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Memristive devices based on the resistive switching mechanism are continuously attracting attention in
the framework of neuromorphic computing and next-generation memory devices. Here, we report on a
comprehensive analysis of the resistive switching properties of amorphous NbO, grown by anodic
oxidation. Besides a detailed chemical, structural and morphological analysis of the involved materials
and interfaces, the mechanism of switching in Nb/NbO,/Au resistive switching cells is discussed by
investigating the role of metal-metal oxide interfaces in regulating electronic and ionic transport
mechanisms. The resistive switching was found to be related to the formation/rupture of conductive
nanofilaments in the NbO, layer under the action of an applied electric field, facilitated by the presence
of an oxygen scavenger layer at the Nb/NbO, interface. Electrical characterization including device-to-
device variability revealed an endurance >10° full-sweep cycles, retention >10* s, and multilevel cap-
abilities. Furthermore, the observation of quantized conductance supports the physical mechanism of
switching based on the formation of atomic-scale conductive filaments. Besides providing new insights
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into the switching properties of NbO,, this work also highlights the perspective of anodic oxidation as a
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1. Introduction

Resistive switching properties characterize all those devices
able to vary their resistance state between a high resistance
state (HRS) and a low resistance state (LRS) under an external
voltage stimulus. In very recent years, the interest in the study
of devices based on resistive switching has widely increased,
and they have been proposed in many fields of electronics for
in-memory computing solutions, next-generation memory sto-
rage, or bio-inspired computing.'™ Typically, they are realized
by sandwiching an insulating material (MIM) or a solid electro-
lyte between two metal electrodes.*® The switching occurs in
the central layer of this structure, called a resistive switching
layer, and it is caused by the overall change in the resistance of
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promising method for the realization of resistive switching cells.

the device due to either internal redox reactions in the solid
electrolyte or the formation and rupture of a conductive filament
(CF) in the insulating layer under the action of an applied electric
field. In particular, in the case of valence change memory (VCM)
cells, the switching mechanism is related to the anion migration
in the insulating layer, while in electrochemical metallization
(ECM) cells, cation species are formed by the dissolution of the
active electrode and a conductive filament formed by their
electromigration through the switching medium.

Using transition metal oxides (TMO) as insulating layers is
becoming a very popular choice for the realization of both VCM
and ECM cells and among them, NbO, is attracting widespread
interest. Indeed, NbO, has shown high performances in terms
of endurance and retention, making it a perfect candidate
for the realization of non-volatile ReRAM in neuromorphic
computing, and the emulation of artificial synapses.®® In
addition, NbO, has been proposed for the realization of a
new class of non-linear circuitry elements able to substitute
the classical transistors in hardware applications.'® Memristive
devices based on NbO, have been also largely studied for their
threshold switching properties, useful as a selector in memory
arrays."* In all these works, the niobium oxide switching
medium is obtained using conventional deposition techniques
such as RF sputtering both starting from a NbO, target and
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from a pure Nb target in an oxygen atmosphere to control its
stoichiometry and also by using pulsed laser deposition (PLD),
ALD and sol-gel methods.**>°

Recently, anodic oxidation has been proposed as a promis-
ing alternative low-cost and easy-to-use technique in the reali-
zation of RS devices with high performances. Indeed, anodic
oxidation is largely exploited in the fabrication of RS devices
based on TMO such as HfO,, TaO,, TiO,, and also NbO,.>**°
However, in the literature, few studies have been conducted on
the anodic oxidation of niobium as a resistive switching
layer‘30,35737,41

In this work, we report on a comprehensive investigation of
the resistive switching mechanism in amorphous NbO, realized
by anodic oxidation by combining the analysis of the resistive
switching properties of Nb/NbO,/Au devices together with a
detailed chemical, structural and morphological analysis of the
NbO, layer and its interfaces. For these devices, the switching
mechanism is related to the formation/rupture of a sub-
stoichiometric conductive channel generated by the motion of
oxygen vacancies and/or Nb>* ions in the NbO, layer under the
action of an applied electric field. The results show that the
conductive filament morphology can be tailored by an appro-
priate control of the maximum current flowing into the device,
showing also that the filament can shrink down approaching
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the atomic scale under appropriate operational conditions in
voltage and current sweep modes.

