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Abstract

In this study, nanostructured copper oxide (CuO) thin films were prepared using DC
magnetron sputtering for application as an ammonia (NHs) gas sensor. The films were deposited
on glass substrates under different Ar:O: gas ratios (1:1 and 2:1), and the effect of post-deposition
thermal treatment on structural and morphological properties was investigated. XRD analysis
revealed that the films were polycrystalline with a clear preferred orientation, while FE-SEM
images showed uniform nanosized grains with average sizes ranging from 35 to 44 nm, depending
on the gas mixture ratio, indicating controlled crystal growth. FT-IR spectroscopy confirmed the
presence of chemical bonds characteristic of copper oxide, verifying the formation of the desired.
Gas sensing tests demonstrated effective NHs detection, with sensitivity directly influenced by
grain size, surface roughness, and surface area, which facilitated efficient gas adsorption and rapid
response and recovery these results indicate that DC magnetron sputtered nanostructured CuO
films are promising candidates for high-performance ammonia gas sensors. Furthermore, sensor
performance can be optimized by carefully controlling gas ratios and thermal treatment conditions,

providing potential for practical applications in industrial and environmental NHs monitoring.
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1. Introduction development of new materials and

The current era is marked by the techniques, among which semiconductors
dominance of modern sciences across all play a crucial role in precise electronic
aspects of life, particularly in technological devices. Semiconductors are materials which
and industrial fields. Rapid advancements in electrical conductivity between conductors
scientific research have led to the and insulators, and the study of thin films
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made from them is essential for advancing
electronic and optical applications, such as
sensors, solar cells, and gas detection devices
[1]. Recently, gas sensing, as a typical
application in smart systems, has received
increasing attention in both industry and
academia. Gas

sensing technology has

become increasingly important due to its
widespread  applications. = The  high-
temperature stability, wide band gap, and
established synthesis techniques of oxide
materials make them highly attractive for a
wide range of applications. These include
industrial production (e.g., methane detection
in mines) [2], the automotive industry (e.g.,
detection of pollutant gases from vehicles),
medical applications (e.g., electronic noses
mimicking the human olfactory system),
indoor air quality monitoring (e.g., carbon
monoxide detection), and environmental
studies (e.g., greenhouse gas monitoring) [3].

The present work represents the first
step toward developing a novel gas sensor
from a thin film of copper oxide (CuO), as it
has good energy gap properties for detecting
certain gases. It is a typical semiconductor
and possesses many outstanding properties,
including catalytic activity, photoelectric
properties, high stability, accessibility, and
antibacterial activity. The results showed that
CuO is stable under exposure to various gases

and exhibits relatively low changes in base
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resistance. It is a less expensive technology
than rare materials used in gas sensing
applications [4]. Nanostructured thin films
are distinguished by their stability, purity,
strong adhesion to substrates, and low cost,
making them suitable for a variety of
applications. Deposition techniques for thin
films have evolved significantly since the
1960s.

The emergence of advanced methods
including DC magnetron sputtering offers
high deposition rates, high film purity, and
the capability to produce precise
nanostructured layers. [1] The research gap
addressed in this work lies in the need to
enhance the performance of gas sensors based
on CuO thin films, especially for ammonia
detection, ensuring high, rapid, and stable
responses at lower operating temperatures. In
this study, copper oxide (CuO) thin films
were fabricated on glass substrates using DC
magnetron sputtering, investigate their
structural, optical, and electrical properties,
and to identify the phases obtained. These
films were further employed as gas sensors to
their
(NH>),

influence of gas mixture ratios and thermal

evaluate efficiency in detecting

ammonia while analyzing the
treatment conditions on sensing performance.
The ability to tune the electrical and optical
properties of these films by adjusting

deposition parameters and thermal processing
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is key to developing more effective
nanostructured sensors. This research aims to
bridge this gap by fabricating optimized
nanostructured copper oxide films and
systematically evaluating their physical,
for
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chemical, and electrical properties
efficient gas sensing applications [l

3,4,5,6,7].

