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Abstract

The present work systematically investigates the impact of multilayer architecture—
specifically 5, 10, and 15 layers—on the structural, morphological, optical, and dielectric
properties of zinc oxide (ZnO) thin films, aiming to tailor their characteristics for optoelec-
tronic applications. The films were characterized using a comprehensive suite of techniques.
X-ray diffraction (XRD) analysis of the 15-layer sample confirmed the formation of polycrys-
talline ZnO with a hexagonal wurtzite crystal structure, showing prominent (100), (002),
and (101) diffraction peaks. Measurements indicated that the film thickness progressively
increased from 43.81 nm for 5 layers to 80.68 nm for 15 layers. Concurrently, the surface
roughness significantly decreased from 5.54 nm (5 layers) to 2.00 nm (15 layers) with increas-
ing layer count, suggesting enhanced film quality and densification. Optical studies using
ultraviolet–visible (UV-Vis) spectroscopy revealed an increase in absorbance and a corre-
sponding decrease in transmittance in the UV-Vis spectrum as the film thickness increased.
The calculated optical band gap showed a slight redshift, decreasing from 3.26 eV for the
5-layer film to 3.23 eV for the 15-layer film. Photoluminescence (PL) spectra exhibited
characteristic near-band-edge UV emission, with the 5-layer film demonstrating the highest
PL intensity. Furthermore, analysis of optical constants revealed that the refractive index,
extinction coefficient, optical conductivity, and both the real and imaginary parts of the
dielectric constant generally increased with an increasing number of layers, particularly in
the visible region, while more nuanced and non-monotonic trends were observed in the UV
range. These results underscore the significant influence of layer number on the physical
properties of ZnO thin films, providing valuable insights for optimizing their performance
in various optoelectronic devices.

Keywords: zinc oxide thin films; multilayer deposition; sol–gel process; thin film
morphology; optical properties; photoluminescence; dielectric properties; optoelectronic
materials; band gap engineering; refractive index
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1. Introduction
Zinc oxide (ZnO), a versatile II–VI semiconductor, has attracted considerable scientific

and technological interest due to its unique combination of physical and chemical properties.
It crystallizes mainly in the wurtzite hexagonal structure, which lacks inversion symmetry
and gives rise to strong piezoelectric and pyroelectric effects [1]. ZnO features a direct
wide band gap of ~3.37 eV at room temperature and a large exciton binding energy of
60 meV, exceeding that of ZnS (20 meV) and GaN (25 meV) [2]. This high binding energy
ensures efficient excitonic emission even at and above room temperature, making ZnO
highly promising for optoelectronic applications. In addition, its abundance, low cost, and
environmental compatibility enhance its potential for large-scale production [3]. Other
advantageous properties include high electron mobility, good thermal conductivity, optical
transparency in the visible range, and biocompatibility, enabling applications in transparent
electronics, sensors, energy harvesting, and biomedical devices [4].

The fabrication of ZnO as thin films is particularly important for integration into
modern electronic and optoelectronic devices. Thin films preserve most bulk properties
while offering additional benefits such as compatibility with planar architectures, tunable
characteristics through controlled deposition, and reduced material consumption [5]. A
wide range of deposition techniques has been employed, including pulsed laser deposition
(PLD) [6], chemical vapor deposition (CVD) [7], magnetron sputtering [8], atomic layer
deposition (ALD) [9], spray pyrolysis [10], and sol–gel methods [11]. Among these, sol–gel
deposition combined with layer-by-layer approaches such as spin or dip coating stands out
for its low cost, compositional control, scalability, and operation under ambient conditions,
making it suitable for both research and industrial applications [12].

The physical, structural, and optical characteristics of ZnO thin films are strongly
influenced by thickness. As films grow, their microstructure evolves—affecting crystal
orientation, grain size, surface morphology, and defect density. For ZnO, thicker films
typically show improved crystallinity and stronger c-axis (002) orientation, the most stable
growth direction of the wurtzite phase [13–15]. Such structural evolution directly impacts
optical and electronic properties: for instance, the optical band gap can be tuned with
thickness due to quantum confinement effects in ultrathin layers, strain relaxation, and
changes in localized states near the band edges [16,17].

A thorough understanding of how thickness affects ZnO film properties is thus essen-
tial for device design. Parameters such as the refractive index (n) and extinction coefficient
(k)—crucial for antireflection coatings and optical waveguides—are highly sensitive to film
density and surface roughness [18]. Photoluminescence (PL) spectroscopy further provides
insight into electronic structure and defect states, with the UV-to-visible emission ratio
commonly used as an indicator of optical quality. This ratio varies with thickness due to
changes in oxygen vacancies, surface states, and other point defects [19,20]. Similarly, the
Urbach energy (Eu), which reflects the extent of structural disorder, serves as a quantita-
tive measure of crystalline quality and is also thickness-dependent. While many studies
have examined individual properties as a function of thickness, a systematic, correlative
investigation linking structural, morphological, optical, and luminescent behavior during
layer-by-layer growth is still needed [21].

The present work addresses this gap by systematically analyzing ZnO thin films with
varying numbers of sol–gel-deposited layers (5, 10, and 15). Their crystalline structure,
surface morphology, thickness, and roughness are examined, together with a detailed
characterization of optical properties, including transmittance, absorbance, band gap en-
ergy, refractive index, extinction coefficient, dielectric constants, and optical conductivity.
Defect-related dynamics are evaluated through Urbach energy and photoluminescence
spectra. By correlating these measurements, a comprehensive view is obtained of how ZnO
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thin film properties evolve during early and intermediate growth stages, providing insights
relevant for the tailored fabrication of ZnO-based devices.

