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Abstract: This study outlines the low-cost synthesis of copper-doped zinc oxide (Cu:ZnO) thin films using a chemical bath deposition
method performed at 50 °C. A detailed investigation of their structural, optical, and electrical properties was conducted. X-ray diffraction
confirmed the successful integration of copper within the ZnO lattice, resulting in a hexagonal Wurtzite structure and an average
crystallite size of 17.18nm. The Williamson-Hall method revealed compressive strain within the films, which is expected to influence
their optical and electronic behavior. UV—Vis absorption analysis showed significant light absorption in the visible spectrum, with
an absorption edge close to 700nm, indicating a band gap of approximately 2.67eV. Topographical analysis highlighted variations in
grain structure and surface roughness. Current-voltage characteristics, measured both in darkness and under 100W light exposure,
demonstrated linear behavior indicative of ohmic contact. A notable rise in photocurrent under illumination resulted in about 78.7%

photosensitivity at a bias of +2V, confirming efficient photocarrier generation.
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1. Introduction

In recent times, semiconducting materials from the I1-VI
group, particularly chalcogenides, have received considerable
attention due to their diverse applications in optoelectronic
devices. Compounds such as cadmium sulfide, cadmium tel-
luride, and zinc oxide (ZnO) are especially promising for thin-film
technologies because of their unique physical and chemical char-
acteristics. ZnO is one of the most extensively studied n-type
semiconductors, primarily due to its impressive optoelectronic
behavior and a relatively wide band gap of approximately 3.37¢V
[1-3]. It also possesses a high exciton binding energy (~60meV)
and crystallizes in the hexagonal wurtzite phase, attributes that
enhance its suitability for various applications. ZnO nanostruc-
tures, particularly nanorods, are of great interest for use in devices
such as field-effect transistors, light-emitting diodes, chemical
sensors, photodetectors, and solar cells [4-9].
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The functional properties of ZnO can be significantly
enhanced through the incorporation of dopants. Among these,
copper (Cu) is known to effectively tune the material’s band gap
based on its concentration within the lattice, forming a ternary
Cu-doped ZnO (CuZnO) system that often exhibits reduced band
gap values [10-13]. CuZnO has become a subject of growing
interest due to its potential in diverse optoelectronic applications,
particularly for gas sensing and solar energy harvesting [14-16].
Additionally, ZnO-based diluted magnetic semiconductors have
emerged as promising candidates for spintronic technologies due to
their capacity for spin-polarized laser emission, enabling develop-
ments in non-volatile memory, quantum computing, and enhanced
electronic processing [17].

Copper doping not only influences the band gap but also
enhances structural stability and defect density within the ZnO
lattice. Several studies have shown that Cu inclusion alters inter-
nal strain and affects piezoelectric and optical properties. Lower
Cu doping levels (1-3%) generally improve crystallinity, while
excessive concentrations (>5%) may lead to the formation of sec-
ondary phases [18]. To synthesize CuZnO thin films, researchers
have explored various physical and chemical deposition tech-
niques such as pulsed laser deposition (PLD) [19], electron beam
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evaporation [20], SILAR [21], and chemical vapor deposition
(CVD) [22]. Many previous studies on Cu-doped ZnO thin films
rely on high-temperature or vacuum-based techniques such as
sputtering, sol-gel annealing, spray pyrolysis, PLD, or CVD
[23, 24]. However, among these, chemical bath deposition (CBD)
has gained popularity for its simplicity, low-temperature operation,
and cost-efficiency, making it suitable for large-scale produc-
tion [25]. CBD is a solution-based technique widely utilized for
depositing semiconductor thin films on glass substrates, primarily
involving nucleation and subsequent growth of the solid phase. Key
parameters such as bath temperature, reagent concentration, solu-
tion pH, and deposition duration critically influence the quality
of the deposited film [26, 27].