2. Materials and Methods

Figure (1) represents the gas inlet and
flow control unit, which consists of two
bottles of argon and oxygen gas. The two
gases are connected by a gas mixer to produce
the desired mixture. The pressure flow of the
mixed gas into the plasma chamber is
controlled by a needle valve (0-160 cm ).
High-purity copper (Cu) targets (99.99%,
Kurt J. Lesker, USA) were utilized for the
deposition of copper oxide (CuO) thin films.
The films were fabricated using a custom-
designed DC magnetron sputtering system
developed specifically for this study. The
sputtering chamber was equipped with a
rotary pump and a turbomolecular pump to
achieve a base pressure of 3 x 107° mbar prior
to deposition. High-purity argon (Ar,
99.999%) served as the sputtering gas, while
high-purity oxygen (O2, 99.999%) was
introduced to regulate the oxidation process.

glass substrates were ultrasonically cleaned
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sequentially in acetone, ethanol, and

deionized water for 10 minutes each,
followed by drying in a nitrogen stream. The
deposition was carried out at a target-to-
substrate distance of 2.5 cm, with controlled
Ar:O: gas flow ratios of 1:1 and 2:1 using
mass flow controllers. The DC sputtering
power was maintained at 100 W, and the
deposition time was optimized to achieve
uniform film thickness. The structural
properties of the films were analyzed using
X-ray diffraction (XRD, PANalytical X Pert
PRO) with Cu Ka radiation (A = 1.5406 A).
Surface morphology was examined using
field-emission scanning electron microscopy
(FE-SEM, JEOL JSM-7600F). The gas
sensing performance toward NHs was tested
in a custom-built sensing chamber by

monitoring changes in electrical resistance at

room temperature under various NH;
concentrations.
Mixer and
flow meters
Plasma 00 oco—

)
chamber "'_

\

 Needle valve

|
Vacuum

Figure 1: Schematic diagram of the gas inlet

unit of the system.
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3. Results and Discussion
1- XRD analysis

The crystal structure of the prepared CuO
films was analyzed using X-ray diffraction
(XRD) as shown in Figure (2). The patterns
indicate that the films exhibit a monoclinic
phase with a characteristic peak at 20 =38.19°
for the sample with Ar:O: ratio 1:1 and 20 =
38.58° for the 2:1 sample, corresponding to
the (111) crystal plane according to JCPDS
card no. 5-661 [8][9]. This confirms the
formation of the nanostructured CuO films
due to the bonding between copper and
oxygen atoms during deposition with an
average crystallite size of 34.77 nm for the
1:1 sample and 44.18 nm for the 2:1 sample
[8].

These results demonstrated the
molecular bonding between dispersed copper
atoms and oxygen atoms to form copper
oxide molecules and then deposit them on the

underlying substrate.
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Figure 2: XRD diagram of CuO films with
mixing (1:1)-(1:2).

2- a Field Emission Scanning Electron
Microscope FE-SEM analysis

To evaluate the morphology of the
composite nanoparticles, a Field Emission
Scanning Electron Microscope (FESEM) was
used at magnifications of 135kx, 70kx, 35kx,
and 3kx. FESEM images of the prepared thin
films deposited on glass substrates using the
magnetron sputtering technique revealed that
the particles grew in a nearly uniform and
spherical-like shape as shown in Figure (3).
The micrographs of the nanostructures of the
CuO sample, which was prepared using a gas
mixture of Ar:O: in a ratio of (1:1) at an
electrode spacing of 2.5 cm without thermal
treatment, indicated an average particle size
of approximately 34.77 nm Figure (5)
the of  the

nanostructures of the CuO sample, prepared

presents micrographs

using an Ar:O: gas mixture ratio of (1:2) at
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the same electrode spacing (2.5 cm) without
thermal treatment it showed an average
particle size of about 44.18 nm.The results
demonstrated that varying the Ar:O. mixing
ratios can be effectively utilized to control
several surface properties such as roughness
and the particle size of CuO nanostructures,
suitable  for  various

making  them

applications.

SEM MAG: 135 kx
Det: SE
Date(mid/y): 06/21/21

WD: 4.90 mm
SEM HV: 15.0 kV

MIRAS3 TESCAN
200 am

SUT - FESEM

Figure 3: FESEM microscopic images of
CuO nanostructures prepared using a
mixture of Ar:O2 gases of 1:1 at 2.5 cm
distances between electrodes illustrating
grain size measurements of approximately

34-35 nm.

