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ARTICLE INFO ABSTRACT

Keywords: The present study explores the structural, morphological, optical, and electrical properties of
C?dmium "_"i_de thin film ) spray pyrolyzed (Al-Zn) dual-doped CdO thin films. The un-doped and (Al-Zn) dual-doped CdO
Zinc- Alumlmlflm dual-doping thin films have been deposited on glass substrate using spray pyrolysis route at 325 °C. The
Spray pyrolysis physical properties of the doped samples were analyzed as a function of Zn concentration (2-5

Structural properties

Optoelectrical properties mol%) with constant Al (3 mol%) concentration. XRD analysis confirms the successful incorpo-

ration of (Al-Zn) dual-doping into CdO crystal as well as the polycrystalline nature was evident.
No phase transitions were apparent from XRD data while revealing the single cubic structure of all
the samples. The surface morphology of the samples studied by SEM. It shows the formation of
rock-shaped microstructure and the variation of grain size with doping concentrations. Optical
analysis was done using UV-vis spectroscopy within the range of 300-1200 nm. Maximum value
of transmittance was attained for 3% (Zn-Al)-doped CdO sample. The dual doping exhibits the
broadening of band gap values (2.61-3.84 eV) whereas a decrease in extinction coefficient was
noticed as a function of Zn doping concentration. Electrical analysis was done using the four-
probe method and a high resistivity was seen for higher Zn concentration. Obtained results and
precise comparison with some similar films suggested that 2% Zn and 3% Al co-doping can be a
suitable candidate for optoelectronic devices.

1. Introduction

In recent decades, extensive research has been dedicated to semiconductor thin films, particularly in the context of advancing thin-
film devices crucial to the field of optoelectronics. A significant class of materials in this domain is Transparent Conductive Oxides
(TCOs), possessing the dual attributes of transparency and electrical conductivity. TCOs find widespread application, notably in thin-
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film solar cells, flat-panel displays (LCDs and OLEDs), touchscreens, and various electronic devices [1]. The evolution of TCO materials
has been marked by the development of binary compounds like SnO2 and Iny03, followed by the introduction of ternary compounds
such as Cd2Sn0O4, CdSnO3, and CdInyO4 [2,3]. The pursuit of enhanced performance has led to the exploration of various thin-film TCO
materials, with binary compounds offering advantages in chemical composition control during film depositions compared to more
complex ternary and multicomponent oxides [1].

Among these materials, Cadmium Oxide (CdO) stands out for its high transparency, excellent electrical conductivity, and resilience
to harsh environments and elevated temperatures, rendering it desirable for specific optoelectronic and electronic applications.
Furthermore, CdO contributes to the durability of devices, ensuring their long-term functionality. To fully unlock the potential of CAdO
thin films in diverse applications such as flat panel displays, solar cells, gas sensors, and smart windows, researchers aim to enhance
key properties such as electrical conductivity, optical transmittance, and charge carrier mobility. One promising avenue involves the
incorporation of suitable dopants into the CdO lattice to tailor its properties for specific application requirements.

In the field of optoelectronic thin films, doping has emerged as a powerful strategy to tailor the properties of various materials. For
instance, doping can alter the properties of ZnO films by combining the transparency of the host material with the electrical properties
of carbon nanotubes [4]. Additionally, titanium doping has been shown to significantly impact the optoelectronic properties of ZnO,
leading to promising applications in photo detectivity [5]. Furthermore, the addition of semiconductor material TiO2 has been proven
to increase the gas sensitivity of carbon nanotubes [6]. Recent observations indicate that doping CdO with metallic ions having an ionic
radius smaller than that of Cd%* improves both electrical conductivity and optical band gap [7]. Additionally, co-doping CdO with
other elements, such as Ni and Ga [8], Cu and Fe [9], Euand H [10], Cuand Mn [11], Zn and Co [12], and Ni and Al [13] was also seen
to manipulate the optical and electrical properties.

Among the potential dopants, aluminum (Al) and zinc (Zn) emerge as particularly promising due to their ionic radii, slightly
smaller than that of Cd?*. This characteristic facilitates the ready substitution of Zn?>* and AI** ions into the CdO crystal lattice,
suggesting potential enhancement of the electrical and optical properties of the CdO crystalline structure through co-doping. Notably,
existing research by Azzaoui et al. [14] focused on Al-Zn co-doped CdO thin films, fixing a 3% Zn concentration while varying the Al
content. However, the consequences of fixing Al doping concentration while varying Zn concentrations remain unexplored.

