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Abstract:

ZnO—CuO heterojunction thick films were developed via a screen-printing
approach and systematically evaluated for low-temperature methane
sensing. The formation of a p—n heterojunction between n-type ZnO and
p-type CuO significantly modulates charge transport and surface reactivity.
Structural analysis confirmed the coexistence of hexagonal ZnO and
monoclinic CuO phases, while microstructural studies revealed a porous
and well-connected morphology favorable for gas adsorption. Among all
compositions, the 5 wt.% CuO-ZnO film exhibited the smallest crystallite
size (~44 nm), higher defect density, and enhanced surface activity,
leading to improved electronic properties with optimized resistivity and
reduced activation energy. Gas sensing results demonstrated a maximum
sensitivity of 94.98% toward CHa. at a low operating temperature of 60 °C
(500 ppm), along with fast response and recovery times (8 s/37 s), excellent
selectivity, and long-term stability. The superior performance is attributed
to the synergistic effects of increased oxygen vacancies, efficient charge
transfer across the ZnO-CuO interface, and enhanced modulation of the
depletion layer. These findings establish ZnO-CuO heterojunction thick films
as promising candidates for energy-efficient methane sensing applications.
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Abbreviations

SMO Semiconducting Metal Oxide

BET Brunauer—Emmett-Teller

EDX Energy Dispersive X-ray Spectroscopy
FESEM Field Emission Scanning Electron Microscopy
FTIR Fourier Transform Infrared Spectroscopy
LOD Limit of Detection

SSA Specific Surface Area

UV-Vis Ultraviolet—Visible Spectroscopy

XPS X-ray Photoelectron Spectroscopy

XRD X-ray Diffraction

Introduction

Semiconducting metal oxides (SMOs) have gained
significant attention in recent years as functional
materials for gas sensing applications due to their
unique ability to modulate electrical conductivity upon
exposure to various gaseous environments 2. These
materials possess high chemical stability, tunable
electrical and optical properties, and compatibility
with low-cost fabrication techniques, making them
ideal for chemiresistive sensors 2. Among the broad
family of SMOs, zinc oxide (ZnO) is indicate n-type
semiconductor nature. It has direct band gap (3.3
eV) and exciton binding energy is 60 meV, has
been extensively studied owing to its exceptional
physicochemical stability, abundance and strong
surface reactivity 5 6. ZnO is broadly employed in
gas sensors, photocatalysts and optoelectronic
devices. However, despite its high sensitivity, pristine
ZnO suffers from certain limitations such as poor
selectivity, high operating temperature and limited
response—recovery behavior due to low intrinsic
oxygen vacancy concentration and single-phase
electron conduction mechanisms 6, 7. The various
modification strategies are explored to tailor the
surface and interfacial properties of ZnO "8, Among
these, composite formation with p-type transition
metal oxides (TMOs), such as CuO, NiO, and Co,0O,
has proven to be an efficient approach to enhance
sensing performance °. The combination of n-type
and p-type oxides leads to the formation of p—n
heterojunctions, which significantly alter the charge
carrier dynamics, surface potential and depletion
layer width at the interface, resulting in improved
sensing characteristics at lower temperatures "% .
Among these TMOs, copper (Il) oxide (CuQ) has
emerged as one of the most effective modifiers
for ZnO due to its narrow band gap (1.2-1.9 eV),

good catalytic activity, interaction with oxidizing and
reducing gases, and natural p-type conductivity " 12,
The ZnO: CuO heterojunction system exhibits
complementary advantages. ZnO provides high
electron mobility and structural stability, while CuO
contributes hole conduction and surface catalytic
activity 2. When these oxides are coupled, the edge
between ZnO and CuO forms a depletion region that
acts as an efficient barrier for charge transfer. This
junction enables greater modulation of resistance
upon gas adsorption and desorption, thereby
enhancing sensitivity and selectivity. Moreover, the
synergistic combination improves oxygen adsorption
capability and electron exchange dynamics, enabling
effective gas detection even at reduced operating
temperatures. The sensing mechanism in such
composites is primarily governed by the formation
and modulation of depletion layers, oxygen vacancy
concentration, and interfacial charge transfer
processes "1,

The combination of n-type and p-type metal oxides is
widely reported to influence charge carrier transport
through interfacial interactions, often leading to the
formation of p—n heterojunction-like behavior. In
the case of ZnO (n-type) and CuO (p-type), their
coupling is expected to induce charge redistribution
at the interface due to differences in Fermi levels,
which can result in the development of a potential
barrier and modulation of the depletion region 2
3. However, in the present work, the formation
of such a p—n heterojunction is inferred based
on material composition and observed electrical
and sensing behavior, rather than being directly
confirmed through explicit electrical characterization
techniques. Nevertheless, such interfacial effects
are known to significantly enhance gas sensing
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performance by improving charge transfer dynamics
and surface reactivity % 4.

Several researchers have reported on ZnO-
CuO nanostructures prepared through sol—gel,
hydrothermal, co-precipitation, and chemical vapor
deposition methods. However, most of these
studies have focused on thin-film or powder-based
sensors, whereas thick film technology particularly
based on screen-printing technique ™ '°. It offers
distinct advantages including uniform deposition,
mechanical stability, no power required, large surface
area and compatibility with scalable, low-cost sensor
fabrication. Screen-printed thick films possess higher
surface roughness and porosity, which play critical
roles in gas diffusion and adsorption—desorption
kinetics, directly influencing sensing response and
recovery time. Despite these advantages, systematic
studies correlating the microstructural, optical and
electrical parameters of screen-printed ZnO-CuO
heterojunction thick films with their gas sensing
behavior remain limited in the literature 5 6.

