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This study focuses on the production and analysis of nanostructured CdO films co-doped
with zinc (Zn) and copper (Cu) using the sol-gel spin coating technique. X-ray diffraction
analysis revealed that these films have a cubic crystalline structure typical of CdO. Surface

morphology showed that both the doping ratio and the type significantly influence the
microstructure of the films. The presence of O, Cu, Cd, and Zn in the initial solution was
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confirmed. The absorbance values of the prepared samples exhibit a positive correlation
with the Cu content. In addition, the energy gap values were shown to be dependent on the
Zn:Cu ratio. Conductivity, measured via the Hall effect, increased notably with Cu doping up
to a 10% ratio. The results demonstrate the impact of Zn:Cu co-doping on the structural,
optical, and electrical properties of CdO films, indicating their potential for optoelectronic
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1. Introduction

Owing to their unparalleled properties for various
nanotechnology applications, transparent conducting
oxides (TCOs) have garnered considerable
technological and scientific interest [1-3]. Cadmium
oxide (CdO) is a significant constituent of the
transparent conductive oxide (TCO) group, garnering
considerable contemporary interest because of its
noteworthy electrical and optical characteristics. CdO
is classified as an n-type semiconductor because of its
notable electrical conductivity. In addition, it shows
exceptional optical transparency within the visible
spectrum. CdO possesses a direct band gap energy
ranging from 2.2 to 2.7eV [4]. The characteristics of
CdO films make them advantageous for several
applications, including but not limited to smart
windows, heat mirrors, gas sensors, phototransistors,
and optical communications [5-10].

By doping CdO films with varying metallic ions,
the morphological, optical, and structural properties
of the films can be changed. The process of
introducing ionic impurities into CdO films results in
substantial modifications to the band structure and,
S0, the physical properties. The process of introducing
ions with radii different from those of Cd?* into CdO,
known as doping, can be achieved by incorporating
ions such as Mn, Pr, Al, Cr, Ce, Sn, and Gd, resulting
in significant improvements in bandgap energies as
well as morphological and structural properties [11-
14]. Therefore, doping is typically associated with
improving the electrical and optical characteristics of
CdO films. The practice of employing two different
dopant ions on a single CdO film, commonly referred
to as double doping, is being investigated, has
recently been seen to result in CdO films with unique
properties [15-17].

Metal-organic  chemical vapor  deposition
(MOCVD) [18], successive ionic layer adsorption
and reaction (SILAR) method [19], spray pyrolysis
[20], pulsed laser deposition [21], RF magnetron
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sputtering [22], chemical bath deposition [23], and
sol—gel processes [24] have all been reported for CdO
thin film deposition. The sol-gel spin coating method
has several advantages, including simplicity,
composition control, and homogeneity [25]. Sol-gel
method Zn:Cu co-doped CdO films have not been
reported in the literature, to the best of our
knowledge. Therefore, this study focuses on
assessing the effects of Zn and Cu co-doping on the
morphological, structural, electrical, and optical
characteristics of CdO films. Here, we present a
detailed examination of the properties of
nanostructured CdO thin films co-doped with Zn and
Cu for the first time.

2. Experimental Work

Using the sol-gel spin coating method, we
prepared pure and co-doped CdO thin films on glass
substrates. Cadmium acetate Cd(CH3;COO);-2H:0,
was dissolved in 10 ml of 2-methoxyethanol to form
a 0.5M solution. Copper acetate
Cu(CH3C00),-2H,0 and zinc acetate
Zn(CH3CO0);-2H,0 were added to this solution in
varying Zn:Cu ratios (10% Zn, 7.5% Zn:2.5% Cu, 5%
Zn:5% Cu, 2.5% Zn:7.5% Cu, 10% Cu) to create a
homogeneous solution. Monoethanolamine (MEA)
was then introduced to the stirred mixture to achieve
the desired viscosity and stability. The mixture was
heated at 75°C for 2 hrs while stirring. This process
yielded a clear, light-yellow solution, which was then
left to stand at room temperature for 24 hrs.