Previous studies emphasize the positive impact of Al doping on transparency and conductivity, as well as the reduction of
reflectivity [15]. Furthermore, optimal combinations of minimum resistivity, maximum carrier concentration, and maximum trans-
mittance were observed with 3 mol% Al doping in CdO [16]. Usharani et al. [17] demonstrated that increasing Zn concentration in
CdO improves both electrical and optical properties, including altering the band gap.

Motivated by these findings, our research aims to investigate (Al-Zn) dual-doped CdO thin films, keeping 3 mol% Al as a fixed
concentration while varying Zn content from 2% to 5% maintaining structural homogeneity of the base film. The choice of the spray
pyrolysis method for film fabrication stems from its cost-effectiveness, versatility, and precise control over film thickness and doping
concentrations. This method is particularly suitable for large-scale industrial implementation. The novelty of our research resides in
the fabrication of a double-doped CdO film, with a fixed concentration of aluminum and varying zinc concentration, employing the
cost-effective technique of spray pyrolysis while ensuring structural homogeneity of the film. We anticipate that our results will be
conducive to enhancing the overall performance of optoelectronic devices. Moreover, these findings have the potential to expand the
horizons of fabricating other doped metal oxide thin films, thereby enriching the landscape of optoelectronic materials and their
applications. Therefore, after fabricating the thin films by the spray pyrolysis method, we analyze and compare the structural,
morphological, optical, and electrical properties of the (Zn-Al) dual-doped CdO thin films to ensure their potential applications.
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Fig. 1. Schematic diagram of our experimental setup.
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2. Materials and methods
2.1. Deposition of thin film

The chemicals used for the deposition included Cadmium acetate dihydrate ([Cd CH3(COO)2].oH20) for CdO, aluminum nitrate
nonahydrate (Al(NO3)3) for Al, and zinc acetate dihydrate ([Zn CH3(COO)3].2H20) for Zn. All chemicals were sourced from Merck
KGaA with purity levels of 99%, 98%, and 98.5%, respectively. Glass slides served as substrates, and distilled water was used as the
solvent. The preparation of the solution involved dissolving 0.1 M solutions of each material separately prepared in distilled water. The
thin films were deposited using the spray pyrolysis method, and the experimental setup is depicted in Fig. 1. The solution was mixed
using a magnetic stirrer. The composition of the sprayed solution is detailed in Table 1, with a fixed 3% Al concentration and varying
Zn percentages (2%-5%). The solution was atomized through a nozzle, and a heating plate served as the heat source, maintaining a
temperature of 325 °C. Prior to deposition, glass substrates were meticulously cleaned with deionized water and organic solvent,
followed by drying under normal atmospheric conditions. To prevent thermal shock, the glass substrates were gradually preheated
before being placed on the heating plate. For each sample, an air compressor pressure of 1 bar and a liquid flow rate of 1 ml/min were
utilized. The solutions were deposited from a vertical distance of 18 cm. This methodology ensured the controlled deposition of
undoped and (Al-Zn) dual-doped CdO thin films on glass substrates, providing a basis for subsequent analysis and characterization.
The most probable reactions that took place during the deposition process are as follows equations (1) and (2) [15].

Cd CH;3(CO00),.2H,0 Decomposed at 325°C

1
— CdO + CO, + CH, + Steam )

CdCH;(C00),.2H,0 + ZnCH;(C00),.2H,0 + Al(NOs);+H,0 Decomposed at 325°C—

CdO(Zn : Al)+CH;COOH + CO,+HNO; +CH; + Steam @

After the deposition process, the thin films were thoroughly analyzed and characterized to assess their properties and potential
applications.

2.2. Characterization and film analysis

The Bruker X-ray diffractometer (model: D8 Advanced) has been used to study the structural characteristics of CdO and Al-Zn
double doped thin films. CuKa (K = 1.5406 A °) X-ray radiation was utilized to examine every sample between 20 and 80 diffraction
angles at 25 °C. The average crystallite sizes of CdO and AZCO were determined using the Debye-Scherrer equation (3) [18].

