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This article reports the synthesis of low-cost, repeatable, and low-processing-temperature Cd-doped copper oxide
(CuO)/zinc oxide (ZnO) binary nanocomposite thin films. Binary CuO- ZnO thin film samples were fabricated
using the solution-based SILAR method. We primarily report the examination of a Cd-doping-induced
improvement in the optical and electrical performances of CuO-ZnO binary samples at room temperature by
tailoring the surface morphology and crystalline structure. The experimental results confirmed the formation of
pure nanostructured composites. The estimated Eg is approximately 2.26 eV, which increases with increasing Cd

content in the growth bath. The transmittance spectra exhibit an increase in the transmittance from 58 % to 72 %
as the Cd content increases, while the contact resistivity varies from ~2.97 to ~22.17 MQ[]. The wider optical
bandgap energy is exclusively significant for allowing the designed materials to operate at much higher tem-
perature conditions. The obtained outcome could be used to enhance the impression of photovoltaic devices.

1. Introduction

Nanostructured metal oxide (MO) thin films have attracted consid-
erable attention in the last decade because of their non-toxicity, high
stability, high surface area, abundant availability, low fabrication costs,
and favorable electrical, optical, magnetic, and catalytic properties
[1-4]. These unique properties make them excellent candidates for
various technological applications, such as gas sensors, solar cells,
lithium batteries, and photocatalysts [5-8]. Among these MOs, zinc
oxide (ZnO) is an n-type semiconductor with a wurtzite crystal lattice
structure with high exciton binding energy (~60 meV) and wide band
gap value (~3.3 eV) [9,10]. Copper oxide (CuO), another MO, is a p-type
semiconductor with a monoclinic crystal lattice structure, low energy
band gap value (~1.22 eV), and excellent chemical stability [11,12].

In recent years, instead of individual MO semiconductor materials,
studies on multiple MO semiconductors (nanocomposite (NC) MOs)
have attracted the attention of scientists. By mixing two or more MOs,
NC MO materials with excellent chemical and physical characteristics
and high technological potential can be synthesized. Combining two
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MOs such as CuO and ZnO can pave the way for new technological
applications such as solar cells, sensors, and energy storage by changing
the physical properties such as morphology, lattice structure, and size of
the resulting binary CuO- ZnO NCs [13-15].

Various methods such as sol-gel, precipitation, pulsed laser deposi-
tion, chemical vapor deposition, spray pyrolysis, hydrothermal,
magnetron sputtering, and successive ionic layer adsorption and reac-
tion (SILAR) have been used to obtain NC films [16-20]. These tech-
niques were designed to modify the composition, lattice structure, form,
and particle size of the NC films produced. Among these procedures,
SILAR is a promising method with advantages such as film thickness
control, low-temperature deposition, reproducibility, and good adhe-
sion to the substrate. In addition, SILAR is a simple, safe, and
cost-effective synthesis method [21-23].

The doping technique is an important approach for modifying the
physicochemical properties of NC oxides and is the basis for the emer-
gence of special functionalities for these materials. The incorporation of
dopant elements into the lattice of the host CuO and ZnO can signifi-
cantly affect the crystal structure and surface morphology, which affects
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on the physicochemical parameters. Therefore, some research groups
have focused on doping composite films with dopants such as Mn, Ag,
Yb, N, and Cd to improve their physical properties [24-28]. Among
these doping materials, the oxide structure of Cd (polycrystalline nature)
is an n-type semiconductor with excellent properties such as high elec-
trical conductivity ~ 10 Q7' em™!, strong carrier mobility ~ 142
em?Vls, low optical band gap ~ 2.5 eV, and wide linear refractive
index ~ n = 2.49 [29-31].

To the best of our knowledge, no studies have reported the synthesis
of binary CuO-ZnO NC films using a Cd dopant using the SILAR method.
Therefore, we used Cd as an additive material in this study. We also
studied the effect of Cd at different concentration ratios on physical
properties such as the morphological, electrical, and optical properties
of CuO- ZnO binary NC films. The details are discussed in the following
sections.