2. Results and discussion
2.1 NbO, by anodic oxidation

Resistive switching cells were fabricated by growing niobium
oxide through the electrochemical anodization of Nb. A sche-
matic of the experimental setup is reported in Fig. 1(a). Anodic
oxidation represents an electrochemical method to produce an
oxide film on a metallic substrate, where electrons are removed
from the target material to oxidize the anode. The advantages of
this technique are the easy set-up, which consists of an electro-
chemical cell, and the fast oxide growth. Here we use an
ammonium pentaborate anodic solution to induce the oxidation
of the niobium thin film that is also exploited as the bottom
electrode of the switching device. Once the sample is in the
solution, OH™ oxidant species are produced by dissociations and
travel at the interface with the metal where they react producing
the metal oxide. The thickness of the oxide is fixed by the
anodizing voltage that regulates the maximum depth at which
oxidant species can travel under the surface, allowing fine
nanometric control of the oxide growth.*”> Fig. 1(b) shows the
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(a) Scheme of the anodization cell. (b) Anodization curves: the anodization is performed at constant voltage after an initial ramp at a fixed current

of 1 mA. (c) Different thicknesses obtained by varying the limiting voltage, and the values obtained via ellipsometric measurements. (d) Scheme of the as-

fabricated sample, and on the right, the single Au/NbO,/Nb device.
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typical anodization curves acquired during the oxidation of the
niobium films, where curves obtained from the anodization of
different samples with different anodizing voltages are reported.
These curves can be divided into two regions, a first linear region
in which the applied voltage increases with time at a fixed
current density, and a second region characterized by a plateau
in which the anodizing process happens at constant voltage and
the oxide layer reaches the final chemical composition. Starting
from the Si/SiO, substrate covered by a thick Nb layer, different
anodizing voltages are studied to obtain different NbO, thick-
nesses as shown in Fig. 1(c). Herein, it can be observed that the
thickness of the NbO, thin film linearly increases as a function
of the anodizing voltage, where the linear relationship is char-
acterized by a slope of 2.7 nm V. The so-anodized samples are
then subjected to lithography and metal deposition for the
deposition of the 50 x 50 pum” Au square top electrodes (TEs)
to obtain the final Au/NbO,/Nb cell stack with a common Nb
bottom electrode, and the schematics can be found in Fig. 1(d).

2.2 Chemical, structural and morphological characterization

Fig. 2(a) shows the TEM cross-section of the Au/NbO,/Nb cell in a
bright field mode. The topmost layer (on the left side in Fig. 2(a))
is Pt deposited as a protective cap during the sample preparation.
The analysis shows that the Nb thin film bottom electrode is
composed of columnar Nb crystals, characteristic of sputter
deposition. The top layer of the Nb film is covered by NbO,, and
the image clearly shows its great uniformity in the metal-oxide
thickness. The thickness of the oxide of this specific sample can
be estimated to be around 55 nm in accordance with ellipsometry
measurements. High-resolution TEM (HR-TEM) was performed to

Fig. 2
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investigate more in detail the three materials and is shown in
Fig. 2(b). A more in-depth investigation of the structure of the
three materials and in particular of the oxide layer can be obtained
through Fast Fourier Transform (FFT) of the transmitted electron
signal crossing the lamella and was performed in the regions
highlighted corresponding to Au, NbO,, and Nb (Fig. 2(c)-(e)). The
FFT reproduces the reciprocal lattice of the three components of
the cell. In particular, gold and niobium are polycrystalline, as
expected. The FFT of NbO,, shown in Fig. 2(d), gives evidence of its
amorphous nature. A confirmation of this can be also found
through X-ray diffraction (XRD) measurements performed on
the top of the anodized niobium film in pseudo-parallel beam
configuration: the diffractogram in Fig. 2(f) clearly shows the main
peaks due to the niobium bottom electrodes, but no peaks of
crystalline niobium oxides of any stoichiometry (NbO, NbO, or
Nb,Os) are found. In their place, a pronounced bump is present in
the cyan region below 40 degrees, which is typical of the amor-
phous substances, in which, due to the lack of long-range order
and due to the consequent distribution of bond lengths and
angles, a broadened halo substitutes the Bragg peaks. The FFT
measurements on the transmitted electron signal along with the
XRD measurements reveal that the niobium oxide thin film grown
by anodic oxidation with our electrolytic solution is amorphous.
Our results are in accordance with previous results, where inde-
pendent of the chosen anodic solution, niobium oxide grown by
anodic oxidation at room temperature is amorphous unless
higher temperatures are reached during the anodization process
or subsequent annealing is performed.****