Ki

:[1 cos 0 ®

where D is the crystallite size, A is the X-ray wavelength (1.5406 A °),  is the full width at half maximum (FWHM) of the peak (111), 6 is
the Bragg angle and K depends on the crystallite shape and the size distribution, indices of the diffraction line, and the actual definition
used for b whether FWHM or integral breadth [14]. Here we have used a K value of 0.94 representing an estimation of our obtained D
value.

To determine the lattice constant parameter a, cell volume V, strain ¢, and dislocation density 8, the peak intensity related to the
(111) plane has been used. The values of a, V, ¢, and & were calculated using relations (4)-(7) [19].

a

d=— 4
V2 + k2 +12) @

V=d’ (5)

_Pcos@

== (6)

Table 1
Sprayed solution composition.
Sample Solution composition
Cdo 100% [Cd CH3(COO0)5].2H,0 solution
AZCO-1 2% [Zn (CH3(COO0),].2H,0 solution + 3% Al (NO3)3 solution +
95% [Cd CH3(COO0)2].2H,0 solution
AZCO-2 3% [Zn (CH3(C0O0),].2H,0 solution + 3% Al (NO3)3 solution +
94% [Cd CH3(CO0),].2H,0 solution
AZCO-3 4% [Zn (CH3(COO0)2].2H,0 solution + 3% Al (NO3)3 solution +
93% [Cd CH3(COO0),].2H,0 solution
AZCO-4 5% [Zn (CH3(C0O0),].2H,0 solution + 3% Al (NO3)3 solution +

92% [Cd CH3(COO0),].2H,0 solution
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EVO-18 research scanning electron microscope (Carl Zeiss, UK) was used to characterize the surface morphology of the films.
Elemental information is obtained from Energy-dispersive X-ray spectroscopy (EDS) machine (JCM 6000Plus).
The optical transmittance (T), and absorbance (A) of undoped and Al-Zn dual-doped CdO films were investigated using a
UV-visible double-beam spectrophotometer (UV-2600) operating in the wavelength range of 300-1200 nm at room temperature.
The following equation (8) well-known Tauc law is used to calculate the optical bandgap of the samples. where « is the absorption
coefficient, A is a constant, h is the plank’s constant, v is the frequency of light, Eg is the optical band gap and n is a constant [13].

®

ahv=A(hv — E,)"
The absorption coefficient values were measured by using the following equation (9) where T is the transmittance and d is the film
thickness [20].
_nz

a=— ()]

By using the following equations (10) and (11), extinction coefficient(k) and refractive index(n;) have been measured, where, A is
the wavelength of light and r is the reflectance

ai
k=— 10
4r (10)
. 1+r 4r e (11)

= \a-r)

Electrical characterization was done using the four probes van der Pauw method. Silver wire was used as a contact(probe) material.
Probes were placed at a distance of 8 mm from each other and the size of the probe was 0.7 mm?2. At the mid position of the sample,
probes were placed. Then, the conductivity and resistivity are measured using equation (12) [21].

V=IR 12)
Where, I is the current and R is the resistance.
3. Results and discussion
3.1. Structural analysis

Fig. 2 shows the spectra of X-ray diffraction obtained for pure and dual-doped CdO thin films and also the peak shift of the (111)
plane. The XRD spectra of pure and dual-doped CdO samples visualized the multiple peaks at crystal faces (111), (200), (220), (311),
and (222) which indicates the polycrystalline nature of the films. The XRD spectra suggested the cubic structure for all of the samples
according to JCPDS Card No. 65-2908 and the present results are also supported by the work of Azzaoui et al. [14]. No peaks asso-
ciated with Zn, Al, or their composites such as ZnO and Al,O3 are evident here which means the samples possess no secondary phases
or segregation clarifying the incorporation of Zn and Al into the CdO lattice. Again, the similarity in the profile as obtained following
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Fig. 2. i) The XRD patterns of CdO, AZCO-1, AZCO-2, AZCO-3 and AZCO-4 and ii) peak shifting of (111) plane.
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the (111) plane for pure and zinc-aluminum co-doped samples validates that Cd>" ions are being successfully substituted. However,
there an increase in (200) plane intensity was evident. A similar phenomenon was also observed by a few researchers [14]. It is also
revealed that the preferential orientation shifted from (111) to (002) directions for 3% (Zn & Al) concentrations which means that
more atoms are aligned along this direction in that doping concentration. Afterward, the preferential direction aging changes to (111)
directions for higher doping concentrations of Zn. Besides, Fig. 2 (ii) represents the slight peak shifting for (111) due to the ionic radius
differences among the Cd%*, Zn?*, and AI>* atoms. From Table 2, it is depicted that there is a slight decrease in the lattice parameter for
AZCO-1. This is due to the decrease in interatomic spacing that occurred as a result of co-doping [14]. The phenomenon occurs when
smaller ions substitute comparatively larger ions [14].

