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Zinc oxide (ZnO) has emerged as a promising material for applications in photocatalysis, energy devices,
gas sensors, healthcare, and environmental technologies due to its unique physicochemical properties.
The performance of ZnO thin films is strongly dependent on the fabrication technique, which governs
morphology, surface reactivity, and functional characteristics. This comparative study highlights three
solution-based deposition techniques, namely electrospinning, drop-casting, and spin-coating, for the
ZnO thin film preparation, followed by hydrothermal treatment to improve crystallinity. Optimized
precursor concentrations of 50 mg/mL polyvinyl alcohol and 100 mg/mL Zn(Ac), were used for
electrospinning, while drop-casting enabled the study of varying hydrothermal conditions. Surface
morphology and topography were analyzed using scanning electron microscopy and optical profilometry.
Results revealed that spin-coating at 4000 rpm produced highly uniform, thin films with flower-like
nanostructures, reduced roughness, and controlled thickness. In contrast, drop-casting resulted in
elongated nanorod assemblies with non-uniform distribution, while electrospinning generated
disordered, fibrous morphologies with significant irregularities. Fourier-transform infrared spectroscopy
confirmed ZnO growth. Overall, spin-coating demonstrated superior control over film morphology and
quality, establishing it as the most effective deposition method for ZnO thin films in sensor fabrication.
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Introduction

Zinc Oxide (Zn0), a widely studied metal oxide, has gained substantial attention due to its intrinsic n-type
semiconductor characteristics. Its wide band gap energy (3.3 eV) and high exciton binding energy (60
meV) provide enhanced surface reactivity, making ZnO highly effective for optoelectronic and gas sensing
applications, particularly for detecting hydrogen, ammonia, and nitrogen dioxide gases [1]. ZnO possesses
a structurally stable framework and a high isoelectric point, which enable superior responsiveness and
reliability in biosensing when compared with other metal oxides. Also, a high surface-to-volume ratio
further enhances their chemical reactivity and sensing performance, superior to metal oxides like tin,
indium, titanium, ferric, and copper oxides. Furthermore, the material exhibits strong ultraviolet (UV)
absorption, enabling its integration into UV detectors, lasers, and light-emitting diodes [2]. Beyond
electronics, ZnO demonstrates exceptional versatility across solar cells, touch screens, piezoelectric
devices, and biomedical systems, with nanoparticles proven to be biocompatible with human cells [3]. It
can be synthesized at relatively low temperatures with controlled growth, making it advantageous for
diverse structural and functional applications. The resulting nanostructures are chemically and thermally
stable under diverse conditions, which is crucial for structural, physical, and functional performance [4].
Moreover, ZnO nanostructures are also known for their morphological diversity, forming nanorods,
nanowires, nanosheets, and nanoflowers, with each morphology imparting unique physicochemical and
device-specific properties [5]. A wide range of fabrication strategies has been reported for ZnO thin films,
including sol-gel processing, hydrothermal synthesis, sputtering, pulsed laser deposition, and chemical or
physical vapor deposition [6]. Nanoparticles can be produced by physical (laser ablation, sputtering,
thermal treatment, electrodeposition), chemical (sol-gel, precipitation, hydrothermal), or biological (plant
extract or microbial-assisted) approaches [7,8]. Among these, hydrothermal synthesis is particularly
advantageous, enabling cost-effective, substrate-supported ZnO growth under controlled conditions in a
Teflon-lined autoclave [9]. The presence of surface hydroxyl groups and efficient electron-hole generation
gives ZnO a strong affinity toward nitrogen-containing polar groups. Structurally, ZnO comprises
tetrahedrally coordinated 02" and Zn?* ions, with surfaces exhibiting negatively charged polar planes and
positively charged planes, which further influence its sensing behavior [10]. Furthermore, ZnO-based
sensors have demonstrated rapid, stable, and sensitive responses for gases such as hydrogen sulfide and
ethanol. Common zinc precursors include zinc acetate, zinc chloride, zinc nitrate, and zinc sulfate,
typically dissolved in solvents such as deionized water or alcohols (ethanol, methanol, or propanol). Their
high stability, rapid response, and sensitivity further make them suitable for diverse applications. In a
study, solvothermal synthesis of ZnO nanostructures, Zn(Ac),, was used as a primary precursor with
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different alcohols like butanol, hexanol, octanol, and decanol as solvent media. This demonstrates that
synthesis conditions with higher temperature and concentration enhanced the crystal growth with longer
lengths of nanorods, while the aspect ratio was affected by the dissolving medium [6]. A study reported
the growth of ZnO nanoparticles via a sol-gel route using ethanolic zinc acetate and lithium hydroxide as
precursors. The synthesis process was highly sensitive to parameters such as temperature, water content,
and precursor concentration. Stating that a minimal amount of water was essential to initiate nucleation,
whereas excess water inhibited ZnO formation [7]. In another study, a comparison was made with aqueous
Zn(Ac), with ammonia and zinc nitrate with 1,3-hexamethylenetetramine. Both formed hexagonal rod-
like structures through the formation of layered basic zinc salts as intermediates, achieved through
different pathways. This highlights the fact that the choice of precursor and pH play a decisive role in the
morphology of ZnO nanostructures [8]. Doping plays an important role in tailoring ZnO functional
attributes. Group 13 elements like gallium and indium ions enhance n-type conductivity when doped with
ZnO [9]. A related study shows that trivalent dopants like chromium and yttrium co-doped ZnO enable
dielectric modulation [10]. Monovalent dopants like lithium, sodium, and potassium reduce oxygen
vacancies, thereby improving optical quality [11]. Divalent ions like magnesium and cadmium alter
structural and optical properties and are effective in near UV and blue optoelectronics [12]. So, there is an
impending necessity to optimize the ZnO deposition techniques, stating the importance of ZnO in
versatile applications. The growth requires optimization with the reaction parameters, including precursor
type, temperature, reaction time, and solution concentration, which significantly influence the final
nanostructure. In this study, three solution-based deposition methods, namely electrospinning, drop-
casting, and spin-coating, are investigated for ZnO thin film fabrication. These methods employ non-
toxic, cost-effective, and abundantly available precursors, making them favorable for scalable production
[13]. To improve film quality and crystallinity, post-deposition hydrothermal treatment was applied under
controlled conditions. Since the functional performance of ZnO is strongly influenced by its structural
properties, this work systematically evaluates the selected deposition techniques to assess their suitability
for different application requirements, highlighting distinct advantages in terms of scalability, film
morphology, and processing conditions.

