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ABSTRACT

In this work, Cadmium oxide (CdO) and Nickle (Ni) doped cadmium oxide (CdO: Ni) thin films have been
fabricated onto glass substrate by spray pyrolysis technique. The undoped and Ni-doped CdO thin films have been
deposited at 400 °C heated glass substrate. The films' structure, morphology and optical properties were investigated
& analyzed as a function of Ni doping level. As confirmed by different characterization, the preparade films have
polycrystalline with cubic structure. Based on the results, the pure CdO films showed sharper and more intense
diffraction patterns than Ni-doping films. Compared to the pure CdO films, the average grain size of the doped
films decreases with increasing of doping level. Furthermore, the optical properties of Ni-doped CdO thin films
showed lower absorption coefficient than pure films. However, the higher transparency of Ni-doped CdO films in
the visible region consider a good window for the most optoelectronic devices applications. The energy band gap
was tuned via Ni doping impurities and it increases as doping level increases.

Keywords: Ni-doped CdO, Spray pyrolysis, thin films, structure properties, transparent film, optoelectronic
properties

RESUMEN

En este trabajo, se fabricaron peliculas delgadas de 6xido de cadmio (CdO) y 6xido de cadmio dopado con
niquel (CdO: Ni) sobre un sustrato de vidrio mediante la técnica de pulverizacion pirolitica. Las peliculas de CdO
sin dopar y dopadas con Ni se depositaron sobre un sustrato de vidrio calentado a 400 °C. La estructura, morfologia
y propiedades Opticas de las peliculas se investigaron y analizaron en funcion del nivel de dopaje de Ni. Segln se
confirmé mediante diferentes caracterizaciones, las peliculas preparadas tienen una estructura policristalina con
forma cubica. Segun los resultados, las peliculas de CdO puro mostraron patrones de difraccion mas nitidos e
intensos que las peliculas con dopaje de Ni. En comparacion con las peliculas de CdO puro, el tamaiio promedio
de grano de las peliculas dopadas disminuye con el aumento del nivel de dopaje. Ademas, las propiedades Opticas
de las peliculas delgadas de CdO dopado con Ni mostraron un coeficiente de absorcion mas bajo que las peliculas
puras. Sin embargo, la mayor transparencia de las peliculas de CdO dopadas con Ni en la region visible se considera
una buena ventana para la mayoria de las aplicaciones de dispositivos optoelectronicos. La banda de energia se
ajusté mediante impurezas de dopaje de Ni y aumenta a medida que aumenta el nivel de dopaje.
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1. INTRODUCTION

Although Transparent conducting oxides (TCOs) have been extensively studied and improved in recent years,
combination the transparency, and conductivity in a single material or compound are still challenge for most
optoelectronic application (Mohan et al.,2023- Helen et al.,2016). The most common pure TCOs like tin oxide
(Sn0Oy), copper oxide (CuO), and/or zinc oxide (ZnO), were comprehensively studied for their promising and
potential applications in optoelectronic devices (Helen et al.,2016- Burbano et al., 2011). CdO-based TCOs received
much attention due to unique electronic properties such as high carrier mobilities, nearly metallic conductivity,
higher electron mobilities and large carrier concentrations (Burbano et al., 2011- Durmusoglu et al., 2023). CdO is
an n-type degenerate semiconductor that has a small indirect band gap (Eg) around 0.84 eV and a larger direct Eg
of 2.2 eV (Burbano et al., 2011). Due to high carrier concentrations generated, CdO a noticeable Moss-Burstein
shift that leading to extend its Eg depending on the method and/or preparation conditions (Burbano et al., 2011-
Durmusoglu et al., 2023). CdO is a simple cubic rock-salt of (FCC) type crystal structure with 4.6483 A lattice and
1.09 A ionic reduce. It considers a nonstoichiometric material due to its interstitials and/or oxygen vacancies which
is a dominant and intrinsic defect in CdO (Mohan et al.,2023, Burbano et al., 2011- Durmusoglu et al., 2023), As
TCOs, CdO was significantly used in various application including photodiodes (Wang et al., 2021), photovoltaic
(Wangetal., 2021), detectors (Zhao et al., 2018), gas sensors (Rajput et al.,2019) and as infrared plasmonic material
(Runnerstrom et al., 2017). However, as semiconducting thin films CdO relatively poor optical transparency in the
short wavelength range (Yang et al., 2005). This drawback property could limit its application as pure TCOs carrier
transport layer in planer solar cell and/or light emitted diode architecture. Thus, doping CdO with much smaller
ionic radius is still requiring for tuning the optical, structure and electrical properties (Burbano et al., 2011-
Durmusoglu et al., 2023).