2. Experimental details

In this study, un-doped and Cd-doped binary CuO- ZnO NC films
were obtained on glass substrates using the SILAR procedure. Copper (II)
chloride dehydrate (ClyCuH402; >99.0 %; CAS Number: 10125-13-0)
and zinc acetate dehydrate (C4H190¢Zn; >99.0 %; CAS Number: 5970-
45-6) salts were used to synthesize binary CuO- ZnO films. Cadmium
acetate dehydrate (C4H190CdOg; >98.0 %; CAS Number: 5743-04-4) salt
was used to obtain Cd?* ion. All chemicals used in this study without
further purification were obtained from Sigma-Aldrich.

40 mL of 0.1 M Cly;CuH405 salt and 60 mL of 0.1 M C4H190gZn salt
were dissolved in 100 mL of distilled water to obtain a Cu?*-Zn?" so-
lution. The solution was stirred for 5 min to make it more homogeneous
and transparent. The pH of the reaction bath was optimized by adding
NH4OH (Company Sigma-Aldrich), and then the temperature of the
growth solution was raised to 85 °C and kept constant at this tempera-
ture. Glass substrates were first immersed in Cu?"-Zn?* aqueous solu-
tion and then in pure water to remove ions weakly bound to the
substrate material. The drying process was then applied in an air envi-
ronment. All these procedures were performed for 20 s. The dipping,
rinsing, and drying processes were repeated 30 times to obtain the
desired thickness of the CuO-ZnO NC films. To investigate the effect of
Cd?* jons on the physical properties of binary CuO-ZnO NG films,
different percentages (1.0 % and 2.0 %) of Cd>* were added to the Cu®*-
Zn2" solution. The above loop operations were repeated. The produced
un-doped CuO-ZnO NC and Cd-doped binary CuO-ZnO NC films were
annealed in an oven at 250 °C for 45 min.

The microstructure and surface morphologies of all produced
CuO-ZnO binary NC films were examined by field emission scanning
electron microscopy (FE-SEM) using a Zeiss Model: GEMINI 500
(Accelerating Voltage: 0.02-30.0 kV) and atomic force microscopy
(AFM) using a Park System XE7-Nanoindentasyon (High-performance
DSP: 600 MHz with 4800 MIPS). Chemical elemental analysis and
mapping were performed using an energy-dispersive X-ray spectrometer
(EDX) connected to the FE-SEM unit. X-ray diffraction (XRD) measure-
ments of binary composite films were performed using an X-ray
diffractometer (Bruker D8 Advance, using CuKa (A = 1.518 }o\), operated
at 40 kV). The AEP Technology NanoMap 500 LS 3D profilometer device
was used to determine the thickness values of the NC films by taking
measurements from different points. Optical properties, such as optical
transmission and band gap, were investigated using a Jasco V-670
UV-Vis spectrophotometer.

The chemical bonding properties of CuO- ZnO binary NC films were
examined by Fourier transform-infrared and Raman spectroscopy
methods using a PerkinElmer 400 FT-IR Spectrometer Spotlight 400
Imaging System and WITec Alpha M+ (532 nm, 785 nm), respectively.
Electrical measurements (I-V) were accomplished via a computer-
controlled Agilent B2912A SMU at room temperature and in the dark.
The transfer length method (TLM) was used to determine the electrical
resistivity. Contact patterns were created using thermally evaporated
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high-purity gold. Controlling the SMU and data processing was per-
formed using our VEE Pro-based SeCLaS software [32,33].

