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A thin film of iron disulfide (FeS2) and Mn-doped was prepared using the chemical spray 
pyrolysis (CSP) method at a constant temperature of the glass substrate at around 400 °C. 
According to XRD examination, films were structurally cubic oriented with a predominant 
planar orientation (201). The doping of Mn ions in the FeS2 host matrix was confirmed by 
a minor shift of the diffraction peak towards the lower 2θ values. The surface of the 
produced film for pyrite was homogeneous, according to the AFM investigations. 
According to the XRD data, the predicted grain size altered as the consistent 
manganese  increased. When compared to undoped FeS2 thin films, the Mn2+-doped FeS2 
thin films' desired bandgap energy showed a red shift. 
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1. Introduction 
 
Due to its favorable bandgap (0.95 eV) and high absorption coefficient (> 105 cm-1 for 

wavelengths about 103 nm), FeS2 iron pyrite is widely applied [1–2]. Two more structures exist in 
FeS2: cubic pyrite (-FeS2) and rhombic marcasite (-FeS2).Two types of FeS can be produced, FeS2 
can be an n-type and/or p-type semiconductor depending on the growth conditions and the type of 
impurities. At low temperatures, it can form P-type FeS2 and S/Fe ratio > 2, but FeS2 with n-type 
conductivity can be formed under high temperatures and iron-rich conditions [3, 4]. 

Researchers have conducted several extensive experiments on the impact of doping on the 
pyrite films' characteristics [5]. Extensive focus has been placed on studying the impact of doping 
on electronic properties. Research has proven that some researchers obtained pyrite thin films 
doped with other elements, such as nickel and copper, synthesized experimentally [6, 7]. The 
energy gap values can be changed to suit the application. Successful doping of different elements 
in FeS2 has been reported to improve properties by saturating materials [8-11]. Therefore, to 
modify the energy gap of FeS2, some materials, such as Mn are chosen as the doping agent. 
Several methods were used to produce thin films, such as the hydrothermal method [12], melt 
thermal method [13], microwave production method [14], and co-deposition method with polymer 
[15] for the synthesis of nanophase pyrite from FeS2 with various shapes. Additionally, FeS2 thin-
film was prepared using a variety of techniques, including electrodeposition [16], thermal 
deposition [17], CSP [18], spin coating [19], magnetron spraying [20], microwave-assisted method 
[21] and CVD [22], In the current study, FeS2 is doped with manganese was synthesis by simple 
chemical spray pyrolysis (CSP) .The impact  of impurity on many properties of films such as 
stoichiometric, structure, morphology, and optical properties are studied. 
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2. Experimental 
 
FeCl2 and thiourea CS (NH2)2 are employed in a straightforward method to generate thin 

films of FeS2 iron pyrite by CSP. The prepared solution has a molarity of 0.1 M.  Thiourea is 
dissolved in deionized water, FeCl2 was resolved in a 1:1 mixture of methanol and re-distilled 
water. A few drops of HCl were added to make FeCl2 better solubility. The activating agent was 
Mn trichloride (MnCl3) diluted in deionized water. The prepared solutions of iron chloride and 
thiourea were well combined to obtain a Fe:S ratio of 1:2. Filtered air preserved at a pressure of 
105 N/m, flowing at a rate of 5 mL/min, was used to spray the previously prepared solutions onto 
glass substrates. A waiting interval of 2 minutes was included after the spraying process to prevent 
overcooling.The base temperature was constant at 400°C, while the distance between the spout to 
the base was fixed at about 29 cm. Under these deposit conditions, good films are obtained. It is 
homogeneous and very adherent to the substrates. The transmittance was measured with a dual-
beam spectrophotometer. XRD obtained structural properties. AFM (was used to examine the 
films' surface. 

 
 
3. Results and discussions                                                                                                     
 
Regarding the exceptional structural results, Figure 1 offers the XRD styles of the 

deposited films at 2θ ranging from 10 to 70°, where all peaks are well shown to be FeS2 cubic 
pyrite (JCPDS Card No. 710053). The XRD patterns reveals a modest shift (0.02°) of the major 
characteristic peaks (201) carried on by Mn incorporation into the FeS2 structure in the doping 
samples. According to the given calculations, the lattice parameter would rise when Mn2+ (0.08 
nm), which has an ionic radius higher than Fe2+ (0.074 nm), was integrated into the FeS2 structure, 
generating an alternate solid solution [23,24]. Additionally, the 2% and 4% doping samples' (201) 
diffraction peak intensities are greater than the pure sample, suggesting that the films grew with 
(201) a favored orientation. 

