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Abstract: Copper-doped zinc oxide (CZO) nanomaterials were prepared by
Citation: the co-precipitation method, with a 0.5 M ZnCl: solution as the starting material,
Detchaiyaphum, O, Toboonsung, doped with 0-5 wt.% CuClz. The 100 wt.% Cu sample, synthesized without Zn,
B. Enhanced electrical and actsasa pure CuO reference. A 1M NaOH solution was used as the precipitating
optical properties of Cu-doped agent to adjust the pH to 10. The final product was calcined at 500 °C for 3 h.
ZnO manorods synthesized Morphological analysis using SEM revealed that the CZO samples with 0-5 wt.%
via co-precipitation method. ¢y, exhibited a rod-shaped morphology, whereas the 100 wt.% Cu sample
ASEAN |, Sci. Tech. Re’? ort. displayed a sheet-like structure with mixed nanoparticles. XRD confirmed the
2025, 28(5), €259802 hitpsi/doiorg hexagonal wurtzite crystal structure in CZO with no detectable secondary
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phases, indicating successful incorporation of Cu?* ions into the ZnO lattice.
Elemental composition analysis using EDS supported this finding, showing a
progressive increase in Cu content from 0.83 wt.% at 1 wt.% doping to 6.03 wt.%
at 5 wt.%, accompanied by a corresponding decrease in Zn content. These results
suggest that Cu? ions were effectively substituted for Zn?* within the crystal
lattice without forming impurity phases. Optical properties and energy band
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1. Introduction

Nanotechnology currently plays a significant role in advancements
across various fields, including medicine, food, cosmetics, electronics, and
electrical applications. These developments often enhance the properties of
materials, such as electrical and optical performance, to achieve greater
efficiency. The synthesis of nanomaterials can be carried out in both thin-film
and powder forms, utilizing methods such as spark discharge [1-2], sputtering
[3], spray pyrolysis [4], sol-gel processing [5], co-precipitation [6], chemical
vapor deposition (CVD) [7], and hydrothermal synthesis [8], among others.
Various types of nanomaterials have garnered significant attention, such as
titanium dioxide [2], zinc oxide, iron oxide [9], nickel oxide [6], and copper oxide
[1], among others. Among these, ZnO is widely studied due to its exceptional
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optical and electrical properties. As a wide-bandgap semiconductor (3.37 eV), ZnO finds applications in
diverse fields, including optoelectronic devices [10], solar cells [11-12], gas sensors [13-14], and antibacterial
treatments [15, 16]. Doping with different metals can further enhance ZnO's electrical and optical properties.
For instance, doping ZnO with copper (Cu) has been shown to reduce the band gap energy and improve
electrical conductivity. Previous studies have indicated that Cu doping reduces the size of nanoparticles and
enhances charge carrier mobility, thereby contributing to improved conductivity [17]. However, excessive Cu
content may lead to the formation of secondary phases or localized defects, which can hinder electron
transport and degrade material performance. Research on Co-doped ZnO nanoparticles prepared via co-
precipitation revealed that ZnO retains its hexagonal wurtzite structure even after doping. Doping with 3%,
5%, and 7% Co was found to reduce particle size, while also decreasing the band gap energy, thereby
improving electrical conductivity [18]. Similarly, studies on ZnO/CuO composites have demonstrated that
increasing CuO concentration progressively reduces grain size, leading to changes in surface morphology and
roughness [19]. These findings highlight the importance of precise control over the doping levels to optimize
material properties.

While several studies in the literature have described Cu-doped ZnO nanostructures, with an
emphasis on optical or structural properties, a comprehensive study of the relationship between low Cu
dopant levels, morphology, and electrical properties as a function of the synthetic conditions has not been
explored. Focusing on the correlative doping capability of morphology and electrical performance, a detailed
investigation of the co-precipitated Cu-doped ZnO (CZO) NRs is presented in this work. The novelty of this
work is the systematic analysis of low Cu doping concentrations (0-5 wt.%) under controlled conditions, and
a 100 wt.% Cu sample as the CuO pure reference. The 100 wt. % Cu sample, prepared in the absence of the
zinc precursor, acts as a pure CuO reference for comparison. Additionally, the ability to produce well-shaped
nanorods without the use of surfactants presents a facile and potentially scalable synthetic method. The strong
correspondence between the narrowed band gap and enhanced conductivity makes these CZO nanorods
promising for optoelectronic devices, such as photodetectors, solar cells, and transparent conducting oxides.
Morphological analysis was performed using scanning electron microscopy (SEM), and crystal structure was
examined through X-ray diffraction (XRD). Additionally, the optical properties and energy band gap were
analyzed using fluorescence spectrophotometry and ultraviolet-visible (UV-Vis) spectrophotometry,
respectively. The electrical conductivity of the samples was evaluated using a two-point probe resistance
measurement to assess the potential of CZO nanoparticles for electrical applications.

