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ABSTRACT

Undoped and iron (Fe)-doped tin sulfide (SnS) thin films with varying Fe concentrations (0, 5, 7, and 9%) were
successfully deposited on glass substrates at 350 °C using the spin-coating method. The influence of Fe doping on
the structural, morphological, optical, and dielectric properties of SnS films was systematically investigated using
X-ray diffraction (XRD), Fourier-transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM),
and UV-Vis—NIR spectroscopy. X-ray diffraction (XRD) confirmed an orthorhombic crystal structure across all
samples, with a decrease in crystallite size and an increase in lattice strain due to Fe incorporation. Fourier-
transform infrared (FTIR) spectroscopy revealed consistent Sn—S bonding in both the doped and undoped films.
Scanning electron microscopy (SEM) showed that Fe doping refined the grain size and improved surface
uniformity. At the same time, energy-dispersive X-ray spectroscopy (EDX) confirmed successful Fe integration
into the SnS matrix. Optical analysis revealed enhanced transmittance (~97%) for 5% and 7% Fe-doped films,
along with a tunable direct bandgap ranging from 3.99 to 4.02 eV. These findings highlight the tunable nature of
Fe-doped SnS thin films, suggesting their suitability for photovoltaic and optoelectronic device applications owing
to their improved structural integrity and enhanced optical properties.

Keywords: Fe-doped SnS, crystallite size, SEM, UV-vis spectroscopy, Fourier-transform infrared
spectroscopy

1. INTRODUCTION

Modern technology has broadened the applications of narrow layers owing to their structural,
electrical, and optical versatility [1-3]. These visually appealing objects can vary in thickness, from
almost 200 times thinner than a strand of hair to as wide as a couple of micrometers, and play a
crucial role in many industries, including semiconductors, solar panels, light-emitting diodes,
sensors, and microelectromechanical gadgets (MEMS) [4, 5]. Owing to advancements in film
deposition through sputtering, chemical vapor deposition (CVD), and atomic layer deposition
(ALD), accurate control over the composition, crystallinity, and thickness of thin films in device
manufacturing has become possible [4-6]. These techniques have directly enabled the fabrication of
high-performance transistors, sensors, optical coatings, and energy devices by allowing the precise
engineering of gate oxides, barrier layers, transparent conductive films, and dielectric stacks [4-6].
Furthermore, intriguing quantum effect changes at the boundaries and interfaces can be observed in
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thin films, stimulating research in both experimental and theoretical studies [6, 7]. Thin film
technology is advancing rapidly as people seek smaller, more efficient, and flexible electronics [8].
Sulfide-based semiconductors have gained attention because of their excellent optical and electrical
properties [9-14]. Bi2 S 3, PbS, and ZnS are commonly used in solar energy conversion and infrared
detection because they have direct bandgaps, can effectively absorb sunlight or infrared light, and
exhibit varying electrical conductivities [15—17]. Among these materials, SnS stands out because it
functions as a p-type semiconductor, has good light absorption, possesses a narrow direct band gap,
and is environmentally friendly. In solar energy applications, SnS is useful because of its wide and
direct bandgap of 1.3—1.4 eV and its unusually high light absorption rate, which exceeds 10* cm™
[18, 19]. Owing to its widespread availability, lack of risk, and cost-effective production process,
perovskite is a more attractive and environmentally friendly alternative to popular compounds such
as CdTe and CIGS. Their unique properties, particularly their role in solar energy absorption, have
prompted extensive research, and they can be applied to the manufacture of optoelectronics,
thermoelectrics, lithium-ion batteries, and gas sensors. Several preparation techniques, such as spray
pyrolysis, chemical bath deposition, thermal evaporation, electron beam evaporation, and the SILAR
method, require high temperatures, controlled pressure, toxic reagents, and special devices to prepare
SnS thin films [9-14]. However, spin coating has several advantages over other methods, including
a cost-effective route, minimal material loss, controlled surface morphology, and efficient
production of thin films [5, 6]. The optical properties of SnS films are strongly influenced by Fe
doping, which creates new energy states within the energy bandgap of SnS and improves the
properties of thin films. Numerous studies have reported that Fe doping can tune the optoelectronic
properties of SnS [20-24]. The doped Fe induces tensile stress in the host SnS and creates defects
that subsequently act as electrically active sites. As a result, fast electron charge transfer occurs,
enhancing the solar cell efficiency [20, 21]. This study explores the preparation and enhanced
properties of Fe-doped SnS thin films prepared using the spin-coating technique. While previous
research has examined various dopants in SnS to improve its optical and structural characteristics,
there remains a limited understanding of how iron (Fe) doping specifically influences the
microstructure, surface morphology, and optoelectronic behavior of SnS films prepared via cost-
effective and scalable methods, such as spin coating. The incorporation of Fe significantly altered
the structural, morphological, and optical properties of the SnS thin films compared to those of the
undoped counterparts. This study fills a notable gap in the existing literature by providing a
comprehensive comparative analysis of Fe-doped and undoped SnS films using a simple deposition
method. These findings contribute new insights into the tunability of SnS through transition metal
doping and present a novel route for designing earth-abundant, non-toxic, and efficient materials for
solar energy harvesting applications.

