J Mater Sci (2014) 49:2773-2780
DOI 10.1007/s10853-013-7980-7

Effects of grain refinement and disorder on the electronic
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Abstract Nanocrystalline NiO thin films have been
grown on different substrates by RF magnetron sputtering
with mixed O,—Ar plasma composition. The oxygen
content of the plasma was varied between 0 and 100 %.
The films were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), X-ray pho-
toelectron spectroscopy (XPS), and extended X-ray
absorption fine structure (EXAFS). SEM results reveal a
grain refinement when oxygen is added to the plasma. This
effect can also be observed by XRD, where an analysis of
the peak width confirms this decrease in the grain size. The
analysis of EXAFS data shows that the presence of O, in
the plasma induces lattice disorder, as evidenced by the
observed increase of the Debye—Waller factor. These
microstructural changes modify the electronic structure of
the NiO thin films. The spectral line shape in Ni 2p XPS
spectra shows clear differences between samples grown
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with and without O, in the plasma. These differences can
be explained in terms of the observed structural changes.

Introduction

Nickel oxide is an interesting technological material due to
its wide range of applications, which are currently the
subject of active research. For instance, NiO and Ni; _,O in
the form of thin films have a key role in electrochemical
supercapacitors [1, 2], electrochromic films [3], gas sensors
[4], lithium-ion batteries [5], and different catalytic appli-
cations, such as the reduction of methane to produce
hydrogen [6, 7]. In all these applications the interaction of
the NiO films with the environment plays an important
role. Therefore, these materials are usually grown as
nanostructured films with a high surface-to-volume ratio.

From a fundamental point of view, the electronic
properties of NiO have originated much debate in the last
decades [8—10]. Indeed, the lineshape of the Ni 2p photo-
emission spectra is still controversial, especially the
shoulder at 1.5 eV from the main peak [11]. It has been
recently proposed that the intensity of this satellite is
originated by non-local screening and surface effects [12].
In nanostructured NiO samples, where the surface-to-vol-
ume ratio is enhanced, this feature results to be more
intense [13, 14].

Nickel oxide thin films can be grown via many depo-
sition methods, both chemical and physical [15-17].
Among the physical deposition techniques magnetron
sputtering has centered much interest due to its ability to
grow coatings with a wide variety of final properties.
Magnetron sputtering has been used in recent years to
deposit NiO using both direct and alternate current on
different substrates [18-20]. Due to the out-of-equilibrium
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nature of the sputtering process the final properties of the
films are highly dependent on the growing parameters:
substrate temperature, sputter gas composition, magnetron
power, distance and angle between substrate and target,
time of deposition, and working pressure. For instance, the
influence of substrate temperature and working pressure
modifies the structure of the films as predicted by the
structure zone model of Thornton [21]. In our case, the
relevant parameter is the plasma composition. In a previous
work, we obtained nanostructured NiO films with different
structural and electrical properties by using different mix-
tures of argon and oxygen in the plasma [22]. In the present
work, we show how the structural changes induced by the
presence of O, in the sputtering plasma, especially the
crystallite size and the lattice disorder, affect the electronic
structure of the films observed by XPS, especially the
observed differences in the surface contribution to the Ni
2p line shape.