Despite extensive research on Cu-doped ZnO thin films,
few studies have systematically explored the combined effect of
low-temperature CBD growth (50 °C) and controlled Cu incorpo-
ration on the optical and photosensing response. The present work
demonstrates enhanced visible-light absorption and high photo-
sensitivity achieved using a low-temperature and cost-effective
CBD route, without requiring high thermal annealing or vacuum
processing. Motivated by these aspects, the present investigation
focuses on the fabrication of Cu-doped ZnO thin films using CBD
at low temperature and for a short deposition time. This study
demonstrates that high-performance Cu:ZnO photodetecting thin
films can be synthesized through a very low-temperature, low-cost,
and scalable solution process, achieving enhanced visible-light pho-
tosensitivity and tunable optical-electronic properties, surpassing
many existing high-temperature deposition approaches.

2. Experimental

Glass slides made of silica were utilized as substrates for the
deposition of CuZnO thin films, selected for their non-crystalline
structure and low thermal expansion, which help achieve con-
sistent film coverage. To ensure cleanliness and reproducibility,
the slides underwent a cleaning process involving immersion in
chromic acid at around 70 °C for six h, followed by thorough
rinsing with laboline solution and distilled water before being left
to air-dry.

For the CBD process, high-purity AR grade chemicals of Loba
Chemie were used. Individual precursor solutions were prepared
by dissolving 0.8 M zinc sulfate (ZnSQOy,), 0.2 M copper sulfate
(CuSOy), and 0.1 M thiourea (CS(NH,),) in 50 mL of distilled
water, with continuous stirring maintaining 25% molar percentage

Figure 1
Represents the schematic of CBD method to deposit
CuZnO thin film
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of Cu relative to Zn only. A few drops of triethanolamine (TEA)
were introduced as a complexing agent. The pH of the solution was
then adjusted to approximately 11 using ammonia (NH3), added
slowly while stirring. The solution components were combined in
the order of Cu, followed by Zn, and then thiourea. The mixed
solution was maintained at ~50 °C in a water bath, and the cleaned
slides were suspended vertically in the solution for 50 min. After
deposition, the resulting films appeared uniform, well-adhered, and
homogeneous having ~250 nm thickness with 5 nm/min deposition
rate. After deposition, the coated substrates were vertically removed
from bath and gently rinsed with distilled water to eliminate loosely
adhered particles and then air dried at room temperature (~30 °C)
for 30 min. A schematic illustration detailing the CBD process
used for CuZnO thin-film deposition is shown in Figure 1.

3. Characterization

The deposited CuZnO thin films were analyzed for their
structural, optical, and electrical characteristics. Structural eval-
uation was conducted using an X-ray diffractometer (BRUKER
D8-Advance) employing CuKa; radiation (1 = 1.5406 A), with
scans performed across a 20 range from 20° to 80°. Optical
properties, including absorbance and band gap estimation, were
examined using a UV-Visible spectrophotometer (Perkin Elmer,
LAMBDA 25) within the 400-1100 nm wavelength spectrum.
Electrical behavior was assessed through current-voltage (I-V)
measurements using a Keithley 2400 Source Meter, applying a
+2V bias, and data were recorded under both dark conditions
and illumination with a 100W light source.

4. Results and Discussion

4.1. Structural properties

The structural features of the CuZnO thin films synthesized
via chemical deposition were examined using XRD across a 20
range of 20° to 80°, as depicted in Figure 2. The XRD pattern of
the Cu-doped ZnO thin film displays distinct and sharp diffrac-
tion peaks at specific 20 angles, corresponding to clearly indexed
(hkl) planes, indicating a well-crystallized structure. These peaks
are consistent with JCPDS reference cards #75-0576 and #36-
1451, confirming the formation of a hexagonal Wurtzite structure
and successful substitution of copper within the ZnO lattice [28].
The pronounced (002) peak suggests a preferential growth orien-
tation along the c-axis, while the presence of additional reflections