SEM MAG: 3.00 kx
Det: SE
Date{m/idly): 06/21/121

WD: 4.91 mm
SEM HV: 15.0 kV
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Figure 4: FESEM microscopic images of
CuO nanostructures prepared using a
mixture of Ar:O2 gases of 1:1 at low

magnification (3kx), showing the film

uniformity and surface coverage.

B2~ 4161 nm
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Figure 5: FESEM microscopic images of
CuO nanostructures prepared using a
mixture of Ar:O; gases of 1:2 at 2.5 cm
between electrodes illustrating grain size
measurements of approximately 41-47 nm.
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SEM MAG: 3.00 kx WD: 4.56 mm l 1 I MIRA3 TESCAN
Det: SE SEM HV: 15.0 kV 10 pm
Date(m/dly): 06/21/21 SUT - FESEM

Figure 6: FESEM microscopic images of
CuO nanostructures prepared using a
mixture of Ar:O; gases of 1:2 at low

magnification (3kx), showing the surface

uniformity and coverage.

3-FourierTransformInfrared
Spectroscopy FT-IR anylisis
Fourier-transform infrared spectroscopy
(FT-IR) was employed in the wavenumber
range of 4004000 cm™ to investigate the
chemical bonds in CuO thin films, as shown
in Figure (7,8). The spectra revealed
characteristic Cu—O bonds corresponding to
monoclinic CuO within the wavenumber
range of 408.81-918.59 cm™, along with

other chemical bonds summarized in Table

(1),
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Figure 7: FTIR of CuO films with mixing
ratio of (1:1).

Qp 4

80 4

70

T%

60 -

50

40

30 4

20

ArO4(2:1)
e

T T T T T T T T J
400 800 1200 1600 2000 2400 2800 3200 3600 4000

1em?

Figure 8: FTIR of CuO films with mixing

ratio of (2:1).
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Table 1: FTIR of CuO films at Ar:O; gas
mixing ratios(1:1)-(1:2) where A mean

Assignments,V.M Vibration Mode.

sample Penls of Phase ANV M [Eef.]
FTIE
{emyt
1:1 418.52,445.53 CuQ Cu-0 [14]
474448 Culd Cu-0 [14]
617.18 Cud =0 [15]
1643 24 CuQ c-0 [15]
111092 Culd c-0 [1a]
1643.24 Cud c-c [17]
292a.81 Hydroxy | Stretchi [18]
3400.10 ls of ng
ahsorbed | swihratio
water nof O-
H
40881, cuo Cu-0 [19]
43593 Cuo Cu-0 [19]
A466.75,497 60 Cul Cu-0 20][18]
1:2 FE5.92,7F70.07 Cu{CH) Cu-OH I
L 21859 Culd c-C [21]
104733 Cul C-H [22]
1654.17 Hydroxy | Stretchi [23]
234158, ls of ng [24]
2376.71 abzorbed | wibratio | 2a8][26]
3438.41 water nofO- I
3454.27, Hydroxy H
375643 Is of Stretchi
abszorbed ng
water wibratio
nof O-
H

4. Optical characteristics of (CuQO) nano
composites

The transmittance spectrum of copper
oxide (CuO) films prepared by the magnetron
sputtering method was obtained at a distance
of 2.5 cm between electrodes with a time of
10 min and a gas mixing ratio of Ar:02 (1:1,
2:2) within the wavelength range of 300-800
nm of the electromagnetic spectra using a
UV-Spectrophotometer. The transmittance
and absorption spectrum were also obtained,
and the energy gap for direct electronic

transitions was calculated.
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4.1 Transmittance (T)

