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Cu-doped ZnO thin film was synthesized on glass substrate using chemical bath deposition
method at room temperature, exhibiting a hexagonal wurtzite structure with a crystallite size
of 17.53 nm for 5 wt% Cu doping. The SEM image of the film’s crystallites displays a spher-
ical morphology with an average size of approximately 100 nm. Gas sensing studies towards
NO, gas revealed a linear response up to 50 ppm with sensitivities of 1.64, 2.17, and 3.11 for
10, 25, and 50 ppm, respectively and 3.72 at 100 ppm without full saturation. Response time
and recovery time ranged from 30—60 seconds and 25-300 seconds respectively, highlighting
the rapid sensing capabilities of the material. Compared to pure ZnO, the Cu-doped ZnO thin
film exhibited comparable sensitivity but significantly faster response times, enhancing its

suitability for real-time gas detection.

Copyright© The author(s) 2025,This is an open-access article distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

Zinc oxide (Zn0O), a II-IV semiconductor with a wide band gap
of 3.37 eV at room temperature, has been extensively studied
for its multifunctional properties [1]. Its high exciton binding
energy supports excitonic emission at room temperature, mak-
ing it ideal for optoelectronic devices like LEDs, laser diodes
and photodetectors [2-6]. Its piezoelectric and pyroelectric
properties make it useful for sensors, transducers and actuators
[7-9]. ZnO’s strong luminescence in the green-white spectrum
makes it suitable for phosphor applications. Additionally, ZnO
possesses excellent thermal conductivity, making it effective
for heat dissipation in devices. Its sensitivity to surface con-
ductivity enables applications in gas sensing [10,11]. ZnO is
non-toxic, abundant, easy to synthesize, cost-effective and can
be easily doped, making it a versatile and attractive semicon-
ductor material [12-14]. Copper (Cu) as a dopant in ZnO has
a significant influence on its electrical, chemical and optical
properties [15]. With an ionic radius (0.074 nm) similar to Zn?,
Cu ions substitute Zn? in the ZnO lattice, reducing electron
concentration and increasing electrical resistivity. This en-
hanced resistivity improves the sensitivity of metal oxide gas
sensors, making Cu-doped ZnO a promising material for resis-
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tivity-controlled gas sensing applications [16- 20]. Cu doped
ZnO films were synthesized by various deposition methods
and used to sense various gases [21-23]. In this work, Cu
doped ZnO thin film synthesized by chemical bath deposition
method.

MATERIALS AND METHOD

Copper-doped Zinc Oxide (Cu-doped ZnO) thin film, with an
average thickness of 4-6 pm, was successfully synthesized
on glass substrates using the chemical bath deposition (CBD)
method. The precursor solution was prepared by dissolving
zinc nitrate [Zn(NO,),"H,0] and Copper nitrate Cu(NO3),
‘3H,0 in double-distilled water. A 25% AR ammonia solution
(NH,OH, sp.gr. 0.91) was added dropwise into the precursor
solution as described in our earlier research work [24]. The
obtained film was subsequently annealed at 500°C for 2 hours.
Structural characterization and morphology were carried out
using X-ray diffraction (XRD), scanning electron microscopy
(SEM) with E-DAX. Further, this obtained film was used to
investigate its gas sensing properties towards Nitrogen dioxide
(NO,) gas.

RESULTS AND DISCUSSION
. X-ray Diffraction Characterization (XRD)

The X-ray diffraction (XRD) pattern of Cu-doped ZnO thin
film is shown in Figure 1. It displays peak positions that
confirm the hexagonal wurtzite structure, which is in good
agreement with the Joint Committee on Powder Diffraction
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Standards (JCPDS) card no. 36-14519. The prominent diffrac-
tion peaks of ZnO films correspond to the (100), (002), (101),
(102), (110), (103), and (112) crystallographic planes. No ad-
ditional diffraction peaks corresponding to Cu or copper ox-
ide phases were detected, indicating the absence of secondary
phases. The average crystallite size ‘D’ was determined from
the XRD data using the Scherrer equation [23]. The crystallite
size was estimated individually from the FWHM of each plane
and average of all the planes was taken to obtain the average
crystallite size. The average crystallite size for 5wt% Cu doped
ZnO was determined to be 17.53 nm.

[101]

- =)
= 2
< =S
~ (=]
= =2
=
] —
2 2 = _
= g = 2 g
= =
g8
[N
LJ A L) L L) v L)
30 40 50 60 70 80

20 Degree

Figure 1. XRD pattern of Cu-doped ZnO Thin Film
(i1) Scanning Electron Microscopy

The surface morphology of Cu-doped ZnO film is shown in
figure 2. The SEM image reveals a uniform and distinct spher-
ical morphology, with an average size of 100 nm, evenly dis-
tributed across the substrate. The spherical-shaped crystallites
exhibit large voids or empty spaces.

Figure 2. SEM image of Cu doped ZnO thin film
(iii) E-DAX

The EDAX spectrum of Cu doped film is shown in figure 3.
It reveals the presence of Zn, O, Cu element and no impurity
element are clearly observed.