Materials And Methods

Sample preparation

All chemicals used in this study were of analytical grade and used without any further purification. The
primary precursors included Zinc Acetate Dihydrate [Zn(Ac);], polyvinyl alcohol (PVA) and the dissolving

medium is deionized water [14,15]. Glass substrates served as the deposition medium. A homogeneous
solution was obtained under mild heating, with continuous stirring at 800 rpm for 24 h in a magnetic
stirrer. The deposition techniques, namely electrospinning, drop-casting, and spin-coating, are discussed
below.

Electrospinning

To optimize the electrospinning process, the materials were uniformly dispersed in deionized water (D.D.
H»0), and multiple trials were carried out to determine suitable precursor concentrations. PVA solutions
were prepared at 50, 100, 150, and 200 mg/ml and electrospun individually. For composite formulations,
PVA and Zn(Ac), were tested in the following combinations (mg/ml): (50,100), (100,100), (150,100), and
(200,100). All precursor solutions were stirred for 1 h under mild heating to ensure uniform dispersion
[10]. The prepared solutions were deposited onto a substrate supported by aluminum foil and dried under
ambient conditions. Electrospinning was performed using the ESPIN-NANO system with an applied
voltage of 20 kV, a flow rate of 1 ml/h, and a 5 ml syringe as the feed reservoir [16]. Rheology of the
precursor solution was carried out before electrospinning. The viscosity of the precursor solutions was
measured using a Brookfield rotational viscometer at a controlled temperature. Surface tension
measurements were performed using a drop volume tensiometer. The electrical conductivity of the
solutions was determined using a portable multiparameter conductivity meter (Hanna Instruments, Model
HI98195), following instrument calibration before measurement. Hydrothermal treatment was carried out
only on the best electrospun sample.

Drop-casting

For the drop-casting method, a precursor solution of Zn(Ac), and PVA in deionized water (50 and 100
mg/mL, respectively) was prepared by stirring at 700 rpm under mild heating. The solution was then drop-
cast onto a glass substrate and annealed at 70°C until a uniform thin film was obtained. The coated
substrate was subsequently subjected to hydrothermal treatment in a Teflon-lined stainless-steel
autoclave containing the same precursor solution. Different hydrothermal conditions were explored: (i)
90°C for 4 h, (ii) 110°C for 4 h, (iii) 130°C for 4 h, (iv) 150°C for 3 h, and (v) 85°C for 17 h. Following
treatment, all substrates were dried at room temperature [17].

