Journal of Advanced Research Design 147, Issue 1 (2026) 87-102

” Journal of Advanced Research Design

Journal homepage:
https://akademiabaru.com/submit/index.php/ard
ISSN: 2289-7984

The Influence of Deposition Time on Zinc oxide-based Nanostructures by
Microwave-assisted Sonochemical Technique

Nurfatini Atigrah Khairul Azhar?, Mohd Firdaus Malek>?", Kevin Alvin Eswar%?3, Maryam
Mohammad®?#, Nur Fairuz Rostan?, Zahidah Othman®?, Nurul Zulaikha Mohammad Zamri'?,
Muhamad Kamil Yaakob®?, Asiah Mohd Nor'?, Ruziana Mohamed'?, Tetsuo Soga®

1 NANO-SciTech Lab (NST), Centre for Functional Materials and Nanotechnology (CFMN), Institute of Science (I0S), Universiti Teknologi MARA
(UiTM), 40450 Shah Alam, Selangor, Malaysia

2 Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), 40450 Shah Alam, Selangor, Malaysia

3 Department of Physics, Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), Sabah Branch, Tawau Campus, 91000 Sabah, Malaysia

4 Department of Physics, Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), Perak Branch, Tapah Campus, Tapah Road, 35400 Perak,
Malaysia

5 Department of Electrical and Mechanical Engineering, Nagoya Institute of Technology (NITech), Showa-ku, Gokiso-cho, Nagoya, 466-8555, Japan

ARTICLE INFO ABSTRACT

Article history: Zinc oxide (ZnO) nanostructures have attracted significant attention due to their
Received 10 February 2026 biocompatibility and versatile applications in electronics, optoelectronics,
Received in revised form 30 May 2026 photocatalysis and sensing. The Sustainable Development Goals emphasise the need for

Accepted 2 June 2026

advanced, environmentally friendly nanomaterials, where microwave-assisted
Available online 14 August 2026

sonochemical synthesis offers a rapid and uniform approach to producing high-quality
Zn0O nanostructures. However, the effect of deposition time on the properties of ZnO
nanostructures synthesised via microwave-assisted sonochemical methods remains
inadequately understood. Existing studies have not comprehensively explored how this
critical parameter influences crystallinity, morphology and optical behavior, especially
when it comes to real life applications. This study addresses this gap by systematically
investigating the impact of deposition time to optimise ZnO nanostructures quality for
sustainable nanotechnology applications. This paper presents an investigation on the
influence of deposition time on zinc oxide-based nanostructures by using microwave-
assisted sonochemical technique. Zinc oxide nanostructures (Zn-Ns) were synthesised
by preparing the seed layer using ultrasonic-assisted dip-coating technique on both
sides of polyethylene terephthalate (PET) as substrate. The Zn-Ns growth was precisely
controlled by adjusting the deposition times varying from 30, 60, 90, 120 and 150
minutes. The structural, morphological and optical properties of each sample were
characterized by using X-ray Diffraction (XRD), Field Emission Scanning Electron
Microscopy (FESEM) and Ultraviolet-Visible (UV-Vis) Spectroscopy. Results revealed that
there is a dominant peak on XRD analysis that is believed to be the (200) cubic phase
zinc oxide and different surface morphologies were also observed for FESEM images as
the deposition time varies. Meanwhile, the UV-Vis spectroscopy portrayed a decrease
in trend when the deposition time increased from 30 minutes to 150 minutes due to the
Keywords: transmittance of thin films decreasing as film thickness increases. A nanogenerator has
been fabricated and an output voltage of near 8V has been obtained, proving a
successful application of this study. Thus, this work suggested a new approach on the
synthesisation of Zn-Ns by using microwave-assisted sonochemical technique which
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resulted in many potentials for future applications such as nanogenerators, dye-
sensitized solar cell (DSSC) and sensors.

