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Abstract

We have studied the electronic structure of nanocrystalline NiO thin films, grown by
radio-frequency magnetron sputtering under different experimental conditions, using x-ray
absorption spectroscopy. The O 1s and Ni 2p spectra showed distinct changes as a function of
O, content in the plasma, which were reproduced with cluster model calculations. These
changes are attributed to the incrementing of the surface contribution due to a decrease of the
crystallite size as the O, content in the plasma increases, and to the presence of induced nickel
vacancies. Thus, the changes in the electronic structure can be related to the modification of
structural and transport properties of these nanocrystalline films.

(Some figures may appear in colour only in the online journal)

1. Introduction

NiO is one of the most studied transition metal oxides,
not only in fundamental physics, but also for practical
purposes. In recent years there have been many works
proposing the use of NiO in technological applications such
as electrochemical capacitors and supercapacitors [1, 2],
electro-optical devices [3, 4], electrochromism [5], electrodes
in lithium batteries [6], and devices based on resistive
switching [7]. Nanostructured NiO is especially attractive
because of its higher effective surface [8], which ends up
yielding unique properties for current applications such as
catalysis [9] and energy conversion and storage [10].

The physical properties of any material, and thus the
actual feasibility of its application, strongly depend on the
stoichiometry, density of defects, and crystallinity, which
are very sensitive to the growth parameters. Previously,
we have grown NiO films and membranes by magnetron
sputtering with tailored properties, and shown that changes
in the conductivity, due to the presence of vacancies,
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could be achieved by modifying some of the deposition
parameters [11].

Nevertheless, valuable insight can be obtained by
studying the electronic structure of these systems. Then, the
changes in the physical properties can be directly related
to their microscopic origin, although theoretical studies are
required to confirm structural assumptions. In previous works,
we showed that the Ni 2p x-ray photoelectron spectral line
shape of NiO is influenced by surface effects [12, 13].
These effects are enhanced when the surface-to-volume ratio
increases, as in nanostructured NiO [14, 15], and are also
present in the O 1s x-ray absorption spectra (XAS) of
NiO [16, 17].

X-ray absorption spectroscopy is a suitable technique to
use to study the electronic structure in this case, because
it is very sensitive to the chemical environment and gives
information on the covalent character of bondings and on the
ground state and symmetry of a specific ion. This method
was already applied for studying the electronic structure of
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Li-doped NiO [18, 19], and that of the nickel perovskites
LaNiO3 [20] and PrNiOs3 [21].

We present here x-ray absorption spectroscopy results
on a series of nanocrystalline NiO thin films grown by
RF magnetron sputtering with different oxygen-to-argon
ratios in the plasma during deposition. The O 1s edge
showed significant changes as a function of oxygen content
in the plasma, whereas the Ni 2p edge presented only
minor modifications. We were able to explain the distinct
changes in both XAS spectra with theoretical cluster
model calculations. The systematic changes in the electronic
structure of these thin films are attributed to the enhancement
of the surface contribution, as well as to the presence
of nickel vacancies, which induce the formation of Ni’t
states. These effects can help to explain the changes in
the conductivity of nanostructured NiO films with different
growth conditions [11].

2. Experimental details

NiO thin films were grown by RF magnetron sputtering
of a NiO target (AJA International, 99.95% purity) on
single-crystal silicon wafers (p-type with (100) orientation).
The deposition was carried out at room temperature in a high
vacuum chamber with a base pressure below 10~/ mbar. The
pressure used for plasma ignition was 1.5 x 10~2 mbar, and
was maintained at this value during the whole growth process,
which took about one hour. The plasma was composed of
a mixture of oxygen and argon, with an oxygen content
ranging from 0% to 100%. The substrates were rotated during
deposition at about 10 rpm in order to obtain a more uniform
film. The angle of the sputtering cathode was 23° (off-axis)
with respect to the normal of the substrate surface, and the
distance between the target and substrate was 8 cm. Before
starting deposition a pre-sputtering of 5 min was performed
in order to clean the target surface. The magnetron power was
set to 200 W. Although no heating was applied, a temperature
increase of about 50 °C, induced by the plasma, was observed
in the surface of the substrates at the end of the deposition, as
was monitored by an IR external pyrometer operating through
a sapphire window. The NiO films grown in this way were
polycrystalline, with thickness between 100 and 240 nm, as
determined with a Dektak 150+ Surface Profiler from Veeco.
The electrical resistivity of the films was measured at room
temperature by the Van der Pauw method using an Ecopia
HMS-5000 system.