Fig. 3(a)-(c) show Electron Energy-Loss Spectroscopy
(EELS) characterization performed on the specimen lamella.
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(a) Bright field image of the Au/NbO,/Nb structure showing the thickness uniformity in the oxide growth after the anodization process (the scale

bar is 100 nm). (b) HR-TEM performed on the same structure in (a) (scale bar is 20 nm). The FFT of the transmitted electron signal allows the extraction of
the structure of each layer; Au (c) and Nb (e) are monocrystalline and polycrystalline, respectively, NbO, is found to be amorphous (d). (f) XRD pattern of
the sample, the cyan region below 40 degrees highlights the presence of an amorphous phase, identified through TEM as the oxide layer grown on the
top of niobium after the anodization process (peaks of Si/SiO, substrate removed). Measurements were acquired on the 20-V grown oxide sample.
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As indicated in Fig. 3(a), different regions of niobium oxide are
studied. Fig. 3(b) and (c) show the energy loss spectra of the
niobium and oxygen regions, M-edges and K-edges, respectively
corresponding to locations shown in Fig. 1(a). The Nb M2,3-
edge consists of two main peaks, and their shape is similar in
all spectra. A chemical shift of both peaks is found, and this is
related to the niobium oxidation state. Specifically, three dif-
ferent peak positions can be identified along the structure at
the lowest energy positions for the metallic Nb film (about 364
eV), intermediate at the interface between Nb and the oxide
layer (about 365.5 eV), and the highest energy position (366 eV)
corresponding to Nb,Os (the peak positions are referred to the
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M3 line and the separation between the M3 and M2 lines is
constant and about 15.3 eV for each oxidation state).*> This
analysis highlights a massive presence of Nb,Os in the whole
volume of the oxide due to the position of the M2 and M3 lines
of niobium, and the shift of about 2.5 eV with respect to
metallic Nb. Therefore, it can be concluded that the only
appreciable difference in stoichiometry is at the interface with
the niobium bottom electrode, where the red curve is subjected
to a chemical shift that can be attributed to the presence of
NbO.*® Besides the Nb M-edges, we also acquire the O K-edge at
the same sample positions, as can be seen in Fig. 3(c). According
to the literature, the O-K edge is characterized by a double-peak
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Fig. 3 Chemical characterization of niobium oxide. (a) A cross-section of the Au/NbO,/Nb cell highlighting the region in which the EELS analysis is
performed: the coloured circles and arrows refer to the entity of the investigated area. EELS analysis evidences the massive presence of Nb,Os in the
analysed sample lamella with a slight shift of the mean peaks approaching the Nb bottom electrode to be attributed to the presence of a very thin layer of
NbO at the interface between the two materials. This can be observed for both niobium (b) and oxygen (c) lines. (d) XPS survey spectra at the NbO,
surface. (e) Quantitative XPS analysis showing the atomic percentage of the different spaces in the specimen lamella. (f) XPS cumulative Nb3d spectra:
niobium 3d peaks evolve going in deeper toward the bottom electrode. In the bottom row, particulars of the HR niobium spectra at the Nb3d region at
the Au interface (g), in the middle (h) and at the Nb interface (i).
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structure just above the ionization edge, followed by different
bumps.*®> The energy splitting of the two peaks differs for
different oxidation states, that is, it reduces for lower oxidation
states. The spectra of the O K-edges are very similar for the major
part of the thickness of the oxide and are ascribed to Nb,05.**
At the interface, a spectrum with a different shape is observed,
and according to the literature, this can be ascribed to NbO.*>
A complementary analysis performed via XPS allows going
deep into the chemical composition of our devices. Initially, the
survey analysis is performed on the surface of niobium oxide
(in the region without top electrodes). Fig. 3(d) highlights all
the elements detected at the surface, where only Nb and O
elements are present, besides C surface contaminations.
A subsequent quantitative depth profile analysis performed
on multilayered Au/NbO,/Nb (Fig. 3(e)) shows a higher concen-
tration of oxygen in the region near the Au top electrode and a
reduced content in the region approaching the Nb bottom one.
Fig. 3(f) shows the HR spectra of the region of the Nb 3d peaks
as a function of the sputtering time in the depth profile in
which it is possible to notice the presence of three different
oxide phases due to the evolution of the Nb peaks: at the
interface of the Au top electrode (green curve), in the oxide
volume (cyan curves) and at the interface with the Nb bottom
electrode (red curve). Going deeper in detail, the results show
that the niobium oxidation state is +5 at the interface with
the TE, as can be observed in Fig. 3(g), where after Shirley
background subtraction and peak fitting-deconvolution using a
combination of Lorentzian-Gaussian functions, the doublet of
the Nb3d peak can be observed at the positions 206.9 eV and
209.4 eV. In the bulky region, the oxidation state of niobium
results from a mixture of Nb(+5) and Nb(+2), an example is the
HR spectra of the niobium 3d peak region at 8 min sputtering
time (Fig. 3(h)), in which following a similar procedure, the
doublet related to Nb(+5) is encountered jointly with the doub-
let of Nb(+2) (BEs: 203.7 eV and 205.8 eV for Nb3d5/2 and
Nb3d3/2, respectively). In the region at the interface with the
Nb bottom electrode, only the Nb(+2) oxidation state and the
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Nb metallic state (BEs: 201.8 eV and 204.5 eV for Nb3d5/2 and
Nb3d3/2, respectively) are encountered, meaning the interface
between the oxide and the bottom electrode is constituted
mainly by a thin layer of NbO. This is in accordance with the
previous reports where niobium oxide was grown on the top of
a niobium film, independent of the method chosen for the
growth, and at the interface, there is a thin layer of 1-2 nm of
NbO.*® The different oxidation states of Nb in the oxide layer can
be explained by considering the different electrode reactivities of
Nb,Os. In particular, the results confirm that Au is unreactive
with niobium oxide, which means that it is not able to change its
oxidation state, and that is confirmed by looking at the survey
spectrum at the NbO, surface and the HR spectrum at the Au/
NbO, interface (Fig. 3(d) and (g), see also Fig. S1a and b (ESI) of
the HR spectra of Nb3d and O1s spectra of the bare oxide surface
in the ESIt for comparison). Moreover, it seems plausible that
because of the amorphous nature of the niobium oxide layer, in
the bulky region, a mixture of all the possible oxidation states of
Nb should be found. Nevertheless, by the peak-deconvolution, it
has not been possible to assume the presence of the Nb(+4)
oxidation state even considering a further doublet in the region
[204;207] eV.

