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Electrons scattered over large angles at relatively high energies (40 keV) are used to study NbOj films.
These films were deposited by reactive sputter deposition on a Si substrate using a Nb target and an
Ar/O, gas mixture. Energy spectra of electrons scattered from such samples exhibit elastic scattering
peaks for each component due to the energy difference associated with scattering from different masses.
The spectra provide in this way information about the film thickness as well as its stoichiometry. The
stoichiometry and the deposition rate depends on the concentration of O, in the mixture. For Nb,Os-like
films the energy loss measurements also give an estimate of the band gap, but for Nb films with lower O

NbO concentration the band gap is not resolved. This work illustrates the possibility of characterizing modern
X

Reactive sputter deposition

transition metal oxide films in a fairly simple electron scattering experiment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

There is ongoing interest in exploring the physics of novel elec-
tronic materials. In particular transition metal oxides with their
exotic properties have the potential of forming the basis of
nano-scale electronic components with unique properties. Charac-
terizing them in terms of composition, thickness and electronic
structure is a mandatory step in their development. Recently elec-
tron Rutherford backscattering (ERBS) has presented itself as a can-
didate for determination of the thickness of the layers (up to
~50 nm for the overlayer-substrate combination used here) as well
as their elemental composition and, when extending the measure-
ment to larger energy losses, their electronic structure. We have
demonstrated the capabilities of ERBS for the thickness measure-
ments of HfO, films grown by atomic layer deposition [1] (extend-
ing even to the isotopic composition of such films [2]), and
composition and electronic structure were determined for TaO,
films formed by ion implantation [3].

Here we present similar measurements, but now for NbO, films
grown by sputter deposition. ERBS is the electron analogue of (ion)
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Rutherford backscattering (RBS). Just like RBS it relies on energy
loss due to scattering of incoming particles. The energy transfer
in this scattering process is very small for ERBS (typically several
eV) but still enough to determine the mass of the scatterer. The
energy loss due to electronic excitations presents itself somewhat
differently in ERBS and RBS. For RBS the energy loss can be
described as a continuous process, for ERBS it is quantized (just
as in X-ray photoemission spectroscopy (XPS)) i.e. the energy loss
events are separated in space (the mean separation is given by the
inelastic mean free path), and the amount of energy loss in each
event is given by the loss function, which can be described in terms
of the dielectric function of the material.

Nb,0Os and NbO, are of particular interest in this regard as they
respectively exhibit resistive switching and threshold switching
characteristics as require for the fabrication of an integrated mem-
ory device and selector element. The latter is required for 3-D
memory arrays to avoid inadvertent addressing of memory ele-
ments due to sneak current paths (as explained e.g. in Ref. [4])
but adding a selector element generally increases the device com-
plexity and hence production costs. A hybrid device based on a
Nb,05/NbO, bilayer structure could address this issue, with the
high resistivity of the NbO, layer at low current densities greatly
reducing the sneak current, and the Nb,Os layer serving as the
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Fig. 1. An example of an I-V curve as measured for (A) a NbO, film grown using a mixture with Ar:0, = 18:2 and (B) a film grown using a ratio of Ar:0, = 16:4. Films were
grown on a Pt substrate and a Pt cap was applied later to facilitate the I-V measurements.

memory element [5,6]. Recently, Pickett and coworkers also dem-
onstrated that NbO, threshold switching devices can form the
active components necessary to build a neuristor, a biomimetic
threshold spiking device. This finding makes new applications of
NbO, threshold switching possible, for example in signal repetition
applications, and other neuristor logic devices [7,8].

Threshold switching in NbO, is explained by a Joule-heating-
induced metal-insulator phase transition which causes a dramatic
decrease in resistance. Due to positive feedback (once a small part
of the device is Joule heated above the transformation tempera-
ture, more current flows through this region heating it further
and expanding the conductive region) the transition from a resis-
tive to a conductive state is sudden. The formation of the metallic
phase is reversible: it disappears quickly when the device cools
down after the removal of the bias. This volatility distinguishes
threshold switching from ‘memory switching’ (found in e.g.
Nb,Os5) where the resistive state is retained indefinitely without
static bias. The ability to trigger the insulator-metal transition
electrically (by applying small voltages) at or near room tempera-
ture offers great potential for novel, low-power oxide electronics in
particular for memory selecting elements.

