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NiO/Ni thin film bilayers have been grown on Si (100) substrates using low temperature dc reactive
magnetron sputtering. The samples were grown under identical process conditions but with different
amounts of NiO deposited in order to determine film quality as a function of thickness. In order to
investigate the structural properties of the NiO overlayers a synchrotron detector has been developed
to make energy-resolved electron yield x-ray absorption spectroscopy measurements at ambient
pressure. From these studies we have been able to construct a complete depth profile of the NiO/Ni
bilayers and, by modeling of the electron multiplication/propagation processes within the films,
extract quantitative information about them. In combination with atomic force microscopy
measurements we have determined that there exists a clear variation in the structural and
morphological properties of the NiO thin films as a function of thickness. The densest overlayers
with the most conformal surface are observed for film thicknesses <20 nm and >100 nm. We
rationalize these results in terms of the underlying morphology of the Ni film and the effects of
misfit strain between the layers. © 2006 American Institute of Physics. [DOL: 10.1063/1.2205556]

I. INTRODUCTION

In recent years NiO thin films have attracted particular
interest due to their potential use in a wide variety of appli-
cations, for instance, as electrodes for supercapacitors1 or as
electrochromic coatings.2 Previous studies of their structural
properties, however, have mainly focussed upon films grown
on single crystal substrates under highly controlled condi-
tions such as molecular beam epitaxy}8 (MBE) or metal-
organic chemical vapor deposition (MOCVD).” Films pro-
duced under these conditions lend themselves well to
conventional analysis but these techniques are not ideal for
high-throughput manufacturing processes. Sputter deposition
offers a fast and reliable way of fabricating NiO thin films
and can be easily adapted for large-area high-rate thin-film
manufacture. Previous studies of the structural properties of
sputtered NiO layers have wused x-ray absorption
spectroscopy ! (XAS) and x-ray diffraction'>"> (XRD)
techniques to determine the effect of process parameters such
as oxygen content and sputtering power upon the resulting
structure of the deposited thin films. The findings on the
basis of local atomic structure suggest that the films growth,
structure, and optical/electrical properties depend critically
upon the process conditions. In particular, as the temperature
is increased (this may be achieved either by heating of the
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substrate during deposition or more commonly by post-
growth annealing) there is a transition from a disordered
nanocrystalline phase16 to a more ordered crystalline
structure.'’ However, little mention is made of the density or
surface morphology of the as-deposited films and only a very
few studies have investigated the correlation between these
characteristics and the film thickness itself. In addition, there
has been little or no analysis carried out into the structural/
morphological properties of sputtered bilayers. The primary
reason for this is likely to be the fact that it is extremely
difficult to extract quantitative and meaningful data from
complex systems using techniques such as high resolution
x-ray diffractometry (HRXRD) where the relative roughness/
inhomogeneity of each of the layers has a detrimental effect
upon the quality of data that can be obtained.

In recent years we have developed a synchrotron detec-
tor capable of collecting high quality data that is insensitive
to sample form,18 which can operate at nonambient
temperatures]8 and which can work in reactive gas
mixtures."” This technique is known as ambient pressure
energy-resolved electron yield XAS; the system has now
evolved to the point of being a routine procedure (for the
sake of brevity, hereafter we will refer to the technique as
energy-resolved XAS). The underlying concept of the tech-
nique is that the Auger electrons lose energy by various in-
elastic processes as they propagate to a surface, and therefore
the emergent electron energy profile contains information
about the structure as a function of depth from the surface.
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Put simply, electrons emitted with energies close to the Au-
ger energy must have originated from close to the surface,
and conversely those emerging with low energy most prob-
ably originated from deep within the material. This idea has
been utilized for many years in XPS and Auger electron
studies of surfaces under UHV conditions.*’

In an earlier publication on this technique21 we showed
that there were clearly visible differences in x-ray absorption
spectra collected at different emitted electron energies, and
while it was possible to extract the proportion of Ni and NiO
contributing to the spectra it was not feasible at that time to
derive a depth profile (the thickness of the NiO overlayer)
from the experimental data because the data sets were lim-
ited to just two, rather-broad, electron energy ranges.