Materials and methods

Nanostructured NiO thin films were grown by radio fre-
quency magnetron sputtering of a NiO target (AJA Inter-
national, 99.95 % purity). The base pressure of the vacuum
chamber was in the lower 10”7 mbar range, and the pres-
sure used for plasma ignition was 1.5 x 1072 mbar. This
pressure was kept constant during the whole deposition
time (1 h). The plasma was composed of a mixture of
oxygen and argon, with an oxygen content ranging from 0
to 70 %. Different substrates were used in order to study
the effects of the substrate surface morphology on the final
properties of the NiO films. Glass microscope slides and
single-crystal silicon wafers [p-type with (100) orientation]
were used as planar substrates. Commercial (Synkera
Technologies) anodic alumina membranes (AAM) grown
on aluminum were used as nanostructured substrates. The
pore diameter of the AAM was ~ 35 nm, and the distance
between pores was & 100 nm, which gives a porosity of
approximately 11 % by geometrical estimation. The
thickness of the AAM was 500 nm. Except for the AAM,
all substrates were ultrasonically cleaned by immersing
them subsequently into acetone and methanol. The sub-
strates were rotated during deposition at about 10 rpm in
order to obtain a more uniform film. The angle of the
sputtering cathode with respect to the normal to the sub-
strates surface was 23° (off-axis), and the distance between
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 100 W.
Although no heating was applied, a temperature increase of
about 50 °C above room temperature, induced by the
plasma, was observed at the surface of the substrates at the
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end of the deposition, as monitored by an IR external
pyrometer operating through a sapphire window.

The morphology of the deposited NiO films was
observed by scanning electron microscopy (SEM), using a
Philips XL30 S-FEG microscope equipped with a field-
emission cathode, at an accelerating voltage of 20 kV.
X-ray diffraction (XRD) measurements were carried out
with a Panalytical Xpert PRO diffractometer in grazing
incidence condition. In the setup used, an X-ray Cu tube
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 2g scan between 30°
and 70° with a step size of 0.03° and a counting time of 5 s/
step. The XRD data were used to calculate the mean crystal
size using the Scherrer approximation, with a confidence
range of 10 %.

X-ray absorption spectra (XAS) were measured above
the Ni K-edge (E ~ 8.3 keV) at the SpLine BM25
experimental station of the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France. Measurements
were carried out at room temperature in fluorescence mode,
using a multi-element solid-state multichannel detector.
The XAS spectra were processed according to standard
procedures [23] and the corresponding extended X-ray
absorption fine structure (EXAFS) was analyzed by using
the VIPER program [24, 25]. Every measurement and fit-
ting was systematically performed on samples deposited on
AAM and Si substrates, with no significant differences.
A NiO cluster of 6 A with NaCl-type structure (fcc), was
simulated with the software ATOMS. Then the phase shift
and backscattering amplitudes were calculated for a max-
imum path of 4 legs with the use of the FEFF5 code. Only
the first two shells were used in the fittings, neglecting the
multiple-scattering paths due to the high level of disorder
of the samples. In order to obtain the EXAFS signal the
data were multiplied by k* to compensate for the amplitude
reduction at large k values. X-ray photoelectron spectros-
copy (XPS) measurements were carried out using a
CLAM4 electron energy analyzer and a twin anode (Mg
and Al) X-ray source from Thermo-Scientific. The pass
energy was set to 20 eV in order to have a good equilib-
rium between count rate and energy resolution.

Results

Figure 1 shows high-resolution SEM images of NiO thin
films grown on nanoporous AAM templates (Fig. la—d)
and on single-crystal Si wafers (Fig. le, f). Images la, c,
and e, at the left, correspond to samples grown with pure
Ar plasma, whereas images 1b, d, and f, at the right, cor-
respond to samples grown with 70 % oxygen in the reac-
tive plasma. As it can be seen in Fig. 1a—d, NiO thin films
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keep the hexagonal structure of the AAM after deposition.
This effect is independent of the oxygen content in the
reactive plasma: all samples preserve the substrate pattern.
However, some differences in the morphology of the
deposited films can be observed between samples grown
with and without oxygen in the plasma. Figure la reveals
irregular patterns around the pores, with sharp edges and
well-defined angles, suggesting a polycrystalline growth
with crystals of different orientations growing indepen-
dently of each other, showing up different facets in the top
view image. On the other hand, Fig. 1b shows a mor-
phology with more softened and smooth edges, resembling
amorphous growth, or, at least, a considerable refinement
of the crystal size. This effect can also be observed in the
NiO thin films grown on flat Si substrates (Fig. le, f). The
sample grown without oxygen in the plasma shows a fine
structure, with very irregular patterns, and grain size large
enough to be resolved with the current microscope setup.
On the other hand, the image taken on the sample grown

Fig. 1 NiO thin films grown on
AAM substrates (a)—(d) and on
Si substrates (e) and (f). The left
column shows samples grown
with no oxygen in the plasma,
while the right column shows
samples grown with 70 %
oxygen content in the sputtering
plasma

with 70 % oxygen in the plasma, shown in Fig. 1f, is not
able to resolve the grain structure.