In Fig. 1 we show the I-V characteristics of two NbO, films,
deposited under slightly different conditions. Fig. 1(A) shows char-
acteristics of a film deposited under a low partial pressure of O,
which exhibits threshold switching behavior, while Fig. 1(B) shows
the characteristics of a film deposited under a higher partial pres-
sure of O, which shows resistive switching behavior. For the latter
case applying a large positive voltage transforms the film to a
highly resistive state, whereas applying a large negative voltage
results in a highly conductive state. This change in resistivity is
attributed to electric-field induced migration of O atoms near the
outer NbO,~Pt interface. The asymmetry is caused by the fact that
for this growth procedure the interface that is formed by sputter-
deposition of NbO, on Pt is ohmic, whereas the interface that is
formed by evaporating Pt on NbO, behaves initially as a Schottky
diode.

In this paper we demonstrate that ERBS measurements can
resolve materials properties that relate to these very different
[-V characteristics.

2. Experimental details

ERBS measurements were done with our spectrometer
described extensively elsewhere, see e.g. [9,10]. Briefly 40 keV
electrons are scattered over 135.5° from a target and the scattered
electrons are energy-analysed with a resolution of 0.3 eV. This is
good enough to resolve the contribution of the elastic peak of
Nb, Si and O. The zero point of the energy scale is not exactly
known and we use the energy peak of the heaviest peak (in this
case Nb) to fix the zero position by assuming that it has a recoil
energy as calculated for an electron scattering from a free atom

(0.84eV for electrons scattering from free Nb under these
conditions).

To determine the elemental concentrations we use the elastic
scattering cross section as calculated by the ELSEPA package of Sal-
vat and coworkers [11]. The calculated cross section for Si and O
are fairly close to the Rutherford cross section, but the Nb cross
section exceeds Rutherford by 27% [12].

Thin films of niobium oxide (NbO,) were deposited on Si sub-
strate using reactive DC magnetron sputtering method from a
metallic niobium target at room temperature. Various sub-
stoichiometric (NbO,) and stoichiometric (Nb,Os) samples were
fabricated. The different stoichiometries were obtained by chang-
ing the argon to oxygen mass flow ratio (19/1, 18/2, 16/4, 12/8 at
20 sccm) at a constant total pressure of 4mTorr and constant
power of 300 W. The deposition time was fixed at 7.5 min. It was
possible to get an estimate of the overlayer thickness by RBS by
measuring the area of the Nb peak and calculating the correspond-
ing thickness using the density of Nb in Nb,Os. For the measure-
ment of the stoichiometry of the film we can not use RBS as for a
NbO, layer grown on Si the O signal is on a very large Si back-
ground. In order to get information about this stoichiometry from
RBS we grew a NbO, layer on carbon. For this deposition the power
was only 150 W. A reference sample of (relatively thick) Nb,Os was
grown by annealing Nb metal for 30 min at 600 °C in an oxygen
atmosphere.

3. Results

In Fig. 2 we show the ERBS spectra as obtained for the film
deposited with a high O, partial pressure (Ar:0,=12:8 ). Here
the deposition rate was low and the thickness was such that Si
from the substrate still contributes significantly to the spectrum.
Thus we observe 3 peaks, one is separated by ~2 eV from the first
peak, and the second one by ~4.0 eV. This agrees well with the cal-
culated separation (1.95 and 4.04 eV) for scattering from Nb (main
peak) Si (central peak) and O (peak at highest energy loss). Rotating
the sample by 35° makes the measurement much more surface
sensitive as after rotation the outgoing trajectory is very glancing
(80° away from the surface normal). Indeed the central (Si) peak
is now greatly reduced. From the peak area ratio of the Nb peak
and the Si peak we can calculate the thickness of the overlayer,
as explained in Ref. [1]. From the TPP theory [13] (developed for
electron energies of several keV, but used here at 40 keV) we
deduced an inelastic mean free path for Nby,Os of 41.5 nm and
for Si of 53.6 nm. Using these values we calculate for this sample
an overlayer thickness of 9 nm. The thickness obtained for the
measurements at the two different geometries was the same.

The ratio of the Nb and the O peak area for the sputter deposited
film is, within the precision of the measurement, the same as the
Nb:O peak area ratio of the thermally grown oxide film for which
it is well established that the stoichiometry is Nb,Os. Thus the
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Fig. 2. Spectra of the elastic peak region (top) for the sample deposited at a
relatively high O, partial pressure as obtained for a bulk (labelled “perpendicular
in") and surface sensitive (labelled “rotated 35°") geometry compared to the
spectrum of a thick, thermally grown Nb,Os layer. The bottom shows the spectra of
the same film on an extended scale, but now compared to the energy loss spectrum
of silicon.

stoichiometry of these sputter-deposited films is also very close to
Nb,0s. The same conclusion is reached if we analyze the experi-
mental data using the theoretical elastic scattering cross sections
of Nb and O [12].

