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Abstract

Zinc sulfide (ZnS) thin films were deposited on glass substrates using the
spray pyrolysis technique (SPD) with different precursor concentrations (10
to 10"'M). The structural, morphological, compositional, and optical properties
were investigated using X-ray diffraction (XRD), atomic force microscopy
(AFM), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), and
UV-Vis spectroscopy. XRD results revealed a transformation from amorphous
to crystalline cubic ZnS structure with increasing precursor concentration.
FESEM and AFM analyses showed that higher concentrations produced
smoother surfaces with smaller particle sizes. EDX confirmed improved
stoichiometry at higher concentrations. The optical band gap decreased from
4.16 to 3.21 eV as concentration increased, indicating improved crystallinity.
The results demonstrate the precursor concentration significantly influences
the structural and optical properties of ZnS thin films.
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Zinc sulfide (ZnS) is a an important [I-VI semiconductor material that has

attracted considerable attention due to its unique physical and optical properties. These
include a wide direct band gap (~ 3.5 eV), low toxicity, high optical transparency in the
visible region, and good chemical stability [1-2]. ZnS thin films can be prepared using
several deposition techniques, including pulsed laser deposition [3], chemical bath
deposition [4, 5], chemical vapor deposition [6], electrodeposition [7], and spray
pyrolysis [8, 9]. Among these techniques, spry pyrolysis has gained significant interest
due to its simplicity, low cost, stability, and suitability for large area deposition [10,11].
Moreover, this method has been successfully applied to various semiconductor
materials such as SnO [12], ZnO [13], CulnS; [14], and MnIn,S4 [15] Owing to these
properties, ZnS has been widely employed in various optoelectronic applications such
as solar cells, photodetectors, light-emitted diodes (LEDs), laser diodes, and flat-panel
displays [16-18].

ZnS exists in two primary crystalline phases: cubic zinc blend and hexagonal
wurtzite structure [19, 20]. The cubic phase is thermodynamically stable under normal
conditions, whereas the hexagonal phase is typically formed at higher temperatures. The
structural phase strongly influences the optical and electronic properties of the
materials. In general, the optical properties of ZnS thin films are influenced by several
factors, including precursor concentration, deposition parameters, crystallinity, and film
thickness. ZnS thin films are highly transparent in the visible region and exhibit strong
photoluminescence emission, making them promising materials for optoelectronic and
photovoltaic applications [21-23].

2. Methodology

Zinc acetate was used as the zinc precursor and thiourea (NH2CSNH2) was used
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as the sulfur source to prepare ZnS thin films. Appropriate amounts of zinc acetate and
thiourea were dissolved separately in 200 mL distilled water under continuous magnetic
stirring for 15 minutes to prepare aqueous precursor solutions. For every precursor
solution, four different molar concentrations (10, 1073, 102, and 10" M) were prepared.
The solutions were sprayed on clean glass substrates using a spray pyrolysis system.
The temperature of the substrate was held at 400 °C while during deposition, a fixed
distance of 26 cm from nozzle to substrate surface was kept.

The structural, morphological, compositional, and optical characteristics of the
ZnS thin films were assessed after the deposition using X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force microscopy (AFM), Fourier
transform infrared spectroscopy (FTIR), and UV—Visible spectrophotometry techniques.

3. Results and Discussion
3.1. XRD Analysis

The X-ray diffraction (XRD) patterns of ZnS thin films deposited at various
precursor concentrations by the spray pyrolysis technique are shown in Fig. 1. The
comparison clearly shows the effect of precursor concentration on the film's structural
evolution. Both films made at 1x10™ and 1x102% M (Fig. la and b) have broad
diffraction patterns without clear peaks, The lack of discernible sharp diffraction peaks
indicates the absence of long-range crystalline order in the films. Such behavior is
attributed to low precursor concentration, resulting in limited nucleation density and
crystal growth during deposition. Moreover, the deposition rate at these concentrations
was relatively low, which may have contributed to an even thinner film, further
inhibiting crystallization. Meanwhile, the film deposited at 1x102 M (Fig. 1c) exhibits a
diffraction peak on the (111) plane, which indicates crystallization begins. Increasing
the concentration to 1x10" M (Fig. 1d) causes four clear diffraction peaks at 20 of
28.84°, 34.45°, 48.13°, and 56.90° corresponding to (111), (200), (220), and (311)
crystallographic planes, respectively. The intensity of these peaks is in accord with the
standard JCPDS Card No. 05-0566, indicating that cubic ZnS phase (Space Group
P4sm) was obtained [24-27]. As precursor concentration increases, the large number and
high intensity of diffraction peaks imply an increase in crystallinity and structural
refinement. This improvement is attributed to a higher availability of reactant species,
which facilitates nucleation and grain growth. In addition, increased precursor
concentration probably leads to higher film thickness and deposition rate.

