown that the dispersion parameters of the films obeyed the single oscillator model, the 

change in dispersion was investigated and its value decreased from 4.2 to 3.9 with 

increasing annealing temperature to 450ºC. 
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 الخلاصة
حضرررررشي  كبررررر ا حدشد  ت نيةتدت ش ال ا نيشي نيح ا ي ع نيةشنعد زجا يةنزت نةية ا ة ررررر لا شتعةا حشنع           

 tC0 350 دعست ني صي ص نيدصشدا يهذه نلأكب ا ةةلاعدا  0.1شل دا  شيس عايل ةةيي ل حجةعدت نيةتدت ونيثيدةعدي .

. نحتي نيل ي ج شين ني جتدن يه تأث ش ةجةةظ nm 900-300ى نيطةل نياةةع شيلاز ايد زجا ي يسرريي نلاة صرريبرر ا شات

زجا خصررري ص  ذه نلأكبررر ا. نتن نثد ت ح ررريشيي نيثةنشت نيدصرررشدا نن حدشد  ت نيةتدت دا جغ ر ة  شييا ك ش ةدي رررش  

. حججت ي م ةعيةل ننح ررررررريع 450ºCشزديد  دعةا حشنع  ني جتدن نيا  eV 1.95نيا  eV 2.1وني ع تال ي ا هي ةن 

يت حتدي   dE وشييا ني فشدق  eV 3.9, 4, 4.2ني فشدق شيسرر عايل ةفهةا ني ذشذا نيافشد. نن ي م شييا نيا ذشذا حينت 

. نن نيزديد  رع 450ºCو 400ºCيلأكب ا ك ش نياجتنه ونياجتنه شييتعةيي نيةشنعدا   eV 102.6 ,90.7 ,52.7ي ا هي

سدده  ة ني ةسع نيةيبل رع تدةل نوعشيخ ونيذد دؤدد نيا ناصين رع ي م ر ة   dEياةضع ا حثيرا ة  ةديي نيطييا ن

 نيطييا.
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