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1 Introduction

Optoelectronic devices are widely used in today’s
life, and it is impossible to imagine life without them.
Transparent conductive oxides (TCOs) are widely
used in the optoelectronic industry [1, 2]. When TCOs
are used in optoelectronic devices, they must have

ABSTRACT

In this study, pure Cu-doped NiO thin films were deposited on glass substrates
of soda lime by chemical spray pyrolysis. The effects of Cu-doping on the
structural, optical, and electrical properties of the thin films were investigated
by X-ray diffraction (XRD), field emission scanning electron microscopy with
energy dispersive X-ray analyzer (FE-SEM-EDX), atomic force microscopy
(AFM), ultraviolet-visible spectroscopy, and electrical resistance; van der Pauw
techniques were also used to measure the Hall effect. Studies on X-ray
diffraction showed that the films contained only one nickel oxide phase and
were polycrystalline in a cubic crystal structure with preferred orientations
along (111). Other orientations were along the (200) and (220) planes. In general,
the FE-SEM and AFM images also showed that as Cu-doping increased, the
grain size and surface roughness of the thin films decreased. The expected
elemental compositions were confirmed by EDX. In the Raman spectra of the
thin films, there were two peaks at 530 cm ™' and 1100 cm ™" that confirmed the
presence of NiO on the films. The optical bandgap of the thin films decreased
from 3.09 to 2.21 eV as Cu-dopant increased. As the Cu-doping concentration
increased from 0 to 0.16 (at.%), the electrical resistance, carrier mobility, and
activation energy decreased from 1.88 x 10° to 430 Q.cm, 18.1 to 4.9 cm?/v.s,
and 0.245 to 0.203 eV, respectively; conversely, the carrier concentration
increased from 1.84 x 10" to 29.64 x 10'. Hall effect studies showed that the
films exhibited p-type conductivity.

high conductivity and good transmittance [3]. In the
last few decades, developments in TCOs have been
focusing on indium-tin oxide (ITO), fluorine-doped
tin oxide (FTO), indium-doped zinc oxide (IZO),
gallium-doped zinc oxide (GZO), and zinc oxide
(ZnO), which are only n-type semiconductors due to
oxygen vacancies and anion interstitials that generate
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free electrons [4-6]. Nevertheless, researchers have
always looked for p-type TCOs which have both a
decent stability and also high conductivity [3]. Nickel
oxide is a transparent conductive oxide material with
p-type conductivity [7]. This is due to pure stoichio-
metric NiO is an insulator with a resistivity at room
temperature on the order of 10'® Q cm, when non-
stoichiometric NiO exhibits p-type conductivity is
with Ni** ions resulting from Ni** vacancies and/or
interstitial oxygen in NiO crystallites [4, 8]. In other
words,: Ni vacancies form easily and act as acceptors
[9]. Among other properties, it has a wide bandgap of
3.6 to 4 eV, NaCl crystal structure, high chemical
ductility and stability, excellent durability, and low
material cost [10-15]. These properties give NiO good
optical, electrical, thermoelectric, and catalytic prop-
erties [16, 17]. The physical properties of NiO thin
films can be enhanced/improved by doping with
elements such as Mn [18], In [19], Re, Pt [20], Li [21], B
[22], La [23], Tb [24], Nd [10], Co [25], Zn [26], Na
[27], Au [28], Ti [29], Cd [30], Sn [31], Al [32], YD [33],
Cr [34], Ag [35], Fe [36], Mg [37], Ce [38], N [39], Bi
[2], Nb [40], and Y [41]. The results indicate that the
surface morphology, crystal composition, uniformity,
and physical properties of the thin films, like resis-
tivity and transparency, depend on the nature and
amount of the dopant [42]. For the application of
nickel oxide thin films in optoelectronic devices, it is
important to improve these properties. This can be
achieved by doping with copper [28, 33, 35]. The
copper can create different impurity levels that
change the optical and electrical properties of the
semiconductor [43]. In other words, copper creates
microstructural defects, such as nickel vacancies and
interstitial oxygen in NiO, which can affect the con-
ductivity of the NiO thin film [4]. Copper is of more
importance to researchers because of its special
properties among these materials. The ionic radius
and electronegativity of Ni** and Cu”" are of the
same order. This information suggests that Cu®* ions
can replace Ni*" ions in the crystalline structure of
NiO and further improve its electrical properties [4].
The decrease in resistivity could be attributed to the
efficient substitution of Ni** by Cu®* ions [4]. Doping
of NiO thin films with Cu can be useful for a wide
range of applications.

