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Abstract

Nickel oxide (NiOx), a p-type oxide semiconductor, has gained significant

attention due to its versatile and tunable properties. It has become one of the

critical materials in wide range of electronics applications, including resistive

switching random access memory devices and highly sensitive and selective

sensor applications. In addition, the wide band gap and high work function,

coupled with the low electron affinity, have made NiOx widely used in emerg-

ing optoelectronics and p-n heterojunctions. The properties of NiOx thin films

depend strongly on the deposition method and conditions. Efficient implemen-

tation of NiOx in next-generation devices will require controllable growth and

processing methods that can tailor the morphological and electronic properties

of the material, but which are also compatible with flexible substrates. In this

review, we link together the fundamental properties of NiOx with the chemical

processing methods that have been developed to grow the material as thin

films, and with its application in electronic devices. We focus solely on thin

films, rather than NiOx incorporated with one-dimensional or two-dimen-

sional materials. This review starts by discussing how the p-type nature of

NiOx arises and how its stoichiometry affects its electronic and magnetic prop-

erties. We discuss the chemical deposition techniques for growing NiOx thin

films, including chemical vapor deposition, atomic layer deposition, and a

selection of solution processing approaches, and present examples of recent

progress made in the implementation of NiOx thin films in devices, both on

rigid and flexible substrates. Furthermore, we discuss the remaining challenges

and limitations in the deposition of device-quality NiOx thin films with chemi-

cal growth methods.
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1 | INTRODUCTION

Oxide semiconductors have made significant progress
over the past decade, gaining widespread use across a
range of electronic devices, including thin-film transis-
tors, photovoltaics, light-emitting diodes, sensors, non-
volatile memory devices, and catalysts, among many
other applications.1-6 In particular, the resilience of
the electronic properties of the oxides against mechan-
ical deformation or degradation during operation
under ambient conditions, as well as the ability to fab-
ricate device quality oxides at low temperature,3,7,8

has made metal oxide semiconductors leading mate-
rials of choice for flexible electronics based on poly-
mer, cellulose, fabric, and elastomeric substrates.1,4,9

These flexible devices are enabling a wide range of
new applications, including intelligent packaging, wear-
able systems, epidermal devices, artificial skins for robots,
biomimetic medical implants, and advanced surgical
tools. More detailed reviews on oxides for flexible elec-
tronics are given in References 1 and 4.

Most works on oxide electronics for both flexible and
rigid applications have focused on n-type semiconduc-
tors.1,4 p-Type oxides are more challenging because the
valence band maxima of most oxides are composed of O
2p orbitals, which are more localized than the metal cat-
ion s orbitals in the conduction band minimum. As a
result, hole mobilities tend to be lower than electron
mobilities, which impacts, for example, the performance
of hole transport layers in optoelectronic devices. Despite
these challenges, p-type oxides are critically important
for a wide range of emerging applications, including
transparent complementary metal-oxide semiconductors
(CMOS) for integrated circuits, hole transport layers
(HTL) for photovoltaics, flexible p-n junctions, and sen-
sors.10-13 Three of the most common p-type oxides are tin
monoxide (SnO), cuprous oxide (Cu2O), and nickel oxide
(NiOx). Both SnO and Cu2O are metastable at room tem-
perature, and can form the more stable n-type SnO2 or
lower band gap cupric oxide (CuO) as a phase impu-
rity.4,9,14 In contrast, NiOx is stable under ambient
conditions.

Nickel oxide is one of the most studied transition
metal oxides and its attractiveness stems from its elec-
tronic properties, as well as its low-toxicity, and compo-
sition of low-cost and abundant elements. The optical
band gap is wide (with reported values ranging from 3.4
to 4.3 eV15), making the material transparent over the
visible wavelength range. The work function can also
be tuned over a wide range, from 3.7 to 6.7 eV by
changing the defect density, composition, or surface
dipole.16 The valence band maximum, located at 5.4 eV
relative to the vacuum level,17 is aligned with the

highest occupied molecular orbitals (HOMOs) or
valence band maxima of a wide range of thin-film
active layers for photovoltaics and light-emitting
diodes, including lead-halide perovskites, lead-free
perovskite-inspired materials, and organic materials.18-
21 Coupled with the low electron affinity, enabling elec-
trons to be blocked, NiOx is widely used as a hole trans-
port layer in next-generation solar cells or hole-
injection layer in light-emitting diodes. It is also an
electrochromic material with a high coloration effi-
ciency.22-24 NiOx has a high-temperature coefficient
of resistance, high theoretical specific capacity of
718 mA h g−1 (compared to 372 mA h g−1 for graph-
ite25) and high catalytic activity, making the material
actively explored for supercapacitors,26 thermistors,27

Li-ion batteries,28 and catalysts for CO or H2O
oxidation.29,30

As a simple binary oxide, NiOx thin films can be
grown with a wide range of deposition techniques. These
include physical vapor deposition (PVD), such as
sputtering and pulsed laser deposition (PLD); chemical
vapor deposition (CVD), including atomic layer deposi-
tion (ALD); and a family of chemical-based solution
deposition techniques, such as spin-coating or inkjet
printing. While PVD techniques provide exceptional con-
trol over the film composition and electronic properties,
the scalability, and low cost of the chemical-based depo-
sition techniques make them appealing alternatives.
Recent developments with the chemical-based deposi-
tion methods have led to lower processing temperatures,
and the ability to deposit at atmospheric pressure with
higher throughput. These have made these chemical
deposition methods compatible with the polymer and
cellulose substrates used for flexible electronics. Differ-
ent CVD and ALD approaches, including aerosol-assisted
CVD and spatial ALD, as well as several different solu-
tion-based techniques, including spray pyrolysis and sol-
gel spin- and dip-coating, have been demonstrated for
NiOx film growth. In particular, these techniques often
result in non-stoichiometric NiOx films and therefore a
range of different film properties. Postprocessing by
annealing or plasma treatment have been widely devel-
oped to tailor the properties of the films for their specific
applications.

In this review, we discuss the different chemical-
based techniques for depositing NiOx thin films, and how
the precursor chemistry and growth methods used affect
the film composition and electrical properties (Figure 1).
We also present the recent progress made in the fabrica-
tion of rigid and flexible devices with NiOx thin films
grown by chemical-based routes and how the versatile
properties of these films can be tailored to match the tar-
get applications.
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2 | EFFECT OF NON-
STOICHIOMETRY ON THE
ELECTRICAL AND MAGNETIC
PROPERTIES OF NIOX

In stoichiometric NiO, both ions are octahedrally coordi-
nated. The Ni2+ cations have filled 3d8 orbitals with simi-
lar energy to the O 2p6 orbitals, and it is expected that
these orbitals hybridize in the valence band maximum
(as illustrated in Figure 2A).16,17,31-33 There are also
empty 3d9 orbitals which form the conduction band min-
imum and these orbitals are separated from the 3d8

orbitals by a large energy difference due to strong elec-
tron correlation (Figure 2A).17 Originally, it was thought
that the band gap of NiO was formed between the Ni 3d8

and 3d9 orbitals, making NiO a Mott-Hubbard insulator.
However, later work showed NiO to be a charge transfer
insulator, with the band gap formed between the O 2p6

and Ni 3d9 orbitals.17,31-33 Owing to its wide band gap,
NiO in its stoichiometric form is insulating with a room
temperature resistivity of >1013 Ω cm.16 At room temper-
ature, NiO is antiferromagnetic, and becomes

paramagnetic above its Néel temperature of 523 K. In the
paramagnetic state, NiO has a cubic unit cell with a NaCl
crystal structure. Below the Néel temperature, all spins
on each (111) plane are parallel, and spins on adjacent
(111) planes are antiparallel. This results in a small

FIGURE 1 Schematic overview of the topics covered in this Review on NiOx: material properties, growth methods, and applications in
devices. Images have been reproduced with permission. ALD: Alam et al,237 copyright 2018 by Elsevier; Solution processing: Park et al,1

copyright 2019 by Wiley; LEDs: Hoye et al217; Sensors: Khan et al,233 copyright 2016 by Wiley; Resistive switching: Yanagida et al238; p-n
junctions Münzenrieder et al,155 copyright 2013 by Elsevier; Transistors: Ante et al,239 copyright 2011 by Wiley; PVs: Photo credit to Steve
Penney

FIGURE 2 A, Band structure of nickel oxide about the band
gap, based on the work in References 17 and 31–33. The transition
levels for the 0/−1 and −1/−2 charge states of the nickel vacancy
inside the band gap are indicated with dashed lines. B, Computed
defect diagrams for NiO grown under O-rich and Ni-rich
conditions. Reproduced with permission from Lany et al.34

Copyright 2007 by the American Physical Society
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contraction along the [111] axis, and the distorted crystal
structure is considered to be rhombohedral with an angle
of 90.4�.35 These antiferromagnetic domains have been
characterized by neutron Laue diffraction.36

Acceptor levels can be introduced in nickel oxide
through doping or through nickel vacancies. The defect
equilibria for the formation of nickel vacancies are given
by Equations (1) to (3).37

1
2
O2 ÐOX

O +VX
Ni ð1Þ

VX
Ni ÐV0

Ni +h• ð2Þ

V0
Ni ÐV00

Ni +h• ð3Þ

In Equations (1)-(3), OO refers to oxygen occupying a
lattice site and VNi refers to a nickel vacancy. In Kröger-
Vink notation, x refers to a neutral charge, 0 refers to a
negative charge, 00 a double negative charge, and • refers
to a positive charge. When nickel oxide reacts with oxy-
gen gas, a lattice oxygen site is formed, which requires a
lattice nickel site as well, but this is vacant. The nickel
vacancy releases two holes to form a doubly negatively
charged vacancy and makes the material p-type.37

Several experimental and theoretical papers have
reported that nickel vacancies readily form. For example,
Lany et al reported defect calculations showing that
acceptor nickel vacancies have two transition levels in
the band gap with low formation energies under oxygen-
rich conditions (Figure 2B). The donor oxygen vacancy
defect has much higher formation energies and are, thus,
less likely to form. Non-stoichiometric NiOx would there-
fore be expected to be nickel-deficient and p-type.34

Experimental results have confirmed that nickel vacan-
cies form under oxygen-rich conditions.16 Choi et al have
found that the conductivity of NiOx increased with the
partial pressure of oxygen (PO2 ), and was proportional to
P0:2
O2

at temperatures between 1100�C and1400�C, which
suggested that the nickel vacancies were doubly ion-
ized.37 Each hole released by a nickel vacancy can be
considered to be equivalent to the formation of two Ni3+

from each vacant Ni2+ because the release of a hole in
the valence band is equivalent to an electron from the
3d8 orbital being excited to the acceptor level in the band
gap. Thus, each doubly ionized nickel vacancy can be
considered to be equivalent to the formation of two Ni3+.16

Under oxygen-poor conditions (metal-rich), calculations
predict the formation energy of oxygen vacancies to be
lower than that of nickel vacancies. However, the transi-
tion level of the oxygen vacancy is predicted to be closer to
the valence band than the conduction band, and this deep

donor is then expected to not lead to significant charge-
compensation.34 Non-stoichiometric NiOx is therefore
expected to be p-type and this has been confirmed experi-
mentally in several reports since the 1960s.

Another common way to increase the carrier concen-
tration of holes in nickel oxide is to dope with lithium
and obtain nickel lattice sites occupied by lithium. An
example of lithium-doping nickel oxide with Li2O is
given in Equation (4), showing how lithium on a Ni2+

site (LiNi
0

) releases holes.16,17,38

1
2
O2 +Li2OÐ 2OX

O +2Li0Ni +2h• ð4Þ

The hole effective mass for NiOx measured at 670 to
1670 K has been reported to range from 0.8 to 1 m0, and
the hole mobilities measured at high temperatures have
been reported to be <1 cm2 V−1 second−1, measured from
nickel oxide single crystals through temperature-depen-
dent conductivity and Seebeck coefficient measure-
ments.37 However, there is a disagreement in the
literature on whether the conduction mechanism is due
to band-like conduction or small polaron hopping.
Polarons are heavy quasi-particles that occur due to
strong interactions between holes and the surrounding
lattice, and polaron-mediated conduction occurs through
hopping between lattice sites.17 Measurements of lith-
ium-doped nickel oxide at high temperatures >1300 K
suggest that the conduction mechanism is band-like
transport.37 However, measurements of the conductivity
and Seebeck coefficient of NiOx at 130 to 330 K suggest
that carrier transport occurs by small polaron hopping,
and that the room temperature mobility is 0.011 to
0.047 cm2 V−1 second−1.17

Apart from temperature-dependent conductivity and
Seebeck coefficient measurements, the hole mobilities in
NiOx thin films are widely determined by Hall effect mea-
surements. However, this would not be entirely valid if
NiOx films were antiferromagnetic. As discussed, the con-
ductivity of NiOx strongly varies with the stoichiometry.
An important question is whether nickel oxide remains
antiferromagnetic when it is nonstoichiometric.
Bachmann et al measured the magnetic characteristic of
non-stoichiometric ALD NiOx films but their results
remained inconclusive on whether the films exhibited
antiferromagnetic or diamagnetic behavior.39 Dubey et al
investigated the effect of stoichiometry on the magnetiza-
tion and Néel temperature of NiOx.

40 The samples were
prepared by thermal decomposition of nickel nitrate
hexahydrate and measured to have ca. 40% excess oxy-
gen. In these non-stoichiometric samples, the Néel tem-
perature remained between 480 and 530 K, close to that
of stoichiometric NiO, suggesting the non-stoichiometric
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NiOx to remain antiferromagnetic. Recently, we investi-
gated the magnetic properties of NiOx thin films depos-
ited by plasma-enhanced ALD (PEALD), and sol-gel
spin-coating. We measured the composition and bonding
state of the Ni and O elements using X-ray photoemission
spectroscopy (XPS). XPS is a surface-sensitive method,
with an interaction depth of 1 to 10 nm, and can be used
to measure the elemental composition with a resolution
of 0.05 at%.41 Elements with different bonding states can
also be distinguished by their different binding energies
(a Review of XPS analysis can be found in Reference 42).
From our previous XPS measurements on the PEALD
and spin-coated NiOx films, we found that both deposi-
tion methods resulted in nickel deficient films with sig-
nificant Ni3+ present (Figure 3A,B) and with the Ni/O
ratio varying between 0.6 and 0.7 (Figure 3C). The
PEALD films were polycrystalline with dominant (200)
orientation, while the sol-gel films were too thin to give
diffraction peaks. Despite non-stoichiometric composi-
tion and differences in microstructure, all the measured
films showed antiferromagnetic behavior, measured as

an exchange bias shift in in-plane magnetic hysteresis at
2 K temperature (Figure 3D).44

As the antiferromagnetism of the material adds
uncertainty to the Hall effect measurements, alternatives
are needed to reliably investigate the electronic properties
of NiOx films. One alternative to Hall measurements is
electrochemical Mott-Schottky analysis, in which the
capacitance (C) generated from a depletion region is mea-
sured at different applied DC biases (V). From a plot of
C−2 against V, the carrier concentration can be obtained.
By measuring the resistivity of the NiOx film, the mobility
can also be determined, with the appropriate circuit
model.45,46 Another method is to obtain the mobility
through field-effect measurements from fabricated thin-
film transistor structures, which will be discussed more
in Section 6.2.

Although film stoichiometry, and therefore its electri-
cal properties, can be precisely controlled in some PVD
techniques (such as pulsed laser deposition) by tuning
PO2 and deposition temperature,47 there is less control in
chemical-based deposition techniques. This is because
the film stoichiometry is governed by the reaction chem-
istry during the deposition. Hence, the precursors and
deposition conditions used play a key role in defining the
film characteristics and properties.

3 | CHEMICAL DEPOSITION OF
NICKEL OXIDE THIN FILMS

3.1 | CVD of nickel oxide

CVD is an attractive technique for the fast growth of thin
films with varying thicknesses and compositional unifor-
mity over large areas, with high reliability and reproduc-
ibility. Key to CVD is the precursor chemistry. CVD of
NiOx relies mostly on metal-organic (MO) precursors,
typically β-diketonate, (amino)alkoxide, and cyclo-
pentadienyl complexes, and O2 gas is used as an oxidizer.
In most cases, an additional oxygen source is needed also
with oxygen coordinated precursors, that is, precursors
that contain O atoms in the molecule. Reported (MO)-
CVD NiOx processes are collected in Table S1, showing
the wide variety of processes (including aerosol-assisted
and atmospheric pressure CVD) and temperatures used,
ranging from 105�C up to 750�C.