Recent studies have shown that engineering defect
chemistry and p—n heterojunction interfaces in ZnO—
CuO systems significantly enhances gas sensing
performance. Qi et al. (2025) demonstrated that
ZnO—CuO heterostructures with abundant oxygen
vacancies and internal electric fields improve charge
transfer and sensing response, owing to increased
active sites and efficient modulation of the depletion
layer #’. Similarly, Wang, Y., (2023) and Li, S., (2024)
highlight that nanostructured ZnO-CuO composites
exhibit improved sensitivity due to enhanced
interfacial charge transfer and catalytic activity.
However, these approaches are often limited by
complex synthesis routes, thin-film configurations,
or high operating temperatures, restricting their
practical applicability & 4°.

The present research focuses on the development
and characterization of ZnO: CuO heterojunction
thick films prepared by the screen-printing technique
for chemiresistive gas sensing applications. The
study systematically investigates the effect of CuO
content on the different properties and sensing
characteristics of ZnO-CuO composite films.
CuO was incorporated into ZnO in varying weight
percentages (1-11 wt. %), and the films were
annealed at 800 °C. The incorporation of CuO is
expected to modify the grain boundaries, defect

density, and charge transport characteristics by
introducing potential barriers at the ZnO: CuO
interfaces.

Experimental Work

Materials and Methods

For the preparation of ZnO: CuO heterojunction
thick films, commercially available analytical reagent
(AR) grade ZnO and CuO NPs (99.99% purity) were
used as starting materials. Zinc oxide served as the
n-type host material, while CuO acted as the p-type
additive to form the heterojunction network 6 17
Both oxides were used without further purification.
Alumina substrates were used as the supporting
base for thick film deposition due to their high thermal
stability, good adhesion characteristics and electrical
insulation properties. Before the preparation of films,
the alumina substrates were thoroughly cleaned
in acetone to remove organic and particulate
contaminants. The cleaned substrates kept under
IR lamp irradiation for 15-20 minutes, to ensure
complete removal of residual solvents and moisture,
thus providing a clean and uniform surface for film
formation 718,

Preparation of ZnO-CuO Paste

The composite formulation for thick film preparation
was designed on a 70:30 weight ratio basis, where
70% constituted the ZnO-CuO nanoparticle mixture
and 30% comprised the organic—inorganic binders.
For a typical 1 g paste, 0.70 g of ZnO—CuO powder
mixture and 0.30 g of binder (0.024 g ethyl cellulose
and 0.276 g BCA) were used. The CuO content
was varied from 1 to 11 wt.% by adjusting the
Zn0O:CuO ratio accordingly. The binders consisted
of butyl carbitol acetate (BCA) as a solvent and
ethyl cellulose (EC) as an organic binder, which
provided suitable viscosity, adhesion, and thixotropic
behavior to the paste. To systematically examine
the influence of CuO incorporation, six different
composite formulations were prepared with CuO
contents of 1, 3, 5, 7, 9 and 11 wt. %, each blended
with ZnO as the host matrix '°. Within the 0.70 g
inorganic fraction, the CuO content was varied as
1, 3,5, 7,9, and 11 wt.% relative to ZnO. In the
optimized 5 wt.% CuO composition, 0.665 g ZnO
and 0.035 g CuO were used. Similarly, for 1 wt.%
Cu0: 0.693 g ZnO + 0.007 g CuO; for 3 wt.%: 0.679
g ZnO + 0.021 g CuO; for 7 wt.%: 0.651 g ZnO +
0.049 g CuO; for 9 wt.%: 0.637 g ZnO + 0.063 g
CuO; and for 11 wt.%: 0.623 g ZnO + 0.077 g CuO.
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The powders and binders were thoroughly merge by
mortar and pestle for approximately 30-40 minutes
until a homogeneous and smooth thixotropic paste
was obtained. This meticulous manual mixing
ensured uniform dispersion of CuO nanoparticles
within the ZnO matrix and consistent rheological
behavior of the paste, essential for reproducible
screen printing %20,

Preparation of Films

Films of ZnO: CuO were prepared by standard
screen-printing technique. The prepared ZnO: CuO
paste was placed onto the pre-cleaned alumina
substrates, which enables the controlled deposition
of uniform and reproducible films over large areas.
Stainless steel mesh screens of regular mesh
size were used to achieve precise film thickness
and pattern uniformity. Films were kept under IR
radiation for 25 minutes to eliminate residual solvent
(BCA) and eliminate possible contaminants. This
step was crucial to prevent bubble formation and
surface irregularities during the subsequent high-
temperature treatment. Using muffle furnace at
800 °C for 3 hours films were annealed. Annealed
ZnO: CuO composite thick films exhibited strong
mechanical adhesion, good surface uniformity and
were ready for further characterization 820, Film
thickness was estimated using mass difference
method, the thickness of prepared films was found
to be in micrometer range as tabulated in Table 3.