Quantitative interpretation of energy-resolved XAS mea-
surements relies heavily upon the modeling of emission
spectra. In an extensive study of total electron yield (TEY)
XAS, Schroder showed that the Monte Carlo (MC) modeling
could be used to simulate the trajectories of K-shell Auger
electrons.”>* For a series of thermally grown NiO overlay-
ers on Ni, reasonable agreement was observed between the
fraction of NiO derived from TEY XAS data and the fraction
predicted by MC modeling using NiO layer thicknesses ob-
tained via spectroscopic ellipsometry.23 These data confirmed
the validity of MC simulations although it was noted that, in
general, the NiO contribution was underestimated in the
modeling studies. Using these MC algorithms a Ni KLL
electron emission spectrum could be satisfactorily repro-
duced.*"*

Improvements made in the quality of data collection
since the original publication, now make it feasible to use
energy-resolved XAS measurements, in combination with
MC modeling codes, to extract quantitative structural depth
profiles from first principles for rough material under in situ
conditions. In the present study we demonstrate this via an
investigation of the effect of different thicknesses of NiO
overlayer on the properties of NiO/Ni bilayers prepared via
dc magnetron sputtering. These films have been found by
XRD to be polycrystalline which is consistent with films
produced under similar conditions in the literature. '+ 17728
By monitoring the electron-energy spectrum at each incident
photon energy and grouping the corresponding extended
x-ray absorption fine structure (EXAFS) spectra into eight
different energy windows detailed depth profiles for the NiO
overlayers have been obtained. Linear combination fitting of
these spectra yields the proportion of the oxide phase present
in the signal relative to the metal. The results from these
studies, combined with atomic force microscopy (AFM)
measurements, provide an insight into the mechanisms of
growth of the sputtered bilayers.

Il. EXPERIMENT

Data were collected on station 9.3 at the CCLRC Dares-
bury laboratory (UK) in multibunch mode with the double
crystal Si(111) monochromator installed. A continuous moni-
toring of the incident x-ray flux was carried out using an ion
chamber filled with an Ar/He mixture giving 20% transmis-
sion at the Cu edge. The x-ray beam size was 1.5 mm
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(height) by 10 mm (width) illuminating an area of
343.9 mm? with the sample kept at an angle of 2.5° with
respect to the incoming x-ray beam. The detector was oper-
ated using the standard gas mixture of 75% He and 25%
isobutane and operating with a drift voltage of —1500 V, a
cathode potential of —560 V and with the anode held at
ground.

The samples were prepared via dc magnetron sputtering
from a 99.99% Ni target (Advent Research Materials Ltd.),
35X 55 mm? in dimension. The basic bilayer structure con-
sisted of a constant 150 nm layer of Ni covered by a NiO
overlayer of varying thickness (x) deposited onto a Si (100)
substrate. It is important to note that 150 nm is well in excess
of the total escape depth for Ni K-edge Auger electrons
(~100 nm).**?® The Ni layer was deposited in pure Ar
(99.9995%, which flowed through a gas purifier), while the
NiO was deposited by reactive sputtering in the presence of
oxygen (using a 40% O,/ Ar gas mix). In both cases the total
gas pressure was 1.7 Pa (target—substrate distance
=45 mm), and the power to the target was maintained at
30 W; the deposition rate for the Ni was approximately
18 nm/min, while the NiO rate was about 5.5 nm/min. Dur-
ing deposition the walls of the deposition chamber were
cooled with liquid nitrogen, and the substrates rested on a
metal substrate support so that, with these relatively low
deposition powers, we expect (from previous measurements)
that the substrate temperature is maintained at approximately
0°C.