These result in amorphous, polycrystalline, or epitax-
ial films, depending on the deposition conditions and the
substrate material. The reports in Table S1 also cover
some demonstrations of the potential CVD NiOx films in
devices, including electrochromics,22,48 and resistive
switching.49 In addition to thin films, CVD can also be
utilized in growing NiOx nanoparticles, for example, for

FIGURE 3 X-ray photoemission spectroscopy measurements
of plasma-enhanced atomic layer deposited (PEALD) NiOx films
showing the (A) Ni 2p and (B) O 1s core level peaks. The O 1s core
level spectrum has been fitted according to Reference 43 to show
the components due to lattice oxygen (bonded to Ni2+) and defect
states (Ni3+). C, Time-of-flight elastic recoil detection analysis (ToF-
ERDA) elemental depth profile of plasma-enhanced atomic layer
deposited (PEALD) NiOx. D, In-plane magnetic hysteresis loops of
6 nm Ni80Fe20 / PEALD NiOx bi-layer at 2 K. The field cooled (FC)
hysteresis shows an exchange bias Hx of −400/+500 Oe.
Reproduced with permission from Napari et al.44 Copyright
Wiley 2020
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catalysis and gas sensing applications.29,50 Across all
device applications discussed in this review, polycrystal-
line (and in some cases amorphous) NiOx is used. Indeed,
in most cases, the same processing method can give
either amorphous or polycrystalline films, often
depending on the deposition temperature, giving wide
tunability over a range of properties. For example,
Battiato et al found that amorphous NiOx, grown by CVD
at below 450�C, was smoother than polycrystalline NiOx

and had higher transmittance below the band gap.51 On
the other hand, polycrystalline films have higher mobil-
ity, which is important in TFT applications. Epitaxial
NiOx films have mostly been grown for fundamental
investigations into its properties, as well as efforts to
demonstrate the capabilities of new CVD processes.48,52,53

Epitaxial films are also preferred in applications where
high resistivity is required. This is due to the lower defect
density in the epitaxial films with a near-stoichiometric
composition.54,55 Achieving improved p-type conductivity
in epitaxial films requires doping, such as with Li (refer
to Section 2).56

The majority of reports focus on process development
and material characterization, and only a few papers pre-
sent and discuss electrical properties of the films. Wang
et al deposited NiOx films from methylcyclopentadienyl
nickel (Ni[MeCp]2) and O2 on sapphire using photo-
assisted CVD at 510�C to 600�C.57 They observed that the
film morphology changes from small (<10 nm) and
anomalous grains to large (80 nm) cubic-shaped crystal-
line grains with strong (111) preferred orientation with
increasing deposition temperature. The temperature also
affected the optical and electrical properties: the band
gap decreased from 3.93 to 3.55 eV, and the Hall effect
measurements of the p-type films showed an increase in
resistivity from ca. 460 to 1940 Ω cm as the deposition
temperature increased. The mobility increased slightly
from 0.28 to 0.54 cm2 V−1 second−1 while the hole con-
centration dropped from 4.8�1016 cm−3 to 5.9�1015 cm−3,
respectively.57 While the changes in the electrical proper-
ties could be attributed to the improvements in the film
crystallinity leading to a decrease in Ni2+ vacancies, the
possible changes in the film stoichiometry was not
reported. Ni(MeCp)2 was also used as a precursor by
Zhao, Lee et al who used atmospheric pressure spatial
atomic layer deposition (AP-SALD) in CVD mode at
350�C, with O2 gas as the oxidant.46 The resistivity of the
films was �103 Ω cm, and the carrier concentration,
determined by Mott-Schottky analysis, was 1.6�1018 cm−3,
with the corresponding hole mobility 3�10−3 cm2 V−1 sec-
ond−1.46 NiOx films grown with the same deposition sys-
tem using a NiCpAllyl precursor and O2 at 300�C were
measured to be nonstoichiometric with Ni/O ratio of
�0.6.44 The electrical properties of the films were

determined with Hall effect measurements, and the car-
rier concentration was found to be �1016 cm−3, and
mobility on the order of 0.1 cm2 V−1 second−1.44 The
orders of magnitude difference in both values in films
grown with comparable chemistries and conditions is
more likely due to the choice of the measurement tech-
nique rather than a real measure of the film properties
(refer to Section 2).

Resistivity values between 102 and 104 Ω cm have also
been obtained in polycrystalline NiOx films deposited
using nickel thenoyl-trifluoroacetone tetra-
methylethylendiamine (Ni[tta]�tmeda) and O2 at 350�C
to 550�C by Battiato et al.51 They measured a work func-
tion of 5.1 eV in the as-deposited films. However, the
effect of the deposition temperature on the electrical
properties was not reported, and the film stoichiometry
was established through Raman measurements.51

The effect of film stress on the resistivity of NiOx thin
films was reported by Roffi et al who deposited epitaxial
films on (001) Al2O3, and (100) and (111) MgO substrates
at 300�C to 600�C at atmospheric pressure using
NiCpAllyl and O2.

58 They observed that the stress in the
films results in cation vacancies to accommodate for the
lattice mismatch. Hence, with compressive stress the
improved crystallinity by the higher deposition tempera-
ture leads to more nickel vacancies, which creates more
carriers and decreases the resistivity, while with tensile
stress the improved crystallinity is achieved with fewer
vacancies and carriers, and the resistivity increases.58

They also investigated the effect of the flow ratios of O2

and nickel precursor, and showed that the increase in O2

flow decreases the resistivity by an order of magnitude
from 2700 to 250 Ω cm, which they attribute to the
improved crystallinity. However, the effect of the O2 flow
rates on the film stoichiometry cannot be excluded as the
film composition was not measured.58 The importance of
the substrate and NiOx film stress is highlighted also by
Lo Nigro et al who used CVD grown epitaxial NiOx thin
films as dielectrics in wide band gap semiconductor
AlGaN/GaN devices.54,55 The dielectric properties of the
films were determined from the C − V measurements,
with relative permittivity ϵr= 11.7. The application of the
20 nm NiOx dielectric reduced the leakage current of the
devices by 2-3 orders of magnitude.54,55

Currently, there are no reports directly correlating the
effect of stoichiometry with the electrical characteristics
of CVD grown NiOx, and extrapolation from different
reports can be challenging. XPS has typically been used
to determine the film stoichiometry, but quantification is
difficult due to the complexity of the Ni 2p peak shapes
resulting from multiplet splitting, shake-up, and plasmon
loss structure.43 However, it has been shown that the film
composition is strongly dependent on the deposition
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process and conditions. For example, it was shown that a
process using cyclopentadienyl nickel and O2 at 200�C to
500�C can result in a high content of metallic Ni0 in the
films, if the O2 flow is insufficient.59 But the Ni0 compo-
nent disappears with higher O2 flow rates at similar tem-
peratures.60 However, neither of these report the film
stoichiometry. Min et al presented XPS measured Ni/O
ratio of 1.2 in their films deposited using Ni(dmamb)2
and O2. These Ni-rich films also showed resistive
switching behavior, though the initial resistivity values
were not reported. Kondrateva et al showed excess oxy-
gen in their NiOx films deposited using
ethylcyclopentadienyl nickel (Ni[EtCp]2) and O2 + O3,
with Ni/O ratio of 0.85,61 but no electrical properties
were reported.

Doping NiOx films with Li has also been recently
demonstrated with CVD. Ikenoue et al deposited un-
doped and doped NiOx using a “mist”-CVD with nickel
acetylacetonate (Ni[acac]2) and Li(acac) or LiOH diluted
in deionized water at growth temperatures of 500�C to
750�C. Both the un-doped and Li-doped films grew epi-
taxially on terraced α-Al2O3 substrates, shown in Figure 4.
The un-doped films showed high resistivity values of
>106 Ω cm, and the Li-doping with different concentra-
tions resulted in reduced resistivity by 1 to 5 orders of
magnitude, depending on the Li precursor and its con-
centration. The p-type conductivity was confirmed by
Seebeck measurements, but the hole mobility and density
in the films were not further investigated.56

CVD is a standard technique for depositing many
high-quality materials for different device applications.
Oxides, like NiOx, typically require high temperatures
that are not compatible with flexible substrates. However,
as seen in Table S1, with a right choice of precursor
chemistry it is possible to deposit NiOx by CVD at tem-
peratures as low as 200�C. This opportunity, together
with the recent advances in atmospheric pressure deposi-
tion includes CVD as a potential deposition technique of
p-type NiOx films for flexible device applications.

3.2 | ALD of Nickel Oxide

Similar to CVD of NiOx thin films, ALD also relies on the
reactivity of the nickel precursors, and the chemistry of
the precursors is similar to what is used in CVD
processing. Unlike CVD, where the reactions take place
in the gas phase, ALD growth is governed by self-limiting
reactions of sequentially applied precursors. The reported
ALD processes for NiOx are presented in Table S2. To
maintain surface-limited growth, the deposition tempera-
tures in ALD are generally lower than in CVD, typically
below 300�C to avoid the thermal decomposition of the

precursor molecules. However, the low temperature also
limits the reactivity of the precursors and hence stronger
oxidants, such as ozone or O2 plasma, are often needed

FIGURE 4 A, X-ray diffraction (XRD) pole figure of the {200}
planes of mist-CVD grown un-doped NiOx film on α-Al2O3

measured at 2Θ = 43.383�. B, High-resolution transmission electron
microscopy (HRTEM) and C, a selected area electron diffraction
(SAED) image of Li-doped NiOx film. D, Schematic illustration of
epitaxial NiOx film growth on atomically stepped α-Al2O3 substrate.
The periodic structure of the film is in accordance with the two
types of terraces on the substrate. Reproduced with permission
from Ikenoue et al.56 Copyright Elsevier 2019
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for successful deposition. The reduced reactivity also
leads to longer pulsing times being required to achieve
saturated growth, and low growth per cycle values of less
than 1 Å are typical for ALD NiOx processing. The advan-
tage of ALD, however, is the superior conformality of
ultrathin pinhole-free films over complex three-dimen-
sional nanostructures, as demonstrated, for example,
with anodic aluminium oxide (AAO) templates53,62,63

and carbon nanotubes.64 Figure 5 shows an example of
conformal ALD NiOx coating over AAO nanopores with
aspect ratio of 1:70. In addition to NiOx thin films, ALD
has also been applied to grow NiOx and metallic Ni
nanoparticles, where in the latter case the metallic mate-
rial is typically formed by post-deposition reduction of

the NiOx films26,65-69 or by exposing the film to hydrogen
plasma species during the deposition.70

Like CVD, most papers on ALD of NiOx are focused
on process development and the characterization of the
material properties, and the reports on the electrical
behavior of the films are sparse. More attention has been
paid to the elemental characterization of the films. Due
to the difficulties in the quantitative analysis of the com-
position, XPS has typically been used to confirm the
absence of the impurities in the films instead of providing
more detailed compositions. For example, when using
cyclopentadienyl complexes as precursors, carbon con-
tamination in the films can be significant, especially at
lower deposition temperatures.28,71 In one of the earliest
reports on ALD of NiOx by Kumagai et al highly nickel
deficient films with Ni/O ratio of ca. 0.45 was measured
by Rutherford Backscattering Spectrometry (RBS)72

although the high deposition temperature of 400�C indi-
cates that the cyclopentadienyl nickel precursor used
may have decomposed at the substrate, leading to uncon-
trolled CVD-type growth with deviated composition.
However, nickel deficiency (with Ni/O ratio on the order
of 0.7-0.9) in the films grown using cyclopentadienyl
complexes has been also reported at lower deposition
temperatures.39,73 Interestingly, later also Ni-rich films
have been proposed by using cyclopentadienyl and
ethylcyclopentadienyl nickel and oxygen plasma.28,74 Ji et
al presented XPS results of films grown with Ni(EtCp)2 at
temperatures of 100�C to 325�C with Ni/O ratio of 1.1 to
1.14.74 Koshtyal et al measured similar results for their
plasma process with NiCp2 with, Ni/O ratio of 1.15.28

However, these films, grown at 300�C, also contained a
significant amount of carbon (12%). Similar to CVD, ALD
using an aminoalkoxide precursor, Ni(dmamb)2, has
been found to give nickel rich films with a Ni/O ratio of
1.3, as measured by time-of-flight elastic recoil detection
analysis (ToF-ERDA).75 According to Ko et al the high
nickel content stems from the presence of metallic nickel
in the films.76 These films were shown to have high resis-
tivity of 1.7�107 Ω cm and a work function of 4.18 eV.76 A
work function of 4.3 eV has also been measured from
films grown by a similar type of precursor, Ni(dmamp)2
and water.77 Recently, Holden et al reported an ALD pro-
cess with Ni(DAD) and O2, resulting in films with a Ni/O
ratio of 1.1 to 1.2, as measured by XPS. However, the
authors acknowledge that the surface sputtering by Ar
ions prior to the XPS measurement may have distorted
the composition.78

While p-type conductivity has sometimes been con-
firmed solely through p-n heterojunction diodes (refer to
Section 6.3),78 there are a few reports of direct measure-
ments of ALD NiOx carrier properties, mostly of the car-
rier concentration and work function of the films. The

FIGURE 5 A, Scanning electron microscopy (SEM) cross-
sectional image of an anodic aluminium oxide (AAO) membrane
with 14 μm deep nanopores coated by ALD NiOx thin film using bis
(ethylcyclomentadienyl)nickel (Ni(EtCp)2) and O3 at 250�C. B, A
high magnification SEM cross-section of the apex of a single pore.
C-D, SEM-EDX spectra recorded from the top and bottom of the
membrane, respectively. Similar peak intensities indicate conformal
coating over the high aspect ratio nanopores. E-F, TEM top views
of the NiOx film on the ion milled AAO membrane. G, SAED
pattern of the polycrystalline NiOx film. Reproduced with
permission from Barr et al.62 Copyright Elsevier 2015
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reported values vary, which may be due to the different
deposition parameters. But, as discussed in Section 2, dif-
ferent measurement techniques may result in different
values. For example, Hsu et al used the Hall effect
method to measure hole concentration of NiOx films
grown with an amidinate precursor and water.79 Their
measured carrier concentration of 1014 cm−3 is orders of
magnitude lower than what has been reported by using
electrochemical measurements. For example, Thimsen et
al did an extensive study of the energy levels and elec-
tronic properties of ALD NiOx, grown using a similar
amidinate precursor, by electrochemical Mott-Schottky
spectroscopy.80 According to their results, the carrier con-
centration of the films was in the order of 1017 to
1018 cm−3, depending on the film thickness, and was fur-
ther increased up to 1021 cm−3 by post-deposition
annealing at O2 at temperatures 300�C to 600�C. They
also estimated a very low hole mobility (10−5-
10−3 cm2 V−1 second−1).80 High carrier concentrations,
1019 to 1020 cm−3, by Mott-Schottky analysis have also
been reported for as-deposited films grown using
aminoalkoxide and cyclopentadienyl precursors.81 Mott-
Schottky analysis was also used to estimate the work
function by flat band potential and valence band position
(EVB) of the ALD NiOx. Based on these measurements
work functions of 5.0 to 5.1 eV82 and 5.3 to 5.4 eV80 were
obtained.

The majority of the reported applications using ALD
grown NiOx films are related to its use as a hole transport
layer in solar cells,63,81 and other rigid devices. However,
ALD in general has proven to be compatible technique
for depositing films also on flexible substrates. Many
oxide materials, including Al2O3,

83,84 ZnO,85,86 and
TiO2

87,88 have been deposited using thermal or plasma-
enhanced ALD near or at room temperature. ALD
growth of oxides on many plastic materials has been
reported,86,89,90 and device applications, such as flexible
thin-film transistors have been demonstrated.91,92 The
high throughput variants of ALD, such as spatial ALD
and especially roll-to-roll ALD have been shown to have
great potential in coatings for flexible electronics, and
have already been used, for example, to deposit diffusion
barrier films for device encapsulation, as well as confor-
mal coatings on nanostructured substrates.93-96 Further
details on spatial ALD can be found in Reference 6 and
97. The lowest temperature that could be used in ALD
growth of NiOx films is typically limited by the low vola-
tility of the nickel precursors, as well as their poor reac-
tivity. The current literature also lacks examples of ALD
NiOx thin films on flexible substrates. However, processes
compatible with such applications have already been
demonstrated. For example, aminoalkoxide precursors Ni
(dmamb)2 and Ni(dmamp)2 can be used to grow films

with H2O at <150�C,76,77,98-100 and a plasma-enhanced
ALD process with Ni(MeCp)2 at temperatures as low as
50�C was reported recently.81

3.3 | Solution deposition of nickel oxide

The family of chemical-based solution deposition
methods include sol-gel processes, chelate processes, and
decomposition of organometallic precursors. A wide
range of techniques exist, including spray pyrolysis, spin-
and dip coating, and inkjet printing. Compared to vapor
deposition techniques, the advantage of solution deposi-
tion is a lack of need for expensive vacuum setups. This
has made solution processing the most widely used
approach for oxide thin film deposition for many applica-
tions. Like ALD and CVD, some solution processing tech-
niques are suitable for large-area deposition, and can be
used to grow high-quality thin films at low deposition
temperatures.