2. Materials and Methods
2.1 Synthesis Process

The copper-doped zinc oxide (CZO) nanomaterials were synthesized using zinc chloride (ZnCl,, Ajax
Finechem) as the precursor, with a solution concentration of 0.5 M. Copper chloride (CuCl,, Ajax Finechem)
was used as the dopant at concentrations of 0, 1, 3, and 5 wt.% relative to zinc chloride. Additionally, a separate
control sample was prepared using only CuCl, (without ZnCl,) and is referred to as 100 wt.% Cu to denote
the absence of Zn precursor. This sample was intended to represent pure CuO for comparative analysis, rather
than a doped ZnO system. A 1 M sodium hydroxide (NaOH, Labscan) solution was prepared as the
precipitating agent for the co-precipitation process. The ZnCl, and CuCl, solutions were prepared using a
magnetic stirrer for 15 minutes at 350 revolutions per minute (rpm). Subsequently, the NaOH solution was
added dropwise to the mixture while continuously monitoring the pH until it reached 10. The resulting
suspension was further stirred for an additional 45 minutes to ensure homogeneity. After stirring, the mixture
was left to settle, allowing the precipitate to form. The residue was then washed repeatedly with deionized
water until the pH became neutral. The washed precipitate was calcined in a furnace at a heating rate of
5°C/min from room temperature to 500°C, followed by isothermal treatment at 500°C for 3 hours. After calcination,
the resulting material was ground into a fine powder using an agate mortar for further characterization.

2.2 Characterization studies

Morphological analysis of the CZO nanomaterials was performed using scanning electron microscopy
(SEM, JEOL JSM-6010), which reveals the shape and size of the synthesized particles. Crystal structure analysis
was conducted using X-ray diffraction (XRD, Rigaku SmartLab, 40 kV), which enables examination of the
crystalline structure. The average crystallite size (D) was calculated using the Scherrer equation (1):
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D =0.9A / Bcosb (1)

where {3 is the full width at half maximum (FWHM) of the XRD peak (in radians), 0 is the diffraction angle (in
radians), and A is the wavelength of the Cu-Ka (1.54 A).

The optical properties were analyzed using fluorescence spectroscopy (Jasco, FP-8300), which
measures the luminescence of the samples. This data was further used to calculate the band gap energy using
Planck's equation, as shown in Equation 2. For light absorption testing, a UV-Vis spectrophotometer (Thermo
Fisher, Genesys 10S) was utilized. The results were analyzed to determine the band gap energy using the Tauc
relation. The band gap energy (Eg) [20] was calculated using Equation 3.

Eg=hc/ ) )

(ahv)?=A(hv - Eg) 3)

where Eg is the energy band gap (in eV), h is the Planck constant (6.626 x 10-*]/s), v is the frequency (Hz), cis
the light velocity (3 x 108m/s), A is the wavelength (nm), A is the energy constant, and a is the absorbance
coefficient.

The electrical conductivity analysis was conducted by measuring the electrical resistance of the
synthesized material using a two-point probe method [21]. A multimeter was connected to two copper
electrode plates, with a 100-micrometre-thick plastic sheet placed between them. The sample chamber had a
dimension of 10 x 10 mm? [21,22]. A 50-milligram sample of the synthesized material was weighed and placed
on the plastic sheet in the chamber on the first copper plate. The second copper plate was then placed on top,
and the setup was pressed with a hydraulic press at 500 psi. The measured electrical resistance (UNI-T, UT139)
was used to calculate the electrical resistivity of the material using Equation 4. Subsequently, the electrical
conductivity was determined using Equation 5 [21, 22]. Each measurement was repeated five times to ensure
accuracy.

p=RA/L 4)

c=1/p ©)

where p is the electrical resistivity (Q-m), R is the resistance (Q2), A is the surface area (1 x 1 cm?), L is the
thickness (1 um), and o is the electrical conductivity ((©2-m)?), as shown in Figure 1.

