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Abstract: Zinc oxide (ZnO) nanostructures were effectively produced on a porous silicon (PS) substrate using thermal evaporation,
thereafter undergoing oxidation at 600 °C. The structural, morphological, elemental, optical, and nonlinear optical (NLO) charac-
teristics of the synthesized films were methodically examined. X-ray diffraction research indicated that the ZnO/PS films possess a
polycrystalline hexagonal wurtzite structure with a preferential orientation along the (101) plane, and the average crystallite size was
calculated to be around 3.8 nm, affirming their nanocrystalline characteristics. Scanning electron microscopy pictures revealed the pres-
ence of agglomerated nanostructures and nanorods over the PS surface, signifying elevated surface roughness and extensive surface
area. Energy-dispersive X-ray investigation verified the predominance of Zn and O, with modest contributions from Si originating
from the substrate. The optical absorption spectra exhibited a significant blue shift attributable to quantum confinement phenomena,
with the optical band gap measured at approximately 3.6 eV. The calculated Urbach energy (Eu = 145 meV) indicates a moderate level
of structural disorder and the presence of tail states near the band edge, aligning with the nanocrystalline characteristics of ZnO films.
The Z-scan approach utilized for NLO measurements demonstrated saturable absorption behavior, suggesting possible applications in
photonic and optical limiting devices.
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1. Introduction

Nanostructured materials have emerged as a fundamental
aspect of contemporary materials science owing to their distinctive
physical, chemical, and optical properties thatmarkedly differ from
those of their bulk counterparts [1]. Their decreased dimensional-
ity and substantial surface-to-volume ratio confer unique attributes
that are greatly sought after for applications in photonics, opto-
electronics, and sensing technologies [2]. Zinc oxide (ZnO) has
emerged as a flexible and multifunctional semiconductor due to its
wide direct band gap of 3.37 eV, substantial exciton binding energy
of 60 meV, and exceptional transparency in the visible spectrum
[3]. Moreover, ZnO demonstrates exceptional chemical stability,
radiation resistance, and mechanical strength, rendering it a viable
material for high-performance nanodevices [4]. The physical and
optical properties of ZnO are significantly affected by its structural
features, shape, and synthesis circumstances. Diverse deposition
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processes have been utilized to create ZnO nanostructures, includ-
ing chemical vapor deposition [5], sol–gel processing [6],magnetron
sputtering [7], pulsed laser deposition [8], and thermal evaporation
[9]. Each approach offers unique benefits in regulating film crys-
tallinity, grain dimensions, and surface morphology. The thermal
evaporation technique provides a straightforward, economical, and
vacuum-compatible approach for generating homogeneous ZnO
nanostructures characterized by excellent purity and adjustable
thickness [10].

Porous silicon (PS) has gained significant attention as a sub-
strate material due to its extensive specific surface area, adjustable
porosity, and unique optical properties, including low reflectiv-
ity and visible photoluminescence [11]. The characteristics of PS
render it an excellent medium for the nucleation and growth of
ZnO nanostructures. The deposition of ZnO onto PS can notably
modify the interfacial properties, crystallinity, and defect den-
sity of the resulting composite, resulting in enhanced structural
and optical responses [12]. These hybrid systems offer important
insights into how oxide semiconductors interact with PS surfaces,
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which are essential for customizing the functional properties of
nanocomposite films [13].

Recent studies have underscored the significance of nonlin-
ear optical (NLO) properties in wide-band-gap semiconductors
such as ZnO, which demonstrate phenomena including sat-
urable absorption (SA) and nonlinear refraction. The observed
effects stem from quantum confinement and energy levels associ-
ated with defects, thereby augmenting the material’s applicability
in photonic and optical limiting devices. Thus, comprehending
the relationship between microstructure, morphology, and NLO
response is crucial for enhancing ZnO-based nanostructures for
cutting-edge photonic applications [14].

Recently, the rapid expansion of wearable technology has
created an urgent need for semiconducting nanomaterials that
combine high optical sensitivity, mechanical robustness, and com-
patibility with flexible substrates. ZnO is especially attractive
for wearable devices due to its biocompatibility, piezoelec-
tric response, ultraviolet (UV) sensitivity, and stability under
repeated mechanical deformation. When integrated with PS,
ZnO nanostructures benefit from enhanced surface area, efficient
light–matter interaction, and improved charge transport path-
ways, all of which are highly desirable for wearable strain sensors,
UV photodetectors, biomedical monitoring patches, and flexible
optoelectronic components. Therefore, examining the structural,
optical, and NLO characteristics of ZnO/PS nanostructures pro-
vides important insights into their potential implementation in
next-generation wearable systems [15].