In order to understand the presence of the Nb(+2) oxidation
state at the Nb/NbO, interface, it is necessary to take into
account the reaction paths occurring during anodic oxidation
in between Nb and Nb,Os5:

Nb + 2Nb,05 — 5NbO,

NbO, + Nb — 2NbO

Both these reaction paths have negative Gibbs free energy,
so they are spontaneous as reported in the literature.”® This
means that Nb,Os can spontaneously react at the interface with
Nb-forming NbO, that can further react with Nb to form NbO.>®
These reactions result in a mixture of different oxidation
states that can be observed in the bulky region with a reducing
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(a) Pristine state curves showing a high asymmetry Schottky barrier, in the inset a scheme of the equivalent circuit of the cell as the back-to-back

diode: the two diodes represent the Schottky barriers at the interfaces with the electrodes, whilst the resistor represents the NbO, layer resistance. (b) A
typical RS cycle of the Au/NbO,/Nb devices in which is shown the SET phase in the negative polarity and the reset phase in the positive one. (c) A scheme
of the switching process: at the beginning, the devices are in their pristine state; after the application of a negative voltage, the electroforming process
takes place, thanks to the oxygen vacancies mechanism (migration of blue spheres) that reveals a Nb channel in the oxide layer; once the conductive
filament is formed and the LRS is reached, the HRS is recovered by applying a positive voltage.
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content of Nb,Os for NbO approaching the Nb electrode, as
observed experimentally.

In summary, structural, chemical, and morphological char-
acterizations revealed that NbO, is amorphous with a uniform
stoichiometry characterized by a mixture of Nb,Os and NbO
phases, except at the interfaces of the two electrodes, as shown
in Fig. 3(f), with the presence of a NbO interlayer at the Nb/
NbO, interface and Nb,O5 at the Au/NbO, interface.