3.3.1 | Spin-coating

The typical sol-gel route to preparing NiOx thin films
involves spin-coating a sol containing the nickel precur-
sor over the substrate to form a film, which is then
annealed in air. During annealing, the process steps are:
(a) thermal decomposition (pyrolysis) of the nickel pre-
cursor, (b) hydrolysis to form metal hydroxides, (c) con-
densation to form metal-oxygen (M-O) bonds from the
metal hydroxide precursors, and (d) densification
through the cross-linking of the M-O-M frameworks and
formation of a crystal lattice.101 The nickel precursor is
typically nickel acetate, nickel nitrate or nickel formate,
which are often used in their hydrated forms and com-
plexed with amines (eg, monoethanolamine or eth-
ylenediamine).102-109 The complexing agent used affects
the thermal requirement for decomposition. For example,
it has been reported that nickel nitrate hexahydrate com-
plexed with monoethanolamine has a thermal decompo-
sition temperature of 500�C,103 which reduces to 300�C
when complexed with ethylenediamine.102,103,108,109

Thermogravimetric analysis measurements of nickel for-
mate complexed with ethylenediamine dissolved in a
mixture of water and ethylene glycol showed that the sol-
vent was removed at 120�C, followed by 77% mass loss at
180 to 240�C. The latter was attributed to the decomposi-
tion of nickel formate-diamine complex to NiOx, and the
loss of residual solvent and ethylenediamine ligands.103

However, the annealing temperatures required for
thermal decomposition are too high for most polymer
substrates used in flexible electronics (refer to Section 5).
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Groups have developed approaches to deposit NiOx thin
films without any post-annealing required. This can be
achieved by pre-synthesizing NiOx crystals as
nanoparticles and dispersing them in a solvent. For
example, Zhang et al synthesized NiOx nanoparticles by
mixing nickel nitrate in water and increasing the pH to
10 by adding NaOH.110 Reacting the nickel nitrate with
sodium hydroxide results in the formation of nickel
hydroxide.

By calcining these precipitates at 270�C for 2 hours in
air, these hydroxides can be decomposed to NiOx.

111 It
was found that the calcination temperature is critical for
controlling the yield of NiOx: lower calcination tempera-
tures resulted in nickel hydroxide remaining, whereas
higher calcination temperatures resulted in large parti-
cles that could not form uniform films.111 The
nanoparticles formed at 270�C were 4 nm diameter and
dispersed in an aqueous solvent to create the ink, which
is stable for at least 15 days in air.111 These nanoparticles
could be spin-coated on rigid ITO/glass or flexible ITO-
coated polyethylene terephthalate (PET) substrates.
Without any post-annealing, the NiOx was shown to be
suitable hole transport layers for lead-halide perovskite
solar cells.110 The thickness could be adjusted by control-
ling the concentration of NiOx nanoparticles in solution.
Using an ink containing 2 wt% NiOx nanoparticles
resulted in films with 20 nm thickness. X-ray photoemis-
sion spectroscopy measurements showed the NiOx film
obtained to have significant Ni3+ as well as hydroxyl
groups on the surface.110 These hydroxyl groups may
have originated from nickel hydroxide that did not
completely decompose. Studies by Jiang et al have shown
that the hydroxyl group content could be reduced by
post-annealing the NiOx nanoparticles at above 200�C.
However, the O 1s peak associated with Ni3+ also
increased. Ultraviolet photoemission spectroscopy mea-
surements showed that post-annealing at 200�C resulted
in the work function reducing from 5.25 eV (no
annealing) to 4.61 eV (200�C post-annealing).111

3.3.2 | Solution combustion synthesis
and UV-assisted synthesis

The temperature for forming NiOx by solution processing
can also be reduced by using an exothermic solution
combustion synthesis method, as opposed to endothermic
pyrolysis (refer to Section 3.3.1).112 In solution combus-
tion synthesis, an oxidizer (often a nitrate) and fuel are
used. Acetylacetone (130�C, 784.4 J g−1) and urea (220�C,
10570 J g−1) are commonly used as fuels because they
have low ignition temperatures and high enthalpies of
combustion.101,113 The exothermic combustion reaction

results in intense heat being generated inside the film,
which helps to form the M-O-M frameworks and remove
residual organic components. The temperature required
only needs to be above the ignition temperature, which is
sufficient to form crystalline NiOx but is low enough to
be compatible with polymer substrates.101,114

Another approach to forming solution-processed
oxides at low temperature is to use deep ultraviolet
(DUV) irradiation. This results in the photochemical
cleavage of alkoxy groups, which helps in the formation
of M-O-M frameworks at temperatures as low as 150�C
after only 30 minutes illumination.115 UV illumination
can also result in the photolysis of O2, which can react
with metal dangling bonds and fill oxygen vacancies.116

Work on indium gallium zinc oxide films formed through
DUV illumination showed that the films have compara-
ble density as films formed through thermal decomposi-
tion at higher temperatures.115 Growth of lithium-doped
NiOx by DUV exposure has been performed by Yang et
al, who combined this process with solution combustion
synthesis. Acetylacetonate was used as the fuel and
nickel nitrate as the oxidizer. The spin-coated film was
exposed to DUV radiation (253.7 and 184.9 nm wave-
lengths) before annealing at 150�C to activate combus-
tion synthesis. The resultant films were phase-pure NiOx,
but had Ni3+ as well as Ni2+ present. These films were
deposited onto PET substrates for flexible thin-film
transistors.114

3.3.3 | Inkjet printing

Inkjet printing has attracted significant attention because
it is better suited to growing films over large areas than
spin-coating, is less wasteful and can deposit patterned
films without requiring photolithography.1 An inkjet
printer is comprised of a printer head with micrometer-
sized nozzles. Two common approaches are used to eject
droplets from the nozzles: (a) thermal inkjet and (b) pie-
zoelectric inkjet (illustrated in Figure 6). Thermal inkjet
uses evaporated ink that is forced out of the nozzle. In
contrast, piezoelectric inkjet releases the ink as small
droplets by using piezoelectric nozzles that change when
a bias is applied. The typical linewidth of inkjet-printed
films is 20 to 50 μm, depending on the nozzle diameter
and the surface tension and viscosity of the ink (usually
1-50 mPa s).1,117

A limitation of inkjet printing is that the throughput
is limited, but researchers have attempted to overcome
this by using multi-head devices.1 Another important
limitation is that the printed films can be non-uniform
due to the evaporation rate of the solvent from the edges
being different from the evaporation rate of the solvent
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from the center.1 This is known as the “coffee-effect”.
Efforts to overcome this include modifying the viscosity
of the ink. For example, Hu et al added glycerol to their
nickel precursor ink (comprised of nickel acetate dis-
solved in 2-methoxyethanol and complexed with mono-
ethanolamine). By increasing the viscosity from 2.73 to
10.28 mPa s, droplets became uniform because the higher
viscosity films had reduced capillary flow of particles
from the center of the droplet to the faster-drying
edges.118

Inkjet printing of nickel sol often requires high-tem-
perature annealing after printing because the steps for
forming the oxide are similar to spin-coating (Sec-
tion 3.3.1). As with spin-coating, the deposition tempera-
ture can be lowered by pre-synthesizing the NiOx as
nanoparticles and dispersing them in a solvent (eg,
water) to create an ink that can be deposited at room
temperature without post-annealing, or with low-temper-
ature post-annealing.27,110 It is necessary to ensure that
the nanoparticles are well suspended for the films to be
uniform. Although this could be achieved using surfac-
tants or capping agents, these would remain in the depos-
ited film, which would reduce the temperature sensitivity
of the NiOx film or necessitate high-temperature post-
annealing to remove the ligands. Huang et al found that
an alternative to using surfactants was to maintain the
pH between 2 and 8 to have a large zeta potential to pre-
vent agglomeration, which was adjusted by adding strong
acids and bases to the ink. Thermogravimetric analysis
showed that an annealing temperature of at least 170�C
was required to remove the water solvent and ethylene
glycol additives. Annealing at ca. 200�C is compatible
with a range of polymer substrates (Section 5).27

Ruscello et al reported another approach that
required post-annealing at only 100�C. In this approach,

polyethylene oxide is added to the NiOx nanoparticle ink
as a sacrificial additive. Ethylene glycol was also added to
increase the viscosity of the ethanol solvent in the ink to
improve the morphology of the film deposited. The film
was dried under vacuum before being annealed at 100�C
for 10 minutes. Subsequently, the films were oxygen
plasma treated for 1 minute. X-ray photoemission spec-
troscopy measurements showed that plasma treatment
removed polyethylene oxide from the surface. From scan-
ning electron microscopy measurements and device mea-
surements, it was speculated that the role of the
polyethylene oxide was to improve the dispersion of NiOx

nanoparticles in the film. However, too high polyethylene
oxide resulted in pinholes that would lead to shunting
when used as a hole transport layer in a solar cell.119

3.3.4 | Spray pyrolysis

Spray pyrolysis is another approach for depositing uni-
form NiOx thin films over large area, with controllable
thickness. In spray pyrolysis, liquid precursors are
sprayed onto a heated surface, where they undergo pyro-
lytic reactions to form the oxide thin film. As such, spray
pyrolysis requires a spray gun containing the precursor
solution, atomizer for generating the spray, and a heated
surface (eg, a hotplate), as well as a temperature control-
ler. The atomizer is usually an ultrasonic nebulizer, elec-
trostatic atomizer (forms droplets by exposing the liquid
to short pulses of electric field), or air-blast atomizer
(forms a spray by mixing the liquid with air).120 The
nickel precursors used are nickel chloride, nickel acetate,
nickel acetylacetonate, nickel hydroxide, nickel sulfate,
and nickel formate, which nickel chloride and nickel ace-
tate being the most common.120 The precursors are often
in their hydrated form and deionized water is commonly
used as the solvent because water takes part in the reac-
tion.120-126 Nickel chloride is popular because it can easily
be dissolved in aqueous solvents and is readily available.
The disadvantage is that HCl gas is evolved as a
byproduct, which can corrode the spray pyrolysis equip-
ment.120 When droplets of hydrated nickel chloride solu-
tion are sprayed onto heated substrates, the solvent
evaporates, solute deposits onto the substrate, and the
hydrated nickel chloride then undergoes pyrolysis to
form NiOx.

121 However, the substrate temperature
required to form crystalline NiOx films was reported to be
300�C or larger,120-122 with similar decomposition tem-
peratures reported when using nickel acetate or nickel
nitrate.120,125,126 Spray pyrolysis is therefore not compati-
ble with polymer substrates. However, across the differ-
ent precursors, uniform, adherent, and crack-free NiOx

films have been achieved. The thickness of the films can

FIGURE 6 A schematic overview of solution chemical
deposition processes discussed in Section 3.3 of this Review. DUV is
Deep Ultra-Violet illumination. CBD is Chemical Bath Deposition.
SILAR is Successive Ionic Layer Adsorption and Reaction. Adapted
with permission from Park et al.1 Copyright Wiley 2019
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be controlled through the number of spray cycles used,
but also with the precursor concentration, temperature,
and volume of precursor sprayed.120

3.3.5 | Chemical bath deposition

Chemical bath deposition (CBD) is another low-cost
method for growing NiOx thin films. The substrates are
suspended in a solution containing the Ni precursor and
is held at room temperature or temperatures up to 100�C.
The films formed are nickel oxyhydroxide (NiOOH) or
nickel hydroxide (Ni[OH]2), which need to be annealed
at 300�C to 400�C in air to form NiOx through decompo-
sition of the hydroxide species.23,127-130 CBD is therefore
also not compatible with polymer substrates. However,
the films grown by CBD are uniform and adherent to the
substrate.

A common nickel precursor is nickel sulfate.
Persulfate23,127 and dichromate128 additives need to be
included in the mixed aqueous bath for the reaction to
proceed, along with NH3 to adjust the pH. Han et al
reported that the persulfate played a direct role in
reacting with nickel sulfate, such as no film formed with-
out persulfate, although the exact reactions are not
established.23,127 Although the NiOx phase appears at
annealing temperatures above 300�C, XPS measurements
have shown that OH− species remain after annealing the
films even at 500�C for 1 hour in air.127 Another
approach to forming NiOx by CBD is to complex nickel
sulfate with triethanolamine.130 Nickel hydroxide films
were formed at a temperature of 50�C after 1 hour, and
post-annealing at 400�C in air was needed to form crys-
talline NiOx.

130 Four-point measurements showed that
after post-annealing at higher temperatures, the resistiv-
ity of the films reduced from 106 Ω cm to 103 Ω cm, along
with an increase in the work function from 4.7 eV to
5.5 eV, showing the materials to become more p-type.
XPS measurements showed the ratio of Ni2+ to Ni3+ peak
to increase with increasing annealing temperature,
suggesting fewer acceptor defects. But it is proposed that
the increase in p-type conductivity is due to the filling of
oxygen vacancies at higher annealing temperatures and a
reduction in compensating defects.130

Apart from using nickel sulfate, nickel nitrate and
urea can be used. During CBD growth, the bath needed
to be held at 100�C for 1 hour. It is proposed that heating
at 100�C decomposes urea to form CO2 and NH3, all-
owing the formation of Ni(OH)2 from Ni2+. The as-depos-
ited films required post-annealing at 350�C to 400�C for
48 hours in air for NiOx, which nevertheless retained sur-
face hydroxyl groups.129 However, temperature-depen-
dent measurements showed that the activation energy for

the resistivity was only 0.08 eV, which is significantly
lower than the activation energy of NiOx grown by spray
pyrolysis.121,129

3.3.6 | Dip coating

Dip-coating is a variant of CBD that can produce homo-
geneous films at low-cost over large area. Dip-coating is
advantageous because there is minimal waste of the pre-
cursors (unlike spin-coating) and the sol can be reused.131

A substrate is dipped vertically into a solution containing
the metal precursor, which is deposited onto both sides
as the substrate is withdrawn. Just as with CBD and sol-
gel, nickel nitrate, and nickel acetate can be used as the
nickel precursors, dissolved in deionized water or ethyl-
ene glycol to form the sol.132,133 Through dipping and
withdrawing, a layer of sol adheres onto the substrate,
the metal precursor undergoes hydrolysis, followed by
condensation to form an extended framework as the film
dries through evaporation.131 To form NiOx, the films
from dipping required post-annealing at 400�C to 500�C
for 2 hours in air, which is therefore not compatible with
polymer substrates.132,133 While the method reported by
Wang et al resulted in phase-pure NiOx (following
annealing at 500�C), the method reported by Nazir
Kayani et al, involving annealing at 400�C, which led to a
large Ni2O3 diffraction peak. FTIR confirmed the pres-
ence of Ni2O3, as well as hydroxyl groups on the
surface.133

In dip-coating, the thickness of the films depends on
the viscosity, density and surface tension of the sol, con-
centration of the metal precursor, and the withdraw rate.
The effect of the withdrawal rate can be understood by
considering that there are two competing forces acting on
the adsorbed sol: capillary forces and the weight of the
sol that drains it. At lower withdrawal rates, capillary
forces result in thicker films formed. Thus, increasing the
withdrawal rate from very low results in thinner films. In
contrast, at higher withdraw rates, the films become
thicker with increasing rates because there is less time
for the film to drain. Thus, withdrawal rates in between
these regimes result in lowest thickness.131

3.3.7 | Successive ionic layer adsorption
and reaction

Successive ionic layer adsorption and reaction (SILAR) is
a form of layer-by-layer dip-coating. Instead of using one
sol, multiple separate sols are used, with rinsing in
between each step. In step 1, the substrate is immersed in
a sol with a Ni2+ complexed with NH3. The Ni2+ can be
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from NiCl2 or Ni(NO3)2.6H2O, and these are reacted with
concentrated ammonia.134-136 In the first step, the immer-
sion time is 20 to 30 seconds.134-136 In step 2, the sub-
strate is withdrawn and immersed in hot deionized
water. The temperature is usually 90�C and immersion
time 7 to 20 seconds. After step 2, a layer of NiOx is
formed. The film is then dried in air for 20-60 seconds at
room temperature or 90�C. In step 4, the film is rinsed in
deionized water to remove NiOx particles from the
film.134-136 X-ray diffraction measurements show that the
films grown by SILAR have NiO diffraction peaks, which
become stronger after post-annealing in air at 200�C to
400�C with strong {111} preferred orientation.134 How-
ever, a challenge with SILAR is that the films formed can
be cracked and still have adsorbed particles.136 These par-
ticles could be removed through sonication or adjusting
the pH of the sol in step 1 (eg, by adjusting the ratio of
the nickel precursor and NH3).

137

To summarize and evaluate the advantages and disad-
vantages of the chemical growth methods discussed in
this section, Table 1 provides a comparison of the key
parameters. For example, it can be seen that whilst ALD
offers the best conformality on the underlying structure,
the growth rate is low and the precursor and equipment
costs can be high in some cases.

