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1. Introduction

Technologies that mimic neural networks,
such as deep learning technology, have
made great progress in the software field.
However, large amounts of data and the
resulting calculations cause enormous
power consumption, making it necessary
to develop groundbreaking technologies
in the hardware field. In the von
Neumann architecture, computing is exe-
cuted sequentially and continuously in
the time domain by transferring input
and output between the central processing
unit and the memory.[1] In this architec-
ture, the performance can be limited by
the transfer bottleneck. Neuromorphic
computing models, such as spiking neural
network (SNN) and oscillatory neural net-
work (ONN) methods, are different from
the existing von Neumann method. They
are regarded as strong candidates to simu-
late biological neural networks and are
expected to significantly improve perfor-
mance in terms of processing speed and
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This article presents a nonplanar niobium oxide (NbOx) neuron device fabricated
using an atomic layer deposition (ALD) method for use in oscillatory neural
networks (ONNs). Potentially, such nonplanar geometry allows for high-density
arrays. The desired threshold switching (TS) characteristics are achieved through
an interfacial method using a thin titanium (Ti) layer. X-ray photoelectron
spectroscopy (XPS) analysis confirms that the oxyphilic Ti layer reduces Nb2O5 to
the desired NbO2 stoichiometry, which is crucial for the device’s functionality.
The device demonstrates S-type negative differential resistance (NDR) under
current-controlled operation, and its self-oscillation capabilities are verified within
an electrical oscillator circuit. The oscillation frequency is shown to increase
linearly with the applied voltage (Vd). The nonplanar structure and the use of a Ti
layer to tune the material’s properties allow for the realization of a compact, low-
power neuromorphic device without the need for additional thermal annealing.
Finally, the study demonstrates the practical application of these NbOx neurons
in an ONN architecture for pattern recognition. The system successfully rec-
ognizes binary representations of digits. The network’s functionality relies on
phase synchronization between neurons, where a binary pattern is encoded by
applying a delayed VDD to each neuron pixel.
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power consumption.[2–4] In the SNN, processing is not continu-
ous and sequential but event-driven and massively parallel. If
event is absent neurons do not communicate and power is
not consumed. In order to mimic biological neural networks,
hardware neuron devices that can create various spiking forms
must be developed.[5] In SNN devices, the event is associated with
thresholds. Currently, one of the most efficient devices that can
mimic SNN is a threshold switching (TS) device, which usually
uses materials bearing metal–insulator transition (MIT) charac-
teristics. Transition metal oxides, such as TiO2, NbO2, and VO2

have switching characteristics, bearing technological potential in
the aforementioned applications.[6–8] During a bidirectional volt-
age sweep, TS is characterized by an abrupt increase in current
once the applied voltage exceeds a threshold value, followed by a
sudden decrease in current as the voltage is reduced below a
lower holding value. In contrast, under a bidirectional current
sweep, TS appears as an S-type negative differential resistance
(NDR) behavior.[9] The change in electrical characteristics arises
from variations in the conductivity of the oxide film, primarily
induced by localized Joule heating. Under current-controlled
operation, both the current and the associated heating are con-
strained, leading to a gradual decrease in voltage as the oxide
conductivity increases. In contrast, under voltage-controlled
operation, the current is unconstrained and increases rapidly
beyond a threshold due to the positive feedback generated by
Joule heating.[10] Such devices have been actively studied for their
potential use as selectors in nonvolatile memory arrays and as
key components in neuromorphic computing, including mem-
ristors, amplifiers, and periodic or chaotic oscillators. In this
work, as a critical neuron hardware unit, we explored nonplanar
NbOx neuron devices formed by an atomic layer deposition
(ALD) method. By arranging neurons in a nonplanar fashion,
potentially, high-density array can be realized. To change the stoi-
chiometry and obtain the desired TS characteristics, we suggest
and demonstrate an interfacial method.[11] Finally, using the
oscillatory behavior of our NbOx neurons, we have demonstrated
pattern recognition based on an ONN approach.[12] An individual
oxide based neuron can be tailored into an electrical oscillator.
Information is encoded in the phase and frequency of these

oscillatory behaviors. Neurons in the network interact with each
other, and their coupling causes their individual phases to either
synchronize) or desynchronize. The final phase-locked state of
the network represents the computed output. This approach is
particularly effective for tasks like pattern recognition and asso-
ciative memory, where stable, collective states are desired.