Nickel impurities of 0.69 A ionic radius (Pintor-Monroy et al.,2018) was selected in the present work for doping
processing to modify the properties of pure CdO. As p-type oxides, Nickel oxide (NiO) is a transition metal oxide
with a cubic rock salt structure. It has wide band gap of (3.15-4.3) eV making the material high transparent in the
ultraviolet visible and near infrared regions (Li et al., 2023- Napari et al., 2020). In contrast with other common p-
type oxides like tin monoxide (SnQ), or cuprous oxide (Cu20), NiO is stable under ambient conditions which
makes it ideal materials to solve stability problems and commercial applications (Yan et al., 2001).

Various deposition techniques have been employed to grow undoped CdO and doped CdO-based thin films. These
techniques include a physical vapor deposition (Yang et al., 2005, Durmusoglu et al., 2023, Gulino et al.,2002),
chemical vapor deposition (Zaho et al., 2002, Matsurra et al., 1997), and chemical-based solution (Saha et al., 2008-
Thanachavanont et al., 2011). Based on chemical solution deposition, spray pyrolysis is good approach for growing
a uniform and pinhole or crack-free thin films over large areas with controlled thickness. Low fabrication cost and
flexible as other advantages to employ spray pyrolysis for thin films deposition (Yan et al., 2001, Vigil et al., 2000,
Thanachavanont et al., 2011).

Herein we adopted a spray pyrolysis deposition technique to growth undoped CdO and Ni doping thin films on

amorphous glass substrate. The results of Ni doping as small ionic size, showing a significant effect on to the
structure, morphological, and optical properties of CdO: Ni - based thin films.
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2. EXPERIMENTAL DETAILS
2.1. Material and methods.

All materials in this study were purchased from Thomas Baker and Glentham life sciences and used as received.
The source of spray solutions of CdO were prepared using cadmium nitrate tetrahydrate (Cd(NOs)..4H20) with
concentration of (0.2M). The aqueous solution of cadmium nitrate tetrahydrate was prepared at room temperature
by dissolving 6.1694 g of the cadmium nitrate tetrahydrate in 100 mL of distilled water, then the solution was
constantly stirred for 20 minutes. To prepare the source solutions of NiO, Nickel (II) nitrate hexahydrate
(Ni(NOs)2.6H20) with concentration of (0.2M) was used. The solution was prepared at room temperature by
dissolving 5.8162g of Ni (NOs)2.6H-O in 100 mL distilled water, then the solutions stirred for 20 minutes.

For doping with NiO, aqueous solution of Ni (NOs)..6H.0 was added to a Cd(NOs)..4H: aqueous solution with
volume ratio of (3, 5, and 7)%. The glass substrates of 2.5 x 2.5 cm were cleaned by sequential sonication in
deionized water, and ethanol to remove the organic residues.

The thin films of pure cadmium oxide and/or doped with nickle oxide were prepared by spraying the solutions onto
the cleaned glass substrate heated at 400 °C with air pressure 1.5 bar. The distance between the boat and glass
substrate was stet to be 30 cm and the spray rate was controlled by a gas flowmeter at value of 10 ml/min during
the spraying process. The heated glass substrates were left to cool at room temperature in ambient air for one day.
The average films thickness was measured to be in the range of (300 £+ 10) nm for all the prepared samples in this
work.

2.2. Material Characterization

The crystalline structures of the prepared thin films were characterized using X-ray diffraction (XRD, Shimadzu
X-ray diffraction 6000), The XRD analyzer with Cu K radiation (1.54060 A) at 40 kV and 30 mA. The XRD
patterns were recorded for prepared films that deposited onto glass substrate and analyzed from 30° — 80° 2-theta.
To study the surface topography of the prepared films, Field Emission- scanning electron microscopy (FE-SEM)
(TESCAN- Czech co) was used. Surface morphology of prepend films were measured using atomic force
microscopy (AFM) (TT-2, an advanced second-generation tablet microscope -Japan). The tapping mode was
applied for different scan sizes. To study the optical properties of prepared films, the transmittance and the
absorption spectrum in the wavelength range of (300-900) nm were recorded with a UV—VIS-Spetroscopy double
beam spectrophotometer (Visible1900) built by (Sgimadzu, Japanese Co.). Photoluminescence spectrum (PL) of
the samples was measured using Shimadzu RF-5301PC model. The PL samples were deposited onto a glass
substrate and excited at 325 nm wavelength.

