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ABSTRACT
Nanocrystalline Zinc Sulphide (ZnS) thin films were deposited via Chemical Bath Deposition
(CBD) method using varying concentrations of Hydrazine Hydrate (H.H., 0-2.0 M) as a
complexing agent. The earlier studies have typically examined only selected properties, limited
concentration ranges, or a single thermal state (as deposited or annealed), in comparison, the
present work provides the effects of H.H. concentration and post-deposition annealing on
structural, optical, photoluminescence, morphological and compositional properties were
systematically investigated. X-ray Diffraction (XRD) of the precipitated powder confirmed the
formation of cubic-phase ZnS with average crystallite sizes of 4-5 nm. The optical absorption
measurements showed that the direct band gap of as-deposited films increased with H.H.
concentration, consistent with a decrease in particle size due to enhanced nucleation. Annealing
reduced the band gap owing to particle growth and coalescence. Photoluminescence spectra
(excitation at 345 nm) exhibited band-edge emission near 358-360 nm together with defect-
related emissions associated with sulfur and zinc vacancies. Scanning Electron Microscopy (SEM)
revealed that H.H. improves film uniformity, compactness and reduces particle size, while
annealing produces more compact granular morphology. Energy Dispersive X-Ray Analysis
(EDAX) showed that the concentration of H.H. and annealing have a strong influence on the
atomic ratio of Zn and S. The result show that the concentration of hydrazine hydrate is good
parameter to adjust the nanocrystalline properties of ZnS thin films with direct relevance to Cd-
free buffer layers for optoelectronic applications.
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Zinc sulfide is a wide-band-gap II-VI semiconductor with
bulk band-gap energies of approximately 3.54 eV
(cubic/sphalerite) and 3.91 eV (hexagonal/wurtzite) at room
temperature [1-4]. Its high refractive index, excellent
visible-region transmittance, and good chemical stability
render it attractive for electroluminescent devices, flat-
panel displays, sensors, photocatalysis, and especially as a
cadmium-free buffer layer in thin-film solar cells based on
Copper Indium Gallium Selenide (CIGS) Cu (In,Ga)Se₂ and
Copper Zinc Tin Sulfide (CZTS) Cu₂ZnSn(S,Se)₄ [5-8]. When
the crystallite size approaches the exciton Bohr radius of
ZnS (approximately 2.5 nm), quantum confinement effects
become pronounced, enabling size-tunable optical and
electronic properties that are highly desirable for device
engineering. When the crystallite size approaches the
exciton Bohr radius, quantum confinement effects become
pronounced, enabling size-tunable optical and electronic
properties [9,10]. ZnS thin films have been synthesized by
different physical and chemical techniques such as
electrodeposition, sol-gel, magnetron sputtering, atomic
layer deposition, chemical vapor deposition, spray pyrolysis,
Successive Ionic Layer Adsorption and Reaction (SILAR),
sputtering, pulsed laser deposition, CBD, etc. [11-27]. Most
of these methods require vacuum systems, sophisticated
instrumentation, or elevated temperatures, which increase 

 Despite extensive prior work, a comprehensive
understanding of how H.H. concentration simultaneously
governs nucleation density, quantum-confinement effects,
defect-related luminescence, morphology, and Zn/S
stoichiometry remains incomplete. Most previous
investigations examined only selected properties (optical or
morphological), restricted concentration ranges, or a single
thermal state. The present study systematically varies H.H.
concentration from 0 to 2.0 M and evaluates the resulting
changes in both as-deposited and annealed nanocrystalline 

cost and limit substrate choice [28]. Among deposition
techniques, CBD is particularly advantageous because it is
simple, low-cost, requires only mild temperatures (typically
60-90°C), and is suitable for large-area, conformal coatings
on temperature-sensitive substrates [29,30]. In a typical
CBD process of ZnS, zinc salts (sulfate, chloride, or acetate),
thiourea as the sulfur source, and one or more complexing
agents are employed in aqueous alkaline media. Hydrazine
hydrate (N₂H₄·H₂O) is widely used as a complementary
complexing agent. It stabilizes Zn²⁺ ions, modulates the
release of free metal ions, accelerates the deposition rate,
improves film adhesion and uniformity, and suppresses
homogeneous precipitation in the bulk solution. These
functions arise from the dual complexing and mild reducing
character of hydrazine [31,32].