2. MATERIAL SYNTHESIS AND CHARACTERIZATION

2.1. Material Synthesis

Fe-doped SnS thin films were synthesized by the spin-coating method on microscopic glass
substrates. 0.1M (1.128 g) stannous chloride dihydrate (SnCl.-2H-0) and 0.1M (0.38 g) thiourea
were dissolved separately in 25 ml of deionized water and isopropyl alcohol, respectively. The two
solutions were then combined in a 100 ml beaker, to which 10 ml of ammonium chloride (NH4Cl)
was added to enhance the stability of the solution and aid in film formation. Ferric chloride (FeCls)
was added as the doping agent with concentrations set at 5%, 7%, and 9%. These quantities of FeCls
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were incorporated into the mixed solution: 0.0405 grams for 5%, 0.05677 grams for 7%, and 0.07299
grams for 9%.
While stirring, the following reactions produce a SnS mixture solution containing Fe:

SnCly. 2H,0 — Sn* + 2Cl- + 2H,0
CHuN,S +2H,0 — CH3COOH + NH3+ S*
Sn* +S* — SnS
FeCls. 6H,0 — [Fe(H20)5]Cls — [Fe(H20)s]* + 3CI-
SnS+ [Fe(H20)]* — SnS»+ xFe**+ 3xe+ 6H20

The mixture was stirred for 30 minutes and allowed to age for 24 hours. After aging, the dense
solution appeared at the bottom of the beaker. The transparent supernatant solution was thrown out,
and the dense solution was collected to prepare the film by the spin coating technique. 5 drops (~5
ml) of the prepared solution were dropped on the glass substrate using a pipette, and the thin films
were deposited at 1200 rpm for 30 s. Then the slide was heated to 100°C for 15 min. Finally, the
deposited films were annealed at 350 °C for 1 h before carrying out different characterizations.
Figure 1 shows the images of the prepared solution and film:

Solution Preparation Thin Film Deposition Film Characterization

0.1M SnCl,-2H,0 and SnS thin film deposited SEM image showing
0.1 M Thiourea via chemical method film morphology
aqueous solution

Fig. 1: Images of the deposited film.

2.2. Characterization Techniques

The prepared Fe-doped SnS thin films were characterized to evaluate their structural, morphological,
elemental, and optical properties. X-ray diffraction (XRD) analysis was performed using a Philips
Panalytical X’Pert Pro diffractometer with Cu-Ka radiation (A = 1.54059 A) to investigate the
crystallographic structure and phase composition of the films. The obtained diffraction patterns,
analyzed through Bragg’s law, allowed for the determination of crystallite size, lattice parameters,
and crystallographic phases. The surface morphology and elemental composition of the films were
examined using field emission scanning electron microscopy (FESEM, ULTRA 55, Carl Zeiss AG)
and context software. The optical transmittance and absorbance of the films were measured at room
temperature within the range of 300—1200 nm using a Cary 5000 UV-Vis—NIR spectrophotometer.
The optical band gap energies were derived from the absorption spectra via Tauc plots, offering
insights into the films' potential applicability for optoelectronic applications.
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3. RESULTS AND DISCUSSION