1. Introduction

Sustainable Development Goals is a framework provided by United Nation to urge a
transformative era of scientific and technological advancements, without jeopardising the life and
nature of our own in order to achieve these life-changing goals by 2030. These goals offers
unparalleled opportunities for nanotechnology and especially zinc oxide (ZnO), as a biosafe and
biocompatible inorganic material [1]. Zinc oxide offers manifold structures such as nanodisks [2],
nanosheets[3] and nanorods[4]. Zinc oxide can be categorised by four different groups based on their
dimensions namely zero dimensional (0-D), one dimensional (1-D), two dimensional (2-D), and three
dimensional (3-D). Besides, unique and versatile property that is possessed by zinc oxide such as a
direct wide bandgap of 3.37 eV [5] have found applications in miscellaneous fields, such as electronics
[6, 7], optoelectronics [8, 9], photocatalysis [10-12] and sensing [13, 14]. The purpose of the present
study is to systematically investigate how deposition time impacts the structural, morphological and
optical properties of ZnO nanostructures synthesised via the microwave-assisted sonochemical
technique. In the pursuit to harness the full potential of zinc oxide nanostructures, many studies have
introduced numerous synthesis techniques to precisely control the size, shape and crystallinity [15].
One particularly promising approach is the utilisation of microwave-assisted sonochemical
techniques [16]. This innovative methodology is a combination of microwave irradiation with
ultrasonic cavitation, offering several advantages, including rapid synthesis, enhanced reaction rates,
and the ability to produce highly uniform nanoparticles [17]. The deposition time during the synthesis
process has emerged as a critical parameter that significantly influences the properties of zinc oxide
nanostructures. Several studies have highlighted the importance of deposition time in determining
particle size, crystallinity and morphology [18, 19].

Besides, many recent findings suggest that microwave heating is energy efficient and can
achieve high crystalline zinc oxide in a much shorter time compared to conventional heating
techniques that rely on convection [20]. This extended duration can result in undesirable
consequences such as thermal gradients within the bulk medium and less effective and non-uniform
reactions, which, in turn, impede the growth of crystals. Despite numerous existing studies on ZnO
nanostructures synthesised by various methods, understanding of deposition time effects within
microwave-assisted sonochemical synthesis remains limited. Although earlier research has explored
the roles of deposition time in ZnO growth, none have comprehensively assessed these effects under
the synergistic microwave-ultrasound environment, which combines rapid microwave heating and
ultrasonic cavitation to achieve enhanced reaction kinetics, uniform nucleation, and shortened
synthesis duration. Conventional heating techniques often suffer from extended reaction times
causing thermal gradients, less uniform crystallisation, and detrimental effects on nanostructure
quality. This research fills this critical gap by providing an in-depth, systematic analysis of time-
dependent growth characteristics specific to microwave-assisted sonochemical processes. The
novelty of this study lies in its unique exploration of the microwave-assisted sonochemical technique,
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a hybrid approach that leverages the advantages of microwave irradiation and ultrasonic cavitation
to finely tune ZnO nanostructure properties through precise control over deposition time. Unlike
previous studies focusing on conventional or single-mode synthesis methods [21, 22], this research
demonstrates how optimising deposition time can directly influence crystallinity, morphology and
optoelectronic attributes, thereby enabling tailored ZnO nanostructures for diverse applications. This
work is important because it contributes to both fundamental understanding and practical synthesis
of ZnO nanostructures with enhanced performance, directly supporting sustainable
nanotechnological advancements aligned with the SDGs. Therefore, this study elucidates the
influence of deposition time on the evolution of ZnO nanostructures within the microwave-assisted
sonochemical framework, offering critical insights for researchers and industry practitioners to
design more efficient, rapid and environmentally sustainable synthesis protocols that support the
advancement of ZnO nanomaterials in high-impact technological applications.

2. Materials and Methods
2.1 Materials

Zinc Acetate Dihydrate [Zn(CHs3CO3),:2H.0], Monoethanolamine [MEA (C;H;NO)], Ethanol
(CH3CH,0H), Zinc Nitrate Hexahydrate [Zn(NOs)2.6H,0], Hexamethylenetetramine [HMTA (CeH12N4)]
and Deionised Water (DI Water).

