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The main objective of the work is to study the structural, optical, and electronic properties
of Cobalt (Co) doped nickel oxide (NiO) thin films synthesised using an efficient chelating
approach method. In the present work, 5% Co is doped onto NiO using the sol-gel method with
citric acid as a chelating agent and a spin-coated thin film preparation method. The synthesised
Co-doped NiO thin film is characterized using Diffuse reflectance spectra (DRS) UV-visible
spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS) techniques. The texture coefficient, Tc(hkl) provides
insight into the synthesized thin films crystallographic orientation. O s, Ni 2p and Co 2p core-
level spectra, of the Co-doped NiO sample were analyzed using the XPS spectra. The O s
spectra indicated the presence of lattice oxygen, surface hydroxyl groups, and nickel oxides,
with a notable reduction in surface hydroxylation at a selected temperature. UV -Visible
spectroscopy indicates; thin film thickness is dependent on annealing temperature. Further, Tauc
plots of (ahv)? yielded energy band gap values ranging from 3.70 eV for pure NiO to 3.50 eV
for 5% Co-doped NiO, indicating a reduction in the band gap with Co doping. This work will
impart to the metal oxide layers-based optoelectranic, medical and drug delivery applications.
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Generally, the transition metal oxides (TMOs) such as
manganese oxide (MnO), copper oxide (CuO), cobalt
oxide (Co0), iron oxide (FeO), and nickel oxide (NiO)
etc., exhibited unique properties, including electrical
insulation, antiferromagnetism, and wide bandgap
semiconductor behavior, primarily due to their cubic
lattice structures and partially filled d-shells. These
materials are characterized by their tunable electronic
and magnetic properties, which can be influenced
by factors such as stoichiometry, synthesis methods,
and post-synthesis treatments [1-3]. Moreover,
advancements in hybrid functional methods have
improved the accuracy of predicting their band
gaps, essential for optimizing their use in various
technological applications [4]. Overall, TMOs represent
a significant area of research due to their versatile
functionalities and potential in next-generation
technologies [5]. Among the various TMOs, NiO
has emerged as a promising p-type oxide, exhibiting
significant potential for multifunctional device
applications [6]. Due to its wide bandgap (3.6-4.0 eV),
NiO exhibits low visible light absorption, suitable
for optoelectronic uses [7]. The intrinsic p-type
conductivity of NiO is primarily attributed to nickel
vacancies (VNi), which serve as acceptor states
facilitating efficient hole transport. Studies indicated

that in nonstoichiometric NiO, particularly under
oxygen-rich conditions, the formation of VNi is
energetically favorable, leading to enhanced p-type
conduction with conductivity values around 0.1 S/cm
in undoped samples [8]. Moreover, the chemical
stability and defect tolerance of NiO provide an
advantage over n-type TCOs, particularly in harsh
environmental conditions [9]. It effectively functions
as a hole transport layer (HTL) in perovskite solar
cells, improving charge extraction and reducing
recombination. These characteristics make NiO suitable
for applications in energy conversion, gas sensing,
and electrochromic devices. Research indicates that
NiO films, when optimized through various deposition
techniques such as magnetron sputtering and electron
beam evaporation, can achieve high power conversion
efficiencies (PCE). For instance, sputtered NiO films
treated with sodium periodate improved crystallinity
and achieved a PCE of 23.22% in single-junction
cells and 30.48% in tandem configurations [10].
Additionally, the incorporation of amino acid-
complexed NiO has been shown to reduce interfacial
recombination, resulting in efficiencies of 20.27%
under ambient conditions [11]. Furthermore, co-doping
strategies with Li* and Mg?* have also enhanced
device performance, achieving efficiencies up to
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16.20% [12]. Overall, these advancements underscore
the critical role of NiO in optimizing the execution of
perovskite solar cells.