4 | POST-DEPOSITION
PROCESSING

To improve the properties of NiOx thin films, post-deposi-
tion treatments are often required. The most common
processing is annealing, but other surface treatments, for
example, with plasma or ultraviolet (UV) irradiation,
are also commonly applied to modify the surface
characteristics.

Annealing can be performed in oxidizing, inert, or
reducing atmospheres, and is required especially if the
films are prepared by solution deposition routes to ensure
the complete removal of solvent residues from the films.
Solution deposited films processed at low temperatures
(<200�C) typically contain also significant fractions of
nickel hydroxide species NiOOH and Ni(OH)2 that can
hinder (or sometimes help) the film performance in
devices, and affect reproducibility. A post-deposition
anneal is often added to the processing of solution depos-
ited films, especially in the case of sol-gel spin- and dip-
coating (Table S3). In addition to impurity removal and
composition tuning, annealing can improve the thin film
microstructure and enhance the crystallinity. However,
the magnitude of changes in the different properties is
strongly dependent on the film deposition and annealing
conditions.23,106,112,130,138-140

Of the chemical vapor growth techniques, CVD is typi-
cally performed at the highest temperatures, at approxi-
mately 400�C (Table S1) and the film properties can be
tuned by varying the deposition temperature and other
growth conditions. Post-deposition annealing is generally
not required even for epitaxial integration of the NiOx films.
In ALD the typical deposition temperature is lower, ca.
200�C (Table S2). Post-deposition annealing in reducing
atmospheres can be used as an alternative to H2 plasma
exposure to reduce the films to metallic Ni.63,141,142 The
effect of heat treatment on the NiOx film composition and
properties has also been demonstrated. Bachmann et al
showed that annealing at 700�C in air changed the Ni/O
ratio in the films from 0.88 to 0.74, whereas annealing at
the same temperature in Ar reduces the films to Ni metal.39

On the other hand, rapid thermal annealing in N2 at the
same temperature has been shown to not have any effect on
the optical properties of similar NiOx films.143 In both exam-
ples, the films were grown by ALD using cyclopentadienyl

TABLE 1 Comparison of the different growth techniques used for NiOx discussed in the review

Technique

Temperature

range (�C) Deposition time rangea
Post-processing

required? Conformality

Large area

compatibility

Flexible

substrate

compatibility

Precursor

costb
Equipment

cost

Chemical vapor
deposition

105-750 10 seconds to 20 minutes No High High Low Medium High

Atomic layer
deposition

<100-800 10 to 160 minutes No Highest High Moderate High High

Sol-gel spin coating 60-350 <1 minute Yes Moderate Moderate High Low Low

Solution-combustion 200-300 Few minutes Yes Moderate Moderate High Low Low

Inkjet printing RT-150 Few minutes Yes Moderate Moderate High Low Medium

Spray Pyrolysis 225-450 <1 minute No Moderate High Low Low Low

Chemical bath
deposition

20-100 Few minutes Yes Moderate Low Low Low Low

SILAR 50-90 �10 minutes Yes Moderate Low Moderate Low Low

aDeposition time range for 10 nm thick film.
bCost per 10 g of precursor, <£10 = low, £10-100 = medium, >£100 = high.
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nickel and O3. The effect of thermal treatment on the elec-
trical properties of the ALD grown NiOx films has also been
investigated. For example, the annealing of 7.5 nm ALD
NiOx at 300�C in ambient conditions increased the work
function of the film from 5.0 to 5.2 eV and the hole concen-
tration from 4.9 × 1019 to 1.4 × 1020 cm−3, which was associ-
ated with the decrease in hydroxide species on the film
surface.82 However, annealing has also been reported to
lead to a decrease in the work function of the NiOx films
grown by solution processing, despite the observed decrease
in the hydroxide species at the surface and in the bulk of
the film.139 Drastic changes in the carrier concentration
upon annealing in oxidizing conditions, measured by elec-
trochemical Mott-Schottky analysis have also been reported
by others.63,80 Thimsen et al reported the increase in hole
concentration from 1.4 × 1017 to 7.3 × 1021 cm−3 in ALD
NiOx when annealed in an oxygen atmosphere at 600�C.80

In these cases, the increase in carrier concentration can be
directly linked to the increase in the amount of Ni vacancies
in the films.

Post-deposition annealing has also been shown to be
critical to device performance. For example, switching
characteristics of thin-film transistors with solution
deposited NiOx active layers are significantly improved
after annealing at 300�C to 350�C, while higher
annealing temperature results in degradation in device
characteristics (see Table 3 in Section 6.2). In addition,
annealing of PEALD NiOx hole transport layers at 300�C
in air for 20 minutes was shown to improve the power
conversion efficiency of the lead-halide perovskite solar
cells from 13.89% to 17.07%.81 However, the annealing
conditions need to be tailored to each type of film and
application to ensure optimized performance.

While being an effective way to tune the properties of
thin films, heat treatments ≥300�C are not compatible with
temperature-sensitive materials, such as plastic substrates
used for flexible electronics. Therefore, alternatives have
gained increasing attention. This is especially the case for
photovoltaics, where tuning the work function is important
for the optimization of the band alignment. Plasma treat-
ments have proven to be beneficial. The additional advan-
tage of the plasma treatment is the change in the surface
wettability, which can enable the solution processing of
additional layers on top of the NiOx.

145,146 Oxygen plasma
treatment is also commonly used to increase the work
function of the films, and its effect, attributed to the
increase in Ni vacancies as well as to the formation of
NiOOH species has been well documented for films depos-
ited by various techniques.79,139,146-148 O2 plasma treat-
ments are less sensitive to the specific operating conditions
than annealing. For example, Ullrich et al observed an
increase in the work function of solution-processed NiOx

films from 4.4-4.9 eV to 5.5-5.6 eV with a 1-minute oxygen

plasma treatment with 900 W plasma power at 0.3 mbar
pressure,139 while a similar increase from 4.4 to 5.5 eV in
APMOCVD NiOx films was achieved also after a 3 minutes
treatment with 100 W plasma power.147

Another post-processing technique to improve the
quality of NiOx films is UV-ozone treatment. Islam et al
did a thorough investigation into the changes in the elec-
trical properties of solution deposited NiOx films after
UV-ozone treatment.149 They concluded that UV-ozone
exposure, like oxygen plasma treatment, increases the
number of hydrogen-containing nickel species on the
film surface and induces the formation of Ni vacancies,
which increases film conductivity. Similar UV-ozone
treatments on ALD NiOx in metal-insulator-semiconduc-
tor (MIS) structures showed a significant Schottky barrier
height reduction.149 UV-ozone treatment has proven to
be especially effective in the fabrication of light-emitting-
diodes (LEDs), where it improves the hole injection prop-
erties of the NiOx films (refer to Section 6.5).150,151 For
example, Sun et al observed a significant improvement in
the performance of quantum dot LEDs (QLEDs) when
the NiOx hole injection layer (HIL) was UV-ozone (UVO)
treated for 20 minutes (Figure 7).151 They attributed this
improvement to the formation of nickel oxyhydroxide
surface dipoles and Ni vacancies, as shown in the mea-
sured XPS spectra of the pristine and UVO-treated sam-
ples in Figure 7A-D, where the deconvoluted peaks
associated with the oxyhydroxide and other Ni3+ defects
increased significantly after UVO treatment. They dem-
onstrated that this increased the work function of the
NiOx, and reduced the band bending at the interface of
the NiOx HIL and poly(9-vinylcarbazole) (PVK) hole
transport layer, as shown in Figure 7E. This resulted in a
smaller hole injection barrier and improved hole-injec-
tion, as evidenced by the higher hole current density in
single-carrier devices and lower peak capacitance voltage
(Figure 7F,G). As a result of the improved hole injection,
the external quantum efficiencies increased from 8.3%
(no UV-ozone treatment) to 10.9% (20 minutes UV-ozone
treatment).151

UV-irradiation alone has also gained attention as a
means to reduce the post-annealing temperature for sol–
gel spin-coated oxide films. Illuminating a film immedi-
ately after spin coating with deep UV light (eg, 253.7 nm
wavelength) can cleave alkoxyl groups, remove C and ini-
tiate condensation reactions for the formation of M-O-M
bonds, resulting in densification.115,152 As a result, the
post-annealing temperature required can be significantly
reduced from 300�C to 200�C. Kim et al showed with
indium zinc oxide films that deep UV irradiation alone is
sufficient to achieve operational TFTs, in which the irra-
diation process resulted in the film temperature reaching
only 150�C.115 Such an approach would be important for
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oxides grown by solution processing on polymeric sub-
strates, since the required annealing temperature is sig-
nificantly reduced. UV irradiation has been used to
improve the properties of NiOx for tailored applications,
such as electrochromics153 and resistive switching ran-
dom access memory devices.152 Another approach to
anneal solution-processed oxides at low temperature is
flash lamp annealing. In this approach, a short (tens of
ms), high brightness pulse of white light (introducing
approx. 100 J cm−2) is used to heat the spin-coated film
and induce M-O-M bond formation. Researchers have
also combined flash lamp annealing with a pre-exposure

to deep UV and near-infrared irradiation to hydrolyze the
alkoxyl groups and initiate condensation prior to flash
annealing. This was demonstrated with amorphous
indium gallium zinc oxide films, with no post-annealing
required,154 and is an approach that could be adopted for
solution-processed NiOx.

5 | NICKEL OXIDE THIN FILMS
FOR FLEXIBLE ELECTRONICS

5.1 | Growing importance of flexible
electronics and their applications

Although the bulk of the work on NiOx and other oxides
for electronics has focused on rigid substrates, there is an
increasing demand for flexible, light-weight, stretchable,
and soft devices.1,4,155 This is to meet the requirements
for a wide range of emerging applications, including
smart labels, wearable electronics, flexible solar cells, epi-
dermal devices, artificial skins, biomimetic medical
implants, advanced surgical tools, curved displays, and
foldable appliances.4 But as well as fulfilling new con-
sumer needs, electronics based on flexible substrates have
the potential to be processed with higher throughput
with a small footprint through roll-to-roll processing,6

which can lead to lower production costs. The flexible
substrates used are usually polymers, but cellulose and
fabrics have also recently gained attention.4,6,9 The key
difference with traditional rigid electronics is that the
processing temperature of the active layer material is lim-
ited to lower temperatures to avoid degrading the sub-
strate used. Figure 8A presents the glass transition
temperature of common polymer substrates. From this, it
can be seen that most polymer substrates can only be
processed at low temperature. Polyimide (PI) can be
processed at 360�C to 400�C, but PI tends to be expensive.
The lower cost and more common polymers, such as
polyethylene terephthalate (PET) and polycarbonate
(PC), have lower glass transition temperatures of 80�C
and 147�C, respectively.1

5.2 | Current trends and challenges in
nickel oxide growth on flexible substrates

Metal oxides have gained wide attention as the active layer
material for flexible electronics.1,9 This is because metal
oxides have high transmittance, excellent mechanical prop-
erties, can be processed at low cost with low process com-
plexity, can be grown at scale, and have electronic
properties that are widely tunable.4 Although most work
has focused on n-type metal oxides, p-type oxides are

FIGURE 7 Deconvoluted Ni 2p3/2 and O 1s XPS spectra of, A
and C, as-prepared and, B and D, UVO treated NiOx. E, Influence
of the UVO treatment on the band bending at the NiOx/PVK (poly
(9-vinylcarbazole)) interface. F, J-V characteristics of a hole-only
quantum-dot-based light-emitting diode (QLED) device made to
demonstrate the improved hole transport behavior of UVO treated
NiOx. G, C-V characteristics of QLEDs with NiOx and UVO-NiOx.
Reproduced with permission from Sun et al.151 Copyright The
Royal Society of Chemistry 2019
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essential for flexible CMOS (which is required for low
power transistors), hole transport layers in flexible solar
cells, and hole injection layers in flexible displays, flexible p-
n diodes for AC-to-DC conversion, among other applica-
tions.1,4,9,155 NiOx has important advantages over the other
p-type oxides investigated in flexible electronics (SnO and
Cu2O) due to its higher phase stability.1,4,118 While the aver-
age processing temperature for metal oxides have been
decreasing (Figure 8B), making them more suited to flexible
substrates, the processing and post-processing of NiOx (Sec-
tions 3 and 4) has tended to occur at >300�C. There has
therefore been substantial work to develop routes for grow-
ing NiOx with suitable electronic properties at lower tem-
peratures compatible with most polymer substrates (eg,
refer to Section 3.3).

Physical vapor deposition has traditionally been a
common route to grow NiOx thin films at low tempera-
ture, even close to or at room temperature. For example,
Münzenrieder et al reported room temperature deposi-
tion of NiOx by DC magnetron sputtering from a metallic
Ni target, and 50% Ar-50% O2 process gas. The tempera-
ture of the PI substrate used did not exceed 35�C, and the
NiOx films were confirmed to be p-type by Hall effect
measurements.155 Room-temperature growth by
sputtering was also demonstrated by Wang et al, who

reported amorphous NiOx films. Their XPS measure-
ments also revealed the presence of a significant fraction
of defective sites associated with Ni vacancies.156 Solu-
tion-based approaches are also commonly used for depos-
iting NiOx onto flexible substrates and have the
advantages of being processable in ambient air, without
the risk of plasma damage to the polymer substrates. An
important challenge related to solution processing, how-
ever, is that post-deposition annealing is often required to
crystallize the films and remove the organic residues,
often at above 350�C (refer to Section 3.3.1).1 Reduced
annealing temperatures to 190�C have been reported, but
required longer annealing times of 10 hours to fully
remove the solvent.157 Spin-coating also results in high
wastage of the precursor solution and the films are not
uniform over large areas.1 Making the processing of
oxides compatible with the low glass transition tempera-
tures of polymer substrates has been a challenge. Three
of the methods that have currently been the most investi-
gated for NiOx on flexible substrates are inkjet printing,
printing of pre-made NiOx nanoparticles, and solution
combustion synthesis, and these are discussed in Sec-
tions 3.3.1–3.3.3. However, as discussed in Sections 3 and
4, chemical vapor deposition routes, especially ALD have
significant potential in low-temperature growth of metal
oxide films.

It is critical that flexible electronics are reliable under
distortion. Flexible electronics can be broadly categorized as
those that are stretchable vs those that are non-stretchable.
Stretchable electronics typically are based on an elastomeric
substrate, such as polydimethylsiloxane, and need to be
tested under stretching as well as bending. Flexible electron-
ics based on polymer substrates (such as PI and PET) are
bendable but not stretchable. In this case, the main test is
static bending, in which the devices are bent to a certain
radius of curvature. This can be achieved by taping the sub-
strate to a curved surface that is either concave (device in
compression) or convex (device in tension). The devices also
need to be tested after repeated bend cycles. Techniques for
doing this include push-to-flex, roller-flex, and one-belt-
bending testing. In push-to-flex, the device is connected to
two parts and the distance between these is decreased and
increased repeatedly to change the device from bent to flat-
tened. The advantage of this test is that it is simple, but the
disadvantage is that the bending radius is not controlled
and the location in the device that is bent is not controlled.
In roller-flex, the device is wrapped around a tube with a
well-defined radius. The device is pulled onto the roller and
released to curve it to a well-defined radius repeatedly.
However, concave bending could damage the device. On-
belt-flex attaches the device onto a flexible belt, which is
moved over a roller so that the device is curved when mov-
ing over the roller and flattened otherwise. This protects the

FIGURE 8 A, Flexible polymer substrates and their glass
transition temperatures and B, trend in the average processing
temperature of oxides made by solution processing. Reproduced
with permission from Park et al.1 Copyright Wiley 2019
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device more during the test.158 Static bend testing of elec-
tronics in which NiOx is used as an active layer (ie, p-n
diodes, thin film transistors, and thermistors) involved
bending to a radius of curvature that is typically 10 mm.155

It has been reported that cracks did not form in 120 nm
thick NiOx thin films prepared by reactive sputtering until
the bend radius was below 10 mm.27,155 Duan et al com-
pared the efficiency of lead halide perovskite solar cells
based on spin-coated NiOx nanoparticles and found the per-
formance to be similar when the device had a radius of cur-
vature of 20 and 10 mm to when the device was flat. But
when the radius of curvature was below 5 mm, the effi-
ciency decreased.159 It is also important to have metal elec-
trodes with sufficient adhesion to the flexible substrate or
active layers, and that the metal is sufficiently ductile to
avoid cracking during the bend test. Metals that have been
used with NiOx include Ti,

155,156 Au,155 Ni,114 and Ag.114

6 | NICKEL OXIDE THIN FILMS IN
DEVICES

NiOx plays a wide range of roles across multiple devices.
In this section, we cover its application in resistive
switching and thin-film transistors, where NiOx is the
active layer. We next cover p-n junctions, as well as pho-
tovoltaics and light-emitting diodes (LEDs), which make

use of heterojunctions. We finish with a section on sen-
sors, which includes thermistors. Table 2 gives a compari-
son of the state-of-the-art performance across these
different device types, along with a selection of some of
the important performance parameters. More detailed
tables are given for thin-film transistors (Table 3) and
photovoltaics (Table 4). We emphasize that many of these
applications are not evaluated solely based on one param-
eter, and the device considered to have the “best” perfor-
mance would depend on the application and the relative
importance of different properties. Thus, the entries in
Table 2 should be considered as examples of some of the
highest performances achieved in different applications.
Detailed discussions can be found in the respective sec-
tions for each device application.