X-ray diffraction (XRD) measurements were carried out
with a Panalytical Xpert PRO diffractometer in a grazing
incidence condition. In the setup used, an x-ray tube providing
Cu Ko radiation with the corresponding optical setup provides
a parallel and monochromatic x-ray beam. XRD data were
collected with a beam incidence angle of 1° and a 26 scan
between 30° and 70° with a step size of 0.03°and a counting
time of 5 s/step.

The O 1s and the Ni 2p x-ray absorption spectra were
obtained at the Optics Beamline of the BESSY II synchrotron
radiation source in total electron yield mode by measuring
the sample drain current. The photon energy was calibrated
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Figure 1. O 1s x-ray absorption spectra of NiO thin films as a
function of O, content in the sputtering plasma during growth. The
spectra show empty O 2p states covalently mixed with Ni 3d and
Ni 4sp states. The increase of O, content produces a Ni3t
contribution and a splitting of the Ni** states.

comparing the binding energy of the Au 4f7,, photoemission
peak excited with first-order and second-order light. The
energy resolution was approximately 100 meV at a photon
energy of about 500 eV. The spectra were recorded under
normal incidence, and were normalized using a spectrum
from a fresh gold sample in order to correct the spectra for
the contamination of the optical elements and other possible
artefacts.

3. Results and discussion
3.1. O Is x-ray absorption spectra

Figure 1 shows the experimental O 1s x-ray absorption spectra
of samples with different growth conditions. The spectrum
for the sample with no O, content (0%) is in very good
agreement with previous spectra for bulk NiO [18, 22-24].
The absence of O, during the sputtering deposition could
lead to a decrease in the oxygen content of the films, and
hence to partially reduced NiO. This would be evidenced
by the presence of metallic Ni in the films. However, no
traces of metallic Ni were observed either in the XAS spectra
or through XPS, as reported elsewhere [25]. The structures
observed in figure 1 are related to empty O 2p states covalently
mixed with Ni%* 3d states, at around 532 eV, and with Ni 4sp
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states, above 535 eV. The small component, around 533 eV, (111 XRD, NiO
is attributed to the splitting of Ni 3d orbitals, due to surface XRD 40% O,
effects [16]. .
NiO (220) (220)

When samples are grown in the presence of O, on the
other hand, there is a change in the Ni 3d region of the spectra.
The surface related contribution, at about 533 eV, becomes
more prominent, and a new feature appears, at around 529 eV.
This new peak is attributed to O 2p states mixed with Ni** 3d
states [18]. The relative intensity of these features indicates
that the O content during growth causes two effects: (i) an
increase in the surface-to-bulk ratio in the samples, and (ii) a
further oxidation of nickel ions.

The first effect is attributed to the diminution of
crystalline size when the oxygen content in the plasma
increases. Figure 2 shows x-ray diffraction (XRD) patterns
in the region of the NiO (220) peak for samples grown with
different oxygen contents in the plasma. A small shift towards
lower angles can be observed, which suggests an increase in
the lattice parameter due to an excess oxygen in the lattice,
as discussed in previous works [11]. The peak width clearly
broadens as the oxygen content increases, which, according to
the Scherrer analysis, indicates that the addition of oxygen to
the plasma produces a grain size reduction. A simple analysis
gives a decrease in the average grain size from about 30 nm
for the sample grown with pure Ar to less than 10 nm for the
sample grown with pure O,. Further, this effect has also been
directly observed by scanning electron microscopy [25].

