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ABSTRACT:We present a systematic investigation of FeS2 thin films deposited by ultrasonic spray pyrolysis (USP) at

different deposition times (15–40 min), with the aim of understanding their structural, optical, and electrical evolution

and their suitability for heterojunction device applications. Particular attention is given to the integration of the

optimized FeS2 layer with a Co-doped SnS2 bottom layer to form a p–n heterojunction. Structural analysis by X-ray

diffraction reveals a transition from an amorphous/oxidized phase at short deposition times toward well-crystallized

pyrite after 25 min, while the 40-min film exhibits the most intense reflections and the largest crystallite size.

Optical investigations indicate a progressive increase in film thickness from 0.23 to 1.53 µm between 20 and 40 min,

accompanied by a reduction in the apparent optical band gap from 2.34 eV to 1.60 eV, consistent with improved

crystallinity and enhanced light absorption. Electrical measurements further show a decrease in resistivity with

increasing deposition time, together with improved carrier mobility and higher carrier concentration, confirming the

enhancement of transport properties. The optimized FeS2 layer was subsequently coupled with a SnS2:Co film to

fabricate a heterostructure, and current–voltage measurements reveal a pronounced rectifying response, confirming

junction formation and charge separation at the interface. These findings demonstrate that deposition time plays a

key role in tailoring FeS2 film properties and that the FeS2/SnS2:Co architecture constitutes a promising, low-cost

heterojunction platform for future optoelectronic and photovoltaic device applications.

KEYWORDS: FeS2 films; ultrasonic spray; X-ray diffraction; optical properties; deposition times effect; FeS2/SnS2:Co

heterojunction; solar cell

1 Introduction

Currently, the researchers at different laboratories are investigating new materials for photovoltaic

applications with a view to fabricating low-cost solar cell devices. There are a variety of semiconductor

materials available now for solar cell fabrication, among these materials, the cubic system of FeS2 (pyrite)

has attracted great attention as a potential candidate in photo-electrochemical and photovoltaic applications

due to its diverse optical and physicochemical properties [1,2]. Their essential properties, pyrite major

characteristics that make it suitable as an absorber material, for the application in thin-layers solar cells

applications [1,3,4], and a higher optical absorption coefficient (α > 10
5
cm

−1
) in the near-infrared and in the

visible range [5,6], FeS2 have a suitable optical energy gap (Eg = 0.95 eV) [7–10], which is in reality smaller
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than to the optimum value of 1.5 eV for solar cells [3,9], it is also known for its environmental compatibility

as well as earth abundant, in addition it has low cost and nontoxic constituent elements [11,12]. Preceding

studies attempted diverse techniques to elaborate pyrite thin films, which include: Chemical bath deposition

method (CBD) [13], thermal sulfurization technique [14], and spray pyrolysis method [15]. Among these

methods, the ultrasonic spray pyrolysis (USP) technique may be the most convenient technique because of

its many advantages, such as: simplicity, low cost, easy to add doping materials and promising for high

rate and mass production capability of uniform large area coatings in industrial applications [6,16]. In this

paper, FeS2 samples have been elaborated by the ultrasonic spray pyrolysis method. The experimental

conditions required to produce the samples FeS2 are described. The influence of the deposition time on the

different properties (structural, optical and electrical) of pyrite (FeS2) thin films is also discussed.

2 Experimental Procedure

2.1 Solutions and Thin Films Preparation

A homemade ultrasonic spray pyrolysis method (USP) was used to elaborate FeS2 thin films in this

study, the details of this technique have been reported elsewhere [16]. The typical equipment of this

technique consist a composed of an ultrasonic spraying system and a substrate holder with a heater. The

ultrasonic vibrator frequency was 40 kHz. During the deposition, the nozzle-substrate distance was kept

stable at 4 cm. These conditions were fixed, in our laboratory previously, to deposit successful such films

by this technique. Before the deposition of FeS2 thin layers, the glass substrates were well cleaned firstly.

FeS2 thin films were synthesized using an aqueous solution containing the following precursors: thiourea

(SC (NH2)2) 6 × 10
−2

M and (FeCl3⋅6H2O) 3 × 10
−2

M as sulfur and iron sources, respectively. Different

deposition times (which are: 15, 20, 25, 30, 35 and 40 min), were used. The substrate temperature, was fixed

at 350
◦
C, because it was found to be the optimum temperature value to obtain uniform and well-adherent

FeS2 thin layers [6,15].