3. RESULTS AND DISCUSSION
3.1 Structural properties of thin films

The XRD patterns at the range of (30°- 80°) 2theta were recorded for doped and undoped films deposited onto the
heated glass substrates at 400 °C in ambient conditions are shown in Figure 1-a. The diffraction peaks at 33°, 38°,
55°,65°,69° are clearly visible, which correspond to the reflections from the (111), (200), (220), (311),(222) planes
respectively. This finding indicates that the structure of CdO thin films prepared by this method has a polycrystalline
structure where the results are in excellent agreement with the (ICDD) card no. (75-0592). No other peaks were
observed to indicate an impurity due to high-purity phase was formed. Furthermore, the values of the lattice
constants (a) for undoped and Ni-doped CdO prepared thin films were evaluated as shown in tablel. It was found
that the lattice constants for pure CdO was 4.68378A with unit cell volume (V) of 102.7 cm?, which are consistent
with the standard from the (ICDD) card no. (75-0592).
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Figurl. (a) XRD pattern for undoped and Ni-doped CdO thin films, and (b) magnified region of the main (200) XRD peak.

As can be seen from figure 1-a, the pure CdO films show sharper and more intense diffraction patterns than Ni-
doping films. This finding indicates that the undoped films had better crystalline structures and lattice constant. The
magnified region of the main (200) XRD peak at 38.407° for undoped CdO was a slight shift to higher angles upon
Ni doping process figure 1-b. The peak shift seen for the Ni doping films resulted from the incorporation of a small
Ni ion (radius = 0.69 A) table 1. Incorporation such Ni ion with larger Cd ion (radius = 1.09 A) lead to decrease
lattice constant of the doping films (Durmusoglu et al., 2023, Thambidurai et al.,2015-Khodair et al.,2019). The
average crystallite size (D) of the films was calculated for the (200) peak using the Scherrer relation (Prabhu et
al.,2014).

Table 1. The structure parameters of undoped and Ni-doped CdO thin films.

Sample (hkl) Lattice Interplanar V (nm?)
Constant ‘a’ (A)  Spacing ‘d’ (A)
CdO:0%Ni 200 4.68378 2.34189 102.7
CdO:3%Ni 200 4.67772 2.33886 102.3
CdO:5%Ni 200 4.6808 2.34040 102.5
CdO:7%Ni 200 4.66658 2.33329 101.6
0927
D= B cosB (1)

Where B is the full width at half maximum of the (200) peak measured in radians, A is the used wavelength and 0
is the Bragg angle. It was found that the crystallite size covers the range (48 — 28) nm for undoped and Ni-doped
CdO thin films, where the size decreases with increasing nickel doping level from 0% to 7% figure 2-a. For further
accuracy the crystallite size for the prepared films was also determined using the Williamson—Hall (W— Hall)
formula (Ibraheam et al.,2015):

Briicos O = (%}L) + 4Ssin 6 2
where hkl denotes the Miller indices, Sy is the full width of half maximum of the peak from the (hkl) plane, and

(S) is the micro strain in the film. Based on plotted the results of Bp,; cos 6 with 45 sinf8 Figure S1 (Supporting
Information), the strain and crystallite size can be calculated from the slope and y-intercept of the fitted line
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respectively. It was observed that, using the W-Hall formula, the crystallite size as denoted (D, by W— Hall)
decreased with increasing the nickle concentration level figure 2-a.

As can be seen from the figure both calculation results of Scherrer and/or W— Hall showed that increase the doping
level of nickle ion led to reduce the average crystallite size from approximately 48 nm to 28 nm.
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Figure 2. (a) The average grain size and strain as a function of doping concentration, (b) FWHM as function of doping
concentration.

Moreover, the strain of CdO crystals was calculated using the following equation (Balu et al., 2015).

B cos6
§=— €)

As mention earlier, the lattice constant of Ni-doped CdO is slightly smaller than that of pure CdO film due to the
smaller ionic radius of Ni compared to Cd as presented in table 1 and/or figure S2.