2. Results and Discussion

2.1. Fabrication of Nonplanar ALD-NbOx Neuron

Figure 1a shows the fabrication step of our ALD-NbOx neurons.
Bearing in mind the technical necessity of high density, we
probed a neuron device structure in which the active layer is posi-
tioned in a nonplanar geometry. To realize a nonplanar arrange-
ment, we utilized a side wall structure. The conformal deposition
feature of the ALD process enables the formation of NbOx film
on the side wall. First, on a SiO2 (300 nm)/Si(100) substrate, a
TiW (50 nm) electrode was deposited by sputtering and patterned
by photolithography. On the TiW, a mesa-like plasma-enhanced
chemical vapor deposition (PECVD)-SiO2 (100 nm) structure was
formed. On the side wall of the mesa structure, NbOx film
(40 nm) was deposited conformally using an ALD method.
Tris(diethylamido)(tert-butylimido) Nb (TBTDEN) and water
were used as the Nb precursor and oxidant, respectively. The
chemical structure of TBTDEN is presented in Supporing
Information (S1). Subsequently, a Ti(10 nm)/TiN(50 nm) elec-
trode was formed by a sputtering deposition method. The role
of the thin Ti layer will be discussed in the following part.
Figure 1b shows an actual cross-sectional focused ion beam scan-
ning electron microscope (FIB-SEM) image of the fabricated
nonplanar neuron device. The TiW/NbOx/Ti–TiN part, which
is the neuron, is clearly visible in the lower right part. In this
configuration, the TiW electrode serves as a ground. In this work,
we considered materials that are compatible with the existing
back-end-of-line (BEOL) and complementary metal-oxide semi-
conductor (CMOS) processes.[13] Thus, noble metals, e.g., Pt,
and nonlithographic patterning methods were excluded. To use

Figure 1. a) Fabrication step of our ALD-NbOx neurons. b) FIB-SEM image of the fabricated nonplanar neuron device.
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NbOx as a neuron, the oxide material must bear TS and NDR
characteristics. Such characteristics are indispensable to realize
oscillators for neuron applications.[14,15] The oxidation state of Nb
is not singular but has many stoichiometries and various electri-
cal characteristics.[16,17] The oxidation state or stoichiometry
suitable for our neuron objectivity is NbO2. Our preliminary
studies using TBTDEN as an ALD Nb precursor only yielded
Nb2O5 films (S2), being unsuitable for neuron applications.
The oxidation state of a metal oxide can be changed by withdraw-
ing oxygen from the relevant oxide phase. From this perspective,
electrode engineering has been reported to achieve the desired
electrical characteristics of metal oxide-based devices.[18] Based
on this idea, we used the Ti layer to reduce Nb2O5 to NbO2

and to achieve TS. Ti has a strong oxygen affinity with a work
function of ≈4.3 eV.[19] The reported growth of Ti oxide layer
is limited only up to seven monolayers, and TiO2 is not electri-
cally insulating but fairly conductive.[20]

2.2. Electrical Characteristics

To verify the TS response and NDR, we have examined device
response under current-controlled mode (Figure 2). The device
exhibited a transition from positive to NDR under current-
controlled operation or S-type NDR. In the high-resistance state,
the V was measured to increase upto applied I of 3.8� 10�4 A.
When the applied I exceeded this value, the V gradually
decreased to decrease continuously or dV/dI< 0. The corre-
sponding V is regarded as the onset V of NDR or threshold V
(Vth), which is 1.47 V. At this point, the ALD-NbOx underwent
transition from insulator to metallic, which has been interpreted
as a result of electrically induced local Joule heating.[21] NDR
characteristic was retained upto applied I of 6.4� 10�4 A. At this
point metallic phase is interpreted as being saturated. This char-
acteristic has been interpreted as an expansion of metallic NbO2

under increased applied I.[22] According to this interpretation, the
NbO2 is divided into a metallic NbO2 and an insulating NbO2.
During the I application, the generated Joule heating metallic
NbO2 physically expands to give S-type NDR. Higher applied I
did not give NDR. The electrical characteristics shown in
Figure 2 are due to the diverse NbOx oxidation states with
NbO2 enrichment in the vicinity of the Ti surface. We will explore
this using X-ray photoelectron spectroscopy (XPS). Figure 2
shows the presence of a metal/insulator transition in our device.
The emergence of transition characteristics has been interpreted
the competition between carrier localization and delocaliza-
tion.[23] The electrical characteristics of Figure 2 only manifest
when carriers are localized to form an effective band gap.
Electrically induced heat effectively dissolves the band gap to
make the material electrically conductive.

