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ABSTRACT: Although largely studied, contradictory results on
nickel oxide (NiO) properties can be found in the literature. We
herein propose a comprehensive study that aims at leveling
contradictions related to NiO materials with a focus on its
conductivity, surface properties, and the intrinsic charge defects
compensation mechanism with regards to the conditions
preparation. The experiments were performed by in situ photo-
electron spectroscopy, electron energy loss spectroscopy, and
optical as well as electrical measurements on polycrystalline NiO
thin films prepared under various preparation conditions by
reactive sputtering. The results show that surface and bulk
properties were strongly related to the deposition temperature
with in particular the observation of Fermi level pinning, high work
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function, and unstable oxygen-rich grain boundaries for the thin films produced at room temperature but not at high temperature
(>200 °C). Finally, this study provides substantial information about surface and bulk NiO properties enabling to unveil the origin of
the high electrical conductivity of room temperature NiO thin films and also for supporting a general electronic charge
compensation mechanism of intrinsic defects according to the deposition temperature.
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B INTRODUCTION

Nickel oxide (NiO) is a versatile prototypal charge transfer p-
type transition metal oxide material, having a wide optical band
gap (~3.6—4.3 eV) and crystallizing in a cubic rock-salt-like
structure.”” An abundant literature describing NiO properties
is available because of its potential for being implemented in a
wide set of applications, e.g, organic/inorganic electronic
devices,>™ volatile memory,lo’11 gas sensor, > catalysis,l*g_16
and energy ston@lge.ls’w_19

However, the studies are often concentrated on a limited
range of conditions and some results can be a priori
contradictory.

For instance, it has been reported that high-temperature
(HT-)NiO thin films can provide an electrical resistivity and
an electrical activation energy (E,) of 10’—10" Q cm">*° and
0.6 eV, respectively. In comparison, those values fall to 0.1—1
Q em” ™ and 0-0.15 eV**** for room temperature (RT-
)NiO thin films. Similarly, the work function values can vary
on an energy span of more than 2 eV depending on the
preparation temperature.”*® Also, it is generally accepted that
charge compensation of nickel vacancies VY is the main
driving mechanism leading to p-conductivity in NiO,»*"~*°
while the nature of the electronic compensation can be elusive
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with the formation of free holes or localized charges either on
the oxygen or on the nickel atoms.”””"

To complement the understanding of NiO materials
properties, we gathered results obtained by in situ photo-
electron spectroscopy (PES), scanning transmission electron
microscopy coupled with electron energy loss spectroscopy
(STEM-EELS), automated crystal orientation mapping
(ACOM), ultraviolet—visible spectroscopy (UV—vis) measure-
ments, in situ electrical conductivity, and temperature-
dependent electrical conductivity measurements of numerous
NiO thin films prepared by reactive sputtering under different
temperatures and oxygen concentrations. The results include
experiments obtained with NiO thin films deposited on
oriented platinum surfaces, silicon, fused silica, fluorine-doped
tin oxide, and gold substrates. In this study, we did not find any
influence of neither the nature of the substrate nor the
orientation of the thin film, which gives a more general
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Figure 1. Top row: (a) Shirley background subtracted Ni 2p, (b) O 1s, and (c) valence spectra measured by in situ X-ray PES. Bottom row: (d)
residual intensity with the top spectrum from (a), (e) magnified view into the O 1s region, and (f) magnified view of the valence band edge. The
patterns are sorted out with increasing O 1s(Def.) weight (%) in the O 1s photoemission. It is worth noting that the two bottom spectra are
measured on samples prepared in identical conditions while the results are different. This could originate from unnoticed fluctuation, e.g., in

pressure, in the target to substrate distance or in the target aging.

character to our findings. Therefore, for simplification, they are
not indicated in this article. It is however worth mentioning
that specific surface properties of oriented NiO thin films have

1631 Finally, we

been published in two previous studies.
demonstrate that HT- and RT-NiO thin films prepared by
reactive sputtering must be distinguished electronically and
RT-NiO thin films are

characterized by Fermi level pinning, oxygen-rich grain

chemically from each other.

boundaries, and radically different surface chemistry in
comparison to HT-NiO thin films (>200 °C). The resulting
analysis opened the possibility to propose an origin to the high
conductivity of RT-NiO thin films and also a unifying charge
compensation mechanism in NiO thin films according to the

preparation temperature.