The novelty of this study lies in its integrative approach, directly linking structural
order (XRD and Urbach energy) to optical constants and PL response. In particular, a distinc-
tive trend of decreasing surface roughness with increasing thickness is observed, pointing
to a surface-smoothing growth mechanism. This holistic perspective offers a clearer under-
standing of defect dynamics in ZnO thin films and their impact on performance-critical
properties. In contrast to conventional thickness-series studies based on a single continuous
deposition, here the thickness is adjusted through a controlled multilayer (repeated spin
coating) process. This approach promotes gradual densification and surface smoothing
between cycles, potentially leading to microstructural differences that go beyond a simple
increase in total thickness.

2. Materials and Methods
2.1. Materials

Zinc oxide thin films were synthesized using the sol–gel method combined with spin
coating, as illustrated in the flowchart reported in Figure 1. For the sol preparation, zinc
acetate dihydrate [Zn(CH3COO)2·2H2O] (Sigma-Aldrich, St. Louis, MO, USA) was em-
ployed as the zinc oxide precursor, 2-methoxyethanol (Qualigens, Thermo Fisher Scientific
India Pvt. Ltd., Mumbai, India) was used as the solvent, and diethanolamine (Rankem,
Avantor Performance Materials India Ltd., Thane, India) served as the stabilizing agent.

Figure 1. Schematic representation of the ZnO thin film synthesis process.

2.2. Synthesis of ZnO Thin Films

A measured amount of zinc acetate dihydrate was dissolved in 25 mL of 2-
methoxyethanol and stirred at 80 ◦C until the solution turned milky. A few drops of
diethanolamine were then added, resulting in a clear and transparent solution, which was
stirred for an additional hour at 80 ◦C. The resulting sol was stored in a covered beaker
at room temperature for 24 h. Prior to deposition, glass substrates were cleaned using an
ultrasonic bath. The substrates were mounted on a spin coater, rotated at 1500 rpm, and
pre-heated at 200 ◦C. The prepared sol was applied dropwise onto the substrate surface to
form a film layer. This deposition procedure was repeated 5, 10, and 15 times to obtain ZnO



Photonics 2025, 12, 1219 4 of 17

multilayers on glass substrates. The films adhered well to the substrate surface. Finally,
three films were prepared and annealed at 400 ◦C for 1 h. These samples were subsequently
used for further investigations. In this study, the term “multilayer architecture” refers to
the repeated spin coating and pre-heating sequence characteristic of layer-by-layer sol–gel
deposition, in which each wet layer is dried before the next is applied, and all layers are
subsequently annealed to form a dense, continuous film rather than sharply separated
sub-layers. For each nominal layer number (5, 10, and 15), multiple independently pre-
pared films were fabricated and characterized. The structural and optical values reported
correspond to representative averages obtained from these repeated depositions.

2.3. Characterization

The structural, optical, morphological, and photoluminescence properties of the syn-
thesized ZnO thin films were comprehensively characterized. X-ray diffraction (XRD,
Rigaku, Tokyo, Japan; CuKα, λ = 1.54059 Å) was carried out in the 2θ range of 20–80◦ to
investigate the structural features. Optical absorbance and transmittance were recorded
using a Shimadzu UV-1601 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) in
the wavelength range of 300–900 nm, while the film thickness was determined with a
stylus surface profilometer (Dektak 150, Bruker Corporation, Billerica, MA, USA). More
in detail, film thickness was obtained by measuring the step height across a small scratch
made through the ZnO layer down to the glass substrate. The reported thickness values
represent averages of several scans for each sample. The same profilometer, operated
in surface-scanning mode, was used to estimate the root-mean-square (RMS) roughness,
with the reported values calculated by averaging measurements from multiple regions
to ensure reproducibility. Surface morphology was analyzed with a field-emission scan-
ning electron microscope (FESEM, FEI Nova NanoSEM 450, FEI Company, Hillsboro, OR,
USA) operating at 10 kV, and the luminescence behavior was studied using a FluoroMax-4
spectrofluorometer (Horiba Scientific, Kyoto, Japan).

3. Results and Discussion
3.1. Structural Characterization of ZnO Thin Films by X-Ray Diffraction

Figure 2 shows the XRD pattern of the 15-layer ZnO thin film, recorded at room temper-
ature to examine its crystalline structure and phase purity. The diffraction pattern displays
multiple well-defined peaks, confirming the polycrystalline nature of the synthesized film.
The diffraction peaks observed at 2θ ≈ 31.8◦, 34.4◦, 36.2◦, 47.5◦, 56.6◦, 62.8◦, and 67.9◦

correspond to the (100), (002), (101), (102), (110), (103), and (112) crystallographic planes,
respectively. These peaks are in good agreement with standard data for the hexagonal
wurtzite structure of ZnO [21]. The absence of additional peaks attributable to secondary
phases or impurities indicates the successful formation of phase-pure ZnO within the de-
tection limits of the technique. The corresponding wurtzite lattice parameters (a ≈ 3.25 Å,
c ≈ 5.20 Å) describe the periodic atomic arrangement and remain essentially unchanged
for all films; as such, they are not directly comparable to the total film thickness, which
reflects the cumulative stacking of many such unit cells during layer-by-layer deposition.
Additional XRD scans collected for the 5- and 10-layer films likewise confirmed phase-pure
wurtzite ZnO with similar peak positions and relative intensities, although detailed analysis
was limited to the 15-layer sample due to restricted instrument availability.

