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A B S T R A C T

Copper doped nickel oxide (NiO:Cu) thin films were synthesized via electrodeposition technique. X-ray dif-
fraction, Scanning Electron Microscope, UV–visible spectroscopy, Vibrating Sample Magnetometer techniques
and electrochemical analysis were utilized for the study of the structural, morphological, optical, magnetic and
cyclic voltammogram properties respectively of both undoped and doped NiO thin films. The crystallographic
studies of the undoped and doped NiO thin films showed that they are polycrystalline with cubic structure.
Surface morphology of both the undoped and doped thin films showed nanocrystalline grains with spherical
shaped particles. The optical studies showed a decrease in band gap energy from 3.34 eV to 3.32 eV and finally to
3.20 eV for the undoped, 2% and 3% respectively. The refractive index peaked between 2.60 and 2.65 while the
calculated extinction coefficient values of the doped thin films have significant variation in the visible and NIR
range. The studies of magnetization saturation values were found to be 1.52E-4 and 2.29E-4 for 2% and 3%
doped respectively with low remanence values. Electrochemical studies revealed good cyclic voltammograms of
the deposited films. These values indicate that the electrodeposited Cu doped NiO thin films are good candidates
for magnetic applications.

1. Introduction

There is tremendous effort in researches towards the development
of materials that can ultimately enhance storage of data in computers in
form of non-volatile memory [1]. This has provided much interest in
the study of the magnetic properties of nanomaterials as they ultimately
allow manipulation of electronic charge and spin by controlling the
magnetic field [2]. It is obvious that the bulk antiferromagnetic mate-
rials have zero net magnetic moment in zero applied fields while fine
particles of same material display either super-paramagnetism or weak
ferromagnetism [3].

Nickel oxide (NiO) is one of the important transition metals oxides
that possesses interesting optical, electronic and magnetic properties
with novel morphologies as a result of large number of spins and sur-
face atoms [4–7]. NiO has a rock-salt structure and exhibits a natural

antiferromagnetic behavior with magnetic moments inhabiting on Ni+

ions. NiO nanoparticle is a p-type semiconductor with wide band gap in
the range of 3.6 eV–4.0 eV [8,9]. The low resistivity exhibited by NiO
has given researchers much concern [10]. In order to circumvent this
challenge especially in this technologically driven era, hence the need
for doping of NiO nanomaterials arises.

Interestingly, doping of NiO with any of these transition metals (Cu,
Fe, Au or Li) changes its optical, electronic and magnetic properties
creating Diluted Magnetic Semiconductor (DMS) as a result of spin
degrees of freedom and hole content which enhances its application in
spintronics [4,8,11]. NiO nanoparticle is a prominent magnetic material
that exhibits interesting behavior with applications in the magnetic
recording, spin valves, magnetic random access memories, energy
transformation, magnetocaloric refrigeration and ferrofluid technology
[12–15]. Manouchehri et al. [16], investigated Cu-doped NiO using RF
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magnetron sputtering deposition technique and found that by in-
creasing the Cu dopant percentage, the crystal structure decreased
tending to amorphous structure, and the energy band gap values also
decreased. Rahdar et al. [17], investigated copper doped NiO nano-
particles using chemical method and the XRD showed that the structure
is face centered cubic. The magnetization property studied shows weak
ferromagnetism. Zhao et al. [18], investigated the optical and electro-
chemical properties of Cu-doped NiO thin films synthesized by elec-
trochemical deposition. The films were amorphous and the grains
showed a tinge of face-centered cubic. Malllick et al. [19], studied the
magnetic behavior of Fe doped NiO and found that NiO nanocrystals
show magnetic properties due to increase in Fe doping. Nair et al. [20],
studied the structure and magnetic behavior of Mn and Sn -doped NiO
using a sol-gel technique. Their results showed that Mn and Sn have no
effect on the crystallographic arrangement of NiO thin films. They also
found that doped Mn–NiO and pure NiO thin films exhibited ferro-
magnetic behavior while Sn doped NiO samples showed super-
paramagnetism.