3.1 Structural Analysis

Figure 2 represents the XRD patterns of undoped SnS and different concentrations of Fe-doped SnS
thin films. The diffraction peaks for undoped SnS (28) appeared at 26.10°, corresponding to the
(111) plane, confirming the orthorhombic structure of SnS (JCPDS Card no. 39-0354) [19]. There
were no analogous diffraction peaks that appeared for Fe-doped samples, which confirms that the Fe
ions are well-incorporated into the SnS lattice. However, the full width half maximum (FWHM) of
the diffraction peaks becomes broader with the doping concentration increases, which is quite
common for dopants to act as nucleation sites in thin film syntheses and reduces the energy required
to start the growth of thin films. The dopant atoms also influence the structural parameters like
average crystallite size, dislocation density, strain, and lattice parameters were calculated according
to the following equations [20, 21] and the obtained values are listed in Table 1.
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Fig. 2: XRD patterns of undoped and Fe-doped SnS with different concentrations.

Table 1: Crystallite size, dislocation density, and lattice strain of undoped and Fe-doped SnS thin
films

Sample Average Crystallite Dislocation Density, 0 Lattice Strain, €
Size, D (nm) (x10° nm?) (x10%)

Undoped SnS 140 0.052 0.27

5% Fe-doped SnS 88 0.16 0.43

7% Fe-doped SnS 88 0.16 0.43

9% Fe-doped SnS 88 0.16 0.43

The shifting of XRD peaks in Fe-doped SnS thin films is primarily due to lattice distortions caused
by the incorporation of Fe ions into the SnS crystal structure. As Fe** ions, which have a smaller
ionic radius than Sn?* ions, substitute Sn atoms in the lattice, they induce lattice contraction, leading
to a decrease in interplanar spacing. According to Bragg’s law, this results in a shift of the diffraction
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peaks toward higher 26 angles. The dopant concentration influences the extent of this shift;
significant peak shifts are observed at lower doping levels (e.g., 5%), where Fe ions are effectively
incorporated into the lattice. However, as the doping concentration increases further (7% and 9%),
the shift becomes negligible, indicating a possible saturation point where the crystal structure can no
longer accommodate additional Fe without significant strain relaxation or defect compensation.
Despite these shifts, the orthorhombic phase of SnS remains stable, confirming that the fundamental
crystal structure is preserved while local lattice distortions affect peak positions.

The crystallite size was calculated from Scherer’s equation, D = %, Dislocation density (J)
referred to as density defects, was calculated from crystallite size using the formula, § = é. The

Bcos6

strain in the samples was calculated using the relation: € =

size, A is the X-ray wavelength (nm), § is the full width at half maximum intensity (FWHM)
(radian), and 6 is Bragg's diffraction angle of the XRD peak, respectively. The crystallite size of
undoped SnS is measured at 140 nm, which decreases to approximately 88 nm upon Fe doping at
concentrations of 5%, 7%, and 9%. The crystallite size of a material is significantly influenced by
dopant parameters such as type, concentration, and ionic radius of the dopant. When a dopant is
introduced into a host lattice, it creates internal strain, disturbs the crystal growth mechanism, and
generates lattice imperfections. In the case of Fe-doped SnS thin films, the inclusion of Fe ions into
the lattice causes a decrease in crystallite size as Fe atoms occupy Sn lattice sites, disrupt the orderly
growth of crystals, and result in the formation of smaller crystallites [22, 23]. However, beyond a
certain concentration—specifically above 5% Fe doping—the crystallite size remains nearly
constant, indicating a saturation point where additional dopants no longer significantly influence the
growth process, as shown in Fig. 3 [22]. This plateau in structural modification is also reflected in
the dislocation density and microstrain, which show minimal variation beyond 5% Fe, suggesting
that major structural changes predominantly occur at lower doping levels [23, 24, 25]. Importantly,
despite these modifications, the orthorhombic structure of SnS remains stable across various doping
levels, as confirmed by X-ray diffraction analysis. These structural characteristics are crucial in
determining the performance of SnS in optoelectronic and solar cell applications, where controlled
manipulation of crystallite size, defect density, and strain directly affects the material’s optical
absorption and electronic behavior [26].
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Fig. 3: Variation of crystallite size with doping concentration of Fe.
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The graph clearly demonstrates the variation in crystallite size of SnS upon Fe doping at different
concentrations. The mother sample (pure SnS) exhibits the largest crystallite size (~140 nm), which
is significantly reduced upon doping. At 5% Fe:SnS, the crystallite size decreases drastically to
around 90 nm, and further doping at 7% and 9% maintains this reduced size with only slight
variations. This consistent reduction highlights that Fe incorporation effectively suppresses grain
growth, leading to smaller crystallites compared to the undoped material. However, the author should
emphasize the statistical significance of these reductions by providing a comparative analysis
between the mother sample (SnS) and the doped samples. Such an analysis through standard
deviation/error bars or additional statistical tests would strengthen the claim that doping introduces
a meaningful structural modification, rather than random fluctuations in crystallite size. This would
ensure that the observed trend is reliably linked to Fe doping rather than experimental uncertainty.