2.2 Characterisation Techniques

The crystalline quality of the prepared samples was examined by X-ray diffraction (XRD), using the

copper radiation CuKα = 1.5418 Å in the 2θ range 15–75
◦
with a step size of 0.013

◦
and a scan time of 2 s per

step. The optical transmission and reflectance spectra were performed using a UV-Vis-NIR spectrometer

(Perkin Elmer lambda 950) at room temperature in the wavelength range between 300 and 800 nm with a

step size of 5 nm. In addition, the electrical characteristics were measured using the ECOPIA Hall Effect

Measurement system (HMS-3000) in van der Pauw configuration.

3 Results and Discussion

3.1 Structural Properties

Fig. 1 shows the XRD spectra of FeS2 thin films formed onto preheated glass substrates at 350
◦
C

substrate temperature with different deposition times.

According to the Fig. 1A, it can be noticed that the films elaborated at short deposition times (15–20min),

represents an amorphous phase and intermediate oxides. The film obtained at 15 min shows only a broad

“hump” situated in the small diffraction angles (<30
◦
), characteristic of an amorphous or nanocrystalline

layer whose thickness is insufficient to produce distinct Bragg peaks. However, for 20 min a weak peak

emerges at 2θ ≈ 33
◦
assigned to (200) plane of FeS2 cubic structure (according to PDF card no. 001-1295),

alongside a feature marked Fe2O3 (PDF Card no. 01-073-0603), indicating partial oxidation of the iron
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precursor prior to full Fe–S formation [17]. Furthermore, Fe2O3 was found to accompany the preparation

of FeS2 [15]. For the film obtained at 25 min, well-defined reflections indexed to cubic pyrite FeS2, namely

(111), (210), (211) and (321) appear at the expected positions (JCPDS no. 001-1295 (Fig. 1B)). Besides, the

disappearance of oxide peaks shows that sulfurization now dominates over oxidation. With increasing

the deposition times to 30 min, FeS2 peak intensities decrease slightly and broaden. This may arise from

increased internal strain or a high density of grain boundaries, a phenomenon frequently observed in

spray-pyrolysis when growth is too rapid [5].

Figure 1: (A) XRD pattern of FeS2 thin films obtained at different deposition times, (B) PDF card no. 001-1295.
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After 35 min of deposition, a new peak (110) indexed to monosulfide FeS (JCPDS no. 01-080-1029)

appears. This means that FeS2 has partially broken down or that sulphur has been depleted in the area where

the spray has been going on for a long time [5]. At 40 min, a weak additional reflection indexed to FeS (110)

becomes visible, indicating that a minor sulfur-deficient phase persists at long deposition times. Its relative

contribution has been estimated, by introducing a semi-quantitative ratio: 𝑅 = (𝐼𝐹𝑒𝑆(110) − 𝐼𝑏𝑔)/(𝐼𝐹𝑒𝑆2 − 𝐼𝑏𝑔),
based on background-corrected peak intensities. The appearance of FeS at long deposition time is attributed

to local sulfur depletion during prolonged growth, while the overall structural properties indicate that FeS2

is the prevailing phase at 40 min. Nevertheless, the weak intensity of the FeS (110) peak confirms that FeS

remains a minor secondary contribution under these conditions. However, the pyrite FeS2 phase remains

clearly dominant, as evidenced by the increased number, sharpness, and intensity of FeS2 reflections, which

reflect improved crystallinity and larger coherent domain size. Still, 40 min gives the best and sharpest FeS2

peaks, which means the biggest crystallite size and the most relaxed lattice parameters. More reflections,

like (103), (311), and (222), show up, which shows that polycrystalline growth is well developed.

Structural Parameters

The evolution of crystallite size D, microstrain ε, and dislocation density δ in FeS2 films as a function

of deposition time are given in Fig. 2. The most intense and well-resolved peak in the diffraction patterns

for each sample was used for crystallite size, microstrain, and dislocation density calculations. These

parameters can be understood in terms of classical XRD line-broadening analysis (Scherrer formula) and

defect-density scaling.

 
Figure 2: Variation of grain size, strains and dislocation density of FeS2 versus the deposition time.

The crystallite size (D) is estimated by using the well-known Scherrer’s formula [18].

𝐷 =
𝑘𝜆

𝛽cos𝜃
(1)

where K is the Scherrer constant (denotes the shape of the particle and its value is most commonly taken as

0.9), λ is wave length of the X-ray beam used (1.54184 Å), β is the Full width at half maximum (FWHM) of

the peak and θ is the Bragg angle.



Chalcogenide Lett. 2026;23(3):7 5

According to the Fig. 2, it can be noticed that D rises monotonically from ≈ 8 nm at 15 min to ≈ 38 nm

at 40 min. Longer ultrasonic-spray durations deposit more material and allow grain–boundary migration

under 350
◦
C heat, promoting coalescence of nanocrystallites into larger coherent domains. This trend is

habitually observed in spray-pyrolysis [19] and other vapor–deposition techniques.

