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ABSTRACT

We present a comprehensive investigation of the impact of Ni and O vacancies on the properties of NiO by employing density functional
theory (DFT) and comparing the theoretical predictions with experimental cathodoluminescence data. While B3LYP, HSE06, or HSEsol
functionals yield results within the experimental range, we chose B3LYP due to its reliable accuracy and lower computational cost compared
to the more complex Hartree-Fock exchange treatment. Our analysis highlights the effectiveness of the B3LYP hybrid functional in reproduc-
ing both the experimental lattice constant and the bandgap, reflecting the importance of strong correlation effects in transition metal oxides.
We explore the vacancy defects of NiO, revealing that Ni vacancies introduce distinct intra bandgap states whose energy levels can be modu-
lated through defect concentration. In contrast, O vacancies exhibit donor-like characteristics, enhancing n-type conductivity. These defects
significantly alter local magnetic moments, revealing a complex interplay between spin and charge dynamics. These findings provide valuable
insights into defect engineering strategies aimed at optimizing NiO for advanced applications in optoelectronics. This study also contributes
to the broader understanding of transition metal oxides, showcasing the utility of advanced DFT techniques in accurately modeling their
properties.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0263944

I. INTRODUCTION

and transparent conducting electrodes. Moreover, NiO exhibits out-
standing thermal and chemical stability, which is critical for energy
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Oxides with wide and ultra-wide bandgap (WBG and UWBG)
are considered key enabling materials in forefront fields of tech-
nological research. However, within this family, p-type oxides are
extremely scarce, which strongly motivates their study. Nickel oxide
(NiO) is an emerging WBG semiconductor with bandgap energy
ranging from 3.6 to 5.0 eV,' " which would allow its potential inclu-
sion in the UWBG family and an intrinsic p-type conductivity,
making it highly suitable for a variety of advanced technologi-
cal applications. Its wide bandgap enables excellent performance
in optoelectronic devices,” such as ultraviolet (UV) photodetectors

storage applications, including lithium-ion batteries and superca-
pacitors. Its p-type conductivity, mainly due to the inherent Ni
deficiency, positions NiO as a key material to achieve bipolar devices
in oxide-based optoelectronics and built-in p-n heterojunctions in
many cases in combination with other UWBG oxides as, for exam-
ple, for self-powered deep-UV photodetectors.” In addition, this
binary transition metal oxide (TMO), with its robust rock-salt crys-
tal structure and antiferromagnetic (AFM) ordering, serves as an
exemplary model for studying strongly correlated systems and Mott
insulators. However, the electronic band structure of NiO presents
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significant theoretical challenges as its wide bandgap cannot be ade-
quately described by traditional band theories. This characteristic
has made NiO a pivotal subject for facing challenging theoreti-
cal methods and validating advanced computational approaches,
including density functional theory (DFT), which seeks to address
the complexities of strong electron correlation.”

NiO’s magnetic properties further enrich its complexity. At
its AFM ground state, spins align symmetrically along the crys-
tal plane (111),*° with a Néel temperature of 523 K. These
AFM properties make NiO a go-to material in ultrafast spintronic
devices and next-generation magnetic recording media, among
other applications. Although AFM ordering dominates experimen-
tally, computational studies often simplify simulations by assuming
a ferromagnetic (FM) state.'”"* This simplification can introduce
discrepancies between computational predictions and experimental
observations, underscoring the importance of explicitly incorporat-
ing spin dynamics and symmetry breaking effects in the theoretical
modeling."