6.1 | Resistive switching

6.1.1 | Properties and processing of NiOx

for resistive switching

Resistive switching random access memory (RRAM,
ReRAM) is an emerging non-volatile information storage
technology relying on electrically induced changes in the
resistance of thin films. Resistive switching has been
demonstrated in many different metal oxides, and the

TABLE 2 Comparison of the state-of-the-art performance of devices using NiOx covered in this review

Device Role of NiOx

NiOx growth

method

Key performance

parameters Performance values References

Resistive switching Active layer Spin-coating ON/OFF ratio 105 160

Endurance 105 cycles

Retention 104 seconds

Thin-film transistors Active layer Spin-coating Ion/Ioff � 105 105

μFE 25 cm2 V−1 second−1

p-nheterojunctions p-type layer ALD Leakage current 10−8 A cm−2 80

Rectification ratio �104 (1.2 V vs leakage current)

Photovoltaics Hole transport layer Solution processing
(nanoporous films)

Absorber layer Lead-halide perovskite 161

PCE 19.1%

LEDs Hole injection layer Spin-coating Emitter FIrpic in TCTA:26DczPPy host 162

EQE 16.2%

CIE coordinates (0.14,0.30), blue-green

Thermistors Active layer Inkjet printing of
nanoparticles

Material constant
for thermistor

4300 K 27

Temperature
coefficient of
resistance

−5.84% K−1
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switching properties of nickel oxide have been known
since the 1960s.180

For resistive switching memory devices, there a num-
ber of device requirements. These include achieving high
on-off ratios with low operating voltages, high endurance
(defined as the number of SET/RESET cycles the device
can undergo above certain on-off resistance ratio), and
retention, which is the length of time for which the
device resistance states remain stable after the SET/
RESET operation. In addition, device scaling and

uniformity are important parameters for practical appli-
cations. One mechanism for switching involves conduc-
tive filament (CF) formation of Ni vacancies or oxygen
vacancies. This process is random and hence gives wide
variation in high resistance states (HRS, OFF-state) and
low resistance states (LRS, ON-state). The CF bridges the
contacts and is formed by the collection of vacancies at
structural defects when voltage is applied (LRS), and
joule heating leads to the rupturing of the CF in the high
resistance state (HRS).98,181 For uniform LRS and HRS,

TABLE 3 p-type thin-film transistors with NiOx active layers deposited by chemical deposition methods, device structure, and
performance

NiOx deposition

TFT

conf. Dielectric

Electrodes (G, S,

and D)

Annealing

temperature (�C) Ion/Ioff Vth (V)

SS

(V dec−1)

μFE (cm2 V−1

second−1) Note References

Spin-coating bg 100 nm SiO2 Si, Ni 200 �103 1.8 5.0 0.004 — 106

250 4 × 104 12.8 2.3 0.07 —

300 40 18.1 5.2 0.078 —

350 3.8 × 104 12.2 6.1 0.003 —

50 nm Al2O3 Si, Ni 250 �103 −1.3 0.25 4.4 —

Spin-coating bg 100 nm SiO2 Si, Ni 200 �104 10 4.1 �0.001 — 105

300 105-106 15 2.2 0.73 —

400 104-105 17 3.6 0.24 —

500 �104 13 3.8 0.01-0.1 —

30 nm Al2O3 300 �105 −0.5 0.7 25 —

Spin-coating bg ZrO2 (unspecified
thickness)

Si, Ni 150 10 — — — 5% Cu:NiOx 101

250 103 −0.25 0.18 0.03 5% Cu:NiOx

350 �104 0.33 0.14 1.05 5% Cu:NiOx

Spin-coating bg 100 nm Al2O3 Mo, Au 280 2.27 × 104 −1.04 0.5 0.36 — 144

330 1.23 × 104 −1.24 0.44 0.17 —

280 9.8 × 105 −1.44 0.24 0.97 5% Sn:NiOx

330 1.1 × 105 −1.32 0.24 0.33 5% Sn:NiOx

Solution combustion bg 100 nm SiO2 Si, Ni/Au 250 — — — 3.8 × 10−5 — 112

300 — — — 0.011 —

350 — — — 0.015 —

300 — — — 3.6 × 10−6 —

Solution
combustion

bg 100 nm ZrO2 ITO, Ni 150 10 −2.07 — — 5% Li:NiOx 114

250 �5 × 104 0.18 0.98 1.38 5% Li:NiOx

150 + UV 10 −4.33 0.94 10−5 —

�104 −1.05 0.62 0.02 1% Li:NiOx

8 × 106 0.16 0.21 1.69 5% Li:NiOx

�103 5.47 0.71 3.15 10% Li:NiOx

(PET substrate) 150 + UV 105 — 0.54 1.41 5% Li:NiOx

Solution combustion bg ZrO2 (unspecified
thickness)

Si, Ni 150 + UV 30 — — — — 101

102 −0.6 0.48 10−4–10−3 2% Cu:NiOx

104 0.45 0.13 1.5 5% Cu:NiOx

5 × 102 1.2 0.54 1.87 10% Cu:NiOx

Solution combustion bg 10 nm ZrO2 ITO, Ni 150 + UV 9 × 102 0.6 0.27 0.7 5% Cu:NiOx 101

15 nm ZrO2 8 × 103 0.3 0.22 1.3 5% Cu:NiOx

24 nm ZrO2 8 × 103 0.1 0.21 1.1 5% Cu:NiOx

37 nm ZrO2 103 −0.2 0.35 0.3 5% Cu:NiOx

Inkjet printing bg 100 nm SiO2 Si, Au 280 4.30 × 102 5.2 5.64 0.01 — 118

50 nm Al2O3 5.30 × 104 −0.6 1.37 0.78 —

100 nm Al2O3 1.56 × 104 −3.5 1.68 0.41 —

Abbreviation: bg, bottom gate.
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TABLE 4 PVs with nickel oxide hole transport layers

Device structure

NiOx deposition

method

Post-deposition

treatment

Band

gap (eV)

Work

function

(eV) PCE (%) Notes References

ITO/NiOx/CH3NH3PbI3/
PCBM/BCP/Al

Sol-gel spin-coating Anneal at 300�C
+ UV-ozone
treatment

— 5.4 7.8 LHP 104

ITO/NiOx/BiOI/ZnO/Al Sol-gel spin-coating Anneal at 300�C 3.6 4.8 1.8 — 108

ITO/NiOx/Perovskite/
PCBM/Al

AP-SALD (CVD
mode)

20 seconds oxygen
plasma treatment

3.76 5.4 17.1 LHP 46

ITO-PEN/NiOx/
CH3NH3PbI3/PCBM/Ag

Chemical
precipitation

Anneal at 130�C 3.7 — 13.43 Flexible 163

ITO/NiOx/P3HT:PCBM/
Ca/Al

Chemical
precipitation

No treatment 3.64 5.25 3.83 OPV 111

ITO/NiOx/CH3NH3PbI3/
PCBM/Ag

ALD Anneal at 300�C — 5.02 16.43 LHP 82

FTO/NiOx/
CH3NH3PbI3/PCBM/Ag

Spin-coating Anneal at 275�C — 4.89 14.91 LHP 164

ITO/NiOx/CH3NH3PbI3/
PCBM/BCP/Ag

Nanoparticle spin-
coating

Anneal at 150�C
+ UV-ozone
treatment

— 5.24 15.9 LHP 165

ITO-PEN/NiOx/
CH3NH3PbI3/PCBM/Au

Nanoparticle spin-
coating

Anneal at 150�C
+ UV-ozone
treatment

— 5.24 11.8 LHP 165

FTO/TiO2/
CH3NH3PbI3/NiOx/Ag

Nanoparticle spin-
coating

No treatment — 5.24 9.11 LHP 165

ITO/NiOx/P3HT:PCBM/
Ca/Al

Spin-coating Anneal at 250�C
+ oxygen plasma
treatment

— 4.33 3.6 OPV 102

Glass/Mo/CIGSe/ZnO/
NiOx/PTAA/Perovskite/
C60/SnO2/IZO/LiF

ALD No treatment — — 21.6 Tandem 166

ITO/NiOx/P3HT:PCBM/
Al

PLD No treatment 3.6 5.4 5.16 OPV 15

ITO/NiOx/P3HT:PCBM/
BCP/LiF/Al

O2 plasma treating
evaporated Ni

No treatment 3.3 5.0 3.54 OPV 167

ITO/NiOx/P3HT:PCBM/
Al

RF sputtering No treatment 3.65 — 3.26 OPV 168

AZO/NiOx/P3HT:
PCBM/Al

RF sputtering No treatment — — 3.15 OPV 169

ITO/NiOx/P3HT:PCBM/
LiF/Al

RF sputtering No treatment — — 2.8 OPV 170

ITO/NiOx/MoO3/ZnTPP
(or H2TPP)/C60/BCP/Al

Thermal oxidation
of sputtered Ni

No treatment 3.5 5.0 — OPV 171

ITO/NiOx/PCDTBT:
PCBM/Ca/Al

Spin-coating Anneal at 300�C
+ oxygen plasma
treatment

3.6 5.3 6.7 OPV 172

ITO/nc-TiO2/P3HT:
PCBM/NiOx/Ag

Thermal
evaporation

No treatment 3.3 — 1.45 OPV 173

ITO/NiOx/P3HT:PCBM/
Al

Spin-coating Anneal at 500�C 3.71 — 1.97 OPV 174
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as well as other properties, control over the vacancy den-
sity, and therefore the conductivity of the oxide, is criti-
cal. Other mechanisms involve tuning the Schottky
barrier height, as well as charge-trapping processes which
are highly dependent on defect concentration. All
switching processes relate to control of defect concentra-
tion, but this is difficult to achieve in oxides by standard
deposition methods.182 To achieve greater performance
in oxides, elimination of conductive filaments is neces-
sary, as well as very careful control of oxygen vacancy
concentrations, other intrinsic defect concentrations,
and background electronic concentrations. A summary
of some of the different performances achieved using
chemical and physical deposition methods is given
below.

CVD grown films were demonstrated by Min et al,
who used dimethylamino methylbutanolate nickel (Ni
(dmamb)2) to grow NiOx for Pt/NiOx/Pt capacitor
structures.49 Their example device had SET, RESET,
and forming voltages of 1.3, 0.6, and 2.45 V, respec-
tively, with a current compliance of 10 mA,
and order of >102 difference between the LRS and

HRS. Ni(dmamb)2 precursor has also been used in
ALD processing with ozone to grow NiOx films for sim-
ilar Pt/NiOx/Pt stacks by You et al, who demonstrated
104 difference between the HRS and LRS, with SET,
RESET, and forming voltages of 1.7, 1.0, and 8.1 V,
respectively.98

The resistive switching properties of ALD grown NiOx

with different metal electrode materials have also been
evaluated. Song et al studied the growth of NiOx from bis
(ethylcyclopentadienyl) nickel (Ni(EtCp)2) and O2

plasma.73 Lamperti et al compared the ALD films grown
using Ni(Cp)2 precursor and O3 on different electrode
materials (Si, Ni, Pt, W, and TiN) and compared the film
properties to the films deposited by e-beam evapora-
tion.183 They observed that the electronic density of the
films grown by ALD was closer to the bulk values, and
that the films grew on substrates with sharp and well-
defined interfaces, making the technique attractive for
future CMOS integration.183 The devices with
corresponding 25 to 30 nm ALD NiOx films had HRS of
106 to 108 Ω cm and LRS of 102 to 104 Ω cm after forming
at 5 to 8 V.184

TABLE 4 (Continued)

Device structure

NiOx deposition

method

Post-deposition

treatment

Band

gap (eV)

Work

function

(eV) PCE (%) Notes References

ITO/NiOx/P3HT:PCBM/
LiF/Al

Inkjet printed Anneal at 400�C
+ UV-ozone
treatment

— 5.14 2.59 OPV 175

ITO/SnO2/triple-cation
perovskite/NiOx/Au

Nanocrystal spin-
coating

No treatment — 4.19 12.7 LHP 176

ITO/NiOx/P3HT/PCBM/
Ca/Al

ALD Oxygen plasma
treatment

3.56 5.32 3.4 OPV 79

ITO/SiOx/NiOx/P3HT:
IC60BA/Ca/Al

ALD Oxygen plasma
treatment

3.7 5.4 4.1 OPV 148

ITO/NiOx/(FAPbI3)1-
x(MAPbBr3)x/PCBM/
ZnO/Ag

Solution deposition Drying at 100�C
(12 hours) + anneal
at 300�C

— — 19.10 LHP 161

ITO/NiOx/CH3NH3PbI3/
ZnO/Al

Sol–gel spin-coating Anneal at 300�C — 5.05 16.1 LHP 177

ITO/NiOx/pDTG-TPD:
PCBM/LiF/Al

Solution deposition Anneal at 275�C — 5.19 7.8 OPV 107

ITO/NiOx/PCDTBT:
PCBM/Ca/Al

Spin-coating Anneal at 400�C
+ oxygen plasma
treatment

— 5.0 5.2 OPV 178

ITO/NiOx/TQ1:PCBM/
LiF/Al

Nanocrystal spin-
coating

Anneal at 175�C
+ UV-ozone
treatment

— 5.6 6.08 OPV 179
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The switching of NiOx is typically considered to be
unipolar, that is, the same voltage polarity is used for
both SET and RESET,98,181 with the switching character-
istics being independent of the electrode size in submi-
cron devices,185 but bipolar switching has also been
demonstrated.73,152 The type of switching has been
shown to be dependent on the electrode materials used.
For example, NiOx films grown by PEALD exhibited uni-
polar switching when grown on Pt substrates, while bipo-
lar behavior was observed on films with W bottom and Pt
top electrodes over a wide temperature range of 25�C to
100�C.73

Wang et al demonstrated the viability of spin-coated
NiOx in write-once-read-many-times (WORM) memory
devices, that base on irreversible switching from HRS to
LRS, and investigated the effect of the film thickness to
the WORM characteristics. The films were deposited
using nickel acetate tetrahydrate and annealed at 550�C,
and were measured to be oxygen-rich by SEM-EDX. They
observed, that stable switching was only obtained with
thicker (>80 nm) films with endurance better than 104.
The current conduction mechanism in their WORM
device is hopping and ohmic conduction, before and after
writing, respectively, and it was concluded that the CF is
formed by both Ni vacancies and Ag ion migration from
the Ag top electrode in the Ag/NiOx/ITO devices.186

Besides digital on-off switching between the LRS and
HRS, the potential of NiOx in so-called memristor devices
has also been acknowledged.187 There the analog
switching with multiple resistive states is attributed to
Schottky barrier change at the oxide-electrode interface
and migration of oxygen ions when an electric field is
applied or to the changes in the local size of the
CF.152,160,187 The analog switching has been demon-
strated in NiOx films grown by solution deposition routes.
Kannan et al prepared NiOx films by sol-gel spin coating
and demonstrated a performance of the ITO/NiOx/Al
memory devices with four programmable resistive states,
as well as stable device operation within retention times
up to 104 seconds.160 Similar behavior was observed also
by Chu et al who prepared device stacks with spin-coated
NiOx and Pt and Ag bottom and top electrode, respec-
tively.152 Analog resistive switching was also observed in
solution combustion processed films by Li et al, however,
after the complete electroforming the performance of the
device was changed to digital.187

Generally, the performance of chemically deposited
NiOx films in resistive switching devices does not signifi-
cantly differ from films grown by PVD tech-
niques.184,188,189 The devices show adequate retention
and endurance properties, but exhibit a wide variation in
the resistive switching parameters. As resistive switching
of PVD grown NiOx has already been demonstrated on

flexible substrates, such as PET190 and Cu foils,156 it
might be assumed that chemical deposition routes could
be adapted to memory devices for flexible electronics.

