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Abstract 

In this study, a straightforward chemical spray pyrolysis method was used to develop undoped and Cerium (Ce) doped Cadmium oxide (CdO) thin films onto previously cleaned glass substrates. It is documented how different Ce-doping levels affect the structural, morphological, and transport (optical and electrical) capabilities of CdO thin films. The thickness of the films was evaluated using cross-sectional SEM images, which showed that the thickness of the films ranged from 360 to 480 nm, with an average thickness of 420 nm. With increasing concentrations of Ce doping, slight morphological abnormalities are seen. According to estimates, the energy band gap values for 3 to 7 weight percent Ce doped CdO thin films are in the range of 2.47 and 2.50 eV. The defect-related luminescence is shown by the wide emission seen in the photoluminescence spectra of CdO thin film (550–650 nm). For 5 wt% Ce-doped CdO thin films, a low resistivity (10-4 cm) and high conductivity (104 cm-1) are seen. The findings of the light responsivity investigations showed that the photoresponse increased as the amount of Ce ions in the CdO thin films increased. The thin films displayed up to 70% photo responsiveness.
1.  INTRODUCTION 

Material science in the future explores the extraordinary properties of novel materials, novel phenomena, and the utilisation of such materials in novel applications. Oxide materials give several potential as well as challenges. Future study might focus on understanding their properties, ferromagnetism at room temperature, and phonon-aided processes. Doping also gives a wide variety of weak magnetic properties, making them attractive for spintronic applications. [1.2]. The II-VI family of metal chalcogenides, which includes CdO, is an excellent n-type material with a wide variety of uses [3-5]. Because of their numerous optoelectronic applications, such as transparent conducting oxide (TCO), smart windows, solar cells, optical communications, flat-panel displays, and photo-transistors, as well as other uses such as infrared (IR) heat mirrors, gas sensors, low-emissive windows, thin-film resistors, and so on, more emphasis has been placed on pristine and doped CdO thin films over the last ten years[6-12]. Numerous studies describe the doping of CdO films with transition or rare earth metallic ions to adjust their optical and electrical characteristics [12,13]. The enhancement of electrical characteristics and decline in optical properties of metal-doped CdO films produced through vacuum evaporation technique and spray pyrolysis, respectively, were reported by Dakhel [14,15], Ravikumar et al [16, 18, 19], Helen et al [17, 21,] and Velusamy et al [20]. For the large-area deposition of any binary or ternary semiconducting compound with exceptional characteristics, spray pyrolysis is a straightforward and practical method, especially for TCO materials [16–23]. Ce exists in two valence states: Ce3+ and Ce4+. Due to the matching ionic radius in the crystal structure of CdO, Ce4+ ions can replace some Cd2+ ions. The ionic radii of Ce3+ and Ce4+ are 0.103 and 0.087 nm, respectively, and Ce has a coordination number of 6. This demonstrates that Ce4+ is more likely to occupy metallic sites through the screening effect due to its lower ionic radius compared to Cd2+, which is 0.097 nm [20]. Spray pyrolysed Ce doped CdO thin films with a doping concentration of less than 0.9 wt% percent were the subject of experiments by Velusamy et al. [20]. Our group has reported the spray pyrolysis of Mo-doped CdO thin films using a traditional spray method [21]. As a result, Ce atoms are added to CdO thin films in this study by changing the composition of the CdO spraying solution with relatively higher concentrations of Ce precursor (3wt%, 5wt%, and 7wt%). The effect of different levels of Ce-doping using a traditional spray system on the structural, optical, morphological, and electrical properties of these thin films is then investigated.
2. EXPERIMENTAL TECHNIQUES
Spray pyrolysis was utilised to deposit CdO and Ce-doped CdO thin films on clean glass substrates. The pyrolysis system was a spraying Holmarc Model No. H0-TH-04. After multiple depositions, the different deposition parameters, including as spray rate, substrate temperature, dopant concentration, and nozzle-substrate distance, are optimised to efficiently regulate the film growth. An ultrasonic cleaner was used to clean the glass substrates prior to deposition. They were then placed on a substrate holder that was consistently held at 400 °C for all of the depositions. A space of 18 cm was maintained between the spray nozzle and the substrate to provide a uniform covering of films. For the creation of CdO thin films, cadmium acetate dihydrate (Cd(CH3COO)2•2H2O) was employed as the precursor material. Using distilled water and methanol in a 1:1 ratio as a solvent, 0.1 M of cadmium acetate dihydrate was created. Cerium chloride heptahydrate at the proper concentrations (Sigma, 99.9% purity) was utilized to make doped films. The cerium chloride solution's weight percentage was changed to 3, 5, and 7 wt%, respectively. Apart from the dopant system, the deposition conditions were kept constant. Using air as the career gas, the formulated solution was sprayed over the heated glass substrates. Many sets of films have been made for each concentration, and structural, optical, and electrical experiments have been done on them. An X-Ray Diffractometer (Pananalytical Xpert pro X) was used to measure the structural characteristics while utilizing CuK. Energy-dispersive X-ray spectroscopy (EDS) was utilised to determine the composition of the spray-coated thin films, and scanning electron microscopy (SEM - Hitachi Japan) was employed to examine the surface shape and thickness. UV-Vis spectrophotometer was used to investigate optical characteristics (JASCO V-670). A Hall-effect instrument (ECOPIA HMS 3000) and an I-V characterization set-up (NI PXI - 1044) were used, respectively, to characterize the electrical properties of thin films.
3. RESULT AND DISCUSSION
3.1 Structural studies
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Figure. 1 XRD patterns of cubic undoped and Ce doped CdO thin films 
The typical XRD patterns for the produced undoped and Ce-doped CdO thin films are shown in Figure 1. The X-ray diffraction peaks for crystallographic planes (111), (200), (220), and (311) may be seen. It is revealed that CdO thin films are polycrystalline. The diffraction peaks correlate with JCPDF card No. 05-0640, which is part of the cubic crystal structure of CdO, and the peak that is most intense for undoped CdO thin films is along the (111) plane. However, the adjoining peak to the (111) plane, or the (200) peak intensity, changed as a result of Ce inclusion (111). This might be related to the crystallisation process in the production of polycrystalline thin films, and it could be produced by micro-strain fluctuations generated by doping. The difference between the ionic radii of the Ce3+ or Ce4+ impurities and the host Cd2+ ions is what causes the microstrain, which is caused by doping. The favored orientation changed from the (200) plane to the (111) plane for the reduced Ce-doping (3 wt%) in the precursor solution. The favored orientation returns to the (200) plane with increasing doping doses. This is due to the random alteration of the nucleation and growth process of the deposited CdO thin films caused by the replacement of Cd2+ by Ce3+ or Ce4+ ions inside the CdO lattice[15]. Using standard methods, the diffraction data were used to determine the crystallite size or crystalline length (D), texture coefficient (TC), dislocation density (δ), and microstrain (ε).   The size of the crystallites in CdO thin film is calculated using Debye Scherer’s formula from the XRD data;    
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where D is the grain size, β is the FWHM of the observed peak, λ is the wavelength of the x-ray, and θ  is the angle of diffraction [22]. It is observed that the crystallite size varied from 23 to 9 nm with a progressive decrease with the increase in Ce- doping concentration. The dislocation density (δ) defined as the length of dislocation lines per unit volume, is estimated using the equation;
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where δ measures the number of faults in a crystal.