Figure 1c and d shows cross sections of the NiO films
deposited on AAM substrates. Details of the pores and the
pore walls are clearly resolved. The NiO films correspond
to the upper, brighter region, which extends about one fifth
of the height of the pores, which is nominally 500 nm. The
thicknesses of both samples are of the same order of
magnitude. According to this image, the created thin films
have a columnar structure on the top of the AAM columns
with the growth direction perpendicular to the surface. In
every sample the pores are unblocked and the NiO thin
films maintain the columnar growth surrounding the pores
in a hexagonal arrangement. Note that the possibility to
grow hexagonally patterned nanoporous NiO films might
have significance in some technological applications, such
as in magnetic exchange-bias devices or in catalytic nano
reactors. Columnar growth is expected under the current
conditions. According to Thornton [21], for temperatures
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well below the melting point and high argon pressures
there is little adatom surface mobility, and the initial nuclei
tend to grow in the direction of the available coating flux.

The grain refinement shown in Fig. 1 for samples grown
with oxygen in the plasma should be detected by other
structural techniques, like XRD. Figure 2 shows a detail of
the (100) diffraction peak for samples grown with pure
argon and 70 % O, in the plasma, respectively. No dif-
ferences were observed between samples grown on dif-
ferent substrates. The solid line through the data points is
the result of a standard least-squares fit using a pseudo-
Voigt curve. The intensity of the diffraction peak in the
case of the 70 % sample is about eight times lower than
that of the 0 % sample, although this difference is not
appreciated in the figure because we used an arbitrary scale
to plot both peaks with a similar aspect, in order to
emphasize their differences in width and position. This
difference in intensity is evidenced, however, by the dif-
ferent signal-to-noise ratio of both curves. The lower
intensity of the diffraction peaks for the sample grown with
oxygen suggests a lower crystal quality. Additionally, the
position and width of the (100) peak of this sample differ
from the values obtained for the sample grown with pure
Ar. The peak is shifted towards lower Bragg angles, which
indicates an expansion of the crystal lattice of about 1-2 %
for samples with oxygen in the plasma. This effect is
gradual, increasing with the oxygen content of the plasma,
as has been reported in previous works [22, 26], and can be
associated to a distortion of the lattice induced by an excess
oxygen in it. Indeed, the presence of Ni vacancies in this
kind of NiO thin films has been very recently reported, with
a concentration that increases linearly with the oxygen
content of the plasma [27].

The width of the diffraction peaks can be associated to
the mean crystal size in nanocrystalline materials: the lar-
ger the width, the smaller the crystal size. The larger width
observed for the 70 % sample as compared with the sample
grown with pure Ar indicates that the mean size of NiO
grains in the former case is smaller than in the latter one.
Both the decrease in intensity and the increase in width of
the diffraction peaks of samples grown with oxygen in the
plasma suggest partial amorphization and grain refinement,
which correlates with that observed by SEM in Fig. 1.
According to the Scherrer equation, there is a relationship
between the broadening of a peak in a diffraction pattern
and the size of sub-micrometric crystallites. We have made
use of such equation to obtain the mean crystal size of all
samples grown between 0 and 70 % oxygen. The results
are shown in Fig. 3. In all cases, the original data were
fitted using a pseudo-Voigt curve. The gaussian contribu-
tion to this curve increases with the oxygen content, which
suggests that there is more disorder as the oxygen content
of the plasma increases (Table 1). The mean crystal size
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Fig. 2 X-ray diffraction patterns around the (100) peak of NiO films
grown on Si with 0 and 60 % oxygen in the sputtering plasma,
respectively. The solid line through the data points is the result of a
least-squares fit using a pseudo-Voigt curve
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Fig. 3 Evolution of the average grain size of the nanocrystalline NiO
films with the oxygen content of the plasma, as obtained from the
XRD data using the Scherrer equation. The original data were
previously fitted using a pseudo-Voigt curve

