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CuO is especially promising owing to its narrow bandgap (1.2 eV), environmental
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friendliness, low cost, and ease of fabrication. This study investigates the structural and
optical properties of CuO films synthesized via a microwave-assisted sonochemical
process on fluorine-doped tin oxide (FTO) glass substrates coated with a seeded
catalyst layer. The influence of varying seed layer numbers and low microwave power
settings (P10, P20, and P30) on the morphology, crystallinity, and optical behavior of
the nanostructured CuO thin films was systematically examined. Morphological
analysis was conducted using Field Emission Scanning Electron Microscopy (FESEM),
crystallinity and chemical bonding were characterized by X-ray diffraction (XRD), and

Keywords: optical properties were assessed via UV-Vis-NIR spectroscopy. Results demonstrate
Cupric oxide; CuO; Sonochemical; successful formation of CuO nanostructures (Ns) with enhanced properties under
Microwave; Nanostructures; optimized low microwave power conditions, confirming the effectiveness of the
Nanoflowers microwave-assisted sonochemical technique for CuO synthesis.
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1. Introduction

Copper oxide nanostructured materials have attracted significant interest due to their unique
properties and potential applications in optics, optoelectronics, catalysis, gas sensors, and solar cells.
Transition metal oxide nanostructures (Ns) such as copper oxide (CuQ), iron oxide (Fe;0s), and zinc
oxide (ZnO) exhibit distinct chemical and physical characteristics compared to their bulk
counterparts, primarily due to quantum size effects and their large specific surface areas [1]. CuO
exists mainly in two forms: cupric oxide (CuO) and cuprous oxide (Cu,0), both p-type semiconductors
where holes are the primary charge carriers. This p-type behavior arises from copper vacancies or
excess oxygen, enabling applications in p-n junctions, gas sensors, and solar devices where hole
conduction is crucial. CuO has a narrow bandgap and strong visible light absorption, with optical
direct band gaps ranging from 1.3 to 3.7 eV for CuO and 1.8 to 2.5 eV for Cu,0. Kim and Lee described
CuO as a charge-transfer or Mott insulator due to its strong electron correlations [2]. Owing to its
monoclinic structure and high surface reactivity, CuO exhibits significant oxygen absorption, making
it suitable for catalysis, photocatalysis, sensors, photovoltaic cells, batteries, electrochromic devices,
superconductors, magnetic storage, solar cells, and field emission applications [3-8]. Both CuO and
Cu,0 are effective catalysts for environmental reactions, including pollution degradation and gas
conversion, owing to their oxygen absorption and reactivity [9, 10]. Compared to Cu,0, CuO offers
broader light absorption into the near-infrared region and demonstrates superior electrical
conductivity and stability, making it a more reliable nanomaterial for various applications [10-12].
However, CuQ’s efficiency is limited by low carrier concentration, high resistivity, and recombination
rates [13].

Despite its promise, research on the surface properties of CuO thin films remains limited.
Controlling the morphological and structural features of CuO Ns such as particle size, crystallinity,
and surface area during synthesis remains challenging, particularly using microwave methods. These
parameters critically influence the film’s performance, but optimization techniques are not yet well-
established. Understanding the relationships between CuO thin film structure, morphology, and
resulting physical and chemical properties is essential for tuning materials for targeted applications
[14, 15]. Recently, interest has surged in synthesizing CuO Ns with diverse morphologies using various
methods including electrodeposition, electron beam evaporation, magnetron sputtering, molecular
beam epitaxy, sol-gel, solution growth, spin coating, successive ionic layer adsorption and reaction
(SILAR), thermal evaporation, and vapor deposition [16-20]. However, conventional techniques such
as sol-gel, co-precipitation, and thermal decomposition often suffer from long processing times, high
energy consumption, poor control over particle size and shape, and reproducibility issues. These
drawbacks limit scalability and reduce effectiveness in advanced applications such as photocatalysis,
optoelectronics, and sensing [21]. To address these challenges, this study explores the microwave-
assisted sonochemical synthesis of CuO Ns, offering rapid, energy-efficient processing with enhanced
control over morphology. The focus is on optimizing seed layer number and microwave power (P10-
P30) to produce CuO thin films with improved morphological, structural, and optical properties.