Spin-coating
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In the spin-coating method, a 100 pl aliquot of the precursor solution, obtained by mixing for uniform
dispersion with mild heat (Zn(Ac)2:PVA-50 mg/ml and 100 mg/ml), was coated using an HDLMARC Spin
Coater (Model: HO-TH-05). Four samples were spin-coated at 1500, 2000, 3000, and 4500 revolutions per
minute (rpm) each for 30 s with acceleration at 150 rpm/s [18].

The films from each deposition technique were subjected to detailed characterization. Scanning Electron
Microscopy (SEM) was used to investigate the surface morphology and confirm the formation of
hierarchical ZnO structures. The topography and thickness of the spin-coated samples were measured
using profilometry in Vision 4 software, BRUKER Contour GT Optical Profilometer. Fourier Transform
Infrared (FTIR) Spectroscopy was employed using Shimadzu IRTracer-100 with CMAT to identify
functional groups and verify interactions between the metal oxide framework and the polymeric matrix.
X-ray diffraction (XRD) analysis was carried out using a Thermo Scientific X-ray Diffractometer to identify
and analyze the crystalline nature of the material.

Results And Discussion
Deposition techniques

The electrospun solution at a concentration of 50 mg/ml PVA and 100 mg/ml Zn(Ac) 5 had optimal
extrusion from the syringe as shown in Table / and was further grown hydrothermally at 135°C for 8
h [19]. This optimized precursor concentration was subsequently employed for drop-casting and spin-
coating onto the substrates.

S. . Viscosity Conductivity Surface Tension )
Composition (mg/ml) Observations
No (Pa-s) (uS/cm) (mN/m)
1 PVA 50 29-35 589+0.5 335+£05 Too dilute, extruded as droplets
2 PVA 100 30-46 120+ 2.5 36.1+25 Extruded in watery form, unstable filaments
3 PVA 150 32-79 171+ 0.5 37617 Very viscous, poor extrusion
4 PVA 200 100-180 253+0.7 40.2+0.5 Highly viscous, not suitable for extrusion
Optimal: Smooth extrusion with initial filament
5 PVA 50 + Zn(Ac)2 100 110-170 9440 + 2.5 475+17 i )
formation
PVA 100 + Zn(Ac)2
6 100 70-90 8300 +4.0 48.3+0.6 Discontinuous film formation obtained
PVA 150 + Zn(Ac)2
7 100 180-230 6800 + 1.6 492+13 Excess viscosity, extrusion hindered
PVA 200 + Zn(Ac)2
8 100 150-190 5000+ 1.9 51+0.75 Highly viscous, not extrudable
PVA 100 + Zn(Ac), Partial improvement, slight filaments, but mostly
9 40-56 300 +4.0 224+15
100 watery

TABLE 1: Extrusion of solution through electrospinning

Optical profilometry

This process facilitated uniform spreading and strong adhesion of the ZnO thin films onto the substrate.
The spin-coated samples were subsequently examined in detail to evaluate surface roughness and
topography using both two-dimensional (2D) and three-dimensional (3D) analyses. Figure 1, Figure 2,
Figure 3, and Figure 4 present the 3D images of spin-coated films obtained at 1500, 2000, 3000, and 4000
rpm, respectively. The corresponding 2D surface roughness parameters of the films spin-coated at the
same speeds for 30 s are summarized in Table 2 as Samples 1-4. The tabulated values include root mean
square roughness (Rq), average roughness (Ra), total roughness (Rt), maximum peak height (Rp), and
maximum valley depth (Rv).
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FIGURE 1: Representation of optical profilometry of sample at 1500 rpm

FIGURE 2: Representation of optical profilometry of sample at 2000 rpm
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FIGURE 3: Representation of optical profilometry of sample at 3000 rpm

FIGURE 4: Representation of optical profilometry of sample at 4000 rpm

Analysis of Table 2 indicates that surface roughness in the X-profile decreases progressively with
increasing spin speed. At lower rpm (e.g., 1500 rpm), the films exhibit higher roughness, associated with
greater thickness and less uniformity. Conversely, at higher rpm (e.g., 4000 rpm), smoother and more
uniform films are obtained due to the formation of thinner layers. The suitability of different thicknesses
depends on the intended application of ZnO films. For instance, in gas-sensing applications, films spin-
coated at 4000 rpm for 30 s are particularly advantageous, as their uniformity, reduced thickness result in
lower resistance and improved conductivity.