The relative intensities of the peaks provide information on preferred crystallographic
orientation. In the recorded pattern, the (101) reflection exhibits the highest intensity,
followed by the (002) and (100) peaks, with other reflections such as (102), (110), (103),
and (112) appearing at lower intensities. According to standard Joint Committee on
Powder Diffraction Standards (JCPDS) data, the (101) peak is typically the most intense



Photonics 2025, 12, 1219 5 of 17

in randomly oriented polycrystalline ZnO, followed by (100) and (002). The dominance
of the (101) reflection in the present film therefore suggests largely random orientation
rather than a strong preferential alignment along the c-axis (002) plane, which is often
desirable for specific optoelectronic applications [22]. Although the (002) peak is clearly
visible, its relative intensity does not indicate a highly c-axis-textured film. The coexistence
of multiple orientations may influence electrical conductivity, carrier transport, and surface
morphology [23].

Figure 2. XRD pattern of the 15-layer ZnO thin film.

The sharp and well-defined nature of the diffraction peaks reflects good crystallinity.
The average crystallite size can be estimated from the full width at half maximum (FWHM)
of the reflections using the Debye–Scherrer equation:

D =
Kλ

βcos θ
, (1)

where D is the average crystallite size, K is the Scherrer constant (typically ~0.9), λ is the
X-ray wavelength, β is the FWHM in radians, and θ is the Bragg diffraction angle [24].
Narrower peaks (smaller FWHM) correspond to larger crystallites and lower microstrain,
generally indicative of improved crystalline quality. For the 15-layer film, the crystallite
size estimated from the (101) reflection is in the range of 28–35 nm. The grains observed in
the FESEM micrographs are slightly larger (≈40–50 nm), as expected since each surface
grain typically consists of several coalesced crystallites. The multilayer architecture ob-
tained through successive sol–gel spin coating cycles influences nucleation and growth
kinetics, thereby affecting crystallite size and orientation [25]. Films with larger crystal-
lites and fewer grain boundaries typically exhibit enhanced carrier mobility, beneficial for
optoelectronic devices.

The structural features revealed by XRD—polycrystalline nature, phase purity, and
good crystallinity—are crucial for assessing the potential performance of ZnO thin films
in device applications. While a strong c-axis orientation is often favored for piezoelectric
or light-emitting devices due to the anisotropic properties of ZnO, polycrystalline films
with adequate crystallinity remain suitable for other applications such as transparent con-
ductive oxides or ultraviolet (UV) photodetectors, provided grain boundary effects are
controlled [26]. Further quantitative insight into preferred orientation could be obtained
through the calculation of texture coefficients for the main reflections. Since such quantita-
tive texture analysis was not performed in the present work, the discussion of preferred
orientation is therefore kept qualitative.



Photonics 2025, 12, 1219 6 of 17

3.2. Optical Properties
3.2.1. Absorbance Characteristics

The absorbance spectra of ZnO thin films with 5, 10, and 15 layers, shown in Figure 3a,
exhibit typical semiconductor behavior. All films display low absorbance in the visible
region (wavelengths > 400 nm) and a sharp increase in the UV region, particularly below
~390 nm. This pronounced absorption edge corresponds to the fundamental electronic
transition in ZnO, where photons with energies exceeding the band gap excite electrons
from the valence band to the conduction band [27].

 

Figure 3. Optical characterization of multilayer ZnO films with 5, 10, and 15 layers: (a) absorbance
spectra, (b) transmittance spectra, and (c) variation in the optical band gap with the number of layers.

A clear trend is observed with increasing film thickness: the overall absorbance inten-
sity, especially near the UV absorption edge, rises as the number of layers increases from 5
to 10 and then to 15. This behavior is consistent with the Beer–Lambert law, which states
that absorbance is directly proportional to the optical path length and the concentration
of absorbing species [28]. Thicker films provide a longer optical path, enhancing photon
absorption. Additionally, the absorption edge exhibits a slight redshift (toward longer
wavelengths) with increasing thickness, suggesting a small decrease in the optical band
gap, as quantified in Figure 3c. It should be emphasized that the stronger absorbance
observed for thicker films primarily reflects the longer optical path length and multiple
internal reflections, in addition to any thickness-induced microstructural changes.

Figure 3 summarizes the optical properties of ZnO thin films as a function of the num-
ber of deposited layers, which directly correlates with film thickness. Specifically, Figure 3a
presents the absorbance spectra, Figure 3b shows the transmittance spectra, and Figure 3c
illustrates the variation in the optical band gap for films with 5, 10, and 15 layers. These
optical characteristics are critical for assessing the suitability of ZnO films for optoelectronic
applications, including transparent conductive oxides, UV photodetectors, and solar cells.
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3.2.2. Transmittance Properties

Figure 3b presents the percentage transmittance (%T) spectra of ZnO films with 5, 10,
and 15 layers. In agreement with the absorbance data, all films exhibit high transparency
in the visible range (400–800 nm), an essential characteristic for applications requiring
transparent electrodes or window layers. The average transmittance in the visible region
remains above 80–90% for thinner films, decreasing slightly with increasing film thickness.
Specifically, the 5-layer film shows the highest transmittance, followed by the 10-layer film,
while the 15-layer film displays the lowest transmittance across the visible spectrum. This
decrease is attributed not only to possible improvements in film packing density but also
to geometrical effects associated with a longer optical path.