2.3 Electrical characterization

After the fabrication process, the devices are in their pristine
state, characterized by high resistance due to the insulating
nature of NbO,. During measurements, the Nb bottom electrode
is grounded, while the voltage is applied to the Au top electrode.
Fig. 4(a) shows the typical pristine state curves of these devices,
where nonlinear behavior can be ascribed to the presence of the
blocking character of Schottky barriers at the interfaces that
regulate the electronic flow. In particular, a high asymmetry can
be observed in the two Schottky barriers formed at the Au/NbO,
and NDb/NbO, interfaces. Generally, the Schottky barriers at
the interfaces with the electrodes of resistive switching cells
are related to the difference between the work function of the
electrode and the electron affinity of the oxide. In addition, as
deduced from the XPS measurements, the oxide stoichiometry is
not the same in each section and thus contributes to altering the
entity of the barrier at the interfaces with electrodes. At the Au
interface, niobium oxide is definitively Nb,Os and the difference
between the Au work function and the niobium oxide electron
affinity is at its maximum; on the contrary, at the Nb interface,
the niobium oxide is nearly metallic (NbO) and this reduces
the barrier with Nb.*” In addition, the Schottky barrier height
at metal-insulator interfaces is strongly dependent also on
chemical interactions in nanoscale devices.***® In the case of
memristive cells, the metal-insulator-metal structure can thus
be schematized as back-to-back connected Schottky diodes
representing metal-insulator interfaces in series with the NbO,
layer resistance. When a negative voltage is applied to the Au top
electrode, the electronic conduction is meanly blocked by the
reversely polarized barrier at the Au/NbO, interface. Instead,
when a positive voltage is applied to the Au top electrode, a more
conductive nonlinear /-V characteristic can be observed due to a
more conductive behaviour of the reversely polarized Nb/NbO,
junction.*” The high barrier for electronic transport resulting at
the interface between NbO, and Au contributes to the increase in
the pristine state resistance of the Au/NbO,/Nb cell, meaning
that the initial resistance state does not completely depend on
the insulating properties of the oxide alone but it is strictly
dependent on the choice of metal electrodes. In this context, for
the sake of completeness, it should be pointed out that the same
structure terminated with Nb rather than Au in the Nb/NbO,/Nb
structure is by far more conductive (details in Fig. S2, ESIT).
The electroforming process represents an essential step for
the initialization of resistive switching properties of Au/NbO,/
Nb devices. The electroforming process relates to an initial soft
breakdown in the oxide layer under the action of an applied
electric field. This is caused by the oxygen ion migration and, as
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a consequence, a sub-stoichiometric channel, deficient in oxy-
gen, is formed in the NbO, layer (details on the electroforming
curves can be found in Fig. S3, ESIt).

Fig. 4(b) shows a typical resistive switching I-V curve of these
devices after electroforming. In particular, it highlights the SET
process that occurs when a negative voltage is applied to the Au
top electrode, while as the resistive switching behaviour is
bipolar, a RESET can be observed by applying an opposite
voltage polarity. The switching mechanism is attributable to
the migration of oxygen-related species and/or migration of
Nb>* ions under the action of the applied electric field, with
subsequent formation and rupture of a conductive filament, as
schematized in Fig. 4(c). Here, according to chemical analysis, a
region deficient in oxygen is depicted at the interface with the
Nb electrode (light purple layer). When the electroforming process
begins by applying a negative voltage on the Au electrode, the
oxygen ions (blue spheres) start to move toward the Nb bottom
electrode, driven by the electric field. At the interface, the deficient
oxygen layer (scavenger layer) acts as a reservoir of oxygen able to
collect the mobile ions.>>*° Oxygen ions continue to accumulate
at the Nb interface until a conductive channel almost free of
oxygen is formed. The formation of the conductive filament
should be, moreover, facilitated by the presence of NbO produced
in the oxide layer as a result of the anodizing process.”* In this
context, it is worth noting that besides the migration of oxygen-
related species, the migration of Nb>" species is also expected to
occur in NbO,. This is due to the high transport number of Nb>*
(in the range of 0.24-0.27),’>°*~* suggesting that the formation of
the conductive filament is sustained not only by oxygen anions
but also by Nb>* ions. At this point, the device switches to its low
resistance state (LRS). By reversing the voltage polarity, the oxygen
ions move in the opposite direction, recovering the high resis-
tance state (HRS), but at a resistance level lower than the initial
pristine one. Indeed, the HRS can be achieved through the
formation of a gap inside the conductive filament without the
need for its complete dissolution. In this context, resistive switch-
ing is related to the formation/rupture of an oxygen-deficient
conductive filament, where the NbO layer at the Nb/NbO, inter-
face acts as an oxygen scavenger.

The resistive switching performances of the devices have
been studied by means of endurance and retention tests.
Fig. 5(a) reports I-V curves with DC measurements over more
than 10° cycles of the endurance test. As can be observed, the
device shows Ohmic behaviour in the LRS with linear -V
characteristics and non-linear behaviour in the HRS. Fig. 5(b)
reports the endurance of the device, showing high stability of
the LRS and HRS. An average ON/OFF ratio of 33 was observed,
with an average LRS and HRS of 126 Q and 4.2 kQ, respectively.
Fig. 5(c) reports SET and RESET voltages over cycling during the
endurance test, while Fig. 5(d) reports the corresponding SET
and RESET distributions, where SET and RESET mean voltages
were observed to be —0.6 V and 0.6 V, respectively. Importantly,
it is worth noticing the low variability of programming voltages
over cycling. Fig. 5(e) reports the device retention, ie. the
capability to retain the programmed resistance states. As can
be observed, Au/NbO,/Nb devices show high stability in the
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Fig. 5 Resistive switching analysis. (a) /-V curves from the endurance test corresponding to the 1st, 128th, 256th, 384th, 512th, 640th, 768th, 896th and 1024th
cycle, respectively (lighter to darker red). (b) HRS and LRS extracted from the endurance test. (c) SET and RESET voltages extracted from the 1024 cycles endurance
test. (d) Histogram of the SET and RESET voltages distribution; the blue and green curves are fitting Gaussian distribution functions. (e) Retention analysis showing the
high stability of the LRS. (f) Device-to-device variability performed on 10 devices under test trained in the same way, HRS and LRS extracted on the last 10 cycles of
the endurance test. A reading voltage of 50 mV is assumed for the endurance tests, while a voltage of —10 mV is used to read the current during the endurance test.