B EXPERIMENTAL SECTION

See the Supporting Information section S1 for more details on the

sample preparation and the measurement methods.
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B RESULTS

NiO Thin Films Microstructure. The microstructure of
the thin films prepared at RT on fused silica and oxide-free
silicon substrates has been evaluated by ACOM, and the
results are displayed in Supporting Information section 2.1 for
convenience. The NiO thin films display grain boundaries with
a columnar structure at the microscale. These patterns are
observed for RT-NiO thin films deposited on both fused silica
and oxide-free silicon substrates, and it is preserved upon
thermal annealing of the RT-NiO thin films. The grain
boundaries are typically formed during the thin film growth
when the substrate does not offer a surface which matches the
crystallographic structure of the deposited thin film. It is worth
noting that a NiO thin film grown on a lattice matching MgO
substrate does not show any grain boundaries (see Figure SS).
Such samples could not be studied by photoelectron
spectroscopy as they were not conductive enough for
transporting charges to the surface, but ex situ electrical
measurements are available in Figure S6.

Surface Analysis by Photoelectron Spectroscopy.
Typical Ni 2p, O 1s, and valence spectra taken on the NiO
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Figure 2. (a) From top to bottom: valence band maximum position to the Fermi level (Eypy — Eg), relative peak intensity Ry; (see eq 1), work
function (¢), and ionization potential (IP = Eypy + ) as a function of the weight of O 1s(Def.) in the O 1s region (see Figure 1b). (b) Secondary
electron cutoffs measured by in situ ultraviolet PES for samples prepared at room temperature and at high temperature (400 °C) with 10% of
oxygen in the sputtering chamber. ¢ is determined from the photon source energy (hv = 21.22 eV) distance to the secondary electron cutoff.** (¢)
Optical adsorption for differently prepared NiO thin films. (d) Energy diagram representation of RT- and HT-NiO thin films where E,,. and Ecpy
are the vacuum level and the conduction band minimum, respectively.

thin films by in situ X-ray PES measurements are displayed in
Figure 1 according to the weight of the defect state (O
1s(Def.)) to the left of the main O 1s photoemission line (O
1s(Main)). Figure 1 shows only a representative subset of the
overall recorded data. Relevant parameters to this study have
been extracted from the full data set of measurement and
displayed in Figure 2a.

O 1s(Main) is associated with lattice oxygen atoms and the
shoulder O 1s(Def.) to defects in the NiO thin film structure
as it is prominent in a deposition environment favoring their
formation, i.e., at RT and high oxygen concentration (20—
25%) while it can be suppressed at high temperature (400 °C)
and low oxygen concentration (~10%).

The O 1s(Def.) shoulder can be associated with oxygen
related species formed in or on the NiO thin films. The
formation of a hydroxide layer on the NiO thin films due to the
surface reaction with remaining water molecules in the UHV
chamber is not considered as this would shift the Fermi level
upward and the work function downward,”" which is not
observed with the accumulation of the species in the O
1s(Def.) region as shown in Figure 2a. Also in Figure le, the

2720

deconvolution of this shoulder for the thin films produced at
RT and high oxygen concentration shows two electronic states
in contrast to the thin films produced at HT or at low oxygen
concentration. We finally assumed that the lowest and the
highest binding energy components of the O 1s(Def.) feature
can be associated with peroxo species (O~) which are typically
found in transition metal compounds®* or surface oxygen (Og)
which could stabilize the NiO thin films®' and, with regards to
the results discussed in this study, oxygen interstitial (O*7),
respectively.