Figure 2
XRD pattern of obtained CuZnO thin film
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confirms a polycrystalline nature. A broad hump between 20° and
35° is attributed to the amorphous nature of the silica glass sub-
strate. The slight shift in diffraction peaks toward lower 26 values
relative to undoped ZnO indicates lattice distortion, likely due to
the substitution of Zn2* ions (0.74 A) with slightly smaller Cu?*
ions (0.73 A). The lack of any additional peaks related to CuO or
Cu,O implies that copper is uniformly integrated without form-
ing secondary phases. Using the Debye-Scherrer equation given
in Equation (1), the average crystallite size was estimated to be
around ~17.18 nm. The observed broadening of peaks suggests
the presence of lattice strain and dislocation defects. Structural
parameters such as dislocation density (§) and microstrain (g)
were derived using conventional formulas given in Equations (2)
and (3) [25] and are summarized in Table 1.

Figure 3(a) demonstrates the inverse relationship between
crystallite size and both microstrain and dislocation density, and
larger crystallites correlate with reduced internal strain and defect
concentration. This trend is indicative of structural improvement
during film growth, further supported by Williamson-Hall (W-H)
analysis. The W-H method was applied to separate the contri-
butions of crystallite size and lattice strain to peak broadening,
as shown in Figure 3(b). In an ideal strain-free material, the plot
of Bcosf against 4sin@ would be linear and flat. However, the
observed negative slope of the fitted line confirms the presence of
compressive strain in the CuZnO thin film [26]. The W-H anal-
ysis reveals compressive strain within the lattice, correlated with
defect and carrier modulation, an aspect rarely highlighted in

earlier studies. The reduced crystallite size (~17.18 nm) contributes
to enhanced surface activity and light absorption.

In the W-H plot, the x-axis (4sinf) reflects strain effects,
and the y-axis (Bcosb) represents overall peak broadening derived
from the X-ray diffraction (XRD) peaks of the sample. Despite
some scatter in the data, the linear fit yields a negative slope, indi-
cating compressive strain. In the W-H plot, the intercept provides
an estimate of crystallite size which is ~26.5 nm, while the slope
gives the value of strain which is approximately —1.39 x 107
(negative sign suggests compressive strain). These findings align
with Figure 3(a), where grain growth results in strain relaxation
and improved structural quality. This analysis confirms that Cu
doping influences the structural characteristics of ZnO by mod-
ifying the lattice strain, which can significantly affect the optical
and electrical properties of the deposited thin film.

K24
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where D is the estimated crystallite size for the (hkl) reflection,
and K is a shape factor with no dimensions (0.91); 3 is full width
at half maximum (FWHM), and A is X-ray wavelength.

Table 1
The calculated structural factors of CuZnO thin film
(hkl) Interplanar FWHM g Crystallite
20 Planes spacing (A) (1073 radian) size D (nm) 5 (10 (lines/m?) £(1073)
31.64 (100) 2.819 441 17.072 3.4307 2.03
34.34 (002) 2.608 4.79 20.315 2.4228 1.706
36.2 (101) 2.478 4.56 17.834 3.1438 1.944
47.48 (102) 1.912 4.78 13.847 5.2151 2.503
56.51 (110) 1.626 7.21 17.406 3.3006 1.999
62.75 (103) 1.479 3.57 15.834 3.9881 2.189
67.82 (112) 1.380 4.02 18.012 3.0821 1.924
Average values 17.18 3.3844 2.041
Figure 3
The variation of dislocation density and microstrain with respect to crystallite size, and (b) the W-H plot to analyze strain in the
CuZnO thin film
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4.2. Optical properties