2. Materials and Methods
2.1 Preparation of CuO seed layers

Initially, seed layers (SLs) of copper oxide nanoparticles (CuO NPs), designated as SL 1 and SL 2,
were deposited onto fluorine-doped tin oxide (FTO) glass substrates using the spin coating technique.
This method aimed to compare the morphological and structural differences in the resulting CuO NP
thin films. The CuO SLs were prepared systematically to ensure optimal thin-film properties. The seed
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layer on the FTO glass promotes uniform nucleation, enhances adhesion, controls nanostructure
orientation, and improves the overall quality and performance of the CuO thin films. The preparation
of the CuO NP seed layer solution was carried out with minor modifications based on the method
reported by Deka et al. [22]. In a 100 mL container, 20 mL of methanol (CH3OH), 10 mM of
ethanolamine (C;H;NO), and 5 mM of copper(ll) acetate [Cu(CHsCOO),] were combined to prepare
the precursor solution. In this formulation, 2-methoxyethanol served as the solvent, ethanolamine
as the stabilizer, and copper(ll) acetate as the precursor. The solution was stirred continuously for 30
minutes on a hotplate at 80 °C, with the stirring speed set to level 3 (300—400 rpm). This process
facilitated the dissolution of reactants and the formation of a homogeneous sol-gel solution with
enhanced stability. Following this, the solution was transferred to an ultrasonic water bath (Hwasin
Technology Powersonic 405, 40 kHz) and sonicated for 30 minutes at 50 °C. Sonication helped to
break down larger agglomerates, ensuring particle size homogeneity and improved dispersion. The
solution was then allowed to age at room temperature for an additional 30 minutes while being
stirred at the same speed. After this process, the solution developed into a rich dark blue colour.
Ethanolamine acted as a reducing agent, stabilizing the solution and preventing the formation of
aggregates by chelating with copper (ll) acetate via O—Cu—0 and O—Cu—N bonds [22, 23]. The final
solution was a clear, blue, particle-free sol, ready for spin coating. The spin coating process was
carried out using two different spin durations (10 s and 30 s) and two spin speeds (1500 rpm and
3000 rpm). During the second stage of spin coating, 10 drops of the aged solution were applied. The
coated samples were preheated at 100 °C for 10 minutes in ambient atmosphere to remove excess
solvent. To achieve the desired film thickness, the deposition process was repeated to form a second
layer, referred to as SL 2. Subsequently, all samples were annealed in a furnace at 300 °C for 1 hour
to enhance crystallinity and improve film characteristics. After annealing, the glass substrates were
allowed to cool for 10 minutes and were stored in a sealed, dry container. The samples were labelled
as SL 1 (single-layer) and SL 2 (double-layer) films. Characterization of the films was conducted using
X-ray diffraction (XRD; PANalytical X'Pert PRO), field emission scanning electron microscopy (FESEM;
Apreo 2S, Thermo Fisher Scientific), and ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy
(Cary 5000). A schematic illustration of the CuO SL preparation process is shown in Figure 1.
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Fig. 1. Schematic diagram of CuO NPs seed layer prepared via ultrasonic-assisted sol-gel spin coating
technique
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2.2 Preparation of CuO nanostructures