The films have five distinct diffraction peaks, at 2θ of 32.92°, 36.92, 47.28°, 56.12° and 
61.19° attributed to the (200), (201), (220), (221) and (321) planes respectively. Using Scherer's 
equation [25,26], the average crystallite size (D) was computed via relation below: 

 

𝐷𝐷 =
0.9𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

                                                                                (1) 

 
where β is the FWHM and λ is the X-ray wavelength. D were found to be 10.21–11.31 nm and is 
shown in Table 1. 

The microstrain (ε) and dislocation density (δ) were calculated by using the following 
(Eqs. 2 and 3) [27, 28], and their values are given in Table 1. 

 
Microstrain      

(𝜀𝜀) =
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

4
                                                                             (2) 

dislocation density  

(𝛿𝛿) =
1
𝐷𝐷2                                                                                     ) 

 
Doping leads to network stress in FeS2 thin films. We notice an increase in the lattice 

parameter values of the cubic doped membranes monotonously with the doping, which led to 
microscopic stress in the cubic structure of pyrite. All of the doped films were found to have 
higher values than the FeS2 values (3.39 10-3) that arise from cation substitution, which agrees with 
the 3.4 x 10-3 values for pyrite thin films previously reported that were estimated by [29, 30]. Two 
metal ions in the pyrite lattice have different diameters, which results in the deformation of the 
lattice. Particularly, the dislocation's density and the precise stress brought on by the transition 
metal's doping are inversely related. Alternative solid solutions are the films made from non-
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ductile pyrite thin films placed on glass substrates that contain divalent cations with ionic radii 
higher than Fe2+ in the FeS2 structure. 

 
 

 
 

Fig. 1. XRD patterns of pure and FeS2:Mn films with various doping. 
 
 
 

Table 1. Structure parameter of pure and FeS2:Mn films with various doping. 
 
Specimen 2  

(o) 
(hkl) 
Plane 

FWHM 
(o) 

Eg (eV) D (nm) 𝛿𝛿  
(× 1015) (lines/m2) 

𝜀𝜀 
x10-

3 

Undoped 
FeS2 

36.92 210 0.82 2.00 10.21 9.59 3.39 

FeS2: 2% 
Mn 

36.89 210 0.78 1.94 10.74 8.66 3.22 

FeS2: 4% 
Mn 

36.86 210 0.74 1.88 11.31 7.81 3.06 
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Fig. 2. X-ray parameters of the entended films. 
 
 

4. Topography surface analysis 
 
The existence of homogeneous, crack-free surfaces is confirmed by surface analysis of he 

thin films of (FeS2) thin films that are saturated with transition metals. Surface roughness is related 
to the morphology, texture, and fine crystal quality. With a concentration of the doped and 
transition metal precursors, the surface roughness of transitional metal pyrite (Mn) (FeS2) thin 
films deviates. The smoothness of the surfaces appeared on the thin films of pyrite saturated with 
manganese.  

Figure 3 shows the effect of impurity concentration on the surface texture varies from 
granular growth to spherical growth of particles. On top of that, AFM parameters such as 
roughness modulus and average particle size were calculated. We observe the low values of nm 
RMS roughness at 3% doping which can be assinged to the decrease in crystal size with increasing 
doping content. Surface morphology plays a vital role in PV devices [31, 32]. The transition metal-
doped (FeS2) thin films' AFM height profiles indicate a uniform distribution of nanoparticles with 
an average particle height of 42.86 nm (Fig. 3). For transition metal-doped pyrite films, AFM 
results for scanning areas spanning from 78 nm 78 nm 21 nm scale indicated smooth surfaces with 
root mean squared (RMS) roughness values of 7.63 nm and 4.35 nm for 2and 4% doping in Mn 
(Figure 4). These Mn-doped smooth films exhibit microstrain values that are comparable to those 
of FeS2, indicating that microstrain and overall film smoothness may be related [33] Table 2. AFM 
parameter measurement of pure and FeS2: Mn films with various doping. 
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Fig. 3. AFM of pure and and FeS2: Mn films with various doping. 
 
 

Table 2. AFM parameters of the intended films.  
 

