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Abstract
In this paper, structural, optical, and electrical features of undoped and copper-incorporated nickel oxide (Cu/NiO) films with
different mole ratios (0.01, 0.05, 0.1%) were studied. The prepared Cu/NiO films with a thickness of 100 nm were deposited
on glass substrates using sol–gel combined with a spin coating technique. The results of X-ray diffraction (XRD) showed
that all Cu/NiO films are polycrystalline of a cubic phase with a sharp tip predominating in the (111) direction. The estimated
crystallite sizes of the prepared films were found in the range of nanoscale dimensions (19.115, 21.924, 23.057, 26.219 nm)
by employing XRD data. Besides, images of the atomic force microscopy (AFM) and scanning electron microscope (SEM)
reveal that the surfaces of the Cu-doped NiO films are smooth, holes-free, cracks-free, and homogeneous with dense
fullness. Fourier transform infrared (FTIR) findings demonstrated that the emergence of the two chemical bonds located at
400–500 cm−1 attributed to Ni–O stretching vibration. However, the results did not show any evidence about the emergence
of the Cu–O bond due to the weak copper concentration in the samples. Moreover, prepared films showed high optical
transparency (94%) in the range of visible region and decreased to 92% with an addition of 0.1% Cu, which confirms the
possibility of using them as window layers in solar cells. Finally, the electrical measurements showed that the surface
resistance of NiO film decreased significantly after Cu doping. Our results could pave a good opportunity for providing
insight into Cu-doped NiO properties and their usage in optoelectronic applications.
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Highlights
● Cu-doped NiO thin films with different Cu additives (0.01, 0.05, 0.1%) were prepared using a facile spin-coating method.
● NiCl2 (6H2O) salt and CuCl2 precursors were used to fabricate Cu-doped NiO solution using a sol–gel process.
● The Cu additive lets improve the crystallinity of NiO film with a larger crystallite size.
● The prepared Cu–NiO films showed low surface roughness with high optical transparency and electrical conductivity.

1 Introduction

Nickel oxide (NiO) is a p-type semiconducting material with
a direct and wide bandgap (Eg) in the range of 3.6–4 eV and
its crystal structure is similar to that of sodium chloride [1–3].
NiO has gained considerable attention for different applica-
tions such as solar cell [4], photodetector [5], gas sensor [6],
light-emitting diode [7], anticancer activity [8], antimicrobial
activity [9], water treatment [10], and so on. As reported in
the literature, the use of transition metal as an additive (for
example gold, silver, copper, etc.) is an effective approach for
improving semiconductor merits [11–14]. The benefit of
employing metal additives in the NiO structure is attributed
to the production of thin films with enhanced crystallinity,
morphology, and electrical conductivity [15–17]. Pristine
NiO reveals poor optical merits, which are developed from
defects like interstitial Ni or O2 vacancy. This drawback
limits the use of NiO films directly in most applications.
Incorporating metals into NiO can be used for tuning optical
properties [18–20]. Besides, it is difficult to acquire visible
light absorption on an undoped NiO film [21]. Cu has been
widely reported as an efficient additive for tuning Eg of thin
films for use in optoelectronic applications [22–25]. In this
regard, NiO thin films can be prepared through diverse
approaches such as hydrothermal [26], sputtering [27], che-
mical vapor deposition [28], pulsed laser deposition [29], and
chemical bath deposition [30]. Among all these methods,
sol–gel spin-coating technique has been used to deposit
polycrystalline NiO due to its features, including low-
temperature processing, potential usage of high-purity start-
ing precursors, low cost, and facile process without any
vacuum equipment [31]. Sahoo et al. employed a spin-
coating process for high doping of Cu (5%) into NiO films
and they found that the Cu additive improved absorbance and
electrical conductance of NiO films [32]. The same con-
centration was also used in the study reported by Kyung and
coworkers, where NiO layers were doped with 5% Cu
additive using a solution-processed sol–gel method for
enhancing NiO properties [33]. The decrease in the bandgap
energy and resistivity was observed in this study with
improved crystallinity. Barir et al. reported the effects of
precursor concentration on NiO films by depositing on
heated glass substrates using a spray pyrolysis method [34].