 
Vikram P. Bhalekar¹*, Shivaji M. Sonawane²,Nilesh S. Kanhe  , Ashok B. Nawale3 4

¹Department of Physics, Arts, Science and Commerce College, Rahata, Ahilyanagar
²Department of Physics, Bharatiya Jain Sanghatana's A. S. and C College, Wagholi, Pune
³ Department of Physics, Arts, Commerce and Science College, Satral, Ahilyanagar
  Department of Physics, Govt. Vidarbha Institute of Science and Humanities, Amravati4

mailto:bhalekarvp@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.61577/jnd.2023.100008


 

JOURNAL OF NANOMATERIALS AND DEVICES
2023, VOL. 1, ISSUE 1

Structural analysis

Results and Discussion

J. Nanomater. Devices., 2023, 1, 42-48 © Reseapro Journals 2023

43
https://doi.org/10.61577/jnd.2023.100008

  To assess reproducibility, three independent deposition
runs were performed for each H.H. concentration; optical
band-gap values remained consistent within ± 0.05 eV and
morphological features were visually reproducible.
Precipitate formed in the bath during deposition was
collected by centrifugation, washed, and dried for powder
XRD analysis.

ZnS films on identical sample sets. The work demonstrates
that H.H. concentration is a powerful, independent
parameter for engineering multiple functional properties
relevant to optoelectronic and photovoltaic applications.

  Several recent studies have examined the influence of
complexing agents, including H.H., on CBD-ZnS films [33-
43]. The reported optical changes with complexing-agent
concentration, and other works have focused on pH or
ammonia-free routes [33,36,37,43]. Early kinetic studies
established that the deposition proceeds via the slow
release of S²⁻ from thiourea and the controlled dissociation
of zinc ammine or zinc hydrazine complexes. Doña and
Herrero provided detailed process and film characterization
of CBD-ZnS, highlighting the importance of bath chemistry.
Subsequent work by Oladeji and Chow explored multilayer
CdS/ZnS structures, while Goudarzi et al. demonstrated
ammonia-free routes that still relied on alternative
complexants. More recent investigations have focused
specifically on hydrazine [34]. Kim et al. reported that
hydrazine catalytically enhances the growth rate of ZnS
films intended for CIGS buffer layers and improves film
quality [16]. Lee and Kim examined the effect of hydrazine
as a complexing agent on growth kinetics and film
morphology [35]. Arsad et al. published a comprehensive
review of CBD variables (pH, temperature, complexant
concentration, substrate) and their influence on ZnS film
properties, underscoring the sensitivity of optical and
structural characteristics to bath composition [43]. Other
studies have varied pH, employed alternative complexing
agent such as tri-sodium citrate, or compared CdS and ZnS
films prepared under similar conditions [36,37,39,40].

  Optical band-gap shifts, morphology improvements, and
stoichiometry changes have been reported, yet few works
present comparison of as-deposited versus annealed films
across structural, optical, photoluminescence,
morphological, and compositional domains for a systematic
series of H.H. concentrations. Consequently, the
quantitative relationship between H.H. concentration,
nucleation density, quantum confinement, defect
luminescence, and Zn/S ratio has not been fully mapped.
The present investigation fills this gap by providing a unified
data set and placing the observations in the context of the
existing literature.

Experimental 

Glass substrates (1 × 3 cm²) were cleaned sequentially with
detergent solution, deionized water, acetone and dilute HCl
(1:10), followed by extensive rinsing with deionized water
and drying in an oven at 60 °C. The chemical bath consisted
of an aqueous solution of zinc sulfate heptahydrate
(ZnSO₄·7H₂O, Sigma-Aldrich, ≥ 99 % purity) at 0.2 M,
thiourea (SC(NH₂)₂, Merck, ≥ 99 % purity) at 0.4 M, ammonia
(25 % aqueous solution, Thermo Fisher Scientific, analytical
grade) adjusted to pH 10.5 ± 0.2, and hydrazine hydrate
(N₂H₄·H₂O, Sigma-Aldrich, 80 % purity) at concentrations of
0, 0.5, 1.0, 1.5, and 2.0 M. The total bath volume was 100 mL.
The zinc precursor employed throughout this study was
zinc sulfate. The bath temperature was maintained at 75 ±
2°C with continuous magnetic stirring at 300 rpm.
Substrates were immersed vertically for a fixed deposition
time of 90 min. After deposition, films were rinsed
thoroughly with deionized water and dried in air at room

    Structural characterization was performed using a Rigaku
Miniflex X-ray diffractometer (Japan) with Cu-Kα radiation
(λ = 1.5406 Å) over the 2θ range 20-80°. Optical absorption
spectra were recorded with a Shimadzu UV-2600 UV-Vis
spectrophotometer (Japan) in the 200-1100 nm range.
Photoluminescence (PL) measurements were carried out on
a Horiba FluoroMax-4 spectrofluorometer (Japan/USA) with
an excitation wavelength of 345 nm. Surface morphology
was examined by a JEOL JSM-IT300 scanning electron
microscope (Japan), and elemental composition together
with EDAX spectra were obtained using the same
instrument equipped with an Oxford Instruments energy-
dispersive X-ray spectrometer (United Kingdom).

