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Abstract:

Tungsten disulfide (WS2) thin films were prepared using a sol—gel-assisted spin-coating technique for
structural, morphological, and compositional investigation. Tungsten- and sulfur-based precursors were
used to prepare the precursor solution, which was deposited on the substrate at 2000 rpm for 60 s. The
deposited films were subjected to thermal treatment at 400 °C for 3 h in a closed muffle furnace. The
structural characteristics of the prepared WS: thin films were investigated using X-ray diffraction (XRD),
while surface morphology and elemental composition were examined using scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) respectively. XRD analysis confirmed the
crystalline nature of the deposited film, with the observed diffraction features corresponding to the WS-
crystalline phase. The crystallite size calculated using the Debye—Scherrer equation was 90.91 nm. SEM
analysis revealed a rough, granular, and porous surface morphology comprising nanoscale grains with
intergranular voids and localized agglomeration. EDX analysis confirmed the presence of tungsten and
sulfur along with oxygen. The combined structural, morphological and compositional results establish the
characteristics of the prepared WS. thin-film system and provide a basis for its investigation in surface-
dependent electronic and sensing applications.
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1. Introduction

The development of advanced functional materials with controlled structural, morphological, electrical,
and surface properties has attracted considerable attention for next-generation electronic, sensing, energy,
and optoelectronic technologies [1, 2]. Among the family of transition-metal dichalcogenides (TMDs),
tungsten disulfide (WS:) has emerged as an important layered semiconductor because of its distinctive
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crystal structure, thickness-dependent electronic properties, high surface-to-volume ratio, chemical
stability, and strong interaction with electromagnetic radiation [2-4]. WS: belongs to the MX: class of
TMDs, in which a tungsten (W) atomic layer is sandwiched between two sulfur (S) atomic layers. Within
an individual S-W-S layer, strong W-S bonding maintains the structural framework, whereas adjacent
layers interact through weak van der Waals forces. This layered configuration produces an anisotropic
material structure and facilitates the formation of thin films, nanosheets, and few-layer structures [5, 6].

WS: exhibits several polymorphic forms, among which the semiconducting 2H phase is particularly
important for electronic and sensing applications. The 2H phase possesses a hexagonal structure and
consists of trigonal-prismatic coordination around the tungsten atoms. The electronic structure of WS: is
strongly dependent on the number of layers. Bulk and multilayer WS: exhibit an indirect band-gap
transition, whereas reduction toward the monolayer regime produces a direct band gap of approximately
2 eV [6, 7]. This thickness-dependent electronic structure is accompanied by strong excitonic effects, high
carrier mobility, substantial light absorption, and pronounced light—-matter interaction. These
characteristics have established WS. as an important material for ficld-effect transistors, photodetectors,
light-emitting devices, memory devices, optical modulators, and different sensing platforms [7-9]. The
structural characteristics of WS: strongly influence its functional performance. Crystal phase, crystallinity,
crystallite dimensions, lattice arrangement, defects, grain boundaries, and preferential orientation
determine charge transport and surface-related interactions. In thin-film systems, grain size and
intergranular regions are particularly significant because they control the density of active surface sites
and pathways for charge transport. A nanostructured WS: surface containing interconnected grains and
surface voids provides an increased accessible surface area for adsorption and interfacial reactions. Defect
sites, sulfur vacancies, and edge sites further modify the electronic structure and surface reactivity of WSa.
Recent studies have highlighted defect engineering and controlled incorporation of impurities as important
approaches for tailoring the electrical and optoelectronic characteristics of WS: [10, 11].