This reduction in transmittance with increasing thickness is consistent with increased
optical absorption and potential light scattering in thicker films, which may arise from
larger grain sizes or higher surface roughness [29]. The pronounced drop in transmittance
in the UV region corresponds to the fundamental absorption edge of ZnO, reflecting the
behavior observed in the absorbance spectra. The combination of high visible transparency
and strong UV absorption indicates that these ZnO films are suitable candidates for UV-
shielding transparent coatings.

3.2.3. Optical Band Gap Variation

Figure 3c presents the calculated optical band gap (Eg) values as a function of the
number of layers (5, 10, and 15). The results show a clear trend: the optical band gap
decreases with increasing film thickness. Specifically, the band gap values are 3.26 eV for
the 5-layer film, 3.25 eV for the 10-layer film, and 3.23 eV for the 15-layer film.

This slight reduction in band gap with increasing thickness can be attributed to several
factors. For very thin films, quantum confinement effects can lead to a larger band gap; as
thickness increases, these effects diminish, and the band gap approaches the bulk value or
the characteristic value of thicker, more relaxed films [30]. Additionally, improvements in
crystallinity and an increase in grain size with increasing thickness reduce defect-related
localized states and band tailing, resulting in a slightly narrower and more well-defined
band gap [5]. Variations in internal stress or strain as the film grows can further influence
the electronic structure, with strain relaxation in thicker films contributing to the observed
decrease in band gap [31]. Given the small magnitude of the shift (≈0.03 eV), part of
the apparent redshift may additionally arise from thickness-dependent interference and
scattering. The band gap evolution should therefore be interpreted as the combined effect
of intrinsic factors (crystallinity and strain) and extrinsic optical-path contributions.

The obtained band gap values are consistent with previously reported ranges for
ZnO thin films (3.1–3.4 eV), which depend on deposition conditions, stoichiometry, and
microstructure. These optical analyses indicate that increasing film thickness enhances UV
absorption, slightly reduces visible transmittance, and decreases the optical band gap. The
results highlight the crucial role of film thickness in tuning the optoelectronic properties of
ZnO thin films for specific device applications.

3.2.4. Additional Optical Parameters

Figure 4 presents a detailed analysis of additional optical parameters of ZnO thin films
deposited with 5, 10, and 15 layers, corresponding to different thicknesses. The examined
parameters include refractive index (n), reflectance (%R), extinction coefficient (k), optical
conductivity (σopt), and the real (ϵr) and imaginary (ϵi) components of the dielectric constant.
These quantities are essential for describing light–matter interactions in the films and for
assessing their suitability in optoelectronic applications. The analysis highlights their
spectral dependence in the 350–700 nm wavelength range. Since the optical response of
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ZnO thin films is critical for their integration into devices such as transparent conductive
electrodes, solar cells, UV photodetectors, and light-emitting diodes, understanding the
role of thickness is crucial. This section discusses how the variation in layer number (5, 10,
and 15) affects the fundamental optical constants.

 

Figure 4. Spectral dependence of the optical parameters of ZnO thin films with 5, 10, and 15 layers:
(a) refractive index (n), (b) percentage reflectance (%R), (c) extinction coefficient (k), (d) optical
conductivity (σopt), (e) real part of the dielectric constant (ϵr), and (f) imaginary part of the dielectric
constant (ϵi), all as functions of wavelength.

Figure 4a illustrates the spectral dependence of the refractive index (n) for ZnO
films with 5, 10, and 15 layers. In the visible region (λ > 400 nm), n decreases gradually
with increasing wavelength, showing normal dispersion. Approaching the UV region,
near the fundamental absorption edge of ZnO (~380 nm), n rises sharply and exhibits
a peak, indicating anomalous dispersion caused by resonant absorption processes [32].
Across the measured range, n increases systematically with film thickness: the 15-layer
film consistently shows the highest values, followed by the 10- and 5-layer samples. At
550 nm, for instance, n slightly increases from 0.11097 (5 layers) to 0.11123 (10 layers)
and 0.11224 (15 layers). This trend is generally attributed to higher packing density,
improved crystallinity, and reduced porosity in thicker films, which typically feature larger
grains and a more compact microstructure [33,34]. It should be noted, however, that
the absolute values reported here (0.11–0.16) are unusually low compared to bulk ZnO
(n ≈ 2.0 in the visible region [25,26,28]). Such a discrepancy suggests a highly porous or
nanostructured morphology with a low fill factor, or that the reported values correspond to
effective-medium parameters within a specific optical model. Despite this, the progressive
increase in n with increasing thickness remains a consistent indicator of structural evolution.
Accordingly, the optical constants extracted in this work should be regarded as effective-
medium values for a nanostructured, partially porous film within the assumed model,
rather than intrinsic bulk ZnO parameters.

Figure 4b presents the percentage reflectance (%R) spectra. Reflectance is low in the
visible range and rises steeply in the UV region, peaking near the absorption edge, in
agreement with the spectral behavior of n and k. A clear thickness dependence is observed,
with %R increasing with the number of layers. At 550 nm, reflectance is 0.427% for the
5-layer film, 0.670% for the 10-layer film, and 1.562% for the 15-layer film. This increase is
consistent with Fresnel’s equations, which predict higher reflectance for larger refractive
indices, and may also be reinforced by interference effects that become more pronounced in
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thicker films [35]. The low reflectance in the visible region is advantageous for applications
requiring high transparency.