When attempting to determine the size of the crystallites based on the XRD data,
the Debye-Scherrer formula is usually utilized is given in Eq. (1) [25]:

kA
~ Bcos@

(D

where D represents the size of the crystallite, k& represents the form factor, A represents
the wavelength of the X-ray, f represents the half maximum intensity in radians, and 0
represents the Bragg angle. When calculating the form factor, k, the shape of the
crystallites is considered, and the value of this factor is determined by the crystal
structure. Table 1 contains a comprehensive listing of the X-ray diffraction parameters
of ZnS thin films.
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Figure 1: XRD of ZnS thin films at a) 1x10* mol and b) 1x107 ¢) 1x107 and d) 1x107" mol of
zinc chloride and thiourea.

Table 1. XRD parameters of ZnS thin films

hkl 20 (°) B (°) d-spacing (A) D (nm)
1x107 111 29.12 0.62 3.05373 13.8
1x10! 111 28.84 0.83 3.09335 10.3

3.2. Field Emission Scanning Electron Microscope (FESEM)

Fig. 2 SEM micrographs of ZnS thin films deposited at various precursor
concentrations. At the lowest concentration (1x10™ M), the surface of the film seems
non-homogeneous and rather rough, with ill-defined features, revealing only a limited
nucleation process followed by an incomplete formation of the film. This morphology
indicates limited precursor availability, leading to lower deposition rate and grain
growth inhibition. At 1 x 10® M concentration, the surface was relatively denser and
began to form domains of granular structures. This transition indicates the
commencement of nucleation and early-stage crystallite formation, because an increased
precursor concentration will yield a larger pool of reactive species to drive crystalline
growth. At 1x102 M, a uniform and denser surface was identified with defined grain
distribution showing better film coverage and an overall crystallinity improvement.
Compared with the control and lower concentrations, higher concentration (1x10™" M)
showed a clear increase in grain sizes, microstructure exhibiting even larger grains with
sharper edges which indicated an increase in crystallite growth and improved structural
ordering.
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The SEM observations support that increasing precursor concentration favors
nucleation and growth of grains resulting in more compact films with enhanced
uniformity and pronounced crystalline features. This morphological transformation
correlates well with the XRD data confirming the conversion of amorphous to
crystalline ZnS with increasing precursor concentration.

SEM MAG: 70.0 kx WD: 5.92 mm MIRA3 TESCAN]| SEM MAG: 70.0 kx WD: 5.92 mm | MIRA3 TESCAN
Det: SE SEM HV: 15.0kV 500 nm Det: SE SEM HV: 15.0kV 500 nm
Date(m/dly): 07/16/23 SUT - FESEM Date(m/dly): 07/16/23 SUT - FESEM

SEM MAG: 70.0 kx WD: 5.91 mm ] MIRA3 TESCAN
SEM MAG: 69.9 kx WD: 5.79 mm MIRA3 TESCAN
Det: SE SEM HV: 150kV 500 nm

Date(m/dly): 07/16/23 SUT - FESEM Date(m/dly): 07/16/23 SUT - FESEM

Det: SE SEM HV: 15.0 kV 500 nm

Figure 2: The FESEM of ZnS thin films at precursors concentration of (a) 1x107, (b) 1x107,
(c) 1x107 and (d) 1x10°" mol of zinc chloride and thiourea.

Table 2 shows the elemental composition of ZnS thin films, which were
analyzed using energy-dispersive X-ray spectroscopy (EDX) as illustrated in Fig. 3. The
presence of Zn, S and O all appear in the spectra for each sample. The film prepared
with the lowest precursor concentration (1x10* M) showed a high oxygen content and
very low sulfur concentration, suggesting that only partial formation of ZnS had
occurred, possibly followed by oxidation of the film surface owing to inadequate
precursor availability. When the precursor concentration increased to 1x107 M, the
oxygen content decreased further and the Zn and S contents were higher than before,
indicating better formation of ZnS phase. The oxygen content was greatly reduced at a
rise to 1x102 and 1 x 10" M, with a significant increase in the atomic percentages of
zinc (Zn) and sulfur (S). At the highest concentration (1x10™" M), sulfur was at 24.87
wt. % and zinc became the main element at 67.85 wt.%. The gradual decrease of
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oxygen followed by the increase in the Zn and S concentrations demonstrates stronger
bond formation between Zn—S and better film stoichiometry at a higher precursor
concentration. This evolutionary composition also confirms the previous suggestions
that growing at higher precursor concentrations may diminish oxygen incorporation,
therefore leading to triggered formation process of well-formed and more perfect ZnS
thin films which are corroborated by XRD and SEM results.