In the subsequent stage, CuO Ns were deposited onto the previously prepared CuO NP SLs (SL 1
and SL 2). These SLs provided a stable foundation to promote uniform and oriented growth of the
CuO Ns. To prepare the growth solution, 1000 mL of deionized (DI) water was measured and divided
evenly among four 250 mL Schott bottles. An aqueous solution containing 20 mM copper(ll) nitrate
[Cu(NOs),] as the precursor and 20 mM hexamethylenetetramine (HMTA) as the stabilizer was
prepared. The required amounts of Cu(NOs), and HMTA were dissolved in DI water and stirred on a
hotplate at 80 °C for 30 minutes at stirring speed level 3 (300-400 rpm), resulting in a clear, sky-blue
solution. Following stirring, the solution was transferred to an ultrasonic water bath (Hwasin
Technology Powersonic 405, 40 kHz) and sonicated at 50 °C for 30 minutes. Sonication facilitated the
breakdown of agglomerates, ensuring uniform nanoparticle dispersion. The solution was then aged
at room temperature for 1 hour to initiate nucleation and stabilize particle growth. Subsequently, it
was stirred again at room temperature for an additional hour at the same speed (level 3) to ensure
complete homogeneity prior to deposition. The aged solution was poured into 250 mL Schott bottles,
and one CuO NP SL-coated FTO glass substrate was placed at the bottom of each bottle, with the
coated side facing upward. Microwave-assisted growth was carried out using a SHARP 25 L
microwave oven (Model R754AST). In this experiment, the microwave was operated at power levels
P10 (=100 W, 65-90 °C), P20 (=200 W, 95-110 °C), and P30 (=300 W, 110-150 °C). Notably, lower
microwave powers were explored to improve energy efficiency and the functional properties of the
nanostructures. The microwave power parameters and the seed layers used for CuO Ns growth are
summarised in Table 1.

Table 1

The variable parameters with its level Microwave power growth
CuO NPs CuO Ns P10 (100 watt) P20 (200 watt) P30 (300 watt)
SL1 Ns1 Ns1_ P10 Ns1_ P20 Ns1_P30
SL2 Ns2 Ns2_P10 Ns2_P20 Ns2_P30

The reaction was allowed to proceed for 3 hours. This low-power condition was chosen to
investigate the influence of reduced thermal input on CuO nanostructure growth and morphology.
After completion, the substrates were removed from the solution and rinsed thoroughly under
running DI water to eliminate residual precipitates. Following growth, the samples were dried and
subsequently annealed in air at 300 °C for 1 hour to enhance crystallinity and remove any residual
organic impurities. After annealing, samples were cooled to room temperature for 10 minutes and
stored in a sealed, dry container. This step finalizes the fabrication of CuO Ns with well-defined
morphological and structural characteristics. A schematic illustration of the CuO Ns formation
process using the microwave-assisted sonochemical technique is shown in Figure 2.
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Fig. 2. Schematic diagram of CuO Ns thin film preparation via microwave assisted sonochemical
technique.

2.3 Material characterisation

X-ray diffraction (XRD) was employed as a non-destructive technique to analyze the chemical
composition and crystallographic structure of the CuO NSs, distinguishing between amorphous and
crystalline phases. The measurements were performed using a PANalytical X'pert PRO XRD system
with Cu Ka radiation (A = 1.5406 A) over a 26 range of 30° to 80°, operating at 45 kV and 40 mA, with
a scan rate of 2°/min. The surface morphology of the CuO NSs was examined using Field Emission
Scanning Electron Microscopy (FESEM). Chemical composition was quantitatively analyzed by Energy
Dispersive X-ray Spectroscopy (EDX), which offers energy resolutions of 161 eV for Cu Ko and 135 eV
for Mn Ka lines. EDX spectra were used to identify and quantify elemental composition. Optical
properties were measured using UV-Vis-NIR spectroscopy over a wavelength range of 200 to 1200
nm.

3. Result and Discussions
3.1 CuO seed layer thin film

3.1.1 Analysis of Field Emission Scanning Electron Microscopy (FESEM)

The surface morphology and size distribution of CuO nanoparticles (NPs) synthesized with varying
numbers of SL are illustrated through FESEM images at low (30 kx) and high (100 kx) magnifications,
as shown in Figure 3. To identify the optimal synthesis conditions, the effect of SL number on particle
morphology, distribution, and film thickness was systematically investigated. The abundant presence
of uniform nanoparticles in the images indicates that the synthesis method is effective and
straightforward for producing CuO NPs. Figure 3(a) presents a top-view FESEM micrograph of CuO
NPs deposited with a single seed layer (SL 1). The nanoparticles exhibit an asymmetric morphology
composed of both small and large granules with varying sizes. The size distribution histogram in

69



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 63, Issue 5 (2026) 65-82

Figure 3(b) shows an average particle size of approximately 38 nm for SL 1. Figure 3(c) shows FESEM
images of CuO NPs synthesized with two seed layers (SL 2). The film morphology reveals a more
uniform grain distribution on the FTO substrate, accompanied by an increase in film thickness.
Correspondingly, the size distribution in Figure 3(d) indicates an average particle size of about 90 nm
for SL 2. Consistent with Raad et al. [20], the shape and size of nanoparticles influence their magnetic
properties, leading to variations in morphology. Moreover, it has been reported that CuO grain size
correlates with film thickness, with grain size increasing as thickness increases [24].