Earlier research has shown that solution
anesthetics can improve the morphology,
crystallization, and pore structure of spin-coated thin
film electrodes [26]. Prior to depositing the solution
onto the glass substrates by spin coating, the
substrates were cleaned in an ultrasonic water bath
with diluted detergents, acetone, 99% pure ethanol,
and deionized water for 20 min, then dried with
nitrogen gas and preheated in an oven at 75°C. The
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aged solutions were filtered through a 0.1um filter to
remove any agglomerated particles, ensuring
standardized thin-film deposition by spin coating.
All samples were spin-coated at 3300 rpm for 35s
onto soda-lime glass substrates. Each layer was
covered with a 200 mL solution and dried for 15 min
on a heated plate set to 200°C. This coating and
drying process was repeated five times.
Subsequently, the samples were annealed in a furnace
at 475°C for 1 hour and gradually cooled to room
temperature. The structural, morphological, optical,
and electrical properties of the pure and co-doped
CdO thin films were characterized using XRD, FE-
SEM, UV-visible spectroscopy, and the Hall effect.

3. Results and Discussion

XRD analysis was conducted to investigate the
influence of co-doping Cu with Zn on the crystalline
structure and crystallite dimensions of CdO
specimens.
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Fig. (1) XRD patterns of CdO and (Zn:Cu) co-doped thin films

The XRD patterns depicted in Fig. (1) prove that
all the CdO samples show distinctive peaks
associated with the cubic polycrystalline structure of
CdO, as showed by ICDD card no. 75-0592. The
presence of well-defined diffraction peaks indicates a
high degree of crystallinity. The films co-doped with
Cuand Zn show a pronounced preferential orientation
along the (111) crystallographic plane, which is
comparable to the orientation saw in the original CdO
film. The Cu with Zn co-doped CdO films show
markers associated with ZnO oxide and CuO oxide,
which may be detected using an XRD setup with a
specified detection limit. New peaks were seen in
films having 10% Zn and 7.5% Zn:2.5% Cu,
specifically corresponding to the (100), (002), and
(101) planes of ZnO (ICDD 079-2205). Similarly,
three peaks were shown in films having 10% Cu and
7.5% Cu:2.5% Zn, specifically corresponding to the
(11-1), (200) and (2072) planes of CuO (ICDD 080-
1268). This implies that the successful incorporation
of Cu and Zn ions into the CdO matrix was achieved
[27]. A shift of 28 toward higher diffraction angles is
seen in the (111) diffraction, as depicted in Fig. (2).
The observed phenomenon of a slight shift in the
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diffraction peak can be attributed to the presence of
structural strain and changes in the stoichiometric
composition resulting from the process of doping.
The primary cause of this structural influence can be
attributed to the disparity in the ionic radii between
the host elements Cd*? and the dopant ions Cu*? and
Zn*2, Other researchers have also seen observed shifts
in diffraction peaks when using other doping
elements [28,29]. These findings show that a
significant portion of Cu*? and Zn*? ions were
integrated into the CdO lattice [30]. Moreover, the
variability in the placement of the peaks shows that
the lattice parameter undergoes alterations due to the
disparity in the ionic sizes of the atoms [31].
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Fig. (2) XRD patterns of the preferential orientation of CdO
and Zn:Cu co-doped CdO thin films

The crystallite sizes of the CdO thin films co-
doped with Zn:Cu were determined using the widely
recognized Scherrer’s formula below [32]:

0942
- Bcos6 (1)

In the given equation, the symbol D represents the
dimension of the crystallite,  denotes the full-width
at half maximum of the XRD peak, A represents the
wavelength of the x-ray (1.54064), and 0 signifies the
Bragg’s angle. The calculation of additional
microstructural parameters, including lattice spacing
(d), lattice constant (a), strain (€), and dislocation
density (8), can be achieved by the using of equations
(2), (3), (4) and (5) [33,34]

1 ) zi?;—%cezﬂz @)
az - a? (3)
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In the context of XRD, the variable n denotes the
degree of diffraction, 1 indicates the wavelength
associated with the XRD pattern, and 6 signifies the
diffraction angle. The values of D, ¢, and & that were
acquired are displayed in table (1). The variations in
the €, D, and & values of the CdO films are seen to be
contingent on the different doping percentages of
Cu:Zn, as depicted in table (1). The observed
phenomenon can likely be attributed to the
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replacement of Cd*? ions with Cu*2 or Zn*2ions inside
the CdO lattice structure. This substitution occurs
because the ionic radii of Cu*? (0.72A) and Zn*2
(0.74A) deviate from that of Cd*2 (0.97A) when
considering metals with a coordination number of 6
[35]. Several researchers have similarly reported
these findings [36,37]. The literature clearly sets up a
relationship between crystallite size, microstrain, and
dislocation density, indicating an unfavorable
correlation [38].