for the sample grown without oxygen is about 20 nm,
which is in agreement with the microstructure shown in
Fig. 1a and e. As some oxygen is added to the plasma,
there is a sudden drop in the grain size, down to 6 nm for
the 10 % sample. This crystal size is approximately kept
constant when increasing the oxygen content in the plasma.
According to these results, samples prepared in the pre-
sence of oxygen in the plasma present a considerable grain
refinement.
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Table 1 Width of the gaussian contribution to the pseudo-Voigt
curves used in the fittings of the XRD data

Sample Width (°)
0 0.45
10 0.60
20 0.66
30 0.68
40 0.76
50 0.82
60 0.86
70 0.88
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Fig. 4 Left EXAFS signal (k*>-weighed) of NiO films grown with
different oxygen content in the sputtering plasma. Right module of the
Fourier transform of the EXAFS signal for samples grown with 0 and
70 % oxygen. The central atom phase shift has been previously
subtracted

Figure 4 shows the Ni K-edge k’-weighed EXAFS
signals for all samples (left), and the module of the Fourier
transform for samples grown with 0 and 70 % oxygen in
the plasma (right). The EXAFS signals have been obtained
after removing the background using a cubic spline poly-
nomial fitting, and normalizing the magnitude of the
oscillations to the edge jump. In the determination of the
Fourier transform, the central atom phase shift has been
previously subtracted. The frequency of the oscillations of
the EXAFS signal is very similar for all samples. On the
other hand, the amplitude gradually decreases when the
oxygen content of the plasma increases, especially at high
k values. Such a decrease in the amplitude of the EXAFS
oscillations can be caused by either a decrease of the
coordination number or an increase of the structural
disorder.

The peaks observed in the Fourier transform correspond
to the first neighbor distance (Ni—O) and the second

neighbor distance (Ni-Ni) around the absorber atom,
respectively. The results of the fit analysis yield a first
neighbor distance of 2.08 A and a second neighbor dis-
tance of 2.96 A for the sample grown with pure Ar. These
values are slightly larger than those of bulk NiO [28]. In
the case of the 70 % sample an expansion of about 1 % in
the interatomic distances, as compared to the 0 % sample,
is obtained from the fitting analysis, which confirms the
lattice expansion observed by XRD. As it can be observed
in Fig. 4, the intensity of both peaks for the 70 % sample is
lower than for the 0 % sample. Such a decrease is related to
the damping observed in the EXAFS signal when the
oxygen content increases, and is thus related to a decrease
of the coordination number and an increase of the disorder.
NiO usually grows in a non-stoichiometric form as Ni; _,O,
i.e., with excess oxygen in the lattice. This results in the
presence of a variable amount of Ni vacancies. As the
oxygen content of the plasma increases, more oxygen
incorporates to the lattice, generating a larger amount of Ni
vacancies, as has been evidenced by X-ray absorption
spectroscopy [27]. This is in agreement with the relative
decrease of the FT peaks for the 70 % sample with respect
to the 0 % sample, being larger for the second (Ni—Ni)
peak than for the first one (Ni—O). Indeed, the FT curve of
the sample grown with pure Ar could be fitted with a
coordination number of 12 atoms for the second shell,
which corresponds to the expected number of second
neighbors in the NiO lattice. On the other hand, by
increasing the oxygen content in the plasma the coordina-
tion number gradually decreases down to 11 atoms for the
70 % sample [22].