Weight %

W spectrum 35

Figure 3. EDX of ZnS thin films at precursors concentrations: (a) 1x10 4 () 1x10°, (¢)
1x107 and (d) 1x107" mol of zinc chloride and thiourea.

Table 2: EDX results of ZnS thin films.
Sample

Element 1x10* 1x1073 1x10 1x10!
W% | A% | W% A% W% | A% | Wh | A%
0 62.83 | 87.22 | 4835 | 7744 | 8.74 | 23.56 | 7.28 | 20.06
S 042 | 029 | 5.69 4.55 | 23.75 | 31.93 | 24.87 | 34.19
Zn 36.75 | 12.48 | 45.96 | 18.01 | 67.50 | 44.51 | 67.85 | 45.75

3.3. Atomic Force Microscopy (AFM)

Surface morphology and roughness of ZnS thin films with different precursor
amounts were studied using atomic force microscopy (AFM). The two-dimensional
AFM images, three-dimensional AFM images and corresponding histograms of particle
size distribution are presented in Fig. 4. Quantitative roughness parameters like
arithmetic mean height (Sa), root mean square roughness (Sq), and maximum height
(Sz) are listed in Table 3. Results show obvious correlative dependence of particle size
and surface roughness on precursor concentration. In addition, as the concentration
increased to 1x107 M, both average particle size (119.6 nm) and roughness parameters
(Sq = 78.14 nm, Sa = 58.94 nm, Sz = 705.52 nm) showed a reduction indicating that
film formed at lower mass fractions exhibit less surface uniformity compared with low
mass fraction polymerization films.When the concentration was increased to 1x1072 M,
the size of the particles became significantly small i.e. 65.73 nm and roughness values
also decreased (Sq = 24.13 nm, Sa = 19. At the highest concentration (1x10"' M) of 14 h
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with a smoothest surface and smallest particle size (39.03 nm), also showed Sq = 11.04
nm, and Sa = 7.96 nm. The less precursor, the more grains are formed which leads to a
rougher surface. The improved crystal quality observed in the XRD data can be ascribed
to these attributes: smaller particle size and more homogeneous surface at higher
concentrations. In summary, precursor concentration is a significant factor in controlling
the size of particles and surface morphology for ZnS thin films prepared by the spray
pyrolysis method.

3D view of the surface

1000

1500 g 1500
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2972 °

3D view of the surface
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nm 2000
2500
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3D view of the surface

Potyromal  425m

Figure 4: AFM and particle size distribution histogram of ZnS thin films at a) 1x10* mol
and b) 1x107 ¢) 1x107 and d) 1x107" mol of zinc chloride and thiourea.
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Table 3. AFM parameter of ZnS thin films

Particle analysis Roughness analysis
Sample
Mean diameter (nm) Sq(nm) S, (nm) S, (nm)
1x10* 187.2 76.12 584.3 58.21
1x1073 119.6 55.43 3335 43.34
1x102 65.73 24.13 162.1 19.39
1x10! 39.03 11.04 105.6 7.96

3.4. Optical Properties

Precursor concentrations from 110 to 1x10™' M, with results demonstrating a
gradual ramp in optical absorption as precursor concentration increases, as shown in
Fig. 5. The film prepared at 1x10* M had the lowest absorbance, while higher
concentrations showed a marked increase in absorbance, with the highest value attained
at 1x10" M. Higher concentration increases the crystal quality resulting in thicker
films, allowing the light to interact more with the films, leading to an increase in
absorption. Since a higher concentration of precursors gives greater deposition rate and
film density consequently more optical absorption occurs. Additionally, improved
structural packing at higher concentration may facilitate electronic transitions near the
band edge. The optical band gap (E,) of the ZnS thin films was calculated with Tauc’s
relation for direct allowed transitions, Eq. (2) [28]:

(ahv)? = A(hv - Ey) ()

where a is the absorption coefficient, hv is the photon energy, A is a constant and Eg
represents optical band gap. We observe a clear decreasing trend in the band gap values
calculated by UV-Vis spectroscopy with increasing precursor concentration as shown in
Table 4 and illustrated in Fig. 6.