The preparation method plays an important role in controlling the structural and morphological
characteristics of WS thin films. Various techniques have been investigated, including chemical
deposition, sputtering followed by sulfurization, chemical vapor deposition, hydrothermal synthesis, and
other solution-based approaches. Vapor-phase techniques provide effective control over layer thickness
and crystalline quality, while solution-based methods offer relatively simple processing and compatibility
with large-area deposition [12, 13]. Earlier investigations demonstrated the formation of crystalline WS2
thin films through chemical deposition, while more recent studies have focused on controlled growth of
layered WS: films and nanosheets. The selection of deposition parameters such as precursor chemistry,
concentration, substrate condition, deposition rate, spinning speed, thermal treatment, and atmosphere
directly influences nucleation, grain growth, phase formation, and surface morphology [14, 15]. Among
solution-processing approaches, the sol—gel-assisted spin-coating technique provides a simple route for
producing uniform thin films with controlled deposition conditions. In this method, tungsten- and sulfur-
containing precursors are converted into a homogeneous precursor solution, followed by deposition onto
a suitable substrate through controlled spinning [16, 17]. The centrifugal force generated during spin
coating distributes the precursor over the substrate surface and determines the initial film thickness and
uniformity. Parameters such as spinning speed and coating duration influence solvent evaporation,
precursor distribution, nucleation density, and the resulting film morphology. Subsequent thermal
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treatment promotes solvent removal, decomposition of precursor species, diffusion of constituent atoms,
and development of the crystalline phase. WS is also of considerable interest for sensing applications
because its layered structure provides a large exposed surface and abundant adsorption sites. Gas
molecules interacting with the WS: surface modify the local charge distribution and carrier concentration,
producing measurable changes in electrical conductivity or resistance. Surface defects, grain boundaries,
and edge sites influence the adsorption and desorption processes and therefore affect sensor response and
recovery characteristics [14-16]. WS:-based materials have been investigated for the detection of gases
and other environmental species, including through composite structures with metal oxides and carbon-
based materials. Despite extensive research on two-dimensional WS, the relationship between the
deposition conditions, crystalline structure, surface morphology, and elemental composition of solution-
processed WS: thin films requires systematic investigation [16-18]. In particular, understanding the
surface morphology and elemental composition after thermal treatment is important because oxygen-
containing species and surface oxidation influence the chemical and electronic characteristics of WSa.
Therefore, the present work focuses on the preparation and characterization of WS: thin films using a sol—
gel-assisted spin-coating technique.

2. Material and method

2.1 Synthesis and development of WS: thin films

WS: thin films were prepared using a sol—gel-assisted spin-coating technique. Analytical-grade sodium
tungstate (Na2WQa4, 0.25 M) and sodium thiosulfate (Na2S20s, 0.25 N) were used as tungsten and sulfur
precursors respectively. Double-distilled water was used as the solvent, and citric acid (CeHsO7, 1 M) was
incorporated as a complexing agent to improve the homogeneity and stability of the precursor sol. 10 mL
0of Na2WOs4, 20 mL of Na=S20s, 5 mL of citric acid, and 5 mL of 25% hydrazine hydrate were mixed under
continuous stirring, and the final volume was adjusted to 100 mL using double-distilled water [19, 20].
The resulting homogeneous sol was deposited onto cleaned glass substrates by spin coating at 1000 rpm
for 60 s and dried under an IR lamp. The coated films were subsequently annealed at 400 °C for 3 hin a
closed muffle furnace to promote crystallization and formation of the WS thin-film structure [20, 21].
The prepared films were characterized using XRD, SEM and EDX to investigate their structural,
morphological and elemental characteristics.

3. Result and Discussion

3.1 Scanning Electron Microscopy

Figure 1(a—d) presents the SEM micrographs of the WS: thin film recorded at different magnifications of
1000x, 3000%, 5000x and 10,000x respectively. At 1000x [Fig. 1(a)], the surface exhibits a continuous
and highly textured morphology consisting of fine particles distributed across the substrate, together with
several interconnected voids [22, 23]. The higher-magnification image at 3000x [Fig. 1(b)] reveals a dense
population of nanosized grains with noticeable intergranular spaces and localized agglomeration. At
5000x [Fig. 1(c)], the individual WS- particles become more clearly distinguishable, with numerous fine
grains surrounding relatively larger agglomerated regions [24, 25]. The 10,000 image [Fig. 1(d)] provides
clear evidence of nanoscale granular features and interconnected surface gaps. The presence of these
interparticle voids and rough surface features increases the accessible surface area of the film and provides
a larger number of active sites for surface adsorption, which is particularly important for gas-sensing
applications. The progressive appearance of smaller grains at higher magnification indicates a
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heterogeneous nanostructured surface with a high density of grain boundaries [21-25]. Such grain
boundaries provide preferential sites for interaction between the WS surface and adsorbed gas molecules,
thereby influencing the electrical resistance and sensing response of the film.
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Figure 1 (a-d): SEM micrograph of WS; thin films at different magnifications