On the other hand, the increase of the pre-edge feature in
the O 1s XAS spectra, attributed to Ni3™ states, can explain
the increase of the electrical conductivity of the NiO films
with the oxygen content in the plasma during growth. In
figure 3 we show the electrical resistivity of the NiO films
as a function of the oxygen content of the plasma. A clear
decreasing trend can be observed in a range that covers more
than two orders of magnitude. This trend has already been
observed in the past [3, 11, 26]. In a previous work we
showed that the observed decrease in resistivity is correlated
with a decrease in the Ni-Ni coordination number observed
via EXAFS [11], which is an evidence of the presence of
Ni vacancies in the films. This correlation suggests that
the electrical behaviour of the NiO films is based on the
conduction by holes.

3.2. Cluster model calculations

In order to confirm the origin of the features in the
O 1s XAS spectra, we have performed cluster model
calculations. The model consisted of a regular octahedral
NiOg or pyramidal NiOs cluster, solved with the standard
configuration interaction method [27, 28]. The ground state
wavefunction is expanded in the 3d", 3d"t!'L,3d"+2L2,
etc configurations, and the addition state wavefunction is
expanded in the 3d"+!, 3d"*+2L, 3d"*+3L2, etc configurations,
where L denotes a hole in the ligand (oxygen) band.
Finally, the spectral weight is calculated within the sudden
approximation.

The main parameters of the model are the charge transfer
energy A, the d—d Mott Hubbard repulsion U, and the p—d
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Figure 2. X-ray diffraction patterns around the (220) peak of NiO
samples grown with different oxygen contents in the plasma. The
inset shows, as an example, the complete diffraction pattern for the
40% sample, which is typical of NiO.
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Figure 3. Evolution of the electrical resistivity of NiO films grown
on different substrates with the oxygen content in the sputtering
plasma.

transfer integral pdo [29]. Each configuration is further split
by multiplet effects, given in terms of the Racah parameters
B and C, and the crystal field splitting 10Dg. The values
used in the calculations are listed in table 1, and are similar
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Table 1. Cluster model parameters (all values in eV).

Ni2+ Ni3+
A 4.0 1.0
U 7.5 7.0
pdo 15 1.8
B 0.13 0.16
C 0.58 0.60
10Dg 1.0 12

to those from previous works on NiO [13, 14, 30] and on
(Pr)LaNiO3 [20, 21].

Calculations for a Ni?t or a Ni** ground state ionic
configuration were done separately. In the case of Ni’T, two
contributions were considered: (i) a bulk contribution, where
nickel ions appear in octahedral symmetry (NiOg) [13], and
the interaction between p—d electrons in the e, band is given
by T, = \/§pdo; and (ii) a surface contribution, where nickel
ions appear in pyramidal symmetry (NiOs) [13], and the
interaction between p—d electrons is split into Thaga) = T and
Tapical =~ 0.6T due to the absence of an apical oxygen [13].

In the case of Ni?T calculations, the ground state is
composed of about 79% of 3d®, 20% of 3d°L and 1% of
3d'0L? configurations, depending on the chosen symmetry.
On the other hand, the Ni** calculation shows a ground state
formed from 34% of 3d’, 58% of 3d®L, 7% of 3d°L? and
1% of 3d'°L3 configurations. It is worth noting that the latter
is in the negative charge transfer regime because of the larger
3d"*!L contribution, and that the 3d” configuration is actually
in a low spin state (tgthggi eéT), as in the case of LaNiOj3 [20].
These results will be essential for explaining all the spectra.