The optical absorbance of Cu-doped ZnO thin films was
recorded at ambient temperature using a UV-Vis. spectropho-
tometer, covering the wavelength range from 400 to 1100 nm.
As shown in Figure 4, the absorption spectrum demonstrates a
gradual increase in absorbance from the visible region, with a
noticeable absorption edge appearing around 700 nm, indicative
of effective visible-light absorption. The strong absorption shift
toward 700 nm confirms more effective utilization of visible light,
superior to most reported values, making the material promising
for broadband photodetectors and solar energy applications. To
estimate the optical band gap, the absorbance data were processed
using Tauc’s method, based on the well-known Tauc relation given
in Equation (4) [25, 29]. The band gap energy (£,) was determined
by extending the linear portion of the (a/v)? versus photon energy
(hv) plot to intersect the energy axis. Literature reports typically
show bandgap tuning between 3.0 and 2.9 eV for Cu-doped ZnO.
The resulting band gap was found to be around 2.67 eV, stating
better band gap tuning with values reported in the literature. This
moderately reduced band gap reflects enhanced absorption in the
visible region and can be further modified by adjusting the cop-
per doping concentration, highlighting the material’s potential for
applications in photoactive and optoelectronic devices.

ag (v — Eg)ll
o= —"""

I )

According to Tauc’s relation, the exponent n varies based
on the type of electronic transition occurring in the material. For
direct band gap semiconductors,  is equal to %2, while for indirect
transitions, it takes a value of 2. In Equation (4), E, represents
the optical band gap energy, % is Planck’s constant, and v is the
frequency of the incident photon.

Figure 5(a) displays a two-dimensional atomic force
microscopy (AFM) image of the CuZnO thin film, where the
variation in color signifies differences in surface height, reflecting
nanoscale surface roughness. The scan covers a 10 um scale, offer-
ing a broad view of surface consistency. The morphology indicates
a granular texture, suggesting nanocrystalline features with non-
uniform grain heights. The 3D surface profile shown in Figure
5(b) spans a region of 50 X 50 pm, with vertical height differences
measured up to 980.2 nm along the Z-axis. The surface exhibits a
prominently textured structure with densely packed protrusions,

Figure 4
Optical absorption spectrum, with the inset illustrating the Tauc’s
plot of the CuZnO thin film
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Figure 5
2D AFM image of the CuZnO thin film, (b) the corresponding
3D surface profile, and (c) a histogram analyzing the film’s
surface roughness

()

9
S
S
3
T

T

> i
o i
e
=
g 1500
&0
E 1000|
") | II
I li
D,Illnm. ....... - mlllll“l““l IIIIIII“I.]TI!I“- ...... ol
L i

200 400 600 800

V [mV]

which could impact both light interaction and electrical perfor-
mance. Figure 5(c) presents a histogram of the surface potential
distribution across the scanned area. The x-axis (in mV) reflects
the potential values, while the y-axis shows their frequency. The
observed asymmetry in the distribution with a primary peak
around 500 mV and secondary peaks at higher voltages sug-
gests irregular surface potential, potentially due to non-uniform
composition or surface defects. The surface roughness analysis
indicates that the studied film exhibits a moderately rough surface
morphology. The root mean square (RMS) roughness value is
140.85 um and suggests the presence of noticeable height fluctua-
tions across the scanned area. In addition, the average roughness
is 94.51 um and confirms a rough texture formed due to the grain
boundaries and surface growth characteristics of the thin film.

4.3. Electrical properties

To assess the electrical performance of the CuZnO thin film,
current-voltage (I-V) measurements were carried out within a
bias range of +2V. These measurements were taken under both
dark conditions and exposure to illumination from a 100-watt
light AM 1.5G source, i.e., 100 mW/cm?, covering a film area of
1x1 cm?. Silver electrodes were applied at both ends to estab-
lish effective electrical contact. As shown in Figure 6, the I-V
plots exhibit a linear trend passing through the origin, character-
istic of ohmic contact typically observed at metal-semiconductor
junctions. A significant rise in current under illumination indi-
cates a clear photo response, likely due to the generation of
photo-induced charge carriers. This increase in photocurrent
demonstrates the film’s viability for use in optoelectronic devices
where light sensitivity is a crucial factor.

