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ABSTRACT

This study involves the preparation of copper oxide (CuO) thin films on glass
substrates for gas-sensing applications via direct current (DC) reactive sputtering. X-
ray diffraction (XRD) analysis results indicate that the CuO films possess a
polycrystalline structure with a preferred orientation along the (110) direction. The
surface roughness was analysed using atomic force microscope (AFM) techniques.
The films exhibit roughness values (33.2, 54.85, and 21,44 nm) at the applied voltage
(480, 580, and 680 V), respectively. The field-emission scanning electron microscope
(FE-SEM) images show CuO nanoparticles with a uniform, homogeneous
distribution. The particle sizes of the prepared target nanoparticles start to grow with
increasing the applied voltage from (480 — 680 V). The average particle width
(diameter) was found to be about (26.25 — 69.1 nm). The optical properties of the
prepared copper oxide films in the range (300 — 1100 nm) showed that the optical
energy gap decreased gradually from (2.78 —2.36 eV) with increasing applied voltage
from (480 — 680V). CuO thin-film sensors exhibited high sensitivity and responded
quickly to nitrogen dioxide (NOz) and ammonia (NHs). So, it is observed that
exposure of the CuO-based sensor material to a NO2 atmosphere decreases the
sensor's resistance, whereas exposure to NH3 increases it.
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INTRODUCTION

Copper oxide thin films were synthesized at room shown to depend significantly on the fabrication
temperature by DC reactive magnetron sputtering, a method and the resulting stoichiometric
commonly wused physical vapor deposition composition®. Inhalation of nitrogen dioxide
technique, for NO. and NH: gas sensing (NO3), even at low concentrations in the parts-per-
applications(). Chemiresistive gas sensors based on million range, poses risks to human health®),
metal oxide semiconductors are considered Creating gas sensors with high sensitivity and
promising tools for detecting low concentrations of  selectivity for detecting NO: remains essential,
toxic, flammable, and explosive gases, owing to though it continues to present technical
their chemical durability, quick response, ease of challenges”. Nitrogen dioxide (NO2) is a reddish-
fabrication, and cost-effectiveness compared to brown oxidizing gas known for its irritating effects.
other sensor types> ¥. CuO has a variety of It is commonly produced as a by-product of
physical, structural and optical properties with a industrial combustion and vehicle emissions,
band gap energy of (1.21 eV) @, It is one of the making it a major air pollutant®. Gas sensor
significant, thermally stable p-type metal oxides sensitivity is the ability to detect gases, or the ratio
preferred for the production of gas sensors (1), and of the sensing element's resistance in the target gas
it is a semiconductor that exhibits varying optical to that in air. Sensor sensitivity is strongly
behaviour due to stoichiometric deviations arising influenced by factors such as the film’s porosity,
from its preparation methods and conditions. The thickness, operating temperature, and crystallite
direct optical band gap of CuO films has been
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size®> 10, This formula was used to determine the
gas response. (!D:

Rair- as
Rresponse(%) = R—_Rg X 100% ..()

air
Where Ry is the sensor resistance in air, and Rgas
is the sensor resistance in the presence of the gas.
The energy gap (Eg) value is calculated by
extrapolation of the straight line of the plot of (athv)?2
versus photon energy (hv) for different applied
voltages of CuO films. e.g., was calculated by the
following relation. (12):

ahv =B (hv - Eg)" .. (2

where B is a constant, h represents Planck’s
constant, v represents the photon frequency, and n
represents the type of transition. This work aims to
study the structural and physical properties of CuO
thin films deposited on glass substrates under
various sputtering conditions and to evaluate their
use in gas-sensor applications.

1- Experimental Procedure

CuO thin films were fabricated by direct current
(DC) reactive magnetron sputtering onto glass
substrates. To ensure surface cleanliness, the
substrates were initially treated in an argon gas
environment to remove impurities and native oxide
layers. A turbo molecular pump was utilized to
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reduce the chamber pressure to approximately 5
107 mbar. The plasma discharge was established by
mixing argon and oxygen gases at an 80:20 ratio
using flow meters for each gas source. The
sputtering process was conducted at voltages 0f 480,
580, and 680 V, with a constant pressure of 0.05
mbar and a fixed electrode spacing of 5 cm. Each
deposition cycle lasted for 90 minutes.