Characterization of ZnO-CuO Thick Films

Annealed ZnO: CuO films characterized by a
combination of advanced analytical, optical, and
electrical techniques to comprehensively evaluate
their structural, morphological and functional
properties. The structural properties and phase purity
of the films were analyzed using XRD with a Bruker
D8 VENTURE. XRD measurements were carried out
using Cu Ka radiation (A = 1.5406 A) over a 26 scan
range of 20°-80°, with a step size of 0.02° and an
appropriate scanning rate. Surface morphology was
studied by FE-SEM using a FEI Nova NanoSEM 450,
while elemental composition was confirmed through
EDX with a Bruker XFlash 6130 detector. FESEM
analysis was performed at an accelerating voltage
of 10-15 kV to examine the surface morphology,
while EDX analysis was conducted for elemental
composition using an attached detector under
similar operating conditions. FTIR analysis using
a PerkinElmer Spectrum Two identified chemical

bonding, and optical properties were examined
with a Shimadzu UV-2600 spectrophotometer. FTIR
spectra were recorded in the wavenumber range of
400-4000 cm™ using the standard transmittance
mode to identify characteristic functional groups and
metal-oxygen vibrations. UV-Visible spectroscopy
measurements were carried out in the wavelength
range of 200-800 nm to determine the optical
absorption behavior and band gap of the films.
Electrical parameters were measured using the
half-bridge method 2'22. The gas sensing parameters
such as sensitivity, selectivity, response time and
recovery time, were determined for various target
gases, including methane (CH,), nitrogen dioxide
(NO,), liquefied petroleum gas (LPG), sulfur
dioxide (SO,), ethanol and methanol, over a wide
concentration range of 100-1000 ppm and at
operating temperatures between 30 and 150 °C.

Results

The XRD patterns of ZnO:CuO films (1-11 wt.%
CuO) show sharp and well-defined peaks, confirming
their crystalline nature. The diffraction peaks at 26 =
31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, 67.9°, and
69.1° correspond to the (100), (002), (101), (102),
(110), (103), (112) and (201) planes of hexagonal
wurtzite ZnO (JCPDS Card No. 36-1451). In addition
to ZnO peaks, other diffraction peaks appearing
at around 32.5°, 35.6°, 38.7°, 48.7°, 53.5°, 65.8°,
67.9°, and 72.4° are indexed to the (110), (002),
(111), (020), (202), (220), (112) and (004) planes of
monoclinic CuO (JCPDS Card No. 02-1041) 2324,

The relative variation in peak intensities with
increasing CuO content indicates microstructural
modifications within the ZnO matrix. The (002)
diffraction peak of ZnO, associated with preferential
growth along the c-axis, remains nearly unchanged
across different compositions, suggesting that the
dominant growth orientation of ZnO crystallites is
largely preserved even after CuO incorporation. In
contrast, variations in the intensity of other planes,
such as (110), can be attributed to changes in
crystallite orientation, lattice strain, and the increasing
contribution of CuO phases at higher concentrations.
The incorporation of CuO nanoparticles introduces
localized distortions and modifies grain growth
dynamics, which in turn affects the relative intensity
distribution of diffraction peaks.
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Fig. 1: XRD pattern of wt. % CuO added ZnO thick films

The coexistence of both ZnO and CuO phases
in the diffraction profiles confirms the successful
construction of a ZnO: CuO heterojunction composite
without the appearance of any impurity peaks,
indicating good chemical compatibility between the
two oxides. Using the Debye—Scherrer equation (Eq.
1), crystallite size was estimated '* %,

KA

_ (1)
LCos 6

Where,

D- Crystallite size, K- Scherrer constant (0.9), B -
FWHM, and A - Wavelength of X source.

The crystallite sizes of ZnO: CuO films were
calculated as 52, 51, 44, 48, 49 and 49 nm for 1, 3,
5,7,9, and 11 wt.% CuO, respectively. The 5 wt.%
CuO-doped film showed the smallest size (44 nm),
likely due to uniform dispersion of CuO within the ZnO
matrix. CuO content exceeds 5 wt. %, agglomeration

of CuO particles takes place, reducing their uniform
distribution and pinning efficiency '2 4. This promotes
localized grain coarsening and results in an increase
in crystallite size for 7-11 wt. % samples. Excess
CuO also enhances diffusion and sintering kinetics,
leading to the merging of grains and a slight increase
in crystallite size.

Crystallite size significantly affects the gas sensing
performance of ZnO:CuO heterojunction films.
Smaller crystallites provide a higher surface-
to-volume ratio, increasing active sites for gas
adsorption and improving sensor response. When
the grain size is comparable to or smaller than twice
the Debye length, the entire grain participates in
charge modulation, leading to enhanced sensitivity
and faster response ™ . The smaller crystallites
enhance the density of grain boundaries and p—n
junction interfaces, which are highly sensitive to
surface charge variations upon gas exposure. Table
1 shows XRD parameters of films.
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Table 1: XRD parameters of ZnO: CuO thick films

Wt. % CuO additive 2 Theta (Degree)

FWHM (Degree) Crystallite size (nm)

1 wt.% 36.34
3wt % 36.43
5wt.% 36.44
7 wt.% 36.35
9 wt.% 36.48
11 wt.% 36.42

0.1664 52
0.1693 51
0.1663 44
0.1802 48
0.1796 49
0.1753 49

Fig. 2: FE-SEM micrograph of wt. % CuO added ZnO thick films

FE-SEM was used to study the surface morphology
of films with 1-11 wt.% CuO (Fig. 2 a—f). The
micrographs clearly reveal that all samples exhibit
a porous and granular surface morphology with
well-connected grains, confirming that the screen-
printing and subsequent annealing processes
led to the formation of compact yet porous thick
films. The morphology and grain connectivity are
significantly influenced by the CuO concentration
in the ZnO matrix. At 1 wt. % CuO (Fig. 2a), the
film surface shows irregular, densely packed grains
with limited porosity and fewer voids, indicating
incomplete intergranular connectivity ' 5. The