Figure 1. X-ray diffraction patterns of ZnS powder precipitated at
hydrazine hydrate concentrations of (a) 0 M and with increasing (b) 0.5 M,
(c) 1 M, (d) 1.5 M, (e) 2 M. Peaks are indexed to the cubic (zinc-blende)
phase.

   As-deposited ZnS thin films were too thin to yield clear
XRD peaks. Consequently, the powder precipitated during
film growth was analyzed. Figure 1 shows the XRD patterns
of ZnS powder obtained at different H.H. concentrations.
Diffraction peaks corresponding to the (111), (220), and (311)
planes match the standard JCPDS data (Card No. 05-0566)
for cubic ZnS, confirming the zinc-blende structure [44,45].
A weak peak near 2θ = 36° in the sample prepared without
H.H. is attributed to ZnO impurity.

    Average crystallite size was calculated using the Scherrer
formula:

  Where (D) is the crystallite size, K=0.9, λ= is X-ray
wavelength, θ= Bragg angle and                                          
(FWHM) in radians  ,                                                   [46]. λ= 1.54Å , X-ray wavelength 

temperature. Selected films were annealed in air at 300°C
for 1 h to examine the influence of thermal treatment.
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Figure 3. Optical absorption spectra of annealed ZnS thin films prepared at
different hydrazine hydrate concentrations (a) 0 M and with increasing (b)
0.5 M, (c) 1 M, (d) 1.5 M, (e) 2 M.
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Figure 2. Optical absorption spectra of as-deposited ZnS thin films
prepared at different hydrazine hydrate concentrations (a) 0 M and with
increasing (b) 0.5 M, (c) 1 M, (d) 1.5 M, (e) 2 M.

Photoluminescence analysis

Table 1. The FWHM values of the principal XRD reflection and the
corresponding average crystallite sizes for ZnS powder precipitated
at different H.H. concentrations.
Concentration of H.H. FWHM

0 M 2.93
0.5 M 3.62
1.0 M 3.49
1.5 M 3.14
2.0 M 3.02

  Figure 2 presents the optical absorption spectra of as-
deposited ZnS thin films. The systematic blue-shift of the
absorption edge (increase in direct optical band gap) with
rising H.H. concentration is a direct manifestation of
quantum confinement. Higher nucleation density produces
a larger population of smaller nanoparticles on the
substrate, increasing the effective band gap relative to bulk
cubic ZnS (~3.54 eV).

Optical absorption analysis

  Table 1 lists the FWHM values of the principal XRD
reflection and the corresponding average crystallite sizes.
The Scherrer-derived sizes confirm the nanocrystalline
character of the precipitated ZnS (4-5 nm). The initial rise in
FWHM (smaller effective size) with moderate H.H. addition
reflects increased nucleation density arising from controlled
release of free Zn²⁺ ions and catalytic acceleration of sulfide
formation. At the highest concentrations the reaction
kinetics become excessively rapid, favoring agglomeration
and a modest recovery in apparent size. The weak ZnO-
related feature in the H.H. free sample is consistent with
incomplete suppression of hydroxide pathways in the
absence of the complementary complexant. These trends
align with the established dual role of hydrazine in CBD-ZnS
systems [33,35,36]. Recent reports similarly note that
hydrazine modulates nucleation density, supporting the
observed size variation [35,43]. 

The systematic blue-shift of the absorption edge (increase
in direct optical band gap) with rising H.H. concentration is
a direct manifestation of quantum confinement. Higher
nucleation density produces a larger population of smaller
nanoparticles on the substrate, increasing the effective
band gap relative to bulk cubic ZnS (~3.54 eV). This size-
dependent optical tunability is a hallmark of nanocrystalline
II-VI semiconductors near the exciton Bohr radius [8,47].

