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This investigation used sol-gel deposition to create undoped CuO and CuO: Cd thin films.
All films of undoped CuO and CuO: Cd phase exhibit four dominating peaks at 35.52°,
38.84°, 53.37°, and 68.23°, which are correspondingly assigned to the (022), (200), (020),
and (220) planes, according to X-ray diffraction analysis. The dislocation density reduced
from 60.55 to 49.94, the strain decreased from 26.98 to 24.60, and the grain size of the
produced films measured by XRD was 12.85-14.15 nm. Atomic force microscopy (AFM)
was used to study the morphology. SEM analysis showed increased aggregation with
higher Cd content, resulting in a more uniform porous structure. The optical band gap
decreases for all samples as the cadmium content increases, ranging from 2.28 to 2.14 eV.
Similarly, the refractive index and extinction coefficient values decrease as the cadmium
content increases for all samples. The gas sensor detects H> (375 ppm) using CuO film
cadmium doping, which enhances sensitivity, CuO: 4% exhibits highest resistance.
Sensitivity decreases with higher doping, indicating reduced sensor responsiveness.
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1. Introduction

Researchers from all around the world are interested in the semiconducting metal oxide
nanostructures. Numerous technological disciplines, including biotechnology, microelectronics,
the solar industry, corrosion, etc., have used this material in diverse applications [1-3]. Most
approaches nowadays are utilized to shrink materials to the nanoscale, which causes these
materials to exhibit novel and distinctive characteristics in optical, electrical, optoelectronic,
dielectric, and other fields [4, 5]. Examples of its numerous uses include lithium-ion electrodes,
sensors, field emission, and photocatalysts [6,7]. CuO is a p-type semiconductor material [8, 9].
CuO thin films are produced using a variety of techniques, including the electrodeposition
technique [10,11], CVD [12,13], reflux condensation [14], spray pyrolysis [15], SILAR [16],
sol-gel [17], magnetron  sputtering  [18-20] and  thermal  oxidation  [21].
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In this study, we utilized the Sol-gel technique, known for its simplicity and compatibility
with non-vacuum environments, to deposit films on various substrate types. The Sol-gel method
was employed to prepare the CuO and CuO: Cd solutions utilized in this research, which were
subsequently coated onto glass substrates. The primary objective of this paper was to investigate
the impact of cadmium doping on the structural, morphological, and optical properties of CuO
films.

2. Experimental

The undoped CuO and CuO:Cd thin films were fabricated using the sol-gel spin-coating
method. To dissolve 0.2 M copper acetate monohydrate, 2-methoxyethanol
[CH;0CH,CH>CH,OH] was utilized as the solvent. For doping with 1% and 3% Cadmium,
Cadmium nitrate [Cd(NO3);.9H,O] was employed. Monoethanolamine [OHCH,CH,NH,] was a
stabilizer, maintaining a 1:1 mole ratio with the precursor, following steady magnetic stirring for
10 minutes at room temperature. The solution underwent 1-hour agitation at 70°C before being
aged for 24 hours at room temperature. Before the deposition, bases were cleaned sequentially
with acetone, ethanol, and deionized water to ensure uniformity. A two-step spinning technique
was employed to achieve this. Initially, the solution was applied to the substrate at 100 rpm for 15
seconds, followed by a subsequent cycle at 3000 rpm for 20 seconds. After each of the four
deposition cycles, the film was dried on a hotplate for 10 minutes at 160 °C. All thin films
underwent an air-conditioned, one-hour annealing process at 500 °C. Then, XRD analysis
examines samples' structural information (XRD: Model D8 advance Bruker). Additionally,
samples' morphology is investigated utilizing AFM analysis. The AFM Fig. is tridimensional, and
the scan zone is 2 by 2 meters. The surface morphology was investigated using a scanning electron
microscope. Spectroscopy analysis to obtain the transmission spectrum using (UV-visible: scan of
Model Gray 500). The CuO gas sensor was made using aluminum electrodes on thin films. Gas
sensitivity was assessed by the percentage change in resistance within a cylindrical chamber
(radius: 8 cm, height: 16 cm).