2.2 Zinc oxide seeded layer preparation

The preparation of zinc oxide seed layer first starts with the cleaning of flexible polyethylene
terephthalate (PET) of a size of 2cm x 2cm as the substrate. The PET were cleaned with ethanol and
DI water for 10 minutes each in an ultrasonic bath and then were left to dry in the air to remove the
moisture. Ultrasonic-assisted dip-coating technique was used to coat the PET on both sides. The seed
solution was prepared beforehand by dissolving zinc acetate dehydrate [Zn(CH3CO;);-2H,0] in
ethanol to obtain the concentration of 0.4 mol/L. Monoethanolamine, [MEA (C2H7NO)] which acts
as stabiliser was then added and the MEA:zinc acetate molar ratio was kept constant at 1:1 [23]. The
solution was stirred to obtain a uniform and clear solution. Next, after attaching the substrate to the
dip-coater, the substrates were dipped into the solution for 10 seconds with both upward and
downward speed of 40 mm/s to obtain a uniform distributed seed layer across the PET. This process
was repeated five times with an interval of a heating process of 100°C for 10 minutes after each dip.
The heating process was done to eliminate the solvent residue and ensure strong adhesion of the
seed layer. Finally, the zinc oxide seed layer was heated to 100°C for 25 minutes to improve the
crystalline quality.

2.3 Growth of zinc oxide nanostructures

Next, an aqueous solution of 12.5 mM zinc nitrate hexahydrate [Zn(NOs)..6H.0] and
hexamethylenetetramine [HMTA, CsH12N4] were mixed with 1000ml of DI water. The solution was
stirred for 30 minutes to achieve homogeneous solution. Subsequently, the solution underwent
ultrasonic treatment within a water bath at a temperature of 50°C for a duration of 30 minutes,
employing a 40 kHz frequency (Hwasin Technology Powersonic 405). The solution later was allowed
to age for 1 hour at room temperature. After that, the solution was given another 1 hour of stirring
without adding any heat. Later, the solution was transferred into a 100ml Scott bottle and the zinc
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oxide seed layer was submerged into the growing solution. The microwave was set to 200-watt power
for various deposition times (30, 60, 90, 120 and 150 minutes). Lastly, the substrate was removed
from the solution, washed with DI water to remove the residues on the surface and left to dry in air.

2.4 Fabrication of ZnO nanogenerator

The ZnO nanogenerator was fabricated by placing a layer of battery-grade aluminum foil on
top of the PET substrate. The aluminum foil acted as the top electrode, while the PET served as the
bottom electrode. Kapton tape was used to hold the layers together and ensure stable contact during
testing.
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Figure 1. The schematic diagram of methodology conducted.

2.5 Characterisation of Zinc oxide nanostructures

The structural properties of zinc oxide nanostructures were analysed by using X-ray diffraction
(XRD, PANalytical X'Pert3 PRO) at 45 kV and 40 mA with Cu-Ka radiation at ca. 26 = 5°-90°. The
average crystallite size, D of the zinc oxide nanostructures deposited at various growth time was
calculated by using Scherrer’s formula shown in Eq. (1):
kA
Doy = -——— (1)

ﬁ(hkl) cos @

Where k is a constant shape approximately equal to 0.94 for spherical crystallites, A = 1.5406 A
represents the wavelength of the incident X-rays and B is the full width broadening at half maximum
(FWHM).
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The surface morphology of the structure of all samples was characterised by field emission
scanning electron microscopy (FESEM, Analytical High Resolution Field Emission Scanning Electron
Microscope Apreo 2S (Thermo Fischer Scientific). The optical properties were characterised by using
UV-Visible Spectroscopy (UV-Vis, Cary 5000). The nanogenerator performance was characterised by
using oscilloscope (Keithley 2420 Sourcemeter).

