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Nickel oxide (NiO) is a semiconductor with a face-centered cubic (fcc) crystalline structure. Due to its wide
band gap, high transparency, and porous surface morphology, NiO exhibits high performance in various
electronic and optoelectronic devices. For this reason, metal-doped NiO thin films have recently attracted the
attention of researchers. In this study, NiO and copper-doped (Cu-doped) NiO thin films were deposited on
glass substrates at a temperature of 420 °C using a simple and cost-effective spray pyrolysis technique. The
amount of Cu doping was varied at different concentrations (0.5 %, 1.5 %, 3 %, and 6 % by weight). The
structure, morphology, chemical composition, optical properties and 3D topography analysis of the deposited
films were investigated. X-ray diffraction analysis shows that both NiO and Cu-doped NiO films exhibit an fec
structure with a dominant (111) peak. The crystallite size decreases from 26.78 to 18.15 nm with Cu doping.
Surface morphology was examined using a scanning electron microscope (SEM). In the SEM images, all
samples show the formation of small aggregates of irregular particles on the heterogeneous surface. The
chemical composition and stoichiometry of the deposited thin films were confirmed by energy-dispersive X-ray
spectroscopy (EDS). The optical band gap (Eg) of the deposited films was determined through absorption
measurements, demonstrating a decrease with increasing concentrations of Cu dopant.

Keywords: Nickel oxide thin films, Cu-doped NiO, Spray pyrolysis technique, X-ray diffraction, 3D surface

topography.
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1. INTRODUCTION

In recent years, there has been significant research
conducted on transparent conducting oxides (TCOs) owing
to their desirable characteristics, such as high optical
transparency and effective  electrical  conductivity.
Commonly utilized TCOs include tin oxide (Sn02), indium
tin oxide (ITO), and zinc oxide (ZnO), which find widespread
applications in optoelectronic devices [1-3]. These TCOs are
categorized as n-type semiconductors, and there is a
growing interest in discovering new versatile p-type TCOs.
Among many oxide thin films, nickel oxide (NiO) is one of
the most interesting candidates in this class due to its high
bandgap from 1.5 to 3eV, p-type conductivity, and
remarkable morphological, structural, electrical, and optical
properties. Several deposition techniques can be used to
prepare NiO thin films, such as DC magnetron sputtering
[4, 5], RF magnetron sputtering [3, 6], thermal evaporation
[7], beam evaporation [8], vacuum evaporation [9], pulsed
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laser deposition [10], chemical vapor deposition [11], anodic
deposition [12], electrochemical deposition [13], electroless
bath deposition [14], chemical bath deposition [15], sol-gel
[16, 17], and spray pyrolysis [18, 19]. The latter technique is
considered the most suitable for obtaining dense and porous
NiO thin films. Moreover, it has many advantages such as
simplicity, low cost, safety, no high vacuum requirements,
and is also helpful for large-area applications [20, 21]. NiO
films are used in many film applications, such as organic
light-emitting diodes (OLEDs) [20], electronic switching and
information displays [22], liquid crystal displays (LLCDs)
[23], chemical sensors [24], and solar cells [19].