In this study, copper-doped NiO thin films were
prepared by spray pyrolysis, and the structural,
optical, and electrical properties of the films were
investigated as a function of copper concentration.
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Most previous studies have investigated the effect of
copper doped up to 8% [44, 45]. Therefore, we deci-
ded to investigate the effect of copper doping up to
16%. The physical properties of the films were
investigated using XRD, FE-SEM, AFM, UV-vis
spectroscopy, and the Hall system.

2 Experimental details
2.1 Film preparation

A precursor solution was prepared for each thin-film
deposition by dissolving 2.3769 g of nickel chloride
[NiCl,6H,0O] in 100 ml of deionized water. The
molarity of nickel in the spray solution was 0.1 M.
Copper chloride [CuCl,2H,0] was dissolved in the
forerunner solution. The atomic ratio of Copper per

Nickel or % (at.%) was changed from O to 4, 8, 12,
and 16 at.% to study the effects of Cu add-up on the
film due to physical properties. Each solution was
stirred well and heated at room temperature for
about 45 min until it became bright and sprayable.
The solutions were applied to a soda-lime substrate
under similar conditions: 30 cm distance between the
nozzle and the substrate, 30 rpm rotation speed of the
hot plate, 3 atm pressure of the carrier gas, 2.5 ml/
min spray rate, 460 °C substrate temperatures, and
accuracy of & 2 °C controlled by a digital tempera-
ture controller. Preceding film fabrication, ethanol
was used to clean the glass substrates. It was done in
an ultrasonic bath for 15 min on a hot plate. The
system was then allowed to cool to room temperature
for about 80 min. A typical spray pyrolysis coating
system was used to prepare the thin films [44].

2.2 Sample characterization

The crystal structures of the thin films were charac-
terized using the XRD technique. The XRD instru-
ment was a D8 Advance Bruker X-ray diffractometer
with a Cu tube producing Cu-K, radiation
(k = 0.154056 nm) in a 20 range of 10°-70°. The sur-
face morphology of the samples was observed via FE-
SEM using MIRA3 TESCAN. The cross-sectional FE-
SEM image was also used to estimate the thickness of
the thin films. The topology of the films was observed
using an atomic force microscope (JPK-Nano Wizard
II). Raman spectra were recorded between 250 and
3500 cm™"' using 532i Avantes Raman microscope.
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The transmittance and reflectance spectra of the thin
films were measured using the UV-Vis.
(300-1100 nm) spectrophotometer, Shimadzo-1800.
An Ecopia HMS-7000 Photonic Hall Effect Measure-
ment System was used for electrical measurements.

3 Results and discussion
3.1 Structural characterization

Figure 1 shows the XRD patterns of the undoped and
copper-doped NiO thin films. As can be seen, the
numerous diffraction peaks in the diffraction patterns
indicate a polycrystalline nature with broad humps, a
cubic phase, and a preferential orientation along the
(111) direction of the pure NiO phase [43, 45, 46].
Other peaks corresponding to other phases of Ni and
Cu or/and CuO could not be detected, which means
that no secondary phases were formed, and the
copper atoms were successfully incorporated into the
nickel sites of the NiO lattice. This could be because
the ionic radii of Cu (0.73 A) and Ni (0.69 A) are
comparable, and, therefore, copper ions can be easily
replaced by nickel ions without causing significant
lattice distortions [5, 46, 47]. Moreover, the preferred
alignment does not change with copper doping [44].
In general, the intensity of the peaks decreased with
copper doping, which could be due to an increase in
point defects resulting from copper impurities
[47, 48]. Figure 1 shows that the in-plane position of

Intensity (counts)

400

; 50
29() 80 . 0

Fig. 1 XRD patterns for the NiO:Cu thin films at different Cu
concentration
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the XRD peak (111) shifts to a higher 20 value at 4 and
8 at% copper doping, but at 12 and 16 at% copper
doping, the peak position shifts to a lower 20 value.
This is likely due to the fact that at lower amounts of
copper doping, Cu®*" (ionic radii equal to 0.54 A)
replaces Ni*" (ionic radii equal to 0.56 A), and at
higher amounts of copper doping, Cu®* (ionic radii
equal to 0.73 A) replaces Ni*" (ionic radii equal to
0.69 A). Some weak reflection peaks such as (200) and
(220) were also observed, which could be attributed
to poor crystallization [49]. The in-plane XRD peak
(220) is weak or has not been observed in most pre-
vious studies [46, 50].