However, the lattice parameters of un-doped and dual-doped CdO samples are almost similar. This again proves that the dopant
atoms have substituted Cd?* ions imparting no change in their crystal structure.

Fig. 3 shows the changes in the structural parameters (obtained from XRD analysis) of deposited thin films with incorporated
doping concentration.

The crystallite size of CdO is strongly affected by elemental doping (Table 2). From Tables 2 and it is observed that crystallite first
decreases with increasing Zn concentrations and attended a minimum of 10.05 nm for 3% (Zn & Al) concentration and then it shows an
increasing trend with increasing doping concentration. A significant decrease in the dislocation density was observed for AZCO-4 while
all the samples showed nearly the same value of strain.

3.2. SEM and EDS analysis

The surface morphology of un-doped and dual-doped CdO thin films are depicted in Fig. 4(a—e). In the realm of device technology
applications, scanning electron microscopy (SEM) serves as an effective means to assess surface morphology properties [22].
Employing ImageJ software, we determined the average grain diameters to be 228 nm, 207 nm, 164 nm, and 314 nm for doping
percentages of Zn ranging from 2%, 3%, 4%, and 5%, respectively. As doping percentages increase, grain size diminishes; however, at
5% doping, a notable increase in grain size was observed. At higher concentrations, particles exhibited improved dispersion, albeit
with some interconnection among them. A rough polycrystalline structure with misaligned grains emerged at the 2% doping level, a
feature of large grain misalignment crucial for electronic devices involving oxide materials [23].

To investigate the elemental composition of dual-doped CdO films, we utilized energy-dispersive X-ray spectroscopy (EDS). Fig. 5
presents the EDS spectrum for a lower concentration of co-doped film, revealing distinct peaks corresponding to Cd, O, Al, and Zn, thus
confirming the presence of co-doped elements. Notably, when employing soda-lime-silicate glass as a substrate, additional peaks
attributed to Na and Si were also detected (as shown in Table 3).

3.3. Optical analysis

The transmittance characteristics of both doped and undoped samples are presented in Fig. 6(a), revealing a discernible increase in
transmittance values up to 700 wavelengths.

However, beyond this threshold, a reduction in transmittance is evident, except for the 5% concentrated film. Notably, as the
doping percentages increase, the transmittance values also exhibit an upward trend. Intriguingly, the 4% concentrated film demon-
strates higher transmittance than the 5% counterpart. Several factors contribute to the observed decrease in transmittance. The higher
thickness of the 5% concentrated film, as reported in previous studies [15], alongside distortion induced by co-doped ions [12], larger
crystallite size [24], and decreased surface roughness [24,25] are identified as potential influencers. It is noteworthy that these factors
collectively contribute to the nuanced optical behavior observed in the transmittance spectra.

Fig. 6(b) illustrates a discernible reduction in the extinction coefficient for both doped and undoped samples as the wavelength
increases. Moreover, an intriguing trend emerges with increasing doping concentration, indicating a consistent decrease in the
extinction coefficient (k). This observation implies that heightened doping percentages contribute to a diminished light-absorbing
capacity within the material. Consequently, this phenomenon enhances energy conversion, thereby improving the overall perfor-
mance of the optoelectronic device. The diminished extinction coefficient and decreased light absorption in the doped materials
establish their suitability for efficiently transmitting light through the window layer and into the active regions of the solar cell [26].