Nickel oxide, known for its exceptional chemical stability
and distinctive optical, electrical, and magnetic properties,
has garnered considerable attention. Nickel oxide (NiO) is
an impressive semiconductor material with a partially
transparent nature, exhibiting a cubic rock salt-like
structure characterized by octahedral Niz* and Og- sites [25].
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It possesses a considerable optical band-gap of 3.6 eV and
demonstrates favorable thermoelectric and catalytic
properties [19, 26]. Typically, NiO deviates from
stoichiometry, meaning that the NiO ratio varies from the
ideal 1:1 composition. The introduction of dopant metals
such as La, Cd, Mg, K, and Cu can significantly influence
the material's properties. However, there has been limited
research conducted on Cu-doped NiO thin films in the past
[27]. To proceed, a concise overview of the previous studies
available in the literature concerning Cu-doped NiO thin
films. Chen et al. [28] utilized the radio frequency
magnetron sputtering method to produce NiO—-Cu composite
films on a glass substrate. This involved sputtering NiO—Cu
composite targets in an argon atmosphere at room
temperature. The films deposited had varying
concentrations of Cu, ranging from 2.29% to 18.17 %.
Analysis of the films using Hall measurement indicated p-
type conduction. The researchers hypothesized that the
substitution of Ni*: ions (0.78 A) with Cu* ions (0.96 A)
within the NiO lattice contributed to p-type conduction by
increasing carrier concentration, resulting in decreased
resistivity of the films. Additionally, as the Cu content
increased within the range of 2.29% to 18.17 %, the
transmittance of the NiO-Cu composite films exhibited a
consistent de-crease. X-ray diffraction analysis of the thin
films only showed NiO peaks, with no presence of Cu peaks.
The intensity of the diffraction peaks diminished as the Cu
concentration increased, indicating a deterioration in the
crystallinity of the films, particularly when surpassing
6.97 % Cu. Aftab et al. [29] expanded upon the previous
investigations conducted on NiO:Cu thin films produced on
pre-heated glass substrates (at 410°C) through spray
pyrolysis technique. The XRD analysis revealed that the
polycrystalline thin films exhibited a cubic structure with a
preferential orientation along the (111) and (200) planes.
The crystallite size (varying from 94 to 27 nm) decreased
while the stacking fault probability (0.014 —0.147) and the
lattice strain (0.0014 — 0.0113) increased as the Cu/Ni ratio
increased. However, the specific values of the lattice strain
and crystal-lite size for a given Cu/Ni ratio relied on the
chosen analytical model. As the Cu/Ni ratio increased, both
the surface roughness and the density of surface pores in the
films decreased. Additionally, Dawood et al. [30] carried out
a study to investigate the effects of Cu doping on the optical
properties of NiO thin films. These films, which had a
thickness of around 350+ 20nm, were fabricated on
microscopic glass substrates using a spray pyrolysis method.
The doping levels that were utilized were 2% and 4 %
copper, and the substrate temperature was kept at 400 °C.
Transmittance and absorbance spectra were taken at the
wavelength range 380 — 900 nm. With an increase in the
concentration of Cu in the NiO thin films, the direct band
gap (varying from 3.10 to 2.90eV) and dispersion
parameters de-creased, while the Urbach energy increased
from 0.584 to 0.671eV. This study focuses on the
examination of Cu-doped NiO films using the cost-effective
spray pyrolysis method. Consequently, it is of interest to
explore the impact of varying Cu concentrations on the
physical characteristics of both undoped and copper-doped
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thin films of NiO. The physical properties encompassing
structural, morphological and optical properties of the films
are analyzed through techniques such as X-Ray Diffraction
(XRD), Scanning electron microscopy (SEM), Energy
dispersive X-ray spectroscopy (EDS), Atomic force electron
microscopy (AFM), Ultraviolet—visible spectrophotometry
(Uv-Vis) and Photoluminescence (PL) spectroscopy. It is
anticipated that the introduction of Cu will enhance the
conductivity and transparency of the NiO thin films.

2. EXPERIMENTAL DETAILS
2.1 Materials

To fabricate the pure NiO and NiO/Cu thin films,
nickel chloride hexahydrate (NiCls-6H20) was employed
as the initial precursor, while copper (II) nitrate
trihydrate Cu(NOs)2-3H20 was chosen as the doping
agent. All the necessary pure analytical materials were
obtained from Sigma Aldrich and used without requiring
additional purification.