A thorough characterization of these samples was carried
out using a variety of independent techniques: x-ray reflec-
tometry measurements were made on single layer NiO films
grown on Si (100) using a Philips PW3050/65 X’Pert PRO
HR horizontal diffractometer and standard XRD patterns
were obtained from bilayer samples with a Philips PW1050
diffractometer. The film thickness was studied using profilo-
metry, spectroscopic, and single wavelength ellipsometry.
Profilometry was carried out using a Detak profilometer to
determine the height for the NiO film, Ni film and Ni+NiO
film as measured from the substrate via use of suitable masks
during deposition. A Horiba-Jobin-Yvon-Uvisel spectro-
scopic ellipsometer operating in the energy range between
1.5 and 5 eV was used to determine the optical constants and
thicknesses of the individual layers. Data was analyzed as-
suming a single damped Lorentz oscillator model. Single-
wavelength ellipsometry (EL X-02C) was used to measure
the uniformity of NiO overlayer thickness across the surface
of the sample. For this method values for the refractive indi-
ces of the Ni film, NiO film, Si and native SiO layers were
entered into a multilayer layer model consisting of the NiO,
Ni, and substrate (defined separately as being composed of
Si+2.8 nm native SiO). The values of the film thickness ob-
tained from these three techniques were found to be in good
agreement. NiO overlayer thicknesses quoted in the text are
those obtained from the single wavelength ellipsometry
method. For each technique at least five separate measure-
ments were made on each sample and the standard deviation
calculated. For single-wavelength ellipsometry the statistical
errors were found to be less than 3%. Finally, the AFM with
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FIG. 1. (Color online) A typical PHD recorded at just above the Ni K edge
with eight different energy regions sampled indicated.

a Dimension 3100 operating in contact mode and using the
Nanoscope 4 controller was used to determine surface mor-

phology.

lll. RESULTS AND DISCUSSION

A. Energy-resolved x-ray absorption spectroscopy
1. Experimental EXAFS

Building on the experience gained from a number of
previous energy-resolved XAS experiments, extremely high
quality data were collected from the Ni/NiO bilayer
samples. For each sample ten separate scans of ~20 min
were made. The current experimental arrangement allows for
the measurement of a full electron-energy spectrum at each
incident photon energy. This makes it possible to achieve the
maximum surface sensitivity when extracting information
about the variation in composition and structure as a function
of depth within a sample. By experimenting with differently
sized electron-energy windows, it was found that the data
sets collected from the NiO/Ni samples could be divided up
into a total of eight different Auger electron-energy regions
while maintaining a good signal-to-noise ratio. A typical Au-
ger electron spectrum collected at just above the Ni K edge is
shown in Fig. 1. The eight different energy windows within
which EXAFS spectra were collected are clearly indicated.

A complete set of EXAFS spectra for one of the calibra-
tion samples is shown in Fig. 2; each of the eight spectra
corresponds to a different energy window. As expected, be-
tween spectra collected at different electron energies there is
a clear variation in magnitude of the sharp edge feature (at
~8340 eV) which is highly characteristic of NiO, other more
subtle changes in the EXAFS can also be observed at slightly
higher photoelectron energies. These changes are clear evi-
dence of a variation in the NiO contribution to the EXAFS at
different Auger electron energies. By performing a linear
combination least squares fit using reference data for the
pure metal and the pure oxide (also shown in Fig. 2), the
oxide contribution to each of the spectra was obtained. These
are shown to the right of Fig. 2.

The drop in the contribution from NiO at Auger energies
greater than 10 KeV (spectra 7 and 8 in Fig. 2.) is caused by
the coincidence counts. 10 KeV is greater than the Auger
energy and events in this region, in principle, arise from
instrumental broadening. In this circumstance, coincidence
counts from more numerous low energy Auger electrons can
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FIG. 2. Eight-EXAFS spectra corresponding to eight-different Auger elec-
tron energy windows taken from a Ni sample covered by a 40 nm NiO
overlayer. The energy regions are numbered on the left hand side of the
figure while the NiO contribution to the EXAFS is given down the right.

be significant. At present double counting is unavoidable
when running the detector at higher rates, however, it is ex-
pected that improvements in the ability of the electronics to
handle the high signal throughput would eliminate this effect
altogether.