The film with the maximum band gap value, 4.16 eV, was observed for the
deposited which had a molarity of 1 x 107* M. At 1x107* M, this value lowered to 3.91
eV, while at 1x1072 M it witnessed a reduction to 3.63 eV and at the final concentration
of 1107 M it was only about 3.21 eV.

At better band gap values at lower concentrations the films are amorphous &
which is also authenticated through XDR results. Localized states and a broadening of
the optical band gap are illustrated as sources of structural disorder in amorphous
materials. With increasing precursor concentration, the films exhibit greater
crystallinity, leading to improved structural ordering and electronic delocalization. As a
result, structural disorder is significantly reduced, as well as grain growth which leads to
the reduction of the band gap. The correlation between the used amount of precursor,
the films crystallinity and energy band gap in made ZnS thin films in general are clearly
shown by optical results.
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Figure 5: Absorbance spectra of ZnS thin films.
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Figure 6: Band gap energy of ZnS thin films at different solution concentration.

Table 5: Band gap values of ZnS thin films

Sample 1x10* 1x10° 1x102 1x10"!

Eg;(eV) 416 391 3.63 3.21
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3.5. Fourier Transform Infrared Spectroscopy (FTIR)

Functional groups of deposited ZnS thin films were identified and chemical
bonding was confirmed using Fourier transform infrared (FTIR) spectroscopy. Fig. 7
presents FTIR spectra of the samples. All samples showed a wide absorption band
around 3441 cm™ that is due to O—H stretching vibrations which might be related to
absorbed humidity or OH groups on the film surface [29]. Specifically, the peaks
appeared at 2914 cm™ and 2847 cm™ (especially clear for the 1x10~! M sample) can be
attributed to asymmetric and symmetric stretching modes of CH: groups [30],
suggesting that residual organic species from precursor solution possibly exist in
prepared materials. Both the absorption band located at 1601 cm™ can be accounted for
by C=O0 stretching vibrations and the peak detected in the region of 1456 cm™ is due to
asymmetric bending of CHs groups [31]. A band around 1431 cm™ is connected to the
symmetric stretching of zinc carboxylate (COO") groups [32], indicating decomposition
products of zinc precursor. Furthermore, bands appearing around 714-719 cm™ are
designated as in plane rocking motions of (CH:) groups. Notably, the characteristic Zn—
S stretching vibrations were detected around 562 cm™ and also in the range of 489—491
cm™ [33], confirming that ZnS bonds indeed formed in these deposited films. As the
precursor concentration increases further, improved ZnS formation and better
consistency in chemical bonding leads to a more intense appearance of these Zn—S
related peaks. Overall, the FTIR analysis not only affirms the successful growth of ZnS
thin films but also suggests that even low amounts of residual organic groups can occur.
The intensification of the Zn—S vibrational modes at higher concentrations is in
accordance with the enhanced crystallinity found from XRD results
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Figure 7: FTIR spectra of ZnS thin films at different precursors concentration: (a) 13107,
(b) 1x10°, (c) 1x107 and (d) 1x10" mol of zinc chloride and thiourea.

4. Conclusions

ZnS thin films were deposited on glass substrates using the spray pyrolysis
technique with different precursor concentrations. The findings indicate that precursor
concentration is a parameter of choice that controls the structural, morphological,
compositional and optical characteristics of the films. At lower concentrations, the non-
crystalline structure observed by XRD became a distinct crystal shape as concentration
increased. The increase in precursor, respectively, considerably increases the nucleation
sites and allows the films to have smaller grains with smooth and homogeneous surface
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of powders as confirmed by SEM and AFM observations. EDX analysis results
indicated that increased precursor concentrations lead to lower oxygen incorporation, as
well as higher formation of Zn—S bonds, thus improving the stoichiometry and film
purity. Optical measurements revealed that using a higher concentration not only
increased the amount of light that the films can absorb but also narrowed the band gap,
which was consistent with better crystal quality in these films. In conclusion, the study
indicates that varying precursor quantity is an effective way to enhance overall
structural characteristics and optical properties of ZnS nanostructured thin films
obtained via spray pyrolysis thus making this technique promising for optoelectronic
applications.
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