3 wt. % CuO sample (Fig. 2b) shows improved
surface uniformity and slightly increased porosity
due to better dispersion of CuO nanoparticles,
which hinder the excessive agglomeration of ZnO
grains. The most uniform and well-developed porous
morphology is observed for the 5 wt. % CuO film
(Fig. 2c), which exhibits homogeneously distributed
grains, well-defined voids, and enhanced porosity.
This morphology suggests that CuO nanoparticles
at this concentration are optimally dispersed within
the ZnO matrix, acting as effective barriers to
grain coalescence and thereby creating numerous
nanoscale voids and intergranular boundaries. The
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7 wt. % CuO film (Fig. 2d) begins to exhibit partial
agglomeration of grains with a reduction in porosity,
while at higher CuO concentrations of 9 wt. % and
11 wt. % (Fig. 2e—f), significant grain coarsening
and agglomeration are evident. The quantitative
image analysis has been performed using Image J
software to support the qualitative observations. Key
morphological parameters such as surface porosity,
average grain size, and degree of agglomeration
were estimated from the FE-SEM images. The
analysis confirms that the 5 wt.% CuO-ZnO film
exhibits the highest porosity and most uniform grain
distribution, while higher CuO concentrations (=7
wt.%) show increased agglomeration and reduced
pore connectivity.

45

The excess CuO leads to the formation of larger
clusters, decreasing the number of open pores and
thereby reducing the overall porosity and surface
area of the films. Specific surface area (SSA) of
films was calculated using the BET method (Eq. 2) %.

6 (2)

Where, Sw -Specific surface area, d - Diameter of
the spherical particles, and p — composite density.
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Fig. 3: EDX spectra of wt. % CuO added ZnO thick films

The specific surface area (SSA) of the films was
estimated using a simplified relation based on
particle size and density. The calculated SSA
values were approximately 3.4, 3.5, 5.8, 4.3, 3.7
and 3.7 m?/g for 1-11 wt.% CuO-doped ZnO films,
respectively, with the highest value observed for
the 5 wt.% CuO composition, with the highest

value (5.8 m?g) observed for 5 wt.% CuO, which
correlates well with the FESEM observations of
a highly porous and uniformly distributed grain
structure. The enhanced specific surface area and
porosity at 5 wt. % CuO arise due to the synergistic
effect of ZnO: CuO interfacial interactions and
controlled grain growth inhibition. Specific surface
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area and porosity strongly influence gas sensing
performance. Higher surface area increases active
sites for gas adsorption, enhancing the amount of
chemisorbed oxygen species (O, Oz, Oz2) on the
sensor surface 2¢%’. The presence of more adsorbed
oxygen enhances the modulation of surface charge
and electrical resistance upon exposure to target
gases, resulting in a higher sensing response. The
porous, interconnected structure enables efficient
gas diffusion, promoting rapid interaction with active
sites and resulting in faster response and recovery
times 2. The films with lower porosity and surface
area limit gas penetration, causing slower kinetics
and reduced sensitivity 2+ 28,

EDX was used to analyze the elemental composition
of films and the corresponding spectra and elemental
data are presented in Fig. 3(a—f) and Table 1,
respectively. The EDX spectra clearly show the
characteristic peaks of Zn, Cu, and O, confirming
the presence of the expected constituent elements
without any impurity signals, which indicates the
chemical purity of the prepared samples. The weight
percentage data reveal that the relative proportions
of Zn, Cu, and O vary with increasing CuO content,
demonstrating that CuO incorporation influences the
overall elemental distribution and stoichiometry of
the films 125 Among the analyzed samples, the
5 wt. % CuO-added ZnO film shows a significantly
reduced oxygen content (2.11 wt. %), suggesting
a higher degree of oxygen deficiency compared to
other compositions.

Table 2: Quantitative elemental analysis
of ZnO: CuO thick films

Wt. % CuO additive EDX analysis (Weight %)
Zn Cu (o]

1 wt.% 7887 569 1544
3 wt.% 85.39 555 9.06

5 wt.% 96.23 1.66 2.1

7 wt.% 90.73 269 6.58

9 wt.% 89.68 351 6.81

11 wt.% 90.17 372 6.1

The oxygen deficiency in the 5 wt.% CuO-doped
ZnO film enhances gas sensing performance, as
oxygen vacancies act as electron donors, improving
carrier concentration and surface reactivity. These

vacancies serve as active sites for chemisorption
of oxygen species (Oz, O, O%) when the sensor is
exposed to air, leading to the formation of a surface
depletion layer 2 %", Quantitative elemental analysis
of ZnO: CuO films is demonstrated in Table 2.

The FTIR spectra of the ZnO: CuO thick films (Fig.
4) show the expected metal-oxygen vibrational
region and weaker high-wavenumber bands. All
samples exhibit pronounced absorption in the region
in between 400-700 cm™ that could be attributed
to metal-oxygen stretching modes. The Zn-0O
vibrations of the wurtzite lattice typically appear near
=430-520 cm™, while Cu—0 vibrations of monoclinic
CuO are found at somewhat higher wavenumbers
(often =530-600 cm™"); small shifts, shoulders, and
band broadening arise from heterojunction formation,
lattice strain, and particle size effects. Weak, broad
bands in the region *3200-3600 cm™ and a bending
band near =1600-1650 cmindicate surface —OH
groups and physisorbed water; very small features
around 2800-3000 cm™ can be attributed to residual
organics from binders if present 431,