Significant improvements in electroluminescence
performance, including an increase in current density
(24.5%) and an increase in brightness (84.9%), were
observed with the incorporation of cobalt-doped
NiO (NiO:Co) compared to traditional ITO anodes.
Additionally, the use of lithium-doped NiO films has
demonstrated improved electrical properties, which
are crucial for efficient hole transport in OLED
applications [13]. The development of ultra-smooth
NiO-based anodes has led to a 30.6% increase in
efficiency for flexible OLEDs, highlighting the
importance of surface properties in optimizing device
performance [14]. Despite its versatility, challenges
remain in optimizing the performance of NiO thin
films for advanced applications. The intrinsic resistivity
of NiO, typically ranging from 1072 to 1073 Q-cm,
can limit its use as a transparent conducting electrode
(TCE) [15]. Achieving higher carrier mobility and
lower resistivity without compromising optical
transparency requires careful control of material
properties through deposition techniques and doping
strategies [16]. Researchers have extensively used
doping methods to enhance the electrical and optical
characteristics of NiO.

Cobalt Incorporation Effects on the Physicochemical
Characteristics of NiO Thin Films

The Co-doped NiO thin films, prepared using
sol-gel with spin coating, show changes in their
structure, light interaction, and electrical behavior
depending on the amount of cobalt added and the
heat treatment applied. Studies indicate that cobalt
doping (1, 3, and 5 at. %) improve the conductivity
and decrease the band gap from 3.80 eV to 3.76
eV, with optimal electrical resistivity achieved at
3 at. % Co [16]. The properties are additionally
modified by annealing within the 200 °C to 600 °C
range, where increased temperatures enhance the
material's crystalline structure and lower its band
gap down to 2.89 eV [17]. The films maintain
high optical transmittance (up to 90%) at lower
annealing temperatures, while the morphology
transitions from spherical nanoparticles to larger
grains with increased temperature [18]. These
characteristics position Co-doped NiO films as
promising candidates for sensors and opto-electronic
applications. Despite efforts, the synthesis of thin
films featuring highly doped cobalt within the NiO
matrix continues to be a stringent task and needs
further investigation. The objective of our study is
to explore the influence of Co doping on NiO at
500°C on the variations in NiO thin film properties.
Also, the study aims to analyze the chemical states,
lattice parameters and bonding states with the help
of different instrumentation methods.
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Scheme 1. Steps involved in the Co

doped NiO thin film synthesis.
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EXPERIMENTAL
Cobalt Doped NiO Thin Film Synthesis

The synthesis of thin film was carried out by adopting
the sol-gel method combined with spin-coating
methods (Scheme 1), a widely employed technique
for producing high-quality thin films. Initially, nickel
acetate (Ni(CH3COO)2-6H20) and cobalt nitrate
(Co(NOs)2:6H20) were used as the precursor for NiO,
and Co respectively. Initially, a required amount of
precursors was dissolved in a mixture of deionized
water and ethanol to ensure homogeneity, followed by
the addition of citric acid as a complexing agent. To
get a clear and stable sol, the solution was constantly
mixed for 2 h at a temperature of 30°C. The prepared
sol was then aged to improve its viscosity and
stability, ensuring uniform film deposition. The spin-
coating process was employed to deposit the sol onto
cleaned glass substrates. In order eliminate impurities
to enhance adhesion, the substrates were carefully
cleaned using a number of steps that included acetone,
ethanol, and deionized water for deposition. During
spin coating, the sol was dispensed onto the substrate,
which was then rotated at a speed of 2000 rpm for
40 seconds to spread the solution uniformly. This
step was repeated to achieve the desired film thickness.
The coated substrates were dried at 100 °C to remove
solvents, and then heated at 500 °C for 2 h in a
muffle furnace to improve crystallinity and remove
organic residues. The obtained sample is denoted as
Co-doped NiO.

Characterization Methods

The FTIR method was used to check the bonding
of the samples which was recorded on a Bruker
instrument with a resolution of 4 cm™' averaged over
100 scans. The texture coefficient is computed to
illustrate the favoured alignment of the films through
the subsequent formula [16].

Ly / To(niery

TChyq =
1
(N) v Ly / Toarny

Where:
o Tcmuy - Texture coefficient for the (hkl) plane

e Iy - Intensity of the (hkl) plane in the
sample

e loamky- Intensity of the (hkl) plane in the bulk
or standard reference (e.g., JCPDS card)

e N: Number of diffraction peaks considered

The UV-Visible spectroscopy (Thermoscientific
Evolution 600 equipment) was used to measure the
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optical transmittance and determine the bandgap
energy using Tauc’s method (R).