Changes the strain values are mainly occur due to the deformation, defects and/or crystallite size variation,
However, it was clearly noted that the strain value of (1-7) % Ni-doped CdO films are lower than the pure CdO
films which could be the main point to shift the XRD peaks towards high angle. As can be seen in Figure 2-b, the
full width at half maximum (FWHM) of the diffraction peaks at the 200 peaks of pure CdO has been modified due
to doping process. The lower value of FWHM indicates a high crystalline and quality films were formed (Khodair
etal.,2019).

3.2. Morphological characterizations

The top-view SEM images for pure CdO and Ni-doping films with different concentrations (3, 5, and 7) % have
been presented in figure 3. The results showing a uniform, full surface coverage and pinhole free films were
formed. Interestingly, different grain sizes were obtained due to Ni doping process. It can be clearly seen that the
average grain size (AGS) of deposited films decreases with the increasing the doping concentrations.

The grain size distribution of the prepared films is given in the histogram figure 3. The AGS of undoped CdO film

was 97 nm while it was (70, 63, and 46) nm for 3%,5%, and 7% Ni doped respectively. This result was further
conformed with the XRD measurements.
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Figure 3. Top-view of SEM images and corresponding statistical grain size for undoped CdO films and Ni-doped CdO thin
film.

To provide more evidence of the nucleation and growth mechanism of the undoped CdO and Ni-doped thin films,
surface roughness and topography of the prepared films were studied using AFM. It was noted from figure 4 that
the root mean square (RMS) roughness of the pure CdO films decrease with increasing the nickle doping level
over 5.5um x 5.5um scan size. The RMS roughness, was (139.5, 10.14, 25.97, and 14.18) nm for pure CdO,
Cd0:3%Ni0O, Cd0O:5%Ni0O, and CdO:7%NiO films, respectively. Undoped CdO films showed higher voids and
cavities on the film surface led to higher RMS roughness surfaces compared to Ni doped films. The AFM results
indicate that Ni dopant film have lower particle size compared to undoped CdO film as shown in figure S3. This
finding indicated that the films were formed with nanoparticles, where the particle size decrease with the

increasing Ni doping level table S1. This result is in agreement with the grain size variation obtained from the
XRD results and SEM analyses.
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Figure 4. three-dimensional AFM images for Undoped CdO (a), and Ni doped CdO of :3%Ni(b), CdO:5%Ni (c), and
CdO:7%Ni(d).

The chemical composition of CdO and Ni doped CdO films have been identified by energy dispersive spectroscopy
(EDX) and the results were illustrated in figure 5. As shown in the figure, the undoped CdO films contain only Cd,
O and Si peaks. Thus, the doped samples contain Cd, O, Ni and Si peaks. The Ni weight and /or atomic percentage
increase as the Ni doping concentration increase. The peak of Si arises from the silica glass of the substrate.
Therefore, EDX measurement confirms the presence and compound of expected Ni ions with the CdO thin films.
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Figure 5. EDS analysis for pure CdO (a) and Ni-doped CdO thin film as: (b) CdO:3%Ni, (¢) CdO:5%Ni, and (d) CdO:7%N!i.

3.2 Optoelectronic Properties

In order to gain a broader understanding of doping effects on optical properties, the transmittance and absorbance
spectrum of undoped and doping films were recorded as illustrated in figures 5-a and S3. As can be seen, all the
prepared films have a good transmittance in the visible region. However, doping pure CdO film with Nickel leading
to increase the transmittance over all the wavelength range.

It was found that at 550 nm wavelength, the value of transmittance was 54%, for pure CdO film and it leaps to
reach 81% after doping. As can be seen, there is not significant change for transparency at different doping level.
Doping CdO with Ni impurity, 28% of transparency was obtain at short wavelength compared to pure CdO films.
It can be noted that the absorption of light decreases with increasing the doping level. We believe materials with
such transparency is a wide window as carrier transport layer for planer architecture of solar cell. The ability of
material to absorb light is measured by its absorption coefficient («). Thus, (o) can be derived as a = A In 10/L
based on absorption spectrum (A) and sample thickness (L) (AL-Dainy et al., 2020, Humayan et al., 2020). As
illustrated in figure (6-b), the values of the absorption coefficient for all prepared films were found to be (a > 10*
cm!) which is mean that has direct allowed transitions for visible spectra (Thambidurai et al.,2015). It has been
shown that absorbance decreases with increasing Ni-doping concentration for the samples at lower wavelength,
while its values try to be closer at logger wavelength. Furthermore, the optical energy gap (E,) of the pure and
doped films was estimated using the power law of Tauc (AL-Dainy et al., 2020, Humayan et al., 2020):

hv = B(hv — E,)" (4)
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Figure 6. UV—VIS transmittance spectra (a) and Absorption coefficients (b) for undoped and Ni-doped CdO thin films.