The Ni 2p region is the result of numerous photoemission
lines, typical of the NiO charge transfer nature and the strong
hybridization of the nickel—oxygen orbitals.”> >’ Following the
work of Taguchi et al,*” photoemission from the Ni 2p orbital
can result in three different final states: the Ni 2p°3d®, the Ni
2p°3d’L, and the Ni 2p°3d°Z states (top spectra in Figure 1a).
Z and L indicate that the resulting holes from electrons
photoemission are located either in a Ni 3d orbital or after a
charge transfer in a O 2p orbital (the ligand), respectively.’®
Two minor electronic states are evidenced in the 864—970 eV
region, but their nature has not been identified. For

https://doi.org/10.1021/acsaelm.2c00230
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Figure 3. (a) In situ conductivity measurement setup, (b) in situ conductivity of RT-NiO thin films according to the oxygen concentration, and (c)
in situ photoemission measurements of the valence band regions realized after the in situ electrical measurements. (d) EELS obtained on grain
boundaries and (e) in the bulk of the grains for three RT-NiO thin films deposited on oxide free silicon and (f) contrasted bicolor images (top row)
based on the prepeak associated with oxygen holes for which the reddest, the more concentrated, and corresponding annular dark-field images
(bottom row) where grain boundaries are highlighted with yellow arrows.

simplification, for the rest of the study, the Ni 2p°3d°L and the
Ni 2p°3d°Z orbitals will be termed the satellite peak Ni
2p(Sat.) and the main peak Ni 2p(Main), respectively (see
Figure 1c). At this level, the Ni 2p (Sat.) cannot be directly
associated with the presence of Ni**. However, in Figure 1d,
the difference of the spectra with the reference Ni 2p spectra
highlights the buildup of an extra electronic state in the Ni
2p(Sat.) region (855—860 eV) with increasing O 1s(def.)
weight. To evaluate the Ni 2p distortion, the photoemission
intensities of the Ni 2p(Main) and the Ni 2p(Sat.) lines are
compared:

_ I (Sat. )

N I_..(Main)

(1)

where I, is the maximum in intensity of the corresponding
peak (see second spectra in Figure la) and Ry; the intensity
ratio. The values of Ry; for the numerous recorded PES data
are included in Figure 2a.

The valence region is the result of the Ni 3d°Z and the Ni
3d%L final states near the photoemission extinction, and to
higher binding energy, of the photoemission from the Ni 3d’
orbital (see Figure 1c).”” We evaluated the valence band
maximum (Eygy) by linear intersection of the extinction edge
with the bandgap (see Figure 1f). Although the valence spectra
are not totally equal to zero at the determined Eypy value, this
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method is adopted for comparability reason with other
studies.””™*' Figure 1f shows that Eypy shifts from ~1.1 to
~0.6 eV with increasing O 1s(Def.) weight. The shift to lower
binding energy with increasing O 1s(Def.) weight is also
observed in the Ni 2p and the O 1s region. For O 1s(def.)
weight >10%, the Fermi level position is relatively constant.

To compare the numerous in situ X-ray and in situ
ultraviolet PES measurements performed along this study, we
have plotted in Figure 2a the parameters Eypy, Ry, and the
work function (¢)) derived from the second electron emission
cutoff (see Figure 2b) as well as the ionization potential I =
Evpm + ¢* as a function of the weight of the O 1s(Def.)
feature in the O 1s region. Figure 2¢ provides complementary
optical measurements of RT- and HT-NiO thin films.

From Figure 2a, two domains can be identified based on the
evolution of Eygy and Ry;. The first domain is composed by
HT samples and is characterized by an O 1s(Def.) weight
lower than 10% and a decreasing Eygy with increasing O
1s(Def.) weight whereas Ry; can be considered constant. The
second domain, for O 1s (Def.) weight exceeding 10% and
made of the samples prepared at room temperature, is
characterized by a relatively constant Eypy, (~0.6 eV) while
a clear trend between Ry; and the O 1s(Def.) weight is evident.

The evolution of Ry; in the second domain can be associated
with the formation of Ni** as this corresponds to the buildup
of an extra electronic state in the Ni 2p region for such samples

https://doi.org/10.1021/acsaelm.2c00230
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Figure 4. (a) Conductivity—temperature dependence of RT-NiO thin films prepared on fused silica with 15% oxygen in the deposition chamber.
The temperature profile is indicated by the black curve. (b) EELS spectra obtained in the bulk of the grain and at the grain boundaries of the RT-
NiO thin film on fused silica before and after annealing. (c) Optical measurements performed on an as-prepared film and an annealed RT-NiO thin

film.