An increment in NiO crystallite size over 37.04 nm was
obtained using 0.1M content of Cu. Recently, Tuba also
introduced Cu dopants with different amounts into NiO films
successive ionic layer absorption and reaction (SILAR) [35].
The crystallinity of the deposited films significantly enhanced
with an increase in the grain size. Recently, Seon and cow-
orkers used (10-mol%) of Cu as a dopant into the NiO layer
for enhancing the electrical conductivity and electrochemical
activity [36]. In this context, it is worth noting that further
investigations and discussion need to be elucidated. As we
stated above, previous works used high concentration Cu
additive, so in this study, we try to improve the properties of
NiO thin films using a low concentration of Cu additive. The
main goal of our paper is to enhance NiO film at low Cu
additive for optoelectronic applications, where merits, such
as good crystallinity, high transparency, high electrical con-
ductivity are important for this field. Here we used sol–gel
spin-coating method for preparing undoped and Cu-doped
NiO films and systematically comparing these films. Most
importantly, the impacts of Cu incorporating NiO structure
were investigated and discussed. By using Cu as an additive,
the optical, structural, morphological, and electrical merits of
the prepared NiO layer were improved.

2 Experimental part

2.1 Solution preparation

The sol–gel method was utilized to synthesize undoped and
Cu-doped NiO films with diverse molar ratios. To prepare a
solution of nickel chloride salt (NiCl2 (6H2O), Sigma-
Aldrich), the 0.4M molarity (9.5 g) of NiCl2 (6H2O) was
dissolved in 100-ml ethanol (99%, Merck) and stirred slowly
for six hours at room temperature using a magnetic stirrer, to
ensure that no precipitate and the material dissolve in etha-
nol. Then, to obtain a homogeneous green solution, 2 ml of
glycerol (Sigma-Aldrich) was dissolved in 20 ml of ethanol
using a magnetic stirrer, then mixed with 0.01M of copper
chloride (CuCl2, Merck) at 10% (V/V) by stirring at 50 °C
for 2 h before deposition. To obtain the NiO/Cu solutions,
the NiCl2 (6H2O) solution was mixed with different volume
ratios of the CuCl2 mixture, as summarized in Table 1.
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2.2 Deposition of the thin films

Glass slides (Sigma-Aldrich) with 1 cm × 1 cm were cleaned
with an ultrasonic bath of distilled water, ethanol, and
acetone successively for 10 min and dried at 40 °C for
5 min. A volume of 100 μl from the solution was selected
for the film deposition conditions. The prepared solution
was poured as droplets on glass slides at room temperature
and spin-coated for 60 s at 3000 rpm. Then, the deposited
films were exposed to a temperature of 200 °C for 5 min to
eliminate the volatile solvent by heat. After that, samples
were placed in a Jinyu-700 electric furnace for annealing at
500 °C for 2 h. Figure 1 shows a diagram of the steps for
preparing Cu-doped NiO films from their solutions.

2.3 Characterization

The thicknesses of the NiO films were measured using an
optical thin film measurement (Lambda LIMF-10) system
and the values were found to be about 100 nm.
Ultraviolet–visible spectroscopy (UV–Vis) was used to
record the optical characteristics of films using Ocean
Optics (CHEM2000-UV-VIS). The structural properties of
films were conducted by the X-ray diffraction (XRD)
technique with CuKα (λ= 1.54050 Å) irradiation operated at
40 kV and 30 mA and (Shimadzu XRD-6100/7000 X-ray
diffractometers). The morphology of films was investigated

using a scanning electron microscope (SEM) (VEGA3).
The topography of films was characterized via atomic force
microscopy (AFM) (Bruker, CSPM-AA3000). The Fourier
transform infrared (FTIR) spectra of samples were obtained
using a Burker (IFS-125HR) device with a KBr disc.