CuO thin films for gas sensing were prepared by DC
reactive sputtering onto glass substrates, and their
structural properties were analyzed using XRD,
AFM, and FE-SEM, and their optical properties
were analyzed wusing UV-Vis. Gas-sensing
measurements were carried out to determine the
sensitivity, response time, and recovery time of
sputtered CuO thin films. Samples fabricated under
optimal sputtering conditions—namely 680 V
applied voltage, 0.05 mbar working pressure, and a
5 cm inter-electrode distance—were subjected to
gas sensing tests using 20 ppm concentrations of
NO: and NHs at 200 °C. The electrical response was
monitored by recording changes in current,
reflecting variations in resistivity and conductivity
due to gas exposure. The schematic of the sputtering

set-up is shown in Figure 1.
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Fig. 1: Schematic of the DC-magnetron sputtering set-up.
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To fabricate the gas sensor, a special mask must be
carefully attached to the CuO layer. Aluminum
ohmic metal contacts are deposited onto the CuO
films by vacuum evaporation. Figure 2 shows the
schematic diagram of the electrodes of the CuO gas
sensor. The chamber is opened, and the gas sensor
is placed on the heater. The necessary electrical
connections between the input pin and the sensor
were made using a conductive aluminum sheet, and

the test chamber is closed. The concentrations of the
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target gases, NO2 and NH3, inside the chamber
were adjusted by monitoring the ratio of the dry air
flow rate to the target gas flow rate. The flow rates
of the air and the test gas are measured using the
needle valves, and the test gas (1, 2, and 3 %) is
injected into the air. The resistance of the sensor
device was measured using a Keithley 6487
picoammeter/voltage source meter. The gas sensor
measurements are performed using a home-

designed experimental setup.

Multimeter-PC interfacd 28
mitimeter: 10{¢ afJ

(b)

Fig. 2: (a) Gas sensor testing system, (b) Mask used for Gas Sensing.

Results and Discussion

X-ray diffraction (XRD) analysis was employed to
assess the crystallinity and estimate the grain size of
the CuO thin films deposited at varying voltages. As
the applied voltage increased from 480 V to 680 V,
the intensity and sharpness of the diffraction peaks
also increased, indicating improved crystallinity.
The films exhibited multiple orientations, including
(110), (111), (-112), (202), (022), and (-222),

83

consistent with the JCPDS card No. 19-901-6106.
The increase in peak intensity suggests an increase
in crystallite size, as confirmed by Scherrer’s
equation, (13-15);

KA
" Bcose - 3)

Where the wavelength of X-ray is (A =1.5406 A), K
is a constant, and f is the full width at half maximum
(FWHM), which equals (0.94).
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Fig. 3: XRD patterns for CuO thin film deposited at different applied voltages.

Table 1: XRD parameters for CuO thin film deposited by different applied voltages.

Applied 20 (deg) | FWHM dna (A) | D(nm) | hkl .Card No Phase
voltage (V) (Deg)

480 32.95 0.218 2.7522 38 (110) | 19-901-6106 | CuO (mono)
46.25 0.3233 1.9632 26.7 | (-112) | 19-901-6106 | CuO (mono)

56.65 0.205 1.6203 44 (021) | 19-901-6106 | CuO (mono)

580 32.75 0.218 2.7547 38 (110) | 19-901-6327 | CuO (mono)
46.05 0.2322 1.9632 26.7 | (-112) | 19-901-6327 | CuO (mono)

56.51 0.205 1.6224 44 (021) | 19-901-6327 | CuO (mono)

680 32.21.93 0.218 2.7639 38 (110) | 19-901-6106 | CuO (mono)
38.6938 0.2322 2.3159 26.1 (111) | 19-901-6106 | CuO (mono)

46.2203 0.205 1.9557 422 | (-112) | 19-901-6106 | CuO (mono)

58.8253 0.3033 1.5793 30 (202) | 19-901-6106 | CuO (mono)

66.1697 0.3433 1.2618 27.6 (022) | 19-901-6106 | CuO (mono)

75.09 0.6 1.6233 16.7 | (-222) | 19-901-6106 | CuO (mono)