The quality of the fits may be judged from Figs. 3 and 4,
which show an expanded plot of the x-ray absorption near
edge structure (XANES) and the EXAFS, respectively, for
the three middle energy regions (4, 5, and 6 on Figs. 2 and
3). Overlaid on these plots are the least squares fitting data,
which were used to determine the phase contribution to the
EXAFS arising from the oxide overlayer.
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FIG. 3. (Color online) Selected background subtracted and normalized Ni
K-edge XANES data for a Ni sample covered by 41 nm of NiO. The three
different spectra correspond to three different Auger energy windows: (a)
region 4, (b) region 5, and (c) region 6. The fitted profiles (broken lines)
obtained by a linear combination least squares fit of the pure Ni and pure
NiO data are shown for comparison.
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FIG. 4. (Color online) EXAFS functions y(k) for a Ni sample covered by
41 nm of NiO for: (a) Auger energy region 4, (b) region 5, and (c) region 6.
The fitted profiles (broken lines) obtained by a linear combination least
squares fit of the pure Ni and pure NiO data are shown for comparison. Note
the excellent quality of the fits to the experimental data.

Figure 5 shows a summary of the results of analysing the
raw EXAFS data for all of the samples. The three-
dimensional (3D) plot clearly shows the variation in the pro-
portion of each phase (metal and oxide) present in the EX-
AFS as a function of ejected electron energy for different
NiO overlayer thicknesses. It can be seen that for the Auger
energies in the range of 5—10 KeV there is a rapid increase
in the oxide phase contribution to the EXAFS corresponding
to a concomitant improvement in the surface sensitivity of
the EXAFS in this region. It is worth noting that the values
for the NiO contribution in the low energy and high energy
regions for the 29-nm-thick overlayer sample are in good
agreement with previously published results in which only
two energy regions were monitored.”!

Of particular interest is the fact that there is an unex-
pected increase in the NiO contribution in the lowest energy
region. Given the range of Auger energies sampled in this
region the only explanation for this must be that Auger elec-
trons from the next highest shell are contributing to the EX-
AFS. This is an important finding as the L-shell Augers have

W 17nm
W 29nm
u41nm
H 56nm
B 77nm
M 126 nm

Percentage NiO

NiO
Overlayer
(nm)

Electron Energy (keV)

FIG. 5. (Color online) Summary of the results of analyzing the raw EXAFS
data. The graph shows the variation in the contribution to the spectra from
each phase present as a function of ejected electron energy. The NiO thick-
ness for each sample is shown in the key in the top right hand corner and on
the Z axis of the graph.
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an energy which is an order of magnitude less than those
coming from the K shell (850 and 6514 eV, respectively)
and so the L-shell signal must have come from a region that
is much closer to the surface (somewhat less than 10 nm).
The discovery of a significant higher shell contribution to the
EXAFS at lower Auger energies is only now possible be-
cause of the fact that improved instrumentation has meant
that the PHD can be divided up into many different regions.

2. Determination of depth profiles by MC
simulation

The earlier work of Schroder, has demonstrated that the
MC electron trajectory simulations give a reliable account of
the attenuation of TEY signal within a sample:.21’22’24_26 An
electron energy emission spectra was available from these
calculations but there was insufficient experimental data to
utilize the full information inherent in the model. The avail-
ability of an experimental electron emission spectrum at each
photon energy, makes it worthwhile to use the MC model to
derive the relative contribution to the EXAFS signal of each
phase present in the surface region as a function of the elec-
tron energy. The comparison of the experimental and calcu-
lated phase fractions would then allow the thickness of the
overlayer to be determined via an iterative fitting process.
The model used in the MC simulations has been previously
described in detail,” a brief description is given below.

The Auger electron model uses single scattering MC
simulations of electron trajectories to determine the probabil-
ity of escape for an electron within a solid as a function of
depth within the sample. One of the key requirements in the
calculation of electron penetration ranges within solid mate-
rials is an accurate assessment of the electron-atom interac-
tion cross sections. The algorithm employed within the Au-
ger model is that developed by Browning et al.” derived
using smooth empirical fits to the exact relativistic cross sec-
tions (commonly termed “Mott” cross sections) defined here
as oy

3 x 10727 s
el = 17105 505 (cm
E+0.005Z2""E"”> + 0.0007Z°/E*

). (1)

Equation (1) has the great advantage that it only contains
simple powers of the electron energy E (in units of KeV).
Since E is the only variable whose value needs to be updated
continuously during the simulation, simple expressions of
the electron energy mean that statistically significant data
sets can be acquired within a very short space of time. The
only other variable upon which the algorithm depends is the
atomic number Z, whose value is obviously fixed for each
material within the system.