The analysis of surface morphology plays a
crucial role in understanding the surface
characteristics of nanostructured films. To investigate
the alterations in the surface morphology of CdO
films induced by double-doping, FE-SEM was
performed as in Fig. (3) as the modification of the
surface characteristics and particle dimensions of the
films by the process of doping are proved. These
images reveal that the surface of the CdO films
showed a remarkable state of roughness. The CdO
films are characterized by a significant quantity of
nanoparticles that are spread in a random manner
across the substrates made of soda-lime glass. The
morphology of the pure CdO thin film shows a
cauliflower-like shape, while the CdO thin films co-
doped with Cu:Zn exhibit nanospherical granules.
Earlier studies conducted by researchers [34] have
also saw comparable structural characteristics in CdO
films. Variations in the particle thicknesses of the
films were seen upon co-doping with Cu and Zn, as
depicted in Fig. (3). These changes showed a strong
correlation with the variations in crystallite size, as
determined by XRD analysis. The particle size values
for the films of CdO, 10% Zn, 7.5% Zn:2.5% Cu, 5%
Zn:5% Cu, 2.5% Zn:7.5% Cu, and 10% Cu are
approximately — 43.71-69.08nm,  37.07-101.5nm,

29.24-55.91nm, 36.43-267.1nm, 27.69-86.23nm, and
25.81-48.57nm, respectively.
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10% Cu
Fig. (3) FE-SEM images of the CdO and (Cu:Zn) co-doped
CdO thin films

The variation in morphologies observed can be
attributed to disparities in the electronegativity and
ionic radius between the dopants and the host metal.
These differences influence the growth process and
the crystal plane surfaces of CdO films [35,36]. The
researchers used the EDS analysis to find the
elemental compositions of the samples that were
generated. Figure (4) shows the elements in the
nanostructured CdO films demonstrating the
presence of the expected O, Cu, Cd, and Zn elements
in the first solution.

The absorption spectra for the CdO thin films and
10% co-doped CdO thin films with varying Cu:Zn
ratios (10%Zn, 2.5%Cu:7.5%2Zn, 5%Cu:5%2Zn,
7.5%Cu:2.5%2Zn, and 10%Cu) are presented in Fig.
(5). The spectra were recorded in the wavelength
range of 300-900 nm. The figure demonstrates that
the absorbance edge is consistently positioned at
approximately 500 for all samples. Moreover, there is
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a discernible pattern in which the absorption spectrum
demonstrates an upward trend as the ratio of copper
to zinc increases. The presence of elevated copper
content in the co-doped CdO films results in the
generation of supplementary energy levels situated
within the bandgap. The presence of these energy
levels enables a more effective process of light
absorption, leading to an amplification of the
absorption spectrum. Consequently, the degree of
absorbance of films becomes more prominent when
the ratio of copper to zinc in the doping composition
increases. The simultaneous incorporation of both
copper (Cu) and zinc (Zn) dopants in co-doped CdO
films results in a synergistic phenomenon. The
introduction of Cu doping results in the incorporation
of deep energy levels, while Zn doping functions as a
donor of shallow levels. Variations in the optical
characteristics of dual-doped CdO films can be
attributed to the influence of the specific Cu:Zn ratio,
which figures out the dominance of one effect over
the other. The ability to customize the composition of
CdoO thin films by adjusting the percentages of Cu and
Zn allows the optimization of these films for various
applications in optoelectronics, sensors, and other
electronic devices [39].
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Fig. (4) EDS spectra of the prepared CdO and Zn:Cu co-doped
CdO thin films
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Fig. (6) Determination of optical band gap of CdO and Zn:Cu

co-doped CdO thin films

The presence of deep energy states can confine
electrons, resulting in a marginal drop in the energy
necessary for absorption and thus a reduction in the
optical bandgap. The Moss-Burstein effect has been
identified as the underlying cause of the observed
increase in the energy gap resulting from high-
concentration doping with Zn [40]. The Moss-
Burstein effect is characterized by the phenomenon of
the absorption edge being displaced toward higher
energy levels. The observed shift can be attributed to
the filling of certain states next to the conduction
band, which occurs when the concentration of
electron carriers exceeds the density of available
states. This phenomenon results in degenerating
doping. In this phenomenon, once the concentration
of electron carriers exceeds the density of states that
are available states, all states found below the Fermi
level become occupied. As a result, the excitation of
electrons can solely occur within the conduction
band, i.e., at energy levels surpassing the Fermi level.
Consequently, the observed band gap can be
expressed as the sum of the intrinsic band gap and the
Moss-Burstein displacement [41]. This result aligns
with the outcomes documented in the citation [42].