For a gas sensing purpose these FTIR observations
matter because oxygen vacancies and lattice defects
(inferred from M—O band broadening and shifts)
act as active adsorption centers for atmospheric
molecules; they enhance chemisorption, promote
charge transfer and increase the modulation of the
barrier potential at the ZnO: CuO p-n interfaces 3"
32 The reduced hydroxyl/organic coverage improves
accessibility of these active sites and speeds
adsorption/desorption kinetics. When combined
with the corroborating FESEM (higher porosity,
interconnected voids) and EDX (oxygen deficiency)
results for the 5 wt. % sample, the FTIR data thus
support the conclusion that 5 wt. % CuO produces
an optimal surface chemistry and defect structure for
chemiresistive gas sensing more active adsorption
sites, efficient charge exchange at heterojunctions,
and faster response/recovery whereas lower CuO
gives fewer defects and higher loadings lead to
agglomeration/overcoverage that reduce active
surface availability 2526, The broad absorption
band observed in the region of 3200-3600 cm™ is
generally attributed to O—H stretching vibrations of
surface hydroxyl groups and/or adsorbed moisture.
However, contributions from residual carbon-
containing species or atmospheric contamination
cannot be completely excluded. Since the FTIR
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measurements were performed under ambient
conditions, re-adsorption of moisture on the film
surface after high-temperature annealing is likely
3.27_The films were annealed at 800 °C in air and
subsequently exposed to ambient conditions prior

47

to FTIR analysis. Therefore, the presence of surface
hydroxyl groups is attributed to post-annealing
atmospheric adsorption rather than retained species
from the annealing process * 2732,
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Fig. 4: FTIR spectra of wt. % CuO added ZnO thick films

The UV-Vis spectra of films show a strong absorption
edge at ~350-390 nm, corresponding to the band-
to-band transition of ZnO; superimposed on this
edge are weak long-wavelength tails and slight
variations in the edge position and slope that reflect
the influence of CuO addition, interfacial defects and
sub-bandgap states **3%'. The 5 wt. % CuO sample
exhibits the most favourable optical signature
for chemiresistive sensing, its absorption edge
remains sharp while showing a modest increase in
sub-bandgap absorbance compared with the low
(1-3 wt. %) and high (7—11 wt. %) CuO thick films.
This extra sub-bandgap absorption is consistent
with an increased density of defect states (oxygen
vacancies and interfacial states) and stronger ZnO:
CuO interaction at the heterojunctions 3" 32

The estimated optical band gap values for all
compositions are approximately ~3.1 eV, with
only minor variations observed. These small

differences fall within the experimental uncertainty
of the Tauc method and therefore should be
interpreted cautiously. The band gap of ZnO:CuO
films, estimated from Tauc plots, was 3.12, 3.16,
3.09, 3.03, 3.14 and 3.11 eV for 1-11 wt.% CuO
respectively. These results indicate that the energy
band gap slightly varies with the CuO concentration,
reflecting modifications in the electronic structure due
to CuO incorporation and ZnO: CuO heterojunction
formation.

(ohv)2n=A (hv—Eg) ~(3)

Where

Eg s the optical band gap energy, a is the absorption
coefficient of the material, hv is the photon energy,
A is a proportionality constant and n is electronic
transition.
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Fig. 6: Tauc plot of wt. % CuO added ZnO thick films

The 5 wt. % CuO added ZnO film exhibits a slightly
lower band gap value (3.09 eV) compared to other
compositions, indicating enhanced electronic

coupling and defect formation at the ZnO: CuO
interface '> %, The band gap reduction is due to
defect levels near the conduction band formed by
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lattice distortion and oxygen vacancies from Cu?*
incorporation, enabling easier electronic transitions
and causing a redshift in absorption *. A smaller
band gap improves electrical conductivity and carrier
mobility, enabling easier electron excitation. This
enhances charge transfer during gas adsorption,
leading to a stronger sensor response through
effective modulation of carrier concentration %+ 3%,

A narrower band gap promotes stronger light
absorption and enhances surface photoactivation,
which also impact in desorption and regeneration
processes during sensing, improving response and
recovery times.

It is clarified that the slight reduction in band gap
observed for the optimized 5 wt.% CuO composition
is primarily due to the introduction of defect states
(such as oxygen vacancy-related levels) and strong
electronic coupling at the ZnO-CuO interface, which
create localized energy levels near the conduction
band and facilitate easier electronic transitions. In
contrast, at higher CuO concentrations (27 wt.%),
the band gap variation is influenced by particle
agglomeration and reduced effective interfacial
interaction, leading to less pronounced defect-
mediated band tailing.

The electrical behavior of ZnO: CuO thick films
was studied through resistance—-temperature
(R-T) and logarithmic resistance versus inverse

temperature (log Rc—1/T) plots, as shown in
Fig. 7(a) and (b). The R-T characteristics in Fig.
7(a) reveal that the electrical resistance of all
films decreases exponentially with increasing
temperature, confirming their semiconducting nature
2536 This behavior arises due to the thermally
activated conduction mechanism, where an increase
in temperature provides sufficient energy to excite
more electrons from localized states into the
conduction band, thus enhancing conductivity ¢ %7.

The observed variation in film thickness with
increasing CuO content is primarily attributed
to changes in the rheological properties of the
screen-printing paste. The incorporation of CuO
nanoparticles modifies the viscosity, particle packing
density, and thixotropic behavior of the ZnO-based
paste, thereby influencing the amount of material
deposited during the printing process. As a result,
slight variations in film thickness are expected even
under controlled fabrication conditions form Table 3.
The electrical properties of the ZnO—CuO thick films
were evaluated in terms of resistivity, temperature
coefficient of resistance (TCR), and activation
energy. The resistivity values were found to be on
the order of ~10° Q-m for all compositions, showing
a general variation with CuO content. However, it is
important to note that resistivity measurements in
thick films are subject to uncertainties arising from
factors such as thickness measurement errors,
contact resistance, and film inhomogeneity.