(ahv)? =A(hv - E,)

where a is the absorption coefficient, hv is the photon
energy, A is a constant, and Eg is the bandgap energy.
Further, XPS spectrum was measured using an ESA-
31 spectrometer with a 180° hemispherical electrostatic
analyzer (250 mm radius), capable of 10-500 eV pass
energy and 1.5 eV resolution at 5 keV.

RESULTS AND DISCUSSION

XRD Crystallographic Structure of Co Doped NiO
Thin Film

The texture coefficients (Tc) for NiO films annealed
at 500°C were analyzed for the crystallographic
planes (111), (200), (220), (311), and (222). The
texture coefficient Tcikiy provides insight into the
crystallographic orientation of thin films. As shown
in Figure 1, the T. (111) value of 2.7 for the pure
NiO film indicates a strong preferred orientation
along the (111) plane. In contrast, the T. values for
other planes, such as (200), (220), (311), and (222),
were significantly lower, with T, (200), T. (220), T
(311), and T, (222), signifying suppressed orientations
[19]. Further, the variations of TChi for pure NiO
and Co-doped NiO thin films are compared and
given in Figure 1. Notably, Tcuky value equal to 1
indicates a random orientation, where no specific
crystallographic plane dominates the film's texture.
When Tcwmay>1, it signifies a desirable orientation
along the corresponding (hkl) plane, meaning that this
plane is more prominently aligned compared to a
randomly oriented sample. Conversely, a Tcmi)<l
indicates a suppressed orientation along the (hkl)
plane, suggesting that this plane is less favourably
aligned within the film structure. It is essential
to highlight that the doping procedure influenced
the preferred alignment. Noticeably, while the
undoped NiO film show two dominant development
orientations along the (111) and (222) planes, the
Co-doped film predominantly exhibits a single
preferred growth direction along the (111) plane.
The reorientation effect of crystals in a given (hkl)
direction due to doping processes is a complex
phenomenon influenced by various factors, as
evidenced by multiple studies. Luo et al., 2021
have reported that Pri.«SmxFeOs single crystals,
doping alters the spin reorientation transition
temperature (TSR), which is attributed to the
competition between Sm3*-Fe3* and Pr3*-Fe3*
exchange interactions. This reorientation is crucial
for designing spintronic devices, as it affects the
magnetic properties significantly [20].
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Figure 1. NiO and Co-doped NiO thin films TC and crystallographic planes.
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Figure 2. UV-Visible transmittance spectra (a), absorbance spectra of pure NiO and Co-doped NiO thin films
(insert - band gap of Co-doped NiO).

Figure 2 shows the transmission and absorbance
UV-Visible spectra for pure NiO and Co-doped NiO
thin films. As resulting, the transmittance percentage
altered due to doping of cobalt on NiO. This can be
attributed to the growth in crystallite size linked to the
enhanced densification of the film [21-23] and might
result from reduced defect scattering. Further, the

thickness of thin film is also influenced by annealing
temperature. In the prepared state, thin film exhibits
amorphous properties. As an outcome of the decrease
in unsaturated defects, the amount of localized states
also reduced. This improvement in crystallinity and
structural arrangement leads to a reduction in the
film's thickness [24-25].
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Figure 3. FTIR spectrum of pure Co-doped NiO thin film
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Figure 4. XPS results of (a) O 1s, (b) Ni 2p and (c) Co 2p.
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Optical Properties of Co Doped NiO Thin Film
using UV Visible Spectroscopy

The Tauc plot of (0h8)? with respect to the photon
energy (h9) was used to obtain the band gap energy for
pure Co-doped NiO. The Tauc plots for Co-doped NiO
thin films demonstrate a clear shift in optical band gap
energy. A notable trend is observed, Co doped NiO
where the band gap decreases from 3.64 eV to 3.50
eV. Remarkably, when the crystal size of a material
is reduced to the scale of the exciton Bohr radius or
below, quantum confinement takes place. In such
small dimensions, the electrons and holes motion
is restricted, causing discrete energy levels to form
instead of a continuous energy band [26,27]. This
confinement effectively increases the band gap by
increasing the energy differential between the valence
and conduction bands. Due to this phenomenon,
the crystallite size decreases and band gap energy
increases. A typical phenomenon noticed in annealed
direct-transition semiconductor thin films is the
reduction in optical band gap energy [28]. The
alteration in band gap with Co- doping can be
attributed to the change in crystalline quality
(growth of larger crystal), as confirmed by the
results of XRD analyses.