Hydraulic presser
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Figure 1. Schematic diagram and experimental setup for measuring the electrical resistance of copper-doped
ZnO (CZO) powder.
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3.Results and Discussion

3.1 Morphology Analysis

The morphological analysis using scanning electron microscopy (SEM) revealed that the CZO samples
with 0-5 wt.% Cu exhibited a nanorod-like structure with irregular sizes, as illustrated in Figure 2. It was
considered that the formation of a rod-like structure in the CZO samples may be due to the anisotropic growth
inherent in the hexagonal wurtzite structure of the ZnO. In this crystal system, the [001] direction (c-axis) has
faster growth kinetics owing to the greater surface energy of the polar (001) plane than the non-polar {100}
facets, resulting in the one-dimensional elongation and formation of nanorods [24, 26]. Such growth will be
even more favored under the current synthesis conditions: a high pH environment (pH 10), produced by
NaOH, not only allows for fast nucleation but also stabilizes the (001) polar surface, leading to preferential c-
axis growth. In this study, the co-precipitation method used in the experiment, which is combined with the
heat treatment at 500 °C, can afford ample thermal energy for Ostwald ripening (i.e., smaller particles dissolve
and redeposit onto larger ones), which is accompanied by the increase of the crystallinity of the nanoparticles
and the preferential growth. The lack of organic surfactants or complexing reagents suggests that the
morphology is predominantly controlled by the thermodynamic stability of crystal faces in an alkaline
medium, rather than by capping action. In comparison to reports by various researchers who observed
spherical to irregular-shaped ZnOnanoparticles using the sol-gel route [5], hydrothermal synthesis at lower
temperatures [8], and capped agents that limited anisotropic growth. For example, Sangeetha et al. prepared
spherical ZnO nanoparticles via the sol-gel method due to the isotropic growth of these particles in alcoholic
media [5]. At the same time, Al-Khezraji et al. detected patchy clusters from ZnO/CuO composites studied by
precipitation without in situ pH control [19]. The contributions presented in this work provide new insights
into the key role of synthesis parameters such as pH and thermal treatment on the final particle shape. The
diameters of the nanorods ranged from approximately 290 to 450 nm, while their lengths varied between 1200
and 1520 nm. The aspect ratio (length-to-diameter ratio) was calculated as 4.11, 4.14, 3.66, and 2.87 for doping
levels of 0%, 1%, 3%, and 5% wt.%, respectively. The highest aspect ratio was observed at 1 wt.% Cu doping.
In contrast, the sample containing 100 wt.% Cu showed a sheet-like structure with mixed nanoparticles. This
sample was synthesized without any ZnCl,, and thus, in the absence of Zn?* ions, copper ions (Cu?*) precipitate
as Cu(OH):2 under alkaline conditions, which readily decomposes to monoclinic CuO upon calcination at
500 °C. This explains the distinct sheet-like morphology and phase formation, consistent with the XRD and
EDS results. This suggests that the presence of excess Cu results in a distinct growth mechanism and
morphology. Despite variations in copper content, the overall rod-shaped morphology was preserved in the
doped samples, suggesting that low-level Cu doping does not significantly alter the structural evolution of
ZnO during synthesis.