1.8x10" ——1wt%
o] Zn0: CuO (a) —t—3 wt.%
1.6x10 =5 wt.%
1.4x10° : —t—7 wt.%
: i D9 wt.%
1.2%10" - —H—11 wt.%
7 i
S 1.0x10"
g 5 |
£ 8.0x10
g ]
= o
2 6.0x10°
= i
4.0x10°
2.0x10° |
0.0

T T T T T T
400 450 500 550 600 650

Temperature (K)

T T
300 350

CRR =

g —+—1wt%
= —*—3 wt.%
2 ———5 wt.%
@ —0—7 wt.%
= <4—9 wt.%
—tr—11wt%

T ¥ T . T N T ' T i T M T M T b T ' T
1.6 1.8 20 22 24 26 28 30 32 34
1/T (Per °K)

Fig. 7 (a) Resistance versus temperature, (b) Log Rc versus inverse of
temperature plots of wt. % CuO added ZnO thick films
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Electrical characterization was performed using
the half-bridge method, evaluating resistivity,
Temperature Coefficient of Resistance (TCR), and
activation energy at different temperature regions
using Egs. 4-6 3¢-%7.

(4)
P= [R%MJ Qm

Where

p - Resistivity of prepared film, R- Resistance at
normal temperature, b - Breadth of film,

t - Thickness of the film, L - Length of the film.

Where

AR - Change in resistance, AT - Temperature
difference, and R - Initial resistance of the film.

log R (6)

AE = X KT

o log Ro

Where,
AE - Activation energy, R- Resistance at raised
temperature, R, - Resistance at room temperature.

The variation of resistivity, TCR, and activation energy
(Ea) for films with different CuO concentrations is
shown in Fig. 8 (a—c).
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Fig. 8. (a) Film thickness versus wt. % additive, (b) Resistivity versus
wt. % additive & (c) TCR versus wt. % CuO added ZnO thick films.

The resistivity values tabulated in Table 3. The
results indicate that the electrical resistivity increases
with CuO concentration up to 5 wt. %, after
which it slightly decreases. This trend can be
attributed to the interplay between microstructural
evolution and interfacial charge transport within the
ZnO: CuO heterojunction network. At lower CuO
concentrations (1-3 wt. %), The CuO content is
too low to form an effective p—n junction network
with ZnO, resulting in relatively lower resistivity. As
the CuO content increases to 5 wt. %, numerous
p—n heterojunctions are formed at the ZnO: CuO

interfaces, which enhance the potential barrier
height and reduce the free carrier concentration,
thereby increasing resistivity. Beyond 5 wt. % CuO,
the excessive CuO tends to agglomerate and form
larger clusters that disrupt the uniform distribution
of heterojunctions, creating alternative conduction
paths and slightly lowering the resistivity values for
7—-11 wt. % samples. The TCR values for all the ZnO:
CuO films were found to be negative, confirming
their semiconducting nature, as the resistance
decreases with increasing temperature ¥ 3. The
activation energy (Ea), derived from Arrhenius plots
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of log R vs. 1/T, also shows a strong dependence
on CuO content. Activation energy was estimated in
two conduction regions, a low-temperature region
(LTR) dominated by hopping or defect-assisted
conduction, and a high-temperature region (HTR)
governed by thermally activated band conduction.
The activation energy decreases up to 5 wt. % CuO
and then increases slightly at higher concentrations.
This reduction in Ea at 5 wt. % indicates that less
energy is required for charge carriers to overcome
potential barriers, which enhances carrier mobility
and interfacial conduction. The optimized Ea value
at this concentration is attributed to the formation
of well-dispersed ZnO: CuO heterojunctions,
which facilitate efficient charge separation and
electron transport across the interface. When CuO
concentration exceeds 5 wt. %, the agglomeration

of CuO grains leads to non-uniform interfaces and
increased scattering centers, resulting in a higher
activation energy 3" %",

Discussion
Gas sensing was studied using a static system,
with sensitivity and selectivity evaluated using Egs.
7 and 8 3.3,

Sensitivity (%) = —~ =
Rair

RairReas| < 100 - (7)

air

Where, Ra = resistance in air and Rg = resistance
in the presence of gas

% Selectivity = (w) x 100 ...(8)

S other Gas

Table 3: Electrical outcomes of CuO-added ZnO thick films.

Thick Film Thickness Resistivity TCR Activation energy ( eV)
(um) (Q.m) (oC) LTR HTR

1 wt.% 39 2.8x 105 -0.0030 0.1193 0.0368

3wt.% 41 2.4% 105 -0.0045 0.3643 0.071

5wt.% 49 4.9%x 105 -0.0002 0.0967 0.0914

7 wt.% 50 4.6% 105 -0.0024 0.1286 0.1021

9 wt.% 51 4.5% 105 -0.0004 0.1257 0.0586

11 wt.% 54 3.2x 105 -0.0003 0.0846 0.1641

The electrical results of CuO-added ZnO thick films
are summarized in Table 3.

The gas sensing analysis of films with varying CuO
concentrations (1-11 wt. %) toward different target
gases (CH,, NO,, LPG, SO,, ethanol, and methanol)
at various operating temperatures is shown in Fig.
9 (a—f). Among the investigated gases, all films
exhibit the highest sensitivity toward methane (CH,).