An accurate evaluation of wide bandgap oxides represents a
major challenge for standard implementations of DFT.!” In par-
ticular, strongly correlated electron systems, such as TMO’s, often
pose difficulties related to ground state prediction and bandgap
underestimation. In order to overcome these limitations, standard
DFT can be improved by including self-interaction corrections and
by using more advanced functionals, such as hybrid functionals,
among others. Generalized gradient approximation (GGA) func-
tionals often underestimate the bandgap, although the use of hybrid
exchange functionals provides a qualitatively correct description
of the crystal structure, cohesion energy, and electronic properties
for many different materials, particularly for oxides.' While more
advanced methods such as dynamical mean-field theory can han-
dle strong electronic correlations with high accuracy, they typically
require significantly greater computational resources.'” In contrast,
DFT, especially with hybrid functionals, offers a compelling bal-
ance between computational cost and predictive power, making it
an efficient choice for studying wide bandgap materials such as NiO.
The present study systematically evaluates the electronic properties
of NiO by using advanced DFT techniques with the focus on vari-
ous exchange—correlation functionals. The latter are tested with its
accuracy to predict the bandgap. B3LYP, which has a hybrid nature
combining local density approximations, GGA, and Hartree-Fock
exchange, is identified as the most appropriate. Indeed, it manages
to capture the strong electron correlations inherent in TMO’s such
as NiO within a controlled simulation time.'*'” On the basis of these
results, the effects of Ni and O vacancies on the electronic struc-
ture are explored by calculating the density of states (DOS) and
band structures under different vacancy configurations. Simulations
are performed on a 64-atom supercell comprising 32 Ni and 32 O
atoms, with one or two atoms of each type removed to introduce
vacancies. The spin polarization of spin-up («) and spin-down (f)
electrons is carefully controlled, revealing intriguing symmetries and
asymmetries in the electronic properties across FM and AFM order-
ing leveraging Crystal23, which use Gaussian-type orbital basis sets
further to enhance the precision of the results understanding the
interplay between magnetism and electronic structure.”’

In order to complete our study, we also present cathodolumi-
nescence (CL) measurements performed on NiO samples sintered at
variable temperatures to support our theoretical predictions and also
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gaining a deeper understanding of the bandgap and the presence of
defect-related levels in NiO.

The methodological advancements and discoveries presented
here also serve as a blueprint for investigating other strongly corre-
lated materials, aiding in the development of accurate and predictive
models for complex oxides. By deepening our understanding of the
electronic properties and magnetic ordination of NiO, this work
establishes a strong foundation for future studies aimed at har-
nessing the unique characteristics of TMO’s for a wide range of
technological applications.

Il. METHODS
A. Computational methods

The calculations in this study were performed using Crys-
tal23 software, a specialized tool for solid-state systems that employs
localized Gaussian-type orbital basis sets to solve the Kohn-Sham
equations of DFT.”’ The NiO system was modeled in its rock-salt
crystal structure, represented as a 2 x 2 x 2 supercell containing 64
atoms (32 Ni and 32 O atoms), with a unit cell lattice parameter of
4.177 A, as shown in Table 1.7

The basis sets for this work were selected from prior NiO
benchmarks with the Crystal code:** * a triple-zeta basis with polar-
ization functions for Ni (three functions per orbital to flexibly
represent the localized 3d states and their anisotropic spin distri-
butions) and a double-zeta basis with polarization functions for
O to describe Ni-O bonding. A test using an even larger Ni basis
on the Ni-vacancy defect shifted defect-state energies and magnetic
moments by less than 0.1 eV, confirming that the adopted basis sets
are sufficiently accurate for modeling defect properties in NiO.

A variety of exchange-correlation functionals were considered
for comparison. The Heyd-Scuseria—Ernzerhof hybrid functional
(HSEO06) is a screened hybrid functional that integrates a portion of
Hartree-Fock exchange with a screened Coulomb potential, and its
variant HISS, incorporates a higher fraction of exact exchange and a
longer-range screening.’® In addition, the HSEsol functional, opti-
mized for solids, was employed.”” The Perdew-Burke-Ernzerhof
(PBE) functional, based on GGA, and its solid optimized version
(PBESOLO), were also studied.”**’ A recently developed meta-GGA
functional, r2SCAN, was included for its ability to combine the