3. Result and Discussion

Figure 2 shows the X-ray diffraction (XRD) pattern of zinc oxide nanostructures (Zn-Ns) grown
under different deposition times (30, 60, 90, 120 and 150 min) using microwave-assisted
sonochemical method. The peaks of zinc oxide and polyethylene terephthalate (PET) were observed
in all samples. PET peaks at ~44.5° were dominant in all the samples, indicating that zinc oxide did
not have uniform distribution on the substrate. Zinc oxide crystallises in two main forms, hexagonal
wurtzite and cubic zincblende. It was observed that (200) peak of zinc oxide at ~38.4° is indexed to
cubic crystal system (JCPDS card no. 03-065-2880) [24] meanwhile all the other (100), (002) and (101)
peaks are indexed to hexagonal crystal system (JCPDS card no. 01-079-0205) [25]. There was none
hexagonal crystal system peak obtained in sample that underwent 30 min of deposition time, but as
the deposition time increases to 60 min, it can be seen that (100) peak at ~31.9° and (101) peak at
~36.4° started to emerge. However, the (002) peak at ~34.6° can only be seen at sample that
underwent 90 min of deposition time and above. The sample at 30 minutes, although the shortest
deposition time, showed a strong and sharp (200) peak, indicating a preferential orientation in the
cubic crystal system. This dominant (200) peak correlates well with the nanoflake morphology
observed later in the FESEM image for this sample, suggesting that early-stage growth under this
synthesis condition favours lateral expansion and flat surface development. The presence of highly
oriented (200) planes implies a specific crystallographic growth along the [200] direction, which may
provide enhanced surface area and more active sites for interfacial interaction, potentially benefiting
piezoelectric and sensor applications. Unlike the commonly preferred (002) peak from the hexagonal
system that reflects vertical alignment along the c-axis, the (200)-oriented growth offers a unique
structural arrangement, nanoflakes lying relatively flat and interconnected, likely improving
mechanical flexibility and electron mobility across the plane [26].

Besides, this XRD analysis also suggests that both cubic crystal system and hexagonal crystal
system co-exist after 60 minutes of deposition time. The XRD analysis of ZnO nanostructures
synthesised at different deposition times (30, 60, 90, 120, and 150 minutes) reveals a clear transition
from a metastable cubic phase to a thermodynamically stable hexagonal wurtzite structure as the
reaction time increases as shown in figure 2. At 30 minutes, the pattern is dominated by a sharp peak
at approximately 38.4°, attributed to the (200) plane of cubic zincblende ZnO (JCPDS No. 03-065-
2880). The absence of hexagonal peaks such as (100), (002), and (101) suggests that the material
initially crystallizes in the cubic phase, likely due to rapid supersaturation and non-equilibrium
conditions induced by microwave-assisted synthesis [27]. Early-stage cubic phase stabilisation under
microwave or solvothermal conditions has been observed in other studies, particularly on non-
crystalline or mismatched substrates, where surface energy and reaction kinetics strongly influence
phase selection. Next, at 60 minutes of deposition time, new diffraction peaks corresponding to the
hexagonal wurtzite structure begin to appear, specifically (100) and (101), while the (200) cubic peak
remains prominent. This suggests an intermediate phase regime, where the ZnO begins to transition
structurally but remains compositionally mixed. By 90 minutes, all three major hexagonal peaks,
which are (100), (002), and (101) are evident, indicating that the hexagonal phase is now substantially
present. However, the (002) peak intensity remains relatively weak compared to the other hexagonal
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reflections, implying limited preferential orientation along the c-axis. At 120 minutes of deposition
time, the (002) peak intensifies significantly, while the (200) cubic peak diminishes, indicating
enhanced c-axis alignment and a transition toward a wurtzite-dominant phase. The sequential
comparison of Figures 2(a), 2(c), and 2(d) thus reveals a time-driven crystallographic evolution.
Initially, the cubic phase dominates, followed by a phase coexistence regime at 90 minutes, and
finally a near-complete transformation into hexagonal wurtzite at 120 minutes. The comparison
between Figures 2(a), 2(c), and 2(b) further clarifies the transition process, the 60-minute sample
acts as a structural bridge between the purely cubic state and the mixed-phase configuration. Such
gradual transitions have been observed in solution-based and microwave-assisted ZnO syntheses,
where sufficient energy input and time are required to overcome kinetic barriers and allow structural
reorganisation of Zn—0 tetrahedra into the wurtzite lattice.

Moreover, this result proposes that the zinc oxide nanostructures did not grow
perpendicularly to the substrate, due to (002) peaks obtained were relatively small compared to
other peaks. The absence of a dominant (002) reflection implies that preferential c-axis (vertical)
growth was suppressed, while lateral crystallographic orientations, particularly the (200) plane were
favoured. This growth behaviour is consistent with the development of nanostructures in a planar or
oblique alignment with respect to the substrate surface, correlating with the observed nanoflake
morphology. In this context, perpendicular to the substrate refers to vertical alignment of ZnO
crystallites along the [002] direction, which is typically associated with the formation of vertically
aligned nanorods or nanowires. Such vertical orientation is generally advantageous in piezoelectric
and optoelectronic applications due to enhanced charge transport and separation along the c-axis
[28]. However, in the present study, the dominant (200) orientation and resulting nanoflake
structures may offer increased surface contact area and mechanical flexibility, characteristics that
are beneficial for flexible nanogenerator applications [29].