NiO thin films could be applied in dye-sensitized solar cells, organic
light emitting diodes, electrodes in electrochromic devices for devel-
oping chemical sensors [21–25]. The deposition techniques used by
numerous researchers for the synthesis of NiO thin films include SILAR
[26], solution growth [27], chemical vapor deposition [28], spray
pyrolysis [26], chemical bath [29] and DC reactive sputtering [30]. It is
plausible that of all these deposition methods, electrochemical deposi-
tion is simplistic and quite potent for industrial applications as a result
of its cost effectiveness and environmental friendliness. High purity
films can also be easily obtained at room temperature using this tech-
nique. Hence, we synthesized Cu doped NiO thin films using electro-
deposition technique. We studied the morphological, optical, magnetic
and electrochemical properties of the deposited thin films. It is worth
mentioning here that from our literature survey this is the first time that
the magnetic properties of Cu doped NiO thin films deposited by elec-
trochemical technique is studied.

2. Experimental details

It is expedient to say that highly purified chemicals were used in this
work. Thin films of NiO doped with Cu were prepared using electro-
chemical method. The ITO coated substrates were incised into
2.5 cm×1.0 cm dimensions and washed with detergent. The substrates
were consequently cleaned with deionized water, rinsed with acetone
and desiccated in air for two hours. In order to prepare NiO nano-
particles, 100ml of 0.05M of nickel sulphate (NiSO4·6H2O) aqueous
solution as Ni source was prepared and 100ml of 1M NaOH solution

was added to the above solution at room temperature. Also prepared
was 2 and 3wt % of copper for the doping using copper sulphate
pentahydrate solution (CuSO4·5H2O) as Cu source and added to 100ml
of 0.05M nickel sulphate solution at room temperature. The pH was
adjusted to 9 using sodium hydroxide as a precipitator agent. The
electrochemical deposition was carried out in a three electrode
chamber made up of a silver-silver chloride (Ag/AgCl) electrode serving
as reference electrode, carbon rod as anode, and working electrode
acting as cathode. At room temperature, a cathodic deposition of Cu-
doped NiO was carried for 2min under potentiostatic condition with a
dc voltage of 10 V. X-ray diffraction (XRD) patterns were employed in
order to identity the crystallographic phases in the 2θ interval from 10°
to 90° using Philips diffractometer model PW1800. The scanning elec-
tron microscope (SEM) model JSM 35 CF JEOL was used to probe the
surface morphology of the fabricated thin films. A double beam UV-VIS
spectrophotometer was used to obtain absorbance spectrum of the thin
films in the wavelength range of 300 nm–1000 nm. Furthermore, a vi-
brating sample magnetometer (VSM) [Lake Shore Model 7404] was also
used for the magnetization readings while the Cyclic voltammogram of
the deposited films was carried out using a conventional three-electrode
connected to autolab instrument (Metrohm) system. A schematic re-
presentation of the electrodeposition apparatus for the synthesis of the
undoped and NiO:Cu thin films is shown in Fig. 1.

3. Results and discussion

3.1. Structural properties

The x-ray diffraction (XRD) patterns of the undoped and Cu doped
NiO thin films (2 and 3%) are shown in Fig. 2. It is observed from the
XRD crystallographic structure that both the undoped and doped
samples exhibited diffraction peaks which belonged to tin oxide that
comes from the FTO-coated glass substrates, which created a strong
distortion of the lattice in our case due to F doping of the SnO2 as
suggested by Zhao et al. [18] (in their case they observed weak dis-
tortion). The diffraction peaks were seen along the (101), (200), (211)
and (310) planes (JCPDS 46-1088). The weak diffraction peaks ob-
served for the doped samples along the (111) and (200) planes belong
to the face-centered cubic NixCu1-xO (JCPDS 78-0648) which are as a
result of the nanosphere as seen from the SEM as opposed to nanorods
observed by Zhao et al. [18]. Doping NiO with Cu increased the crys-
talline nature of the films and the size of the nanoparticles seen as from
the SEM images in Fig. 3. This is in agreement with the results obtained
by Zhao et al. [18]. Furthermore, the crystallographic structure sug-
gests that the undoped and Cu doped NiO thin films were

Fig. 1. Systematic representation of undoped and NiO:Cu thin films deposited by electrodeposition method.
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polycrystalline with cubic structure which is in agreement with the
works of Kim et al. and other authors [31–33].