2.2 Thin Film Deposition

Firstly, a solution of 0.1 M NiClz-6H20 was prepared by
dissolving it in double-distilled water. When creating
copper-doped films at varying concentrations (0.5 %, 1.5 %,
3 %, and 6 % by weight), copper nitrate was mixed with
the 0.15 M NiCl2:6H20 precursor solution. Soapy water
and ethanol were used to wash and sonicate NiO:Cu thin
films to remove impurities from the substrate. After 120
minutes of stirring at 60 °C, the solution was clear and
transparent. The solutions obtained were applied onto
glass substrates measuring 30 mm x 7.5 mm x 1 mm and
then heated using the spray pyrolysis method. Heating the
substrates was done using the solar cell method. This
letter was crafted in our research facility. In order to
obtain high-quality thin films, the spray parameters were
fine-tuned. This involved setting the flow rate to 1 ml/min,
keeping the substrate-nozzle distance at 5cm, using a
compressed air pressure of 1.5 kg/cm?2, and ensuring the
substrate temperature stayed constant at 420 °C.

2.3 Films Characterization

The film surface morphology was analyzed by Atomic
Force Microscope (AFM).

Different methods were employed to study undoped
NiO and NiO/Cu films. The characterization of the
obtained thin films was performed using X-ray diffraction
with a Bruker (D8 Advance model) diffractometer. The X-
ray diffraction analysis was conducted at room
temperature, scanning from 10 to 80° at a rate of 0.03° s—1,
using CuKa radiation with a wavelength of 1.5406 A. The
size of the NiO and Cu/NiO crystallites in the X-ray
diffraction pattern was estimated using the Debye—
Scherrer’s Eq. 1 [31]:

D:Ni/(ﬁ' cos&). 1)
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Were D represent the size of the crystallite, N de-
notes a numerical coefficient, 1 represents the X-ray's
wavelength, B represents the full-width half-maximum,
and 6 refers to the diffraction angle. The fundamental
chemical composition and morphology were examined
using a JEOL-JSM 5800 scanning electron microscope
(SEM) coupled with an energy dispersive X-ray
spectroscopy (EDS) system.

Optical transmission spectra and absorbance of the
films were investigated using UV-vis equipment (Spectrum
SP-UV300SRP) operating within the wavelength range of
300 — 900 nm. The Tauc and Menth Eq. (2) were employed
to calculate the band-gap values [32]:

ahv=A(hv- E,)". 2)

Where « represents the absorptivity, & denotes Planck's
constant, v represents the frequency of radiation, Eg
represents the visual indirect band-gap, A stands for the
constant of proportionality, and 7 indicates the type of
optical transition resulting from photon absorption. To
determine the 3D surface topography and surface
roughness, a Tencor P-7 mechanical profilometer was
utilized under ambient atmospheric conditions and at room
temperature. The measurements were conducted using the
2-bar technique with filter modification (Gaussian filter,
0.800 m cut-off, accounting for edge effects).

3. RESULT AND DISCUSSION
3.1 XRD Analysis

The XRD patterns of undoped NiO and Cu-doped NiO
thin films (0.5 %, 1.5 %, 3 %, and 6 %) on glass substrates
are shown in Fig. 1. This figure depicts the correlation
between intensity (a.u.) and the 26 angle position (in
degrees). By eliminating background noise from the
diffraction angles, the spectra were presented within the
range of 20° to 80°. Among all the thin films created, only
one diffraction peak was observed at a 26 value of 37.36°,
corresponding to the (111) plane of the cubic-structured
crystalline NiO (Fig. 1). This observation aligns with the
JCPDS card No.47-1049, indicating the absence of
significant peaks associated with copper (Cu) or copper
oxide (CuO). Consequently, this indicates the absence of
secondary phases and the successful incorporation of Cu
atoms into the NiO lattice at the Ni sites. The observed
peak broadening could be due to the increased amorphous
nature resulting from the addition of copper doping.
Initially, the peak intensity increases with increasing Cu
concentration up to 3 wt % but then gradually decreases at
higher Cu concentrations (specifically, 6 wt %). The
decrease in the intensity of the diffraction peak can be
attributed to the increased concentration of point defects.

3.2 SEM and EDS Analysis

SEM images of NiO thin films with varying Cu
concentrations (0.5, 1.5, 3, and 6 wt %) revealed the
formation of small, irregular particle aggregates on the
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heterogeneous surface, indicating that increasing Cu
concentration significantly impacts the film's surface
structure. This particle growth can be attributed to rapid
diffusion and reduced activation energies associated with
higher Cu concentrations (Fig. 3).