Fig. 3. a) FESEM images and b) size distribution of SL 1 CuO NPs; ¢) FESEM images and d) size distribution of
SL 2 CuO NPs.

3.1.2 Analysis of X-ray Diffraction (XRD)

The structural properties of CuO nanoparticles (NPs) were investigated using X-ray diffraction
(XRD) with Cu Ka radiation (A = 0.154 nm). The CuO NPs were synthesized by a spin-coating method
with varying numbers of seed layers (SL), ranging from one to two. The prepared samples exhibited
a polycrystalline nature, as evidenced by the XRD patterns [25]. All diffraction peaks were indexed to
the standard CuO diffraction patterns (ICSD card no. 01-089-2531). Figure 4 shows the typical XRD
patterns of CuO NPs prepared with one and two seed layers. Peaks observed at approximately 34.30°,
38.37°, 52.04°, 62.22°, and 66.21° correspond to the (002), (111), (020), (-113), and (-313)
crystallographic planes of monoclinic CuO, respectively. The peak intensities increased with the
number of seed layers, indicating enhanced crystallinity. No impurity peaks were detected in the XRD
patterns. Notably, the (111) peak was the most prominent, with additional minor peaks
corresponding to the (002), (020), (-113), and (-311) planes observed in the CuO thin films. This
preferential orientation along the (111) plane is attributed to its lower surface energy [13].
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Fig. 4. The XRD spectra of CuO NPs at different number of layers (a) SL 1 and (b) SL 2.
3.1.3 Analysis of UV-Vis NIR Spectroscopy

The optical transmittance spectra of copper oxide (CuO) thin films were measured using a UV-Vis
spectrophotometer. Figure 5 presents the transmittance spectra recorded over the wavelength
range of 300 nm to 1200 nm for CuO thin films prepared with different numbers of seed layers (SL).
The film fabricated with a single seed layer (SL 1) exhibited a maximum transmittance of 88% in the
visible region. However, increasing the number of seed layers from one to two resulted in a decrease
in transmittance from 88% to 63%. This reduction in optical transmittance can be attributed to the
increased film thickness associated with the additional seed layer. Thicker films generally absorb and
scatter more incident light due to a larger volume of active material and increased surface roughness,
leading to enhanced light attenuation. Consequently, the observed decrease in transmittance is
consistent with the expected optical behavior of multilayered or thickened CuO films, where greater
light—matter interactions occur within the film structure. Additionally, the CuO films with two seed
layers (SL 2) showed relatively strong absorption in the 300 nm to 900 nm wavelength range, with
lower absorbance in the infrared and near-infrared regions [12].
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Fig. 5. Transmittance spectra of CuO NPs with different number of layers.

3.2 The growth of CuO Nanostructures
3.2.1 Analysis of Field Emission Scanning Electron Microscopy (FESEM)

Figure 6 presents the field emission scanning electron microscopy (FESEM) images of the surface
morphology of CuO Ns at 30kx magnification, along with the corresponding size distributions of the
CuO thin films. The CuO Ns were uniformly distributed over the FTO substrates, consisting of
randomly shaped, densely packed particles with minimal interparticle spacing, as observed in the
FESEM images of the Ns1 samples. Similar agglomerated formations of CuO Ns synthesized via
ultrasonic spray pyrolysis have been reported by Muhammed et al. [14]. In Figure 6(a), the Ns1_P10
sample exhibits semi-spherical grains with some surface irregularities, resulting in a rough, granular
texture. No petal-like structures are observed, indicating incomplete film formation. The size
distribution of CuO Nsinthe Ns1_P10 sample, characterized by agglomerated nanostructures, ranges
from 200 nm to 550 nm, with an average size of approximately 367 nm.