It is evidenced that the peak positions for both undoped NiO and Cu
doped NiO thin films are the same which is consistent with the works of
Manouchehria et al. [16] and others [33,34]. This is because the ionic
radii of copper (0.96 Å) is almost the same as that of nickel (0.78 Å),
hence the easy substitution of Cu+ for Ni+ ions without distortion of
the crystal lattice. The crystallite sizes calculated using Schrerrer's
formula [34–36] were 35.97 nm for the undoped while 2 and 3% doped
NiO thin films were 30.55 nm and 30.38 nm respectively as shown in
Table 1. The observed reduction of particle size may be due to defect
and disorder of NiO lattice. The works of Malllick et al. [19], on Fe-
doped NiO also shows similar reduction in grain size as the dopant level
increased

=D k
cos (1)

where k is a dimensionless shape factor β, is the line broadening at half
the maximum intensity (FWHM) and being the x-ray wavelength and
θ as the Bragg angle.

3.2. Surface morphology

The scanning electron microscopy images for the undoped and Cu
doped NiO thin films are shown in Fig. 3(a)–(c). The micrograph reveals
that both undoped and doped NiO thin films are made of nanocrystal-
line grains. The surface micrograph of the undoped NiO thin film has
uniform distribution of structured grains as shown in Fig. 3(a). There is
evidence of homogeneous, spherical, dense, devoid of cracks indicating
adhesiveness of grains to the substrate as seen in Fig. 3(b) and (c). A
close look at the doped thin films shows that the 3% doped thin film
shown in Fig. 3(c) has larger grains with the same magnification of
100X.

3.2.1. Optical absorbance
Fig. 4 represents a plot of absorbance of undoped and Cu doped NiO

thin films versus wavelength. The absorption spectra of the films de-
posited on the ITO substrate were investigated at room temperature.
The absorbance of the undoped NiO thin film was found to decay ex-
ponentially from 100 to 40%, then gradually decreased to 35% and
remained fairly constant from 500 nm wavelength to near infra red. The
2% copper doped NiO thin film decreased exponentially from 100 to
72% at wavelength of 300 nm–327 nm, then increased to 75% at
382 nm and later decreased gradually. Also the 3% copper doped NiO
thin film exponentially decreased from 100 to 70% at wavelength range
of 300–345 nm, thereafter decreased gradually. It is seen that the un-
doped film has lower absorbance than Cu doped NiO thin films. How-
ever, dopant variation was not significantly noticed in the doped
samples as they have similar absorbance property.

3.2.2. Transmittance
For optical systems, the transmittance is determined by the optical

resistance, quality of the film and surface roughness that scatter light
which has to be controlled under normal condition. The transmittance
of undoped NiO and Cu doped NiO thin films are presented in Fig. 5. It
is noticed that at 450 nm, the undoped increased rapidly to 72.90%
while the recorded transmittance values for the doped thin films are

Fig. 2. XRD patterns of undoped NiO and NiO:Cu thin films.

Fig. 3. SEM images of a) undoped NiO b) 2% doped and c) 3% doped NiO:Cu thin films.

Table 1
Calculated crystallite size, refractive index and energy band gap of the de-
posited films.

Samples Crystallite size (nm) Refractive index Energy bandgap (eV)

Undoped 35.97 2.30 3.34
2% Doped 30.55 2.30 3.32
3% Doped 30.38 2.60 3.20

Fig. 4. Absorbance versus wavelength plot for the undoped and NiO:Cu thin
films.
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31.34%. However, beyond this value, the 3% transmits more than the
2% although all converge in the infra red region.