Table 2
Obtained structural (XRD) parameters of pure CdO, AZCO-1, AZCO-2, AZCO-3, and AZCO-4 thin films along (111) plane.
Sample Value of 20 at  Crystallite size Crystallinity ~ Dislocation §*10-3 Strain Lattice constant, Volume of unit FWHM,
(111) (nm) % (lines/m?) £41073 a(A) cell, A® 1072
Cdo 33.83 13.98 42916 5.109 2.46 4.585 96.386 10.359
AZCO- 33.69 12.95 61.165 5.960 2.67 4.572 95.569 11.188
1
AZCO- 33.79 10.05 56.192 6.671 2.83 4.589 96.386 11.836
2
AZCO- 33.78 12.807 53.087 6.096 2.70 4.589 96.639 11.314
3
AZCO- 33.81 17.407 46.151 3.300 1.99 4.586 95.569 8.325
4
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Fig. 3. Variation of crystallite size, dislocation density and strain of the un-doped and (Zn-Al) dual-doped CdO thin films.
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Fig. 4. SEM images of pure (a) CdO, (b) AZCO-1, (c) AZCO-2, (d) AZCO-3, and (e) AZCO-4 thin films.

This crucial optical characteristic underscores the potential of doped thin films to optimize energy conversion processes, positioning
them as promising candidates for enhancing the efficiency of solar cell applications.

For direct band gap n = 2. The energy band gap of the doped and co-doped films was determined using equation (9), and the values
obtained were 2.611, 2.629, 2.64, 3.19, and 3.84 eV, respectively, as shown in Fig. 6(c).

The investigation into the band gap of the thin films reveals a noteworthy increase with escalating doping percentages. This
observed trend aligns with expectations, as the introduction of AI** imparts an additional electron into the lattice, creating an impurity
band below the conduction bands. Consequently, the Fermi level penetrates the conduction band, leading to an expansion of the band
gap widely recognized as the Moss—Burstein effect.

Corroborating this finding, Zaoui et al. [27] elucidated the impact of Zn doping in CdO, proposing that Zn?* ions replace Cd*" ions
in the lattice, resulting in an augmented band gap. The theoretical predictions align seamlessly with our X-ray diffraction (XRD)
analysis, particularly noting a rapid increase in band gap values at 4% and 5% Zn concentrations. This suggests the effective sub-
stitution of Cd ions within the CdO lattice by Zn and Al ions. Surprisingly, the observed increase in band gap values persists even with
higher concentrations of Zinc, indicating a successful incorporation of Zn and Al ions into the CdO lattice. This increase in band gap can
be attributed to the concurrent rise in free electron concentration within the films [16]. Although CdO is recognized for its narrow
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Fig. 5. EDS graph of fabricated AZCO-1 thin film.

Table 3
Elemental information obtained from EDS in
terms of mass% and atom% of AZCO-1.

Element Atom %
0] 65.35
Na 1.77

Al 0.99

Si 14.15
Zn 1.13

Cd 16.61

energy band gap [17], the process of doping facilitates the widening of the band gap, rendering it more suitable for diverse appli-
cations, notably in solar cells and other optoelectronic devices [17]. Higher band gap values are particularly valuable in military, radio,
and power conversion applications as they allow for higher voltages, frequencies, and temperatures to be handled efficiently. The
heightened band gap values, particularly notable in the 4% and 5% Zn concentrations, hold significance for applications in military,
radio, and power conversion, enabling efficient handling of higher voltages, frequencies, and temperatures. This optical analysis
underscores the tailored tunability of CdO thin films through doping, enhancing their suitability for a spectrum of technological
applications.

Fig. 6(d) provides insight into the wavelength-dependent refractive index of undoped and co-doped CdO thin films. Notably, as the
wavelength extends, the refractive index values exhibit an initial increase, reaching a critical point where a subsequent decline occurs.
Up to a wavelength of 600, the refractive index of CdO films demonstrates a consistent rise with increasing Zn doping concentration.
This trend is attributed to the heightened surface roughness of the films, a conclusion supported by the SEM.

However, beyond the 600-wavelength point, a convergence is observed among all concentrated films, resulting in similar refractive
index values. This aligns with findings reported by W. Azzaoui et al. [14] in a study encompassing both undoped and 3% co-doped CdO
films within the same wavelength region. In parallel, Fig. 6(e) illustrates that an increase in doping concentration correlates with a
decrease in the absorption coefficient as the wavelength increases. This intricate relationship underscores the interplay between
doping concentration and optical properties, offering valuable insights into the nuanced behavior of CdO thin films in different spectral
regions. The observed trends in refractive index and absorption coefficient contribute to a comprehensive understanding of the optical
characteristics of co-doped CdO thin films, providing a foundation for their potential applications in optoelectronic devices and other
relevant technologies.