In contrast, the Ns1_P20 sample shown in Figure 6(b) displays densely packed, leaf- and flower-
like structures, forming a textured and homogeneous layer. These structures are closely aligned and
uniform, suggesting consistent nucleation and growth across the film surface. Figure 6(c), depicting
the Ns1_P30 sample, reveals larger plate-like structures embedded within a matrix of smaller sheet-
like particles. The coexistence of sheet- and pyramid-like structures suggests hierarchical growth,
likely influenced by nucleation sites associated with the seed layers. Figures 6(d), (e), and (f) show
FESEM images of CuO Ns thin films deposited with two seed layers (Ns2). The overall morphology of
samples Ns2_P20 and Ns2_P30 is characterized by triangular-shaped petal-like structures, which
assemble into flower-like formations composed of two-dimensional (2D) nanosheets clustered
locally.

However, the relatively sparse flower-shaped nanostructures in Figure 6(d) indicate that the
flower clusters, composed of multiple triangular petals, are less uniformly distributed compared to
Ns1_P10. The morphology of Ns2_P20 (Figure 6(e)) reveals a dense network of elongated, sheet-like
particles exhibiting greater size variability than Ns1_P10. Meanwhile, Ns2_P30 (Figure 6(f)) displays
a less uniform surface with regions of agglomeration, likely reflecting differences in deposition
power. Overall, these observations suggest that CuO Ns grown with a single seed layer (Ns1) promote
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more uniform and consistent film growth, whereas films with two seed layers (Ns2) exhibit less
uniformity and a wider variety of morphologies. This variability may result from differences in film
thickness, composition, or other growth parameters. Additionally, the observed structures are
consistent with a monoclinic crystal phase of CuO [26]. According to the Bravais-Donnay-Harker Law
[27], the crystal growth rate is typically proportional to 1/dhkl. Cu(OH), preferentially grows along
the (111) crystallographic plane, promoting the formation of one-dimensional (1D) fibril-like and
three-dimensional (3D) flower-like nanostructures.

Nsl

P10

P20

P30

Fig. 6. Surface FESEM images of CuO NS thin film at low magnification (30kx) prepared at various microwave
power (a) Ns1_P10 (b) Ns1_P20 (c) Ns1_P30 (d) Ns2_P10 (e) Ns2_P20 and (f) Ns2_P30

Due to the strong ability of hexamethylenetetramine (HMTA) to coordinate with Cu?* ions, the
addition of HMTA during the microwave-assisted sonochemical synthesis of CuO nanostructures (Ns)
can alter the structure-directing mechanism. Upon the introduction of HMTA, a sky-blue precipitate
immediately forms, which slows the growth of certain crystallographic planes and promotes the
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formation of nanosheets [28]. Although the formation mechanisms of flower- and sheet-like CuO
nanostructures have been discussed, further investigations are necessary to provide more definitive
evidence of their growth processes.

3.2.2 Analysis of Energy Dispersive X-Ray Spectroscopy (EDX)

Figure 7 shows the EDX spectra of the CuO thin films, while the composition of copper (Cu) and
oxygen (O) is summarized in the accompanying table. It is worth noting that the EDX analysis was
performed on the surface of the samples at a magnification of 30 kx. For both Ns1 and Ns2, Cu and
O are the dominant elements, confirming the presence of CuO Ns in the samples. The minor carbon
(C) content may result from contamination or the underlying substrate material. Notably, the power
level used during synthesis and the substrate layer (SL) influenced the percentage of Cu atoms. The
highest copper percentage was observed in the Ns1_P20 sample, with 58.65 wt.% compared to 56.93
wt.% in the Ns2_P20 sample, as shown in Figures 7(b) and 7(e). The high content of Cu and O validates
that the observed nanostructures could be nanoflowers, nanosheets, or nanoleaves of CuO. In
contrast, lower Cu content was observed at the lowest power level (P10), indicating that the thin film
Ns may contain less CuO [29]. This lower copper content at P10 can be attributed to insufficient
thermal energy to fully decompose the precursor during synthesis.