Figure 4 presents the O 1s x-ray absorption spectra
calculated in the case of octahedral Ni?*, pyramidal Ni**,
and Ni*t jons. The relative energies of the discrete final
states were preserved, but the absolute energy scale was
adjusted/shifted to get the best agreement with the O 1s
absorption edge. Finally, the calculated transitions were
convoluted with a 0.3 eV Lorentzian and a 0.5 eV Gaussian
function, to simulate lifetime and experimental broadening
effects, respectively.

The Ni>* calculations show final states mainly related to
the 3d® configuration. In octahedral symmetry, there is only
one structure, at 531.8 eV, related to the addition of an electron
in the ey sub-band. In pyramidal symmetry, the e, degeneracy
is split into two contributions, at 532.4 and 533.0 eV, which
are due to the addition of an electron in the apical (z%) or basal
(x2 —y?) sub-bands. The Ni** calculations are similar to those
in previous reports [20] and show final states mainly related to
the 3d® configuration. The structures appear at lower energies
than in the Ni?t case, at around 528.6, 529.5 and 530.3 eV,
and are attributed to the addition of different majority or
minority spin e, electrons, because of the low spin state of
Ni3+ jons.

Figure 5 shows the calculated O 1s x-ray absorption
spectra of samples with different growth conditions. The
total spectra are the sums of the calculated octahedral
Ni?*, pyramidal Ni**, and Ni** contributions, which were
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Figure 4. Calculated O 1s x-ray absorption spectra for octahedral
Ni**, pyramidal Ni?*, and Ni** ions.

weighted (see the inset) in order to give the best agreement
with the experimental results.

The spectrum for the sample with no O, content is formed
only from Ni2* contributions, 60% in octahedral (bulk) and
40% in pyramidal (surface) symmetries. In contrast, the
spectrum of the sample grown with 100% O, content is
formed from 14% of Ni*™ and 86% of Ni*T contributions,
which are split into 30% octahedral (bulk) and 56% pyramidal
(surface) ones.

Again, the results indicate that the relative intensity of
these features seems to be directly related to the O, content
during growth. Not only is the intensity of each contribution
linearly proportional to the O, content during growth (see the
inset), but also both Ni** and pyramidal Ni** parts have the
same rate of increase, in detriment to the octahedral NiZt
contribution.

3.3. Ni 2p x-ray absorption spectra

Figure 6 presents the experimental Ni 2p x-ray absorption
spectra of samples with different growth conditions. Again,
the result for the sample with no O, content (0%) is similar
to a typical NiO spectrum [31]. The spectra given by this
technique correspond to 2p®3d® — 2p>3d° transitions, which
are separated by spin—orbit interactions into the Ni 2p3,, and
Ni2p, ;, components, and further split by multiplet effects in
two main features, A-B and A’-B’, respectively.
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Figure 5. Calculated O 1s x-ray absorption spectra with weighted
Ni** and Ni** contributions. Each weight, presented in the inset,
was estimated to give the best agreement with the experimental
spectra.

Surprisingly, the Ni 2p XAS spectra do not change much
when samples are grown in the presence of O,. The only
difference is that the intensities of peaks B and B’ become
slightly larger as the O, content increases. At first, this seems
to contradict the results for the O 1s XAS but, as we will show
below, smaller effects on this absorption edge are expected.

3.4. Ni 2p XAS calculations

In order to interpret the Ni 2p XAS results, we also did
calculations using the CTM4XAS code [32]. It includes
not only charge transfer configurations, but also full atomic
multiplet effects, which are crucial for describing transition
metal L3> edges. The charge transfer and crystal field
parameters are the same as those presented in table 1, and the
Coulomb and exchange interactions were scaled down to 80%
of their atomic values.

Figure 7 shows the Ni 2p x-ray absorption spectra
calculated in the case of octahedral Ni**, pyramidal Ni**,
and Ni* ions. As in the O 1s XAS spectra, the discrete final
states were again convoluted with a Lorentzian and a Gaussian
function.