Fig. 6(e) illustrates the variation of the absorption coefficient with wavelength. A discernible decreasing trend in the absorption
coefficient is observed with an increase in doping concentration. Simultaneously, a consistent decline in reflectance is noted after
reaching a short-lived maximum. The observed alterations in reflectance align with corresponding changes in the film’s characteristics,
emphasizing a clear correlation. The diminishing absorption coefficient and reflectance patterns are indicative of the tailored optical
behavior achieved through the modulation of doping concentration. This nuanced control over optical properties holds significance,
particularly for applications requiring films with low reflectivity and higher transmittance values. Such characteristics are notably
advantageous for window layer applications, as emphasized in previous studies [15].

3.4. Electrical analysis

Fig. 7 illustrates the variation in resistivity with doping concentration. These results have been compared in Table 4 with data
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Fig. 6. Variation of (a) optical transmittance, (b) extinction coefficient, (c) optical band gap with photon energy, (d) refractive index, and (e)
absorption coefficient of deposited thin films.

reported in previous studies employing different techniques and dopants.
The resistivity of the films exhibited a decreasing trend as the Zn doping concentration increased up to 3%. However, beyond this
point, with further increases in Zn concentration, the resistivity began to rise. Notably, the highest conductivity was observed at a 2%

Zn concentration, which was attributed to the enhanced crystallinity identified through XRD analysis. This improved crystallinity
played a pivotal role in reducing resistivity.
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Fig. 7. Comparison of resistivity and conductivity of pure CdO, AZCO-1, AZCO-2, AZCO-3 and AZCO-4 films.

Table 4
Comparative analysis between (Zn-Al) dual-doped CdO thin films and previously published works.
Sample Transparency (%) Calculated or experimentally obtained conductivity, Method Reference
(600-800 nm) S/cm
CdO (0 wt %) 44-59 2.07 x 10° Spray Pyrolysis Present Work
CdO (4% Zn 3% Al) 57-65 1.44 x 10° Spray Pyrolysis Present Work
CdO (3% Zn 1% Al) 50-68 7.57 x 10° Spray Pyrolysis [14]
CdO (4% Sr) 30-49 1.30 x 10° Spray Pyrolysis [21]
CdO (2.5 wt%Zn,4 wt% Co) 79-80 0.077 x 10° Spray Pyrolysis [12]
CdO (2.5 wt%Zn,2 wt% Co) 80-82 0.054 x 10° Spray Pyrolysis [12]
CdO: Al (5 at. %) 63-82 0.370 x 10° RF sputtering [7]
CdO: Al (2 at. %) 69 at 30 °C 35.571 x 10° Pulsed Laser Deposition [28]

Subsequently, as the Zn concentration was increased from 2% to 5%, crystallinity decreased, leading to an increase in the number of
defects within the thin films. This increase in defects resulted in higher resistivity compared to pure CdO. It was observed that Zn**
ions, occupying interstitial positions, acted as traps for free carriers, contributing to the observed increase in resistivity [29].

4. Conclusion

In this study, Zn—-Al dual-doped cadmium oxide (AZCO) and undoped cadmium oxide (CdO) thin films were successfully deposited
on glass substrates using the spray pyrolysis method at a deposition temperature of 325 °C. Our investigation revealed that the
concentration of Zn doping significantly influences the morphological, optical, electrical, and structural characteristics of the CdO thin
films. X-ray Diffraction (XRD) analysis confirmed the films’ cubic shape with a polycrystalline nature, where a noticeable change in the
(100) peak and EDS results verified the successful doping of our samples. SEM analysis highlighted morphological changes, presenting
rock-like structures with dual-doping concentrations of Zn and Al. The optical properties of the films were characterized using
UV-visible spectroscopy, while the four-probe method was employed to determine the electrical resistivity. Our results demonstrated
that AZCO-1 exhibited the highest percentage of crystallinity and electrical conductivity. Conversely, AZCO-5 exhibited the highest
crystallite size and band gap. This research underscores the profound impact of varying concentrations of Zn and Al on the properties of
CdO deposited on glass substrates. The versatility of these films positions them for applications in optoelectronics and thermal barrier
coatings. The successful manipulation of the film properties, especially in terms of crystallinity, electrical conductivity, and band gap,
opens avenues for tailoring these materials to specific technological requirements. Overall, our findings contribute valuable insights to
the design and utilization of Zn-Al dual-doped CdO thin films for diverse applications in materials science and technology.
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