Spin-coating affects the film thickness, uniformity, and surface morphology. In the current system, the
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precursor solution of PVA and Zn(Ac),, at concentrations of 50 and 100 mg/ml in distilled water, spreads

across the substrate under centrifugal force. Consequently, the spin speed and the volume of solution
dispensed directly influence the final film thickness. The glass substrate, being flat and with high surface
energy, encourages rapid wetting of the liquid precursor and even spreading of the solution during
rotation. As the spin speed increases, the outward radial flow and solvent evaporation rate are boosted,
resulting in a thinner film. Thinner films show fewer vertical height fluctuations (Rp), meaning higher
spin speeds generally produce smoother surfaces, as reflected in lower average roughness (Ra) and root-
mean-square roughness (Rq), due to better leveling before solidification.

Rq (um) Ra (um) Rt (um) Rp (um) Rv (um)
2.36 2.28 9.06 4.55 452
0.72 0.59 3.06 4.57 1.51
0.61 0.47 4.04 3.00 -0.94
0.27 0.23 1.69 1.17 -0.52
0.41 0.34 2.03 1.65 -0.72
0.44 0.40 1.80 1.01 -0.79
0.29 0.28 1.09 0.37 -0.37
0.10 0.08 0.83 0.43 -0.41

TABLE 2: Surface roughness and topographical parameters of spin-coated ZnO films

Sample 1-1500 rpm; 2-2000 rpm; 3-3000 rpm; 4-4000 rpm

Scanning electron microscopy

The SEM analysis highlights the hierarchical growth of Zinc Oxide (ZnO) nanostructures, which is pivotal
for enhancing charge transport and facilitating gas adsorption. The glass substrate was gold sputtered at
30 mA to a thickness of 10 nm prior to taking the SEM. The morphological variations observed across
electrospinning, drop-casting, and spin-coating demonstrate the strong influence of deposition
techniques on the structural and functional properties of ZnO films. Figure 5 to Figure 10 show images of
the distinct morphologies obtained by electrospun, drop-casted, and spin-coated samples.

Figure 5 shows the sample prepared by electrospinning, exhibiting a highly irregular, fibrous morphology.
The structure appears largely amorphous with ZnO dispersed within the polymeric matrix as rod-shaped
non-uniform crystallites with mixed spherical and irregular growth. The non-uniform distribution is
attributed to rapid solvent evaporation during the electrospinning process. While crystallinity is poor,
such disordered morphologies can be beneficial for catalytic degradation applications due to the higher
defect density and active surface sites.

Figure 6, Figure 7, Figure 8, and Figure 9 correspond to the drop-cast films of samples (i, i, iii, and iv),
respectively. Figure 6 signifies an irregular, porous, and non-uniform structural arrangement. Figure 7
presents well-defined, elongated nanorods arranged in a relatively uniform pattern, which is favorable for
gas sensing applications owing to the high aspect ratio and active surface exposure [20,21]. In contrast,
Figure 8 displays nanosheets with sharp, spike-like edges and enhanced crystallinity, making them
suitable for optoelectronic and photocatalytic applications, where charge transfer is critical [22,23]. In
Figure 9, the ZnO films exhibit a flower-like arrangement with high surface reactivity and excellent
electron mobility, rendering them suitable for gas sensing. Thus, the temperature of the hydrothermal
treatment plays a major role in the morphology of the structures.

The morphology of the good spin-coated sample from the profilometry study, showcased in Figure 10,
evolves into densely packed flower-like structures, providing a larger surface-to-volume ratio and
improved electron connectivity. These hierarchical nanostructures enhance surface-active sites, which
facilitate charge transfer, and are highly advantageous for UV detectors and energy devices [24].
Controlled nucleation achieved through optimized hydrothermal treatment after spin coating enhances
the crystallinity and functional stability of ZnO thin films. Compared to the other two deposition
techniques, spin coating produces a more uniform morphology, thereby improving the overall functional
performance of the substrate.
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FIGURE 6: Morphology of ZnO obtained through drop-casting-sample (i)
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FIGURE 7: Morphology of ZnO obtained through drop-casting-sample
(ii)

FIGURE 8: Morphology of ZnO obtained through drop-casting-sample
(iii)
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FIGURE 9: Morphology of ZnO obtained through drop-casting-sample
(iv)