"The surface topography of CuO thin films,
prepared at applied voltages 0f 480, 580, and 680 V,
was analyzed using Atomic Force Microscopy
(AFM), as shown in Figures 4 to 6. The results
revealed a uniform grain distribution across the film
surface, reflecting strong adherence to the substrate.
An increase in applied voltage led to the formation
of larger thereby surface

grains, increasing

84

roughness. This behavior is attributed to the
enhanced glow discharge current at higher voltages,
which promotes a higher deposition rate of the
target material. The granular structure increases
surface area, thereby improving gas interaction and
enhancing the film’s sensitivity. The study confirms
that gas sensitivity is positively correlated with
surface roughness. (19,
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Fig. 4: AFM analysis of CuO thin film deposited on glass substrate by the applied voltage (480 V): (a) two-
dimensional image, (b) three-dimensional image, (c) histogram of the grain size distribution.

(<)

Fig. 5: AFM analysis of CuO thin film deposited on glass substrate by the applied voltage (580 V): (a) two-
dimensional image, (b) three-dimensional image, (c) histogram of the grain size distribution.
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Fig. 6: AFM analysis of CuO thin film deposited on glass substrate by the applied voltage (680 V): (a) two-
dimensional image, (b) three-dimensional image, (c) histogram of the grain size distribution.

Field Emission Scanning Electron Microscopy (FE-
SEM) was used to study the morphology of CuO
thin films deposited on glass substrates under
different applied voltages (480, 580, and 680 V), as
illustrated in Figures 7 through 9. The micrographs
show that the films are composed of nanoscale CuO

particles. A clear trend of particle size growth with
increasing sputtering voltage is observed, with
diameters ranging from approximately 26.25 nm to
69.10 nm. This variation highlights the significant
impact of voltage on the nanostructure of the
deposited films.

Fig. 7: FE-SEM analysis of CuO thin film deposited on glass substrate by the applied voltage (480 V): (a)
at (500 nm) scale, (b) at (1 pm) scale, (c) at (10 pm) scale.
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Fig. 8: FE-SEM analysis of CuO thin film deposited on glass substrate by the applied voltage (580 V): (a)
at (500 nm) scale, (b) at (1 pm) scale, (c) at (10 pm) scale.

Fig. 9: FE-SEM analysis of CuO thin film deposited on glass substrate by the applied voltage (680 V): (a)
at (500 nm) scale, (b) at (1 pm) scale, (c) at (10 pm) scale.

The optical transmission behavior of CuO thin films 1‘9’2 3
was examined across a wavelength range of 300 to 80
1100 nm, as illustrated in Figure 10. A general trend §Zg f
of increasing transmittance with longer wavelengths :5 ig F
was observed, demonstrating an inverse relationship E;g 3
with absorbance. The measured transmittance 10 3

‘0 fH—/—mm——————————1——
300 400 500 600 700 800 900 1000 1100
2 (nm)

varied with the applied voltage during deposition.
Figure 11 shows that all films exhibited high
absorbance at lower wavelengths, which decreased

Fig. 10: Transmittance spectrum of CuO thin films at

) . different applied voltages.
gradually as the wavelength increased, particularly

. . e . . 1
in the visible-to-near-infrared range. This 0.9 ] —as0v
phenomenon occurs because, at higher wavelengths, g: E ——580V
0y —680V

photons possess insufficient energy to interact with 8 gg

= ..
the material’s atoms and are therefore transmitted. g 0.4

2 0.3
Conversely, shorter wavelengths allow for greater 2 02
. . . . . . 0.1 4 \__’__7
interaction, resulting in higher absorbance. Figure 0 S
12 further reveals that the films underwent direct 300400500 6001(7,;)21) 800900 1000 1100
electronic transitions. Additionally, the optical band Fig. 11: Absorbance spectrum of CuO thin films at
gap decreased from 2.78 eV to 2.36 eV as the different applied voltages.

applied voltage increased from 480 V to 680 V,

consistent with previously reported findings. (17 1%,
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Fig. 12: Energy gap of CuO thin films at different

applied voltages.

In this study, the sensing properties of CuO on a
glass substrate under optimal operating conditions
are investigated as a function of operating
temperature and time to determine the temperature
dependence of the sensitivity for two different
gases, NO, and NHs.