For dopant concentrations of 3 and 5%, a larger dislocation density value implies that there are more faults in the films. Utilizing the usual relation, strain is determined,
ε = β cos θ/4  (3)
The texture coefficient is calculated using the formula [23]   
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where N is the reflection number, I is the measured intensity of the (h k l) plane, and I0 is the standard intensity. The preferred orientation along a chosen plane is implied by the TC divergence of that plane from unity. According to the computed TC values shown in Table 1, all of the films appear to have a value larger than unity, indicating that the thin films are well-textured. According to the investigations, the rise in the TC value for the (200) plane, from 1.587 to 2.079 about the concentration of cerium, indicates that the surface preparation has become more texturized. Indicating a rise in disorder at the lattice sites for doped films, the computed stacking fault "values of CdO films point to increased stacking fault for the (200) plane. In crystals that are devoid of any flaws, the local strain (microstrain) corresponds to small atomic displacements about their locations.
Williamson-Hall technique was used to understand the role of microstrain in crystallite size. Drawing the Williamson Hall plot does this. This method accounts for the crystal size of the crystallites as well as the crystallographic distortions brought on by Lorentzian intensity distributions. As established in figure 2, (β cosθ)  versus (4sin θ) plots a straight line with a y-intercept corresponding to the inverse of the regular crystallite size (DW–H) and the slope relating to the average value of the microstrains. These values were evaluated and then provided. The y-intercept makes it possible to calculate the average crystallite size. With the other crystallite metrics in Table 1, they exhibited a correlation. The investigations showed that doping increases the number of strains in the body. Without altering the system volume, the surface is rebuilt by the sacrifice of various metallic or unoccupied sites at the expense of crystallite size. The W-H estimate for the 7% system is somewhat bigger than typical Debye estimates. This could be related to the thin film's greater thickness. Williamson-size-strain Hall's plot (SSP) approach takes the widening of peaks into account as a function of the diffraction angle (2θ), which is supposed to reflect the combined impact of size- and strain-induced broadening. Debye Sherrer, however, merely approximates the size and form of grains. As a result, the estimates produced by these two methodologies diverge.
Doping often doesn't result in any change and only very slight variations in shape and intensity are seen. We show the environment and thin film deposition conditions. The qualities dependent on deposition variables are cited as the cause of the variability. More ions can occupy metallic sites thanks to an increase in the dopant ion concentration. Conditions for spray pyrolysis favor homogenous ion distribution and subsequent reactions.
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Figure 2 W-H plot of Ce doped CdO film
Table 1 Structural parameters of Ce: CdO thin films
	Percentage of doping (%)
	2θ (200)