(see Figure 1d). In the absence of this extra electronic state
associated with Ni**, the Ry ratio stands at around 0.625 for all
the produced samples as observed in the first domain. Both
domains are similarly influenced by the oxygen concentration
during the deposition, i.e., the highest concentration of oxygen
during the deposition results in the largest O 1s(Def.) weight
in the O 1s region. A strong temperature dependence of the
work function can be also noticed, which increases from ~4.5
to ~5.2 eV when the deposition temperature varies from 400
°C to room temperature. The higher work function measured
on the RT-NiO thin films can be symptomatic of an
accumulation of oxygen at the surface either because of the
presence of peroxo species (O7) on the NiO surface® or
because of the increase of the cation electronegativity with
higher oxidation state (e.g, Ni** — Ni**).” It is commonly
accepted that more oxidized surfaces exhibit a higher work
function as oxygen would increase the surface ionization
potential.”* Thus, RT-NiO thin film surfaces are likely more
oxidized than the HT thin film, and it results in the formation
of a surface dipole & of about 0.3 eV (see Figure 2d).

Interestingly, the optical measurements in Figure 2¢ show an
increasing adsorption within the optical bandgap of the RT-
NiO thin films when the oxygen concentration increases. This
trend is not as much pronounced for the HT-NiO thin films.
The strong adsorption at RT can originate from the higher
defect concentration of these thin films. It is worth mentioning
that comparable optical experiments performed on HT single
crystalline Li-doped NiO thin films also report the presence of
an acceptor state about 1 eV above the valence band, which
introduces two optical transitions within the bandgap labeled o
and f in Figure 2¢.*” No optical double features can be noticed
for RT-NiO thin films in which the adsorption inside the
bandgap is relatively monotonous. We suggest that in the case
of the HT single crystal Li-doped NiO thin films the acceptor
state has a sharp Ni 3d nature, but, as it will be detailed later,
because of large disordered grain boundary regions rich in
oxygen, the acceptor state might have an O 2p nature leading
to a broad adsorption feature within the bandgap for RT-NiO
thin films.

Finally, from this first batch of results, two NiO thin films
categories can be identified according to the temperature of
deposition. The RT-NiO thin films are characterized by a
pinned Fermi level to about 0.6 eV, a high work function of
about 5.2 eV, a high O 1s(Def.) weight, the presence of Ni*",

and a lower optical transparency. On the contrary, HT-NiO
thin films are characterized by an unpinned Fermi level, a
lower work function of about 4.5 eV, a low O 1s(Def.) weight,
the absence of Ni*", and a higher transparency. An energy
diagram summary of both materials is represented in Figure 2d.
In the following section, additional insights into the RT-NiO
thin films properties are reported.

Additional Properties of RT-NiO Thin Films. RT-NiO
thin films, characterized by a Fermi level pinning (see the
second domain in Figure 2a), have been investigated by in situ
electrical, STEM-EELS, and temperature-dependent electrical
measurements.

As represented in Figure 3a, the in situ electrical measure-
ments are performed on gold patterned fused silica substrate in
a two-terminal configuration. The surface properties are also
systematically measured by in situ X-ray PES without breaking
the vacuum. In situ conductivity (Figure 3b) and the valence
band maximum position to the Fermi level (Figure 3c) can be
compared on the same material. In Figure 3a, the linear
extrapolation of the total resistance (R,,) as a function of the
inverse of the thin film thickness 1/t enables one to remove the
contribution of the contact resistance (R.) and to estimate the
thin film resistivity (p.cm) (i.e., the conductivity). The in situ
electrical conductivity increases from ~107> to ~10' S cm™
with increasing oxygen concentration in the deposition
chamber, whereas the Fermi level is unchanged with Eygy ~
0.6 eV, in agreement with what is observed for the RT-NiO
thin films in Figure 2a. The measured electrical conductivity
range is similar to numbers available in the literature for RT-
NiO thin films.”'~>* This highlights that the RT-NiO thin
films conductivity increases with the oxygen concentration
whereas Eyg)y remains constant.