   Figure 3 shows a spectrum of annealed films; annealing
produces a red-shift (decrease) of the band gap relative to
the corresponding as-deposited films, attributable to grain
growth and reduction of quantum confinement [13,48]. This
behavior is well documented for annealed CBD-ZnS [49,50].

Figure 4. Room-temperature photoluminescence spectra of (a) as-
deposited and (b) annealed ZnS thin films (excitation 345 nm).

   Figure 4 displays the room-temperature photoluminescence
spectra of (a) as-deposited and (b) annealed ZnS thin films
(excitation 345 nm). The spectra exhibit a near-band-edge
ultraviolet emission (~358 nm) together with defect-related
blue-green bands (~425 nm and ~470 nm) assigned to sulfur
vacancies (Vs) and zinc vacancies (V ) respectively. A weaker
feature near 370 nm is attributable to residual ZnO. Peak
positions are essentially independent of H.H. concentration, 

Zn
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Figure 5. Scanning electron micrographs of as-deposited ZnS thin films
prepared without (a) 0 M and with increasing (b) 0.5 M, (c) 1 M, (d) 1.5 M, (e)
2 M concentrations.

Morphological analysis

Table 2. Atomic percentages of Zn and S obtained by EDAX for as-
deposited and annealed ZnS thin films.

ZnS Zn ZnS S

As-deposited films At Wt % Annealed Films At Wt %

Without H.H 58.04 47.1641.96 52.84
With 0.5M H.H 56.35 50.9343.65 49.07
With 1.0M H.H 54.94 54.3145.26 45.69
With 1.5M H.H 44.82 49.8755.18 50.13
With 2.0M H.H 44.11 55.8255.89 44.18

Energy-dispersive X-ray analysis (EDAX)

  Figure 6 presents the micrographs of annealed films.
Annealing produces larger grains, less distinct boundaries,
and overall densification via coalescence and sintering.
These morphological changes are responsible for the
observed reduction in optical band gap and the modest
modification of photoluminescence intensities [54-56].

indicating that the dominant radiative centers remain the
same; intensity variations reflect changes in defect density
linked to particle size and stoichiometry. Upon annealing, a
slight red-shift of the band-edge emission (to ~360 nm)
corroborates the increase in average particle size. Defect
emissions persist, showing that sulfur and zinc vacancies
are not fully annealed out under the thermal conditions
employed.

  Figure 5 shows scanning electron micrographs of as-
deposited ZnS thin films. Deposition without H.H. yields
incomplete and non-uniform coverage. Addition of H.H.
improves nucleation and growth, producing compact,
uniform films. Particle density increases and particle size
decreases with rising H.H. concentration, in agreement with 

Figure 6. Scanning electron micrographs of annealed ZnS thin films
prepared without (a) 0 M and with increasing (b) 0.5 M, (c) 1 M, (d) 1.5 M, (e)
2 M concentrations.

   Table 2 lists the atomic percentages of Zn and S, in as-
deposited films the progressive decrease in Zn at. % (and
corresponding rise in S) with increasing H.H. concentration
is attributable to the mild reducing action of hydrazine,
which partially reduces Zn  and alters the relative
incorporation rates of the cations and anions [57]. After
annealing the opposite trend (relative Zn enrichment / S
depletion at higher original H.H. levels) is explained by
preferential volatilization of sulfur during thermal
treatment, a well-documented process in nanocrystalline
ZnS [58]. The data demonstrate that both H.H.
concentration and post-deposition annealing provide
independent levers for tuning film stoichiometry, which in
turn influences defect densities and optical response.

2+
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    In figure 4, the spectra display a near-band-edge ultraviolet
emission (~358 nm) together with defect-related blue-green
bands (~ 425 nm and ~ 470 nm) assigned to sulfur vacancies
(Vs) and zinc vacancies (V ) respectively. A weaker feature
near 370 nm is attributable to residual ZnO [51-53]. Peak
positions are essentially independent of H.H. concentration,
indicating that the dominant radiative centers remain the
same; intensity variations reflect changes in defect density
and non-radiative pathways linked to particle size and
stoichiometry and figure 4 the slight red-shift of the band-
edge emission (to ~360 nm) corroborates the increase in
average particle size upon annealing. Defect emissions persist,
showing that sulfur and zinc vacancies are not fully annealed
out under the thermal conditions employed.