retention of the LRS over 10" s. Device-to-device variability has
been evaluated by considering the response of a set of 10 devices
characterized with the same measurement scheme. The results are
reported in Fig. 5(f), where LRS and HRS distributions over cycling
of different devices are compared. Despite small variabilities, all
devices under test show two distinct distributions of resistance
states for HRS and LRS well separated by at least one order of
magnitude (see Table S1 in the ESIt for a comparative analysis
with the literature). Note that the memory window can be further
enlarged by appropriate tuning of programming conditions and/or
through the appropriate selection of electrode materials.

The multilevel capability of these devices was evaluated by
programming the devices with different levels of compliance current
(CC). Fig. 6(a) reports I-V characteristics obtained by tuning the CC
from 500 pA up to 7.5 mA. As can be observed, a reduction in the
LRS can be observed by increasing the CC level. In the LRS, the
devices show the Ohmic behaviour for the tested currents, except for
500 pA (details in Fig. S4, ESIT). Fig. 6(b) reports the distribution of
LRS over cycling for each level of CC. In particular, LRS evolves
toward low resistances as the CC is increased showing that it is
possible to tune the LRS in a range of two orders of magnitude,
leading to the possibility of tuning the device memory window.

A finer tuning in the LRS can be reached by resorting to low
voltage and current sweep experiments where the morphology

This journal is © the Owner Societies 2023

of the filament can be tailored down to the nearly atomic scale,
where quantum conductance levels can be observed. In particular,
discretized-like levels of conductance were observed by tailoring the
device kinetics through slow voltage sweep rates. An example of
quantum levels is reported in Fig. 6(c), where plateaux at integers
and half-integers multiples of G, were observed by operating the
device in a voltage sweep mode with a rate of 250 pV s~ . Similar
results were also observed by operating the device with a slow
current sweep mode (rate of 73.5 nA s~ '), as reported in Fig. 6(d).
Conductance quantization is a phenomenon that interests all those
structures in which electrons can move in a ballistic regime
through a constriction whose lateral dimension is lower than their
Fermi wavelength.”>” The Landauer formula well describes the
current passing through the constriction and assumes that its
conductance is dependent on the number of active channels
through which electrons are able to move and are activated at
the moment the voltage is applied. The observation of staircase-like
conductance in our structure is proof of the ballistic conduction
through a filamentary structure (or, more in general, channel)
whose dimensions are comparable with the electron wavelength.
Previous observation reported conductance quantization in Pt/
NbO,/Al switching devices, but, as far as we know, not with other
combinations of electrodes.”® Different from a pure metallic struc-
ture (as the ones generated in some ECM cell-based devices), in
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10 cycles of the endurance test assuming a reading voltage of 50 mV. (c) Low voltage sweep experiment: controlling the voltage sweep speed, it is
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which usually integer values of G, can be observed, for a VCM cell-
based device in which the electromigration is associated with the
movement of oxygen ions (when TMO are taken into account), half-
integer values of G, can be observed too. The presence of metallic
cations and oxygen vacancies in the NbO, matrix allows the move-
ment of electrons in different sub-bands that are not the ones of the
pure Nb, suggesting the possibility of observing both integer and
half-integer values of G,.”” For our experiments, the application of
the current sweeps was revealed to be the most recommended
choice to observe the conductance quantization at a finer level,
turning out to be the best strategy for slowing down the filament
formation kinetics to make possible the observation of the electro-
nic response of the filament while it is formed nearly atom-by-atom.

By the way, we are still far from precisely controlling the
conductance increase during the SET phase, and the measure-
ments in Fig. 6(c) and (d) are intended to be a demonstration that
it is possible to observe the quantization in conductance also.