NiO doped 6 wt% Cu

NiO doped 3 wt% Cu

1 (111) y (111) .'>(.:1).

Intensity [a.u.]

|

NiO doped 0.5 wt% Cu

”~

(111)

11

Undoped NiO

L L L]
20 30 40 50 60 70 80

2 Theta [degree]

Fig. 1 — The XRD patterns of undoped NiO thin films and Cu-
doped NiO thin films (0.5 %, 1.5 %, 3 %, and 6 %)

EDS analysis was used to examine the chemical
composition of the Cu/NiO film, revealing peaks
corresponding to Ni, Si, and O elements (Fig. 3). The
presence of a heterogeneous surface promotes increased
adsorption of methylene blue and enhances the films'
photocatalytic efficiency. Fig. 2(a-e) demonstrates that as
the concentration increased, the surface of the films
exhibited more grains, with their size expanding
accordingly, resulting in a rougher surface, as confirmed
by the roughness data (Table 1).

3.3 AFM Analysis

The 3D surface topography illustrates the surface
roughness gradients for the NiO/Cu thin films displayed in
Fig. 4. The findings indicate that the surface roughness and
heterogeneity increase with higher concentrations of Cu
(from 0.5 to 6 wt %). The Rq values for all films ranged from
0.0567 to 0.183 um, as shown in Table 1. At 6 wt %, tenorite
thin film had a surface roughness of 0.183 nm, which
increased the film's specific surface area. The highest peak
heights (Rp) observed on the surfaces of the NiO thin film
and NiO/Cu thin film were 0.438 um, 0.275 pm, 0.388 um,
0.713 pm, and 0.762 um at concentrations of 0 g/ml, 0.5 g/ml,
1.5 g/ml, 3 g/ml, and 6 g/ml, respectively. As indicated in
Table 1, surface roughness increases with the thickness of
the film, leading to a more heterogeneous NiO/Cu film
surface, as depicted in Fig. 4.

Hence, the NiO/Cu film produced at a 0.5 wt% exhibited
the lowest surface roughness (R;) value of 0.128 um,
indicating a homogeneous distribution of NiO/Cu particles on
the film surface. Conversely, the roughness parameters of
the 5 wt% film were higher compared to those of the pure
NiO film.
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SEM HV: 20.0 kV WD: 5.78 mm | VEGA3 TESCAN SEM HV: 20.0 kV WD: 6.88 mm VEGA3 TESCAN
View field: 15.9 pm SEM MAG: 17.4 kx |2 um View field: 15.9 pm SEM MAG: 17.5 kx
Det: SE Date(m/d/y): 05/11/23 Det: SE | Date(m/dly): 05/11/23

SEM HV: 20.0 kV WD: 6.74 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 6.76 mm VEGA3 TESCAN
View field: 15.8 ym SEM MAG: 17.6 kx View field: 16.0 pm SEM MAG: 17.4 kx |2 pm
Det: SE Date(m/dly): 05/11/23 Det: SE Date(m/dly): 05/11/23

SEM HV: 20.0 kV WD: 6.71 mm VEGA3 TESCAN
View field: 15.9 um SEM MAG: 17.5 kx
Det: SE Date(m/d/y): 05/11/23

Fig. 2 — SEM micrographs of: (a) undoped NiO, (b) NiO: 0.5 % Cu, (c) NiO: 1.5 % Cu, (d) NiO: 3 % Cu and (e) NiO: 6 % Cu thin films
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Fig. 3 — EDS composition analysis of: (a) undoped NiO, (b) NiO: 0.5 % Cu, (c) NiO: 1.5 % Cu, (d) NiO: 3 % Cu and (e) NiO: 6 % Cu thin films
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e

Fig. 4 — The 3D AFM images of: (a) undoped NiO, (b) NiO: 0.5% Cu,
(¢) NiO: 1.5% Cu, (d) NiO: 3% Cu and (e) NiO: 6% Cu thin films

Furthermore, these roughness parameters increased as the
Cu doping concentration increased, with the surface
roughness reaching 0.183um at 6wt% of Cu. This
significant change in surface homogeneity and roughness, as
well as the morphological structure depicted in Fig. 3, can be
explained by the assumption that higher concentrations of
Cu on the NiO surface induce instability with dynamic
effects, leading to the formation of smaller and larger
aggregations in the film's particle distribution.