However, among all the tested samples, the 30-minute deposition with dominant (200)
orientation is considered most favourable from a crystallographic standpoint for nanogenerator
application. The XRD pattern revealed a strong and sharp (200) diffraction peak, indicating a
preferential orientation within the cubic phase of ZnO. In contrast to the (002) orientation which
corresponds to vertical alignment along the c-axis and is often associated with hexagonal wurtzite
structures [30], the (200) plane suggests that the crystallites are aligned laterally or obliquely relative
to the substrate surface. This orientation may facilitate better integration with flexible substrates,
promoting more effective mechanical coupling and stress distribution during operation. As such, the
dominance of the (200) peak under optimized deposition conditions suggests a favourable
crystallographic alignment for flexible piezoelectric applications. This highlights the importance of
tailoring the crystal orientation through precise control of deposition parameters to achieve desired
structural characteristics aligned with specific device requirements.
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Figure 2. The XRD patterns of zinc oxide nanostructures grown at various growth time a) 30 b) 60 c) 90 d)120
and e) 150 min.

The average crystallite size for each sample were measured using the above equation (1) and
the obtained values for 30, 60, 90, 120 and 150 min are 51.46, 33.85, 28.75, 34.89 and 28.94 nm,
respectively. The average crystallite sizes of zinc oxide nanostructures show a decrease trend as the
deposition time increases up until 120 min where the crystallite size increases before it declined again
at 150 min of deposition time. A steady decrease in crystallite sizes up to 90 minutes suggests high
nucleation density and lattice strain during phase transition. The increase at 120 minutes
corresponds to oriented growth and grain enlargement as the hexagonal phase dominates [31]. A
final decrease at 150 minutes may reflect growth saturation or limited nutrient availability.
Concurrently, Figure 3 illustrates that the intensities of the (002), (100), and (101) hexagonal peaks
increase with time, while the cubic (200) peak diminishes, further affirming the transformation from
metastable to stable phase. This phase and orientation control is crucial in tuning ZnQ’s functional
properties, especially for optoelectronic, piezoelectric, and sensing applications [32].

Figure 3 shows the intensities of each peak and diffraction angles of zinc oxide nanostructures
prepared at various growth times. There is minimal variation in the diffraction angles across all
samples for the characteristic ZnO peaks, indicating that no significant peak shifting or formation of
secondary phases occurred. There is not much difference between the diffraction angles on all the
graphs for all peaks of zinc oxide, indicating that they are all relatively pure. This consistency suggests
that the ZnO nanostructures are all relatively pure, as the positions of the diffraction peaks remain
in good agreement with standard JCPDS reference patterns and show no evidence of lattice
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distortion, impurity incorporation or structural transformation. The diffraction angle (26) and
intensity evolution of ZnO nanostructures as a function of deposition time from 30 to 150 minutes
provides critical insights into crystal orientation, lattice strain behaviour and phase transformation.
Figure 3 illustrates the relationship between growth time and the diffraction features for the (100),
(002), (101), and (200) planes corresponding to both hexagonal wurtzite and cubic phases of ZnO.
Specifically, Figures 3 (a—c) represent the hexagonal phase reflections, while Figure 3 (d) corresponds
to the (200) reflection of the cubic phase. The systematic trends in both angle and intensity
underscore a dynamic reorganisation of the ZnO lattice during microwave-assisted sonochemical
deposition. In Figures 3 (a—c), the (100), (002), and (101) peaks show noticeable fluctuations in 26
values over time. For instance, the (002) peak [Figure 3 (b)] displays a significant shift from ~34.5° to
higher values between 60 and 90 minutes, indicating lattice contraction along the c-axis. This may be
attributed to increasing internal stresses due to anisotropic vertical growth as nanostructures begin
to orient preferentially along the c-axis. Similarly, minor shifts in (100) and (101) diffraction angles
also imply adjustments in lattice parameters, possibly due to stress relaxation, rearrangement of
surface atoms and densification of the wurtzite structure. In contrast, the (200) peak in Figure 3(d),
associated with the cubic ZnO phase, shows relatively stable diffraction angles over time. This
stability suggests minimal structural evolution in the cubic phase compared to the dynamic lattice
reorientation occurring within the hexagonal domains. The contrast between the stable cubic (200)
and fluctuating hexagonal peaks supports the conclusion that the hexagonal phase is actively growing
and reorganising, while the cubic phase is gradually being phased out without significant lattice
distortion. This comparative behaviour confirms that diffraction angle shifts are an important
indicator of phase-specific structural transitions and strain effects during ZnO growth.