The maximum sensitivity to CH, gas was found to
be 62.35%, 75.01%, 94.98%, 88.52%, 72.41%,
and 81.67% for 1 wt.%, 3 wt.%, 5 wt.%, 7 wt.%,
9 wt.%, and 11 wt. % CuO-added ZnO thick films
respectively, measured at an optimum operating
temperature of 60 °C and a CH, gas concentration
of 500 ppm.
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Fig. 9: Sensitivity versus temperature plot of wt. % CuO added ZnO thick films

The results clearly indicate that the 5 wt. % CuO-added
ZnO film exhibits the highest sensitivity (94.98%),
significantly higher than other compositions,
suggesting that this sample possesses the most
favorable microstructural, electrical, and surface
properties for gas sensing applications ¥-4°. The
superior gas sensing behavior of the 5 wt. % CuO
added ZnO thick film could be attributed due to
its optimized microstructure, defect density and
electrical properties, which work synergistically to
enhance the gas—solid interaction process. Structural
characterization (XRD) confirmed that the 5 wt. %
film exhibits a smallest crystallite size (~44.41 nm)
among all compositions. The reduced crystallite
size leads to a higher s/v, providing more active
sites for oxygen and gas molecule adsorption 25 %,
The FESEM analysis revealed that this composition
also possesses uniformly distributed grains, high
porosity, and abundant surface voids, which facilitate
faster diffusion and adsorption of gas molecules
into the sensing layer. These morphological
features play a crucial role in determining the
sensing response, as they directly influence the
amount of adsorbed oxygen species (O, Oz,
0O?%) that participate in redox reactions with CH,
molecules. EDX results demonstrated a relatively

oxygen-deficient structure in the 5 wt. % sample,
which further enhances sensing performance ' 4!,
Oxygen vacancies act as electron donors, enhancing
oxygen adsorption and ionization. Upon exposure
to CH,, the gas reacts with adsorbed oxygen ions,
releasing electrons back to the conduction band,
decreasing resistance and increasing sensor
response. The presence of an optimum number
of oxygen vacancies in the 5 wt. % film ensures
that sufficient oxygen species are available for
surface reactions, while preventing excessive defect
accumulation that could hinder charge mobility, as
seen in higher CuO concentrations (7-11 wt.%).
Electrical characterization also supports the
superior performance of the 5 wt. % CuO sample. It
exhibited highest resistivity (4.32 x 10° Q-m), higher
negative TCR and lowest activation energy among
all compositions, indicating efficient charge carrier
transport and rapid response to surface reactions.
The presence of numerous well-distributed p—n
heterojunctions between n-type ZnO and p-type
CuO enhances the charge transfer process at the
interface '>'4. Upon gas exposure, the depletion
region at the p—n junction is modulated significantly
due to electron exchange between the adsorbed
gas and the sensing layer, resulting in a pronounced
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change in resistance. This interfacial modulation
is most efficient in the 5 wt. % CuO film because
of its balanced composition sufficient CuO to form
numerous active junctions. In contrast, films with
lower CuO concentrations (1-3 wt. %) contain fewer
CuO nanoparticles and consequently fewer p—n
junctions, leading to weaker modulation of resistance
and lower sensitivity. On the other hand, higher
CuO loadings (7-11 wt.%) result in aggregation of
CuO clusters, which decreases the effective surface
area, increases recombination losses, and reduces

pg. 39-58 (2026) 53

the interfacial charge transfer efficiency, leading to
diminished gas response. Therefore 5 wt. % CuO
added ZnO thick film demonstrates an ideal balance
between crystallite size, porosity, oxygen vacancy
concentration, and p—n junction density, all of which
contribute to its exceptional methane gas sensing
characteristics 2. The optimized structural and
electrical features enable a high sensitivity of 94.98%
at a low operating temperature (60 °C), making this
composition highly efficient, energy-saving, and
suitable for practical gas sensing applications.
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Fig. 10: (a) Sensitivity versus CH4 gas ppm, (b) Selectivity, (c) Reusability & (d)
Response and recovery plot of 5 wt. % CuO added ZnO thick films

The gas sensing recital of the 5 wt. % CuO-added
ZnO thick film toward CH, and other selected
gases is illustrated in Fig. 10 (a—d), which highlights
the sensor’s sensitivity, selectivity, reusability,
and response-recovery behavior. The results
demonstrate that this composition exhibits superior
gas sensing characteristics compared to other CuO
concentrations, confirming it as the most efficient

formulation for CH, detection. The sensitivity versus
CH, gas concentration plot Fig. 10(a) shows that the
sensitivity increases with rising CH, concentration
up to 500 ppm, after which it begins to saturate. The
sensitivity values were 23.58%, 51.29%, 94.98%,
88.41%, and 90.23% for CH, gas concentrations
of 100, 300, 500, 700 and 1000 ppm respectively,
at an optimum operating temperature of 60 °C.
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The increase in sensitivity up to 500 ppm can be
attributed to the greater availability of CH, molecules
that react with the surface-adsorbed oxygen species
(O-and O,’) on the ZnO-CuO film, releasing trapped
electrons back to the conduction band and thus
decreasing the film’s resistance 3* %. Beyond 500
ppm, the sensitivity tends to plateau because
the number of available oxygen adsorption sites
becomes limited, resulting in saturation of the sensor
response. The high sensitivity (94.98%) at 500
ppm indicates efficient surface reactions and rapid
charge transfer due to the optimized heterojunction
network and high density of active sites in the 5 wt.
% CuO-ZnO composite.