3. Experimental section
Anodic oxidation and device fabrication

The devices have been fabricated starting from a commercially
available silicon wafer covered by 500 nm of thermal silicon oxide
(SiMat) cut in 17 mm x 17 mm squares. Before the deposition,

Phys. Chem. Chem. Phys.

the substrates are washed sequentially in acetone and ethanol
with the assistance of an ultrasonic bath cleaner and dried under
continuous nitrogen flow. The deposition of the Nb bottom
electrode is performed in a DC sputtering system equipped with
a Nb target and evacuated at 1.7 x 10”7 mbar and the deposition
was carried out for 4 min and 46 s at a pressure of 3 x 10> mbar
to achieve a final thickness of 250 nm. Immediately after the
deposition, the samples are anodized in an ammonium pentabo-
rate with the ethylene glycol supersaturated solution. A Cu tape is
used to short-circuit the bottom Nb film with the back of the
sample in order to ground the sample during the anodization
process. The anodization process was carried out in a custom-
made electrolytic cell able to oxidize only the central part of the Nb
film in a circular shape of 12 mm diameter as shown in the
scheme of Fig. 1(d), by applying a constant current of 1 mA
provided by a Keithley 220 current source meter. The current is
kept constant until the anodizing voltage is reached; at this point,
the current is automatically adjusted through a LabVIEW interface
to keep the anodizing voltage constant. The voltage is applied
using HP 34401a and the signal is acquired using a LabVIEW
interface. A total anodizing time of 300 s is assumed for each
anodizing voltage as reported in Fig. 1(b) and (c). The thicknesses
of the NbO, transparent thin films were evaluated via spectro-
scopic ellipsometry (alpha-SE Ellipsometer J.A. Woollam). XRD
measurements were performed on the bare niobium oxide in the
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pseudo-parallel beam configuration using the Panalytical
XPERT-PRO diffractometer equipped with a Cu anode (K-alpha
wavelength = 1.5419 A) with a glancing incidence angle of 0.8°.
TEM investigation was carried out using a TALOS F200X G2
microscope operated at 200 kv. High-angle annular dark field
(HAADF) and electron energy loss spectroscopy (EELS) detectors
(Continuum S/1077 spectrometer) were used in the scanning
TEM (STEM) mode. The dispersion of core-loss EELS was 0.15 eV
per channel for both the niobium M-edge spectra and oxygen K-
edge spectra. The spectra post-treatment were recorded using
the Gatan Digital Micrograph software. For each edge of interest,
the background was fitted within an energy window positioned
immediately before the edge and extrapolated beyond the edge
onset. A power-law function was used. The extrapolated back-
ground was then subtracted from the edge. The samples for TEM
characterization have been prepared in cross-section via a stan-
dard lift-out technique, using FIB operated at 30 kV, as described
previously.*® A final cleaning step using a FIB voltage of 2 KV was
also performed. Chemical characterization has been carried out
through a PHI 5000 Versaprobe Scanning X-ray Photoelectron
spectrometer equipped with a monochromatic Al-Kalpha X-ray
source working at 1486.6 eV and using the C1s peak (position
284.8 eV) as calibration to correct the shift caused by the
adventous carbon on the surface. The depth profile analysis
has been performed with the assistance of an Ar" ion source on
the multilayered Au/NbO,/Nb considering a region fully coated
by Au. For both the survey analysis and the HR one, a spot of 100
um and a collection angle of 45° are used to record the signal.
XPS HR spectra were interpolated using d-orbital functions for
the Nb3d spectra and s-orbital functions for O1s ones. For
Nb3d5/2, a doublet with a separation of 2.5 eV is assumed; in
addition, peak fitting and deconvolution have been performed
using a combination of Gaussian and Lorentzian functions in a
measure of 10% (where 0% is Gaussian and 100% is Lorentzian)
and assuming a peak asymmetry of 0.7. For the Nb3d peaks, a
separation of 2.1 eV is assumed, with the same combination of
Gaussian-Lorentzian distribution functions, but with 0.3 of
asymmetry. For O1s spectra in the bulk region, a pure Gaussian
distribution function (0% G-L) with 0 of asymmetry is assumed,
whilst, on the surface, in which the spectrum is the result of the
convolution of three distribution functions (see Fig. S2b in the
ESIt), three different interpolation functions are assumed. For
adsorbed water, 35% G-L with 0 of asymmetry centered at 532.7
eV, for the CO, compound, 0% G-L with 0 of asymmetry
centered at 531 eV and lately, at lower energy, for the chemi-
sorbed Nb,Os5 0% G-L with 0 of asymmetry and a peak at 530 eV
are assumed. Shirley background subtraction has been per-
formed before each interpolation. All the XPS spectral analyses
have been carried out using the open-source software
XPSPEAK41. The 50-um X 50 pm Au top electrodes were defined
through laser lithography (Heidelberg ppg101) and the top
electrodes were deposited using DC sputtering equipped with
an Au target. Before the deposition, the chamber was evacuated
at 5 x 10~® mbar and the deposition was carried out with the
assistance of Ar plasma at a pressure of 3 x 10~> mbar to achieve
a final film thickness of 150 nm.
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Electrical measurement set-up