3 Results and discussion

Figure 2 shows the XRD spectrum of the NiO films doped
with different ratios of Cu. Bragg’s reflections are observed
at the angles 2θ of 37.43° and 43.23°, which can be ascribed
to (111) and (200) planes, respectively. The XRD findings
in this work agree with previous studies [3, 8, 33, 34]. From
XRD data, important parameters such as the interlayer
distance (d), lattice constant (a), the crystallite size (D), and
dislocation density (δ) can be evaluated using the following
equations [37–40]:

nλ ¼ 2dhkl sinθ ð1Þ

dhkl ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p ð2Þ

D ¼ 0:94 λ
β cosθ

ð3Þ

δ ¼ 1
D2

ð4Þ

Where the n, λ, θ, hkl, β are diffraction order, the wavelength
of X-ray, diffraction angle, Miller indices, and the width of
the curve: radian at mid-maximum intensity (FWHM) taken
from highest (111) peak of X-ray spectrum of NiO film,
respectively. By comparing the dhkl values with the standard
JCPDS (4-0835 card), ensure that the films have a cubic
structure. Also, the value of the lattice constant was found to
be equal to 0.4171 nm, which is almost equal to the standard
JCPDS value (0.4176 nm). X-ray spectra of Cu-modified
NiO films with molar proportions of 0.01, 0.05, and 0.1%
have peaks observed at the angles of 37.32° and 43.09° for a
ratio of 0.01% and 37.40°, 43.56° for a ratio of 0.05%, while
37.31° and 43.31° for a ratio of 0.1%. Moreover, the values
of the intersections between the reflective surfaces dhkl and
the corresponding values of the mentioned angles are equal
to 0.2419, 0.2444, and 0.2407 nm, respectively. Where it
can be inferred that the NiO is polycrystalline, have a cubic
phase, and that the values of reflectivity exhibit a high
degree of crystallinity with a sharp tip predominant in the
directional (111) as well. The XRD spectra did not show the
birth of new phases that are attributed to diffraction peaks,
and that a change in the average crystallite size and density
of dislocations was observed with the change of doping
ratios as indicated in Table 2. The undoped NiO shows weak
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Fig. 1 Schematic diagram showing the experimental steps of this work

Table 1 The volumes taken from the copper ions added to the nickel
ion to obtain the molar ratios required for film preparation

Rank NiCl2(6H2O)
0.4M (ml)

CuCl2
0.01M (ml)

NiO:Cu
(mol%)

1 5 0.02 0.01

2 5 0.1 0.05

3 5 0.2 0.1

Journal of Sol-Gel Science and Technology (2021) 99:1–12 3



(111) and noisy (200) peaks, which indicates that the poor
crystallinity of the film. This may be due to the incomplete
formation of the NiO film at this process. With increasing
precursor concentration from 0.01 to 0.1%, the improvement
of crystallization was observed. It is also noticed that the
intensity of the (111) diffraction peak of the papered film
progressively enhanced and the full width at half maximum
of the peak narrowed relative to that of the undoped NiO,
implying better crystal quality [36].

The surface topography of the undoped and Cu-doped
NiO layers deposited on glass bases was examined using
AFM at room temperature. AFM images are shown in Fig. 3,
which represents images of film surfaces in two dimensions
(2D) and three dimensions (3D), with a magnification of 108

times. The films have smooth and a homogeneous surface
in, which the distribution of crystalline grains is uniform
and has their fullness is airtight without cracks and holes,
which indicates good adhesion of the films to the glasses.
The surface roughness of the examined film models

increased slightly with the increase in the doping ratios in
the case of copper (Table 3). This agrees well with the
results obtained by other researchers [1–3]. This may be
attributed to the large ionic radius of the copper, which
results in a deformed state of the crystal lattice. In addition,
the RMS roughness of NiO film increases as Cu doping in it
increases from 0.01 to 0.1% owing to its enlarged crystal-
line size. NiO and Cu-doped NiO thin films can be exam-
ined at the nano dimension and surface roughness values
also obtained. We can conclude that no. of Ni2+ vacancies
increase with increasing doping concentration [35].