Despite the enlargement of the crystallite size with deposition time elevation, their values remain in

the nano-crystalline order and these small sizes of the grains have many advantages such as: the increase

of exchange surfaces and reactivity.

Using the grain size values, the strain 𝜀 is assessed using the following relation [18]:

𝜀 =
𝛽 cos 𝜃

4
(2)

From the other side, the lattice strain extracted via Eq. (2), drops from ~0.08 at 15 min to ~0.03 at 40 min

which is in good correlation with crystallite size variation. Small crystallites accommodate a high density

of lattice defects (dislocations, surface stress), yielding larger peak broadening from microstrain. As grains

grow, many of these defects annihilate at grain boundaries or reorganize into lower-energy configurations,

so the average internal strain falls [17,20].

The dislocation density δ(dis) developed of FeS2 thin films were evaluated by using the Eq. (3) [18].

δ(dis) =
1
D2

(3)

The calculated δ(dis) decreases from ≈3.0 × 10
−2

nm
−2

at 15 min down to ≈6.9 × 10
−4

nm
−2

at 40

min. This inverse-square relation is a standard approximation linking coherent-domain size to average

dislocation density in polycrystalline films. Physically, as grains enlarge, the number of dislocations per unit

volume drops dramatically because many dislocations either exit the grain or form low-energy networks at

boundaries [16].

3.2 Optical Properties

3.2.1 Transmittance, Absorbance and Reflectance Properties

The optical transmission T(λ) of iron disulfide (FeS2) thin films deposited on glass substrates via

ultrasonic spray pyrolysis at a substrate temperature of 350
◦
C are shown in Fig. 3.
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Figure 3: Transmission spectra of FeS2 thin films with different deposition times.
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It is well known that, in general films’ transmittance increases with the reduction of film thickness [19],

which is the case of transmittance variation in FeS2 layers. From Fig. 3, it is notable that the transmittance

starts high at a shorter deposition time than decreases gradually with deposition time elevation, reaching

almost 5% for 40 min, with oscillatory fringes. These fringes arise from interference effects in thin films,

indicating uniform thickness and good surface quality.

Moreover, the inverse relationship between the transmittance and time is due to thicker films

from prolonged deposition, which scatter and absorb more light. Comparable trends are observed in

spray-pyrolyzed FeS2 films, where increased thickness (correlated with deposition parameters like time or

temperature) reduces transmittance in the visible region [21].

The absorbance was calculated from the measured transmission using:

𝐴 = −log10(
𝑇
100)

(4)

and the absorption coefficient was estimated using the experimentally measured film thickness according

to:

𝛼 =
2.303𝐴

𝑡
(5)

where: T is the transmission and t is the film thickness.

Around 725 nm, the 40 min film exhibits very low transmission (~4.8%), corresponding to a high

absorbance (A ≈ 1.32) and a large absorption coefficient of approximately 1.3 × 10
5
cm

−1
.

In contrast, the other samples show significantly higher transmission and much lower α values

(~10
3
–10

4
cm

−1
). Consequently, the condition αt ≫ 1, which leads to a square-like suppression of

transmission, is fulfilled only for specific samples and spectral regions. This explains why the pronounced

transmission drop is observed only in certain films and highlights the combined role of absorption strength

and film thickness in governing the optical response. The calculated absorption coefficient values at

representative wavelengths are summarized in Table 1.

Table 1: Absorption coefficient α(λ) of FeS2 thin films at selected wavelengths derived from measured transmission

and thickness.

Deposition Time α (cm−1)

40 min ≈1.3 × 10
5

35 min ≈2.4 × 10
4

30 min ≈9.8 × 10
3

25 min ≈5.4 × 10
3

20 min ≈3.6 × 10
3

As the deposition time increases from 20 to 40 min, a clear enhancement of optical absorption is

observed, particularly in the long-wavelength region (500–800 nm). Pyrite FeS2 is known to exhibit very

high absorption coefficients in the visible range, with reported values on the order of 10
4
–10

5
cm

−1
[22].

Such high absorption implies that even relatively thin films can absorb a large fraction of incident visible

light, while thicker films obtained at longer deposition times become effectively non-transmitting. This

behavior explains why the 40 min film shows the highest absorption response, whereas the 20-min film

exhibits the lowest. In addition, the increase in deposition time leads to thicker films, which further enhances

absorption through an increased optical path length [23].
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3.2.2 Thickness and Band Gap Measurement

Using the optical data, the envelope method is employed in order to calculate FeS2 thin films thickness

(t) from two minima or maxima using the expression (6) [24].