Degree
	FWHM

(Radian)
	D 

(nm)
	D W-H

(nm)
	Microstrain using  formula
(x10-3)


	Lattice strain
using  W-H plot 

(x10-3)
	Dislocation density
(x1015)m-2
	Texture coefficient


	Stacking fault probability (α)
	Thickness

(nm)

	0
	38.39
	0.360
	23
	29
	1.483
	5.08
	1.832
	1.587
	0.0032
	360

	3
	38.47
	0.733
	11
	13
	3.019
	5.77
	7.579
	1.327
	0.0605
	376

	5
	38.51
	0.772
	10
	12
	3.180
	2.14
	8.405
	2.079
	0.0731
	468

	7
	38.53
	0.851
	9
	23
	3.505
	3.00
	0.102
	1.543
	0.0794
	480


 3.2 Morphological Studies
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Figure 3(i)
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Fig 3 (ii)
Figure 3(i) FE-SEM Micrographs of pure and Ce doped CdO thin films (a) 0%, (b) 3% (c) 5% (d) 7% respectively Figure 3 (ii) The cross sectional image of pure and Ce doped CdO thin films (a) 0%, (b) 3% (c) 5% (d) 7% respectively
Undoped CdO thin film has uniformly dispersed, spherical-shaped grains on its surface. Figures 3(i) and 3 depict the films deposited from 3, 5, and 7 weight percent cerium doped CdO surface microstructures (ii) In 3 weight percent Ce doped film, the surface becomes smoother with more agglomerations, and in 5 weight percent Ce doped film, the grains get larger. Smaller-sized grains may be seen on the surface of the film doped with 7 weight percent of cerium, and the surface microstructures reveal microscopic gaps in the stacking. The film's thickness ranges from 360 to 480 nm and was determined using cross-sectional SEM images, as shown in Table 1.
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Figure  4 EDAX spectra of Ce doped CdO films

Figure 4 displays the EDAX spectra for typical Ce-doped CdO films at various dopant concentrations. The existence of Cd (L spectral lines), O (k spectral lines), and Ce (L spectral traces) is thus made evident. There is also Si from the glass substrate. There are no additional impurities found. The relative weight and atomic ratios of Cd, O, and Ce were determined by their intensities, in that order. Table 2's measurement of the ratios demonstrates unequivocally that Ce was present in the spray-deposited doped CdO thin films. The number of atoms in a sample determines the atomic percentage. The investigations show that there are fewer dopant atoms on the surface than was anticipated. However, the spray method's adaptability to change the chemical composition of the spraying precursor solution can change the number of Ce atoms in the films.
Table 2 Elemental composition of Ce doped CdO films
	Ce doping concentration
	Percentage of Element

Wt%
	Percentage of Element

at%

	
	Cd
	O
	Ce
	Cd
	O
	Ce

	0%
	87.68
	12.32
	0.00
	50.32
	49.68
	0.00

	3%
	84.24
	13.79
	1.98
	46.11
	53.02
	0.87

	5%
	83.78
	13.17
	3.05
	46.87
	51.76
	1.37

	7%
	81.93
	12.64
	5.43
	46.79
	50.72
	2.49


 3.3 Optical properties 
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Figure 5 Optical transmittance of undoped and Ce doped CdO thin films
Figure 5 displays the optical transmittance spectra of Ce-doped and undoped CdO thin films deposited on glass substrates. The deposited Ce-doped CdO films have high optical transmittance of around 80% in the non-absorption area, and this optical transmittance rises with increasing Ce concentration in the longer wavelength region. Due to the Ce doping, a blue shift in the absorption edge is seen. Band gap widening, often known as the blue shift of the absorption zone, is explained by the Moss-Burstein phenomenon [13]. The band gap widening in degraded semiconductors may have been brought on by the elevation of the Fermi level up to the conduction band. A blue shift in the absorption edge may result from this. The following method is used to calculate the absorption coefficient (α) as a function of wavelength (λ).
[image: image10.png]a(?) =71n(3)