TABLE I. Calculated lattice constants ag (A) and bandgap energy (eV) for NiO using
various exchange correlation functionals compared to experimental values given at
the bottom row."** Among tested approaches, the B3LYP functional was chosen
due to its computational efficiency and accuracy.
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Functional ao Bandgap
HSEO06 4.1695 4.5779
PBE 4.1810 0.9719
PBESOLO 4.1231 5.1753
HISS 4.1523 5.7970
HSEsol 4.1239 4.4543
r’SCAN 4.1535 22265
B3LYP 4.2133 4.2955
Experimental 4.17% 3.6-5""
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computational efficiency of GGA functionals, with improved accu-
racy in describing localized electrons, although it does not incorpo-
rate exact exchange.””” The Becke, three-parameter, Lee-Yang-Parr
(B3LYP) hybrid functional, identified as the most efficient for
this study, blends Hartree-Fock exchange with gradient-corrected
correlation terms and was chosen due to its computational effi-
ciency and ability to capture electronic correlation effects, reducing
self-interaction errors.'® Structural optimization of the lattice para-
meters and internal atomic coordinates was carried out with the
Broyden-Fletcher-Goldfarb-Shanno algorithm. Convergence was
monitored through the root mean square (rms) and the largest abso-
lute component of the forces. The thresholds for the maximum abso-
lute component and rms forces (and for the corresponding atomic
displacements) were set at 0.00045 and 0.00030 a.u. (0.00180 and
0.00120 a.u.), respectively. The optimization was terminated only
when all four criteria were satisfied simultaneously. For each defec-
tive structure, full relaxation of every atomic position was performed
ensuring that local lattice distortions, including Jahn-Teller-type
effects, were fully captured. These optimizations used the tighter
force threshold of 0.00030 Hartree Bohr™. The relaxed geometries
exhibited localized rearrangements in the vicinity of defect sites,
most notably around Ni vacancies.

The self-consistent field (SCF) convergence was enforced with
a tight electronic energy of 107 Hartree, and 6 x 6 Monkhorst-Pack
k-point mesh ensured adequate sampling of the Brillouin zone.”""”
To explore the AFM ground state of NiO, Fig. 1(a) represents

FIG. 1. (a) Schematic representation of the (111) plane of the NiO crystal structure,
with Ni atoms depicted in gray and O atoms in red. The green and blue arrows indi-
cate spin-up and spin-down projections, respectively, illustrating the AFM ordering.
(b) lllustration of a NiO 2 x 2 x 2 supercell, in which atomic vacancies are intro-
duced: the black arrows indicate the chosen positions of Ni vacancies and the red
arrow indicates the chosen position of O vacancy.

pubs.aip.org/aip/apm

the assignation of the initial spin projections on the Ni sites in a
pattern consistent with the AFM-II structure, ensuring an alternat-
ing spin-up/spin-down along the (111) crystallographic direction.’
This approach allows us to carry out a direct comparison between
AFM and FM models.”” The geometry optimization was performed,
allowing the system to fully relax and settle at energy minimized
geometry. SCF convergence was achieved within 100 cycles with a
mixing value of 30% to control the fraction of the new Fock matrix,
ensuring stable and well converged electronic densities.

Atomic vacancies were systematically introduced into the NiO
supercell to investigate their impact on the optoelectronic properties
of the material, as illustrated in Fig. 1(b). First, we created a single
Ni vacancy (I) with a spin-up orientation. Next, we added a second
single Ni vacancy (II) with a spin-down orientation. We then exam-
ined the supercell containing both vacancies (I) and (II). Finally, to
probe the effect of different spin alignments, we replaced vacancy
(IT) with a third vacancy also spin-up (III) and studied the combi-
nation (I) and (III). Regarding stability, no difference in energy has
been found in the case of a Ni monovacancy for the chosen spin
orientations. When two Ni vacancies are introduced into the com-
pound, it is more favorable (by 0.13 eV) if both have the same spin.
For our system of 32 Ni atoms, creating a single vacancy corresponds
to a 3.125% vacancy concentration, whereas creating two vacancies
corresponds to a 6.25%. This approach sheds light on how the inter-
play between atomic vacancies and magnetic ordering influences
the electron charge density distribution (ECHD), spin density (SD)
distribution, and ultimately, the overall properties of NiO. Despite
oxygen vacancies being less studied in NiO, we also included a sin-
gle O vacancy (I) to explore how oxygen deficiency can influence
the material’s properties. The computational parameters for simu-
lations involving vacancies were maintained identical to those used
for pristine NiO.