3.4 Optical Properties

NiO thin films exhibit a wide range of transparency in the
visible region. In Fig. 5(a), the transmission spectra of NiO
films demonstrate varying transmittance rates, on average
ranging from 53 % to 29 % at a wave-length of (300 —
900) nm. The impact of Cu concentration (0.5, 1.5, 3, and
6 wt %) on transmittance is shown, revealing the influence
of oxygen content (43.47, 34.66, 42.41, 24.60, and 31.88 C
norm. wt. %) and film thick-ness (217.6, 227, 247.3, 284.7,
and 558.2 nm) on transmittance values of 53 %, 48 %,
45 %, 41 %, and 29 %, respectively. Notably, higher
Cw/NiO film thickness results in a significant reduction in
optical transmittance. The Tauc plot in Fig. 5(b) illustrates
the changes in the direct bandgap (Eg) of NiO films.
Table 1 shows that the
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Table 1 — Results report

Thickness Grain  Transmittance Band Gap Surface
Samples [nm] size [nm] [%] [eV] Roughness Rq
[pm]

Undoped Ni0 2176 26.78 53 32 0.0567
05wt% Cu 227 19.02 48 29 0.128
Liwt%Cu 2473 21.72 45 3.07 0.0835
3wt % Cu 284.7 18.15 41.6 3.03 0.178
6wt % Cu 558.2 2172 29 28 0.183

direct bandgap values (ranging from 2.8 to 3.2 eV) remain
unaffected by Cu concentration (0 to 6 wt %), crystal size,
and film thickness. However, increasing Cu concentration
leads to changes in film thickness, structure, and
morphology of Cu/NiO films. Moreover, Fig. 5b depicts the
decrease in the bandgap by an increase in the
concentration of Cu. Fig. 5c illustrates the relationship
between the optical bandgap energy and the Cu
concentration (wt.%). The investigation revealed a
discernible decrease in the optical bandgap as the Cu
concentration increased from 0.5 to 1.5wt.%. This
phenomenon strongly suggests the formation of Cu
nanoparticles on the NiO Films.

Moreover, the bandgap energy of the NiO thin films
was observed to vary between 2.8 and 3.2 eV, a range that
closely aligns with the known Eg value of bulk NiO
(3.6—4¢V). This observation indicates a consistent
behavior between the thin films and the bulk material in
terms of their optical bandgap characteristics.

4. CONCLUSION

In conclusion, this study focused on the production of
NiO semiconductor films using the pyrolysis technique with
different concentrations of Cu doping (0.5, 1.5, 3, and
6 wt%). The objective was to investigate the impact of Cu
doping on the physical and chemical properties of NiO films.
The analysis involved several techniques such as XRD,
SEM, EDS, AFM and UV-Vis. The results showed that the
deposited CwNiO thin films exhibited a crystalline
characteristic and possessed a cubic phase structure, as
confirmed by the XRD analysis. Additionally, the optical
bandgap (Ej) of the films was measured, and it was observed
that the E¢ decreased with an increase in the concentration
of Cu dopants. This study provides valuable insights into
the fabrication of NiO semiconductor films and highlights
the influence of Cu doping on their physical and chemical
properties. The findings contribute to the understanding of
semiconductor film manufacturing processes and may have
implications for the development of improved and more
efficient fabrication techniques in diverse applications.
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BurorossieHHs Ta XapaKTepUCTHKA HAHOCTPYKTYPOBAHUX TOHKHX ILTIBOK
NiO ta NiO:Cu npu pisHNX KOHIEHTpALiax Migi