Figure 4c shows the extinction coefficient (k), which quantifies the attenuation of light
through absorption or scattering within the film. As expected for ZnO, k is very low in the
visible region, confirming high transparency, and increases sharply in the UV region below
~400 nm, corresponding to the onset of band-to-band absorption. Across the spectral range,
k varies with the number of layers, particularly near the absorption edge. At 370 nm, for
example, k decreases from ~0.218 (5 layers) to ~0.181 (15 layers). The observed reduction
in k with increasing thickness suggests that thicker films have fewer defects and reduced
scattering, consistent with improved crystallinity and grain growth [36]. The small but
non-zero values observed in the visible region indicate residual absorption or scattering,
likely associated with defects or grain boundaries.

Figure 4d presents the optical conductivity (σopt) as a function of wavelength. Optical
conductivity reflects the material’s ability to respond to an incident electromagnetic field
through charge-carrier excitation. It is related to the absorption coefficient (α) and refractive
index (n) by σopt = αnc/(4π), with α = 4πk/λ and c the speed of light. Accordingly, the
spectral dependence of σopt closely follows that of k and the absorption coefficient. σopt

remains low in the visible region and rises sharply in the UV region, particularly near
the absorption edge. At 360 nm, the values are 2.7 × 104 S/cm (5 layers), 2.9 × 104 S/cm
(10 layers), and 2.6 × 104 S/cm (15 layers). This trend indicates a modest thickness de-
pendence, with a slight enhancement from 5 to 10 layers followed by a small reduction
at 15 layers, which can be attributed to thickness-dependent microstructural evolution
influencing carrier generation and scattering [37].

Figure 4e shows the real part of the dielectric constant (ϵr), which reflects the material’s
ability to store electrical energy from an incident electric field and is related to n and k by
ϵr = n2 − k2. The spectra exhibit dispersion near the UV absorption edge, with a sharp
dip into negative values around 360 nm, followed by small positive values in the visible
region. In the visible range, for example, at 550 nm, ϵr is positive and slightly increases
with film thickness, from 0.01226 for the 5-layer film to 0.01236 for the 15-layer film. This
trend follows that of n, as k is very small in this region, making ϵr ≈ n2. The negative ϵr

values in the UV region may arise from strong excitonic resonances or from significant
free-carrier contributions leading to plasmonic behavior [38]. As a semiconductor, ZnO is
expected to exhibit strong excitonic absorption near the band edge. The absolute values
of ϵr, similar to n, are unusually low compared to bulk ZnO (ϵr ≈ 3.7–4.0 in the visible),
reflecting the low refractive indices.

Figure 4f presents the imaginary part of the dielectric constant (ϵi), related to n and
k by ϵi = 2nk, which represents dielectric loss or energy absorption from the electric field.
The spectral dependence of ϵi closely follows that of k and σopt, showing a steep increase in
the UV region near the fundamental absorption edge, and very low values in the visible
region. At 360 nm, ϵi is 0.0655 for the 5-layer film, 0.0699 for the 10-layer film, and 0.0634
for the 15-layer film. This trend indicates a modest thickness dependence, with a slight
enhancement from 5 to 10 layers followed by a small reduction at 15 layers, reflecting
thickness-dependent variations in optical absorption and energy dissipation.

The comprehensive analysis of the optical parameters shows trends with increasing
film thickness that are consistent in the visible region and more nuanced in the UV region.
In the visible, n, %R, and ϵr show slight increases with thickness, while k, σopt, and ϵi remain
low. In the UV region, the behavior is not strictly monotonic: for example, at 360 nm, σopt

and ϵi exhibit a slight enhancement from 5 to 10 layers and then a slight decrease at 15 layers,
and k at 370 nm decreases with thickness. These observations reflect microstructural
evolution: thicker films typically exhibit improved crystallinity, larger grain sizes, and
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reduced porosity, resulting in a more “bulk-like” optical response, although the absolute
values suggest a highly porous or nanostructured morphology [3,9,22]. The slight decrease
in the optical band gap with thickness, observed previously (from 3.26 eV for 5 layers to
3.23 eV for 15 layers, see Figure 3), is consistent with structural improvements such as grain
growth and strain relaxation, which influence the electronic band structure [10].

The observed optical characteristics—high visible transparency (low k and ϵi) and
tunable UV absorption—are critical for ZnO-based optoelectronic devices. The systematic
variation in these optical constants with thickness allows tailoring of film properties for
specific applications. For transparent conductive oxide applications, high visible trans-
mittance (low %R and k) and moderate optical conductivity are preferred, while for UV
photodetectors, strong UV absorption (high k and σopt) is essential.

3.2.5. Urbach Energy Analysis of ZnO Thin Films with Varying Thickness

Figure 5 presents the determination of the Urbach energy (Eu) for ZnO thin films
with 5, 10, and 15 layers. This parameter characterizes the width of the localized state tail
extending from the band edges into the forbidden gap, originating from structural disorder,
thermal vibrations, defects, and impurities in semiconductor materials [39].

Figure 5. Plots of ln(α) vs. photon energy (hν) for ZnO thin films with 5, 10, and 15 layers, with the
inset table reporting the calculated Urbach energy values. This analysis provides insight into the
degree of structural disorder and the distribution of localized states within the band gap.

A higher Urbach energy generally indicates greater structural disorder or a higher
density of defects, which strongly affects the optical and electrical properties of the material.
The analysis is carried out by plotting the natural logarithm of the absorption coefficient
(ln(α)) against the photon energy (hν) in the sub-band gap region. According to the Urbach
rule, the absorption coefficient follows an exponential dependence on photon energy:

α (hν) = α0exp
(

hν

Eu

)
, (2)
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where α0 is a pre-exponential constant and Eu is the Urbach energy. Taking the natural
logarithm yields:

ln(α) = ln(α0) +
hν

Eu
. (3)

Thus, Eu is obtained from the reciprocal slope of the linear portion of the ln(α) vs.
hν plot.