3.2 Crystal Structure Analysis

X-ray diffraction (XRD) patterns confirmed that CZO samples with 0-5 wt.% Cu exhibited the
hexagonal wurtzite structure of ZnO, consistent with JCPDS standard card number 36-1451 (Figure 3). The
diffraction peaks corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes were
observed, indicating good crystallinity. For the 100 wt.% Cu sample, the diffraction pattern matched the
monoclinic structure of CuO (JCPDS No. 48-1548), with characteristic peaks at (110), (11-1), (111), (200), (20-2),
(020), (202), (11-3), (113), and (220). No additional peaks related to metallic Cu or secondary phases were
detected in the CZO samples with low Cu concentrations. The absence of detectable Cu-related peaks suggests
that Cu? ions have successfully substituted for Zn2+ ions within the ZnO lattice without forming secondary
phases, which is consistent with previous studies [12, 17]. Using the Scherrer equation, the average crystallite
size was estimated to be approximately 25 nm for CZO samples with 0-5 wt.% Cu, whereas the 100 wt.% Cu
sample had a smaller crystallite size of about 16 nm. It should be noted that the 100 wt.% Cu sample was
synthesized in the absence of any zinc precursor. As a result, the formation of a monoclinic CuO phase is
expected, since Cu? ions first hydrolyze to Cu(OH)2, which subsequently decomposes into CuO during
calcination. This phase is structurally and compositionally distinct from the Cu-doped ZnO series, thereby
serving as a pure CuQO reference sample.
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Figure 2. SEM images of CZO for (A) 0 wt.%, (B) 1 wt.%, (C) 3 wt.%, (D) 5 wt.%, and (E) 100 wt.% (control sample).

3.3 EDS Analysis and Elemental Composition

To confirm the successful incorporation of Cu into the ZnO lattice at low doping concentrations (1-5
wt.%), energy-dispersive X-ray spectroscopy (EDS) was conducted to determine the elemental composition of
each sample. The results, summarized in Table 1, reveal a progressive increase in Cu content from 0.83 wt.%
at 1 wt.% doping to 6.03 wt.% at 5 wt.% doping, accompanied by a corresponding decrease in Zn content.
These findings support the hypothesis that Cu?* ions are substitutionally incorporated into the ZnO lattice
without forming secondary phases detectable by X-ray diffraction (XRD). In contrast, the 100 wt.% Cu sample
exhibits a drastic increase in Cu content (71.81 wt.%) and a sharp decrease in Zn (1.51 wt.%), indicating the
formation of a distinct CuO phase. The EDS data provide evidence for the successful incorporation of Cu into
the ZnO lattice, with increasing Cu content as the doping level increases, at 1 wt.% Cu doping, the amount of
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Cu increased slightly without significantly altering the Zn/O ratio, suggesting a uniform distribution of the
dopant within the lattice. However, at higher doping levels (3-5 wt.%), the increase in Cu content
corresponded to a decrease in Zn, which is indicative of Cu?* substituting Zn?* ions within the crystal structure,
for the 100 wt. The negligible Zn content (1.51 wt.%) in the Cu sample confirms that the material consists
predominantly of pure CuO nanostructures. This compositional evidence aligns with the XRD results, which
show a monoclinic CuO phase, and the distinct sheet-like morphology observed in the SEM image. These
findings strongly support the hypothesis that, at low doping levels (1-5 wt.%), Cu?* ions successfully substitute
Zn? within the ZnO lattice without forming secondary phases.
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Figure 3. XRD pattern of 0-100 wt.% CZO.

Table 1. Elemental composition of CZO samples obtained from EDS analysis.

Cu doping (wt.%) Zn (wt.%) O (wt.%) Cu (wt.%)
0 72.38 26.85 0.77
1 76.86 22.31 0.83
3 72.97 24.77 2.26
5 71.74 22.23 6.03
100 (control sample) 1.51 26.68 71.81