To study the shape of the film surface and to know the
effect of the doping ratio of Cu additive, the SEM technique
was used. Figure 4 displays SEM images of undoped and
Cu-doped NiO thin films with various weights. As seen, the
images showed that the undoped and Cu doped NiO films
had homogeneous, smooth, clear, and dense fullness sur-
faces, without cracks or holes, indicating that films have
good adhesion. By increasing the percentage of Cu doping,

Table 2 Structural properties of
undoped and Cu-doped
NiO films

Sample Crystallite size (nm) Lattice constant (nm) Dislocation density × 10−11 (line/cm2)

NiO 19.215 0.4092 2.702702

NiO:0.01 mol% Cu 21.924 0.4183 2.083333

NiO:0.05 mol% Cu 26.219 0.4233 1.454545

NiO:0.1 mol% Cu 23.057 0.4167 1.881024

Fig. 2 X-ray diffraction spectra
of undoped and Cu-doped
NiO films
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we observe a significant increase in the distributed particles
on the surface of NiO film. Figure 5 shows the distribution
of particles obtained by ImageJ software to qualitative
reveal SEM images (Table 4).

In this study, the absorption frequency that characterizes
the type of vibration of a particular bond such as Ni–O and

Cu–O was investigated. Therefore, we will use this char-
acteristic by scanning the field of wavelengths in the range
4000–400 cm−1, the chemical bonds are determined, as
revealed in Fig. 6. By determining the vibration locations in
the infrared spectrum, we concluded the chemical bond
(Ni–O) and observed that the absorption peak of the NiO

Fig. 3 AFM images of undoped
and Cu-doped NiO films

Journal of Sol-Gel Science and Technology (2021) 99:1–12 5



bond appears in the permeability curve for undoped samples
with a frequency of 451 cm−1, which is consistent with the
reference [30]. By comparing the curve of the doped sam-
ples with the curve of the undoped samples, we notice a
great match between them in the values of the peaks, and the
difference lies only in their strength, that is, the results did
not show the permeability of the undoped samples anything
new about the emergence of the Cu–O bond or not. This
may be due to the weak copper concentration in the samples,
which may enhance the peak of the latter. The band at
1050 cm−1 is attributed to C–O stretching vibration of epoxy
groups, which originates from the reaction of the samples
with CO2 from the air during the analysis procedure [11].
The prominent band at 2930 cm−1 is typical of C–H sym-
metric stretching and carbon impurity in the samples.

Figure 7 shows the transmittance spectrum for glass and
NiO films doped with different molar ratios in the wavelength
range of 300–800 nm. The transmittance appears in two dis-
tinct regions, the first at short wavelengths less than 360 nm,
where the transmittance increases almost suddenly with the

increase in the wavelength, and this is due to the beam-beam
transmission. This arises from the high absorbance of the films
in those regions. As for the second region, which is larger than
360 nm, we note that the transmittance of the film is higher,
reaching (94%) within the visible region and continuing to the
near-infrared region. This result is of great importance in solar
cell applications, which surpasses the results of many
researchers who have studied NiO compounds in the form of
nano thickness and non-nano-thickness films deposited by a
method similar to our study. At present, we find many
researchers working to develop a solar cell conversion effi-
ciency by reducing the losses resulting from several effects,
including those related to the interaction of light with the cell
material, i.e., the losses resulting from the optical character-
istics of the cell. Also, by comparing the glass substrate with
the prepared NiO films, we can see that the light loss in the
visible range is very low, which is important for optoelectronic
applications. The NiO film with 0.1% Cu additive showed the
highest absorption compared with other films.

After the copper doping with the mentioned molar ratios,
the transmittance values decreased to reach 92% when doped
by 0.1 mol% within the visible region and continue into the
near-infrared region. The decrease in the transmittance values
with the increase in the impurity ratios may be attributed to
the formation of localized levels of copper impurities within
the energy gap. This is evident by decreasing the optical
bandgap values for direct electronic transmissions [33]. The
regularity of the curves in the transmittance spectra confirms
the high homogeneity of the thicknesses in the deposited
films by the method adopted in this paper.

