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In this research, the effect copper on the structural, morphological, optical, and
electrical properties of nickel oxide thin films was studied at different copper
concentrations. Thin transparent films of nickel oxide (NiO) doped with copper (Cu)
were deposited on glass substrates at a temperature of 400 °C using the spray
pyrolysis technique. The structural study showed that all the prepared polycrystalline
films had a cubic structure with a preferential orientation along (111). Copper was
well integrated into the host lattice without changing the structure. SEM images
showed that the films were well adhered with a wrinkled network structure. The
optical band gap ranges from 3.70 eV to 3.50 eV, and the Urbach energy, which
ranges from 0.34 eV to 0.5 eV, has also been discussed. The highest conductivity
value of 6.23 x 1073 (Q-cm) ! was found at a copper concentration of 2 %.

1. Introduction

Transparent conducting oxides are materials of great importance in the fields of modern

scientific research, science and technology. Transparent conductive oxide films are classified

into two types: n and p.

Among the most prominent and best p-type semiconductors, we especially mention Nickel

oxide (NiO) because it is an interesting candidate in applications that require p-type

semiconductors. All this interest is due to the nanocrystalline NiO films because they have

prominent electrical catalytic properties, large optical density, low toxicity, thermal stability,

and a range of applications as, for example, electronic devices, car mirrors, heterogeneous solar
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cells [1], and energy-saving smart windows.

Nickel oxide (NiO) has a structure similar to cubic rock salt with octahedral Ni* and O*
positions. The nickel oxide is often asymmetric, which means there is a deviation in the NiO
ratio from 1:1 [2]. It has a range of energy gap values from (3.6 - 4eV), and it has been shown
that the electrical resistance value is as high as 103 (Q.cm) of stoichiometry for NiO [3]. NiO
nanostructures are manufactured using different techniques such as: Spray pyrolysis [4], Sol-
gal process [5], and Pulsed laser deposition [6]. Many studies have shown that the surface
morphology and crystal structure depend on the nature and quality of the dopants.

For the purpose of improving the properties of NiO films, many researchers have
conducted studies on the effect of dopant on NiO films, for example: Al [7] Fe [8] Cu [9] K
[10] Mg [11]. As for thin films of NiO doped with copper (Cu), not much work has been done

on them in the past.

2. Experimental details

Thin films of NiO:Cu in different proportions were prepared using the spray pyrolysis
technique, as described in [12].

An initial solution was prepared with a concentration of 0.2 mol/L of nickel nitrate
hexahydrate (Ni(NOs)2,6H20) in 100 ml distilled water, and for doping with copper, a solution
with a concentration of 0.2 mol/L of copper chloride (CuCl2,6H20) in 100 ml distilled water
was prepared, with drops of hydrochloric acid added to both solutions. The solutions were
stirred magnetically for an hour at 60 °C to obtain clear and transparent solutions. The copper
solution was added to the nickel solution to obtain atomic ratios of 0, 0.5, 1, 1.5, 2, 3, 4, and 6
% Cu. These thin films were prepared on glass substrates for uniform deposition, and the
solution was sprayed through a linearly moving nozzle. The substrate temperature remained
constant at 400 °C during film deposition, as this temperature proved ideal for obtaining well-
adhesive films. The spray rate was maintained at I mL/min using air as the carrier gas, and the
distance between the nozzle tip and the substrate was maintained at 24 cm. The films were
characterized using various techniques to verify the properties of the composite materials.
Structural studies were carried out using a Bruker D8 Advance diffractometer with CuKa
radiation (A= 1.54060A) to determine the nature of the crystalline phases. SEM and EDS were
used to examine the morphological characteristics and determine the chemical composition of
the thin films, respectively. Optical properties (transmittance, band gap energy, and Urbach
energy) were studied using a UV-Visible spectrophotometer (PerkinElmer Lambda 25) in the
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wavelength range of 300-900 nm. The electrical properties of the films were measured using

the four-probe KEITHLEY 2400 technique.

3. Results and discussion
3.1. Structural properties

Figure 1 shows the XRD patterns of NiO:Cu films, which are thin films that are
polycrystalline in nature, where three main diffraction peaks appear for NiO only with (111)
(200) (220) placed at 26 = (37.3 °) (43.3 °) (62.8 °) respectively. All these values agree
precisely with the crystal structure of chloride Sodium to nickel, and it agrees well with the
standard spectrum (JCPDS, No0.47-1049) within the space group (Fm3m) as there are no
crystalline phases associated with the dopants even after adding a higher copper content in the
nickel films. An increase in the intensity of the peak corresponding to the lattice level (111)
corresponding (2 % Cu) was found from copper doping, as this percentage of doping shows an
improvement in the peak intensity. This is attributed to the fact that in the case of a decrease in
doping, Cu** ions (R cu2+ = 0.73 A) replace Ni** ions (R niz+ = 0.69A ) [13][14] as a substitute

resulting from the relaxing stress. This means better crystallization.
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Figure 1. XRD pattern of NiO:Cu thin films
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However, when doping was added at a higher percentage, it led to a clear decrease in
the peak intensity (111), as this is due to the fact that copper ions may occupy the octahedral
sites, which leads to deterioration of crystallinity in the NiO films.