6.1.2 | NiOx for flexible resistive
switching

The high on-off ratio in NiOx has been shown to be
robust to bending in the films. Wang et al fabricated
resistive switching devices on flexible copper foil, which
acted as both the substrate and bottom electrode (with
evaporated Ti as the top electrode). The NiOx was depos-
ited by reactive sputtering. The forming voltages reported
were low, with the SET voltage required to reach the LRS
only 0.75 V, and the RESET voltage to switch to the HRS
only −0.95 V. After curving to compression and tension,
the current-voltage sweeps were identical to the flat state.
The performance remained stable after 200 bending
cycles, with 85% of all devices showing similar resistive
switching behavior. The SET voltage ranged from 0.6 to
0.95 V, and RESET voltage −0.7 to −1.15 V. Cui et al also
reported NiOx to be mechanically robust. In their case,
they used a p-n junction of spin-coated NiOx and TiO2

nanoparticles. This p-n junction was deposited onto ITO-
coated PET flexible substrate and had a solution-
processed GaIn electrode on top. Fifty endurance cycles
were applied, with a strain of 0.79% applied to the sub-
strate. It was found that the LRS remained stable, while
the HRS had some fluctuation. Overall, the ON/OFF
ratio remained between 102 and 103, with a SET voltage
of 1.0 V and RESET voltage of −0.8 V. The extrapolated
ON/OFF ratio after 10 years is expected to be only 11.1%
lower than the initial value. Finite element analysis
modeling suggested that the main failure mechanism
would be due to the formation of cracks initiating at
grain boundaries that prevent the migration of conduc-
tive filaments (eg, oxygen vacancies).191

6.2 | Thin-film transistors

6.2.1 | Properties and processing of NiOx

for thin-film transistors

Metal oxide semiconductors have received attention for
applications in thin-film transistors (TFTs), pushed for-
ward by the successful realization of TFTs with n-type
oxides, such as indium gallium zinc oxide (IGZO). How-
ever, the development of next-generation transparent
electronics, especially low power complementary metal-
oxide-semiconductor circuits (CMOS) for display applica-
tions, is being held back by the lack of high-performance
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p-type oxide materials. In many p-type materials, the hole
concentration is limited by the high formation energy of
the acceptors for hole formation, for example, cation
vacancies. As discussed in Section 2, this is not a major
issue with NiOx where the Ni vacancies readily form in
oxygen-rich conditions, however, the large hole effective
mass and low mobility limit the conductivity.13 There is a
great need to get p-type materials with sufficient carrier
concentrations and mobilities in excess of a few cm2

V−1 second−1 to make p-type TFTs. Together with SnO
and Cu2O, NiOx has been listed to be a potential candi-
date for p-type oxide TFTs and CMOS-devices, due to its
tunable hole conductivity by controlling the nickel
vacancy formation. However, there are only a few reports
demonstrating transistor operation. Among these reports,
most of the NiOx films have been deposited with solution
processing methods. The reported TFT performance with
solution-processed NiOx active layers are presented in
Table 3.

Li et al used chemical combustion synthesis to fabri-
cate NiOx films for backgate TFTs with thermal SiO2 as a
gate dielectric. The TFTs with films annealed at 250�C to
400�C showed switching, but the switching ratios were
modest (Ion/Ioff < 10) and the maximum field-effect
mobility achieved was μFE = 0.015 cm2 V−1 second−1.112

The poor performance was attributed to the bad ohmic
contact between the p-channel and the top electrodes, as
well as the defects in the p-channel. Carbon impurities
also remained in the films even after annealing, poten-
tially degrading the device performance even further.112

Liu et al attempted UV-ozone treatment with spin-coated
NiOx TFTs, but the switching properties were poor. How-
ever, the derived hole mobility of the devices was
0.141 cm2 V−1 second−1. They also investigated the effect
of UV-Ozone treatment of the NiOx on the device perfor-
mance. While a significant improvement in hole injection
properties in organic LEDs with similar films was
observed, the hole mobility in TFTs was not affected by
the UV-ozone treatment.150 Spin-coating of NiOx for
TFTs was more successfully applied by Liu et al.106 After
annealing at 250�C their devices had a switching ratio of
Ion/Ioff ≈ 4 × 104 and a field-effect mobility of
μFE = 0.07 cm2 V−1 second−1. The mobility was increased
significantly to μFE = 4.4 cm2 V−1 second−1 when solu-
tion deposited Al2O3 was used as a gate oxide.106 Using
similar solution deposited amorphous NiOx p-channel
and Al2O3 dielectric layer even higher field-effect mobil-
ity, 25 cm2 V−1 second−1 was demonstrated by Shan
et al.105 The result is surprising, as the devices with the
similar NiOx layers spun on thermal SiO2 have a mobility
of <1 cm2 V−1 second−1. However, this is currently the
highest reported value for field-effect mobility of a NiOx

TFTs, including devices with films made by physical

vapor deposition methods.192,193 The significant increase
in the mobility when the SiO2 dielectric is replaced by a
high-k material has been explained by the reduced Fermi
level pinning and trap state density in the dielectric-NiOx

interface. Doping is known to improve the p-type con-
ductivity by valence band dispersion,101 and successful
attempts to improve the TFT performance by doping with
Li,114,194 Cu,101 and Sn144 have been demonstrated, but
the mobilities have still been fairly modest, in the order
of 1 cm2 V−1 second−1.

Recently, Hu et al demonstrated switching TFTs
using inkjet-printed NiOx films deposited from nickel
acetate-based ink. Annealing studies showed that the best
device performance was achieved through 280�C post-
annealing in air (Figure 9), which resulted in the removal
of excess NiOOH-species and optimal vacancy concentra-
tion in the amorphous films.118 They also investigated
the effect of the gate dielectric, and the best TFT charac-
teristics (−0.6 V threshold voltage and field-effect mobil-
ity of 0.78 cm2 V−1 second−1) were achieved using 50 nm
thick ALD Al2O3.

118

The large discrepancies in the reported results dem-
onstrate the challenges of manufacturing high perfor-
mance p-type TFTs, and such large variations in the
transfer properties is common for all p-type oxide TFTs.13

As discussed earlier, the hole mobility in NiOx is low,
and defects in the films significantly suppress the mobil-
ity further. The density of such defects, including metal
interstitials, higher valence state impurities, and grain
boundaries, is strongly dependent on the processing and
post-processing method and conditions. While high-
mobility devices have been demonstrated by solution
deposition, the limited uniformity of the film properties
and reproducibility of the device performance hinders
the use of solution processing in TFT manufacturing.
Interestingly, there are as yet no reports on the use of
CVD and ALD for depositing NiOx p-channels for TFTs,
though ALD grown films of other p-type oxide materials
have been shown to perform in these devices.91 Addition-
ally, the device performance is dependent on the quality
of the dielectric layer and the semiconductor/dielectric
interfaces, and reducing the concentration of interface
traps is critical for improving the mobility. In all the
chemical deposition processes, the control of interfaces
can add complexity as the effect of the additional chemis-
tries (eg, solvents in solution processing and ligands in
CVD and ALD precursors), need to be considered. Until
the reproducible fabrication of high-mobility NiOx device
stacks are established, the low hole mobility of NiOx films
limits their effective implementation in CMOS. However,
this could, to some extent, be compensated by device
component scaling. More work is also required to investi-
gate the stability of NiOx-based devices under different
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conditions, although the first results on the negative bias
stress measurements appear to be promising.105

6.2.2 | NiOx for flexible thin-film
transistors

Solution-processed TFTs have been reported to have
similar performance on flexible substrates as on rigid
substrates. For example, Yang et al used solution com-
bustion synthesis, combined with deep UV irradiation
to deposit NiOx thin films that were annealed at only
100�C, which was compatible with flexible PET sub-
strates. The NiOx was doped with 5% Li to improve the
mobility. The field-effect mobility, on/off ratio and
subthreshold swing (SS) voltage for the flexible TFTs
were μFE = 1.41 cm2 V−1 second−1, Ion/Ioff = 105, and
SS = 0.54 V dec−1, respectively. These were similar to
the TFTs on rigid substrates, which were μFE =
1.69 cm2 V−1 s−1, Ion/Ioff = 8 × 106, and SS = 0.21 V
dec−1. The threshold voltage was low (0.16 V). This was
achieved by controlling the Li content to balance the
higher on current and higher carrier concentration
obtained with increasing Li. Higher carrier concentra-
tions result in larger threshold voltages because a larger
electric field is then required to deplete the active layer.
For example, increasing the Li content to 10% resulted
in the threshold voltage increasing to 5.47 V, along with
a reduction in the switching ratio due to a higher off-
state current.114

6.3 | p-n Heterojunctions

p-n heterojunctions are made from a p-type semiconduc-
tor in intimate electrical contact with an n-type semicon-
ductor. This can be achieved by depositing a compact
thin film of one of these semiconductors over a thin film
of the other. At the heterojunction, the majority carriers
are depleted, resulting in band bending and the forma-
tion of a built-in electric field. This built-in field leads to
rectification, in which significant current will only flow
when the p-n heterojunction is under forward bias (ie, a
positive voltage is applied with the positive terminal con-
nected to the p-type layer and negative terminal to the n-
type layer). The current as a function of voltage is
described by the diode equation, and the physics of p-n
junctions are detailed in many textbooks, such as Refer-
ence 195. The p-n heterojunction is used in diodes, which
can convert AC voltage (eg, from the mains or a tribo-
electric generator) to DC voltage through a rectifier cir-
cuit.196 The key advantage of using wide band gap oxides,
such as NiOx, is that the devices have high transmittance,
enabling transparent electronics, which are important for
wearable devices and displays.196 Beyond rectifiers, the p-
n heterojunction forms the basis of a wide range of elec-
tronic devices, including photovoltaics (Section 6.4), in
which the built-in electric field is essential for separating
photogenerated carriers. p-n heterojunctions are also
used for photodetectors, LEDs (Section 6.5) and
sensors.4,13

The quality of a diode made from a p-n hetero-
junction is described by the ideality factor (η), the rectifi-
cation ratio (ratio of current under forward and reverse
bias), the reverse-bias current density (leakage current),
and maximum reverse-bias before the device undergoes
breakdown (breakdown voltage).196 A perfect diode
would have an ideality factor of 1, high rectification ratio,
low leakage current, and significantly negative break-
down voltage. A diode ideality factor between 1 and 2
can occur when more than one carrier is involved in
recombination (eg, radiative or Auger recombination).
But often ideality factors exceed 2, which can be due to
tunneling of carriers through the p-n heterojunction,
multi-level recombination or shunting.197,198 These
effects can also result in the reverse-bias current density
having a high saturation value, or not saturated at all. As
such, p-n heterojunctions are useful for evaluating the
quality of NiOx grown by new chemical processing
methods. For example, Thimsen et al80 and Holden et
al78 grew NiOx by ALD using novel precursors. These
films resulted in leakage currents of 10−8 A cm−2 and
10−2 A cm−2, respectively.78,80 TiO2 and n-Si were used as
the n-type layers, respectively, in these heterojunctions.
Although the diode ideality factors were well above 2

FIGURE 9 Transfer characteristics of p-type thin-film
transistors (TFTs) with inkjet-printed NiOx semiconducting
channel, annealed at different temperatures in air. Inset shows an
SEM image of a device. Reprinted with permission from Hu et al.118

Copyright Elsevier 2018
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(ranging from 3.5 to 4.5),78,80 the leakage currents and
ideality factors were comparable to heterojunctions based
on NiOx grown by sputtering.78,199 These high diode ide-
ality factors were attributed to structural imperfections
and interface defects states at the heterojunction.155

While the literature is lacking in reports of chemical-
deposited NiOx in flexible p-n heterojunctions, there are
demonstrations with physical-vapor deposited NiOx.
Münzenrieder et al paired sputtered NiOx with sputtered
n-type indium gallium zinc oxide (IGZO), which is a
high-mobility amorphous oxide155 that can be deposited
at room temperature.3 This at least shows the potential
of using NiOx in flexible p-n heterojunctions. Ti top and
bottom electrodes were used. A threshold voltage of
approximately 1 V was obtained, with an on/off ratio of
103 to 104 and ideality factor of ca 3.2.155 These values
are comparable to Cu2O/IGZO p-n diodes prepared on
flexible polyethylene naphthalate (PEN) substrates by
sputtering.200 The NiOx/IGZO diodes were strained in
tension and compression by 0.25% by bending to a radius

of 10 mm (Figure 10). Under strain, the resistances at
voltages >1 V were reduced, more so under compression
than under tension. But between voltages of 0.1 and
0.4 V, when the current was controlled by the diode, the
resistance decreased under tension, but increased under
compression. IGZO is known to decrease its resistance
under tension but increase under compression.155 This is
because the mobility has been found to increase under
tension and decrease under compression.201 Indeed,
IGZO has been found to behave in a similar way to sili-
con and have a linear dependence of mobility with
strain, and it is believed that the increase in mobility
under tensile strain is due to the conduction band tail
reducing.202 In contrast, the resistance of metals
increases under tension but decreases under compres-
sion. The contrasting changes in resistance may account
for the different changes in resistance under tension/
compression for the diodes at 0.1 to 0.4 V vs at >1 V. It is
suggested that NiOx changes its resistance in a similar
way to IGZO.155

This is possible since amorphous and polycrystalline
NiOx also have band tails. But measurements would still
need to be made to establish how the mobility varies with
strain. We note, however, that these diodes based on
sputtered heterojunctions had high leakage current (Fig-
ure 10). In contrast, the ALD NiOx/TiO2 reported by
Thimsen et al had a significantly lower leakage current
and higher rectification ratio. Both the TiO2 and NiOx

were deposited at 250�C or lower, and are therefore com-
patible with flexible substrates. This motivates the future
development of p-n heterojunctions based on chemical-
deposited NiOx.

6.4 | Photovoltaics

6.4.1 | Properties and processing of NiOx

for photovoltaics

Nickel oxide is one of the most prominent p-type metal
oxide materials investigated as a hole transport layer in
solar cells due to its high stability in air, high transmit-
tance to visible light and high work function that is easily
tunable.203 NiOx was investigated in p-type dye-sensitized
solar cells in the early 2000s.204 Since then, NiOx has
been commonly investigated for organic photovoltaics
(OPV) and more recently, in lead-halide perovskite
(LHP) based devices. Initial work on NiOx interlayers for
OPVs was based on physical vapor deposition techniques
(sputtering and pulsed laser deposition), but has since
shifted to solution-based processing routes due to the
simplicity, low-cost and reproducibility of these
methods.15,168,205-207

FIGURE 10 Performance of NiOx/IGZO p-n junctions in the
unstrained state vs (A) under tensile strain and (B) compressive
strain. Inset photographs illustrate how the diodes are tested under
static bending by taping the samples to a curved substrate with a
fixed bending radius. Reprinted with permission from
Münzenrieder et al.155 Copyright Elsevier 2013
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For the photovoltaic (PV) community, the important
parameters for hole transport layers include the band gap
(transparency to visible light), electron affinity (which
needs to be low to block electrons), and work function,
which affects the band alignment between NiOx and the
absorber, and therefore how easily holes can be extracted.
Hole transport layers also need to be conformal and pin-
hole-free to prevent shunting in devices. NiOx has a band
gap of �3.6 eV and a tunable work function between 4.8
and 5.4 eV (shown in Table 4) which is ideal for many
solar absorbers (Figures 11 and 12). The mobility of solu-
tion-processed NiOx films are, however, typically low,
and the values have not been widely reported in PV-
based papers. The focus for most PV-based papers has
been on optimizing the band alignment with the
absorber, which is achieved by tuning the work function
through optimizing the processing conditions and/or
post-deposition processing. Some of the film properties of
NiOx films and the performance of the films in devices
(mostly OPV and LHP) are collected in Table 4. There is
a limited number of reports on chemical vapor deposition
techniques because these methods require high growth
temperatures which are often incompatible with the
transparent conductive oxide. CVD deposition systems
can also be expensive.209,210

Usually, NiOx would be deposited beneath the
absorber in a p-i-n device structure. This affords the wid-
est range of fabrication techniques for the hole transport
layer since there is no risk of damaging the absorber. The

transparent conducting oxide-coated glass substrate is
also more stable against different processing conditions.

There have been extensive studies on solution-
processed NiOx for organic solar cells, with differing poly-
mer blends for the photoactive layer, different solvents
for the NiOx precursor, annealing temperature, and post-
deposition treatments. Work function tuning results in
values >5.0 eV and power conversion efficiencies (PCEs)
between 3.6% and 7.8%.102,107,172,178,179 The band align-
ment for common organic materials with charge trans-
port layers are shown in Figure 11. In addition to
solution processing, Shim et al reported the first use of
ALD deposited NiOx for polymer solar cells using Ni-
AMD (Nickel Alkyl Amidinate) and H2O precursor, with
a deposition temperature of 150�C. Then, 25 nm films,
with a band gap of 3.7 eV, were oxygen plasma treated
for 3 minutes following deposition, which increased the
work function from 4.7 eV to 5.4 eV with the formation
of nickel oxyhydroxide species or nickel vacancies on the
surface. In this device, a P3HT:IC60BA blend was used as
the photoactive layer and a PCE of 4.1% was achieved.148

Another study deposited NiOx using a nickel bis(N,N0-di-
tert-butylacetamidinate) precursor (heated to 125�C) and
unheated deionized water as the oxidant, with a reaction
temperature of 200�C and pressure of 1�10−1 Torr.79 Prior
to spin-coating the photoactive layer, the NiOx film was
oxygen plasma treated for 7 seconds. Analysis of the XPS
core spectra revealed the presence of Ni2+ vacancies,
which should increase the p-type conductivity (Section 2).