Concurrently, the STEM-EELS measurements evidence the
presence of a prepeak at 529 eV in the O K edge spectra which
is more pronounced at the grain boundaries and can be
detected inside the grain for high oxygen concentration
(Figure 3c—e). The bicolor images (Figure 3e) derived from
the STEM-EELS measurements also show that the chemical
heterogeneity increases with increasing oxygen content in the
deposition chamber. The prepeak has also been reported in
both intrinsically and extrinsically doped NiO materials®”****
and at point defects in an ordered NiO crystallographic
structure.” As the presence and the intensity of the prepeak
correlates with the conductivity of the NiO thin films, our
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results strongly suggest that the grain boundaries are more
conductive than the bulk of the grains under oxygen-rich
growth conditions at RT. Although the exact nature of the
prepeak is controversial, its presence can be associated with
positive charges in NiO*>*%* 44 in the form of a hole in the
Ni 3d%L state.”’ For this reason, this feature will be referred as
an oxygen hole in the rest of this article.

The electrical conductivity of RT-NiO thin films has been
further analyzed in a controlled atmosphere (Ar and O,) by
thermal cycling from RT to S00 °C (see Figure 4a). STEM-
EELS measurements have been performed before and after the
annealing. Before the experiment, the RT-NiO thin film
displays a high electrical conductivity with 1 S/cm and an
oxygen hole prepeak at 529 eV in the O—K edge spectra
detected primarily at the grain boundaries. During the first
thermal cycle, the conductivity undergoes a nonreversible
transition at 150—200 °C when cycled with 10% oxygen in the
atmosphere (Figure 4a). After this first cycle, the electrical
conductivity at room temperature decreased by 2 orders of
magnitude and does not return to the initial value. This result
is in line with the literature, where it has been reported that the
conductivity of NiO thin films abruptly losses up to 3 orders of
magnitude when the NiO thin film is prepared above 200 °C in
comparison to NiO thin films prepared at RT.”" Interestingly,
the conductivity of the NiO thin film can be affected by the
presence of oxygen in the atmosphere during the thermal cycle.
As observed in Figure 4a, at the end of the second cycle,
performed in pure argon, the conductivity is decreased by
another order of magnitude in comparison to its value at the
end of the first cycle, which has been performed in a 10% O,
atmosphere. On the contrary, the final conductivity value after
the third cycle, again executed with 10% oxygen, is identical
with the conductivity obtained at the end of the first cycle
(Figure 4a). Interestingly, the epitaxial NiO thin films
produced at HT, regardless of the orientation, are not as
much sensitive to oxygen and presents a lower conductivity in
comparison to the polycrystalline thin films upon thermal
cycling (see Figure S6). This can demonstrate that grain
boundaries facilitate p-doping because of an enhanced oxygen
diffusion in polycrystalline NiO thin films.

After the thermal cycles, when characterized by EELS, the
thin film does not display any oxygen hole prepeak at 529 eV
in the O—K edge region, not even at the grain boundaries
(Figure 4b), whereas the thin film structure is well preserved
with columnar grains parallel to the direction of growth, as
observed before annealing (see Figure S2). Evidently, the
thermal cycle suppresses the defects formed at the grain
boundaries during deposition at room temperature while
preserving the microstructure of the film. It is suggested that
the annealing step relaxes and converts the RT-NiO thin film
toward a more stoichiometric and homogeneous composition
and more ordered structure, particularly at the grain
boundaries. As the RT-NiO thin films are oxygen-rich,
particularly by the formation of an oxygen-rich secondary
phase at the grain boundaries, it can be assumed that heating
above 200 °C enables to restore stoichiometry homogeneity in
the thin films. This can be associated with the desorption of
the excess of oxygen present at the grain boundaries upon
heating.

Optical measurement shows that the nonannealed sample
prepared at room temperature has a higher optical absorption
in the bandgap in comparison to the annealed sample (Figure
4c). In the meantime, although this might be not substantial,
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the optical bandgap increases from 3.6 to 3.75 eV (Figure 4c).
The higher optical absorption observed for the sample
prepared at RT is suggested to be related to the oxygen hole
species evidenced by STEM-EELS measurements. Indeed, for
the annealed sample, the absorption in the bandgap is
substantially reduced while the oxygen hole prepeak is
removed (Figure 4b).

The experiments performed on RT-NiO thin films highlight
the electrical properties and the chemical heterogeneity of such
films. In particular, although the Fermi level position is
unchanged, higher thin film conductivity is obtained with
higher oxygen pressure during deposition. Concurrently, a
temperature unstable secondary phase rich in oxygen holes
accumulates at the grain boundaries. In the coming section, a
unifying charge compensation of intrinsic defects in RT- and
HT-NiO thin films is discussed on the basis of results reported
above.