The plots in Figure 5 show a linear relationship between ln(α) and hν below the
fundamental absorption edge of ZnO (~3.2–3.3 eV) for all thicknesses (5, 10, and 15 layers),
confirming the presence of an Urbach tail. The inset table reports the calculated values:
0.443 eV for 5 layers, 0.431 eV for 10 layers, and 0.517 eV for 15 layers. The trend is
non-monotonic: as thickness increases from 5 to 10 layers, Eu decreases slightly (from
0.443 to 0.431 eV), suggesting improved structural order or reduced defect density [40].
Such improvement may result from enhanced atomic arrangement, grain growth, or strain
relaxation, possibly aided by annealing effects during successive layer deposition [3]. A
more ordered structure sharpens the band edges, reducing the Urbach tail.

For the 15-layer film, however, Eu rises markedly to 0.517 eV, indicating increased
disorder, higher defect concentration, or a larger density of localized states. Contributing
factors may include internal stress accumulation during extended deposition, leading
to lattice distortions and defect formation, as well as a higher volume fraction of grain
boundaries in polycrystalline films [41]. Additional impurities or growth-mode changes
during prolonged deposition could further enhance disorder.

The magnitude of the measured Urbach energies is also significant. Values ranging
from 0.431 to 0.517 eV are high compared to crystalline ZnO thin films, which typically
exhibit Eu between 50 and 200 meV [12,26]. This suggests that all the films under study
possess substantial disorder or defect density, possibly linked to high porosity or a nanos-
tructured morphology. Such features are consistent with the unusually low refractive index
values previously reported (Figure 4a), which point to a porous or less dense microstructure.

Since Eu quantifies disorder, its implications for optoelectronic performance are critical.
A broad distribution of localized states near the band edges can trap charge carriers, lower-
ing their mobility and lifetime, and promoting non-radiative recombination [42]. As a result,
films with high Eu may suffer from reduced efficiency in solar cells (due to recombination
losses), slower response or lower sensitivity in photodetectors, and decreased quantum
efficiency in light-emitting diodes. The non-monotonic dependence of Eu on thickness
suggests the existence of an optimal range (around 10 layers in this case) where structural
disorder is minimized. Nonetheless, the relatively high Eu values overall indicate that fur-
ther optimization of deposition conditions is required to enhance crystallinity and reduce
defect density for high-performance optoelectronic applications. At the same time, part of
the variation in Urbach energy may also arise from thickness-dependent optical scattering
and interference, meaning that the separation between intrinsic structural disorder and
optical-path effects is not yet complete. A more definitive distinction between these contri-
butions would require complementary measurements—such as temperature-dependent
and time-resolved photoluminescence—which are beyond the scope of the present work
and are planned for future studies.

3.3. Surface Morphology and Qualitative Analysis

The surface morphology and microstructure of the 15-layer ZnO thin film were inves-
tigated by field-emission scanning electron microscopy (FESEM), and the corresponding
micrographs are reported in Figure 6 at different magnifications. At low magnification
(Figure 6a), the film uniformly covers the substrate over a wide area. The surface appears
dense and continuous, with no cracks, pinholes, or large-scale defects. This uniformity
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demonstrates that the layer-by-layer deposition yielded a well-coalesced film, free from
imperfections that could act as shunt pathways or recombination centers and degrade
device performance.

 

Figure 6. FESEM micrographs of the 15-layer ZnO thin film at different magnifications: (a) 5000×,
(b) 100,000×, and (c) 200,000×.

At higher magnifications (Figure 6b,c), the granular structure of the film becomes evi-
dent, highlighting the nanoscale features of the crystallites. The surface is polycrystalline,
consisting of compact, tightly packed grains with quasi-spherical or slightly faceted geome-
try, typical of ZnO films grown under these conditions. Grain boundaries are well-defined,
and the grain size is relatively uniform, forming a dense and continuous network. This
compact arrangement reduces voids between grains, enhances structural integrity, and facil-
itates charge carrier transport across grain boundaries. The individual grains are composed
of agglomerated nanocrystallites that coalesced during the multi-layer deposition and
subsequent annealing processes. At the nanoscale, the surface appears smooth, with a reg-
ular granular pattern. Such morphology indicates a growth mechanism favoring uniform
nucleation followed by vertical and lateral grain growth, ultimately yielding the dense and
ordered structure observed. The compact and well-defined grain morphology represents
a strong indication of good crystalline quality, which is essential for achieving desirable
optical and electrical performance in ZnO-based thin-film devices. Cross-sectional FESEM
or transmission electron microscopy (TEM) imaging was not available in the present study,
so the internal layering could not be visualized directly. However, the smooth surface
morphology and the monotonic evolution of thickness and roughness with layer number
suggest that the individual spin coated layers coalesce into a continuous, well-densified
film during the final annealing step.

3.4. Photoluminescence Analysis

The photoluminescence properties of ZnO thin films with 5, 10, and 15 layers are
reported in Figure 7. These results are analyzed in relation to the thickness and surface
roughness data summarized in Table 1 and correlated with the previously discussed optical
and structural parameters to provide a comprehensive evaluation of the material quality
and defect structure.
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Figure 7. Room-temperature PL spectra of ZnO thin films with 5, 10, and 15 layers under
325 nm excitation.