Therefore, microwave power in the microwave-assisted method can be considered analogous to
temperature in conventional hydrothermal systems, with both requiring optimization to achieve
uniform CuO Ns with high crystallinity. At higher microwave power levels for SL1 (Ns1), shown in
Figures 7(b) and 7(c), copper concentrations were 58.65% and 54.19%, respectively. In contrast,
samples prepared under lower power (P10), shown in Figures 7(a) and 7(d), exhibited significantly
lower copper content of only 8.04% and 4.66%, respectively. A similar trend was observed for the
Ns2 samples from the SL2 group, with Cu content of 56.93% and 51.87% in Figures 7(e) and 7(f),
respectively.

A comparison of these measurements suggests that the weight percentages of Cuand O elements
are related to the penetration of Cu microcrystals originating from the Cu(CH3COO), and CuNOs;
precursors. The EDX results demonstrate improved CuO nanostructure quality with optimized
microwave power. These findings imply that optimal microwave power enhances the breakdown of
Cu precursors, which in turn promotes the penetration and incorporation of Cu?* ions into the film.
Overall, the EDX analysis confirms that microwave power is a critical parameter in the synthesis of
high-quality CuO Ns, as it directly influences Cu diffusion and film composition. Conversely, lower
microwave power levels, such as P10, generate insufficient thermal energy, leading to incomplete
precursor decomposition and reduced Cu diffusion. These conclusions are supported by the EDX
results, which show improved CuO nanostructure quality and Cu content with optimized microwave
power.
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Fig. 7. EDX analysis of CuO Ns prepared at various microwave power (a) Ns1_P10 (b) Ns1_P20 (c) Ns1_P30
(d) Ns2_P10 (e) Ns2_P20 and (f) Ns2_P30

Figure 8 illustrates the morphological evolution of the films from triangular-shaped petal
structures to flower-like formations composed of 2D nanosheets. As the microwave power increased
from P10 to P20, the nanosheets exhibited improved uniformity and packing density. Samples
Ns1 P20 and Ns2_ P20, shown in Figures 8(b) and 8(e), formed hierarchical architectures
characterized by rough, compact surfaces and well-distributed particle arrangements, which are
favorable for enhancing crystallinity and light absorption. Additionally, Ns1_P20 and Ns2_P20
produced smaller and more consistent particle sizes, ranging from 341 to 391 nm.

These results confirm that microwave power significantly influences particle morphology, with
P20 identified as the optimal condition for synthesizing well-defined CuO nanostructures. In contrast,
at higher power (P30), the films exhibited larger, flower-like structures with reduced uniformity,
particularly in Ns2_P30 (Figure 8(f)), which displayed the largest average particle size of
approximately 860 nm. Ns1 P30 also showed increased particle size, averaging about 680 nm,
whereas both Ns1_P20 and Ns2_P20 maintained smaller, more uniform particle sizes within the 341-
391 nm range. Table 2 summarises the particle sizes corresponding to varying microwave power
levels under different SL for the CuO thin films.
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Fig. 8. Surface morphology, cross-section and size distribution of CuO Ns thin film at 50 kx magnification
prepared at various microwave power (a) Ns1_P10 (b) Ns1_P20 (c) Ns1_P30 (d) Ns2_P10 (e) Ns2_P20 and (f)
Ns2_ P30
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These CuO nanoflakes, nanosheets, and nanoflowers exhibit unique p-type semiconductor
properties, including a large surface area and enhanced light absorption. Due to their increased
surface area and improved light-trapping capabilities, hierarchical structures especially flower-like
morphologies are advantageous for applications such as photocatalysis, solar energy harvesting, and
gas sensing. The diversity in CuO nanostructures, ranging from nanoflakes to flower-like forms,
highlights the significant influence of SL and processing conditions on the resulting film
characteristics.

Table 2
The average results thickness and estimated particle size distribution of CuO Ns thin film prepared at various
microwave power.