This investigation involved the synthesis of ZnO nanostruc-
tures on PS substrates through the thermal evaporation method,
subsequently followed by thermal oxidation. The investigation
focused on the structural, morphological, elemental, and opti-
cal characteristics of the prepared films using techniques such as
X-ray diffraction (XRD), scanning electron microscopy (SEM),
energy-dispersive X-ray (EDX) spectroscopy, and UV–Vis spec-
troscopy. Additionally, the NLO properties were assessed through
the Z-scan technique to investigate their applicability in pho-
tonic applications. The results enhance our comprehension of
the ways in which synthesis parameters and substrate morphol-
ogy affect the physical and optical characteristics of ZnO/PS
nanostructures [16].

2. Literature Review

Recent studies have underscored the significance of (NLO
properties in wide-band-gap semiconductors such as ZnO,
which demonstrate phenomena including SA and nonlinear
refraction [14]. The observed effects stem from quantum con-
finement and energy levels associated with defects, thereby
augmenting the material’s applicability in photonic and optical
limiting devices. Thus, comprehending the relationship between
microstructure, morphology, and NLO response is crucial for
enhancing ZnO-based nanostructures for cutting-edge photonic
applications [15].

3. Research Methodology

3.1. Preparation of porous silicon substrate

PS layers were fabricated on p-type single-crystalline silicon
wafers oriented in the (100) direction, exhibiting a resistivity of
around 1–10 Ω·cm. Before the anodization process, the silicon
substrates underwent ultrasonic cleaning in isopropyl alcohol, fol-
lowed by rinsing in deionized water and air drying. The porous

structure was created through electrochemical etching in an elec-
trolyte solution consisting of 20% hydrofluoric acid combined
with ethanol in a 1:2 volume ratio. The silicon wafer functioned
as the anode, whereas a gold electrode served as the cathode.
A current density of 15 mA/cm² was utilized for a duration of 20
min at ambient temperature. Throughout the etching process, the
temperature of the electrolyte was kept below 25 °C to prevent
bubble formation and to guarantee a consistent distribution of
pores. Following the etching procedure, the samples underwent
rinsing with ethanol and were subsequently dried using a nitrogen
gas flow.

3.2. Deposition and oxidation of ZnO nanostructures

ZnO nanostructures were deposited on the prepared PS sub-
strates utilizing the thermal evaporation technique at a vacuum
pressure of around 1 × 10-5 Torr. High-purity metallic zinc
(99.9%) served as the evaporation source. The separation between
the source and the substrate was maintained at approximately
15 cm to guarantee uniform film deposition. After deposition,
the samples underwent oxidation in air at 600 °C for 4 h using
a conventional quartz-tube furnace to achieve nanocrystalline
ZnO. The oxidation process enabled the full conversion of the
metallic zinc layer into ZnO nanostructures, exhibiting enhanced
crystallinity.

3.3. Characterization techniques

The synthesized ZnO/PS nanostructures were analyzed for
their structural, morphological, and compositional characteristics
using various analytical tools.

1) X-ray diffraction (XRD): Measurements were conducted uti-
lizing a Shimadzu XRD-6000 diffractometer with Cu K𝛼
radiation (𝜆 = 1.5406 Å) across a 2𝜃 range of 20°–80°.
The estimation of the average crystallite size was conducted
utilizing the Scherrer equation.

2) Scanning electron microscopy (SEM): The surface morphology
and distribution of nanostructures were examined utilizing a
Tescan Vega II SEM system, which is integrated with an EDX
spectrometer for the analysis of elemental composition.

3) Optical characterization: UV–Vis absorption spectra were
obtained to assess the optical absorption edge and determine
the optical band gap energy through Tauc’s relation [17]. NLO
measurements were conducted utilizing the Z-scan technique
in both open- and closed-aperture configurations to analyze
SA and nonlinear refraction behaviors.