The peaks (111), (200), and (220) are located at
37.29°, 43.67°, and 63.73°, respectively, for thin films.
The diffraction peaks obtained agree well with the
JCPDS Card Number 14-0481 [12]. It is clear that all
samples show the same structural pattern only the
intensity varies. This could be a good indicator for the
crystallinity of the film [12].

The interplanar spacings of the given Miller indices
h, k, and 1, dj; values of the NiO thin films were also
calculated using the Bragg equation:

Zdhkl sin = ni (1)

where 7 is the diffraction order (usually n = 1) and 1
is the X-ray wavelength. The lattice constant (a) was
calculated using the following equation [51]:

1 R+ +P
i 2)
B a

Lattice parameter a for the cubic phase was calcu-
lated via (111) orientations. The average crystal grain
size (D) was estimated using [52]:

0.94
= 3
fcosO (3)

where f is the width of the x-ray peak on the 20 axis,
normally measured as full width at half maximum
(FWHM) after the error due to instrumental broad-
ening has been properly corrected (subtraction of
variances), 0 is the Bragg angle. the dislocation den-
sity (0) and strain (¢) were calculated using the fol-
lowing relations [13]:

b= )
8:ﬁcz(;s@ (5)
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where 0 is the usual Bragg angle, and f is the full
width at half maxima of the diffraction peaks. Table 1
shows and summarizes the structural parameters for
(111) the crystallographic orientation of the deposited
NiO thin films. The observed ‘d” and ‘a’ values agree
well with the standard 'd” and ‘a’ values. It can be
seen from Table 1 that the interplanar spacing and the
lattice parameter increase, and the average crystal
grain size decreases as the copper concentration
increases. Since the atomic radius of the copper ion is
larger than that of the nickel ion, the lattice parameter
increases with the substitution of Cu in place of Ni in
the cubic NiO structure [5, 43, 53]. The decreased
crystallite size due to the increase in copper doping
can probably be explained by the Zener pinning
effect, i.e., Cu atoms could act as obstacles and hinder
the movement of grain boundaries, resulting in a
decrease in grain growth [43].

FE-SEM is a suitable method to study the shape,
size, and mechanism of particle grain growth. Fig-
ure 2 shows the surface morphology and cross sec-
tion of the NiO:Cu thin films prepared with different
copper concentrations. The FE-SEM morphologies of
the thin films are alike and they exhibit spherical
grains on their whole surface. The surface morphol-
ogy of the deposited thin film appears quasi-smooth,
with excellent adhesion, uniform surface with den-
sely packed spherical grains, and utterly devoid of
pinholes and major cracks on the film surface. A
similar morphology can be seen for the NiO thin
films reported in [42, 43, 50]. Moreover, the surface of
the thin films is covered with inhomogeneous, ran-
domly oriented, and clustered particles. However,
the morphology of the thin films depends on the Cu
concentration. The average grain size is estimated to
be in the range of 30 nm. In generally, the grain size
increases and then decreases as the Cu concentration
increases. As shown in Fig. 2, a smooth film with a

Table 1 Results of structural characterization of the thin films
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surface morphology is a basic requirement for
applications in electronics, optoelectronics, and elec-
trochromics [12, 54]. The thickness of the thin films
was assessed from the cross-sectional FE-SEM
micrographs, as you can see in Table 2. The elemental
composition of the NiO:Cu thin films was decided by
energy dispersive X-ray spectrometry (EDX), and the
values are listed in Table 2. The fact that nickel and
oxygen elements are in the samples is attributed to
the effective formation of NiO. As expected in
Table 2, the atomic percentage value of copper in the
doped sample approves the incorporation of Cu*"
ions into the NiO lattice network. The EDX spectrum
for 8% Cu-doped NiO thin films is shown in Fig. 3.
By considering these results, it can be concluded that
the Cu was successfully doped by the spray pyrolysis
technique.