B. Experimental techniques

NiO samples were fabricated using metallic Ni powders
(Sigma-Aldrich 99.99%) as precursor material following thermal
treatments at temperatures ranging from 800 to 1400 °C under
a controlled Ar flow, as described in Ref. 21. Cathodolumines-
cence analysis was performed in a Hitachi $2500 scanning electron
microscope (SEM) at 110 K, using a Hamamatsu PMA-11 CCD
detector.

lll. RESULTS AND DISCUSSION
A. Ab-initio insights into pristine NiO

Table I shows the computed lattice constants ag and bandgap
energies of NiO using several widely adopted density function-
als. Our results highlight the sensitivity of electronic and struc-
tural properties of NiO to the chosen exchange correlation func-
tional, usually related to the strong electronic correlations present
in this oxide. While standard semilocal functionals (e.g., PBE)
underestimate the bandgap for semiconductors, hybrid function-
als yield bandgaps within or near the common experimental range
(3.6-5.0 eV). For practical comparison, we adopt this widely quoted
range while acknowledging that surface effects and possible defects
can also significantly impact the measured gap. """ Notably,
B3LYP, HSE06, and HSEsol offer good agreement with experiment,
both for the lattice constant and the bandgap.
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Figure 2 shows the spin-polarized density of states (DOS) for
NiO calculated using three different exchange-correlation function-
als: HSE06, HSEsol, and B3LYP. In all cases, the AFM ground state
produces symmetric spin-up and spin-down DOS curves, reflect-
ing the chosen magnetic ordering.'”'’ The partial DOS plots reveal
that the bottom of the conduction band primarily consists of Ni
3d orbitals, illustrating the charge transfer nature of NiO. Although
HSE06, HSEsol, and B3LYP provide results in agreement with exper-
iments (3.6-5.0 V), we will choose the B3LYP functional hereafter
since HSE includes a more sophisticated treatment of Hartree-Fock

L . L 24,36-38
exchange, making it more computationally expensive.

B. Defect engineering of NiO by charge and spin
density mapping

Intrinsic defects, such as Ni and O vacancies, play a pivotal role
in shaping the electronic, magnetic, and optical properties of NiO.

pubs.aip.org/aip/apm

Although defect-free NiO is a WBG semiconductor with high elec-
trical resistivity, the introduction of defects modifies its electronic
and optical properties due to the arising of intra-gap electronic
states.”” For example, Ni vacancies not only play a key role in the
p-type conductivity but also significantly alter the electronic struc-
ture by creating intra-gap states below the conduction band, while O
vacancies affect states close to both the valence and the conduction
band. The latter modify the DOS, influence magnetic characterlstlcs,
and contribute to emissions observed in luminescence spectra.”’"’

To gain a deeper insight into the interplay between local defects
and electronic and magnetic structure of NiO, we examined electron
charge density and spin density maps under certain vacancy con-
figurations; see Fig. 3. In the absence of vacancies, NiO adopts the
well- known rock-salt structure characterized by AFM ordered Ni
sites.""” The calculated electron charge density clearly shows charge
localization around both Ni and O sites, as shown in Fig. 3(a), indica-
tive of the strong ionic and covalent contributions inherent to this
TMO.*
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FIG. 2. Density of states (DOS) calculated for NiO using three different functionals: (a) HSE06,26 (b) HSEsol,2” and (c) B3LYP.*** The thin dashed line indicates the
Fermi energy set as the origin of energies, while the wide dashed line indicates the bottom of the conduction band. These plots show the contributions of Ni 3d-orbitals
and the O 2p-orbitals, considering spin-up and spin-down components. The symmetry in the spin polarized DOS reflects the chosen AFM configuration of the system.
Among thf }Qﬁe functionals, the B3LYP functional provides an accurate bandgap energy (4.2955 eV) compared to the experimental data within the best computational
efficiency. %%