Crystalline size D and microstrain € were calculated using formulas (1) and (2) [15]:

091
- B cosB (1)
e = ﬁc:s@ (2)

Where A is the applied X-ray wavelength (0.154060 nm for Cu Ka radiation), B is the full-
width at half-maximum (FWHM) in radian and 0 is the diffraction peak angle. Table 1 shows

the values of crystallite size and strain (¢) for NiO:Cu thin films.

Table 1. Values of crystallites size and strain (g) of NiO:Cu thin films

Cu concentration (%) Thickness (nm) | Crystallite size (nm) | Microstrain ¢ x 1073
0 142.38 7.45533 4.82173
0.5 175.55 6.09532 5.75317
1 156.67 5.18744 10.85115
1.5 171.91 5.87742 6.48906
2 149.94 8.54603 4.40335
3 158.05 9.82290 3.58577
4 168.80 8.63070 4.01943
6 180.89 3.12782 12.38701

Figure 2 shows the relationship between crystal size D and microstrain € with different
percentages of copper doping. An inverse relationship between crystallite size and microstrain
was noted, with crystal size increasing and microstrain decreasing at 1.5, 2, and 3% Cu,
indicating improved crystallization due to stress relaxation. Higher doping levels resulted in
decreased crystal sizes.

At higher values of doping, a decrease in crystal size values was found, possibly due to
copper acting as a stabilizer for crystal growth, while microstrain increased due to structural

disorders during the crystal growth process.

232



0,014

= g L 0,012
—
o
N 87 0,010
- c
w7 -
© L 0,008 f
Z 6+ =
- o
- L 0,006
= 94 '
o
w
= 4 L 0,004
>
U 34

0,002

L L B B e L
0% 05% 1% 15% 2% 3% 4% 6% -
Cu doping concentration (%o)

Figure 2. The variation of the crystallite size and strain versus copper concentration

3.2. Morphological study

Figure 3 shows the SEM surface topography of pure NiO films doped with different ratios
of Cu (0, 0.5, 1, 1.5, 2, 3, 4, and 6 %). The images show changes in surface topography with
varying doping ratios. Pure NiO films exhibit nanoclusters with relatively heterogeneous growth
and unclear grain boundaries, but the substrate is well-covered without cracks, forming a
wrinkled network structure. Doping with 1 % Cu introduced surface defects, while higher doping
levels resulted in spherical particles of regular sizes spread across the substrate, indicating

improved surface morphology due to Cu ion incorporation.

Figure 3. SEM images of Cu-NiO thin films, (A) 0 % Cu,(B) 1 % Cu , (C) 2 % Cu, (D)4 % Cu and (E) 6 %
Cu
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3.3. Optical properties
3.3.1. UV-VIS transmittance

An optical study of the NiO:Cu thin films was performed using a spectrophotometer (UV-
Vis) at room temperature in transmittance mode. Figure 4 shows the optical transmission spectra
of NiO:Cu films in the wavelength region (300-900 nm). The transmittance is low in the
ultraviolet region and increases in the visible region, with pure NiO films reaching a
transmittance rate of 75.5%. NiO:Cu films with 1-2 % Cu had the best transparency among the
samples, surpassing the transmittance of pure NiO. The improved optical transmittance may be
due to the changes in particle size. The difference between copper ion radius (R cu2+ = 0.73 A)
and nickel ion radius (R ni2+ = 0.69 A ) is due to the difference in roughness that leads to large
dispersion and an increase in the band gap. On the other hand, an increase in copper
concentration leads to a decrease in transmittance values. This may be due to the large amounts

of light that are scattered from the grain boundaries and copper clusters.
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Figure 4. Transmittance of NiO:Cu thin films

3.3.2. Optical band gap

The energy band gap of NiO:Cu films was evaluated according to the Tauc formula (3)
[16]:

ahv = B(hv — Eg)™ 3)

Where the energy band gap values depend on the structural properties of the crystalline

films (disorder and regularity) [17]. Returning to the Tauc relationship, we mention that: a is
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2.303 4

the absorption coefficient a = , A 1s the absorbance and t is the film thickness, hv is the

photon energy, B is band edge parameter, m values can be 1/2 or 2 for direct and indirect
transmission respectively [18] [19]. Literary studies show that NiO is a direct gap material
according to some researchers [20] In contrast to others who report that NiO is a direct and
indirect gap material [21].