Figure nine illustrates the transmittance
of CuO films prepared with a gas mixing ratio
of Ar:O:z (1:1) at an electrode distance of 2.5
cm, as a function of wavelength within the
visible and near-infrared regions. It was
observed that the transmittance of these films
gradually  increases = with  increasing
wavelength in both regions. This increase can
be attributed to the formation of new
localized energy levels below the conduction
band, which are capable of receiving
electrons [10]. The same figure also shows
the transmittance as a function of wavelength
for the CuO film but with a gas mixing ratio
of Ar:0:2 (2:1). In this case, the transmittance
also increases gradually with wavelength and
then tends to saturate[ 10]. However, which is
lower than the previous one when the gas
mixing ratio was 1:1, so the change in gases
influences the permeability. This behavior is
attributed to the quantitative size effect of the

nanostructures [10].
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Figure 9: Transmittance as a function of
wavelength for CuO fibers prepared by
magnetron sputtering methods for (2.5 cm)
between electrodes at Ar:O> gas mixing

ratios.

4-2 Absorption Spectrum

Figure (10) shows the absorption spectrum as
a function of wavelength for samples
prepared at a distance of 2.5 cm and a mixing
ratio of Ar:O2 gas (1:1, 1:2), respectively. It
is observed that the absorption spectrum
gradually  decreases  with  increasing
wavelength, which is unlike the transmittance
spectrum. The absorption peak is likely
related to the electronic transition that occurs
from the valence band to the conduction band
due to the particle's size [11]. The UV-visible
absorption spectrum of CuO thin films is
recorded in the wavelength region of 300-900
nm. It exhibits an intense peak centered at
~320 nm, which is attributed to the dispersive
nature of the size variation of the
nanoparticles. Within the infrared region, it

has been shown that the absorption spectrum
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has a large value at short wavelengths and

gradually  decreases  with  increasing
wavelength for all prepared films, as the
energy in this region of the spectrum is less
than the energy gap of the semiconductor

material;therefore, this photon does not

transfer  electron its energy does when
absorbing it
1.0
0.8
0.6
=)
<
C
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Figure 11: Absorbance as a function of
wavelength for CuO films prepared by
magnetron sputtering at a distance of (2.5 cm)
between electrodes at Ar:0O2 gas mixing

ratios.

4-3 Optical energy gap (Eg)

Figure (11) shows the transmittance and
reflectance spectra of distinct copper oxides
formed under varying total pressures. Tauc's
relationship can be used to determine the
values of Eg from the transmittance and
reflectance: [7,12,13]

(ahv)™ = A(hv - Eg) ..... (1)
where hv denotes the incident photon energy

and A denotes the material constant. The
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measured values of n are (2, 1/2, 3, and 3/2),
respectively, corresponding to the allowed
direct, allowed indirect, forbidden direct, and
forbidden indirect transitions. The indirect
band gap of CuO can be taken into account,
and thus n = 1/2. [2, 26]. The absorption
coefficient a t is the percentage of decrease in
the flux of incident radiation energy per unit
distance in the direction of wave propagation
within the medium. The absorption
coefficient depends on the photon energy (hv)
and on the properties of the semiconductor in
terms of the type of electronic transitions and
its energy gap. can be calculated using the

following formula:

o=1/d Ini/o(1-R) ¥/T] ..(2)

Where d is the film thickness, and R
and T are the reflectance and transmittance,
respectively. Figure (7) shows the photon
energy dependence of (ahv)" values. The
optical energy gap (Eg) can be defined as the
minimum energy required to transfer an
electron from the valence band to the
conduction band. From Figure (12), the
calculated optical Eg values are found to be
CuO 2.33 at mixing ratio 2:1 and 2.21 eV
mixing ratio 1:1. These results are consistent
with those in previous studies W. Zheng [27,
28]. Furthermore, despite the fluctuations in

the morphology of the films under different
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O partial pressures, the band gap value for
each type of single-phase copper oxide
remains  approximately  constant, in
accordance with the observed band gap
results. This means that the Cu2O/CuO ratio
in the mixed phase can be adjusted to modify

the band gap of the copper oxide films[19].

w

___ArO,(1:1)
___Ar0,(2:1)

(ahv)*x10'"(cm™.eV?)

1.0 1?5 2?0 2?5 3:0 3?5 4.0
ho(ev)

Figure 12: The allowed direct optical energy

gap of CuO films whith mixing ratios(1:1) —

(1:2).