Figure 4 shows two- and three-dimensional
microscopic images of the thin films deposited with
different Cu concentrations. The surface characteri-
zation results of the films are summarized in Table 1.
The AFM images and the results of the average
roughness values of the thin films helped us to ana-
lyze the physical properties of the thin films. For
example, they provided information about the inter-
action of the droplets with the substrate glass. These
results show that the morphology of the thin films
was a function of the Cu concentration. Table 1 shows
that as the Cu concentration increases, the average
roughness values of the thin films decrease [55]. This
behavior is different for [Cu]/[Ni] = 16%. The change
in roughness values due to copper doping is attrib-
uted to the fact that the incorporation of Cu leads to
the agglomeration of crystallites in the pure NiO
matrix and formation of clusters [56].

%%at 20 (°) FWHM Observed Observed D 5 x 10'° (lines/ g x 107 (lines? average roughness
©) ‘d’ ‘ (m)  m’) m’) (nm)
values (nm) values (nm)
0 37.261 0.727 241124 4.17626 12 6.89 3.01 33.03
4 37.285 0.545 2.41266 4.17885 16 3.87 2.25 29.15
8 37.285 0.661 2.41302 4.17957 13 5.7 2.73 17.89
12 37.187 0.694 24182 4.18845 13 6.28 2.87 17.49
16 37.132 0.744 2.42189 4.19484 12 7.23 3.08 43.14
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Fig. 2 Top view and cross
section FE-SEM images for
the NiO:Cu thin films at
different Cu concentration
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Table 2 Elemental compositions of the undoped and Cu-doped
NiO films (including at% ratio)

%%(gt) Result of EDX

(at spray solution) 0% (at) Ni% (at) Cu% (at)
4 71.65 27.17 1.18

8 62.68 34.68 2.64

12 61.89 34.19 3.92

16 61.46 33.42 5.12

3.2 Raman study

Figure 5 shows the Raman spectra of NiO and Cu-
doped NiO at room temperature in the frequency
range from 250 to 3500 cm™'. Two prominent peaks
around ~ 530 cm™'and ~ 1100 cm™' can be seen in
the spectra of all thin films. A strong vibrational band
of NiO associated with a phonon (1P) was observed
at 530 cm ™" which clearly indicates the presence of
the NiO transverse optical (TO) mode [57-59]. In
addition, there are 2LO modes at 1100 cm ™! due to
the vibrations of Ni-O bonds [30, 59]. This is due to
the Ni-O stretching mode [12, 58]. The increase in the
intensity of the (1P) LO peak in NiO is due to parity-
breaking defects such as nickel vacancies and the
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crystallinity of the samples [59, 60]. It is evident that
the intensity of the Raman peaks varies with doping
with Cu relative to the XRD patterns. The increase in
Raman shifts could be due to the increase in crys-
tallite size of the Cu-doped NiO thin films [30].

3.3 Optical study

As a result of their unique optical properties, thin
nickel oxide films are appropriate for a variety of
optoelectronic applications. Many of these applica-
tions need high transparency in the UV-vis region.
This can be attained by optimizing the parameters of
the deposition layer, which are vital in the optical
properties of NiO thin films. These properties are
related to the oxygen vacancy, surface roughness,
structure, crystalline quality, grain size, and thickness
of the deposited thin films [12, 26, 34, 61-64]. Figure 6
shows the optical transmission spectra of NiO:Cu
thin films deposited with different Cu concentrations.
All films were examined in the wavelength range of
300-1100 nm at room temperature. It can be seen that
the thin films have average transparency in the visi-
ble region of 22%, 24%, 31%, 34%, and 17% for
undoped film, and 4%, 8%, 12%, and 16% doped
films, respectively. It was observed that all the
deposited samples have good transparency in the