The selectivity plot Fig. 10 (b) demonstrates that
the 5 wt. % CuO-ZnO thick film exhibits the highest
response to CH, compared to other target gases
such as NO,, LPG, SO, ethanol and methanol
with selectivity values of 100%, 59.09%, 37.28%,
24.05%, 15.32% and 10.77%, respectively.

The pronounced selectivity toward CH, is mainly
due to the specific interaction mechanism between
methane molecules and surface oxygen species,
which effectively alters the depletion layer at the
ZnO: CuO p-n junction. Which releases electrons
that reduce the potential barrier at the ZnO-CuO
interface, causing a large change in resistance and
thus a high sensitivity 4, 36. The lower responses to
other gases can be attributed to differences in their
adsorption energy, chemical affinity, and reaction
kinetics with surface oxygen species, confirming the

0,

0;1 0,
|
Depletion layer

@0 ®®O0
Zn0 | P

—

Thick film

(a) in air

excellent chemical selectivity of the optimized film
toward CH,. The reusability or long-term stability
test Fig. 10 (c) shows that the 5 wt. % CuO-ZnO
sensor maintains excellent repeatability over eight
consecutive runs (one run per day for eight days).
The sensitivity values slightly decreased from
94.98% in the first two runs to 93.11% in the eighth
run, indicating minimal degradation in performance
over time 383 This excellent reusability and stability
could be attributed to the strong adhesion of the film
on the substrate, the thermal robustness of ZnO:
CuO composites, and the stable p—n heterojunction
interfaces that maintain consistent electron transfer
during repeated adsorption—desorption cycles. Such
stability is crucial for practical sensor deployment
in continuous or long-term gas monitoring systems.
The response and recovery plot Fig. 10 (d) reveals
that the 5 wt. % CuO-ZnO thick film exhibits an
extremely fast response time of 8 seconds and a
recovery time of 37 seconds toward 500 ppm CH,
gas at 60 °C. The short response time indicates rapid
adsorption and surface reaction of CH, molecules
with the pre-adsorbed oxygen ions, leading to
an immediate change in resistance 36-38. The
relatively quick recovery time demonstrates efficient
desorption of reaction products (CO= and H-0) and
re-adsorption of oxygen molecules when the gas flow
is switched off. This fast dynamic behavior can be
ascribed to the high surface porosity, uniform grain
distribution, and optimal CuO loading, which enable
rapid gas diffusion and electron exchange within the
sensing layer 341,
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Fig. 11: Gas sensing mechanism of ZnO: CuO thick films (a)
in air and (b) in presence of CH4 gas molecules
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CH, gas molecules

The gas sensing mechanism of ZnO:CuO thick films
(Fig. 11) is based on modulation of the depletion
layer at the p—n heterojunction between n-type ZnO
and p-type CuO. In air Fig. 11(a), oxygen molecules
adsorb on the surface and capture electrons from
ZnO, forming oxygen ions (Oz, O, 0%*) and creating
a wide depletion region, which increases film’s
resistance 4244,

When exposed to CH, gas Fig. 11 (b), methane
molecules respond with these adsorbed oxygen
species according to the reaction as below (Eq. 9).

CH, + 40~ - CO; + 2H,0 + 4e” ...(9)

The released electrons return to the ZnO conduction
band, reducing the depletion width and lowering
resistance, which produces the sensor response in
terms of sensitivity 4346,

Conclusion

ZnO-CuO heterojunction thick films were successfully
fabricated by screen printing and systematically
studied for their structural, morphological, optical,
electrical, and gas sensing properties. XRD
confirmed the coexistence of hexagonal ZnO
(JCPDS 36-1451) and monoclinic CuO (JCPDS
02-1041), indicating heterostructure formation. The
crystallite size varied with CuO content, reaching a
minimum of 44.41 nm at 5 wt.% CuO, suggesting
suppressed grain growth and increased defect
density. FESEM micrographs revealed that the
5 wt. % CuO sample possessed a highly porous
and uniform microstructure with well-distributed
grains and interconnected voids, resulting in the
maximum specific surface area (5.8 g/cm?). EDX
spectra confirmed the occurrence of Zn, Cu, and
O without impurities, while the observed oxygen
deficiency in the 5 wt. % composition facilitated
enhanced oxygen adsorption and charge transfer
processes. FTIR spectra identified characteristic
Zn—-0 and Cu-O0 vibrational modes, and UV-Vis
optical analysis showed a reduced bandgap (3.09
eV) for the 5 wt. % film due to defect-related states
and heterojunction formation. Electrical studies
demonstrated that the ZnO: CuO film shows
semiconducting behaviour. Gas sensing analysis
revealed that the ZnO: CuO thick film delivered the
best sensing performance, achieving a maximum

sensitivity of 94.98% toward CH, gas (500 ppm)
at 60 °C, with 8 s response time and 37 s recovery
time. The film also exhibited excellent selectivity for
CH,, high operational stability and reusability with
negligible degradation over multiple cycles. The
superior gas sensing behavior of the ZnO: CuO
film is ascribed to its optimized microstructural
properties such as less crystallite size, high
porosity, enhanced surface reactivity due to oxygen
vacancies and efficient charge transport across
ZnO: CuO p—n heterojunction. These synergistic
effects result in strong modulation of the depletion
region upon gas exposure, leading to high sensitivity
and fast response kinetics even at low operating
temperatures. The ZnO: CuO heterojunction thick
film demonstrates a promising balance of structural
stability, surface activity, and electrical conductivity,
establishing it as an efficient and reliable material for
low-temperature methane gas sensing applications.
The findings highlight the potential of ZnO: CuO
composites as next-generation chemiresistive
materials for environmental monitoring and industrial
gas detection systems.
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