3. Results and discussions

XRD analysis is the primary technique to characterize the phases of the grown films. Fig.
1 depicts the XRD patterns regarding ICDD card No. (05-0661). In the Cd-doped CuO films, the
Cd phase displays prominent peaks at 35.52°, 38.84°, 53.37°, and 68.23° corresponding to the
(002), (200), (020), and (220) planes, respectively. Notably, the intensity of the (002) reflections
increases with higher doping levels, indicating a shift towards the monoclinic phase with a strong
preferred orientation [22, 23]. Additionally, the crystallite size (D), as determined by Scherrer's
formula, shows an increase with the amount of cadmium incorporated [24, 25].

0.91

b= BcosO @

The decrease in f (FWHM) of peaks with increasing cadmium concentration suggests a
refinement in the crystalline structure of the thin films. This phenomenon can be attributed to
incorporating cadmium atoms into the CuO lattice, which may improve crystallinity and reduce
defects. The rise in average grain size from 12.47 to 14.15 nm with increasing cadmium
concentration further supports the notion that cadmium has a significant impact on determining the
size of material crystals. This increase in grain size indicates a more pronounced crystalline growth
in the presence of higher cadmium levels, which can influence the overall properties and
performance of the thin films [26-28].
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The dislocation density (§) can be calculated using the following formula [29, 30]:
1

5= @)
Furthermore, Eq. 3 was employed to calculate the lattice strain (g) [31]:.
— Bcos6 (3)
4

It was observed that as the Cadmium doping increased, both the computed dislocation
density values (&) and strain (&) exhibited a decreasing trend [29]. Each of FWHM, D, and lattice
strain (g¢) is depicted in Fig. (2) as a function of the Cadmium concentration. This graphical
representation provides a visual understanding of how these parameters vary with increasing levels
of Cadmium doping [32, 33].
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Fig. 1. XRD styles of grown films.

14.5 0.66

C A

Grain Size (nm)
® IS
W Q

FWHM (deg.)
o o°
[=2] [=2]
(Y A

-

w

o
=
@
)

12.5 0.58 v r
0 1 2 3 1 2

Doping Level (%) Doping Level (%)

D .. B

-K
W o

27.5

=7}
-

[4)]
©

)
&
)
o
N

(4]
(4]

Strain x 104

N
o
)

Dislocations density
lines/m2 x 10 14
[4)]
W

(5]
-

24.5

B
©

(=
w 4

0 1 2 3 1 2
Doping Level (%) Dopina Level (%)

Fig. 2. FWHM (a) D (b) 6 (c) € (d) of the grown films



1386

Table 1. D, Eqand structural coefficient of grown films.

Sample 20 (hk!) FWHM Eg D 5(x 1014 £
(©) Plane (©) (eV) (nm) (lines/m?) (x 10%)
Undoped CuO 35.84 002 0.65 2.28 12.85 60.55 26.98
Cu0: 1% Cd 35.80 002 0.62 2.20 13.47 55.10 25.73
CuO:3% Cd 35.77 002 0.59 2.14 14.15 49.94 24.60

Fig. 3 presents the surface morphology of undoped CuO and CuO films doped with 2%
and 4% Cd, respectively, as observed through AFM micrographs. Notably, the grains appear
columnar in shape, exhibiting an average particle size ranging (Pay from 78.6 nm for undoped
CuO to 42.1 nm for 4% Cd doping. Additionally, there is a discernible trend in surface roughness,
which decreases from 6.82 nm to 3.23 nm, while the root mean square (RMS) roughness varies
from 8.29 to 2.80 nm across the samples. The data presented in Table 2 indicate that the film
surfaces are remarkably smooth [33]. Furthermore, the micrographs illustrate that pure and doped
CuO films are spherical nanoparticles with a uniform distribution, indicating excellent crystalline
quality. The high particle density per unit area and narrow size distribution further underscore the
quality of the films. The observed reduction in grain size with increasing Cu loading can be
attributed to the difference in ionic radii between Cu?>" and Cd**. This phenomenon has been
documented in previous studies [34], corroborating the findings.
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Fig. 3. AFM informations of the films.
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Table 2. AFM data of the intended films.