Looking at a wider energy range (lower panel of Fig. 2) we see
the contributions from electrons that were deflected from a
nucleus and created one or more electronic excitations. As
explained in Ref. [3] this part of the spectrum originates on average
from a somewhat larger depth. In the bulk-sensitive geometry we
see now regularly-spaced peaks, just as in the energy loss spectrum
of a Si sample without a deposited overlayer which is shown as
well. The separation of the Si elastic peak and the plasmon is
17 eV, but the total energy loss is 19 eV (17 eV (plasmon energy)
+2 eV (recoil energy for Si) [14]. Thus for this sample the contribu-
tion of the substrate dominates the energy loss spectrum. In the
glancing geometry the energy loss spectrum has less distinct peaks
and is due to both the substrate and the overlayer.

From Fig. 3 (top panel) we see that reducing the O, concentra-
tion in the Ar:0, mixture to 16:4 reduces the Si peak intensity
strongly, and this peak is below the detection limit for the

0.05 q I
==-e=-Nb metal
—=— Nb205 thermally grown
0.04 |{ —%— P(O) : P(Ar) = 4:16 i
--¢-- P(0,) : P(Ar) = 2:18
--©-- P(O,) : P(Ar) = 1:19

0.03

0.02

Intensity (arb. units)

0.01

IR

1 1 1

2 4 6 8
Energy Loss (eV)

Thermally grown

2

5 ) .

2 " P(O,): P(An)=2:18
g J 3 ’

S il

2 i

@ i P(O =1:19
5 ~'.'-‘

£ : ﬂh‘\h

i

o
—_
o

20 30 40 50 60
Energy Loss (eV)

Fig. 3. The top panel shows the elastic peak region of the loss spectra for Nb
(metal), thermally grown Nb,Os and 3 spectra of sputter-deposited layers with an
0, to Ar partial pressure ratio as indicated. The lower panel showing the same
spectra over a larger energy loss range. Even for lowest O, partial pressures there is
no contribution of Nb metal to the energy loss spectrum.

deposition with Ar:0, mixtures of 18:2 and 19:1, indicating much
thicker films in these cases. Clearly the deposition rate increases
dramatically with decreasing O, concentration. The film thickness
for the 16:4 mixture as obtained by ERBS was 39 nm, for the two
other mixture only a lower limit of 50 nm can be determined (as
no Si peak is visible in the spectrum).

As before the Nb peaks in Fig. 3 were normalized to unit area.
Interestingly, now the Nb:O peak area ratio depends on the O, par-
tial pressure. For the 4:16 mixture the peak area ratio can still not
be distinguished from that of the thermally grown film, but for the
lower oxygen concentration the O peak is clearly less intense and
the films are sub-stoichiometric (compared to Nb,Os). The
obtained nominal stoichiometry, as well as the thicknesses are
given in table Table 1.
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Table 1

Thickness and stoichiometry as obtained by ERBS and RBS. The first column shows the
Ar/O, pressure ratio of the gas used in the deposition. The second and third column is
the thickness and stoichiometry of the deposited layer as determined by ERBS, the
last two columns are the same quantities as determined by RBS. Note however, that
for the stoichiometry we used a separate sample with the NbO, layer grown on
carbon.

Ar/O, T (nm) Nb,0y T (nm) Nb,Oy
ERBS (ERBS) RBS (RBS)

19:1 >50 Nb,04 93 Nb,043

18:2 >50 Nb,043 88 -

16:4 39 Nb,Os 37 Nb,0s 5

12:8 9 Nb,0s 8 Nb,0s g

In the lower panel of Fig. 3 we show the energy loss spectra of
these samples, sputter-deposited at a lower O, partial pressure,
over a larger loss range, as well as the spectra from thermally
grown Nb,Os and Nb metal. The loss spectra of all sputter-depos-
ited films are fairly similar and resemble that of the native oxides.
The spectra for the 4:16 mixture still shows a trace of the Si plas-
mon peak at 19 eV energy loss, consistent with the fact that there
the deposited layer is still fairly thin. The Nb metal film has a
strong peak near 21 eV. This peak is absent in the sputter-depos-
ited films, so there is no sign of metallic Nb in the sub-stoichiom-
etric films.

Transmission electron energy loss measurements from Bach
et al. at 200 keV show subtle differences between the intensity
ratio of the different features in the loss spectrum between NbO,
and Nb,Os [15]. In particular the peak near 15 eV is stronger than
the peak near 25 eV for Nb,Os but for NbO, it is the other way
around. We do not see such differences between thermally grown
Nb,05 samples and samples with a stoichiometry close to that of
NbO,. However our spectra are not deconvoluted for multiple scat-
tering (which is not straight forward as we do not know the thick-
ness in all cases) and this can affect the apparent intensity of
different peaks in the spectrum.