Samples Average Particle size 
nm 

Ra (nm) R. M. S. 
 (nm) 

Undoped FeS2 48.08 9.81 8.72 
FeS2: 2% Mn 42.86 7.23 7.63 
FeS2: 4% Mn 36.46 6.34 4.35 

 
 
5. Optical properties analysis 
 
Fig. 4 shows the transmittance T as a function of λ. All samples displayed better 

transparency in the (600-900 nm) range than in the visible and NIR regions but a lower 
transmittance throughout the entire spectrum than the undoped films. This behavior suggests that 
doped pyrite films have a higher capacity for light absorption than doped pyrite films. Absorption 
coefficient (α) of the pure and FeS2: Mn films were studied, and Lambert's law could be used to 
calculate α [34,35]: 

 
ln
𝐼𝐼𝑜𝑜
𝐼𝐼

= 2.303 = 𝛼𝛼𝛼𝛼                                                                         (4) 

 
where Io and I, respectively, stand for the incident and transmitted light intensities. The optical 
absorbance is A, and the film thickness is d. 

(α) versus photon energy (hν) curves shown in Fig. 5 the absorption coefficients of the 
samples in the range values of 2.75 ×103 cm-1 and 3.75 ×105 cm-1, respectively, exhibits a 
significant divergence in the optical absorption characteristics. For Mn doped FeS2 thin films, a 
minor red shift in the bandgap was seen. Generally speaking, an increase in crystallite size can be 
linked to a decrease in optical band gap [36]. 
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Fig. 4. Transmittance spectra of the entended films. 
 
 

 
 

Fig. 5. α spectra of the entended films. 
 
 
The bandgap energy Eg of these films has been determined based on the absorption 

spectra utilizing the relation  [37,38]: 
 

𝛼𝛼ℎ𝑣𝑣 = 𝑘𝑘(ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔)
1
2                                                                        (5) 

 
where  𝑘𝑘 a constant. The Eg values of the produced films with varying Mn-doped ratios are 
depicted in Fig. 6. For 2% and 4% doping in Mn, respectively, the band gap Eg of undoped sample 
was 2.00 eV and 1.94 1.88 eV. The Eg values have lowered as the doping concentration has 
increased. The sp-d interaction may be to responsible for this [39,40]. The band electrons and 
localized d electrons of Mn2+ substituting Fe2+ interact via a sp-d exchange process, decreasing the 
band gap. Mn2+ inclusion could redshift, leading to higher local states and a lower bandgap energy. 
We observe a redshift of the band edge as the uptake of Mn content within the membranes 
increases. The explanation behind this phenomena cause  widening the Burstein-Moss bandgap 
and narrowing the bandgap due to the scattering of electron and electron impurities. In this study, 
the crystal size and crystallization increase was responsible for decreasing the band gap. 
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Fig. 6. Band gap of the entended films. 
 
 
Using the connection (6 and 7) [41], the refractive index (n) and the extinction coefficient 

may be calculated from the reflectance (R) data: 
 

𝑅𝑅 =
(𝑛𝑛 − 1)2

(𝑛𝑛 + 1)2
                                                                                      (6) 

 

𝐾𝐾 =
𝛼𝛼𝜆𝜆
4𝜋𝜋

                                                                                         (7) 

 
Figures (7 and 8) represent n and k of the thin film samples. n shows a well dispersive 

nature for each sample, and the value increases to its highest point at a particular energy, leading 
that energy has been strongly polarized. After reaching its maximum, the value of n declines when 
photon energy characteristics increase due to multiple loss mechanisms being involved. It should 
be mentioned that the electrical density and local polarizability of the examined thin films are 
correlated. The value of n at 550 nm is obtained to be ~3.40, FeS2 3.35 and 3.29 for pure and Mn-
doped FeS2 thin films, respectively. The value of n decreases with increasing Mn doping related to 
the well-known inverse width of the optical band gap. The observed drop in n and k with 
wavelength increase may be associated with the rise in transmittance and fall in absorption 
coefficient. Optic parameter variations have been observed to be similar [42,43]. 

 

 
 

Fig. 7.  n of the entended films. 
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Fig. 8. K of the entended films. 
 
 
6. Conclusion 
 
FeS2 films were successfully prepared by (CSP) at 400°C with various Mn concentrations. 

Mn-doped FeS2 films revealed a minor shift in 2θ and a preferred orientation of (201) for all films. 
The doped Mn concentrations had a minor impact on the grain size of the resulting doped films. 
Transition pyrite (FeS2) thin films' AFM height profiles reveal a homogeneous distribution of 
nanocrystalline particles with average particle heights of 48.08 nm and 42.86 nm when doped with 
4% Mn metal. For (0, 2 and 4% doping in Mn, respectively, optical tests showed a drop in the 
bandgap of FeS2 thin films from 2.00 eV and 1.94 1.88 eV. 
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