(a) (b) (c) B CO () (f)

ECHD (arb.units)

SD (arb.units)

FIG. 3. Electron charge density (ECHD) and spin density (SD) maps for the NiO supercell with different vacancy configurations: (a) ristine NiO, (b) NiO with a single Ni
spin-up vacancy (1), (c) NiO with a single Ni spin-down vacancy (1), (d) NiO with two Ni vacancies of spin-up and spin-down projections (I & Il), (€) NiO with two Ni vacancies,
both of spin-up projection (I & Ill), and (f) NiO with a single O vacancy (l). The ECHD maps use a color scale where white represents the highest value, while the SD maps
use red to indicate spin-up and blue to indicate spin-down. These maps correspond to the faces (100) and (010), in the supercell structure.
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All defective supercells were fully relaxed with the hybrid
B3LYP functional, allowing the lattice and local spin densities to
adjust naturally so that the characteristic atomic distortions and
spin-redistribution around isolated vacancies could emerge with-
out bias."*"” Optimizing the bulk cell for both the well-established
type-1I antiferromagnetic (AFM) ground state and two representa-
tive ferromagnetic (FM) orderings yielded cubic lattice constants of
4213 (A) (AFM) and 4.231 (A) (FM). Such a difference of only
0.43% and independent checks showed that this <1% volume change
alters vacancy-formation energies and magnetic moments by less
than 0.01 eV, justifying adoption of the AFM lattice for all defect cal-
culations. Finally, by keeping the vacancy concentration deliberately
low (one or two Ni vacancies and just one for oxygen per supercell),
interactions between defects are avoided ensuring that the computed
properties reflect intrinsic, vacancy-induced perturbations rather
than collective effects.”””*"

Introducing a single Ni vacancy, whether with spin-up or spin-
down symmetry, reduces the electron density near the vacancy and
induces subtle but noticeable rearrangements in the surrounding
atomic magnetic moments [Figs. 3(b) and 3(c)]. This rearrangement
is accompanied by the emergence of Ni’* states, which promote
localized hole formation and significantly affect NiO’s overall elec-
tronic and magnetic properties.”” This shift is consistent with pre-
vious first-principle investigations illustrating how missing cations
in NiO can modify local superexchange interactions.”* When two
Ni vacancies are introduced simultaneously, the spin distribution of
the system becomes even more complex. Vacancies with opposite
spins Ni (I) & (II) [Fig. 3(d)] create pronounced distortions in neigh-
boring Ni sites spin alignments, whereas Ni (I) & (III) with parallel
spins vacancies [Fig. 3(e)] tend to preserve a semblance of the overall
AFM pattern. On the contrary, the O (I) vacancy, shown in Fig. 3(f),
does not have a significant contribution nor in electron charge or the
spin density. These results allow us to achieve a comprehensive per-
spective on how each type of vacancy influences the delicate balance
between charge transfer and magnetic ordering, and they provide
valuable guidelines for controlling the properties of NiO through
targeted defect manipulation.

C. Density of states: analysis of vacancy
configurations in NiO

As expected, the DOS calculations also reveal significant
changes in the electronic structure due to the introduction of

(b)