B DISCUSSION

It is generally accepted that p-type conductivity in a perfect
NiO crystallographic structure can be obtained by metallic
deficiency (Ni;_,O) in the form of nickel vacancies Vi;.»*"~*°
However, as shown in Figure 3, the RT-NiO thin films contain
grain boundaries full with oxygen holes and can likely provide
support for higher electrical conductivity. Thus, the acceptor
concentration must be enriched at the grain boundaries. It is
suggested that both nickel vacancies (Vy;) and oxygen
interstitials (O;’) can participate in p-doping of RT-NiO thin
films. It is noted that NiO room temperature films can contain
metastable defect configuration due to low diffusion
coefficients. In this prospect, we assume that the highest
binding energy O 1s(Def.) component for RT-NiO thin films
in Figure le actually originates from the oxygen interstitial
while the lowest from peroxo species (O}) or surface oxygen
(Oy).

For charge neutrality, the negatively charged intrinsic
acceptors V" and O,” have to be compensated by positive
charges such as free (delocalized) holes (h*) or by localized
holes either on oxygen and or on nickel atoms. The latter
corresponds to peroxo species O~ (0Of) or Ni** (Niy),
respectively.”” In addition, it should be mentioned that in an
oxygen-rich environment the formation of oxygen vacancies is
not expected and thus is neglected. Therefore, the charge
neutrality condition in NiO thin films can be written as

2[Vy,] + 2[0]] = ['] + [Niy,] + [05] 2)

where the brackets “[]” correspond to the volumetric
concentrations of the species. The left-hand side of eq 2 is
the intrinsic acceptors, which generate charges in NiO thin
films, while the right-hand side represents the charge-
compensating species of the dopants.

Taking the right-hand side of eq 2, the conductivity () in
NiO thin films originates from the contribution of free and
trapped charges and can be expressed as follows:

o= q([h’]ﬂh. + [Ni;\ﬁ]MNi;“ + [OE)],an) (3)

with g the elementary charge and u the mobility. According to
Fermi statistics, the concentration of free holes [h*] in the
valence band is

EF B EVBM]

['] = N, exp[— —
B

(4)
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Figure 5. (a) Representation of the distribution of the oxygen holes throughout the SO nm RT-NiO thin films deposited on the oxide-free silicon
surface according to the oxygen partial pressure in the deposition chamber as deduced from Figure 3. The darker red colors indicate a higher
oxygen concentration. As detailed in Figure S4, cationic interdiffusion occurs at the interface which leads to the formation of a SiO, layer on top of
a nickel rich region. High conductivity in RT-NiO thin films could originate from (b) a reduction of the potential profile encountered by a charge
during a polaron hopping process in an oxygen-rich material (reduced energy wall EA,p) in comparison to a stoichiometric NiO structure (high-
energy wall E, ) or (c) the presence of additional energy level in the NiO bandgap associated with positively trapped species which can participate

in the electrical conduction process.

with N, the effective density of states in the valence band, Eg
the Fermi energy, Eygy the valence band maximum, T the
temperature, and kg the Boltzmann constant.

Because of the anticipated low mobility of the trapped holes,
it is suggested that the increase of the conductivity of RT-NiO
with increasing oxygen activity is related only to the
concentration [h*] in the valence band; eq 4 can be written
in the form

] ©)

In Figure 3, it is shown that the conductivity increases by 3
orders of magnitude when the oxygen concentration increases
from 5% to 15% during the deposition. If this conductivity
increase is solely caused by an increase in the concentration of
free holes, according to eq S, a decrease of the binding energy
of the valence band maximum, the Ni 3d%, and the O 1s peaks
by about 0.2 eV should be observed. This is experimentally not
observed as seen in Figures 3¢ and in Figure 2 where the
surface Fermi energy is pinned at 0.6 eV above the valence
band maximum for any RT-NiO films. The observed surface
Fermi level pinning at 0.6 eV by PES for RT-NiO thin films
can produce a depletion zone in the surface vicinity of the thin
films due to electron trapping by surface defects. In addition,
the EELS measurements show that the defects are detected
first at the grain boundaries before entering the bulk of the
grain with increasing oxygen-rich conditions of preparation
(Figure 3f). The defect concentration must be at least >1% as