Next, peak intensity in XRD is indicative of the relative degree of crystallinity, preferred
orientation (texture) and population of crystallites aligned along a specific lattice plane [33]. The
intensity, however, shows an upward trend for peak (002) and (101) as the deposition time increases.
Figure 3 (a) observed that as the deposition time increases from 60 min to 90 min, there is a decrease
in intensity which then continue to portray a constant surge as the deposition time increases till 150
min for peak (100). This might be due to the presence of (002) peak on the 90 min sample. The
increasing trend in all these three peaks demonstrates that the samples slowly grow into the
hexagonal crystal structure as proposed by the XRD pattern mentioned earlier. Meanwhile, figure 3
(d) shows an obvious slump in intensity as the deposition time increases. This proves that the cubic
crystal system steadily decreases as the samples exhibit both hexagonal and cubic crystal system in
the latter samples.

The time-resolved intensity variations in Figures 3 (a—c) reflect the progressive crystallisation
and orientation evolution of the hexagonal ZnO structure. The (100) peak [Figure 3 (a)] shows a
moderate rise in intensity from 60 to 150 minutes, indicating enhanced grain alignment in the lateral
a-direction. The trend suggests that while the (100) orientation becomes more prominent over time,
it does so gradually, potentially reflecting lateral crystal fusion or nanostructures sidewall thickening.
The (002) peak [Figure 3 (b)] exhibits the most dramatic increase in intensity from 60 to 90 minutes,
followed by stabilisation. This behaviour is emblematic of the rapid development of c-axis aligned
nanorods or nanowires, a hallmark of ZnO grown under directional energy inputs such as microwave
or hydrothermal conditions. This intense growth along the vertical axis is energetically favoured due
to the lower surface energy of the (002) plane and results in columnar nanostructures with higher
aspect ratios. In parallel, the (101) peak [Figure 3 (c)] continues to increase steadily across all time
intervals, albeit at a more modest rate. This may be attributed to general crystal growth and
coalescence in off-axis directions. The persistence of this orientation alongside (002) and (100)
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suggests a polycrystalline nature with multiple orientation domains that evolve over time.
Conversely, the (200) peak intensity in Figure 3 (d) steadily declines from 30 to 120 minutes,
corresponding to the reduction of the metastable cubic phase. The initial high intensity at 30 minutes
can be attributed to rapid nucleation of cubic ZnO under high supersaturation during early
deposition. However, this phase is thermodynamically less stable than the hexagonal counterpart,
and over time, it diminishes as hexagonal crystallites grow and reorient, overtaking the phase
landscape. Overall, the peak intensity variations across all orientations can be attributed to a
combination of nucleation kinetics, crystal growth mechanisms and surface energy minimisation.
Early stages favour high nucleation rates and random orientations, while extended deposition time
promotes thermodynamic reordering, grain coarsening and orientation alignment, particularly along
the c-axis. The cubic-to-hexagonal phase transformation and the corresponding intensity evolution
reveal a deposition time-dependent crystallographic maturation that is crucial for tailoring ZnO
nanostructures for optoelectronic and sensing applications [34].
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Figure 3. The intensities and diffraction angles of zinc oxide nanostructures prepared at various growth times
a) peak (100) b) peak (002) c) peak (101) and d) peak (200)