Samples Pay Ra RMS

Nm (nm) (nm)

Undoped CuO 78.6 6.82 8.29
CuO: 1% Cd 63.2 3.87 7.41
CuO: 3% Cd 42.1 3.23 2.80

Surface morphology analysis of the prepared films, encompassing Undoped CuO and
CuO: Cadmium films, was performed using scanning electron microscopy (SEM), as illustrated in
Fig. 4. Examination of the SEM patterns revealed discernible trends. With an increase in the
Cadmium content in CuO, there was an evident augmentation in the number of aggregations
within the film, resulting in a more uniform structure. Clusters either aggregated, leading to voids,
or grew atop a denser film. Consequently, this created a more porous structure in the 0% to 3%
Cadmium-doped CuO films [35, 36]. This occurrence could be ascribed to alterations in the
nucleation and growth behavior of the material induced by Cadmium ions.

SCAN
View field: 1.27 um Det: SE
SEM MAG: 100 kx | Date{mudiy): 06:01/23

Fig. 4. SEM of the deposit film.s

The absorbance (A) was calculated using the following [37]:
A=2-1ogl0 (% T) (4)

where T is the transmittance. Fig. 5 show the absorption spectrum of the grown films films across
the 300-900 nm wavelength range. Notably, in the visible region, there is a noticeable decrease in
absorbance with increasing wavelength, while absorbance values rise with higher cadmium doping
levels. This observation underscores the high absorbance of the manufactured films within the
visible spectrum, making them well-suited for various applications [38, 39]. This discovery aligns
with previous studies that also emphasized the films' substantial absorbance in the visible range,
underscoring their versatility across diverse applications [40]. Moving to Fig. 6, it presents T
spectra of both doped and undoped CuO films. The films exhibit optical transmittance exceeding
77%. However, cadmium doping reduces the transmission of CuO film, a crucial aspect of its
potential use as window layers in solar cells. This decline in transmission could be attributed to
increased photon scattering resulting from crystal defects, which may be associated with the
microstructural characteristics of the produced films [41, 42].
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Fig. 6. Transmittance with wavelength of the grown films.

The absorption coefficient (a) is calculated using Eq. (5) [43]:
a=1In(1/T)d )

Here, d represents the film thickness. Fig. 7 displays o of CuO and Cd-doped CuO thin
films deposited. High values of the absorption coefficient (o > 10%) indicate a high probability of a
direct transition [44, 45]. The absorption coefficient depends on photon energy (hv) within the
spectral region of 1-4 eV, with a increasing as photon energy rises. Notably, it has been observed
that the absorption coefficient (o) increases with higher cadmium content [46].

The band gap energy (Eg) was determined using Eq. (6) [47]:

(ahv) = A(hv — Eg)% 6)

where 'A' represents a constant, 'v' denotes the frequency of incident radiation, and 'h' stands for
Planck’s constant. The resulting graph, depicted in Fig. (insert Fig. number), illustrates the
relationship between a and hv. From this graph, the energy gap values for undoped CuO and 3%
cadmium-doped CuO films were approximately 2.28 eV and 2.14 eV, respectively. These values
were determined by extrapolating the linear portion of the curve to (hv)? = 0. Notably, the graph
demonstrates a decrease in E, value as Cd content rises. These observations align with findings
reported by other researchers [48].
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The extinction coefficient (k) of undoped CuO and CuO: Cd thin films was calculated
from the following expressions [49]:

k= 7
T 4rm ™)

The relationship between k and A, as depicted in Fig. (9), was attributed to the increase in
cadmium content in the film, as indicated in reference [50]]. k& decreases as the doping ratio of
cadmium increases. Additionally, £ diminishes with the increase in wavelength. This phenomenon
can be explained by the interaction between cadmium atoms and incident light, where higher
cadmium content leads to more efficient absorption or scattering of light, resulting in a lower
extinction coefficient. Additionally, the decrease in the extinction coefficient with increasing
wavelength can be attributed to the wavelength-dependent optical properties of the material [51].
As the wavelength increases, the material may exhibit different absorption or scattering behavior,
reducing the extinction coefficient.