                      (5)

where t is the thickness of the films and T is the transmittance. The following equation describes the relationship between the and the incident photon energy (hv).
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where "m" is an index that varies depending on the kind of optical transition, "A" is an energy-independent constant, "Eg" is an optical band gap, and When the transition is direct-allowed, direct-forbidden, indirect-allowed, or indirect-forbidden, the value of m is 1/2, 3/2, 2, and 3, respectively. Since CdO is known to be a direct-allowed semiconducting material based on theoretical and experimental findings, m is set to 2. By projecting the linear part to the h axis from the (hv)2 versus h plot (Tauc's Plot), the direct optical band gap has been calculated.  Figure 6 depicts the sketched version of Tauc's plan. For CdO films that are 3 to 5 weight percent doped, the energy band gap values are 2.47 and 2.50 eV, respectively. The blue shift is shown by the observed widening of the band gap caused by Ce doping in CdO films. 
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Figure  6 Energy bandgap of undoped and Ce doped CdO thin films
3.4 Photoluminescence studies 
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Figure  7 PL spectra of Ce doped CdO films
The PL spectra of thin Ce-doped CdO films are shown in Figure 7. To excite evenly, 320 nm of light was employed as the light wavelength. The undoped and Ce-doped CdO thin films' PL spectra show a variety of emission characteristics. Figure 7 illustrates how the strength and location of the PL emission peak alter as the doping concentration changes. In the system with this excitation, the near edge emission linked to the CdO host is missing or not dominating. The ionised oxygen vacancies in the CdO thin films may be the cause of the deep-level or trap-state emission that gives rise to the CdO film's highly strong PL peak at 590 nm (orange emission). The peak's strength rises as the doping concentration rises. The defect-related luminescence peak is shown by the broadband emission that was seen (550–650 nm) in the photoluminescence spectra of CdO thin film. Overwhelming host emissions, the major mechanism is the radiative transitions between oxygen vacancies or Cd interstitials acting as shallow donors and Cd vacancies serving as deep acceptors. The emission mechanism in PL is dominated by excitable traps, which accounts for the lack of blueshift. These cheap-cost prepared thin films have the appealing property of having such excitable traps or flaws.
3.5 Electrical properties 
The deposition of films has been demonstrated to be strongly conducted by electric tests. Numerous electrically related characteristics, including carrier concentration (n), carrier mobility (μ), and resistivity (ρ), of unmodified CdO and Ce-modified CdO films are calculated using Hall measurements and depicted graphically in figures 8 and 9, respectively. The n-type conductivity of the films is verified by the Hall coefficient's negative sign. As a neutral contaminant, Ce3+ works to enhance neutral impurity scattering, which in turn lowers carrier concentration and mobility and alters surface shape. For 5% Ce-doped CdO thin films, a high carrier concentration of 1.54 1021 cm-3 is attained.
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Figure  8 Mobility and carrier concentration of Ce doped CdO

For 5-weight percent Ce-doped CdO thin films, low resistivity (1.02× 10-4 cm) and high conductivity (9.84 ×103 cm-1) are reported (Figure 9). Because Ce3+ replaces Cd2+ in the CdO lattice, more electrons are produced, leading to an increase in carrier concentration.
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Figure  9 Resistivity of undoped and Ce doped CdO thin films 
  3.6 I-V characteristics under light illumination 
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Figure  10 I-V characteristics under dark and light illumination of undoped and 

Ce doped CdO thin films 

Figure 10 depicts the typical I-V properties of undoped and Ce-doped CdO thin films under dark and light illumination. The I-V values during illumination were recorded using halogen light. It has been noted that the films display ohmic behavior, demonstrating the material's excellent conductivity. The extra photogenerated charge carriers present in the film are also shown to have boosted conductivity for the film at Ce 5% of doping level to (70% on illumination.
 4. CONCLUSIONS

Investigations have been made into the impact of Ce-doping at different concentrations on the structural, morphological, optical, and electrical characteristics of CdO thin films produced via spray pyrolysis. Studies of the structure show that it is polycrystalline and has a cubic structure. The size of the crystallites changes depending on the Ce doping level, from 11 to 9 nm. The films are homogeneous, with spherical-shaped grains, as seen by SEM. EDAX research has verified the existence of Ce atoms in doped films. High transmittance of nearly 80% is displayed by ce-doped CdO films in the longer wavelength range. For 5-weight percent Ce-doped CdO thin films, low resistivity (1.02× 10-4 (cm) and high conductivity (9.84× 103 (cm-1) are reported. Due to the extra photogenerated charge carriers produced in the film, 5% of Ce doping level exhibits an improved conductivity up to (70% under illumination. The investigations showed that the spray pyrolysis technique may be used to create Ce-doped CdO thin films with improved TCO and photogeneration capabilities.
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