This deviation from stoichiometry can help to explain
the grain refinement observed both by SEM and XRD.
During the sputtering process, NiO clusters interact with
the oxygen in the plasma along their path from the target to
the substrate, incorporating some extra oxygen. When the
clusters adsorb on the NiO coating already deposited on the
substrate, diffusion occurs so they accommodate into the
most energetically favorable position, which involves the
growth of crystalline domains. However, the imperfections
introduced in the lattice by the excess oxygen hinder the
diffusion, so the size of the crystalline domains is smaller.

The intensity of the EXAFS peak corresponding to the
first neighbor, i.e., to Ni-O bonds, also shows a decrease
for the 70 % sample as compared to the 0 % sample. Since
no changes in the coordination number are expected in this
case, we associate this decrease with a larger degree of
disorder in this sample. Indeed, both effects, an increase of
the disorder and a decrease of the second neighbor coor-
dination number, were needed to fit the EXAFS data. This
large degree of disorder for samples grown with oxygen
was already mentioned in the discussion of the XRD
results, where an increase of the Gaussian contribution in
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the pseudo-Voigt curve was needed in order to correctly fit
the diffraction data.

The degree of disorder can be quantified from the ana-
lysis of the EXAFS data through a parameter, the Debye—
Waller factor, usually denoted as ¢°. This parameter rep-
resents the mean-squared relative displacements and is a
summation of the thermal disorder term and the crystal
disorder [29]. Since all measurements were performed at
room temperature, the thermal disorder affects equally all
samples. Consequently, the changes observed in the
Debye—Waller factor between the different samples can be
assigned directly to structural disorder. Figure 5 shows the
variation of the Debye—Waller factor, o2, for the second
neighbor shell (Ni—-Ni), as obtained from the EXAFS fit.
The figure shows an increasing tendency of o which
confirms that the oxygen content in the plasma increases
the lattice disorder. An estimation of the errors of the fitting
gives £0.002 A% and 10 % for the o> factor and the
coordination number, respectively [30]. A disordered sys-
tem like the present one does not allow a better precision,
neither allows including more than the two first shells in
the calculations due to the great sensitivity to disorder of
the EXAFS technique.

The structural changes shown above are expected to
have an influence on the electronic properties of the NiO
films. NiO is a charge transfer oxide whose electronic
structure gives rise to a complex Ni 2p spectrum with
multiple peaks. In previous works we proposed that the
shoulder at ~ 1.5 eV from the main Ni 2p;,, peak has two
contributions: one coming from non-local screening and
another one associated to surface effects, in which Ni ions
are in pyramidal symmetry at the surface [12, 14]. Figure 6
shows XPS Ni 2p3,, spectra of samples grown with 0 and
70 % oxygen in the plasma, respectively. The solid line

T T T T T T T T
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< 0012 |- e o -
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Fig. 5 Variation of the Debye—Waller factor, 0'2, for the second
neighbor shell (Ni-Ni), as obtained from the EXAFS fit, with the
oxygen content of the plasma. The uncertainty of the data is below
0.002 A2
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through the data points is the result of a least-squares fit
using Lorentz functions for the different components and a
Shirley’s background. The resulting curve was then con-
voluted with a Gaussian function to simulate the experi-
mental resolution, which resulted to be 0.67 eV. The first
component, at a binding energy of 854.5 eV, is assigned to
¢3d°L transitions, where L denotes a hole at the ligand
(oxygen) and ¢ a Ni 2p core level hole [9]. The second
component, at a binding energy of 856.1 eV, corresponds
to the surface component, in which the apical oxygen on
surface Ni ions is lacking [12, 14]. The third component, at
a binding energy of 857.3 eV, is assigned to final states
with non-local screening of the core hole [9]. The broad
features centered at 861.5 and 867 eV correspond to
c3d'°L? and ¢3d?® transitions, and are included in the fit for
consistency. The ratio between the intensity of the main
component and that of the non-local component was
imposed to be the same for all samples. On the other hand,
the intensity of the surface component can vary depending
on the surface-to-volume ratio of the sample. Indeed, it can

XPS
Ni2p,,

NiO thin films

0%

Intensity (a.u.)