The electrical measurements have been carried out using a
Keithley 4200A-SCS Parameter Analyzer equipped with two tung-
sten tips. During all the measurements, the Nb bottom electrode
was always grounded and the voltage was directly applied to the
Au top electrode. The -V characteristic of the pristine state, the
electroforming process, and the endurance test have been
acquired in the voltage linear sweep operation mode assuming
a step of 100 mV in the range [—1 V; 1 V] with a compliance
current of 1 mA for the pristine state, a voltage step 100 mV in the
range [—21 V; 0 V] with a compliance current of 5 mA for the
electroforming process and, a voltage step of 50 mV in the range
[-3.5V; 1.4 V] with a current compliance of —5 mA in the negative
polarity and the maximum allowed one of 100 mA in the positive
sweep for the endurance tests. During all the endurance measure-
ments, the current compliance is never reached to achieve the
reset of the devices. Once the 1024 cycles have been reached, the
measurements have been interrupted but actually, the devices
were able to switch again. For the analysis of the HRS and LRS, a
reading voltage of 50 mV is assumed and the resistances have
been extracted by the ratio voltage over current for each cycle. The
SET and RESET voltages have been calculated assuming the
voltage at which the compliance is reached in the negative polarity
and the voltage at which the current derivative changes sign in the
positive polarity, respectively. For the retention analysis, the
device under test has been set first in the LRS and the current
has been recorded in time assuming a reading voltage of —10 mV,
and the analysis takes place after 10000 s. The same has been
done for the acquisition of the HRS and the device is reset after a
complete I-V cycle; then assuming the same reading voltage of
—10 mvV, the acquisition of the current is carried out for other
10000 s. For both measurements, 1000 points have been acquired
with an interval time of 10 s and a hold time of 1 s, and a
compliance current of 5 mA is assumed to be dependent on
polarity to prevent unexpected damages. The multilevel analysis
has been carried out assuming the same voltage step and range
of the endurance test, but with different compliance currents.
In particular, six different compliance currents have been set at
500 pA, 750 pA, 1 mA, 2.5 mA, 5 mA, and 7.5 mA in the negative
polarity, whilst the maximum allowed one from the system is kept
for the positive polarity. The comparative analysis of the endur-
ance characteristics has been done based on the medians
acquired on the last 10 cycles of each endurance after the switch-
ing stabilization and the HRS and LRS have been extracted
assuming the same voltage reading of the previous endurance
test. For the slow voltage sweep measurements, the analysis has
been carried out starting from the device in the HRS and applying
a linear voltage sweep from 0 to —0.5 V with a step of 250 puV and
compliance current of 5 mA. For the slow current sweep measure-
ments, a current step of 73.5 nA is assumed, starting from 0 to
150 pA (and reverse) with a compliance voltage of 3 V. In both
experiments, the voltage/current step is provided with a time
interval of 1 s. After each slow voltage/current sweep experiment,
the device is reset to recover its HRS before the subsequent slow
experiment using a complete I-V cycle with the same parameter of
the endurance test.
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4. Conclusions

In summary, we reported new insights into the resistive switching
properties of amorphous NbO, by anodic oxidation connected
with Nb and Au electrodes by correlating resistive switching
properties with detailed chemical, structural and morphological
characterization of involved materials and interfaces. The results
highlight the role of metal/insulator interfaces in regulating the
ionic transport properties. Indeed, the switching mechanism is
facilitated by the presence of an oxygen scavenger layer at the Nb/
NbO, interface while the counter Au/NbO, Schottky interface
represents a blocking barrier for electrons, thus increasing the
HRS state and, consequently, the resistance window of the device.
Besides assessing device-to-device variability, endurance tests
revealed stable SET and RESET operations for >10° full sweep
cycles, while retention measurements revealed the stability of
these states over time for >10" s. In addition, multilevel capability
can be achieved by tailoring the filament morphology by external
control of the maximum current flowing into devices. Moreover,
the observation of step-like conductance when operating in the
slow current/voltage sweep mode during the SET operation sug-
gests the possibility to control the channel conductance in a finer
way to approach conductances of the order of some G,. These
results provide new insights into the filamentary-based switching
mechanism in NbO,-based memristive cells and highlight the
perspective of resistive switching memory devices based on thin
films grown by anodic oxidation.
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