3. Results and discussion
3.1. Morphological properties

FE-SEM imaging was performed at different magnifications for sur-
face morphological imaging of Cd-doped and un-doped CuO-ZnO binary
NC films. Fig. 1a shows the FE-SEM images of the un-doped CuO-ZnO
binary NC thin film, and Fig. 1b and ¢ shows the images of 1.0 % Cd-
doped and 2.0 % Cd-doped films, respectively. In general, rod-shaped
ZnO nanostructures with hexagonal cross-sections were obtained in all
NC films [34]. Visualizations of these structures are marked in blue on
the figures. CuO structures are located at the bottom of the thin film but
can be observed among the ZnO structures. CuO nanostructures are
observed as structures with a flower-like appearance, similar to can-
docks in nature [35]. These structures can be seen more clearly in the
close-up images (middle) and are highlighted in red. It was observed
that doping did not cause a significant change in the CuO nanostructure,
whereas 2.0 % Cd doping caused a significant change in the morphology
of the ZnO structure. It is observed that doping affects the nucleation and
crystallization processes.

In Fig. 1c, the morphological change is noticeable at the ends of the
rod-shaped ZnO nanostructures. Studies reporting the change in the tip
parts of ZnO nanostructures due to the doping process can be found in
the literature [36]. In the cross-sections of the ZnO structures of the
Cu0-Zn0/2.0%Cd film, the distortion of the hexagonal form increases
and the rod length decreases. The film thicknesses obtained from pro-
filometer measurements are 0.41 pm, 0.38 pm, and 0.29 pm for
Cu0O-ZnO, Cu0-Zn0/1.0%Cd, and CuO-Zn0O/2.0%Cd NC films,
respectively. In particular, the morphological change in the 2.0 % Cd
contribution is compatible with the larger change in film thickness.

In addition, EDX analysis was performed for CuO-ZnO and
CuO0-Zn0/2.0%Cd thin films. Both elemental analysis and mapping
were performed on the NC films. Thus, the placement of the elements in
the NC film morphology was visualized. EDX results are shown in Fig. 2a
and b for CuO-ZnO and CuO-Zn0O/2.0%Cd binary NC films, respec-
tively. Cu, O, and Zn peaks are observed for both films, but an additional
Cd peak is observed in Fig. 2b. The weight percentages of the elements
are included in the table embedded in the figure. Observation of all el-
ements in the structure of the thin films shows that the film production
and doping processes have been successfully carried out. In the larger
general mapping image in Fig. 2b, the increase in the cyan tone on the
surface is evident, and in the mapping image representing only Cd, the
cyan tone is more intense at the ends of the rod structure. This may
support the contention that Cd is the source of the distortion in the
hexagonal section at the rod ends of the ZnO structure, which is also
mentioned in the FE-SEM images.

The surface properties of the CuO-ZnO binary NC films were further
investigated using AFM topography. Fig. 3 shows the 2D and 3D to-
pographies and some obtained parameters. Fig. 3a shows the results for
the un-doped ZnO- CuO film, and Fig. 3b and c shows the results for the
1.0 % Cd-doped and 2.0 % Cd-doped films, respectively.

The AFM images demonstrate the existence of crystalline grains that
decrease in size as the Cd percentage increases. This confirms the
nanocrystalline structure of the films, as evidenced by the decreasing
crystallite size values with increasing Cd percentage obtained from the
XRD data [37,38]. The AFM images, both 2D and 3D, demonstrate that
the grain size decreases as the film thickness decreases. This result is in
agreement with the reduction in crystallite size observed in the XRD
analysis. The reduction in film thickness is responsible for the decrease
in local grain size [39]. The roughness parameters of the composite thin
films, peak-to-valley peak height (Rpv), root mean square roughness
(Rq), average roughness (Ra), maximum peak height (Rz), skewness
(Rsk), and kurtosis (Rku), are integrated in the figure as a table. These
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Fig. 1. FE-SEM surface images of a) undoped binary CuO-ZnO, b) CuO-Zn0O/1.0%Cd, and ¢) CuO-ZnO/2.0%Cd binary NC thin films.