The use of Hall effect measurement is a helpful
technique for introducing the fundamental electrical
characteristics of metal oxide semiconducting
materials, and hence assessing their appropriateness
for certain applications [43]. Hall measurements were
conducted at ambient temperature for thin films of
CdO and Zn:Cu co-doped CdO deposited on glass
substrates. The conductivity (c), carrier concentration
(nH), and carrier mobility (un) were figured out for
each film sample, and the corresponding data are
presented in table (2). The verification of the n-type
conductivity of this system was set up through the
observation of negative Hall coefficients in all thin
layers. The occurrence of this phenomenon can be
attributed to the existence of imperfections, including
oxygen vacancies and/or intrinsic interstitial
cadmium atoms, due to the strong likelihood of
ionization associated with these defects. [44,45]. The
electrons that are generated because of this process
make a significant contribution to electrical
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conduction, hence causing CdO to show the
characteristics of an n-type semiconductor. Based on
the data presented in the table, the carrier
concentration shows an upward trend as the
percentage doping level increases. Conversely, the
carrier concentration proves a downward trend as the
percentage of Cu increases but experiences an upturn
when the Cu content reaches 10%. Furthermore, the
sample with a 10% Cu content exhibits the maximum
level of conductivity.

The improvement in electrical properties
observed for the co-doped CdO thin films can be
attributed to the increase in carrier concentrations,
mobilities, and conductivities, as well as the decrease
in resistivity values. If Cu*?and Zn*2 ions are replaced
with Cd*? ions or if Cu*? and Zn*2 ions combine with
O*2 ijons, this improvement could occur. These
techniques can enhance the carrier concentration of
the deposited films by introducing an extra electron
during every incorporation [46].

4. Conclusions

In conclusion, this research effectively produced
CdO films doped with Zn and Cu using the sol-gel
spin coating technique. The films show cubic
crystalline  structure.  Significant changes in
morphology and particle size were seen with Zn and
Cu co-doping. Increasing Zn doping has raised the
optical bandgap energy due to the Burstein-Moss
effect, while increasing Cu doping lowered it. The n-
type conductivity was confirmed in all films, with the
highest conductivity saw at a 10% Cu doping level.
These findings highlight the critical impact of dopant
type and concentration on the CdO films' physical
properties, especially the optical bandgap, pointing
towards their potential in enhancing optoelectronic
device technology.
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Table (1) Parameters of the CdO and Zn:Cu co-doped CdO thin films

Sample 20 (deg) | FWHM (deg) | D (nm) | Lattice constant (a) (A) | d-spacing (&) | Strain (¢) | Dislocation density (5) (nm?)
Cdo 33.0308 0.2430 356 4.6928 2.7097 0.001007 0.000789
10%Zn 33.1315 0.3493 24.8 4.6829 2.7017 0.001462 0.001626
7.5%Zn:2.5%Cu | 33.0966 0.3143 275 4.6840 2.7045 0.001318 0.001322
5%2Zn:5%Cu 33.1211 0.2396 36.1 4.6845 2.7025 0.001006 0.000767
2.5%Zn:7.5%Cu | 33.1665 0.3143 275 4.6790 2.6989 0.001318 0.001322
10%Cu 33.2014 0.3492 248 4.6743 2.6962 0.001461 0.001626

Table (2) Carrier concentration, mobility, conductivity type of “CdO and Zn:Cu co-doped CdO thin films

Sample nx10% (cm?)  pu(cm?v.sec) orr (Ql.ecm?)  Type
Cdo 2.1 223 0.753 n-type
10%Zn -31.40 75 3.75 n-type
7.5%2Zn:2.5%Cu -19.16 93 2.86 n-type
5%2Zn:5%Cu -13.02 110 0.61 n-type
2.5%2Zn:7.5%Cu -9.51 152 2.31 n-type
10%Cu -30.82 127 6.26 n-type
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