4. Results and Discussion

The XRD pattern of the ZnO nanostructures deposited on
the PS substrate is presented in Figure 1. The diffraction peaks
corresponding to ZnO were XRD examination.

Figure 1 illustrates the XRD pattern of the ZnO nanostruc-
tures that have been deposited on the PS substrate. The diffraction
peaks associated with ZnO were identified at 2𝜃 values of 34.6°,
36.4°, 47.6°, 56.8°, 63.3°, 68.2°, and 69.4°, which correspond to
the (002), (101), (102), (110), (103), (112), and (201) planes, respec-
tively. The observed peaks align well with the standard hexagonal
wurtzite phase of ZnO (JCPDS card no. 36-1451), thereby con-
firming the effective oxidation of metallic Zn into crystalline ZnO.
The observed diffraction peaks are in good agreement with the
standard hexagonal wurtzite ZnO phase as reported in the JCPDS

Pdf_Fol io:202



Smart Wearable Technology Vol. 00 Iss. 00 2026

Figure 1
XRD pattern of ZnO film deposition on PS
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database (card no. 36-1451), confirming the phase purity of the
synthesized ZnO nanostructures. A subtle diffraction peak at
38.6° was linked to residual metallic Zn (100), whereas a minor
reflection at 31.8° was associated with the (200) plane of the silicon
substrate.

The observation of several distinct peaks suggests that the
deposited ZnO film exhibits polycrystalline characteristics along
with a significant level of structural organization. The (101) plane
displays the highest intensity among the observed reflections, indi-
cating a favored growth orientation in this direction. Comparable
preferential orientation has been observed in thermally oxidized
ZnO thin films and is generally linked to the reduction of surface
energy throughout the process of crystal growth [16]. The aver-
age crystallite size (D) of the ZnO nanostructures was estimated
using the Scherrer equation:

D = (0.94𝜆)/𝛽cos𝜃 (1)

In this context, 𝜆 represents the X-ray wavelength (1.5406
Å), β denotes the full width at half maximum (FWHM) mea-
sured in radians, and 𝜃 indicates the Bragg diffraction angle. The
determined crystallite size at an oxidation temperature of 600 °C
was around 3.8 nm, affirming the nanocrystalline characteristics
of the film. The broadening of the diffraction peaks indicates the
presence of small grain size and potential microstrain within the
ZnO lattice [18].

The enhancement in peak sharpness and intensity relative to
ZnO films produced at lower oxidation temperatures, as docu-
mented in related studies, suggests improved crystallinity and a
decrease in defect concentration in the thermally treated samples
[19]. Such structural features are known to significantly influence
the optical and electronic properties of ZnO-based nanomaterials.

A summary of the major diffraction peaks and their
corresponding structural parameters is presented in Table 1.

At low magnification (Figure 2(a), ~10,000×), the surface dis-
plays a diverse morphology characterized by agglomerated clusters
and dispersed nanoparticles (NPs) (≤ 100 nm), which often merge
into larger aggregates, resulting in a rough and porous texture. The
presence of fine near-spherical NPs alongside larger micron-scale
agglomerates suggests a wide range of particle sizes [20].

The presence of rodlike and needlelike crystallites scat-
tered across the surface indicates a tendency for crystal growth
along certain crystallographic directions, a phenomenon fre-
quently observed in metal-oxide nanostructures [21]. The presence
of inter-particle voids and interconnected channels suggests a
significant specific surface area, potentially improving adsorp-
tion, catalytic activity, and light–matter interactions [22]. The
notable roughness and irregularity of particles align with agglom-
eration influenced by elevated surface energy in nanostructured
materials [23].

Figure 2(b) (high magnification) provides a detailed view of a
hierarchical architecture that includes sub-100-nm NPs, clustered
domains, and rodlike crystallites. These features are frequently
associated with adjustable functional performance in ZnO-based
systems [24].

It should be noted that the crystallite size estimated from
XRD (~ 3.8 nm) represents coherently diffracting domains, while
the larger particle sizes observed in SEM images (< 100 nm) cor-
respond to agglomerated nanostructures composed of multiple
crystallites.

Direct SEM characterization of ZnO nanostructures grown
on non-PS was not included in the present study, as the focus was
placed on elucidating the role of PS on morphology and optical
performance. Previous reports indicate that ZnO grown on flat
silicon substrates typically exhibits denser and less hierarchical
morphologies compared to PS.