FIGURE 10: Morphology of ZnO obtained through spin coating

Fourier Transform Infrared Spectroscopy

FTIR spectroscopy was carried out in the range of 400-4000 cm™ to identify the functional groups present
in the sensitive film. The spectra were recorded for spin-coated unannealed samples prepared at 1500
rpm, and the results confirmed the formation of ZnO through characteristic chemical interactions
between the precursor components. As shown in Figure 11, the spectrum plots wavenumber (cm™) against
% transmittance. A prominent absorption band observed in the region of 678-763 cm™ corresponds to Zn-
O stretching vibrations, which lies in the fingerprint region and confirms the successful growth of ZnO
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nanoparticles [14,19,20]. Additional peaks between 1020 and 3325 cm™ indicate the presence of residual
functional groups. The peak at 1022 cm™ is attributed to C-O-C stretching of the PVA backbone, while the
bands at 1392 and 1537 cm™ correspond to the symmetric and asymmetric stretching of COO™ groups,
respectively, arising from acetate residues of the zinc acetate precursor. A broad band around 3325 cm™
corresponds to O-H stretching vibrations, further supported by the extended broad absorption observed
between 3219 and 3921 cm™, which is the characteristic of hydroxyl groups. These observations suggest
that, along with ZnO formation, acetate and PVA residues remain as surface impurities on the ZnO
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FIGURE 11: FTIR characteristic spectrum of the ZnO

FTIR, Fourier Transform Infrared

X-ray diffraction

The XRD pattern of the synthesized ZnO in Figure /2 shows diffraction peaks comparable with the
standard wurtzite ZnO phase (JCPDS No. 03-065-2880). The prominent reflection at 26 ~ 38.37°,
corresponding to the (101) plane, exhibits a calculated interplanar spacing of 2.34 A, while the high-angle
peak at 20 = 88.90° corresponds to a d-spacing of 1.10 A, confirming the crystalline lattice of ZnO. The
absence of additional diffraction peaks indicates that the sample is phase-pure and possesses a well-
defined crystalline structure.
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FIGURE 12: XRD pattern of the ZnO spin-coated sample. The red line
denotes the standard peaks given from the JCPDS card No 03-065-2880

XRD, X-ray diffraction

Discussion

The morphology of ZnO thin films was strongly influenced by the deposition technique, which governs
the structural arrangement and functional suitability. Spin-coating with hydrothermal treatment
produced the most uniform and hierarchically ordered nanostructures, making them ideal for device
applications. In contrast, drop-casting led to anisotropic growth with randomly arranged structures, while
electrospinning yielded amorphous fibrous morphologies with limited utility. Hydrothermal treatment
was crucial, as controlled nucleation enhanced crystallinity and film stability. FTIR further confirmed ZnO
formation through Zn-O stretching bands and revealed residual organics from precursors that assisted
oxide growth. Overall, hydrothermal processing decisively improved ZnO growth and functional
performance. Besides, XRD results also prove the crystalline nature of the grown ZnO.

Conclusions

This study presents a comparative analysis of various deposition techniques and their influence on the
resulting ZnO nanostructures. In the electrospinning method, the optimized precursor concentrations
were determined to be 50 mg/mL for PVA and 100 mg/mL for Zn(Ac)z, ensuring better extrusion
properties. For drop-casting, different hydrothermal growth conditions were explored by varying reaction
time and temperature. SEM analysis of these films revealed non-uniform nanostructure distribution,
which prompted further optimization through spin-coating. Spin-coating was performed at rotational
speeds of 1000, 2000, 3000, and 4000 rpm, and film roughness was subsequently quantified using
profilometry. Films prepared at 4000 rpm exhibited the lowest thickness and superior surface quality. SEM
characterization confirmed a uniform surface morphology and homogeneous film distribution in the spin-
coated samples, which was further enhanced after hydrothermal treatment at elevated temperatures and
extended durations, optimized via the drop-casting trials. The hydrothermal process was found to
significantly improve crystallinity, thereby enhancing charge transport pathways and ensuring long-term
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operational stability of the films. In contrast, deposition methods such as drop-casting and
electrospinning produced films with non-uniform thickness, higher roughness, and prominent surface
defects. Collectively, the results establish spin-coating combined with hydrothermal treatment as the
most effective deposition strategy, offering precise control over film thickness, smoothness, and structural
integrity-key parameters for high-performance sensor applications. FTIR and XRD confirm the growth of
ZnO with high purity and a crystalline nature.

Future work should focus on optimizing process parameters and strategically incorporating dopants to
tailor ZnO films for advanced applications in next-generation gas and biosensors. Moreover, efforts
toward developing scalable and cost-effective deposition strategies will be crucial to enable industrial
feasibility and widespread adoption.
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