© (@)
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vacancies.”’ In the case of a single Ni vacancy, as shown in Figs. 4(a)
and 4(b), localized states emerge within the bandgap. These states
are associated with the disruption of the periodic potential and the
unpaired electrons resulting from the removal of a Ni atom. The
resulting partial filling of the gap indicates a potential for localized
intra-gap electronic states to participate in conduction processes
under suitable conditions. Furthermore, when comparing the spin-
up channel in Fig. 4(a) with the “up-up” combination observed in
Fig. 4(d), there appears to be a noticeable increase in the DOS at the
same energy levels. This suggests a constructive interaction between
the states induced by multiple Ni vacancies, where the overlap-
ping contributions from two vacancies enhance the defect-mediated
states and may facilitate conduction through hopping mechanisms,
in agreement with the characteristic p-type conductivity experimen-
tally reported for NiO.!! When two Ni vacancies with different spin
orientations (up and down) were introduced, as shown in Fig. 4(c),
distinct vacancy-induced states emerge at different energy levels
within the bandgap. The separation of these states indicates that
the spin degree of freedom influences the energy distribution of
the defect states, potentially leading to spin-dependent conduction
mechanisms or different contributions to the electronic transport
properties.

In contrast, the introduction of an O vacancy, as shown in
Fig. 4(e), presents a distinct effect on the electronic structure. The
upward shift of the valence band edge toward the Fermi level and
the emergence of states in the conduction band region reflect the
n-type nature of the defect. This behavior aligns with the expected
donor-like character of oxygen vacancies in NiO, where the absence
of oxygen results in unoccupied states in the oxygen sub-lattice.
These unoccupied states are effectively compensated by electrons,
contributing to the conduction band and enhancing electron con-
ductivity. Such n-type behavior’””' corroborates experimental and
theoretical predictions of donor defect mechanisms in TMQ’s.””"*

D. Band structure analysis of vacancy
configurations in NiO

The band structure calculations presented in Fig. 5 provide
a detailed understanding of the impact of vacancy defects on the
electronic and magnetic properties of NiO. For the pristine NiO
structure, represented by the black dashed lines, the calculated
bandgap is ~4.2955 eV, which is consistent with the characteristic
UV bandgap of undoped NiO ~ (4-4.5) eV,”*"”>** and it agrees

9
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FIG. 4. Density of states (DOS) of NiO with different vacancy configurations, compared to pristine NiO (black lines). (a) One Ni vacancy (I), (b) one Ni vacancy (Il), (c) two Ni
vacancies (I & II), (d) two Ni vacancies (I & Ill), and (e) one O vacancy (l). Fermi energy is set as the origin of energies. These plots illustrate the electronic states introduced
by the vacancies, and the insets show an enlarged view of the bandgap region to highlight the presence of intermediate states. These states reveal how different vacancy

types and configurations modify the electronic structure of NiO.
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XY Z XY Z r
. === NiO
k points Spin Up ()
—— Spin Down (B)

FIG. 5. Band structures of NiO with various vacancy configurations: (a) one Ni vacancy (1), (b) one Ni vacancy (ll), (c) two Ni vacancies (I & II), (d) two Ni vacancies (I &
I11), and (e) one O vacancy (1). The black dashed lines represent pristine NiO band structure. The red lines depict the spin-up («) channel, and the blue lines represent the
spin-down () channel. The introduction of vacancies modifies the band structure creating spin polarized states that change the electronic and optoelectronic properties.
The presence of intermediate states in the bandgap and spin dependent dispersion highlights the impact of defects on the material’'s behavior. The k-point path includes

high symmetry T, X, Y, and Z positions.

perfectly with the data shown in Fig. 5. However, the introduction of
Ni and O vacancies causes a reduction in the bandgap, with defect-
induced spin-polarized states appearing within the gap. The spin-up
(«) states are represented by the red lines, while the spin-down (/8)
states are depicted in blue, highlighting the differentiation in the
bandgap for each spin channel.””’