Due to the drag exerted on the negatively charged elec-
tron by the positively charged nuclei surrounding it and also
due to discrete inelastic scattering events such as the produc-
tion of a plasmon, the electron continuously loses energy as
it travels through the specimen. Ideally each energy loss
would be accounted for separately by incorporating them
individually into the simulation, however, because of the
number of different possibilities available this is a rather
lengthy and complex procedure. Instead the assumption is
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FIG. 6. (Color online) Simulated data showing the variation in the propor-
tion of the signal from each phase present in the EXAFS as a function of
ejected electron energy. The data were obtained using single scattering MC
algorithms, which have been developed to simulate the path of the electrons
as they propagate through the solid. Each spectrum represents the evaluation
of 210 000 trajectories. The model data may be compared directly to the
experimental data given in Fig. 5. Note the secondary and L-shell Auger
contributions have been omitted from the simulation entirely.

made that both the effects of electrostatic drag on the elec-
tron and the discrete energy losses incurred during inelastic
scattering events may be combined and approximated by a
continuous slowing down (CSD) function which gives the
“stopping power” of the material in terms of energy loss dE
per travelled path dI. For the current set of simulations the
well known semiempirical model developed by Joy and
Luo™ (adapted from that given by Bethe in his classic 1930
paper’') was used.

—=-785—In
ME J

dE oZ { 1.166(E + 0.85J)
di

} (eV/A), (2)

Where p is the material density (in g/cm?) and M the atomic
weight (in g/mol); J is the mean ionization potential (in eV)
of the material which represents the effective average energy
loss per interaction between the incident electron and the
solid and is given by the expression:

58.5
J=9.76Z + 2010 (eV) forZ>12. (3)

For elements with Z<13 the values of J tabulated by
Berger32 were used.

Equations (1) and (2) allow for a very flexible model and
are simple enough that computation times are extremely
small allowing for the collection of larger data sets extremely
quickly. As an example, the simulation of 210 000 Ni KLL
electron trajectories for a 250 A oxide overlayer thickness
took a little under 15 min on a modern desktop computer.
However, there are drawbacks to using such approximations,
in particular, the accuracy of the CSD approximation has
been shown to deteriorate as the electron energy decreases
towards ~1 KeV and, by 0.8 KeV, significant differences
are observed between the various different approaches
available.* This is the reason why the simulated data pre-
sented here neglects the contribution from the LMM Auger
electrons whose energy (850 eV) lies well below 1 KeV.
Possible alternatives to the currently employed CSD which
could be used effectively in low energy electron scattering
simulations are now being examined so that the energy re-
solved L-shell contribution to the EXAFS can be accurately
modeled. A summary of the results from the simulations of
K-shell Auger electron trajectories is given in Fig. 6.
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FIG. 7. Graph showing the oxide thicknesses predicted from XAS/MC
simulations and the thicknesses measured directly via ellipsometry. The data
are presented as a function of the NiO deposition time.

Direct comparison of the simulated data with the experi-
mental results in the energy region between 3 and 10 KeV
shows that the simulated data match very well the shape of
the experimental data. In the low energy regions between 2.5
and 5 KeV the same plateau in oxide contribution is ob-
served followed by a sharp rise in surface sensitivity of the
EXAFS after ~5 KeV. Below 2.5 KeV, however, there is a
clear increase in the oxide contribution in the XAS data due
to contributions from the LMM Augers and discrete energy
loss processes within the sample. This accounts for the fact
that the TEY obtained from the MC algorithms tends to un-
derestimate the NiO film thickness since LM M contributions
are neglected in these simulations.” By considering the elec-
tron yield as a function of energy, it is possible to see more
clearly where the strengths and the weaknesses of models of
the Auger signal may lie. Thus in the case of the current data
we are able to achieve improved quantification, by concen-
trating the analysis on the 3—10 KeV region of the Auger
electron spectrum. Such an analysis also leads to an im-
proved understanding of the factors that contribute to the
electron yield. By performing an iterative comparison of the
XAS to MC data, the NiO thickness which yielded the best
fit between the two sets of data was obtained. Figure 7 shows
the results of this comparison alongside the oxide thick-
nesses measured independently via a single wavelength el-
lipsometry.