Y. Boussidal2, Y. Aoun!2, N. Djilani!2, A. Djelloul

1 Mechanical Department, Faculty of Technology, University of El-Oued, El-Oued 39000, Algeria

2 Arid Zone Renewable Energy Development Unit, University of El-Oued, El-Oued 39000, Algeria

3 Centre de Recherche en Technologie des Semi-Conducteurs pour U'Energétique ‘CRTSE’, 02 Bd Frantz Fanon, BP 140,
7 Merveilles, Alger, Algérie

Oxcup "ikemo (NiO) — HamBIpoBigHUK 13 rpaHerieHTpoBanon Kyoiunowo (I'L[K) kpucramiyHoo cTpyKTypoIo.
3aBIsgKM MMPOKIiH 3a00pOHEHIN 30HI, BUCOKIN ITpo3opocti Ta Mopdosorii mopucrol mosepxHi NiO memoHCTpye
BHCOKY INPOAYKTUBHICTD Y PI3HUX €JIEKTPOHHUX TA OITOEJEKTPOHHUX IIPUCTPOAX. 3 IIiel MPUYMHU HEIIOJABHO
yBary JOCJIIIHUKIB IPUBEPHYJH JieroBaHi MerasnoM ToHKI mwriBku NiO. ¥V ganiit po6ori NiO Ta serosani mimmo
(Cu-meroeani) Touxi mwrieku NiO Oyiau HaHeceH] Ha CKJISHI miakiaanku mnpu Temmepartypi 420 °C 3a momomorown
IIPOCTOI T4 EKOHOMIYHO e(DeKTHUBHOI TeXHIKU PO3MUIIIOBAIBLHOrO miposidy. Kinbkicrs sieryiodol mini amiHoBatacs
mpu pisHux KoHieHTpamiax (0,5 %, 1,5 %, 3 % 1 6 % 3a macow). JlocmimreHO CTPYKTYPY, MOP(OJIOTI0, XIMIYHITI
cKjax, onTwdHi BiactuBocTi Ta 3D TomorpadiunHmMil aHai3 HAaHECEHWX ILIIBOK. PEHTreHOCTPYKTYypHHI aHAIi3
moxaaye, mo mwiisku NiO i NiO, serosani Cu, nemoncrpyiors LK cTpyrTypy 3 mominyoumnm mikom (111). Poamip
KPUCTAJITIB 3MEHIIyeTbea 3 26,78 mo 18,15 um mpm serysanui Cu. MopdoJorito moBepxXHi JOCIIIKYBAIN 3a
IOIIOMOTOI0 CKAHYIUOT0 eJIeKTPoHHoro wmikpockoma (SEM). Ha SEM-zo0pameHHSX ycl 3paskyd IIOKA3yIOTh
YTBOPEHHsI HEBEJMKHX ATPEraTiB HeNpPaBIJIbHUX YACTHHOK Ha HEOTHOPIOHIN IMoBepxXHi. XiMIUHHMA CcrIafd 1
CTexioMeTpis HAHECeHUX TOHKHUX ILIIBOK OyJIM IIITBEPIsKEHI METOIOM eHEepProAUCIepCiiHOI pPEeHTreHIBCHKOI
crekrpockorii (EPC). Illupuna sabopomenoi sonm (Eg) ocamkenux 1wriBok OyJjia BH3HAYEHA 34 JOIIOMOIOIO
BHUMIPIOBAHB HOTJIMHAHHS, 10 JEMOHCTPY€E 3MEHIIEHHS 31 30L/IbIIIeHHAM KOHIIEHTPAIli1 Jeryodoi gomimin Cu.

Kmouori cmosa: Tomri mmiBkm oxcumay mikeso, Jleropaumit Cu NiO, Meros po3muiIoBasbHOTO ITHPOJIiY,

Penrreniecera qudpaxririst, 3D pesbed moBepxHi.
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