Zn

the optical results. The film prepared with 1.0 M H.H.
exhibits particularly favorable granular morphology.

https://doi.org/10.61577/ohmr.2025.100009
https://doi.org/10.61577/jnd.2023.100008


JOURNAL OF NANOMATERIALS AND DEVICES
2023, VOL. 1, ISSUE 1

Discussion

   The structural, optical, morphological, and compositional
results obtained in this work can be interpreted coherently
within the framework of CBD growth kinetics and quantum
confinement physics. Hydrazine hydrate acts  

   These observations are consistent with the catalytic role
of hydrazine reported by Kim et al. and the morphological
improvements noted by Lee and Kim [35,41]. The quantum-
confinement induced blue-shift of the band gap mirrors
trends reported for other nanocrystalline II-VI films near
the Bohr radius. Annealing-induced grain growth and the
consequent red-shift of the band gap align with numerous  
prior studies on thermally treated CBD-ZnS.

 Photoluminescence spectra confirm the presence of
intrinsic vacancies that are only partially annealed out at
300°C, a finding in agreement with earlier luminescence
studies of ZnS nanoparticles. The systematic variation of
Zn/S stoichiometry with both H.H. concentration and
annealing provides an additional degree of freedom for
defect engineering that has received limited attention in
previous reports. 

  Table 3 presents a comparative summary of key results
from selected published studies and the present work. The
present investigation covers a wider and more systematic
H.H. concentration range, reports both as-deposited and
annealed states for the same sample series, and correlates
structural, optical, photoluminescence, morphological, and
compositional data. This multi-property, dual state
approach highlights the novelty of the work and
demonstrates that H.H. concentration is a versatile
parameter for tailoring ZnS thin films for Cd-free buffer-
layer applications.

Table 3. Comparative summary of selected CBD-ZnS studies employing hydrazine hydrate or related complexants.

H.H. range Annealing Properties examined Key findings Reference

Limited Limited Growth rate, morphology Enhanced growth for CIGS [35]

Selected No Morphology, growth Complexant effect [41]

Review Various Multiple variables Sensitivity to bath chemistry [43]

0-2.0 M Yes (300°C) XRD, optical, PL, SEM, EDAX Systematic multi-property tuning This work
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   Figure 7 shows the illustrative EDAX spectra of the 1.0 M
H.H. ZnS thin films confirm the presence of zinc and sulfur
as the primary constituent elements, with characteristic
peaks appearing at the expected energies (Zn L-lines near 1
keV, S K-line near 2.3 keV, and Zn K-lines near 8.6-9.6 keV).
The as-deposited film is slightly zinc-rich (Zn = 54.94 at %, S
= 45.26 at %), while the annealed film shows a modest shift
toward improved stoichiometry (Zn = 54.31 at. %, S = 45.69
at. %). These results indicate that both the hydrazine
hydrate concentration and the post-deposition annealing
treatment influence the Zn/S atomic ratio, consistent with
the controlled incorporation of the elements during CBD
and limited sulfur redistribution upon thermal treatment.

Figure 7. EDAX spectra with 1.0 M H.H of the as-deposited and annealed
ZnS thin films, confirming the presence of Zn and S as the principal
elements and the absence of significant impurities within the detection
limit.

Conclusion

Nanocrystalline cubic ZnS thin films with crystallite sizes of
4-5 nm were successfully deposited by CBD using hydrazine
hydrate as a complexing agent. Increasing H.H.
concentration enhances nucleation density, reduces
particle size, increases optical band gap, and improves film
uniformity and compactness. Annealing promotes grain
growth, reduces band gap, and yields more compact
morphology. Photoluminescence confirms near-band-edge
emission and defect-related transitions associated with S
and Zn vacancies. EDAX reveals systematic changes in Zn/S
ratio controlled by H.H. concentration and annealing. These
results demonstrate that H.H. concentration is a powerful
parameter of nanocrystalline ZnS thin films for opto-
electronic devices.

simultaneously as a complexing agent that stabilizes Zn²⁺
and as a mild reducing agent that accelerates the
formationof free S²⁻ from thiourea. Moderate H.H.
concentrations therefore increase nucleation density,
leading to smaller crystallites, higher optical band gaps, and
improved film compactness, while excessive concentrations
promote rapid bulk precipitation and slight agglomeration.

    The ability to tune crystallite size, optical band gap, defect
density and film stoichiometry simply by adjusting H.H.
concentration offers immediate practical value for the
fabrication of Cd-free ZnS buffer layers in CIGS and CZTS

thin-film solar cells, as well as for electroluminescent
devices, sensors and other optoelectronic applications that
require wide-band-gap, nanocrystalline semiconductor
films. The improved uniformity and compactness achieved
at moderate H.H. concentrations (especially ~1.0 M) are
particularly advantageous for large-area conformal
coatings. 