A comparison of the predicted and measured data shows
that the NiO thicknesses obtained by comparing the experi-
mental data to the simulated give consistently lower values
than the overlayer thickness measured via ellipsometry. The
most probable reason for this discrepancy lies in differences
in the way in which the NiO film thickness is defined for the
two independent measurements. Film thickness measure-
ments derived from EXAFS data give a measure of the
amount of oxide present which would depend on both the
density and the thickness of the overlayer. Measurements
derived from ellipsometry and other surface techniques,
however, give the total film thickness and do not take into
account the layer density and surface roughness. Based on
this hypothesis, Table I provides a list of what void fractions
would be predicted by comparing the XAS/MC derived NiO
thickness to the measured thickness. For the thinnest film the
predicted void fraction is comparatively small (14.7%) while
for the thicker films the void fraction is higher, varying be-
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TABLE I. Results from a comparison of the XAS/MC derived NiO over-
layer thickness to the independently measured (via ellipsometry) NiO over-
layer thickness. Also shown is a summary of the quantitative data obtained
from AFM analysis of the samples. The errors quoted are derived from the
quality of fit between the XAS and MC data.

NiO overlayer thickness (x)

Predicted

Void rms Gaussian

XAS/MC Measured Fraction Roughness FWHM
(nm) (nm) (%) (nm) (nm)
14.5+1.5 17 14.7+8.8 4.18 7.88
22.0+1.5 29 24.1+£5.2 4.84 11.23
31+2 41 24.4+49 5.16 11.06
39+3 56 30.4+4.9 4.84 10.72
59+4 78 23.4+5.2 4.63 9.72
1006 126 20.6+4.5 4.20 8.05

tween 24% and 30%. For the very thickest films though,
there appears to be a trend towards a reduced void fraction
once again, dropping to around 20% for x=126 nm.

Based on the XAS/MC data the densest NiO films ob-
tained by low temperature dc magnetron sputtering appear to
be those with x<<20 nm when the effects of morphology and
underlying strain from the Ni layer will be most pronounced.
However, due to the uncertainties associated with measure-
ments of the void fraction (see Table I and Fig. 9) particu-
larly in the case of the thinnest films some caution needs to
be applied when drawing conclusions from this data alone.
In order to obtain more direct evidence for a change in film
characteristics with thickness and to rationalize the changes
in density for film thicknesses >30 nm knowledge of any
corresponding structural changes of the NiO thin films is
needed. Section III B gives the results of an independent
AFM study of the morphological properties of the NiO over-
layers. Combined with the results of the XAS experiments an
insight into the growth mechanism for the sputtered NiO
films may be gained.

B. AFM study of NiO overlayers

In addition to studies of the internal film structure an
accurate picture of the surface morphology can give an ex-
tremely good indication of thin film quality and physical
characteristics. Crystallite size and homogeneity as well as
surface roughness are among the parameters which are most
useful when trying to characterize such structures. An AFM
image of a single, 150 nm thick, sputtered layer of Ni depos-
ited onto Si (100) (identical to the Ni layer present in the
bilayers) is shown in Fig. 8(a). The average height () (de-
fined here as height protruding above the sample surface
rather than from the Si substrate) of the crystallites is 6.8 nm
while their lateral diameter ranged from ~20-70 nm, with
the majority having a diameter <40 nm. The small crystal-
lite sizes and compact small scale structure is consistent with
the fact that sputtering was carried out at ~0 °C with no
postgrowth annealing,28 thus resulting in a relatively small
surface mobility for the impinging atomic species and a cor-
respondingly large number of nucleation centers.