The Ni2* calculations show final states mainly related
to 2p®3d® — 2p°3d® transitions, since the ground state is
mostly formed from the 3d8 configuration (about 80%). In
both symmetries, these transitions are split into the A-B and

Ni 2p X-Ray Absorption Spectra
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Figure 6. Ni 2p x-ray absorption spectra of NiO films as a function
of O, content in the sputtering plasma during growth. The spectra
are related to 2p®3d® — 2p’3d” transitions, and do not show much
change as the O, content increases.

A’-B’ structures. This splitting is somewhat greater in the
octahedral symmetry, whereas the intensity of the B’ peak is
larger in the pyramidal case.

On the other hand, the Ni*T spectrum is not mostly
related to 2p%3d’ — 2p°3d® transitions, but to 2p®3d8L —
2p33d°L excitations, because the ground state is mainly due
to the 3d8]: configuration (about 60%). As a result, the
calculation is much more similar to a Ni>* spectrum than to a
typical high spin Ni3* one [33]. Then, the spectrum is formed
from a small pre-edge structure, and two main features, in
each Ni 2p3 /> or Ni 2py 2 region, which end up lying in about
the same energy positions as the A-B and A’-B’ structures.

Figure 8 presents the calculated Ni 2p x-ray absorption
spectra of samples with different growth conditions. The
total spectra are the sums of the calculated octahedral Ni2t,
pyramidal Ni>*, and Ni*T contributions (see figure 7), whose
weights are the same as in the O 1s XAS calculations, shown
in the inset of figure 5.

The results confirm that, in this case, the spectra do
not vary much as a function of O, content during growth.
The only difference in the experimental spectra was a small
increase in the relative intensities of peaks B and B’, which is
reproduced by our calculations. Therefore, the apparent lack
of influence of O, content in the Ni 2p edge can be attributed
to the similarities in the Ni2t and Ni’T contributions, in
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Ni 2p X-Ray Absorption Spectra
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Figure 7. Calculated Ni 2p x-ray absorption spectra for octahedral
Ni**, pyramidal Ni2*, and Ni** ions.

contrast to what we found in the O 1s edge. Please note
that the small pre-edge feature in the Ni** spectrum does
not contribute much to the simulation because the relative
concentration of Ni*T ions in the films was estimated to be
at most 13%.

4. Conclusions

We have measured the O 1s and Ni 2p x-ray absorption spectra
of nanocrystalline NiO thin films grown by RF magnetron
sputtering with different O,/Ar ratios in the plasma. The
O 1s XAS spectra show a splitting of the peak assigned to
Ni e, states, caused by an enhancement of the surface effects
due to the reduction of the crystal size, and a pre-edge peak
associated with the presence of Ni vacancies. The reduction of
the crystallite size has been confirmed by XRD measurements.
On the other hand, electrical resistivity measurements show a
correlation with the intensity of the pre-edge peak, suggesting
that the electrical behaviour of the NiO films is based on
the conduction by holes. Finally, the Ni 2p XAS spectra do
not change much for different growth conditions. The distinct
changes in each spectrum, both at the O 1s and at the Ni 2p
edges, have been successfully reproduced by cluster model
calculations, which showed that the Ni3t and Ni?* surface
contributions increase linearly with the oxygen content in the
plasma. Thus, the changes in this parameter during growth
affect the electronic structure of these NiO films, which, in

Ni 2p X-Ray Absorption Spectra

—— T T T T T
Ni2p,,
A
Ni2p,,
B A B

>
‘®
o
3
£
o
[}
N
®©
S
—
o
z

I RPN AR BRI B R

850 855 860 865 870 875

Photon Energy (eV)

Figure 8. Calculated Ni 2p x-ray absorption spectra with weighted
Ni** and Ni** contributions. The relative weights, shown in the
inset of figure 5, were the same as in the O 1s XAS spectra
calculations.

turn, can be associated with the changes in their structural and
transport properties.
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