Figure 3. E-DAX of Cu-doped ZnO thin film

(iv) Gas Sensing Studies of Cu-doped ZnO towards NO,

The Cu doped ZnO film was investigated for its response to-
wards an oxidizing NO, gas using using our Static Gas Sensing
Measurement System [25]. The corresponding gas response
was observed for 10ppm, 25ppm, 50ppm and 100 ppm gas
concentrations at 250°C operating temperature as shown in
figure 4. The film demonstrated a good response and complete
recovery to various NO, gas concentrations.
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Figure 4. Response Curves of Cu-doped ZnO towards 10
ppm, 25 ppm, 50 ppm and 100 ppm of NO,

Figure 5 shows the maximum sensitivity of response curves
versus NO, gas concentration It is seen that the gas response
increased linearly up to 50ppm gas concentration with maxi-
mum sensitivity as 1.64, 2.17 and 3.11 for 10, 25 and 50 ppm
gas concentration respectively and then moves towards satura-
tion, but does not saturate up to 100ppm with maximum sen-
sitivity as 3.72 for 100 ppm gas concentration. The response
time and recovery time obtained from the response curves for
different concentrations are plotted in figure 6. It is seen that
the response time decreases from 46sec for 10ppm gas to 32sec
for 25ppm gas and then increases again for 5S0ppm gas to 61sec
and further decreases to 45sec for 100ppm. The response time
does not show any particular trend and seems to be in the range
of 30 to 60sec for 10-100 ppm gas concentration. The recovery
time shows rapid increase from 26 sec to 143 sec as concentra-
tion increased from 10ppm to 25ppm. The recovery time fur-
ther increases almost linearly but comparatively slowly with
202 sec for 50ppm and 300 sec for 100ppm gas concentration
respectively. The 10ppm response curve shows faster recovery
than response time.
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Figure 5. The graph of maximum sensitivity of Cu-doped
ZnO film versus NO, gas concentration
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Figure 6 Response Time and Recovery Time of Cu-doped
ZnO film versus NO, concentration

Figure 7 shows the response of Cu-doped ZnO towards NO,
gas at 250°C operating temperature for different gas concen-
trations over continuous measurement. The sensor has shown
good response with complete recovery in continuous measure-
ment and the maximum response is linearly increased with in-
crease in gas concentration.
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Figure 7 Continuous measurement of response of Swt% Cu
doped ZnO towards NO,

Figure 8 (a) and 8 (b) shows the comparison of maximum sen-
sitivity and the response time of Cu doped ZnO with pure ZnO
as reported in our earlier work, respectively [26].
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Figure 8 (a) Comparison of maximum sensitivity of Cu
doped ZnO with pure ZnO and (b) Comparison of the Re-
sponse Time of Cu doped ZnO with pure ZnO

This study compares the performance of Cu-doped ZnO and
pure ZnO sensors in terms of maximum sensitivity and re-
sponse time. The results show that the maximum sensitivity of
Cu-doped ZnO is nearly identical to that of pure ZnO. How-
ever, the Cu-doped ZnO sensor demonstrates a significantly
lower response time, ranging from 30 to 60 seconds, which is
much faster than that of pure ZnO.

The gas sensing mechanism of metal oxide semiconduc-
tor-based gas sensors is mainly based on changes in electrical
resistance caused by interactions between oxygen and target
gas molecules adsorbed or desorbed on the surface of the
sensing material as well as the catalytic activity of dopants.
Oxygen molecules adsorbed on the sensor surface extract elec-
trons from the conduction band, forming oxygen ion species (.
This process reduces the carrier concentration near the surface,
thereby increasing the sensor’s electrical resistance. Gas mole-
cules interacting with the Cu-doped ZnO surface preferentially
react at Cu sites, trapping conduction electrons and forming
negatively charged oxygen species, depending on the operat-
ing temperature [27-28]. This electron trapping increases the
surface electrical resistance, which constitutes the gas sensing
response of the material.

When Cu-doped ZnO exposed to an oxidizing gas such as
NO,, the gas detection process involves the consumption of
conduction electrons, leading to an increased the potential
barrier height and reduced surface conductance [29-30]. The
response to NO, gas is described by the following reaction:
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+
The active sites of sensor available for the adsorption upto 100
ppm of gas concentration So, It is observed that as the gas con-
centration increases the sensing response is also increases.

The fast response of the sensor might be due to the nanostruc-
tures with voids of Cu-ZnO sensor as it possesses a high sur-
face to volume ratio. So the surface of sensor become highly
active due to adsorbed oxygen species and is more influenced
by the near surface and surface defects, these nanostructures
facilitates the fast transfer of gas molecules to and from the
interaction region [31, 32].

CONCLUSION

Cu-doped ZnO thin film synthesized using chemical bath dep-
osition method exhibit a potential for NO, gas sensing appli-
cations. Structural analysis confirmed the hexagonal wurtzite
structure with a crystallite size of 17.53 nm at 5 wt% Cu dop-
ing in ZnO, while SEM analysis revealed a uniform sphere-
like morphology of an average size 100 nm. Gas sensing
studies demonstrated a linear and consistent response to NO,
concentrations up to 50 ppm, with response and recovery times
ranging between 30—60 seconds and 26-300 seconds, respec-
tively. These results underscore the rapid and reliable sensing
capabilities of the material. Furthermore, the significant re-
duction in response times compared to pure ZnO highlights an
important role of Cu doping in ZnO. These findings establish
Cu-doped ZnO as a promising material for real-time NO, gas
detection, with significant potential in environmental monitor-
ing and industrial applications.

Conflicts of Interest: The authors declare no conflict of in-
terest.
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