Figures 8(b)-8(h) show AFM images for the sputtered
NiO/Ni bilayers, consisting of ~10(b), 17(c), 29(d), 41(e),
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56(f), 77(g), and 126(h) nm of NiO sputtered at 0 °C onto a
150-nm-thick layer of Ni. Each sample was produced under
identical conditions during the same deposition cycle. Hence
the only process variable between samples is the NiO depo-
sition time. A qualitative and quantitative analysis of the im-
ages reveals a clear variation in the surface morphology and
the crystallite number density with varying overlayer thick-
ness x. Images (b) and (c) have almost identical surface char-
acteristics and both are similar in appearance to (a) although
with slightly larger average crystallite sizes, with & equal to
8.8 and 9.6 nm for (b) and (c), respectively. Between x
~30 and 40 nm there is a rapid increase in the number of
large irregular deposits of NiO which corresponds to a de-
crease in the crystallite number density [see histograms for
Figs. 8(c)-8(e)]. These deposits are significantly larger than
the smaller surface features with diameters in the range of
80—140 nm heights of ~14-25 nm. For x~80 nm [Fig.
8(g)] a significant proportion of the surface is covered by
smaller scale features (those with diameter <40 nm) and for
very thick overlayers (x>120 nm) the gaps between the
large NiO deposits visible in (e), (f), and (g), are filled in by
the smaller crystallites resulting in a flatter surface.

In the absence of any variation in deposition temperature
or pressure between samples the observed changes in surface
feature size and number density as well as surface homoge-
neity must arise from the differences in the thickness of the
overlayer deposited onto each sample. Two factors which are
of key importance in determining the final characteristics of
the sample surface are the morphology of the underlying Ni
layer and the defects/strain arising from the lattice mismatch
between the Ni and NiO layers (~19% ). Comparison of the
bilayer samples to single layers of Ni and NiO grown on Si
(100) substrates reveals that the surface roughness of the
bilayers is dominated by the roughness of the underlying Ni
layer. Essentially, a relatively “smooth” NiO layer is depos-
ited onto a “rough” Ni surface. We can be certain of this
because the rms roughness of single layers of NiO deposited
onto atomically flat Si (100) substrates under identical con-
ditions to the bilayers was between 0.2 and 1.2 nm for NiO
film thicknesses in the range of 10—130 nm, while the rms
roughness of the bilayer samples was between 38 and 5.2 nm
(for x=10-130 nm). However, the surface morphology of
the underlying Ni alone cannot account for the observed
changes in the crystallite number density and surface char-
acteristics of the bilayers as the NiO film develops and thick-
ens. We therefore interpret these changes as being due to a
combination of the underlying Ni morphology and the effects
of lattice misfit strain.

For x=10 and 20 nm [Figs. 8(b) and 8(c)] the distribu-
tion of surface feature heights and morphology reveal a high
number density of small features similar to that of the single
Ni layer in image (a). This is consistent with the depth profile
studies which predicted lower void fractions for these films.
This result is not surprising if we consider that when the
sputtering NiO we are depositing adatoms which have a
much lower surface mobility than pure Ni because of the
oxygen present in the gas mixture. In addition, due to the
large lattice mismatch between the Ni and NiO layers there
will be a large number of defect sites present in the thinnest
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FIG. 8. (Color online) Selected contact—mode AFM images (1 X 1 um?) of the NiO overlayer surface for a series of Ni/NiO bilayer samples. (a) A single
layer of sputtered Ni, (b), (c), (d), (e), (f), (g), and (h) with a NiO overlayer of ~10, 17, 29, 41, 56, 77, and 126 nm, respectively. Histograms showing the
distribution of the topographical data as a function of height are shown to the right of each image. All samples were deposited at zero degrees under identical

process conditions.

films, which provide a high concentration of nucleation cen-
ters. These two factors combined with the low substrate tem-
perature mean that the surface diffusion of the adatoms is
significantly inhibited for the thinnest films and so a small-
crystallite compact structure closely resembling that of the
underlying Ni layer results. For x=30-60 nm [Figs.
8(d)-8(f)] a heterogeneous mixture of large irregular islands
and smaller scale features is observed as well as an overall
reduction in surface feature number density. This is again
consistent with the XAS/MC data that indicate a reduced
density for these samples which we may now correlate to an
increase in the surface void fraction. The results suggest that
as the film thickens the low mobility of the adatoms leads to
geometrical “shadowing”3 53¢ which creates columns and
voids on the surface. Also, as the film structure develops
there will be fewer defect sites and hence fewer nucleation
centers leading to an increase in the average feature size and
a reduction in their number density.