[h.]ls%
(B0

Eg1s0 = Epso = —kgT ln[
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they are detected both by PES and EELS measurements. For
such concentration, the width of the depletion layer at the
grain boundaries must be in the nanometers range for a defect-
free bulk.*® ™' It can be, however, assumed that ionic oxygen
bombardment under reactive sputtering” induces defects that
are immobilized at room temperature in the thin films
structure, even when sputtered at low oxygen concentration.
Therefore, bulk defects cannot be excluded at room temper-
ature although not detected by EELS. Thus, the surface Fermi
level pinning can be also an indication of bulk Fermi level
pinning for such thin films. With regard to the HT-NiO thin
films of the first domain in Figure 2a and as indicated by our
previous study,”" the bulk Fermi energy might be higher than
the surface Fermi energy, but it cannot be closer to the valence
band maximum than the limit observed at the surface and it
cannot be larger than the 1 eV limit observed for defect free
surfaces (Figure 2a).

As a consequence, the charge compensation cannot be
realized by free holes (h®) inside the grains for the RT-NiO
thin films. This Fermi level pinning could be the result of the
presence of a deep acceptor level with a charge transition at 0.6
eV above the valence band”” and to the formation of a bound
polaron (localized holes)*' in the vicinity of a nickel vacancy
for RT-NiO thin films. This Fermi level pinning does not seem
to be present for Li-doped NiO where experimental and
theoretical studies suggest that the Fermi level can be close to
the valence band edge upon Li doping.””*’

In addition, Figure 2 shows that for RT-NiO thin films the
Ry; increases with the increase of the O 1s(Def.) weight. We
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assume that the additional feature in the Ni 2p region near the
peak satellite can be associated with the formation of trapped
charges on nickel leading to Ni** while the lower binding
energy component of the O 1ls(Def.) originates from the
formation of localized trapped charges on oxygen leading to
the formation of peroxo species (O). Therefore, we propose
that dopants in RT-NiO thin films are not electronically
compensated by free holes but rather by localized positive
charges on the oxygen and the nickel atoms.

2[VG] + 2[0]] = [Nig] + [Op] (6)

In spite of bulk Fermi level pinning, the RT-NiO thin films
display higher conductivity with increasing oxygen concen-
tration. Concurrently, oxygen holes, which can be associated
with a fingerprint of an higher conductivity, are measured
primarily at the grain boundaries, and they are more significant
with increasing oxygen partial pressure (Figure 3d,e and
scheme in Figure Sa). Therefore, it can be assumed that the
grain boundaries can be the main path for the electrical
conductivity and that they are oxygen-rich. According to the
analysis of the grain boundaries distribution (see Figures S2
and S3), the density of grain boundaries does not substantially
increases with increasing oxygen concentration for RT-NiO
thin films in the thickness range of the samples produced in
this study. Therefore, the increase of the in situ conductivity in
Figure 3b is likely related to a change in the grain boundaries
chemistry which can present higher defects concentration in
more oxygen-rich conditions. However, Keraudy et al. reported
that for a given grain boundaries chemistry the conductivity of
the thin films decreased with decreasing grain boundaries
density for thin films thickness range of 100—1000 nm.** This
result supports the assumption that the grain boundaries
promote the electrical conductivity in the NiO thin films.
Eventually, the conductivity at the §rain boundaries can be
estimated from a brick layer model.”” We find that the grain
boundary conductivity ogp can be as high as 4 S/cm while the
bulk of the grain is in 107> S/cm range (see the calculation in
Supporting Information section S2.2). These values indicate
that grain boundaries can be up to 400 times more conductive
than the bulk of the grain. The determination of the carrier
concentration or the charge mobility in nonintentionally doped
NiO thin films is quite difficult because of the electrical
hopping transport in such materials. To the best of our
knowledge, literature does not provide reliable quantitative
insights but to explain the reported high electrical conductivity
and the low electrical activation energy for RT-NiO thin films
in comparison to nondoped NiO structures (see the
Introduction), we propose two underlying charge transport
mechanisms based on qualitative considerations. A combina-
tion of both mechanisms is not excluded.