The EDX spectrum of the ZnO nanostructures is presented
in Figure 3. The identification of Zn and O validates the existence
of ZnO [25]. The carbon (C) signal is attributed to the PS substrate
and/or carbon coating used for SEM/EDX preparation [26]. The
contribution of silicon (Si) is likely derived from the underlying
holder or wafer, or from adjacent substrate materials, rather than
from the ZnO itself [27]. Table 2 summarizes the corresponding
elemental composition obtained by EDX.

The normalized composition reveals that Si, O, and C are
the primary elements within the examined volume, aligning with
the signal acquisition from the substrate/holder during shallow
excitation. In contrast, Zn is present at a low normalized weight
percentage, which may be attributed to factors such as thin or
porous coverage, surface roughness, or the interaction volume of
the beam with the substrate surpassing the ZnO layer [28].

Figure 4 illustrates the optical absorption spectra of ZnO NP
thin films. The films demonstrate significant absorption in the
UV region while showing minimal absorption in the visible and
near-infrared regions, indicating the wide-band-gap characteris-
tics of ZnO [29]. The significant UV absorption is mainly due to

Table 1
Diffraction peaks and their corresponding structural parameters

Plane (hkl) 2𝜃 (°) FWHM (°) Crystallite size (nm) Remarks

(002) 34.6 2.20 3.8 ZnO wurtzite

(101) 36.4 2.19 3.8 Preferred orientation

(102) 47.6 2.25 3.7 Secondary plane

(110) 56.8 2.24 3.6 –
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Figure 2
(a) Low-magnification and (b) high-magnification SEM images of ZnO nanostructures grown on PS

Figure 3
EDX spectrum of ZnO on PS

Table 2
EDX elemental composition of the sample

Element Series unn.C [wt.%] nom [wt.%] Atom.[at.%] Error

Si 14 K-series 124.52 83.35 72.71 6.12
O 8 K-series 18.29 12.24 18.75 3.64
C 6 K-series 6.19 4.14 8.45 1.83
Zn 30 L-series 0.39 0.26 0.10 0.10
Total – 149.39 100.00 100.00 –
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Figure 4
UV–Vis absorption spectrum of ZnO nanostructured thin film
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the quantum confinement effect, resulting in a blue shift in the
absorption edge as the size of the NP diminishes [30].

The observed blue shift toward higher photon energies sug-
gests an increase in the optical band gap (Eg) as grain size
decreases, aligning with previous findings by Qutub et al. [31]
on ZnO nanostructures. The absorption coefficient (𝛼) was used
to estimate the optical band gap energy according to Tauc’s
relation.

The determined band gap energy of the ZnO thin film was
around 3.6 eV, as shown in Figure 5, which is marginally greater
than the bulk ZnO value (≈ 3.37 eV) attributed to quantum con-
finement and nanoscale effects [32]. This finding aligns with earlier
documented values by Zagorac et al. [33] for ZnO nanostructured
thin films, confirming the accuracy of the current measurement.

The broad band gap and significant UV absorption charac-
teristics of ZnO NP thin films position them as highly suitable
options for optoelectronic and photovoltaic uses, especially as
window or buffer layers in solar cells, where effective UV photon
absorption and visibility range transparency are crucial. The sig-
nificant optical absorption observed in the UV region indicates
promising applications in UV photodetectors and photocatalytic
systems [34]. The optical properties of the ZnO nanostructured
thin films are directly linked to their structural and morpho-
logical features as revealed by XRD and SEM analyses. The
XRD patterns validated the creation of crystalline ZnO exhibit-
ing a wurtzite structure, whereas the SEM images illustrated NPs
under 100 nm in size along with the presence of both rodlike
and agglomerated morphologies [23]. The nanoscale dimensions
induce quantum confinement effects, which cause a blue shift
in the absorption edge and an increase in the optical band gap
energy. This elucidates the experimentally determined band gap
of approximately 3.6 eV, which is marginally greater than the bulk
ZnO value of around 3.37 eV. The smaller grain size and increased
surface-to-volume ratio improve the confinement of charge carri-
ers, limiting electron–hole recombination and enhancing photon
absorption efficiency [35].