Figure 4 show the surface morphology of ZnO-Ns using field emission scanning electron
microscopy (FESEM) for various growth time from 30 min to 150 min. The sample with 30 min
deposition time shows nanoflakes structures and at 120 min deposition time, it can be observed that
nanorods structures started to develop up until 150 min. These FESEM images are correlated with
XRD patterns as the sample of 30 min deposition time resulted in nanoflakes with cubic crystal
structure of an average of crystallite size of 51.64 nm, the highest among all samples, compared with
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the nanorods obtained of an average of crystallite size of 34.89 nm after 120 min of deposition time
as shown in Figure 4 (d) due to the co-exist of both cubic and hexagonal structures. The evolution in
morphology and density is closely linked to deposition time, short times yield limited nucleation sites
and poor surface coverage, while longer times favour vertical growth and higher packing density.
These morphological transitions also correlate with XRD-derived crystallite size and phase evolution.
At 30 min, high average crystallite size (~51 nm) and nanoflakes morphology reflect the dominance
of the cubic ZnO phase and sparse nucleation. By 120 min, when hybrid cubic—hexagonal phases
coexist, denser, vertically oriented nanorods emerge and crystallite size decreases (~34.9 nm),
reflecting high nucleation density and (002) orientation. At 150 min, the morphology stabilises into
well-aligned rods with slightly lower density, consistent with structural maturity and possible supply-
limited growth.

The observed morphology evolution confirms that deposition time is a critical parameter for
optimising nanostructure uniformity, density and orientation. Control over these features is essential
for applications requiring high surface area and consistent coverage, such as in sensors, piezoelectric
devices and photocatalysis [35]. All images in figure 4 portrays that the growth time is a vital
parameter in obtaining the morphology (density, size, shape, distribution, orientation and alignment)
of the zinc oxide nanostructures [36].

The morphological structure of ZnO nanostructures significantly influences their optical
properties, particularly transmittance. Surface morphology affects parameters such as roughness,
grain boundary density and light-scattering behaviour. For example, planar or flake-like structures
such as figure 4 (a) typically exhibit higher optical transmittance due to smoother surfaces and
reduced light scattering, while vertically aligned or densely packed nanostructures such as figure 4
(d) tend to reduce transmittance due to enhanced light trapping and internal reflections. Morphology
can also influence the optical band gap through quantum confinement effects or defect-related
states, which alter the absorption edge and photoluminescence response [37]. As such, tailoring the
morphology is essential for optimising the optical performance of ZnO films for applications like UV
detectors, transparent electronics and optoelectronic devices [38].

Deposition time plays a critical role in determining the evolution of ZnO morphology. At
shorter deposition times, such as 30 minutes, the growth is dominated by nucleation, resulting in
smaller crystallites or thin, uniform layers with preferred orientations. With increasing deposition
time, the nanostructures undergo morphological transitions due to extended crystal growth and
particle aggregation, often forming larger, denser or more vertically aligned features. These
structural changes not only affect the physical appearance but also impact film thickness, uniformity,
and surface coverage, all of which directly influence the optical behaviour. Therefore, careful
optimisation of deposition time is necessary to control the morphological development and achieve
desirable optical and structural characteristics for specific device applications.
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Figure 4. FESEM images of zinc oxide nanostructures grown at various growth time a) 30 b) 60 c) 90 d) 120
and e) 150 min.

Figure 5 exhibits the transmittance spectra of ZnO-Ns with varied deposition times. The
average transmittances at the visible region are approximately 83.86%, 72.69%, 60.83%, 49.44%, and
36.23% for 30, 60, 90, 120 and 150 minutes, respectively. The transmittance percentage dropped as
the deposition time rises. This reduction in optical transmittance with increasing deposition time is
attributed to enhanced light scattering caused by increased grain boundary density and surface
roughness [39]. Furthermore, the greater film thickness achieved with longer growth times enhances
optical scattering, subsequently diminishing the transmittance of the thin films [40]. At 30 minutes,
the high transmittance (~84%) reflects minimal film thickness, low surface rugosity and
predominance of thin, lightly crystalline structures. As deposition proceeds to 60 minutes, a modest
decrease to ~73% indicates onset of grain growth and roughening, increasing optical scattering at
grain boundaries. By 90 minutes, the transmittance drops further to ~61%, evidencing thicker films
and larger grain structures that reduce transparency due to enhanced scattering and possible defect
absorption. At 120 minutes, transmittance falls sharply to ~49%, concurrent with dense nanorod
formation and pronounced c-axis orientation visualized in FESEM and supported by XRD data. The
increased grain boundary area and structural heterogeneity scatter transmitted light more
effectively. At 150 minutes, the transmittance reaches ~36%, representing nearly opaque behaviour
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in visible light, attributable to maximum thickness and high density of crystallites and surface
irregularities.