Table 3 Results of AFM for undoped and Cu-doped NiO films

Ten-point
height SZ (nm)

Root mean
square Sq (nm)

Roughness average
Sa (nm)

Mol
% of Cu

23.9 6.06 5.24 0

20.8 5.13 4.47 0.01

65.3 11.30 9.87 0.05

30.2 14.00 10.70 0.1

(a) (b)

(c) (d)

200 nm

200 nm

200 nm

200 nm

Fig. 4 SEM images of undoped
and Cu-doped NiO films (a)
undoped, (b) 0.01%, (c) 0.05%,
and (d) 0.1%
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Some optical properties such as absorption coefficient (α)
and the Eg were calculated according to the following two
equations [41–44]:

α ¼ 2:303A=t ð5Þ

αhν ¼ α� hν � Eg

� �r ð6Þ

Where t, A, r, ѵ, and h are the film thickness, absorbance, an
exponential constant whose value depends on the transi-
tions, the incident photon frequency, and the energy of the
absorbed photon, respectively.

The direct energy gap value was obtained from the
extension of the straight portion (tangent) of the results curve
to cut the photon energy axis hν at (αhν)2= 0 [42]. The
permissible direct optical Eg value for the nano thickness
NiO film was found to be 3.73 eV, which falls within the
range of standard values of Eg (3.6–4 eV) (see Fig. 8). It was
found that as the material is directed to nanoscale structures,
the energy levels in the semiconductor become more discrete

from each other, and the effective Eg increases. We note that
the Eg values for the direct transmission gradually decrease
with an increase in the doping and this is due to changes in
the homogeneity of the local levels and their intensity, which
increases with the increase of the Cu concentration in the
precipitated films, i.e., increase charge carriers. The energy
band gap values were decreased from 3.73 to 3.49 eV
depending on the Cu concentration (Table 4). The optical
absorption value of NiO thin films decreased as the per-
centage of Cu increased. This reduction in bandgap energy
indicates that the crystal structure has improved, and the
grain size increased [45–47].
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Fig. 5 Particle size distribution
for prepared films. a Undoped
NiO, (b) 0.01% Cu-doped NiO,
(c) 0.05% Cu-doped NiO and
(d) 0.1% Cu-doped NiO

Table 4 Energy gap calculated from UV–visible spectra

Samples Energy gap (eV)

Undoped 3.73

0.01% 3.61

0.05% 3.49

0.1% 3.42

1000 2000 3000 4000
0
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)
%(
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O-H

C-H

Ni-O C-O

Fig. 6 FTIR spectra of undoped and imprinted NiO thin films
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It is well-known that the refractive index contains
valuable information for higher efficiency optical mate-
rials and is considered an important parameter for optical
materials design because it is closely related to the elec-
tronic polarization of ions and the local field within the
material. The complex refractive index (N) can be
expressed as follow [48]:

N ¼ n� ik ð7Þ

where (n) and (k) are the real and imaginary parts of the
refractive index, respectively, and can be calculated using the
reflectance (R) of the film from the following relations [48]:

R ¼ n� 1ð Þ2 þ k2

nþ 1ð Þ2 þ k2
ð8Þ

n ¼ 1þ R

1� R

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R

1� Rð Þ2 � k2

s
ð9Þ

k ¼ αλ

4π
ð10Þ

Figure 9 shows the reflectance as a function of wave-
length. It is obvious that the reflectance increases with
increasing Cu doping level. Figure 10 represents the change
in refractive index as a function of the photon energy of the
undoped and doped NiO films. We note that the refractive
index curve behavior of the Cu-doped NiO films increases
with increasing photon energy. Antireflection coatings
considered the most process used as windows in solar cells
fabrications in order to minimize the reflection while max-
imizing the transmission of light. From (Fig. 8), it was
found that the variation of energy optical gap with doping
concentration has a similar behavior compared to the
refractive index (Fig. 10).