Figure 5
Tauc plot used to determine the optical band gap energy (~3.6 eV)
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Furthermore, the surface roughness and porosity seen in
SEM images lead to increased light scattering, which in turn
enhances the effective optical path length within the film and
boosts absorption intensity in the UV region [36]. The morpho-
logical influence, along with the inherent wide band gap, positions
ZnO nanostructures as optimal candidates for UV-sensitive opto-
electronic devices and photovoltaic applications [37]. Thus, the
reliable correlation between structural refinement and the widen-
ing of the optical band gap indicates that the growth parameters
employed in this synthesis method effectively yielded high-quality
ZnO nanostructures with favorable optical properties for energy
and sensing applications [38].

Alongside the optical band gap analysis, the Urbach energy
(Eu) offers significant insight into the extent of structural disorder
and defect-related localized states in semiconductor materials. The
exponential segment of the absorption edge, referred to as the
Urbach tail, results from photon transitions that engage localized
electronic states within the band gap. Localized states are typically
produced by structural flaws, lattice vibrations, and compositional
changes within the material [39].

Consequently, by examining the exponential tail of the
absorption spectrum, one may evaluate the optical quality and
crystalline order of ZnO/PS nanostructures. The subsequent
picture depicts the fluctuation of the absorption coefficient in rela-
tion to photon energy and emphasizes the distinctive Urbach tail
region utilized for ascertaining Eu derived from the pronounced
absorption edge [40]. Figure 6 shows the relation between the
absorption coefficient (𝛼) and photon energy (h𝜈).

Figure 6 shows the absorption coefficient (𝛼) for ZnO/PS
nanostructuresasafunctionofphotonenergy(hv).Thegraphshows
a significant increase around the absorption edge, from which the
optical band gap (Eg = 3.6 eV) was calculated, confirming a direct
allowed transition in ZnO [41].

An exponential Urbach tail at low photon energies is due to
photon transitions caused by localized states caused by structural
defects and lattice disorder [42]. The slope of this region deter-
mines the Urbach energy (Eu), which indicates structural disorder.
A sharp edge and small Urbach tail indicate high crystallinity and
low defect density in ZnO/PS films. As shown in Figure 7, the
obtained Eu value indicates a relatively narrow band-tail width,
confirming that the ZnO/PS nanostructures possess a low degree
of structural disorder and high optical quality [43].

NLO phenomena are essential in contemporary photonic
technologies, facilitating important processes like frequency con-
version, optical switching, and optical limiting. Materials that
demonstrate significant third-order nonlinearities, such as non-
linear refractive index (n2) and nonlinear absorption coefficients
(β), are especially appealing for applications in photonics,
telecommunications, and laser protection [44].

Figure 6
Absorption coefficient (𝛼) versus photon energy (h𝜈)
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Figure 7
ln(𝛼) versus photon energy (h𝜈) plot for estimating Urbach

energy (Eu) of ZnO/PS nanostructures
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Semiconductor oxides like ZnO have attracted considerable
interest as NLO materials because of their broad bandgap, stabil-
ity in chemical and thermal environments, and capacity to create
defect states that can improve nonlinear responses [45].

The NLO properties of the synthesized ZnO nanostruc-
tured films were investigated through the Z-scan technique,
utilizing both open-aperture (OA) and closed-aperture (CA)
configurations, as illustrated in Figure 8.

The transmission curve in the OA mode displayed a clear
peak around the focal point (z ≈ +20 cm), indicative of an SA
process. This behavior suggests that the absorption coefficient
diminishes as the incident intensity rises, indicating a third-order
NLO response that is primarily influenced by nonlinear absorp-
tion rather than refraction [46]. The SA effect is commonly
associated with defect-related localized energy levels within the
band gap, which become saturated at high laser intensities, thereby
reducing absorption [47].

In the CA configuration, the curve exhibited minor fluctua-
tions with a nearly constant transmittance (~0.4 mW variation),
indicating a weak nonlinear refractive contribution and affirm-
ing that the primary NLO mechanism in this film is nonlinear
absorption (β) rather than refractive nonlinearity [48].