3.2 Fourier-transform infrared spectroscopy analysis

Figure 4 illustrates the FTIR absorption spectra of the undoped and Fe-doped SnS thin films in the
4004000 cm™ range, revealing eight distinct peaks corresponding to five types of chemical bonds,
all consistently present in the Fe-doped samples [27-32]. A strong absorption at ~3764.65 cm™ is
attributed to the O—H stretching vibration, likely due to environmental or residual moisture [27, 30].
A weaker band near 1609.60 cm™ indicates the presence of hydrocarbons, probably from the
isopropanol used during synthesis [30]. Peaks at 1062.35 cm™ and 1184.24 cm™ are similarly
associated with moisture-related vibrations [27, 30, 33-36], while a notable peak at 480.12 cm™
corresponds to the Sn—S bonds, confirming the formation of SnS in the film [29, 31]. These findings
align with those of previous studies that detail similar vibrational assignments and bonding
characteristics in SnS and doped thin films [27-36]. The presence of all peaks in the Fe-doped films
suggests that doping does not alter the fundamental SnS bonding structure. The vibrational modes
with the respective wavenumbers from the FTIR analysis are listed in Table 2.
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Fig. 4: FTIR spectra of pure SnS and Fe-doped SnS with various percentages.
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Table 2: Vibrational modes with corresponding wavenumbers in FTIR analysis

Vibrational Mode Wavenumber (cm™)
Sn-S stretching 475
C-O-C stretching 1062
C-O stretching 1184
C-H stretching 1609
Sn-S stretching 2373
C-H stretching 2927
O-H stretching 3433
O-H stretching 3764

3.3 Microstructural Analysis

Figure 5 (a—d) presents the SEM surface morphologies and corresponding EDX spectra of undoped
and Fe-doped SnS thin films analyzed at 10 K magnification. The blue arrows in each SEM image
indicate the specific regions selected for EDX elemental analysis. The undoped SnS film (Fig. 5a)
displays large, spherical grains with visible surface cracks, indicating a loosely packed structure.
Upon doping with 5 wt.% Fe (Fig. 5b), the morphology becomes more compact with a notable
reduction in grain size. Further increases in Fe concentration to 7 wt.% and 9 wt.% (Figs. 5c and 5d)
lead to a pronounced morphological transformation, characterized by finer grains and increased
particle density, indicative of enhanced structural disorder. This grain refinement trend is often
attributed to dopant-induced modifications and can be further influenced by processing parameters
such as spin speed and deposition time during the spin coating process. The EDX spectra confirm
the elemental presence of Sn and S in the undoped film, with no detectable Fe peaks, while Fe-doped
films exhibit clear Fe signals, validating successful Fe incorporation into the SnS lattice. Elemental
quantification shows a progressive rise in Fe content from 2.3 wt.% to 15.25 wt.% with increasing
doping levels, accompanied by a corresponding decrease in Sn and S concentrations. The undoped
film exhibits a near-stoichiometric ratio of 98.08 wt.% Sn and 1.92 wt.% S, consistent with previous
reports [37, 38]. The compositional shifts observed with Fe doping are consistent with earlier
findings on Fe-doped SnS systems [39]. These elemental changes are known to influence the optical
and electrical properties of SnS, where Fe doping typically leads to a reduction in the bandgap
energy, thereby enhancing light absorption and charge carrier mobility, which are beneficial for
photovoltaic applications [39, 40]. It is important to note that the deposition technique and substrate
conditions can also significantly affect both the EDX results and film properties [41, 42].