3.4 Fluorescence Spectroscopy Analysis

The luminescence of the samples was analyzed using fluorescence spectroscopy, and the peaks were
modeled under the spectrum data using a Lorentzian function, resulting in three distinct peaks as shown in
Figure 4. The CZO samples at concentrations of 0, 1, 3, 5, and 100 wt.% exhibited luminescence in the violet
region (323-398 nm), corresponding to electron excitation from the ground state to a higher energy level. This
excitation process is designated as Peak 1. Peak 2, observed in the blue region (422-444 nm), corresponds to
fluorescence emission as electrons returned to the ground state. Peak 3, located in the green area (548-563 nm),
is attributed to defect-related recombination, often associated with oxygen vacancies or zinc interstitials, which
produce deep-level emission. These wavelengths were used to calculate the band gap energy using Planck’s
equation, where the band gap energy for excitation and fluorescence was found to be lower for Cu doping at
1,3, and 5 wt.% compared to undoped ZnO with values of 3.11 eV and 2.78 eV, respectively. The reduction in
band gap energy at 1 wt.% Cu correlates with enhanced charge carrier generation, which contributes to the
improvement in electrical conductivity. However, at higher doping levels (3-5 wt.%), the slight increase in
band gap energy and the presence of defect-related emission peaks suggest that excess Cu introduces localized
states within the band gap, which may act as recombination or scattering centers. Furthermore, EDS analysis
provided quantitative evidence of Cu incorporation at 1 wt.% Cu doping, the Zn/O ratio remained relatively
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unchanged, suggesting uniform distribution of Cu within the lattice; however, at 100 wt.% Cu, Zn content
dropped to only 1.51 wt.%, confirming that it corresponded to pure CuO rather than a doped ZnO system.
These findings strongly support the conclusion that low-level Cu doping effectively modifies the electronic
structure of ZnO, reducing the band gap and enhancing light absorption. In contrast, excessive Cu content
introduces localized defect states or impurity phases that act as scattering centers, diminishing carrier mobility
and overall performance.
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Figure 4. Fluorescence spectra of 0-100 wt.% CZO.
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Figure 5. Three peaks of the energy band gap from fluorescence analysis in Figure 4.
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3.5 UV-Vis Spectroscopy Analysis

The optical absorption properties of ZnO doped with Cu at concentrations of 0, 1, 3, 5, and 100 wt.%
were analyzed using UV-Vis spectroscopy, as shown in Figure 6. The Tauc method was applied to calculate
the band gap energy using Equation (3). The absorption occurred in the visible range (violet), with maximum
wavelengths at 402, 428, 430, 449, and 350 nm. The corresponding band gap energies were calculated as 2.90,
2.72,2.82,2.83, and 2.16 eV, respectively. The lowest band gap energy was observed at 2.72 eV for Cu doping
at 1 wt.%. It is noted that the band gap of nanomaterials is not only sensitive to the dopant concentrations, but
also to the particle size and morphology. In this work, the diameter of the nanorod was found to decrease with
an increase in Cu content, which generally results in a blue shift (an increase in band gap) due to quantum
confinement. However, the measured red shift (from 2.90 eV to 2.72 eV) indicates that the effect of Cu doping
prevails, primarily due to the hybridization of Cu 3d states with O 2p orbitals at the valence band edge, which
narrows the band gap [23]. Such trends are opposite at high doped levels (3-5 wt.%), and the higher band gap
of the Cu-doped ZnO might be attributed to the generation of defect states such as oxygen vacancies or the
presence of Cu interstitials, which form interstitial levels in the mid-gap and counteract the narrowing effect.
This observation contrasts with the study by Sajjad et al. [17], in which the band gap decreased continuously
with an increase in copper content. This deviation can be attributed to the differences in doping units (wt.%
vs. mol%) and the emergence of defect-related effects at higher doping levels in this study. These results reveal
the existence of an optimal doping range for minimizing the band gap. This behavior has been previously
reported by Cu-doped ZnO systems, in which the introduction of Cu?" ions produces an impurity level close
to the valence band toward the band gap energy [17,23]. The observed decrease in band gap from 2.90 eV (0
wt.%) to 2.72 eV (1 wt.% Cu) supports the successful substitution of Cu? into the ZnO lattice. The optical
absorption analysis, performed using UV-Vis spectroscopy, showed consistent trends with the fluorescence
results. CZO samples doped with 1 wt.% Cu exhibited the lowest band gap energy of 2.72 eV, confirming the
effectiveness of low-level Cu doping in modifying the electronic structure of ZnO. At higher Cu concentrations
(3 and 5 wt.%), the band gap energy increased slightly to 2.82 eV and 2.83 eV, respectively, aligning with the
observed increase in defect-related emission from fluorescence measurements. This correlation between
fluorescence and UV-Vis spectroscopy supports the hypothesis that Cu? ions are substitutionally incorporated
into the ZnO lattice, leading to a narrowing of the band gap and enhanced optical absorption. In contrast, the
sample containing 100 wt.% Cu showed the lowest band gap energy (2.16 eV), which is interpreted as pure
CuO rather than a doped system.