Table 1. Thickness and RMS surface roughness of ZnO thin films with different numbers of layers.

Number of Layers Thickness (nm) Roughness (nm)

5 43.81 5.54
10 51.20 3.10
15 80.68 2.00

As expected, the film thickness increases with the number of deposited layers, from
43.81 nm (5 layers) to 51.20 nm (10 layers) and 80.68 nm (15 layers). More importantly, the
RMS surface roughness decreases with increasing thickness: 5.54 nm for the 5-layer film,
3.10 nm for the 10-layer film, and 2.00 nm for the 15-layer film. This reduction indicates
improved film uniformity and enhanced grain coalescence, resulting in smoother surface
morphology as the film grows [43]. A smoother surface is generally favorable for device
applications, as it promotes sharper interfaces and reduces light scattering.

Figure 7 shows the room-temperature PL spectra of the ZnO thin films. All samples
exhibit a dominant UV emission peak, characteristic of near-band-edge (NBE) excitonic re-
combination in ZnO. The NBE peak is centered at approximately 393–395 nm (3.15–3.13 eV)
for all thicknesses, consistent with the optical band gap values obtained from absorption
spectra (Figure 3c), when considering the exciton binding energy of ZnO (~60 meV) and
possible Stokes shifts. A slight redshift of the NBE peak with increasing thickness is no-
ticeable, in agreement with the observed decrease in optical band gap (from 3.26 eV for
5 layers to 3.23 eV for 15 layers), a behavior often associated with improved crystallinity
and strain relaxation in thicker films [44].

The intensity of the NBE emission strongly depends on film thickness. The 5-layer
film shows the highest NBE intensity, followed by the 10-layer film, whereas the 15-layer
film exhibits the lowest intensity. This trend, although counterintuitive given the larger
excitation volume of thicker films, suggests the presence of additional non-radiative recom-
bination pathways or enhanced self-absorption effects in thicker layers [4]. This apparent
thickness dependence must be interpreted with caution, as PL intensity is also influenced



Photonics 2025, 12, 1219 14 of 17

by optical path length, self-absorption, and the balance between radiative and non-radiative
defect-related recombination channels.

Besides the UV emission, all spectra present a broad, low-intensity band in the visible
region (approximately 450–550 nm), more similar to a tail than a distinct peak. This visible
luminescence is commonly ascribed to deep-level defects within the ZnO band gap, such
as oxygen vacancies, zinc interstitials, or zinc vacancies [2,5]. The relative intensity of this
defect-related emission with respect to the NBE peak serves as an indicator of crystalline
quality and defect density in the films.

3.5. Correlation of Photoluminescence Characteristics with Structural Disorder and
Optical Properties

The PL results, particularly the trend in NBE intensity, can be correlated with the
Urbach energy (Eu) values determined previously (Figure 5). The 15-layer film, which
shows the highest Urbach energy (0.517 eV) and thus the greatest structural disorder,
exhibits the lowest NBE PL intensity. This correlation indicates that increased disorder in
the 15-layer film enhances the density of non-radiative recombination centers, leading to
quenching of the excitonic emission [6].

The 10-layer film presents the lowest Urbach energy (0.431 eV), suggesting a rela-
tively more ordered structure compared to both the 5-layer (0.443 eV) and 15-layer films.
However, the 5-layer film displays a higher NBE PL intensity than the 10-layer film. This
suggests that although the 5-layer film is slightly more disordered in terms of Eu, the
dominant defects responsible for non-radiative recombination may be less effective or less
numerous. Additional factors, such as enhanced light extraction due to higher surface
roughness (5.54 nm vs. 3.10 nm) or reduced self-absorption in the thinner film, could also
contribute to the stronger PL response [7]. The relatively high Urbach energies for all
samples (0.431–0.517 eV) indicate a significant density of tail states, consistent with the
observed defect-related visible emission.

The progressive reduction in surface roughness with increasing thickness (Table 1)
confirms a morphological evolution toward smoother films. While smoother surfaces
generally improve interface quality and reduce scattering losses, the dominant factor
affecting the NBE PL intensity appears to be the internal quantum efficiency, governed
by the density of non-radiative defects. The pronounced reduction in PL intensity in the
15-layer film, despite its lowest surface roughness (2.00 nm), highlights the detrimental role
of bulk disorder (as indicated by its high Eu) in limiting radiative efficiency.

In summary, all films exhibit the characteristic NBE emission of ZnO, but its intensity is
strongly influenced by the interplay between thickness and structural disorder. The 5-layer
film shows the most intense emission, reflecting a favorable balance between excitation vol-
ume and non-radiative recombination, despite higher roughness. Conversely, the 15-layer
film undergoes significant PL quenching, directly correlated with its increased structural
disorder. These findings emphasize the importance of defect control in optimizing the lu-
minescent performance of ZnO thin films for optoelectronic applications. When considered
together with the Urbach energy analysis, the PL data indicate that the 10-layer film pro-
vides an approximate compromise between surface smoothness, structural order, and defect
density. The 15-layer film, although exhibiting lower roughness, accumulates additional
deep-level defects that enhance visible emission and non-radiative recombination.