parameters provide important clues about the roughness of the thin film
surfaces. Surface roughness affects the progression of adsorption and
desorption processes on the film surface [40]. For example, Rku is a
measure of the sharpness of the surface profile, and Rsk provides in-
formation about the troughs (negative values) and peaks (positive
values) [41]. While Rsk is positive for the CuO- ZnO film, it is negative
for the other two Cd-doped films. It was found that Rq decreased from
87.381 nm to 72.733 nm with increasing Cd content from 0 to 2.0. That
is, the Rq value decreases with Cd doping. The decrease in Rq with
increasing Cd content is attributed to a reduction in grain size. This
suggests that Cd doping can effectively refine the surface of Cd-doped
CuO-ZnO films [42]. Similarly, the Ra value decreases from ~70 nm
for the CuO- ZnO film to ~60 nm for the CuO- Zn0O/1.0%Cd film and
decreases to ~55 nm for the CuO- Zn0/2.0%Cd film. In the FE-SEM
analysis, it was observed that ZnO nanotips transformed into a
repressed form with Cd doping, and the hexagonal cross-section was
distorted. The results can be associated with these values and support
each other. 2D and 3D topographies also clearly show that surface
roughness is affected by doping.

3.2. Structural properties

XRD images of binary CuO- ZnO binary NC films synthesized on
glass with different Cd%* contents (1.0 and 2.0 %) are shown in Fig. 4.
The diffraction lines reveal the entity of CuO and ZnO phases, which is
verified by the observed 20 values at 32.26° (110), 34.92° (111), 48.04°
(202), 68.50° (220) and 73.03° (311) for monoclinic structure CuO
(JCPDS No. 05-0661) and 20 values at 34.92° (002), 36.76° (101),
48.04° (102), 57.05° (110), 63.33° (103) and 73.03° (004) for hexag-
onal structure ZnO (JCPDS No. 36-1451) [43,44]. In Fig. 4, an intense
diffraction peak was observed at 34.92°, which corresponds to the (111)
plane of CuO and the (002) plane of ZnO. The intense and sharp peak
lines indicate that the produced binary NC films have a highly crystalline
structure. XRD analysis confirms the presence of Cd in the CuO-ZnO
composite lattice. Due to the increasing Cd>" percentages in the reac-
tion bath, CuO (111) and ZnO (002) peak intensities first increased and
then decreased. Peak intensities are given in Table 1. This change in
peak intensities may be due to the change in the CuO-ZnO lattice
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Fig. 2. EDX analysis and EDX-mapping images of a) undoped binary CuO-ZnO and b) 2.0 % Cd-doped binary NC thin films.
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Fig. 3. 2D and 3D surface topographies and roughness parameters obtained by AFM for a) CuO-ZnO, b) CuO-ZnO/1.0%Cd, and ¢) CuO-ZnO/2.0%Cd.

structure due to the different ionic radii of Cu®>*, Zn?*, and Cd*" with The average crystallite size (D) of the un-doped and Cd®"-doped
the addition of Cd" to the solution (Cu®™ = 0.57 A, Zn** = 0.60 f\, and binary CuO-ZnO NC films was calculated using Scherrer’s rule [47].

Cd?** = 0.78 A; for 4-coordination number) [45,46].
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Fig. 4. XRD patterns of binary CuO-ZnO NC films deposited at two different Cd
molar concentrations.

Table 1

Relative peak intensity, crystallite size and film thickness values of CuO-ZnO
binary NC films as a function of Cd** concentration in the growth solutions of
the SILAR process.

Sample Name Relative Peak Crystallite Size Film Thickness

Intensity (cps) (am) (um)
CuO (111)/Zn0O
(002)
CuO-ZnO 4481 25.91 0.41
Cu0-Zn0O/1.0 % 7795 22.68 0.38
Ccd
Cu0-Zn0/2.0 % 1915 19.23 0.29
cd
0.944
= (€]
pcos @

p, 4, and 0 in the equation are the full width at half maximum, X-ray
wavelength, and Bragg angle, respectively. The average D values ob-
tained are given in Table 1. As shown in Table 1, as the Cd*" concen-
tration in the solution bath increases, the D values of the CuO-ZnO
binary NC films decrease. This change in D can be attributed to the
presence of Cd%", which can regulate the pattern and size of crystallites
by affecting their growth and nucleation. Furthermore, this decrease in
D can be ascribed to the close-packed crystal structure of the composite
materials [48,49].
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3.3. FTIR and RAMAN