3.4 Optical Properties

The optical transmittance spectra of the undoped and Fe-doped SnS films deposited at 350 °C at
different concentrations are shown in Fig. 6(a). The 5% and 7% Fe-doped SnS exhibited better
optical transmittance properties than their undoped counterparts. The incorporation of Fe led to an
enhancement in transmittance to approximately 97% at lower concentrations, specifically at 5% and
7%. However, the transmittance decreased to 87% at 9% Fe. The variation in optical properties can
be directly related to the crystallite size variation and lattice imperfections [43]. Therefore, the iron
atoms must not be doped above 7% to obtain transparent films. The prepared films exhibited high
transparency, indicating their importance in the manufacture of optoelectronic devices. The variation
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Fig. 5: SEM images and corresponding EDX spectra of (a) undoped SnS, (b) 5% Fe-doped SnS, (¢) 7% Fe-
doped SnS, and (d) 9% Fe-doped SnS thin films. The blue arrow in each SEM image indicates the region
selected for elemental analysis using EDX.
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in the absorption coefficient with wavelength for the undoped and Fe-doped SnS thin films is shown
in Fig. 6(b), which directly reflects the transmittance results. The absorption coefficient values
decreased for Fe doping of 5 and 7% and reached the maximum for 9% Fe doping concentration [43-
45].

The optical bandgap of the undoped and Fe-doped SnS thin films was determined from the
absorbance spectra using Tauc’s method, assuming a direct allowed transition. As illustrated in
Figure 7(a—d), the bandgap energy shows a slight but systematic variation with increasing Fe doping
concentration. The undoped SnS thin film exhibits a bandgap energy of 4.00 eV, which decreases
marginally to 3.99 eV for the 5 wt.% Fe-doped sample. With further doping, the bandgap increases
to 4.01 eV at 7 wt.% and 4.02 eV at 9 wt.% Fe. This trend can be attributed to enhanced carrier
concentration, improved crystallinity, and the Burstein—Moss effect, wherein band filling shifts the
absorption edge toward higher energies. Structural defects and localized states introduced during
deposition may also contribute to these changes by slightly modifying the electronic states near the
band edges. Such tunable bandgap behavior highlights the promise of Fe-doped SnS thin films for
optoelectronic applications requiring tailored absorption and transparency, including ultraviolet
(UV) detectors, solar absorbers, and transparent conducting films. These results are consistent with
previously reported studies [46—50], further confirming the significant influence of Fe doping on the
optical characteristics of SnS.

4. CONCLUSIONS

This study prepared the undoped and Fe-doped SnS thin films by spin coating technique with
different Fe doping contents (0, 5, 7, and 9%). The detailed studies were carried out for their
structural, morphological and optical properties. XRD results clearly demonstrated the orthorhombic
structure of undoped SnS thin film and structure variation due to inclusion of Fe atom into SnS
matrix. FTIR analysis confirms the presence of Sn—S bond in both undoped and doped films. The
surface roughness is observed to increase and grain size reduces with the increasing dopant, Fe
concentration. EDX analysis confirms the presence of Sn, S and Fe in deposited films. Optical
measurements revealed high transmittance (~97%) in the visible range for 5% and 7% Fe-doped SnS
films. The bandgap energy displayed a slight fluctuation with Fe doping, reducing from 4.00 eV in
the undoped film to 3.99 eV at 5% Fe, and subsequently widening to 4.01 eV and 4.02 eV at 7% and
9% Fe, respectively, consistent with Fe-induced modifications in the electronic band structure. These
results confirm that Fe doping is an effective strategy for tailoring the properties of SnS thin films
and enhancing their suitability for optoelectronic applications, particularly in transparent conducting
films and photovoltaic absorbers operating in the near-UV to visible spectral range.
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