3.2.3. Reflectance spectra
The reflectance profile for the undoped and Cu doped NiO thin films

versus wavelength is presented in Fig. 6. The reflectance of undoped
thin film was 14% at 340 nm which decreases exponentially as wave-
length increased. The Cu-doped NiO (2 and 3%) thin films were found
to be 20% at 340 nm respectively and remained constant up to 490 nm,
thereafter decreased as wavelength increased. Notably, the effect of
doping is seen in the doped thin films. Considering T as the Transmit-
tance and A as the absorbance of the film then, the reflectance of the
film can be deduced using the relationship:

+ + =A R T 1 (2)

= +R A T1 ( ) (3)

3.2.4. Optical band gap
A variation of absorption coefficient against the photon energy gives

the optical band gap (Eg) of thin films which can be determined using
Tauc's relation [32]:

=hv A hv E( ) ( )g
n2 (4)

where A is the absorption coefficient, hν being the photon energy, Eg is
the band gap and n=1/2 for allowed direct transition or 2 for indirect
inter band transitions. The band gap of thin films is obtained by
drawing a straight-line tangent to the point on the photon energy axis in
which the absorption coefficient is zero as shown in Fig. 7. The band
gaps for the undoped NiO, Cu doped NiO (2 and 3%) thin films are 3.34,

3.32 and 3.20 eV respectively. The decrease in energy bandgap from
3.34 to 3.20 eV may be due to increase in the width of donor levels of
copper atoms [16,34]. The obtained band gap values agree with the
works of Rahdar et al. [17]. The linear plot obtained for the undoped, 2
and 3% doped NiO thin films indicates that they have direct band gap
and are semiconductors.

3.2.5. Refractive index
A variation of refractive index with photon energy of undoped NiO

and Cu-doped NiO of (2 and 3%) thin films is presented in Fig. 8. The
refractive index was determined by using the following relationship
[37]:

= +n R
R

1
1 (5)

where n is the refractive index, R is the reflectance.
It is observed that the refractive index increases rapidly at 300 nm

and then peaked at 2.60 for the undoped while the 2% peaked at 2.65
and 3% peaked at 2.60. The effect of doping on refractive index was
noticed on the 3% doped as recorded in Table 1. The refractive index of
the films ranged from about 2.60 to 2.65 in the visible region of the
electromagnetic spectrum. This result is consistent with other reports
[38].

Fig. 5. Transmittance profile versus wavelength for the deposited films.

Fig. 6. Reflectance profile versus wavelength for the undoped and the doped
NiO thin films.

Fig. 7. Plot showing the optical band gaps of the undoped and doped NiO:Cu
thin films.

Fig. 8. Plot showing the variation of refractive index versus photon energy for
the films.
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3.2.6. Extinction coefficient
This is the measurement of the degree of diminution of light at a

given wavelength. The extinction coefficient of the films can be cal-
culated using Eq. (6) [39]:

=k
4 (6)

where k is the extinction coefficient, λ is the wavelength of the incident
photon and α, the absorption coefficient. It is shown from Eq. (6) that
the extinction coefficient varies proportionately with absorption coef-
ficient. From the graph of extinction coefficient against wavelength
shown in Fig. 9, it is noticeable that the extinction coefficient of the
undoped sample recorded a higher value as compared to that of the
doped films due to lack of Cu+ in the Ni+ lattice.

3.2.7. Dielectric constants
The real part of complex dielectric constant (εr) is a measure of how

the speed of light is reduced in a medium and it is often related to the n
value, while the imaginary part (εi) deals with loss of energy into the
medium. Fig. 10(a) and (b) depict the variation of the real and ima-
ginary parts of the dielectric constant values versus wavelength. The
values of r and i were determined using Eqs. (7) and (8) respectively
[39]. The Cu doped NiO thin films (2 and 3%) increased proportio-
nately and attained higher Ɛr values towards increasing wavelength
regions than the undoped film as seen in Fig. 10 (a). Fig. 10(b) shows a
gradual decrease in the Ɛi value of the undoped film as it tends towards
the infrared region as compared to the doped films.