Fig. 3 EDX analysis of the
NiO:Cu thin films prepared at
8% Cu-doped

0

ke
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Fig. 4 AFM images for the
NiO:Cu thin films at different
Cu concentration
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Fig. 5 Raman spectra at room temperature for the NiO:Cu thin
films at different Cu concentrations
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Fig. 6 The variation of transmittance as a function of wavelength
for the NiO:Cu thin films at different Cu concentration

visible and near-infrared regions. All samples show
ultimate absorption at wavelengths below ~ 380 nm
because of the shift of electrons from the valence
band to the conduction band [12, 21, 27, 65, 66].
Examination of Fig. 6 shows that the optical trans-
mittance of the thin films increases as the Cu con-
centration increases [4]. The increasing optical
transmittance is attributed to the increase in grain
size with the increase in copper concentration
[10, 61]. Accordingly, the decreasing surface rough-
ness and increasing crystal grain size of the films
show less scattering of incident light, resulting in
increased transmittance [26, 67, 68].
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Fig. 7 Absorption coefficient spectra for the NiO:Cu thin films at
different Cu concentration

The optical absorption coefficients are calculated
using the following formula [69]:

2
o= %ln (@) (6)

where o, d, R, and T are the thin films’ absorbance
coefficient, thickness, reflectance, and transmittance,
respectively. Figure 7 shows the absorbance coeffi-
cient spectra of the NiO thin films deposited at dif-
ferent Cu concentrations. Examination of this
figure shows that the Cu concentration affects the
absorbance coefficient. The thin films have a low
absorbance coefficient in the visible region and a
strong absorbance coefficient in the lower wave-
length region. Moreover, an absorption edge near
(~380 nm) is observed in the thin films. The onset of
the remarkable absorption is in the wavelength
region below 380 nm, which provides excellent
transparency for thin films in the visible region. In
general, the absorbance coefficient changes as a
function of crystalline properties, bandgap, surface
roughness, and defect density [23, 26]. The direct
optical bandgap can be obtained by optical absorp-
tion measurements by plotting (ah))® against the

photon energy hv and by means of the Tauc equation
[41]:

(9= B(i9 — Ey) (7)

where o, 5, and Eg define the absorption coefficient,
constant, and direct bandgap, respectively, as shown
in Fig. 8, for the thin films prepared with Cu con-
centration. The bandgap values are estimated to be in
the range of 2.21 to 3.09 eV. The obtained bandgap
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Fig. 8 Plots of (xht)® versus hi) for the NiO:Cu thin films at
different Cu concentration

values agree well with the previously published data
[45, 70]. The optical bandgap values decreased with
increasing Cu-doping and increased with Cu-doping
up to 12% [17, 39, 46]. This behavior was reported by
R. Balakarthikeyan et al. [43]. Increasing the film
thickness leads to a decrease in the bandgap of the
thin films [43, 50, 70]. This may also be due to CuO’s
much smaller bandgap vis-a-vis NiO [4]. In other
words, the p-type Cu-dopant causes the narrowing of
the bandgap in NiO because it can introduce holes
into the valence band (VB) of NiO, which causes an
upward shift in VB and a downward shift in the
conduction band (CB) vis-a-vis pure NiO [43, 46].

We can study the disorder of the thin films by the
changes in absorption coefficients [69]. The disparity
of the absorption coefficient with photon energy is
given by the empirical Urbach law [58]:

- 0

where «, is a constant, hv is the photon energy, and
Ey is the Urbach energy. The Urbach energy is an
important parameter for characterizing the disorder
and the width of the localized energy states in the
material’s bandgap [63, 66, 71, 72]. The Urbach tail
emerges in poorly crystalline, disordered, and
amorphous materials because of the localized states
in these materials that widen or narrow the bandgap
[72]. Moreover, the interaction between charge carri-
ers and phonons is responsible for the Urbach band
tail in semiconductor materials [58]. The Urbach
energy of the NiO thin films was estimated from the
slopes of Ln(x) versus photon energy hi plots. The
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Fig. 9 Plots of In(at) vs. k1 for the NiO:Cu thin films at different
Cu concentration

inverted slope of Ln(o) versus photon energy hv plots
determine the values of the Urbach energy. Figure 9
shows Ln(x) versus photon energy hv plots of the
thin films prepared with a Cu concentration. We used
these figures, determined the thin films’ Urbach
energy, and summarized them in Table 3. Figure 10
shows the variation of the bandgap energy, Urbach
energy, and activation energy as a function of Cu
concentration. It is generally observed that the
bandgap energy is inversely related to the Urbach
energy [17, 21, 63].