Fig. 8 Allowed direct Eg of undoped and Cu-doped NiO films

Fig. 7 Transmittance spectra of the glass substrate and NiO films
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The surface resistance (Rs) values were measured using
the four probes based on potential difference and electric
current measurements of NiO films. Conductivity (σ) is the
most important electrical properties and determined [49]:

σ ¼ 1
ρ
¼ 1

Rsd
ð11Þ

Where d is a measured distance over cross-section area
and Rs is the resistance of films. Figure 11 shows the
changes in the values of both σ and surface resistance (Rs) in
terms of Cu-doping ratios to NiO films. We note that the
decrease in surface resistance increased the electrical con-
ductivity, as the doping ratios increased, and this can be
explained by the fact that Cu doping increased the charge
carriers (Table 5). The highest conductivity in 0.01 and
0.1% films annealed at 500 °C may be due to the
improvement of the carries excitations to conduction band
as a result of bandgap narrowing, similar finding is reported
by Qun et al. [50].

The values of the real dielectric constants were calculated
from the equation [51]:

ε1 ¼ n2 � k2 ð12Þ

Figure 12a shows the relationship between the real
dielectric constant and the wavelength, where we notice the
similarity of its behavior with the behavior of the refractive
index in terms of the shape of the curve and the movement
of its higher values toward higher wavelengths and these
results from the dependence of the values of the real
dielectric constant on the refractive index. We can estimate
the imaginary part of the dielectric constant from the fol-
lowing relationship [51]:

ε2 ¼ 2nk ð13Þ
And drawing it as a function of the photon energy,

as in Fig. 12b, we notice the similarity of its curves
with the curves of the refractive index, and this is also a
result of the close relationship and its great influence on
its values.

Finally, the comparison between this study and other
related works is presented in Table 6. This comparison
reveals the significant findings evaluated from this study
compared with the literature. As we can see, the main sig-
nificant difference between our work and other related

Fig. 9 Reflectance as a function of wavelength for pure and doped NiO
thin films for different concentrations

Fig. 10 Refractive index of undoped nickel oxide and copper-
doped films

Fig. 11 changes in the values of both the surface resistance (Rs) and
electrical conductivity (σ) as a function of the doping ratios of the films
(Cu/NiO)

Table 5 Summary of the results of measurements (Rs) and (σ) using
the four probes technique

Cu (%) Rs (Ω) 10
4 σ (cm Ω)−1

0 33.392721 0.214

0.01 6.055702 1.588

0.05 5.732162 0.980

0.1 6.990669 1.044

Journal of Sol-Gel Science and Technology (2021) 99:1–12 9



works is the concentration of the optimized Cu additive. We
used low concentration (0.1%) to improve the properties of
the NiO films, while previous works used high concentra-
tions. Furthermore, our study showed the nanocrystallite
size of the prepared Cu-doped NiO film with a well-
matched lattice constant, as reported in earlier works. The
optimized Cu–NiO film revealed a wide energy gap with
good electrical conductivity, which fulfills the requirements
for optoelectronic applications.

4 Conclusions

In summary, the XRD results of NiO and Cu-doped NiO
films with ratios of 0.01, 0.05, 0.1% showed that they are
polycrystalline with a cubic phase and that the preferred
orientation for crystalline grains is (111). The AFM ima-
ges showed that the films have homogeneous and smooth
surfaces in which the distribution of the grains is regular
crystalline. The transmittance value of the NiO film is 94%
within the visible region and continues into the near-
infrared region. The transmittance of the prepared films
was found to decrease with a small portion, which could be
attributed to the low concentration of Cu additive. In this
regard, the optical Eg of the NiO films was decreased from

3.73 for undoped NiO to 3.61, 3.49, and 3.42 eV for 0.01,
0.05, and 0.1% films, respectively. As for surface resis-
tance, it experienced a clear decrease after vaccination,
which increased the conductivity.
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