Past studies confirm that increased film thickness elevates grain boundary scattering, thereby
reducing optical transparency [41]. Moreover, thicker ZnO films or nanostructures assemblies exhibit
additional absorption due to defect states and increased light path through the material. Surface
roughness, defect density and structural disorder also contribute to lower transmittance in
nanostructured ZnO films. Therefore, the measured transmittance values over time not only reflect
morphological and structural evolution, but also have significant implications for the functional
applications of ZnO in transparent electronics, sensors and photonic devices. To sum up, in this paper,
the reduction in transmittance observed in the zinc oxide nanostructures, with increasing deposition
time, can be attributed to two key factors. Firstly, the increase in film thickness over time led to the
development of larger grain structures and an augmented surface roughness. Secondly, the
heightened thickness of the zinc oxide nanostructures might contribute to a rise in absorption
capacity.
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Figure 5. Transmission spectrum of zinc oxide nanostructures for different deposition time.

Figure 6 presents the time-dependent output voltage of the ZnO nanogenerator fabricated
using nanostructures synthesised at a deposition time of 30 minutes, under periodic mechanical
actuation. The output signal shows repetitive voltage peaks with a maximum amplitude reaching
approximately 8V, signifying robust piezoelectric behaviour of the ZnO nanostructures. The
pronounced and consistent voltage spikes across the 6-second interval highlight the high
responsiveness and stability of the device [42]. The selection of the 30-minute deposition time for
testing is deliberate, as prior structural and morphological evaluations for XRD and FESEM confirmed
this duration as the optimum condition yielding highly crystalline and uniform surface coverage.
These characteristics are crucial for enhancing piezoelectric performance, as uniform nanostructures
maximize the charge generation. The smoother and more uniform surface morphology achieved at
30 minutes promotes effective mechanical-to-electrical energy conversion, as deformation is more
evenly distributed across the active layer. It is also notable that only the optimised ZnO sample (30-
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minute deposition) was subjected to nanogenerator testing, as the study primarily aimed to assess
its potential for real-world applications such as wearable or low-power environmental sensors. This
approach aligns with industry-relevant material screening, where only the most promising synthesis
conditions are scaled or integrated into device-level testing. Overall, the results validate that
microwave-assisted sonochemical synthesis at the optimal deposition time can yield ZnO
nanostructures capable of generating high piezoelectric voltage under ambient conditions. The ~8 V
peak output affirms its potential as an energy harvesting material for next-generation flexible
electronics and self-powered sensor platforms.
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Figure 6. Output voltage measured using oscilloscope for ZnO nanogenerator.

4. Conclusion

In conclusion, the impact of deposition time on the synthesisation of zinc oxide-based
nanostructures employing the microwave-assisted sonochemical technique had been proved to be a
crucial parameter to be studied and further explore. It is observed that as the deposition time
increased, the structural, morphological and optical properties of zinc oxide nanostructures also
underwent evolution and changes. XRD patterns and FESEM images had been done and the co-
existing of both cubic and hexagonal crystal structures were proven to be possible. Four peaks of zinc
oxide and one PET peak were observed in the XRD data. The evolution of nanoflakes structures to
nanorods structures is an evidence of how the deposition time could really affect the morphological
properties of zinc oxide nanostructures. Additionally, UV-Vis analysis explained that the increase in
film thickness over time might led to development of larger grain structures and an increment in
absorption capacity. Lastly, the 30-minute sample, which is the optimum sample, was fabricated into
a nanogenerator and the results of the output voltage was very promising which is near 8V. In
conclusion, our comprehensive investigation into the influence of deposition time on zinc oxide-
based nanostructures had contributed valuable knowledge to the field of nanomaterials synthesis
and design. Our findings might serve as a guide for optimising the microwave-assisted sonochemical
technique and tailoring zinc oxide nanostructures for specific applications in the future.
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