3.4 Electrical properties

The electrical properties of the thin films were mea-
sured by using a Hall effect system under van der
Pauw then they were summarized in Table 3. The Hall
effect confirmed that all films were p-type [50, 73]. The
compositional change, especially the formation of
Ni**vacancies, leads to p-type conductivity of the thin
films [57, 74, 75]. The resistivity of the NiO:Cu thin
films decreased as the Cu concentration increased
[17, 45, 50, 73]. In contrast, the concentration of holes
increased when the Cu concentration increased. This is
probably due to the efficient substitution of Cu™ in
Ni?* sites, which induces Ni?*-Ni** intervalence
charge transfer transitions and increases the hole
concentration, decreasing the electrical resistivity of
the thin films [17, 50, 73]. The study Table 3 shows that
the carrier mobility decreases with increased Cu con-
centration. This can be ascribed to the higher density of
the scattering centers of ionized impurities in the thin
films [17].
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Table 3 Results of optical and electrical characterization of thin films
%%at t Eg Urbach energy Activation Sheet Resistance (x 107 p(x 10° p 1 (cm?/
1
(nm) (eV) (eV) energy Q/sq) Q.cm) (x 10" ecm™) v.s)
(eV)
0 590  3.09 0.47 0.245 3.18 1.88 1.84 18.104
4 597  2.99 0.93 0.236 1.88 1.12 5.9 9.46
8 618  2.75 0.6 0.227 1.31 0.81 16.97 3.11
12 632 221 0.84 0.211 0.93 0.59 24.78 4.27
16 628 246 1.04 0.203 0.68 0.43 29.64 4.9
Fig. 10 Variations of the 3.2 1.1 - 0.25
optical gap, Urbach energy,
and activation energy as a L 1.0
: : 3.0 g
function of Cu concentration L 0.24
- 0.9
2.8
- 0.23
S Riak i s
L 26 s 2
w” I u w’
0.7 - 0.22
2.4
- 0.6
- 0.21
2.2 - 0.5
2.0 r T r r r T r r 0.4 - 0.20
0 2 6 8 10 12 14 16 18
[Cu)/[Nil%
The temperature dependence of the electrical 8
resistance of the thin films was measured in the [ClJ]/[Ni]"/o=(J .
. . n
temperature range 300-525 k in an air atmosphere to -
estimate the thermal activation energy. These data =
| |
were fitted to the Arrhenius equation [76]: 6] =
Eq
R = R,exptT 3
where R, is a parameter that depends on the properties 3
of the sample (thickness, structure, etc.), E, denotes the o

thermal activation energy of electrical resistance, and kg
is the Boltzmann constant. The plots Ln(R) versus 1% of
the thin films are shown in Fig. 11. Table 3 summarizes
the values of activation energy E, gotten from the slope
in the plots. It was found that the activation energy
decreases as copper concentration increases from 0.245
to 0.203 eV. This indicates that the width of the energy
bandgap decreases due to copper which lowers the
resistivity and increases the conductivity of the copper-
doped NiO thin films This is not contradicting with the
increase in copper concentration This indicates that the

2.0 25 3.0 3.5
1000/T (k")

Fig. 11 Variation of resistance versus @ for the NiO:Cu thin
films at different Cu concentration
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density of states at the Fermi level increases as copper
concentrates more. The above results reveal the hop-
ping of charge carriers between randomly distributed
localized electronic states in the NiO samples [45].
Examination of these plots also shows that the resis-
tance of the thin films decreases with an increase in
temperature. This indicates that the films exhibit
semiconductor-like behavior because an increasing
number of dopants are ionized, and charge carriers are
carried from the dopant levels to the band [73].

4 Conclusion

In this work, Pure NiO and NiO:Cu thin films were
prepared by spray pyrolysis on a glass substrate. The
effects of Cu-doping concentration on the thin films’
structural, optical, and electrical properties were
investigated. XRD characterization shows that all
films have a cubic polycrystalline structure with a
dominant orientation along the (111) direction. The
crystallite size of the thin films decreased as Cu
concentration increased. The FE-SEM morphologies
of the thin films are similar and show spherical grains
on their entire surface. The optical bandgap
decreased as Cu concentration increased. The thin
films were well suited with decent electrical proper-
ties and high transparency. The thin films exhibited
p-type conduction. Therefore, they are suitable for
applications such as TCO in thin-film solar cells.
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