where B is a constant and r depends on the type of electronic transition. Theoretically r is equal to 1/2 for a direct
allowed transition (Al-Dainy et al., 2021).
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Figure 7. Optical band gap for pure CdO (a), and doped with different Ni concentrations: (b) 3%, (c) 5%, and (d) 7%.
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For direct allowed transition, the E; of the undoped CdO films was 2.34 eV, while it increases with increasing the
Ni-doping levels figure 7. As tabulated in table S2, the band gap values were 2.46 eV, 2.47 eV, and 2.49 eV for
value increases with increasing Ni-doping concentration in 3%, 5%, and 7% respectively.

Changing the energy band gap by doping process is due to structural modifications of pristine CdO by presence of
different defects such as oxygen and /or vacancies interstitials in the doped films (Khodair et al.,2019, Humayan et
al., 2021, and Pen et al., 2013). Increasing the band gap of CdO based on Ni doping can be explained by the Mosse—
Burstein effect (Burbano et al., 2011, Durmusoglu et al., 2023). The effect refer that a sufficient number of states

can be generated due to high carrier concentration by doping process leading to shift the Fermi level toward the
conduction band (Velusamy et al., 2015).

The optoelectronic properties of CdO and Ni-doped CdO were further studied by analyzing the steady-state
photoluminescence (PL) of the film emission. Based on PL results Figure 8, we are examen the higher energies
peak corresponds to excitonic emission at wavelength interval of (450-650) nm for the PL spectra.

As can be seen, a strong peak at 544 nm (2.279 eV) corresponding to the blue green emission of CdO was clearly
noted which attributed to near band-edge (Cheemadan et al., 2016-Joshi et al., 2016). The peak energy is
approximately close to the energy band gap that estimated from UV-vis spectrum (Serbetci et al., 2020). For Ni
doping CdO, the peaks position is shifted towards higher energy (541, 538, and 536) nm based on increasing Ni
doping level, The results of peak shifting are due to the impurity and /or surface defects (Nallendran et al., 2018).
This finding is approximately consisted with energies band gap calculated from UV-VIS.

The slightly deference in bandgap is probably due to lower crystallization with fewer defects. It has been noted that,
the peak intensity for undoped CdO and Ni doping has approximately the same value. However, compared to the
previous literature (Iskenderoglu et al., 2019, Serbetci et al., 2020), this work show that pure CdO possessed lower

PL intensity due to less recombination rate that could lead to enhance exciton separation efficiency (Nallendran et
al., 2018).
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Figure 8. PL intensity against photon wavelength (range500—600 nm) of CdO thin films as a function of different concentration
of Ni-doped-CdO.

4. CONCLUSIONS

Pure CdO and nickel doped CdO thin films were synthesized using cadmium nitrate tetrahydrate and nickel (II)
nitrate hexahydrate as sources for cadmium and nickel respectively. The undoped CdO and nickel doped CdO thin
films have been grown successfully using spray pyrolysis technique. The influence of 0-7% nickel doping level of
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CdO on structural, optical and morphological properties of the prepared films were investigated using different
characterization. The x-ray diffraction patterns revealed that undoped CdO and Ni-doped films were polycrystalline
and exhibit cubic structure. Incorporation Ni ion with larger ionic radius of Cd lead to reduce the lattes constant
and grain size.

Reducing grain size for the Ni-doped films was further confirmed via SEM and AFM analyses. The surface
morphology based on the SEM results exhibited that, the average grain size of undoped CdO films around 100 nm,
while it reduced to less than 40 nm at highest of Ni doping level. As confirmed by AFM, reducing the grain size
growth by doping processing led to reduce the surface roughness of the films. Increasing the Ni impurity enhanced
the transmittance spectra and the energy band gap of the doping films. However, tuning the optical band gap and
enhancing the transmittance spectra though Ni doping is very important for optoelectronic devices applications as
carrier transport layer based solar cell.
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