Samples No. of Temperature range of Time of Average Results Estimated
seed microwave growth Thickness (um) Particle size
layer (Based on Sharp (H) (nm)

model) (°C)

Ns1_ P10 1 65-90 3 2.807 366.925

Ns1_P20 1 90-110 3 3.263 311.461

Ns1_P30 1 110-150 3 7.847 391.133

Ns2_P 10 2 65-90 3 0.744 576.708

Ns2_P20 2 90-110 3 2.529 341.133

Ns2_P30 2 110-150 3 2.823 680.755

3.2.3 Analysis of X-ray Diffraction (XRD)

Figure 9 presents the XRD patterns of CuO nanostructure (Ns) samples synthesized with different
numbers of substrate layers (SL). The diffraction peaks observed at 26 = 35.5°, 38.5°, 53.5°, 61.5°, and
68.1° correspond to the (002), (111), (020), (1T3), and (3T1) crystal planes, respectively, characteristic
of the monoclinic CuO phase (ICSD Card No. 01-089-2531) with lattice parameters a = 4.6691 A, b =
3.4805 A, ¢ = 5.1183 A, and B = 98.595° consistent with previously reported results [1]. No
characteristic peaks of impurities were detected, except for minor traces of copper. Among all six
CuO Ns samples, the (111) peak was the most prominent. The monoclinic structure of CuO is evident
in all XRD spectra, reflecting the crystallographic nature of CuO. This phenomenon is closely related
to the growth mechanism of CuO nanostructures during deposition, which is significantly influenced
by the number of substrate layers.

There is a direct relationship between peak broadening at specific 20 angles and crystallite size:
broader peaks correspond to smaller crystallite sizes [1]. The study revealed that the crystallite size
of CuO decreased when the synthesis was performed from SL1 to SL2 [3]. Specifically, CuO Ns
synthesized on seed layer 1 (Ns1) exhibited well-defined, broad crystalline peaks compared to those
synthesized on seed layer 2 (Ns2). The increased density of nucleation centers in Ns2 inhibits crystal
grain growth, leading to a reduction in crystallite size [13]. This suggests that the SL2 substrate layer
likely promotes additional nucleation sites, which can alter crystal growth, texture, and morphology.
These modifications may explain the observed variations in peak intensities and sharpness across
samples. The crystallite size was calculated by analyzing the width of the diffraction peaks using
Scherrer’s formula [30]. The application of Scherrer’s formula to the CuO Ns thin films yielded the
following equation Eq. (1):
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where, D represents the crystallite size in nanometers (nm). The constant K is assigned a value of
0.94, representing the shape factor. The wavelength of the X-ray source, A, is 0.15406 nm. The
parameter 8 denotes the full width at half maximum (FWHM) of the broadened diffraction peak on
the 20 scale, measured in radians. & corresponds to the Bragg angle, which is half of the diffraction
angle 26, expressed in radians. The structural parameters, including the crystallite size of the CuO
nanostructures (Ns), are summarized in Table 3. From the XRD analysis, it was observed that the Ns2
group, corresponding to a higher number of substrate layers (SL), exhibited larger crystallite sizes.
This suggests that the crystallite size of CuO Ns thin films is influenced by both the number of SLs and
the optimization of microwave power.

Specifically, increasing both the number of SLs and the microwave power resulted in larger
crystallite sizes. The relatively smaller crystallite size observed in Ns1_P10 can be attributed to a
combination of factors, including a high nucleation density, non-uniform surface morphology, and
limited atomic mobility at lower microwave power. Among all samples, Ns1_P20 displayed a well-
balanced crystallite size of 35.57 nm, accompanied by well-defined broad peaks, indicating high
crystallinity while maintaining fine nanostructure features. This is further supported by FESEM
images, which show that Nsl1_P20 possesses a uniform distribution of small, well-defined
nanostructures with homogeneous grain distribution, making it the optimal sample in this study. Such
uniformity in particle size and morphology is critical for applications demanding enhanced optical
and electrical properties. Conversely, Ns2_P30 exhibited larger and less uniform structures, which
could negatively impact performance consistency.