Co Doped NiO Thin Film Bonding Structure using
FTIR

In Figure 3, the FTIR spectrum of Co-doped NiO
thin film is depicted. The appearance of the bands
at 3400 cm™ and 1650 cm™! confirmed the existence
of O—H stretching of residual moisture and hydroxide
impurities [29]. The Ni-O stretching band becomes
sharper and shifts further to around 450 cm™* and
an intense Ni—O stretching peak at 455 cm™, with
minimal presence of hydroxyl band. Further, weak
band appears at 560-580 cm™, corresponding to the
formation of Co—O bonds [30]. Analysis confirms the
presence of Ni-O, Co-O, and O-H bonds as the main
constituents of the Co-doped NiO.

Oxidation States and Elemental Analysis in Co
Doped NiO Thin Films using XPS

Figure 4 (a-c) shows the Ols, Ni2p and Co2p XPS
spectrum of Co-doped NiO. Figure 4 (a) displays
the Ols spectrum of 5% Co-doped NiO films with
characteristic main peaks: peak A at 530.37 eV,
associated with NiO, and peak B at 532.28 eV,
linked to Ni-OH bonds. The increase in BE with
Co doping indicates enhanced interaction between
Co and oxygen atoms in the NiO lattice. Besides, the
peak centered at approximately 530.0 eV is due to NiO
lattice oxygen, whereas the peaks around 531.5 eV
and 533.0 eV are associated with Ni»O; and surface
hydroxyl groups (NiO(OH)), respectively. Moreover,
the peak at 532 eV highlights the presence of surface
impurities, including carbon-based oxides and hydroxyl
groups (H-O-H) formed from residual water molecules

Cobalt Incorporation Effects on the Physicochemical
Characteristics of NiO Thin Films

[31, 32]. Further, the XPS spectrum (Figure 4(b)) shows
the presence of Ni (2p), which consists of two variants
(2p32 and 2p152) due to spin orbit splitting. The BE of
Ni (2p) peaks at 856.33 eV and 867.12 eV for Ni
(2p)32 and Ni (2p) 12, respectively. At S00°C annealing
temperature, satellite peaks are diminishes, and the
NiO peaks become sharper, signifying the dominance
of Ni?* in a well-ordered NiO lattice. The results of the
Ni 2ps/» spectrum match well with the investigation
of the O 1 s spectrum results. The Co 2p spectrum
(Figure 4(c)) reveals characteristic peaks for CoO.
The BE for Co 2p3,, and Co 2pi/; peaks are as follows:
Co: 781.2 eV (Co 2p3p), 797.02 eV (Co 2p12). The
Co 2p peaks confirm the successful incorporation
of cobalt into the NiO lattice, with slight shifts in
BE indicating increasing interaction strength with
higher Co concentrations [33].

CONCLUSION

In this work, pure NiO and Co doped NiO thin
films (5% Co) were successfully synthesised with
citric acid based chelating approach. We found that
the modification in the structural, chemical, and
morphological characteristics of NiO thin films
were due to cobalt doping. The texture coefficients
Tc (hkl) for NiO thin films showed a significant
dependence on Co doping, reflecting changes in
crystallographic orientation and film structure. The
(111) plane exhibited the highest T«(#kl), confirming
the preferential c-axis orientation of the NiO thin
films, particularly at 500°C. From the Taus plot band
gap energy calculated for pure Co-doped NiO is 3.5
eV. Also, XPS investigation confirmed the successful
incorporation of cobalt into the NiO lattice, with Co
and Ni existing in stable oxidation states. Changes
in the binding energies of Ni, O, and Co, provide
evidence of a significant interaction between the
cobalt dopant and the nickel oxide host. These
experimental results underscore the significance
of controlled doping properties of NiO thin films,
making them suited for energy storage, sensors, and
electronic devices applications.
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Scheme 1. Synthesis of Cobalt doped NiO thin films
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