FT-IR and Raman spectroscopy methods were used to examine the
different vibration modes and Raman active phonon modes of the
fabricated CuO- ZnO binary NC films. Here, CuO has a monoclinic
structure, and according to group theory, they have 12 zone-center
optical phonon modes [50-52]. Nine of these modes are IR active
modes (4A,+5B,) three of them are acoustic, and six are IR active
modes. The remaining three modes are Raman mode (1Ag+2By) [53,
54]. Similarly, ZnO has six optical modes (1A;+2B;+1E;+2E5), in
which 2B, is a silent mode, optical modes E; and A; are active modes,
and 2E, is an infrared Raman active mode [55,56]. In addition, the E;
and A; active modes are divided into two phonons (Longitudinal and
transverse optical phonons (LO and TO)). In the same way, nonpolar
phonon modes are divided into two frequencies (E2 (high) and Ez ow));
and, these active modes are interrelated with oxygen atom modes and
the Zn sub-lattice, respectively [57-59]. Raman scattering occurs along
the ZnO nanorods; thus, only E3 (nigh) and A; LO are Raman active [56,
60].

Fig. 5 shows the recorded FTIR spectra of the Cd-doped (1.0 % and
2.0 %) and undoped binary CuO- ZnO samples to determine their
structural confirmations. The FTIR spectra of the prepared binary CuO—
ZnO samples were recorded in the wavenumber range 400-4000 cm
and as shown in Fig. 5, indicated the presence of many vibrational
modes.

Metal-oxide materials such as ZnO and CuO exhibit strong absorp-
tion bands in the higher frequency region (fingerprint region, below
1000 cm™1) due to the stretching modes of Cu and Zn to oxygen bonds.
Therefore, strong peaks between 455 and 852 cm ™! can be assigned to
the overlap of the typical stretching vibration modes of the Cu-O and
Zn-0O bonds [20,51,56,61,62]. In the functional group regime, the peaks
can be ascribed to residual precursors, organic contamination, and at-
mospheric CO3 on the metallic cations [56,61,63].

Fig. 6 shows the Raman spectra of the un-doped and Cd-doped
CuO-ZnO binary NC films. The co-excited CuO and ZnO Raman modes
in the Raman spectra confirm the creation of binary CuO-ZnO films. In
addition, the peak values are almost constant for all films, and no peak
observed related to the dopant atom-based compounds. This confirms
that Cd atoms have been successfully located in the host CuO/ZnO
matrix at cationic sites. These results were also confirmed via XRD
analysis.
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Fig. 5. FTIR spectrum of Cd-doped (1.0 % and 2.0 %) and un-doped CuO-ZnO
binary samples. ZnO and CuO both exhibit absorption bands in the high-
frequency region stretching modes of metal-oxide materials.
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Fig. 6. Raman spectra of Cd-doped (1.0 % and 2.0 %) and un-doped CuO-ZnO
binary samples using using the 632 nm excitation.

3.4. Optical properties

The optical properties of the fabricated CuO-ZnO NC binary thin
films were examined using UV-Vis. The optical bandgap energy is a
significant phenomenon in the optoelectronic usability of thin film
materials and is mainly dependent on the film structure and
morphology. The bandgap energy values of the CuO- ZnO binary NC
films were estimated from Tauc’s relationship (Eq. (2)).

ahy=C(hv — Eg)l/2

(2)
Where hv is the photon energy, and a is the absorption coefficient. The
(ohv)? vs (hv) plotting of bare and Cd-substituted CuO- ZnO binary NC
films are shown in Fig. 7.

The estimated bandgap value for the bare CuO- ZnO NC film is
approximately 2.26 eV, which increases to 2.77 eV after doping with Cd
in the growth bath. These band gap values have been supported by other
researchers [64-66]. The increase in optical bandgap energy corre-
sponds to the blue shift in the absorption edge of the Cd-substituted
binary CuO-ZnO NCs. The Cd-substituted binary CuO-ZnO NC thin
films reveal both maximal optical bandgap and high transmittance
among the fabricated thin film materials.