= n kr
2 2 (7)

= nk2i (8)

3.3. Magnetic properties

The magnetic behavior of NiO nanoparticles was studied by plotting
the magnetic moment against applied magnetic field using a VSM
technique. Fig. 11 (a) shows the hysteresis loop of undoped NiO sample
recorded at fields of −400 and 400 Oe at room temperature which
depicts some elements of diamagnetism ordering due to quantum me-
chanical effect creating opposing magnetic field [40]. The emergence of
hysteresis curve shown in Fig. 11(b) depicts the ferromagnetic ordering
in the doped samples. The substitution of Cu2+ for Ni2+ together with
the presence of a moderate oxygen vacancy can be attributed to the
condition of ferromagnetism. The magnetization saturation value (Ms)
for the 2% doped was 1.52E-4 emu/g while for the 3% Cu doped the
value increased to 2.29E-4 emu/g. The reduction of particle size as
shown on Table 1 due to increase in Cu dopant level from 2 to 3%
results in enhancement of the magnetic structure as shown in
Fig. 11(b). Furthermore, it is evident that the magnetic properties of
both undoped NiO, Cu doped NiO (2 and 3%) thin films correspond
with magnetic materials of sizes greater than 10 nm [17,41–43]. The
saturation magnetization values for the magnetic samples shown in
Fig. 11 (b) depends on the Cu content in NiO, which is less than that of
the NiO bulk materials (55 emu/g) [41,42]. Hence, magnetization
progresses from domain wall to magnetization rotation for the Cu
doped NiO thin films thereby leading to increase in coercive force from
40.24 to 55.99 [44]. Also the calculated squareness values obtained for
the 2 and 3% doped samples are 0.012 and 0.0844 respectively. The
coercive force of the undoped has negative value compared with the
doped samples as shown on Table 2.

3.4. Electrochemical properties

The electrochemical properties of the doped and undoped NiO thin
films were measured using cyclic voltammogram (CV) in 0.5M sodium
hydroxide as electrolyte at a potential window of 0.1–0.6 V potential
range using satd. Ag/AgCl as reference electrode and platinum wire as
counter electrode while the NiO thin films on stainless steel substrate
serve as the working electrodes.

Fig. 12 (a) shows the comparison of cyclic voltammetry of the
various films. The undoped NiO film gave no obvious redox peaks while
the doped films gave pronounced redox peaks implying that substitu-
tion of some of the Ni ions with Cu ions increased the redox activities of
the thin films. While the 3% doped showed redox peaks centered at
0.43/0.53 V/Ag/AgCl, the 2% doped showed a cathodic peak at 0.44 V/
Ag/AgCl. The redox peaks current increases with increase in scan rates
(Fig. 12(b and c, and d)), an indication that the redox processes are
mainly due to intercalation and de-intercalation of ions into the matrix
of the thin films [45]. While the anodic peak shifts slightly to the more
positive potential, the cathodic peak shifts to the more negative po-
tential an indication of quasi reversible nature of the redox processes

Fig. 9. Plot of extinction coefficient versus photon energy for the deposited
films.

Fig. 10. Plots of a) real dielectric constant versus wavelength b) imaginary dielectric constant versus wavelength for the deposited films.
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due to increase in the internal resistance of the electrode [46]. The
anodic scan causes the oxidation of Ni2+ to Ni3+ while the reduction of
the Ni3+ to Ni2+ takes place during the reverse cathodic scan.

4. Conclusion

In this work, copper was doped on NiO at 0, 2 and 3% using elec-
trodeposition method. The structural, optical and magnetic properties
of the thin films were studied using X-ray diffraction, scanning electron

microscope, UV–visible spectroscopy, Vibrating Sample Magnetometer
and cyclic voltammetric techniques. The doped thin films were poly-
crystalline and cubic in nature with spherical shaped grains. The
transmittance for the undoped was 80% while the doped films in the
visible range spectrum lies within the range of 60–70%. The reflectance
for the undoped was 14% and the doped was 20% at 340 nm. It was also
observed that as the doping percentage increased, the energy band gap
reduced significantly. The magnetization saturation and coercive field
values for the 2 and 3% doped thin films are quite larger than the
undoped film. Electrochemical studies showed good cyclic voltammo-
grams of the deposited films. This result shows that the electrodeposited
Cu doped NiO thin films have good potentials for magnetic applica-
tions.
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