  Current limitations of the study include the relatively
narrow range of annealing temperatures explored, the
absence of precise in-situ thickness monitoring during
deposition, and the lack of long-term environmental-
stability data. Future work will therefore focus on film-
thickness control, extended thermal and humidity stability
tests, and direct integration of the optimized ZnS layers into
complete photovoltaic devices.

Ethical Statement
No human or animal subjects were involved in this study. All
experimental procedures complied with the institutional
guidelines of the respective departments.
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	Results and Discussion
	Figure 1. X-ray diffraction patterns of ZnS powder precipitated at hydrazine hydrate concentrations of (a) 0 M and with increasing (b) 0.5 M, (c) 1 M, (d) 1.5 M, (e) 2 M. Peaks are indexed to the cubic (zinc-blende) phase.
	As-deposited ZnS thin films were too thin to yield clear XRD peaks. Consequently, the powder precipitated during film growth was analyzed. Figure 1 shows the XRD patterns of ZnS powder obtained at different H.H. concentrations. Diffraction peaks corresponding to the (111), (220), and (311) planes match the standard JCPDS data (Card No. 05-0566) for cubic ZnS, confirming the zinc-blende structure [44,45]. A weak peak near 2θ = 36° in the sample prepared without H.H. is attributed to ZnO impurity.
	Average crystallite size was calculated using the Scherrer formula:
	The systematic blue-shift of the absorption edge (increase in direct optical band gap) with rising H.H. concentration is a direct manifestation of quantum confinement. Higher nucleation density produces a larger population of smaller nanoparticles on the substrate, increasing the effective band gap relative to bulk cubic ZnS (~3.54 eV). This size-dependent optical tunability is a hallmark of nanocrystalline II-VI semiconductors near the exciton Bohr radius [8,47].
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	indicating that the dominant radiative centers remain the same; intensity variations reflect changes in defect density linked to particle size and stoichiometry. Upon annealing, a slight red-shift of the band-edge emission (to ~360 nm) corroborates the increase in average particle size. Defect emissions persist, showing that sulfur and zinc vacancies are not fully annealed out under the thermal conditions employed.
	In figure 4, the spectra display a near-band-edge ultraviolet emission (~358 nm) together with defect-related blue-green bands (~ 425 nm and ~ 470 nm) assigned to sulfur vacancies (Vs) and zinc vacancies (VZn) respectively. A weaker feature near 370 nm is attributable to residual ZnO [51-53]. Peak positions are essentially independent of H.H. concentration, indicating that the dominant radiative centers remain the same; intensity variations reflect changes in defect density and non-radiative pathways linked to particle size and stoichiometry and figure 4 the slight red-shift of the band-edge emission (to ~360 nm) corroborates the increase in average particle size upon annealing. Defect emissions persist, showing that sulfur and zinc vacancies are not fully annealed out under the thermal conditions employed.
	Morphological analysis
	Figure 5 shows scanning electron micrographs of as-deposited ZnS thin films. Deposition without H.H. yields incomplete and non-uniform coverage. Addition of H.H. improves nucleation and growth, producing compact, uniform films. Particle density increases and particle size decreases with rising H.H. concentration, in agreement with
	the optical results. The film prepared with 1.0 M H.H. exhibits particularly favorable granular morphology.
	Figure 6 presents the micrographs of annealed films. Annealing produces larger grains, less distinct boundaries, and overall densification via coalescence and sintering. These morphological changes are responsible for the observed reduction in optical band gap and the modest modification of photoluminescence intensities [54-56].

	Energy-dispersive X-ray analysis (EDAX)
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	Annealed Films At Wt %
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	Zn
	Zn
	Table 2 lists the atomic percentages of Zn and S, in as-deposited films the progressive decrease in Zn at. % (and corresponding rise in S) with increasing H.H. concentration is attributable to the mild reducing action of hydrazine, which partially reduces Zn2+ and alters the relative incorporation rates of the cations and anions [57]. After annealing the opposite trend (relative Zn enrichment / S depletion at higher original H.H. levels) is explained by preferential volatilization of sulfur during thermal treatment, a well-documented process in nanocrystalline ZnS [58]. The data demonstrate that both H.H. concentration and post-deposition annealing provide independent levers for tuning film stoichiometry, which in turn influences defect densities and optical response.
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