For x~ 80 nm [Fig. 8(g)] there is a far greater density of
small crystallites similar to those observed in single layer
NiO samples grown on Si 100) (not shown here). Although

there is still evidence of the previous large-scale features
their surface is covered by a small-scale compact structure.
This trend is even more advanced by x=130 nm [Fig. 8(h)]
where the small crystallites have begun to fill in the spaces
between the larger deposits leading to a more conformal sur-
face and hence a reduced surface void fraction confirming
the results from Sec. III B. We may interpret this as follows:
as the films structure further develops and coarsens the large-
scale features coalesce and to some extent “fill in” the voids
between them. In addition, for the thickest films the effects
of misfit strain (i.e. the creation of defects) upon crystallite
nucleation will be greatly reduced meaning that growth will
proceed in a similar manner to that of the single NiO layers
for which a smooth conformal surface was observed. Con-
sideration of these two factors means that we may expect the
roughness features of the overlayers to become “smoothed
out” once the film structure has developed sufficiently, this is
what is observed directly from the AFM images.

These observations are quantified by the histograms in
Fig. 8 which show the distribution of topographical events as
a function of height, and by AFM measurements of the rms
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FIG. 9. (Color online) Measured rms roughness (top left) and predicted void
fraction (top right) as a function of NiO overlayer thickness for a series of
Ni/NiO samples. Also shown are the predicted void fractions as a function
of the rms roughness (bottom left) and the FWHM (bottom right).

surface roughness. The full width at half maximum (FWHM)
derived from a Gaussian fit to the histograms in Fig. 8 are
summarized in Table I and Fig. 9 which also compares the
topographical data to data from the XAS/MC studies.

In summary, together with the depth profile data in Sec.
IIT A the results indicate a general trend toward lower density
films as the roughness of the overlayer and the distribution of
crystallites sizes increases, this occurs in the “intermediate”
regime of x=20-60 nm. After x~ 80 nm a steady improve-
ment in the film density and surface homogeneity is observed
with the surface more closely resembling that of a single
thick (~130 nm) layer of NiO grown on a Si (100) substrate.

IV. CONCLUSIONS

A quantitative ambient pressure energy-resolved electron
yield XAS and AFM study has been carried out upon NiO
thin films deposited onto Ni via dc magnetron sputtering.
Differences in the film quality have been observed as a func-
tion of the overlayer thickness. The most conformal films
were found to be either those that were very thin (
<20 nm) in which case the underlying morphology of the Ni
layer was mirrored, or those that were relatively thick (
>100 nm) in which case a morphology resembling that of a
single layer of NiO sputtered onto Si was observed. The void
fractions extrapolated from the XAS characterization indi-
cate that all the thin films had a density lower than that of the
bulk crystalline solid, this is consistent with the XRD data
for the films and with previous studies of sputtered NiO lay-
ers both of which indicate that samples produced at lower
temperatures (<120 °C) tend to adopt a polycrystalline
structure with an expanded lattice parameter as compared to
the bulk value.'™'” It is also consistent with an analysis of
the data carried out using EXCURVE which indicated a con-
tinuing Ni contribution to the EXAFS even for overlayer
thicknesses >120 nm. The changes in film density as a func-

J. Appl. Phys. 99, 124914 (2006)

tion of overlayer thickness, however, we attribute to a vary-
ing surface void fraction caused by the different surface mor-
phologies of the samples. These differences are most likely
due to the effects of geometrical shadowing during growth
and the influence of defect sites on NiO crystallite nucle-
ation. In conclusion, ambient pressure energy-resolved elec-
tron yield XAS has been shown to be an excellent charac-
terisation tool for performing in situ depth profile
measurements on complex material systems. Currently en-
ergy resolved XAS represents the only way that such mea-
surements can be made and it is hoped that the results from
this research combined with the previously published
data'®'*?! will enable the technique to evolve beyond the
stage of being a curiosity to potentially becoming a useful
tool for a much wider scientific community.
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