In Figs. 5(a) and 5(b), we show that the occurrence of a single Ni
vacancy, either vacancy (I) or vacancy (II), breaks the symmetry and
yields localized spin-polarized states, with computed bandgaps of
2.97 and 1.54 eV, respectively. Notably, if we introduce the vacancy
in a spin-up configuration (I) versus a spin-down configuration (II),
the resulting bands for each spin channel (a) and (f) interchange,
reflecting the symmetry between the two spin channels. Figures 5(c)
and 5(d) demonstrate that the introduction of multiple Ni vacancies
intensifies the interaction between vacancy states, further reducing
the bandgap and increasing the dispersion of the defect bands. In
the spin-up/spin-down vacancy configuration shown in Fig. 5(c),
we obtain the lowest bandgaps, namely, 1.45 eV for the (a) chan-
nel and 1.57 eV for the (f) channel, indicating that opposite spin
vacancies lead to pronounced distortions of the spin alignments of
neighboring Ni sites. When both vacancies are spin-up, the result-
ing bandgaps are 2.85 eV for («) and 1.49 eV for (f8), as shown
in Fig. 5(d). These findings are reminiscent of introducing a single
spin-up vacancy but, due to additional localized states, the bandgap
reduces respect to the single vacancy case.

For the case of an O vacancy, Fig. 5(e) shows a distinct shift
in the band structure, with defect states emerging closer to the
minimum of the conduction band. Unlike Ni vacancies, this config-
uration does not introduce spin polarization, resulting in a bandgap
of 2.61 eV for both («) and (f3) channels. Such donor-like behav-
ior aligns with the n-type conductivity commonly observed in
O-deficient NiO."" " Defect-related bands fall into lower energy

often overlapping with the near infrared (NIR) and visible regions
compared to stoichiometry NiO gap, which remains in the UV
range. As the vacancy concentration increases (from 3.1% to 6.3%
in our simulations), these defects states progressively shift the
absorption edge from the UV toward the visible and even the NIR
region.

In line with these observations, experimental data based on
luminescence analysis commonly report emissions involving energy
levels owing to the variable structure of defects in NiO;”"* there-
fore, luminescence results can provide valuable information to be
combined with theoretical calculations.

E. Cathodoluminescence

Luminescence experiments have been commonly employed for
the study of semiconducting oxides, including TMOs.”> Contrary
to photoluminescence (PL), in which emission range is restricted
by the wavelength of the excitation source, cathodoluminescence
(CL), generated by irradiation of electrons with energy of several
keV, allows for the study of a wide range of emissions from the
probed material, which is particularly relevant for wide bandgap
materials. However, CL studies of NiO still remain scarce despite
the potential of the technique.’’ Figure 6 shows CL spectra from
NiO samples sintered at variable temperatures, ranging from 800
to 1400 °C, where emissions from the near-infrared (NIR) to the
UV range can be observed. Gaussian deconvolution of the CL sig-
nal, shown in the supplementary material, confirms the presence of
emissions centered at around 1.4, 2.0, 2.2-2.5, 3.5, and 4.4 eV. The
broad emission in the UV region centered at ~4.4 eV is attributed to
near band-edge emissions.”"”* Such experimental evidence is con-
sistent with our ab initio hybrid functional calculations, remarkably,
this agrees with B3LYP, which predicts a NiO bandgap close to
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FIG. 6. Cathodoluminescence (CL) spectra obtained from NiO samples sintered at
temperatures of 800, 1100, 1200, and 1400 °C. Emission peaks ranging from the
near-infrared through the visible to the ultraviolet region are clearly observed. The
dashed lines are the Gaussian fits where energy values correspond to the center
maximum value, and the solid lines correspond to experimental data.

4.3 eV in pristine samples. On the other hand, defect-related emis-
sion bands in the NIR around 1.4 eV and in the visible centered
near to 2.5 eV are more complex and strongly influenced by intra-
gap defect states or localized Ni 3d-orbitals introduced by variations
in stoichiometry, defects, morphology, and dimensions, which can
be promoted during the sintering treatment.’! Actually, by increas-
ing the annealing temperature up to 1200 °C, complex emissions
around 2.0-2.5 eV are promoted, while the relative intensity of the
1.4 eV emission is higher when annealing at 1400 °C. These CL
emissions are mainly associated with Ni vacancies, and the variable
density of defects occurred in NiO during the annealing process. The
apparent bandgap reduction can be attributable to the formation of
additional vacancy states identified in CL spectra that give rise to
energy transitions in NIR, visible, and UV. This trend matches the
theoretical band structure and DFT calculations described in this
work, as shown in Fig. 5, where defect states systematically fill the
gap and alter the optoelectronic properties. Moreover, the excellent
agreement between the UV bandgap in calculations and the experi-
mentally measured bandgap underlines the robustness of the theory.
Meanwhile, the apparent reduction of the visible range bandgap
with the annealing temperature, experimentally reported, confirms
a direct link between defect formation and modifications to the
electronic structure. These states give rise to multiple overlapping
bands, reflecting the interplay of Ni and O vacancies and other com-
mon point defects in TMOs,”® whose understanding require further
analysis.