3.6 Electrical Conductivity Analysis

The electrical conductivity of the synthesized CZO nanomaterials was evaluated by measuring the
electrical resistance and subsequently calculating the resistivity and conductivity using Equations (4) and (5),
respectively. The results are summarized in Figure 7 and discussed below. The undoped ZnO sample (0 wt.%
Cu) exhibited an electrical conductivity of 2.18 x 103 (Q2-cm), upon doping with 1 wt.% Cu, the conductivity
increased to 2.71 x 10 (Q-cm)~, which is the highest value observed in this study. Further increasing the Cu
content to 3 wt.% and 5 wt.% resulted in a decrease in conductivity to 1.88 x 10 and 0.93 x 10 (Q-cm)?,
respectively. The sample containing 100 wt.% Cu showed a conductivity of 1.78 x 10 (Q2-cm)-, which is lower
than that of the 1 wt.% doped sample but higher than that of the undoped ZnO. The reduction in band gap
energy at 1 wt.% Cu correlates with enhanced charge carrier generation, leading to improved electrical
conductivity. This suggests that Cu?* ions were successfully incorporated into the ZnO lattice, contributing
additional free carriers that enhance conductivity. However, further increases in Cu content beyond 1 wt.%
led to a decline in electrical conductivity. Excessive Cu content introduces localized defect states that act as
recombination centers or scattering sites, reducing carrier mobility and overall conductivity. These defects
may arise from the formation of impurity phases or distortions in the crystal lattice due to excess Cu, which
hinder the effective movement of charge carriers. Comparing these results with previous studies, Redwanul
L. et al. reported an electrical conductivity of 0.0986 x 10~ (Q2'm)~ for undoped ZnO nanoparticles [27], while
Shahroz S. et al. found a conductivity of 1.09 x 10-* (Q2-cm)? for CuO nanoparticles [28]. However, they also
noted a decline in conductivity at higher doping levels due to enhanced carrier scattering. This study confirms
that optimal Cu doping at 1 wt.% significantly improves the electrical properties of ZnO nanomaterials,
making them promising candidates for optoelectronic applications such as photodetectors and solar cells.
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Figure 6. The graph of light absorption and the inset energy band gap from UV-VIS spectroscopy of CZO for
(A) 0 wt.%, (B) 1 wt.%, (C) 3 wt.%, (D) 5 wt.%, and (E) 100 wt.%, respectively.
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Figure 7. Electrical resistance, electrical resistivity, and electrical conductivity of CZO.

4. Conclusions

Copper-doped zinc oxide (CZO) nanomaterials with doping levels of 0, 1, 3, and 5 wt.% exhibited a
nanorod morphology, while the sample containing 100 wt.% Cu displayed an irregular sheet-like structure
with mixed nanoparticles. X-ray diffraction (XRD) analysis confirmed that the CZO nanomaterials retained
the hexagonal wurtzite crystal structure within the low Cu doping range (0-5 wt.%), with no detectable
secondary phases observed. This suggests that Cu?* ions were successfully incorporated into the ZnO lattice
without forming separate Cu or CuO phases. The tunable band gap in CZO nanorods arises from a synergistic
interplay between Cu doping, particle size, and nanorod morphology, with doping being the primary tuning
parameter. The electrical conductivity measurements revealed that the highest value of 2.71 x 103 (QQ-cm)! was
achieved at 1 wt.% Cu doping, which also corresponded to the lowest band gap energy based on both
fluorescence and UV-Vis absorption analyses. These results indicate a strong correlation between optical and
electrical properties in CZO nanomaterials. The reduction in band gap energy at 1 wt.% Cu correlates with
enhanced charge carrier generation, leading to improved electrical conductivity. This finding supports the
hypothesis that Cu? ions effectively substitute Zn?* ions, enhancing charge transport efficiency. However,
increasing Cu content beyond this optimal level resulted in a decrease in conductivity. Excessive Cu content
introduces localized defect states that act as recombination centers or scattering sites, reducing carrier mobility
and overall conductivity. This study demonstrates that moderate Cu doping significantly enhances the
electrical and optical properties of ZnO nanomaterials. The optimal performance at 1 wt.% Cu highlights the
importance of precise control over doping concentration to avoid defect-induced carrier scattering. The
systematic investigation conducted in this work reveals that low-level Cu doping at 1 wt.% not only enhances
electrical conductivity but also tunes the band gap energy, offering new opportunities for CZO in
optoelectronic device engineering.
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