In the Ns1 samples, the number of nucleation sites is lower compared to Ns2, providing more
space for individual crystal grains to grow larger before impinging upon neighboring grains, resulting
in increased crystallite size. Higher microwave power (P30) supplies greater energy, enhancing
atomic mobility and grain growth. This increased energy can facilitate the coalescence of smaller
crystallites into larger ones, thereby increasing the average crystallite size. Moreover, the lower
nucleation density in Ns1_P30 reduces internal stress and strain, enabling easier crystal expansion
and growth [30]. The crystallinity and optical behavior of the CuO Ns synthesized here were
compared with previous literature to evaluate relative improvements. All samples demonstrated the
monoclinic CuO phase with pronounced diffraction peaks, particularly along the (111) plane,
indicating strong crystallinity. The observed smaller FWHM values and enhanced peak intensities
further confirm improved crystalline quality, consistent with the findings reported by Ozmentes [18].

Table 3
Structural parameters of the CuO Ns thin film prepared at various microwave power

Plane  Samples Peak FWHM (°) Crystallite Size (nm) Phase
position (°)

(111) Ns1_P10 38.361 0.004695 32.65nm monoclinic
Ns1_P20 38.493 0.004311 35.57 nm monoclinic
Ns1_ P30 38.353 0.003927 39.03 nm monoclinic
Ns2_P 10 38.365 0.003962 38.69 nm monoclinic
Ns2_P20 38.417 0.004276 35.85 nm monoclinic
Ns2_P30 38.364 0.004224 36.29 nm monoclinic
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Fig. 9. The XRD pattern of CuO Ns thin film prepared at various microwave power
3.2.4 Analysis of UV-Vis NIR Spectroscopy

Additionally, the transmittance of the CuO thin films was measured using a UV-Vis spectrometer,
as shown in Figure 10. Among the samples, the Nsl group exhibited the highest average
transmittance within the visible wavelength range, which was sensitive to the film thickness. From
the transmittance spectra, the sample synthesized at P20 demonstrated optimal properties,
characterized by lower transmittance. This decrease in transparency with increasing film thickness
was expected, as thicker films absorb more photons. Furthermore, as the film thickness increased,
the crystalline grain structures likely became denser, as evidenced by the FE-SEM images, which
reduced the ease with which light could pass through the film surface. In agreement with this, the
optical transmittance of the films decreased with increasing film thickness and microwave power.
The best-performing sample, Ns1 P20, exhibited a well-balanced optical profile, combining
moderate transmittance with strong absorption in the visible region. This performance surpasses the
irregular or weak optical absorption reported in previous studies using sol-gel or hydrothermal
synthesis methods [24]. These improvements can be attributed to the homogeneous morphology
and controlled grain growth achieved through the microwave-assisted synthesis process.
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Fig. 10. Transmittance spectra of CuO Ns with different number of seed layers and microwave powers
4. Conclusion

This study investigated the synthesis of CuO nanostructured thin films on FTO substrates using a
microwave-assisted sonochemical method. The results confirmed the successful deposition of CuO
nanostructures, with their morphological and structural properties strongly influenced by both the
number of SL and the applied microwave power. FESEM analysis revealed that a single seed layer
(Ns1) produced more uniform and well-defined CuO nanopetals, whereas two seed layers (Ns2)
promoted the formation of more complex morphologies, including nanosheets, nanopyramids, and
nanoflowers, alongside increased film thickness and greater morphological variation. Among the
microwave power levels tested (P10, P20, and P30), P20 was identified as the optimal power setting,
yielding compact, uniform, and well-distributed CuO nanostructures with enhanced crystallinity and
improved light absorption. XRD analysis confirmed that all films were polycrystalline with a
monoclinic CuO phase, exhibiting a preferential orientation along the (111) plane. Optical
measurements indicated that films with greater thickness exhibited lower transmittance, further
validating the impact of SL number and microwave power on film density and optical performance.
In summary, the optimal conditions for producing high-quality CuO thin films were determined to be
a single seed layer combined with microwave power at P20. This approach not only simplifies the
synthesis process but also reduces the time required for film formation and characterization, making
it a promising method for scalable and efficient production of CuO-based thin films for light
absorption applications in solar cells.
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