𝑡 =
𝑀𝜆1𝜆2

2(𝜆2𝑛1 − 𝜆1𝑛2)
(6)

whereM is the number of the oscillations between two extrema (M = 1 between the two consecutive minima

or maxima), 𝜆1, 𝜆2, n1 and n2 are the corresponding wavelengths and indices of refraction, respectively.

The optical band gaps (Eg) of FeS2 thin films has been determined on the basis of UV-VIS-NIR

spectrophotometer by plotting (αhν)2 as a function of hν, which are linear over a wide range of photon

energies indicating the direct type of transitions.

The optical band gap is obtained from the plot of the following relation [9]:

(αhν)2 = A(hν − Eg) (7)

where α is the absorption coefficient, A is a constant, Eg is the optical band gap, ν is the frequency of the

incident photon and h is the Planck’s constant. The band gap energies of these films are determined from

the intercept of the tangent to the plot with the abscissa axis as indicated in Fig. 4.

 

Figure 4: Plot of (αhν)2 versus photon energy (hν) of FeS2 thin films obtained at 35 min.

The obtained thickness and optical band gap values of FeS2 films deposited at different durations are

summarized in Table 2. These values are in agreement with the reported values in the literature [6].

Table 2: Films thickness (t) and band gap (Eg) for different deposition time.

Deposition Time (min) t (µm) Eg (eV)

20 0.23 2.34

25 0.56 1.81

30 1.17 1.73

35 1.25 1.62

40 1.53 1.60
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Table 2 illustrates the dependence of film thickness (t) and optical band gap (Eg) on deposition time

for FeS2 thin films prepared by ultrasonic spray pyrolysis at 350
◦
C on glass substrates. The film thickness

increases with deposition time, starting at 0.23 µm for 20 min and rising to 1.53 µm for 40 min, this increase

is approximately linear. This correlation between longer time deposition and film thickness elevation

is a standard outcome in time-controlled deposition techniques, where thickness scales with exposure

duration until saturation or peeling effects occur. In spray pyrolysis [16,19], longer deposition times allow

for greater accumulation of atomized precursor material (Fe and S sources) on the heated substrate, leading

to thicker films.

Besides, the band gap decreases monotonically with increasing deposition time, from 2.34 eV at 20

min to 1.60 eV at 40 min. The high optical gap (2.34 eV) at 20 min is mainly due to iron oxide (Fe2O3) and

amorphous intermediate phases, as shown by XRD. These phases exhibit wider band gaps than pyrite

FeS2, directly linking the structural and optical observations, in agreement with reported Fe–S–O thin-film

studies [24]. As the deposition time rises (thickness rises) the films become more continuous, better

sulfurized and more dominated by the pyrite phase as it have been noticed from the DRX and optical

results, these characteristics make the optical gap moves toward the intrinsic pyrite value (which is lower).

Several spray-deposition studies [25,26] of Fe–S films report high apparent Eg (>1.5–2.0 eV) for short/poorly

sulfided films and lower Eg for thicker, better-crystallized pyrite films.

These obtained results confirms that due to absorption coefficients exceeding 10
4
–10

5
cm

−1
, FeS2

requires only tens to a few hundreds of nanometers to absorb most incident visible light. This point is

emphasized to reinforce FeS2’s suitability as an ultra-thin absorber layer for photovoltaic devices, consistent

with established literature [27].

3.3 Electrical Properties

The electrical properties of the FeS2 thin films are determined at room temperature by Hall Effect

measurements system. The obtained results for the best-deposited FeS2 thin films are summarized in Table 3.

Table 3: Resistivity (ρ), volume carrier concentration (Nv), surface carrier concentration (Ns), Hall mobility (µ) and

conductivity type of the deposited FeS2 thin films.

Deposition Time (min) ρ (𝛀. cm) × 104 Nv (cm−3) × 1012 Ns (cm−2) × 107 µ (cm2/Vs) × 101 Type

30 9.561 0.049 0.576 0.080 P

35 6.048 5.514 9.025 4.689 P

40 0.241 12.890 12.680 13.260 P

As shown in the Table 3, as per deposition time increases, resistivity decreases while carrier

concentrations, surface carrier concentration and mobility increase but the conductivity type remains

always P-type conduction. The resistivity ρ falls from 30 to 40 min. This is expected when films become

thicker, more continuous and contain more percolating conducting pathways. Increased thickness and

densification reduce sheet/grain-boundary resistance, producing higher macroscopic conductivity [19,20].