5- Sensitivity for Gases (NH3)

Table two and figure ten shows that the
highest sensitivity of the CuO sensor to NH3
gas is 13.62% at an operating temperature of
200 K and then begins to decrease with the
decrease in the mixing ratio. When
comparing the results of the tables, we find
that the sensitivity of the membranes to the
gas decreased with the increase in the
operating temperature. We conclude that the
prepared CuO membrane has the highest

sensitivity value of 13.62%. This is due to the
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fact that the absorption of adsorbed molecules
increases rapidly when the conditions change,
which reduces the presence of ammonia on
the surface, thus reducing the response [29].
This confirms that it is a good sensor for
detecting NH3 gas. The higher sensitivity can
also be attributed to the optimal surface
roughness, porosity, large surface area and
large oxidation rate.. In order to determine the
sensitivity parameters, primarily the response
time and recovery time of the artificial CuO
gas sensor detector, a suitable setup is made.
Using a gas sensor test system, which is a
homemade device, the gas sensitivity can be
defined as the percentage change in the
sensor's conductivity when exposed to the
compared to the

This leads to the

target gas sensor's

conductivity in air.

following equation: [29]

S04 = Gg—Ga

Xx100% .. ( 3)

where Ga: the sensor's conductivity in air, and

a

Gg: the conductivity in the presence of the
target gas [30]. In this study, it was found that
the change in electrical conductivity of the
manufactured CuO samples with operating
temperature, as the operating temperature is
one of the most important factors affecting
the responses of oxide sensors, and the
operating temperature for copper oxide is (30,
100, 200, 300) Ce. In the presence of NH3 gas,

the maximum value of the sensors for CuO.
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gas sensitivity (Sg) was 16.6 for NH3 gas at

200 °C. Figure (10) represents the
relationship ~ between  sensitivity  and
operating temperature for NHzgas.
12 Ar:0g (1:1)
10 NH,
8
= 6
g 4
= ,
a
0]
(0] 100 200 300 400
B Operation templerature (°C)

Figure 13: Sensor sensitivity as a function of
operating temperature for CuO for filims

(1:1) mixing ratios, in the presence of NHs

gas.
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Figure 14: Sensor sensitivity as a function of
operating temperature for CuO for filims
(1:2) mixing ratios, in the presence of NHs

gas.
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Table 2: Values of optimum sensitivity,
response and recovery times, and operating
temperature for CuO samples Ar:O. mixing
ratios, which were evaluated for NHs gas

sensing performance.

NH3
Sam Sensiti
Operatin Respons | Recover
Pl gt Y ¢ time o) | time (s
emp. e time (s) | time (s
g p %)
CuO
200 °C 10.8 27 51.3
(1:1)
CuO
200 °C 14.62 26.1 51.3
2:1)

5-Results of Sensitivity for Gase NHs
5-1Response and Recovery Times

The response time is defined as the time
required for the sensors resistance to reach
90% of its final value when exposed to the
target gas. The recovery time is defined as the
time required for the resistance to decrease to
10% of its original value when the sensor is
returned to fresh air. Figure (11) shows the
response and recovery time values for
samples prepared from CuO films. It was
that the CuO films

found exhibit

semiconductor  behavior at operating
temperatures exceeding 200 °C. An increase
in the response was observed with increasing
temperature, while the highest sensitivity was
recorded at 200 °C. Then, the wvalues
decreased at higher temperatures, which was

attributed to the regular increase in the
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electrical conductivity of the prepared
samples.
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Figure 15: Response time and recovery time

of CuO films at Ar:02 mixing ratios(1:1)

for NH3 gas.
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Figure 16: Response time and recovery time
of CuO films at Ar:02 mixing ratios(1:2)
for NH3 gas.

4. Conclusion

High-quality copper oxide nanoparticles
can be prepared using DC magnetron spatring
technology. The difference in argon and

oxygen gases in the discharge plasma is a key
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factor in the effective harvesting of the
prepared nanoparticles, particularly surface
roughness and wind density. This reliable
technique yields nanostructures of copper
components in both phases, which can be
exploited in technical applications, especially
in the field of gas sensors. The prepared
nanostructures also showed significant
improvement when tested as gas detectors,
confirming their efficiency and reliability in

such vital applications.
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