As a first mechanism, we propose that the high conductivity
could originate from the formation of a O 2p continuous band
at the grain boundaries replacing the charge-transfer
mechanism in standard NiO. The continuous band at the
grain boundaries would drastically reduce the electrical
activation energy necessary for the charge displacement relying
on polaron hopping (see Figure Sb) while the bulk of the grain
would be still subjected to large charge-transfer resistiv-
ity.****>3 Such case would necessarily lead to a considerable
increase of the charge mobility at the grain boundaries.

The second mechanism could arise as a consequence of the
Fermi level pinning due to charge compensation of dopants in
the form of trapped charges such as O~ and Ni**. Similarly to
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Li-doped and oxygen-deficient NiO materials, we assume
that these trapped charges in RT-NiO thin films are localized
at intermediate energy levels in the NiO bandgap, and so, if
they are mobile, they do not circulate in the valence band but
in another energy level (Figure Sc). This additional energy
level can bring another electrical path participating in the
overall conductivity as described in eq 3.

As represented in Figure Sa, the oxygen-rich grain
boundaries are eliminated by annealing. It implies that the
oxygen-rich phase is not stable. This instability can be also the
underlying mechanism leading to electrical aging and to the
higher chemical reactivity of RT-NiO thin films.”>***” After
annealing, the grain boundaries and the bulk of the grains are
more homogeneous, no oxygen-holes are detected, and in situ
X-ray PES does not evidence the presence of oxygen
interstitials for HT-NiO thin films. Therefore, we assume
that only nickel vacancies (Vy;) can compensate for the
stoichiometry deviation in HT-NiO thin films. Meanwhile, the
Ni 2p region is not particularly affected by the increase of the
O 1s(Def.) weight for HT-NiO thin films as evidenced by the
constant Ry; ratio (see Figure 2a). It would mean that the
defects produced at high temperature are not charge
compensated by Ni**, but it still can be conceived they are
compensated by positive charges on the oxygen atoms. Indeed,
as charge transfer material where mobile charges periodically
hop from an anionic to a cationic site, it is quite realistic that
nickel vacancies in an otherwise perfect NiO structure are
electronically compensated by an electrical distribution on the
closest neighboring atoms.”> The concentration of these
positive charges on oxygen which would lead to peroxo
species is too low for being detected by the PES and STEM-
EELS setup. Thus, the O 1s(Def.) feature for HT-NiO thin
films in Figure 1b,e could instead originate from adsorbed
oxygen on the thin films surface for which the concentration
could be proportional to the defectiveness of the NiO thin
films. In any case, the decreasing valence band edge position to
the Fermi level with increasing O 1s(Def.) weight (see Figure
2) can be interpreted as an increase of the free holes
concentration in the valence band (see Figure 4) for HT-NiO
thin films with increasing defects (nickel vacancies) concen-
tration. Finally, we propose that for the NiO thin films
produced at high temperature, visible in the first domain in
Figure 2, the compensation of nickel vacancies is realized by
the formation of free holes and peroxo species:

2[Vi] = [B7] + [Og)] (7)

B CONCLUSION

This study evidences that polycrystalline reactively sputtered
NiO thin films can have drastic different properties at
electronic, chemical, and defect levels when prepared either
at RT or at HT. Thus, HT-NiO thin films display a low work
function (~4.5 V), an unpinned Fermi level (0.6—1.1 eV),
high transparency, poor electrical conductivity, and good
stoichiometric homogeneity. On the contrary, RT-NiO thin
films show a high work function (~5.2 eV), Fermi level
pinning (~0.6 eV), lower transparency, high electrical
conductivity, a surface dipole of 0.3 eV, and a high
stoichiometric heterogeneity with the appearance of an
oxygen-rich phase at the thin film grain boundaries with
increasing oxygen concentration. In addition, the HT-NiO thin
films are doped by nickel vacancies which are charge
compensated by free holes and localized holes on the
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surrounding oxygen atoms, but in RT-NiO thin films the
dopants can be both nickel vacancies and oxygen interstitials
which are charge compensated solely by localized holes on
both nickel and oxygen atoms. The high electrical conductivity
of RT-NiO thin films originates from the highly conductive
grain boundaries because of a lowering of the electrical
activation barrier or because of a different electrical trans-
portation mechanism through trapped charges. The defects at
and the conduction along the grain boundaries in RT-NiO thin
films can be suppressed with an annealing step above 200 °C.
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