FIGURE 11 Detailed energy levels of different materials used in OPVs and OLEDs. Reprinted with permission from Jiang et al.111

Copyright Wiley 2015
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However, the conductivity was low. The hole concentra-
tion of NiOx films was �1014 cm−3 from Hall measure-
ments (which, of course, is a limited approach—refer to
Section 2). But it was evident that the amount of Ni2+

vacancies was insufficient. Nevertheless, the 4 nm films
had high transmittance reaching 95% over 400 to 600 nm
wavelength. The band gap was found to be 3.56 eV and
the work function increased from 5.12 eV to 5.32 eV with
oxygen plasma treatment. The formation of Ni cation
vacancies, as well as the formation of NiOOH (nickel
oxyhydroxide) species, are usually the cause of increased
work function with oxygen plasma treatment. The
increased work function matched well with the highest
occupied molecular orbital (HOMO) of P3HT in P3HT:
PCBM bulk heterojunctions. The PCE (3.4%) was compa-
rable to that of devices using poly(3,4-ethylenedi-
oxythiophene):polystyrene sulfonate (PEDOT:PSS),
which had an efficiency of 3.5%. PEDOT:PSS is a com-
monly used solution-processed hole transport layer in
organic and LHP solar cells. But the high optical trans-
mittance of NiOx compared to PEDOT:PSS resulted in
higher short-circuit current density, but the fill factor
(FF) was lower, likely due to the low conductivity of the
NiOx.

79

You et al reported a high-efficiency p-i-n LHP device
(16.1%) using sol-gel spin-coated NiOx which resulted in
stable performance over 60 days, compared to just 5 days
for PEDOT:PSS.177 The improved VOC leading to higher
PCE was attributed to the favorable band alignment
between the valence band maximum of NiOx and the
perovskite photoactive layer. Mali et al demonstrated the
use of solution-processed nanoporous NiOx films, which

exhibited excellent device air stability over 160 days
(compared to 5-6 days for PEDOT:PSS) and a higher effi-
ciency of 19.10% with (FAPbI3)0.85(MAPbBr3)0.15 as the
photoactive layer.161 The NiOx films were dried at 100�C
for 12 hours and annealed further at 300�C for 90
minutes before depositing the perovskite, which was cru-
cial to optimize the morphology and electrical properties
of the NiOx film.

There are also a number of reports of ALD NiOx in p-
i-n LHP devices. The advantage of ALD is the ability to
deposit pinhole-free ultrathin films. For example, Seo et
al deposited 7.5 nm thick NiOx in a p-i-n LHP stack with
a high efficiency of 16.4%.82 Annealing the films at 300�C
increased the work function from 5.0 to 5.2 eV due to a
reduction in the hydroxide groups on the surface. This
resulted in improved band alignment between the HTL
and the perovskite. Zhao, Lee et al demonstrated the use
of an atmospheric pressure spatial ALD reactor operated
in CVD mode to grow 30 nm NiOx films for LHP solar
cells.46 The RMS roughness of the films was only
�0.6 nm, whereas other deposition techniques would
yield surface roughnesses between 5-20 nm. Analysis of
the Ni 2p and O 1 second XPS core level spectra revealed
that the composition was NiO1.13 and therefore non-stoi-
chiometric. Through electrochemical impedance spec-
troscopy, the mobility of the films was determined to be
�3 × 10−3 cm2 V−1 second−1. The band gap was 3.76 eV
and work function 5.7 eV. LHP devices using NiOx were
more efficient than devices with PEDOT:PSS. This was
attributed to the reduced surface roughness of the NiOx

(helping to reduce trap-assisted recombination) and the
favorable energy alignment with the perovskite compared

FIGURE 12 Energy levels of charge transport layers used in perovskite solar cells. Reprinted with permission from Bakr et al.208

Copyright Elsevier 2017
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to PEDOT:PSS. However, the contribution of surface
roughness is unclear. Park et al reported surface rough-
ness values of 2 to 5 nm for electrochemically deposited
NiOx, which was shown to enhance the fill factor and
power conversion efficiency of devices.211 A rougher sur-
face has been believed to increase the contact area
between the perovskite and hole extraction layer, and the
exact role of surface roughness is in debate.

The most efficient LHP solar cells (currently certified
at 25.2%) are based on a n-i-p structure with solution-
processed mesoporous or planar TiO2 as the electron
transport layer (ETL), and organic hole transport layers
(HTLs) on top.212 HTLs are usually spiro-OMeTAD and
PTAA. But Liu et al attempted to use spin-coated NiOx

nanoparticles instead, and this gave devices with �15%
efficiency.165 In contrast, p-i-n devices with doped NiOx

HTL below the perovskite have maximum reported
PCEs of �20.5%.213 Metal oxide HTLs are more cost-
effective than their organic counterparts, which moti-
vates the replacement of the organic HTL in n-i-p perov-
skite devices with inorganic HTLs. An option is to spin-
coat oxide nanoparticles over the perovskite, but a sol-
vent needs to be selected that does not degrade the
perovskite layer (ruling out polar solvents). Chloroben-
zene and other nonpolar solvents can be used.165 Tirado
et al investigated chemically precipitated NiOx

nanoparticles functionalized with oleic acid, oleylamine,
and dispersed in chlorobenzene to form hydrophobic
nanoparticles. No post-deposition treatment was
required and the formation of the hydrophobic
nanoparticles was believed to have led to the improved
device stability that was found. The devices retained
90% of the initial PCE (12.7%) after 1008 hours in ambi-
ent air.

Beyond LHPs, NiOx is being investigated for use in
lead-free perovskite-inspired materials. We have reported
the use of sol-gel spin-coated NiOx for use in BiOI-based
devices.108 In this p-i-n device architecture, NiOx was
spin-coated and annealed at 300�C for 1 hour on ITO-
coated glass before growing BiOI on top. However, the
NiOx has a work function of 4.8 eV, which is sub-optimal
for BiOI, which has a deep work function of 5.1 eV. The
resulting downwards band bending of BiOI at the NiOx

interface was found to be detrimental to charge extrac-
tion in the devices. In other systems, ultrathin (3-4 nm)
polycrystalline NiOx was grown by ALD onto CdTe based
solar cells at 200�C.214 The CdTe cells were annealed at
150�C for 30 minutes before testing. For materials char-
acterization, a 30 nm thick layer of NiOx was used. The
RMS roughness of the 30 nm film was found to be
1.7 nm. The films had high transmittance, greater than
80% for wavelengths longer than 500 nm and a band gap
of 3.55 eV. The addition of NiOx to the CdTe device stack

improved the efficiency from 7.57% to 8.69% which arose
from an improvement in the VOC and fill factor.

Section 4 on post-deposition processing outlines some
of the most prominent techniques that the community
uses to improve the NiOx thin film properties, and are
especially relevant when NiOx is used as hole transport
layers. Annealing, oxygen plasma treatment, and UV-
ozone treatment (examples of which are in Table 4) are
all used to tune the work function of NiOx for improved
band alignment with the photoactive layer.

Whilst there has been significant emphasis on tuning
the work function of NiOx, it has been reported that
another parameter that may be more important is the
effect of the NiOx layer on the formation of the
photoactive layer on top. For example, despite the low
work function, solution-processed NiOx played a key role
in allowing sufficiently compact BiOI to form on top by
chemical vapor deposition to achieve rectifying devices.
In particular, the NiOx enabled a slanted (012) preferred
orientation of the BiOI, which allowed the high mobility
direction of the BiOI platelets to connect the top and bot-
tom electrodes.108 Similar reports of the effect of NiOx on
the quality of the interface formed with polymer
photoactive layers have been made.107

An important area of future work in NiOx is in
addressing the low conductivity. This is important for
achieving higher efficiency devices. Discussions around
this are beyond the scope of this Review but research
groups are exploring routes to doping NiOx with Li, Mg,
Cu, or Cs to circumvent the high resistivity and low
mobility. The review by Xiu et al contains summaries of
the significant studies conducted into doping NiOx.

215

6.4.2 | NiOx for flexible photovoltaics

Nickel oxide has been investigated as a hole transport
layer in flexible LHP and organic solar cells. While spin-
coating requires high-temperature annealing to avoid for-
ming a contact barrier in the PV device, barrier-less
extraction has been reported when using low-tempera-
ture processing with the spin-coating of NiOx

nanoparticles. Zhang et al deposited NiOx nanoparticles
by spin-coating at room temperature with no post-
annealing. p-i-n structured methylammonium lead iodide
devices on flexible PET/ITO substrates had an efficiency
of 14.5%, which was close to the performance of similar
devices on rigid substrates (17.6%). The lower perfor-
mance was due to a lower fill factor (70.5% for flexible
and 78.4% for rigid) and short-circuit current density
(20.7 mA cm−2 for flexible and 21.8 mA cm−2 for rigid).
This was attributed to the higher series resistance and
lower transmittance of the ITO on the PET substrate. The
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flexible devices retained 80% of the initial efficiency after
140 bending cycles.110

The same process for depositing NiOx nanoparticles
was used by Jiang et al for organic solar cells, including
P3HT:PCBM bulk heterojunction devices. It was found
that as-deposited NiOx nanoparticles gave the highest
performance (3.8%) compared to spin-coated NiOx that
was then post-annealed at 50�C to 300�C. This can be
attributed to the reduction in work function, especially
when post-annealing at above 200�C (Section 3.3.1),
resulting in reduced open-circuit voltages in the solar
cells.111

After a repeated bending, NiOx forms cracks that ulti-
mately result in a decrease in device performance. Duan
et al used polydopamine to cross-link NiOx nanoparticles
in thin films. This was prepared by adding dopamine
hydrochloride to an aqueous solution of NiOx

nanoparticles, which was spin-coated onto ITO-coated
PET substrates and annealed at 120�C for 30 minutes.
The cross-linked NiOx films exhibited greater resilience
for cracking. The films without cross-linking cracked
after only 50 bending cycles, whereas perovskite devices
with cross-linked NiOx retained 70% of the original effi-
ciency after 1000 cycles. Notably, this was achieved with
a bending radius of 5 mm.159 In contrast, sputtered NiOx

was reported to crack for bending radii less than
10 mm.155 The device performance achieved with the
cross-linked NiOx was also higher (18.3% with cross-
linking compared to 15.9% without cross-linking). The
improvements were mainly in the open-circuit voltage,
which was attributed to the higher quality perovskite film
deposited on the cross-linked nickel oxide.159

6.5 | Light-emitting diodes

6.5.1 | Properties and processing of NiOx

for light-emitting diodes

Nickel oxide has been widely used as hole injection layers
(HILs) in organic and quantum dot light-emitting diodes
(OLEDs and QLEDs, respectively). This is due to the high
work function of nickel oxide, enabling it to inject holes
into a wide range of emitters. By far the most common
method used to grow NiOx for OLED and QLED applica-
tions is solution processing. The important metrics for
LEDs include the luminance (L, cd m−2), maximum cur-
rent efficiency (CEmax, cd A−1) power efficiency (PE, lm
W−1), and external quantum efficiency (EQE, %). The
EQE depends on the hole injection efficiency, the balance
between electron and hole current density in the emissive
layer, and on the photoluminescence quantum yield of
the emissive layer, which are all affected by the hole

injection level and the degree of non-radiative recombi-
nation at the interface between the HIL and emitter.216

PEDOT:PSS is one of the most common HILs in OLEDs
and QLEDs, but many groups have recently been explor-
ing NiOx as an alternative, owing to its greater stability,
wide band gap and higher work function.217,218

Liu et al used solution-processed NiOx HILs, and they
reported that this gave one of the most efficient OLEDs
with a tris(8-hydroxyquinolinato)aluminum emitter.150

Improved performance was achieved by increasing the
annealing temperature of the spin-coated NiOx HIL from
275�C to 500�C. This resulted in an increase in the grain
size from 10 nm to 30 nm, which improved hole injection
and transport. UV-ozone treatment (for 5-10 minutes) on
the NiOx surface was shown to further improve the hole
injection efficiency to 80%, which was higher than the
hole injection efficiency of PEDOT:PSS. The OLEDs with
NiOx also had a higher power efficiency
(75.5 ± 1.8 lm W−1) than devices based on PEDOT:PSS
(43.2 ± 1.0 lm W−1), and also improved device stability
(>6 weeks for NiOx, compared to 2 weeks for PEDOT:
PSS).150

Liu et al also reported that the NiOx HILs annealed at
the lowest temperature of 275�C had the lowest perfor-
mance, and this was partly due to the presence of rem-
nant hydroxyl groups on the surface, which reduces the
work function and the hole injection efficiency.150 The
detrimental role of oxyhydroxide surface defects found
on sol-gel spin-coated NiOx films has also been reported
by Chen et al, in which it was proposed that this accentu-
ated exciton quenching at the emitter/HIL interface.162

This was overcome by using a bilayer HIL based on
NiOx/PEDOT:PSS. NiOx/PEDOT:PSS HILs used in a blue
phosphorescent device exhibited a maximum current effi-
ciency of 30.5 cd A−1 and maximum EQE of 16.2%, which
are higher than the values reported for OLEDs with just
NiOx HILs or PEDOT:PSS HILs.162

Hyrbid QLEDs based on organic and inorganic
charge-injection layers exhibit EQEs of approximately
20%, whereas all-inorganic QLEDs have typical EQEs of
�1% even though they demonstrate higher stability.219-
222 The limited EQE of QLEDs based on NiOx was attrib-
uted to the low hole mobility, which reduces charge bal-
ance. However, Vasan et al fabricated a high-efficiency
all-inorganic stack using alloyed CdSe/ZnS quantum dot
emitters, with ZnO nanoparticles as the electron injection
layer and solution-processed NiOx as the HIL.223 The
mobility of the synthesized NiOx thin film is reported to
be 2.5 � 10−4 cm2 V−1 second−1 for films annealed at
500�C for 30 minutes in air. Even with a 1.8 eV hole
injection barrier between the NiOx and QD interface, a
luminance of 120 000 cd m−2 at 10 V applied bias was
achieved. This value is significantly higher than
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previously reported all-inorganic QLEDs.219 The EQE
reached a maximum of 11.4% and a current efficiency of
144 cd A−1 was achieved.223

To improve the band alignment between NiOx and
CdSe/ZnS core-shell QDs, Cao et al doped NiOx films
with Cu.224 Cu doping of nickel oxide at a level of 3 mol%
increased the work function of NiOx from 5.4 to 5.6 eV.
This resulted in more efficient hole injection, and a
smaller charge imbalance, resulting in improved perfor-
mance. Further increases in Cu content beyond 3 mol%
resulted in reduced mobilities and decreased perfor-
mance. The Cu-doped NiOx films were prepared through
the sol-gel process, and mixing nickel nitrate hexahydrate
and copper acetate tetrahydrate precursors together to
form the sol. The films were annealed at 275�C to 475�C
for 1 hour. Cu:NiOx films annealed at 275�C showed the
best performance with a turn-on voltage of 3.0 V, maxi-
mum luminance of 61 030 cd m−2, maximum EQE of
10.5%, CEmax of 45.7 cd A−1 and a maximum power effi-
ciency of 18.0 lm W−1. These were improved over devices
based on undoped NiOx annealed at 475�C.224

Beyond OLEDs and QLEDs, there has been an explo-
sion of interest in lead-halide perovskite LEDs (PeLEDs).
Like organic and QD materials, LHPs can be facilely
grown through solution processing. The band gap (and
therefore the emission wavelength) can be tuned from
1.55 eV to 3.2 eV by changing the halide composition
(from iodide to bromide to chloride) or through quantum
confinement (as QDs or nanoplatelets).217 LHPs are
advantageous over Cd-based QDs and organic emitters
because they have been demonstrated to achieve signifi-
cantly narrower, color-pure emission peaks, making
them competitive for applications in ultra-high definition
displays.216,217 Through passivation, many perovskite
compositions are now achieving photoluminescence
quantum yields approaching unity.217 The device struc-
tures investigated for PeLEDs are based on the structures
used in OLEDs and QLEDs. As such, PEDOT:PSS has
been a common HIL deposited under the perovskite. But
it has been shown that the PEDOT:PSS surface is defec-
tive, and there is usually significant quenching of the
emission in the perovskite layer.217 NiOx has been widely
explored as an alternative. Recently, Lee et al found that
green-emitting formamidinium lead bromide (FAPbBr3)
crystallized with a lower trap density on NiOx than on
PEDOT:PSS, resulting in reduced nonradiative recombi-
nation and improved charge balance. Both factors
enabled higher EQEs of 14.6%, compared to only 4.2% for
PeLEDs based on PEDOT:PSS.218 However, other groups
have found it necessary to add passivating interlayers
between the NiOx and perovskite emitter to avoid
quenching. This is especially important for blue-emitters,
which have a wide band gap and a large hole-injection

barrier if NiOx alone is used as the HIL. Gangishetty et al
found that solution-processed NiOx quenched the emis-
sion of blue-emitting (469 nm wavelength) CsPbBrxCl3-x
QDs, and it was speculated that this may be due to inter-
face defects or charge transfer.225 Although Gangishetty
et al switched to an interface-modified organic HIL,225