In our current study, direct transformations were considered and studied for NiO:Cu
films. A gap was calculated Energy range by extrapolating the linear region of the plots (ahv)?
against the energy axis (hv) figure 5. The band gap values for different Cu concentrations are
presented in Table 2.

Increased doping concentration led to new donor levels within the band gap, shifting
the valence band edge to higher energy and decreasing the band gap values. This also indicates
that band gap energy tailing increases with higher doping concentrations. This also means that
the effect of tailing on the band gap energy increases with increasing doping concentration
[22]. The linear fit of the data points shows that increasing the percentage of copper doping in
NiO:Cu films leads to decrease in the optical band gap, as reported by Moghe and all [23]. This
decrease in the optical band gap can be attributed to the compressive stress caused by the

doping atoms of the lattice [24] .
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Figure 5. Plot of (chv) 2 versus incident photon energy hv. Inset shows the variation of optical
band gap with Cu %

3.4. Urbach energy
Urbach energy is a measure of the high concentration of defects in the material that distort

the band structure in the Tauc region, that is, between the weak absorption tail and the strong
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absorption peak. Urbach reported that there is a linear relationship between (In(a)) and (hv)
called the Urbach relationship [25]. The Urbach relationship is described by equation (4):

hv
a= ageku 4)

Where ay is the pre-exponential factor, hv is the photon energy, and Eu is the Urbach energy.

The Eu energy is determined from the inverse slope of the linear chart (Ina. - hv) as shown
in the figure 6, and the values obtained are listed in the table 2, where we notice an increasing
proportion between the Urbach energy and the percentage of copper doping. This means that
increasing the concentration of doping leads to an increase in the concentration of defects

generated in nickel membranes inlaid with copper.
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Figure 6. Plot of Ln (a) versus incident photon energy (hv) of Cu-NiO thin films

Figure 7 shows the relationship between the band gap energy and the Urbach energy,
where a decrease in the band gap ratio is evident with an increase in the Urbach energy. The

same thing was observed by Ali and all [24] .
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Figure 7. Variation of optical band gap and Urbach energies versus copper concentrations

Table 2. Optical and electrical parameters of NiO:Cu thin films

Cu concentration Optical gap Urbach energy Conductivity
(%) energy Eg (eV) Eu (eV) ¢ (Q.cm)! x1073
0 3.70 0.3401 3.76
0.5 3.60 0.4017 2.554
1 3.65 0.385 3.7
1.5 3.62 0.393 3.09
2 3.67 0.3624 6.23
3 3.61 0.39685 54
4 3.57 0.453 4.93
6 3.50 0.5 3.25

3.5. Electrical properties

The electrical properties of NiO:Cu thin films were studied using the four-point linear

probe technique. The conductivity ¢ of films is determined by the formula (5) [14] :

Where d is the thickness of the film, Rgn is the sheet resistance.

1

o=
RgpXxd

)

The conductivity values are shown in Table 2. Figure 8 shows the connection between

conductivity and band tail width of NiO:Cu films as a function of copper content. Since the

increase in copper concentration in NiO led to a decrease in electrical resistance, this is due to

the generation of holes. Many researchers have reported such a connection [10]. On the other

hand, the conductivity increases with the increase in the copper content in nickel oxide films,

The highest conductivity 6.23-107 (2 cm) ™' was observed at 2 % Cu. This increase in electrical
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conductivity is due to the decrease in the width of the tail of the band (Urbach energy), which
contributed to the increase in charge movement. At low Cu concentrations, the conduction
mechanism involved copper atoms replacing nickel atoms and copper atoms entering NiO
interstitial sites. Increasing copper concentrations raised the concentration of acceptor
impurities, enhancing conductivity. However, higher doping levels led to impurity ion

accumulation, forming deep impurity centers and decreasing conductivity.
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Figure 8. The variation of Urbach energy and electrical conductivity of NiO:Cu thin films

4. Conclusions

NiO:Cu thin films with different copper concentrations (0, 0.5, 1, 1.5, 2, 3, 4, and 6 %)
were successfully synthesized on glass substrates at 400 °C using spray pyrolysis. The study
revealed significant changes in the structural, optical, and electrical properties of the films with
varying copper concentrations. XRD results showed improved crystallization at 2 % Cu
doping. The size of the crystals ranged from 3.12 nm to 9.82 nm. SEM images indicated
improved surface morphology with higher doping levels. Optical studies showed a decrease in
the optical band gap with increasing Cu concentrations, the optical band gap decreased from
3.70 eV to 3.50 eV and electrical studies demonstrated enhanced conductivity at 2 % Cu doping,
the highest conductivity is 6.23-107 (Q cm)'. These findings suggest NiO:Cu thin films are

suitable for photocatalytic and photovoltaic applications.
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