3.2 Energy-dispersive X-ray spectroscopy

Figure 2 presents the EDX spectrum of the prepared WS: thin film, while the corresponding elemental
composition is summarized in Table 1. Distinct characteristic peaks associated with tungsten (W), sulfur
(S) and oxygen (O) are observed in the spectrum, confirming the presence of these elements within the
analyzed film [26, 27]. The quantitative EDX analysis gives 40.07 wt.% W, 11.45wt.% S, and 48.48 wt.%
O, corresponding to 6.05 at.% W, 9.90 at.% S, and 84.05 at.% O respectively. The tungsten and sulfur
signals verify the incorporation of the principal constituent elements of WS: in the deposited film. The
relatively high oxygen content requires consideration of the thermal processing conditions [28, 29]. The
films were annealed at 400 °C for 3 h in a closed muffle furnace. At 400 °C, surface oxidation of WS:
produces oxygen-containing tungsten species, while oxygen adsorption and incorporation at surface
defects and grain boundaries also contribute to the measured oxygen signal.
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Figure 2: EDX spectra of WS thin films

Table 1. EDX elemental composition of WS. thin film

Element Weight % Atomic %
0] 48.48 84.05
S 11.45 9.90
wW 40.07 6.05
Total 100.00 100.00

EDX probes a finite interaction volume, so oxygen-containing species from the substrate or surface layer
can contribute to the measured composition depending on the film thickness and electron-beam
penetration depth. Thus, the oxygen signal is associated with the thermal treatment environment, surface
oxidation, and possible substrate contribution, rather than being attributed exclusively to WS itself. The
EDX spectrum does not show evidence of additional metallic elements, indicating that W and S constitute
the principal elements of the WS2-derived film [30, 31]. The observed elemental composition, together
with the structural and morphological characterization, provides evidence for the formation of a tungsten—
sulfur-based thin-film system with a significant oxygen-containing surface or near-surface component.

3.3 X-ray diffraction

Figure 3 shows the XRD pattern of the prepared WS: thin film recorded over the 20 range of 10-80°. The
diffraction pattern exhibits several well-defined reflections, indicating the crystalline nature of the
deposited film. The characteristic reflections of hexagonal 2H-WS:. are reported in the literature at
approximately 14.3°, 28.9°, 32.8-33.6°, 39.5°, 43.9°, 49.6°, 58.4-60° and higher angles, which are
indexed to the (002), (004), (100), (101), (103), (006), (105) and (008) planes respectively, according to
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JCPDS Card No. 08-0237 [32, 33]. The 2H-WS: phase possesses a hexagonal structure with P6s/mmc
space group. The intense (002) reflection near 14.3° represents the characteristic basal-plane reflection of
layered WS: and indicates preferential orientation along the c-axis when it dominates the diffraction
pattern.
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Figure 3: XRD pattern of WS thin films

The crystallite size of the WS. thin film was calculated from the full width at half maximum (FWHM) of
the principal diffraction peak using the Debye—Scherrer equation 1 [34],

D=KA\/Bcoso Eq.1.
Where,

D is the crystallite size, Kis the shape factor (0.9), A is the wavelength of Cu Ka radiation (0.15406 nm),
B is the FWHM of the diffraction peak in radians, and 6 is the corresponding Bragg angle.

For the WS: thin film, the measured FWHM was 0.1032°, which corresponds to approximately 0.001802
rad. Using the corresponding diffraction angle, the calculated crystallite size was 90.91 nm. The relatively
narrow FWHM indicates well-developed crystalline domains and comparatively low peak broadening [29,
31]. The calculated crystallite size represents the average coherent diffraction-domain size rather than the
physical particle or grain size observed in SEM. The large crystallite size is consistent with the distinct
and sharp diffraction features observed in the XRD pattern, whereas the SEM micrograph shows nanoscale
surface grains and agglomerated regions [34-36]. Thus, the XRD and SEM results describe different
structural length scales: XRD provides the average coherent crystalline-domain size, while SEM provides
information about surface morphology and grain/agglomerate features.
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Conclusions

WS: thin films were successfully synthesized using a sol—gel-assisted spin-coating technique employing
sodium tungstate and sodium thiosulfate as tungsten and sulfur precursors, respectively. The films were
deposited at 1000 rpm for 60 s and annealed at 400 °C for 3 h in a closed muffle furnace. XRD analysis
confirmed the crystalline nature of the prepared WS: thin film, with a FWHM of 0.1032° and an average
crystallite size of 90.91 nm calculated using the Debye—Scherrer equation. SEM analysis revealed a
textured granular surface with nanoscale grains, intergranular voids, and agglomerated regions, providing
a high density of surface-active sites. EDX analysis confirmed the presence of W, S and O, with the oxygen
signal associated with the oxygen-containing thermal environment and surface oxidation during annealing.
The combined structural, morphological, and compositional results demonstrate the successful
development of a crystalline WS.-based thin-film system with a textured surface suitable for further
investigation in gas-sensing, electronic, and surface-dependent applications.
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