4. Conclusions
In this study, the influence of layer number (5, 10, and 15) on the structural, morpho-

logical, and optoelectronic properties of ZnO thin films was systematically investigated.
An increase in the number of layers resulted in a predictable rise in film thickness, from
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43.81 nm (5 layers) to 80.68 nm (15 layers), accompanied by a significant reduction in
surface roughness, from 5.54 nm to 2.00 nm. This trend indicates improved surface ho-
mogeneity at the substrate interface, although the bulk defect density does not decrease
monotonically with increasing thickness. XRD analysis of the 15-layer film confirmed the
polycrystalline hexagonal wurtzite structure.

Optical characterization revealed enhanced UV absorbance and reduced visible trans-
mittance with increasing thickness, along with a slight decrease in the optical band gap
from 3.26 eV (5 layers) to 3.23 eV (15 layers). Photoluminescence analysis showed that the
5-layer film exhibited the most intense NBE emission, suggesting an optimal thickness for
maximizing radiative recombination efficiency. FESEM observation indicated irregularly
shaped particles with a granular or island-like morphology, while the stoichiometric ratio
was successfully maintained. However, this apparent optimum must be interpreted with
care, since PL intensity is also affected by optical path length, self-absorption and defect-
related non-radiative recombination, and the Urbach-energy analysis points to the 10-layer
film as having the lowest overall structural disorder.

These results demonstrate that film thickness exerts a strong influence on the structural
and optical behavior of nanocrystalline ZnO thin films, including transmittance, band
gap, PL emission, and surface morphology. Moreover, key optical parameters such as
refractive index, extinction coefficient, optical conductivity, and dielectric constants showed
systematic increases with layer number in the visible range, whereas in the UV range their
evolution was more complex, reflecting thickness-dependent microstructural effects.

Overall, these findings establish the number of layers as a critical fabrication parameter
for tuning the multifaceted properties of ZnO thin films, highlighting their strong potential
for application in photodetection and other optoelectronic devices. Although the band gap
variation is modest (≈0.03 eV), the associated shifts in the absorption edge and PL peak can
still influence the spectral response of UV photodetectors and transparent optoelectronic
devices, thereby motivating the fine thickness control discussed in this work.
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PLD Pulsed laser deposition
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2. Özgür, Ü.; Alivov, Y.I.; Liu, C.; Teke, A.; Reshchikov, M.A.; Doğan, S.; Avrutin, V.; Cho, S.-J.; Morkoç, H. A comprehensive review

of ZnO materials and devices. J. Appl. Phys. 2005, 98, 041301. [CrossRef]
3. Klingshirn, C. ZnO: From basics to applications. Phys. Status Solidi B 2007, 244, 3027–3073. [CrossRef]
4. Muchuweni, E.; Sathiaraj, T.S.; Nyakotyo, H. Synthesis and characterization of zinc oxide thin films for optoelectronic applications.

Heliyon 2017, 3, e00285. [CrossRef]
5. Fortunato, E.; Barquinha, P.; Martins, R. Oxide semiconductor thin-film transistors: A review of recent advances. Adv. Mater. 2012,

24, 2945–2986. [PubMed]
6. Muslih, E.Y.; Kim, K.H. Preparation of zinc oxide (ZnO) thin film as transparent conductive oxide (TCO) from zinc complex

compound on thin film solar cells: A study of O2 effect on annealing process. IOP Conf. Ser. Mater. Sci. Eng. 2017, 214, 012001.
[CrossRef]

7. Ribut, S.H.; Abdullah, C.A.C.; Mohd Yusoff, M.Z. Investigations of structural and optical properties of zinc oxide thin films
growth on various substrates. Results Phys. 2019, 13, 102146. [CrossRef]

8. Gartner, M.; Stroescu, H.; Mitrea, D.; Nicolescu, M. Various applications of ZnO thin films obtained by chemical routes in the last
decade. Molecules 2023, 28, 4674. [CrossRef]

9. Madhavanunni Rekha, S.; Vadakke Neelamana, H.; Bhat, S.V. Recent advances in solution-processed zinc oxide thin films for
ultraviolet photodetectors. ACS Appl. Electron. Mater. 2023, 5, 4051–4066. [CrossRef]

10. Krysova, H.; Mansfeldova, V.; Tarabkova, H.; Pisarikova, A.; Hubicka, Z.; Kavan, L. High-quality dense ZnO thin films: Work
function and photo/electrochemical properties. J. Solid State Electrochem. 2024, 28, 2531–2546. [CrossRef]

11. Zubkins, M.; Gabrusenoks, J.; Chikvaidze, G.; Aulika, I.; Butikova, J.; Kalendarev, R.; Bikse, L. Amorphous ultra-wide bandgap
ZnOx thin films deposited at cryogenic temperatures. J. Appl. Phys. 2020, 128, 215303. [CrossRef]

12. Yergaliuly, G.; Soltabayev, B.; Kalybekkyzy, S.; Bakenov, Z.; Mentbayeva, A. Effect of thickness and reaction media on properties
of ZnO thin films by SILAR. Sci. Rep. 2022, 12, 851. [CrossRef]

13. Laurenti, M.; Cauda, V. Porous zinc oxide thin films: Synthesis approaches and applications. Coatings 2018, 8, 67. [CrossRef]
14. Anilkumar, T.S.; Girija, M.L.; Venkatesh, J. Synthesis and characterization of ZnO thin films. AIP Conf. Proc. 2016, 1728, 020509.

[CrossRef]
15. Sahoo, A.K.; Wu, G.M. Preparation and Characterization of High Quality Zinc Oxide Thin Films for Optoelectronic Applications.

In Proceedings of the 2024 International Conference on Artificial Intelligence, Computer, Data Sciences and Applications (ACDSA),
Victoria, Seychelles, 1–2 February 2024.
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