The photosensing capabilities of the CuZnO thin film
were assessed through key parameters: photocurrent gain (P),
photoresponsivity (R), and photosensitivity (S), determined
using Equations (5), (6), and (7). The calculated values were
4.69%, 10.97pA/W-cm?, and 78.7%, respectively [3, 26]. The
study demonstrates a remarkable increase in photocurrent under
illumination, outperforming several reported CBD-based ZnO
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Figure 6
I-V characteristics, both in the absence and presence of light of
CuZnO thin film
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films and showing improved photo carrier generation efficiency.
Linear ohmic I-V behavior indicates high-quality electrical con-
tacts favorable for device integration. These outcomes clearly
demonstrate the material’s strong potential for various optoelec-
tronic and photodetection applications, supported by its effective
photo response when exposed to light.

Charge transport in Cu-doped ZnO thin films is governed
by a combination of intrinsic semiconductor behavior, defect-
assisted conduction, and photogenerated carrier dynamics. The
incorporation of Cu ions into the ZnO lattice introduces addi-
tional acceptor-type energy states near the valence band, which
enhances p-type character and facilitates charge carrier mobility.
Under dark conditions, conduction primarily follows thermally
activated hopping of electrons between localized defect sites such
as oxygen vacancies, zinc interstitials, and Cu-related states.
These defect levels act as shallow traps, enabling carriers to
hop through impurity bands, resulting in a linear Ohmic I-V
response as observed in the measurements. When the film is
exposed to illumination, photon absorption generates a signifi-
cant number of electron-hole pairs. The generated electrons move
to the conduction band while holes occupy Cu-induced acceptor
levels, effectively reducing recombination and increasing carrier
lifetime. Additionally, photoexcitation promotes desorption of
oxygen species adsorbed on the ZnO surface, which otherwise
capture free electrons. This surface oxygen release increases the
free carrier concentration and improves conductivity. As a result,
photocurrent rises sharply compared to dark current, indicating
high photosensitivity and efficient photocarrier transport.

The transport behavior under illumination can be described
by a drift-diffusion mechanism, where electrons drift under the
applied electric field and diffuse through grain boundaries. The
moderately rough surface and grain structure support enhanced
scattering paths, which contribute to carrier separation and
reduced recombination probability. The observed improvement
in current response under light suggests dominant mechanisms
of photoexcitation, defect-mediated conduction, and trap-assisted
transport.

p=-2L (5)

I,—1
_»_d

R=—sp ©
R;—R

S(%):"lexloo (7

Here, R; represents the resistance measured in the absence
of light, while R; refers to the resistance under illumination.
I, denotes the photocurrent generated during light exposure, and
1, corresponds to the current in the dark. S stands for the active
area of the thin film involved in the measurement, and P; is the
incident light power per unit area, with the total applied light
intensity being 100 W.

5. Conclusion

This research thoroughly examined the photosensing char-
acteristics of Cu-doped ZnO thin films synthesized through CBD
on silica substrates. XRD analysis confirmed the development
of a polycrystalline hexagonal Wurtzite structure, with no evi-
dence of secondary copper-related phases, signifying effective
Cu incorporation into the ZnO matrix. The average crystal-
lite size was determined to be 17.18nm, and the broadening of
diffraction peaks was linked to the presence of microstrain and
dislocations. A consistent reduction in both strain and defect
density with increasing crystallite size highlighted the positive
impact of Cu doping on the film’s structural properties. W-H
plots supported the presence of compressive strain, which can
affect the material’s optical and electronic behavior. Optical eval-
uation showed significant absorption in the visible range, with
an optical band gap of 2.67 eV, indicating suitability for solar
energy applications. AFM imaging revealed a rough, nanostruc-
tured surface that may enhance light absorption and improve
device performance. Electrical measurements conducted in both
dark and illuminated states demonstrated strong photosensitiv-
ity, with a notable response of approximately 78.7%, reinforcing
the material’s potential use in optoelectronic and photodetection
systems.
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