The improvements in crystallinity, grain refinement, and sur-
face uniformity observed in the ZnO/PS films strongly support
their potential integration into wearable electronic and photonic
platforms. The high crystallinity and reduced defect density indi-
cated by XRD are essential for achieving stable signal output and
low noise levels in wearable strain and pressure sensors. The hier-
archical surface morphology revealed by SEM, which includes
NPs and rodlike crystallites, provides enhanced surface area and
strong light scattering—features that improve UV detection effi-
ciency in skin-mounted photodetectors. The widened optical band
gap and strong UV absorption further enable the development of
lightweight wearable monitoring devices requiring high spectral

Figure 8
Open- and closed-aperture Z-scan curves of ZnO nanostructured

thin film
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responsivity. Additionally, the prominent SA behavior revealed by
Z-scan measurements highlights the suitability of ZnO/PS struc-
tures for flexible photonic limiters and NLO modulators that
can be embedded into textiles or conformal substrates. Collec-
tively, these results demonstrate that the ZnO/PS nanostructures
investigated in this work satisfy key performance requirements for
modern wearable technologies.

The observed nonlinear absorption is linked to photo-
induced charge carrier transitions occurring between defect states
or trap levels, which aligns with the nanocrystalline morphol-
ogy and porous structure identified in SEM analysis. The defect
density and surface states in ZnO nanostructures significantly
influence the enhancement of the third-order nonlinear suscep-
tibility (𝜒³) and are integral to the optical limiting behavior of
the material [46]. Overall, the combination of strong SA, weak
nonlinear refraction, and high structural uniformity suggests that
the prepared ZnO thin films possess significant potential for
photonic, laser safety, and optical limiting applications.

To clarify the role of substrate morphology on NLO behavior,
it is worth comparing the present results with reported studies on
ZnO nanostructures grown on non-PS substrates. Previous works
have shown thatZnO films deposited on flat silicon typically exhibit
weaker SA and a more pronounced nonlinear refractive contribu-
tion due to reduced surface area and lower density of defect-related
localized states. In contrast, the PS substrate used in this study
provides abundant nucleation sites and enhanced light–matter
interaction, leading to stronger SA behavior and suppressed non-
linear refraction. This comparison highlights the critical role of
porous substrates in tailoring the NLO response of ZnO-based
nanostructures [48].

It should be noted that the oxidation temperature of 600 °C
was selected based on previously reported studies and prelim-
inary optimization trials, indicating its suitability for achieving
nanocrystalline ZnO with enhanced structural and optical proper-
ties. The present work focuses on providing a detailed correlation
between structure, linear optical behavior, and NLO response at
a representative oxidation condition rather than claiming a global
optimization. A systematic investigation involving different oxi-
dation temperatures and durations will be considered in future
studies to further optimize the growth parameters and fully eval-
uate their influence on the functional performance of ZnO/PS
nanostructures.

5. Future Work

Future studies will focus on extending the present investi-
gation toward device-oriented and wearable applications. This
includes a systematic evaluation of the influence of oxidation tem-
perature and duration on the structural and optical properties of
ZnO/PS nanostructures. In addition, mechanical flexibility tests,
durability under repeated bending, and biocompatibility assess-
ments will be conducted to validate their suitability for wearable
platforms. Further efforts will also explore the integration of
ZnO/PS nanostructures onto flexible substrates and their perfor-
mance in prototype UV photodetectors and nonlinear photonic
components. These future efforts are aligned with recent advances
in wearable nanostructured materials and flexible optoelectronic
systems [49].

6. Conclusion

ZnO nanostructured thin films were successfully synthe-
sized on PS substrates using the thermal evaporation–oxidation
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technique. XRD analysis confirmed the formation of polycrys-
talline hexagonal wurtzite ZnO with a preferred (101) orientation
and an average crystallite size of approximately 3.8 nm. SEM
observations revealed agglomerated NPs and rodlike nanostruc-
tures, indicating a rough and porous morphology with high
surface area.

Optical characterization showed strong UV absorption with
a widened optical band gap (~3.6 eV) attributed to quantum
confinement effects, along with a relatively low Urbach energy,
indicating good optical quality. Z-scan measurements demon-
strated dominant SA with weak nonlinear refraction, highlighting
the potential of ZnO/PS nanostructures for photonic and opto-
electronic applications. These findings confirm that the employed
synthesis approach effectively produces ZnO nanostructures with
promising structural, optical, and NLO properties for prospective
wearable and photonic devices.
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