70%

870 865 860 855 850
Binding energy (eV)

Fig. 6 XPS Ni 2p3), spectra of NiO films grown with 0 and 70 %
oxygen in the plasma, respectively. The solid line through the data
points is the result of a least-squares fit using Lorentz functions for the
different components and a Shirley background. The resulting curve
was then convoluted with a Gaussian function to simulate the
experimental resolution. The different components are assigned to
final states coming from surface or bulk atoms (see text)
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Fig. 7 Evolution of the XPS surface-to-volume peak ratio as a
function of the oxygen content of the plasma. The horizontal dashed
line gives the value corresponding to NiO single crystal, from Ref.
[14]

be clearly observed in Fig. 6 that the surface component for
the sample grown with 70 % oxygen in the plasma is rel-
atively more intense than for the sample grown with pure
Ar. As it has been shown above, the grain size of the NiO
films decreases upon oxygen addition to the plasma, which
is consistent with a higher surface-to-volume ratio for
samples grown with oxygen.

The ratio between the surface peak and the main bulk
peak of the XPS Ni 2p;,, spectra can give information on
the relative signal coming from the surface, which should
be correlated with the crystallite size. Even though this
parameter does not seem to depend on the oxygen content
in the plasma during growth, as seen in Fig. 3, but just on
the presence or absence of oxygen, we have fitted all XPS
spectra for the different oxygen content values. Figure 7
shows the evolution of the XPS surface-to-volume peak
ratio as a function of the oxygen content of the plasma. The
value obtained for the 0 % sample is ~0.65, higher than
the value of 0.54 expected for single crystal NiO [14]. By
adding 10 % oxygen to the plasma, a sudden increase in
this ratio is observed, to a value close to 1.2, which indi-
cates a larger contribution of the surface. For higher
oxygen content, the surface-to-volume ratio remains
approximately constant. This behavior correlates very well
with the reduction in crystal size shown in Fig. 3, in which
a sudden drop in the grain size was observed when going
from O to 10 %, and afterwards it remained almost con-
stant. This result provides an excellent example of the
correlation between electronic and structural properties in
this material. It also confirms that the intensity variations of
the 1.5 eV shoulder in the Ni 2p3,, XPS spectra of NiO can
be associated with surface effects.

Conclusions

NiO nanostructured thin films have been grown by off-axis
reactive RF magnetron sputtering from a NiO target with a
mixed O,-Ar plasma composition. The oxygen addition
during the sputtering process modifies the morphology of
the thin films by decreasing the grain size, as was observed
by SEM. A grain size reduction from 20 to 5 nm approx-
imately was confirmed by XRD after performing a Scherrer
analysis, and is in accordance with the SEM observations.
The lower intensity of the diffraction peaks for the sam-
ples grown with oxygen suggests partial lattice disorder.
Additionally, a slight lattice expansion for samples grown
with oxygen in the plasma was observed. The EXAFS
results confirm this lattice expansion, as well as the lattice
disorder with the oxygen content of the plasma, as quan-
tified by the Debye—Waller factor. The observed structural
changes induced by the addition of oxygen to the sputtering
plasma during deposition have an influence on the elec-
tronic properties of the NiO films. The XPS Ni 2p;),
spectra of samples grown with oxygen show a larger
intensity of the peak assigned to surface atoms that can be
associated with the grain refinement observed by XRD and
EXAFS. The behavior of the surface peak intensity in the
presence or absence of oxygen content in the plasma cor-
relates very will with that observed on the average grain
size obtained by XRD.
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