DFT calculations including exchange-correlation functionals,
in particular B3LYP, considered in this work can shed light on
the study of the NiO bandgap value and its variation due to non-
stoichiometry, which still remains controversial. In addition, the
study of the defect-related levels in NiO appeared as intra-gap states,
with energies ranging from the NIR to the UV and variable ori-
gins associated with either Ni and/or O vacancies, can be enriched
by DFT analysis. The agreement between the calculations and some
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of the experimental measurements underline the robustness of the
theory.

IV. CONCLUSIONS

In this work, we have demonstrated the effectiveness of first-
principle methods for investigating the electronic and optoelectronic
properties of NiO, paying particular attention to the role of intrinsic
defects. Cathodoluminescence measurements from NiO have been
analyzed as well, in line with the theoretical calculations. By sys-
tematically assessing a variety of exchange-correlation functionals,
we have shown that hybrid approaches, most notably B3LYP, cap-
ture both the experimentally observed lattice constant and the large
bandgap of NiO with excellent accuracy, providing good perfor-
mance. This highlights the importance of treating strong correlation
effects in transition-metal oxides and underscores the need for
precise electronic structure methods when modeling (ultra) wide
bandgap materials for optical applications.

Our results reveal that Ni and O vacancies lead to markedly
variations in the DOS aligned with the reported changes in the NiO’s
optoelectronic response and the luminescence studies. Ni vacancies
introduce localized states within the gap, progressively narrowing
the optical gap and enabling intra-gap transitions as the vacancy
concentration grows. These localized states imply radiative emis-
sions at sub bandgap energies, in the near infrared range, visible,
and UV, reported by luminescence techniques,”’ offering a poten-
tial route to tailored broader optical absorption or emission in NiO
based devices. Despite NiO usually exhibiting p-type conductivity
owing to Ni deficiency, O vacancies can act as donor-like defects
promoting n-type conductivity. The resultant defect-induced lev-
els can shift the absorption edge and alter luminescence features,
as well as other relevant properties. The optical gap and emission
spectra could be selectively manipulated, thereby optimizing NiO
for specific optoelectronic applications such as UV photodetectors,
transparent conducting oxides, and optoelectronic devices, fields in
which NiO has been less explored so far.

Overall, our study establishes that an accurate treatment of
exchange and correlation is essential to describe NiO’s wide bandgap
and its strongly correlated character. It further demonstrates how
targeted defect engineering can serve as a powerful tool for tailor-
ing optical absorption, emission, and electronic transport in NiO.
These insights lay a foundation for designing advanced NiO based
optoelectronic devices and offer a framework for exploring simi-
larly complex transition-metal oxides by the control of the interplay
between electron correlation and defect formation as a key to achieve
desired functional properties.

SUPPLEMENTARY MATERIAL

The supplementary material provides a comprehensive DFT
characterization of the electronic properties of NiO in its ferromag-
netic ordering to underscore its limitations for accurately reproduc-
ing experimental evidences on NiO. Although the more realistic
AFM ordering remains the reference for accurately capturing the
actual behavior of NiO, FM solutions yield a useful perspective on
the spin-dependent electronic structure. In addition, further details
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on experimental CL data and the Gaussian deconvolution of CL
spectra can be found in the supplementary material as well.
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