The thin film specimens prepared at applied voltage

(680 V), working pressure (0.05 mbar), and inter-
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electrode spacing (5 cm) were tested for gas sensing
using NO2 with a concentration of 20 ppm at an
operation temperature of 200 °C. Figure (13) shows
the variation of electrical resistance as a function of
time with the on/off gas valve, where the resistance
of CuO thin films decreases with time after gas on
and increases with time after gas off. This behavior
can be attributed to the interaction between the
target gas and the metal oxide thin film, typically
involving oxygen ions adsorbed on its surface. Such
interaction alters the concentration of charge
carriers within the material, thereby influencing its
electrical conductivity or resistivity. In a p-type
semiconductor, where holes are the primary charge
carriers, exposure to an oxidizing gas like NO:
generally leads to an increase in conductivity (or a

corresponding drop in resistivity) (1),
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Fig. 13: Resistance response of CuO thin film sensor towards NO; gas at the parameters: (a) 680 V, (b)
0.05 mbar, (¢) 5 cm.

It is clear from Figure (14) that the resistance of
CuO thin films are increase with time after gas on
and decrease with time after gas off, the reason for
this behavior can be attributed to the that the CuO
mechanism sensing associates to the ion sorption of
gas type over the surface, leading to charge transfer
between the gas and surface molecules and changes
in the electrical conductance. Hence, NH3 is a
reducing gas in our environment. When the gas

sensor is exposed to ambient reducing gases, the

electrons generated by the chemical reaction during
the adsorbed oxygen ion-forming process are
returned to the conduction band. For the p-type
metal oxide semiconductor sensor, the electrons go
to the valence band and recombine with the holes,
which results in reducing the carrier concentration
(holes) and leads to an increase in the sensor
and decrease in electrical

resistance a

conductance(!?).
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Fig. 14: Resistance response of CuO thin film sensor towards HN; gas at the parameters: (a) 680 V, (b)
0.05 mbar, (¢) 5 cm.

Table (2) shows the sensitivity for NO, prepared
and NH3 gas for CuO samples using the optimal
conditions, which include (working pressure 0.05
mbar, applied voltage 680 V and inter-electrode
spacing 5 cm). The highest sensitivity of the CuO
thin film to NO2 gas is found to be (37.14 %) at an

inter-electrode spacing of 5 cm and an operating

temperature of 200 °C. The resistance response and
recovery time characteristics of the CuO gas sensor
exposed to NO2 and NH3 concentrations are shown
in Table 2. At the beginning, the measured
resistance is steady in air, and then the resistance of
the CuO sensor drops in NO2 and recovers to its

initial value after NO2 vapor is removed.

Table 2: Gas sensor parameters for CuQ thin films using NH3; and NO; gas at optimal working conditions.

Gas sensing (%) NH; NO;
Sensitivity Response Recover Sensitivity Response Recover
(%) time (s) time (s) (%) time (s) time (s)
Pressure = 0.05mbar 11.11 40 40 1.72 35 70
Distance =5 cm 26.88 30 40 37.78 27 60
Voltage =680 V 12.50 37 50 13.64 38 52
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CONCLUSION

From XRD results, it was concluded that the
synthesized CuO films have a crystalline structure
and exhibit uniform growth of a nanocrystalline film
with preferential orientation in the (110) direction.
Also, the AFM analysis shows that the CuO images
are homogeneous and have a columnar structure.
The FE-SEM analysis shows that the deposited
coating layer consists of CuO nanoparticles with
very small diameters. The particle sizes of the
target nanoparticles increase with
applied voltage (480-680 V). By

recording the transmittance (T) and absorption (A)

prepared
increasing

spectra over the wavelength range, it was found that
transmittance increases with increasing applied
voltage, while absorption decreases. The energy gap
of CuO films was decreased with increased applied
voltage. (Eg) values recorded were (2.62,2.56,
and 2.31 eV) at applied voltages of (480, 580,
and 680 V), respectively. This section presents the
experimental findings on the sensor's responses to
NO- and NH3. Their interaction with gas molecules
influences the surface morphology of the deposited
thin films. The study concluded that the CuO sensor
was tested to assess its initial resistance and
response behavior upon exposure to NO: and NHs
gases at an operating temperature of 200 °C. The
reactions of CuO samples with NO2 and NH3 were
observed. The highest sensitivity of the CuO film to
NO; gas is found to be (37.14 %) and (26.88 %) for
NH3 at (200 °C).
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