The alteration in the optical energy gap may be due to the change in
particle size, structure, and distribution with increasing Cd content in
the growth bath. An increase in the Cd content leads to a change in the
intragap impurity bands [67]. In addition, the widening of the optical
bandgap energy may be due to the combined effect of quantum size and
Burstein -Moss effects [68]. Meanwhile, a similar change in the optical
bandgap with metal doping is ascribed to the shrinkage of the Eg of the
host metal oxide materials due to the interactions between the “sp-d”
formed band electrons and the “d” localized electrons of the dopant
material [69,70].

In this research, small doping concentrations (1.0 % and 2.0 %) were
chosen to achieve positive physical enhancements, which can easily lead
to electron density changes because of the limit of solid solubility in the
solution-based growth bath. Thus the optical band gap distinctly
increased and the conductivity slightly decreased due to the extended
localization arising from the crystallinity quality and changed impurity
scattering at lower dopants [71]. Furthermore, the Eg change is funda-
mentally due to the alteration in CuO-ZnO grain boundaries, the recu-
peration of crystalline characteristics, and structural defects in the
samples [72].

The absorption edge of the fabricated thin film materials changes
with a change in the dopant concentration associated with a change in
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Cu0-Zn0O =2.26 eV
Cu0-Zn0/1.0% Cd = 2.54 eV
Cu0-Zn0/2.0% Cd = 2.77 eV
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Fig. 7. The (ahv)? vs (ho) plotting of bare and Cd-substituted CuO-ZnO binary
NC films. The estimated optical bandgap value for the bare CuO-ZnO NC film is
about 2.26 eV, which increases to 2.77 eV after being doped with Cd in the
growth bath solution. The increase in optical bandgap energy corresponds to
the blue shift in the absorption edge of the Cd-substituted CuO-ZnO binary NCs.

the carrier concentration in the conduction band according to the
Burstein-Moss effect [73,74]. This demonstrates the shift in the Fermi
level in the conduction band owing to changed charge carriers, which
influence the Eg values. Thus, the existence of Cd-dopants in the samples
influences the concentration and position of the carrier, which leads to a
widening of the bandgap energy, as we mentioned above.

The transmittance spectra of the fabricated CuO-ZnO binary NC
films are shown in Fig. 8. It was observed that the bare CuO-ZnO NC
films’ optical transmittance values were enhanced compared to Cd-
substituted samples, and the maximum rate was obtained to be
approximately 70.0 % related to 2.0 % Cd substitution.

By tailoring the bandgap energy, the conductivity properties of these
nanostructured metal-oxide-based materials can be adjusted to design
various devices, such as transistors, diodes, and other digital equipment.
The wider optical bandgap energy is exclusively significant for allowing
designed materials that utilize them to operate at much higher tem-
perature conditions [75]. This qualification is indispensable for the
design of optoelectronic devices. The obtained outcome could be used to
enhance the impression of photovoltaic devices.

3.5. Electrical properties

Fig. 9 shows the current- voltage (I-V) measurement results of Cd-
doped and un-doped CuO- ZnO binary thin films within the range of
—5 to 5 V at room temperature. All films exhibit ohmic behavior and
indicate that conductivity depends on the Cd-doping level. When
determining the resistance value of such a thin film structure, consid-
ering the effective transfer length (Leg) and specific contact resistance
(pc) rather than the properties of the bulk material gives more accurate
results.

The resistivity values of films can be precisely determined by the
transfer length method (TLM) by their nature. According to this method,
there are 3 contacts with distances I; and [, between each other (see inset
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doped CuO-ZnO binary thin films. The dc resistivity values decreased with the
Cd content. Inset shows TLM contact pattern.

in Fig. 9.) and take into the account the current crowding phenomenon

[76-78]. The relationship between the total contact resistance (R¢) and
the transfer length (L) can be expressed as follows [78].