The refractive indices (n) of CuO and CuO without doping Calculations of Cd thin films
are made using the following formulas. [52]:

n=(32)+ [ -k (8)

1-R (1-R)?
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where (R) is the reflectivity, Fig. 10 illustrates the variation of n versus A. It is evident that the n
decreases with increasing cadmium doping concentration, a trend that can be attributed to the
slower formation of crystals resulting from higher cadmium doping levels [48].
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Fig. 10. n of grown films.

The gas sensor described utilizes a composite of porous silicon and a thin film of copper
oxide (CuO) on glass to detect hydrogen (H:) gas at a concentration of 375 parts per million (ppm)
and an operational temperature of 50°C. The relationship between resistance and time for various
compositions of the CuO thin film (Undoped, CuO: 1% Cd, and CuO: 3% Cd) at this
concentration and temperature is depicted in Fig. 11. Upon contact with the sensor's surface, H»
molecules trigger an oxidation process. This process involves the release of specific 02" ions from
the surface, which subsequently release bonded electrons. These electrons then migrate back to the
conduction band, resulting in an increase in resistance and the establishment of an enhanced
potential barrier. The cadmium (Cd) doping level in the CuO film significantly influences the
sensor's performance [53]. Notably, the CuO film doped with 4% Cd displayed the highest

resistance among the tested compositions, suggesting its potential for heightened sensitivity in
detecting H, gas.
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Fig. 11. depicts resistance over operating time for both Undoped and CuO: Cd films
with various dopant concentrations.

The sensor's detection sensitivity, or response, can be calculated as [54]:

Rg—Rq

. A
Sensitivity = R—R =
g

g

x 100 % )]

Fig. (12) sensitivity plots depict how different doping levels (Undoped, CuO: 1% Cd, and
CuO: 3% Cd) influence H, gas exposure. Sensitivity decreases with increased cadmium doping
due to charge carrier recombination. Across various doping levels, sensitivity decreases from 32.1
% to 10.5 % at 125 ppm, 33.4 % to 11.6 % at 250 ppm, and 35.1 % to 13.4 at 375 ppm. This
suggests that higher levels of Cadmium doping lead to reduced sensor responsiveness to hydrogen
(H2) gas [55].
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Fig. 12. The sensitivity of Undoped and CuQO:Cd films with varying dopant concentrations.

4. Conclusion

Researchers studied CuO films prepared using the Sol-Gel technique, comparing undoped
CuO films with those doped with Cadmium (CuO: Cd). XRD analysis revealed that all films were
polycrystalline CuO. Upon doping with 4% Cadmium, the grain size of undoped CuO increased to
18.72 nm. Interestingly, as the Cadmium content increased, dislocation density and strain values
decreased across all samples. Moreover, higher Cadmium concentrations led to notable reductions
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in surface morphological features and nanostructural characteristics, including cluster grain size
and porosity, in CuO films. SEM analysis showed Cadmium increased aggregation in CuO,
yielding uniform structure. On 3%, clusters caused voids or porous structures due to Cd-induced
growth changes. A UV-VIS spectrophotometer was utilized in the study.

The results showed that all optical parameters in the visible range of the electromagnetic
spectrum decrease as the wavelength increases, except for transmittance, which increases.
Additionally, it was observed that the energy gap value ranged from 2.28 eV to 2.14 eV,
decreasing with higher levels of Cadmium doping. The gas sensor detects H, at 375 ppm using
CuO film; cadmium doping improves sensitivity, with CuO: 3% showing the highest resistance.
Sensitivity drops at 125 ppm (18.4% to 4.6%), 250 ppm (20.7% to 6.8%), and 375 ppm (25.9% to
8.2%).
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