It is more interesting to focus attention on the ‘band gap region’.
Here the O elastic peak complicates the interpretation of these
data. Therefore we decreased the energy of the incoming beam
to 5 keV. The O-Nb splitting is now reduced by a factor of 8 and
the Nb and O elastic peaks have merged. The energy loss spectra
taken at 5 keV for samples grown with an Ar:0, pressure ratio of
16:4 and 19:1 are shown in Fig. 4. We aligned the elastic peak with
0 eV energy loss. For the sample grown under high O, flux (with a
stoichiometry close to Nb,0s) the onset of the loss spectrum is
near 3.8 eV, a slightly larger value than usually quoted for the band
gap of Nb,Os (3.4 eV). For the sample grown under a smaller O,
flux (with a stoichiometry close to Nb,0O43) there is an increase
of the loss spectrum at a similar energy loss, but there is extra
intensity extending all the way from this onset to the elastic peak.
This behavior is quite universal, we have observed it as well when
comparing sub-stoichiometric and stoichiometric hafnium oxides
and tantalum oxides and have been seen in many other REELS
experiments, e,g. for the case of the reduction of a TiO, surface
by sputtering, see Ref. [16]. When the films are prepared in such
a way that the cation is not fully oxidized, there appears to be a tail
extending from the elastic peak, partially filling in the band gap
region seen for the fully oxidized material.

To understand this it is helpful to consider the sketch of the
density of states shown in the top half of Fig. 4. For Nb,Os the
Nb atoms have a charge of 5* (iso-electronic with Kr). The valence
band is derived from O 2p states, and the valence states derived
from Nbyg 5 electrons are empty. Thus the gap observed is a signa-
ture of the band gap.

If the cation is not fully oxidized then some of the Nby, ss states
are occupied, and there are additional excitations possible (shown
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Fig. 4. Spectra taken at 5 keV for a samples grown with an Ar:0, pressure ratio of
16:4 (thick, red line) and 19:1 (thin blue line). The onset of the loss feature is
estimated by the straight line extrapolation (shown in black) indicates a slightly
larger band gap than usually quoted value of 3.4 for Nb,Os. The sample grown
under low O, flux has a less pronounced minimum after the elastic peak. The extra
intensity between 0 and 4 eV is attributed to excitation of Nb4yss electrons, as
illustrated in the caricature of the density of states above the graph. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

in red in Fig. 4. These excitations cause the additional, but fairly
featureless, intensity in the band gap region of Nb,Os. For the case
of NbO; there is a phase transition. In the low-temperature (high
resistance phase) the crystal structure of NbO, has dimerized
(Peierls transition), enlarging the unit cell and causing a gap at
the Fermi level [17]. At high temperatures this dimerization disap-
pears and the material becomes a reasonably good conductor.
Unfortunately our energy resolution is not good enough to resolve
this dimerization gap (=1 eV) near the very intense elastic peak.
Thus under these conditions the onset of O 2p excitations in the
EELS spectrum should not be confused with the band gap.

4. Discussion and conclusion

For traditional RBS, using He" ions it is difficult to measure the O
concentration for NbO, films grown on Si as the weak O signal is
superimposed on a background due to ions backscattered from Si
at a significant depth. Therefore we made a separate set of films
deposited on a carbon substrate. The gas mixtures and pressures
were the same, but here the deposition was done at half the power.
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Depositions using a mixture with a large O, content in the plasma
were over-stoichiometric according to RBS, whereas ERBS values
appeared to be in agreement with the Nb,Os composition (see
Table 1). For lower O, pressures the stoichiometry found with
RBS and ERBS are in good agreement. Both techniques observed a
strong decline in the deposition rate with increasing O, pressure.

In summary we have demonstrated that it is possible to charac-
terize sputter-deposited layers such as the present NbO, layers by
electron scattering. This technique provides useful information
about the stoichiometry and the thickness of the films and its elec-
tronic structure and can also determine the stoichiometry for sam-
ples that are deposited on a high-Z substrate. Niobium oxides can
be formed by sputter-deposition that show either a threshold
switching or memory switching. By simply changing the flow rates
of the gases during sputter deposition one can incorporate both
behaviors in a single layers. As suggested before [5,6] this could
be a very economic way of overcoming sneak currents in memory
devices in a simple cross bar structure. ERBS has been shown to be
a good technique to monitor the quality of such material, espe-
cially if it could be integrated in an electron microscope.
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