Spray-pyrolysis and thin-film studies commonly report resistivity decreasing with film thickness and grain

growth. On the other hand, Nv rises from 4.9 × 10
10
to 1.29 × 10

13
cm

−3
. This can reflect (i) approaching the

correct FeS2 stoichiometry (reduction of insulating oxides), (ii) creation of donor/acceptor defects with film

growth (e.g., S vacancies or Fe interstitials), or (iii) the emergence of a different, more conductive phase

(FeS/pyrrhotite) that contributes higher free carrier density (as it have been noticed from the DRX results).

Pyrite often shows widely varying n depending on stoichiometry and impurities [22,28].
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Besides, Hall mobility (µ) reported increases from 0.8 to 132.6 cm
2
/(V⋅s). This behavior of larger µ

at longer deposition times is consistent with grain growth and reduced defect scattering, because larger

grains reduce grain-boundary scattering and traps, and better crystallinity lowers ionized-impurity and

defect scattering, both raising mobility. Reported mobility values for pyrite single crystals can reach

10
2
–10

3
cm

2
/(V⋅s) in the literature.

3.4 Current-Voltage Characteristics of FeS2/SnS2:Co Heterojunction

After studying the structural, optical, and electrical properties of iron sulphide film, FeS2 thin film

was deposited on 4% Co doped tin sulfide film obtained at 400
◦
C glass substrate temperature [29], and the

properties of a current-voltage diagram were drawn to figure out I–V characteristics in the forward and

reverse biases, Fig. 5 shows the behaviour of FeS2/SnS2:Co heterojunction. The complete set of electronic

and optical parameters used for the SCAPS-1D simulation of the FeS2/SnS2:Co heterostructure is provided

in Table S1 (Supplementary Material) for reproducibility.

Figure 5: I–V variation (A) linear variation and (B) semilog variation of FeS2/SnS2:Co structure.

The dark current–voltage characteristics of the FeS2/SnS2:Co heterojunction were fitted with the

Shockley diode model including series and shunt resistances. The implicit nonlinear regression produced

a saturation current I0 = (1.00 ± 0.01) × 10−9 A, an ideality factor n = 1.80 ± 0.01, a series resistance Rs =

20.0 ± 0.1 Ω, and an effectively infinite shunt resistance (Rsh ≫ 10
11 Ω; the fit returned a large-magnitude

negative value due to parameter covariance, indicating vanishing leakage). An ideality factor close to two

suggests recombination-assisted transport in the space-charge region, as opposed to solely diffusion-limited

thermionic emission. The moderate Rs aligns with the anticipated contributions from contact and grain

boundaries in spray-deposited chalcogenide thin films. The very high Rsh shows that the junction is very

well isolated and that there is almost no parallel leakage [30–32]. These results show that FeS2 deposited on

Co-doped SnS2 films can create a working p–n heterojunction that can be used in optoelectronic devices.

4 Conclusion

The current study demonstrates that ultrasonic spray-deposited FeS2 films transition from poorly

crystallized/oxidic layers at brief deposition durations to well-crystallized pyrite at extended durations
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(40 min), accompanied by an increase in coherent domain size (from 8 to 38 nm) and a significant decrease

in microstrain and dislocation density. As the deposition time increases, the films become thicker (about

0.23 to 1.53 µm) and much more absorbing. The apparent optical gap shifts from about 2.34 eV to about

1.60 eV, but the absorption coefficient in the visible range stays very high. This means that only tens to

hundreds of nanometres of active FeS2 are needed to absorb most of the sunlight that hits it. The films are

p-type electrically, and their resistivity goes down over time because the carrier concentration goes up and

the mobility improves (grain growth and less defect scattering). Combining the optimised FeS2 (40 min)

with Co-doped SnS2 made a strong rectifying heterojunction: implicit Shockley fits yield I0 ≈ 1.01 × 10
−9

A,

ideality factor n ≈ 1.80, Rs ≈ 20 Ω and an effectively negligible shunt leakage (Rsh); the device has strong

rectification (the measured rectification ratio is >10
4
at ±1 V).

These optical and electrical properties make the FeS2/SnS2:Co heterostructure a great choice for cheap

solar cells: FeS2 is a strong absorber that is found in large amounts on Earth. This means that the active

layer can be kept thin. The Co-doped SnS2 bottom layer, on the other hand, is a compatible, conductive

n-type partner that forms the p–n junction.

The detailed electronic and optical parameters adopted for FeS2 absorber modeling, along with their

scientific basis and literature justification, are provided in Table S2 (Supplementary Material).
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