RaLr
R, = o coth (d/LT> 3)

and
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[)L'
Ly= /=% 4)
! Rk
Here, w is the width of the contact, d is the length of the contact, and
Rgi is the modified sheet resistance under the contact. In addition,
contact resistance can be written simply as follows, depending on the
specific contact resistance (p.) [77].

P
R.=-"“coth
. LTdcot (W/Le”> 5)

In addition, assuming that the effective transfer distance is much smaller
than the width of contact (W22Lg), the total resistance (Rr) is given by

_ 2Rg Ly " Rl
w w

Rr (6)
where Rgy, is the sheet resistance outside the contact region.

In addition, Ry versus d plots (Fig. 10.) can be used to calculate of
Rsp, Rc, and L7 for the 2Rsx = Rsy condition [76,77]. Also, for the
condition L, # L, contact end resistance (Repq) is written as [77]

1
Lyw sinh (d/LT)

The lowest specific contact resistivity of 2.976x10° Q] was achieved
by un-doped binary CuO-ZnO thin films and adding Cd slightly
increased the specific contact resistivity values to 22.176x10° Q[ for
CuO-Zn0/2.0 % Cd binary films (Fig. 11a). This increase in contact
resistivity can be explained by the effect of many parameters such as
particle size, impurities, grain boundaries, and surface roughness.
Similarly, the transfer length and contact resistance increased with the
Cd content (Fig. 11(b-c)).

The conductivity properties of nanostructured thin film materials
depend on various parameters, such as structural defects, particle
morphology, and growing conditions. The same change in contact
resistance of doped thin films has been recorded by several groups
independently of the fabrication methods used during the preparation of
samples [79,80]. Regarding conductivity performances, oxygen va-
cancies play a significant role, as their increment influences the resis-
tance of CuO-ZnO binary structures. When CuO-ZnO binary films are

Rena = @

[ | CuO-ZnO -+
— — Linear Fit 1
) Cu0-Zn0/1.0% Cd /A
— — Linear Fit T _ i
A Cu0-ZnoR0%Cd 1+ 87 - -
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Fig. 10. Plot of total resistance as a function of pad distance to obtain transfer
length and contact resistance.
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Fig. 11. Total resistance (R7) (a) and plot of contact parameters p. (b), Lt (),
Reng and Rc (d) as a function of Cd content (%).

doped with Cd elements, doped Cd atoms tend to accumulate in the
grain boundaries, contributing to the oxidation process.

This decreasement in conductivity is additionally owing to the ag-
gregation of charge carrier capture sites at the grain boundaries, which
diminishes carrier mobility in the CuO-ZnO matrix. Meanwhile, the
conductivity efficiency of thin film samples in nano-scale depend on film
thickness. The sample conductivity decreases with increasing film
thickness (with growing Cd content) was ascribed to the increment in
scattering efficiency like phonon scattering and ionized impurity scat-
tering. A similar justification for rising the R, that these extra Cd ions
cannot receive convenient lattice sites to ensure free carriers, which
leads to an increment in defect states that raise the R, value [81-83].

4. Conclusion

Semiconductor structures and transparent Cd-doped CuO-ZnO bi-
nary NC thin films were fabricated. The influence of Cd-doping con-
centrations on the surface morphological, structural, optical, and
electrical characteristics was performed. The co-excited CuO and ZnO
Raman modes in the Raman spectra confirm the creation of binary
CuO-ZnO films. These results were also confirmed via XRD analyzes The
Cd-doping process led to optical bandgap widening of the bare CuO-ZnO
binary NC thin film from 2.26 to 2.77 eV. In addition, in the films, an
important change in the optical transmittance was recorded. The lowest
specific contact resistivity of 2.976x10° Q] was achieved by un-doped
binary CuO-ZnO thin films and adding Cd slightly increased the specific
contact resistivity values to 22.176x10° Q[ for 2.0 % Cd-doped sample.
The primary physical properties of CuO-ZnO binary oxides have been
enhanced with a transition metal Cd doping to apply them as a candidate
optoelectronic system. The obtained outcomes can be explained by the
p-n heterojunction interface and optoelectronic material characteristics
of CuO-ZnO binary oxide structures.
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