Liu et al were able to achieve efficient sky-blue PeLEDs
(emitting at 483 nm wavelength) using 7 nm NiOx cov-
ered with the polymer TFB, as well as PVK. The TFB/
PVK layer was 18 nm thick, and using this full-stack for
hole injection and transport, an EQE of 9.5% was
achieved, which, at the end of 2019, was the highest for
sky-blue PeLEDs.226

6.5.2 | NiOx for flexible light-emitting
diodes

Nickel oxide has also been used to fabricate foldable
OLED displays.227 Kim et al deposited NiOx by solution
processing (using a sol-gel method) onto indium zinc
oxide-coated PI substrates and annealed at 250�C. Tris(2-
phenylpyridine) iridium (III) in a host of tris-[1-phenyl-
1Hbenzimidazole] was used as the emissive layer, sand-
wiched between organic hole and electron transport
layers. The organic LED was folded with a bend radius of
0.3 mm. After 1000 bending cycles, the luminance loss
was only 7.8%. After 10 000 cycles, the luminance loss
was 25.7%. The current density, luminous efficiency, and
power efficiency remained very similar after 10 000 bend
cycles compared to the initial performance.227

Sun et al reported the use of nickel oxide as an HIL in
flexible quantum dot LEDs. These LEDs used green-emit-
ting CdxZn1-xSeyS1-y quantum dots on flexible PEN sub-
strates. The strategy used to lower the deposition
temperature of the solution-processed nickel oxide so
that it was compatible with PEN was to use solution com-
bustion synthesis (Section 3.3.2). Nickel nitrate hexahy-
drate was used as the oxidizer and acetylacetone as the
fuel, and an ignition temperature of only 150�C was
required. Whilst devices using nickel oxide outperformed
those based on PEDOT:PSS as the control, the flexible
LEDs were less efficient than LEDs based on rigid sub-
strates (4.8% vs 10.9% EQE for LEDs on flexible vs rigid
substrates respectively).151 Future efforts to understand
the factors limiting the performance of flexible devices
(eg, distortion of the substrate during spin-coating) com-
pared to their rigid counterparts are needed. Neverthe-
less, Sun et al demonstrated a low-temperature process
for improving the performance of the nickel oxide HIL.
This was achieved through room-temperature UV-ozone
treatment, which resulted in an increase in the content of
surface nickel hydroxide and Ni3+, along with an
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increase in the work function of the nickel oxide. This
resulted in a reduction in the hole injection barrier,
which increased the hole current density and improved
the LED performance.151

6.6 | Sensors

6.6.1 | Properties and processing of NiOx

for sensors

Oxide semiconductors have been utilized in a wide range
of sensing applications, including the measurement of
gas, temperature, biological substances, and so on. Gas
sensors are the most common sensing application for p-
type oxides, where they benefit from a more stable base-
line and low humidity sensitivity compared to their n-
type counterparts despite having generally a slightly
lower sensitivity. Controlling the carrier concentration of
the p-type oxide enables the fabrication of gas sensors
with high sensitivity and selectivity. Potential additional
advantages of p-type oxides include an improvement in
recovery speed by oxygen absorption,12 enhanced stabil-
ity of the NiOx toward temperature and humidity, as well
as ease of fabrication of NiOx films and nanostructures.
These have made NiOx perhaps the most intriguing p-
type oxide for gas sensors.228 The gas sensing properties
of NiOx have been demonstrated for several different
gases, including ethanol, formaldehyde, NO2, and
H2S.

50,228,229 Typically the NiOx is applied in gas sensors
in the form of nanoparticles or nanostructures, to maxi-
mize the surface area to volume ratio. But thin films can
also be used, utilized especially as coatings on porous
templates or supports, for example, for p-n junctions,
where a p-type NiOx thin film is grown on a n-type
supporting material.50 In sensor applications, chemical
deposition methods are commonly used, for the afore-
mentioned reasons.

For example, Navarrete et al used aerosol-assisted
CVD to coat WO3 nanowire sensors with NiOx

nanoparticles, which resulted in a 5-fold increase in the
response of the sensor towards H2S in the ppm range,
and more importantly, gave a solid response even in the
presence of humidity, showing the suitability of the sen-
sor to monitor in real application conditions.50 Dirksen
et al used a simple dip-coating approach to fabricate un-
doped and Li-doped NiOx films for formaldehyde gas
sensors. But the sensitivity, in the range of tens of ppm,
was still lower than required for formaldehyde monitor-
ing.229 This was significantly improved by Lahem et al,
who compared sol-gel and precipitation methods to syn-
thesize NiOx nanostructured films and were able to

detect formaldehyde concentrations <1 ppm at working
temperatures around 200�C.230 Sol-gel techniques were
also used by Soleimanpur et al,231,232 who tested the
NiOx films for the sensing of hydrogen, ammonia, and
methane gases. The porous polycrystalline films were
confirmed to be non-stoichiometric with high Ni3+ con-
centration measured by XPS, and showed the highest
sensitivity towards all the investigated gases at 175�C.
For NH3, the sensitivity with 25 ppm concentration, the
defined threshold limit value, was acceptable with
response percentage of 31%, showing the potential of
NiOx films in practical applications. Slightly lower sen-
sitivity was achieved for CH4 within the lower explosive
limit of few 1000 ppm.231 The best sensitivity of the fab-
ricated devices was achieved for H2, where the
corresponding response was 68% at 3000 ppm H2, and
was observed to decrease only by 5% when the humidity
was introduced.231,232 Besides gas sensing, NiOx can be
applied to detect also other substances, such as glucose
(detailed more in the next Section). Raza et al fabricated
nanocomposites by coating stacked-cup carbon nan-
otubes (SCCNTs) with ALD NiOx, utilizing the con-
formality of ALD, and varied the film thicknesses
between 0.8 and 22 nm.64 While their film consisted of
nanoparticles, it was conformal and covered the CNT
network uniformly. The best performing glucose sen-
sors, achieved with 4 nm NiOx films, responded over a
wide concentration range (LOD 0.1 μM) with enhanced
sensitivity of 1250 μA cm−2 mM−1 and a response time
of <2 seconds.

6.6.2 | NiOx for flexible sensors

Flexible NiOx films have been used for thermistors, in
which the resistivity decreases with increasing tempera-
ture. NiOx is particularly advantageous because it has
high-temperature sensitivity. This is quantified by the
material constant for the thermistor (β). β is related to
the resistance of the thermistor and temperature by
Equation (5).233

Rt =R0e
β 1

T
−

1
T0

� �

ð5Þ

In Equation (5), Rt is the thermistor resistance at temper-
ature T, and R0 the resistance at the reference tempera-
ture T0. Commercial thermistors require a material
constant of 3500 K. NiOx films deposited from nanoparti-
cle inks have been reported to have material constants of
approximately 4300 K.27,233 In contrast, graphene films
only have a material constant of 1860 K.27
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Another important parameter is the temperature coef-
ficient of resistance (α), which is related to the material
constant by Equation (6).233

α=
1
Rt

dRt

dT
= −

β

T2 ð6Þ

The temperature coefficient of resistance of NiOx has
been reported to be −5.84% K−1. In contrast, inkjet-
printed silver nanoparticles have been reported to have a
temperature coefficient of resistance of only 0.11% K−1.
Commercial thermistors require a temperature coeffi-
cient of resistance of −4% K−1 at 20�C, and this demon-
strates the appeal of NiOx.

27

Flexible NiOx thermistors have a key advantage over
rigid thermistors in wearable electronics. Khan et al

demonstrated that NiOx deposited onto a flexible PI sub-
strate was able to more accurately measure the tempera-
ture of a finger because it could wrap around the finger
more closely than a rigid thermistor (Figure 13A).233

These flexible thermistors have been used in wearable
health monitoring devices attached to the human body
and have been demonstrated to be accurate and durable
during exercise.233

NiOx for flexible thermistors has been deposited from
nanoparticle inks through inkjet printing and stencil
printing. Huang et al prepared a NiOx nanoparticle sus-
pension in water and ethylene glycol without adding sur-
factants by controlling the pH, as detailed in
Section 3.3.3. The thermistor was obtained by depositing
the NiOx nanoparticles on inkjet-printed silver electrodes
and annealed at 200�C, which is compatible with the PI
substrates used. The NiOx nanoparticles deposited were
more compact when the substrate was held at room tem-
perature during the printing process instead of heating at
70�C because the solvent evaporated more slowly, giving
the NiOx nanoparticles more time to settle. This resulted
in thermistors with a higher material coefficient but
lower resistivity. The printed thermistors had negligible
hysteresis and there was very little difference in the elec-
trical resistance in the flat state or bent state for bending
radii between 10 and 70 mm. The advantage of inkjet
printing is that numerous small thermistors can be
printed on the same substrate, allowing a thermistor
array to be made. This enables the spatial variation in
temperature to be measured, and it was shown that the
accuracy of an inkjet-printed thermistor array was similar
to that of K-type thermocouple probes, with a response
time that was almost as fast (Figure 13B).27

Kahn et al also used an ink of NiOx nanoparticles in
water. However, they used polystyrenebutadiene rubber
(PSBR) to bind the nanoparticles together. Owing to the
viscid nature of the mix, stencil printing was used to

FIGURE 13 A, Comparison of stencil-printed thermistor on
flexible substrate vs rigid thermistor for measuring the temperature
of a finger. Reprinted with permission from Khan et al.233

Copyright Wiley 2016. B, Use of an inkjet-printed NiOx flexible
thermistor array for measuring the temperature distribution from a
heat source compared to a thermocouple. Note that the error bars
are small, showing the uncertainty in the temperature
measurement by both the NiOx thermistor and thermocouple to be
small. Reprinted with permission from Huang et al.27 Copyright
American Chemical Society 2013

FIGURE 14 A, Diagram illustrating the structure of the
flexible field-effect transistor for glucose sensing. B, Comparison of
the drain current against gate voltage with or without glucose
serum added. Reproduced with permission from Jung et al.236

Copyright Elsevier 2018
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deposit the nanoparticles instead of inkjet printing. The
deposited film was annealed at 140�C for 2 hours before
being encapsulated with a drop-cast Cytop fluo-
ropolymer. Similar to the thermistors made by Huang et
al, the films made by Kahn et al were deposited on PI,
but inkjet-printed gold electrodes were used instead.
Tape-testing showed that the deposited NiOx films had
high adhesion. The response time of the thermistors to a
temperature change from 31�C to 22�C was 10 seconds,
compared to 11 seconds for a rigid thermistor. The
thermistors were bent with radii down to 25 mm, and the
resistance of the NiOx at room temperature changed by
only 4%.233

Nickel oxide has also been used in the fabrication of
metal oxide pH sensors. These are advantageous over
standard glass electrode sensors, which are brittle,234

need to be stored under wet conditions, and have large
sizes.235 Flexible pH sensors can be integrated into wear-
able electronics, electronic skin, and miniaturized elec-
tronic devices for the medical, food, and agricultural
industries, as well as for environmental monitoring.235

NiOx is suitable for pH sensors because it is stable over a
wide pH range, is biocompatible and has a high oxygen
ion conductivity due to its high defect density. Chou et al
deposited NiOx by reactive sputtering on PET substrates
with screen-printed silver electrodes. The voltage of the
NiOx sensor had an approximately linear dependence on
pH over the measured range of 1 to 13. The sensitivity
was 63 mV pH −1 at room temperature.235 This is compa-
rable to IrO2 based pH sensors.234 But NiOx has the
important advantage of being composed of less expensive
elements than in IrO2. It is proposed that the electro-
chemical potential in NiOx pH sensors arises from the
potential difference between NiOx and the hydrated
metal oxide. The drift rate exhibited by the NiOx pH sen-
sors was between −4 and 3 mV h−1, which is comparable
to the drift rate reported for ZrO2 and a-Si:H/SiO2 pH
sensors.235

Nickel oxide has also been used as a catalytic layer
in nonenzymatic flexible field-effect transistors for glu-
cose sensors. Jung et al fabricated ZnO-based field-
effect transistors. A sputtered ZnO layer was used
between the Ag source and drain electrodes, which
were deposited onto flexible PI substrates. The ZnO
layer was used as a seed layer to grow ZnO nanorods
by hydrothermal synthesis. These nanorods were 1.2 ±
0.2 μm long and 70 ± 10 nm wide. The ZnO nanorods
were covered with NiOx quantum dots deposited by RF
sputtering from a NiOx target (Figure 14A). Having
NiOx quantum dots mounted on the ZnO nanorods
increased the surface area between the electrocatalytic
NiOx and the serum. The proposed reaction scheme is
given by Equations (7)-(10)236:

NiO+OH− ÐNiOOH+ e− ð7Þ

NiOOH+glucoseÐNi OHð Þ2 +gluconolactone ð8Þ

2Ni OHð Þ2 +O2 Ð 2NiOOH+H2O2 ð9Þ

H2O2 Ð 2H+ +O2 +2e− ð10Þ

It is proposed that OH− adsorbs to the surface of the
NiOx quantum dots, leading to the formation of NiOOH
(Equation (7)). This reacts with glucose to form Ni(OH)2
and gluconolactone (Equation (8)). The Ni(OH)2 further
reacts with O2 to form NiOOH and H2O2 (Equation (9)).
The H2O2 reacts to release electrons (Equation (10)).
Thus, the drain current in the field-effect transistor is
higher when glucose is present (Figure 14B), and the
drain current increases with the concentration of glucose,
with a sensitivity of 13.1 μA cm−2 mM−1 for 0.001 to
10 mM concentrations, and 7.3 μA cm−2 mM−1 for 10 to
50 mM. These flexible glucose sensors can be used as
low-cost, light-weight sensors in a clinical or industrial
environment. However, the sensitivity displayed is lower
than that of Fe2O3-ZnO nanorod non-enzymatic sensors,
as well as other enzymatic sensors.236

[Correction added on 14 August 2020, after first
online publication: The citations of Figures 13 and 14
have been reversed.]

7 | CONCLUSIONS AND OUTLOOK

Nickel oxide is a very well-known simple binary oxide with
p-type behavior, for which the defect chemistry has been
researched over several decades. The importance of this
seemingly simple compound has come to the fore in a
prominent way across a wide range of applications in elec-
tronics and energy devices only in very recent years. The p-
type semiconducting properties of NiOx are a key attribute
for many applications from thin-film transistors to solar
cells. While there are other competing p-type systems,
either their compositions are too complex to be made by
simple methods, or their stabilities against oxidation/reduc-
tion are poor and, hence, carrier properties are difficult to
control. The different applications all have varying and spe-
cific property requirements from NiOx thin films. There is
certainly room for improvement of the different properties,
for example, for thin-film transistor and in complementary
metal-oxide semiconductor (CMOS). These include achiev-
ing higher mobilities, increased and reproducible control
over the carrier concentration by controlling Ni vacancy
concentration, reduction of defect traps both at the bulk of
the films as well at the interfaces to prevent Fermi level pin-
ning with contacts. Additionally, control of average Ni
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valence is important (Ni, Ni2+ and even Ni3+ are possible),
since variable cation valence leads to additional variation in
the carrier concentration. For high-performance PVs and
LEDs, more precise control over the work function and
band gap of NiOx, whilst not sacrificing in the hole mobil-
ity, are essential for the charge transport/injection layer.

As shown in this review, many of the properties of
NiOx, such as conductivity and work function, are sensi-
tive to the deposition technique, choice of chemistry, and
the growth conditions. These properties can be further
modified through a wide selection of post-deposition
treatments. More fundamental work is required to under-
stand how to control the aforementioned properties.
Optimization of chemically grown film properties would
also strongly benefit from basic understanding studies
(experiment and modeling) of epitaxial single-crystal-like
films of different orientation, as well as much more per-
fect films grown at higher temperatures using physical
vapor deposition methods. Translation of the information
of perfect systems to low-temperature grown chemical
ones is not necessarily straightforward but it is a key
starting point to know what is possible.

The above near-equilibrium information needs also to
be translatable and relevant to non-equilibrium conditions
which are pertinent when using low-temperature chemical
methods. Without such information, challenges will remain
with the reproducibility of device performance. In addition,
when the growth and processing temperatures are further
reduced, there is the problem not just of limited crystallin-
ity, but also of remnant impurities (organics and/or aque-
ous species) which lead to compromised and poorly
controlled performance. On the other hand, such methods
are absolutely necessary for many applications where reac-
tions with other materials in the devices must be prevented
and where film conformality is essential. New approaches,
such as machine learning may well be the key to obtaining
the necessary correlations to understanding the influences
of non-equilibrium and other chemical effects.
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