Figure 3 shows the importance of the Ti insertion layer. We
compare the electrical behavior of two devices. One has a stack
structure of TiN/ALD-NbOx/TiW (Figure 3a) and another of
TiN/Ti/ALD-NbOx/TiW (Figure 3b). The TiN/ALD-NbOx/TiW
device is ten consecutive sets of measurement results
(Figure 3a). The superimposing feature of all I–V curves demon-
strates the reproducibility of our devices. Typical bipolar resistive
switching was observed. Two hysteresis loops, which represent
switching between high resistance and low resistance, are clearly
noticeable. This behavior is strongly indicative of the presence of
filamentary conduction, which is accompanied with oxygen
vacancies in the ALD-NbOx film. The TiN/Ti/ALD-NbOx/TiW
device showed TS (Figure 3b). When the applied voltage reaches
≈1.2 V, the device transitions from the high-resistance state
(HRS) to the low-resistance state (LRS), and it returns to the
HRS when the voltage is reduced below ≈0.8 V. The loop shapes
signify electronic transition upon reaching a threshold voltage.
The abrupt change in resistance has been attributed to MIT,
where local Joule heating playing a role. This transition is only
manifest in a specific stoichiometry of NbO2.

[16] Because we pri-
marily intend to realize oscillators, devices bearing volatility is
highly preferred. Figure 3c presents the threshold voltage (Vth)
values measured from 25 devices located in different regions
of the die. The minimum and maximum values of Vth were
1.05 and 1.33 V, respectively. And the average was 1.21 V with
a standard deviation (σ) of 7%. To give a statistical picture, we
constructed a cumulative probability distribution (CPD) plot
(Figure 3d). Using the P10 and P90 values a uniformity�
P90�P10

P50 � 100, %
�
of 14.9% is obtained. Pi refers to the value

of i-th percentile. The CPD plot shows that the probability of ran-
domly picking a device with a Vth≤ 1.194 V is 55%. The extracted
relative uniformity of 14.9% indicates an acceptable level for
functional operation. To realize fully commercial neurons, this
level of spread needs to be improved, preferably 5% or σ of 2%.

To maximize the width of the TS loop, we have varied the
thickness of the ALD-NbOx film (Figure 4). Wider width offers
increased immunity to noise, reducing the risk of accidental
switching due to small voltage fluctuations. The device structure
is TiN/Ti/ALD-NbOx/TiW. At a thickness of 20 nm, only nonlin-
ear current (I)-voltage (V ) was observed. In the case of ALD-
NbOx thickness of 20 nm, the transport is limited at a low voltage
range (<|0.5| V). But as the field strength increases, the I
increases. A rapid increase is observed at an applied voltage of

Figure 2. The electrical characteristic of an ALD-NbOx neuron under
current-controlled mode.
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≈1 V. As the thickness of the NbOx films increases, two distinct
features are clearly observable: linear I–V relation in the low V
region and the emergence of hysteresis loops, signifying the
emergence of TS. The hysteresis is emergent around 1 V. The
symmetrical shape of the threshold characteristics strongly sup-
ports the formation of NbO2 in the vicinity of Ti layer. We will
explore the importance of Ti presence in detail using XPS analy-
ses in the forthcoming section. The technical significance of
Figure 4 is that the possibility of inducing a MIT without addi-
tional thermal annealing for electroforming. The film thickness
is a critical parameter that governs stable device operation. If the
film is too thin, heat easily dissipates, making it difficult to sus-
tain the required electrical characteristics. If the film is too thick,
more electricity is required to induce transition and the device
becomes less energy efficient. As Figure 3b indicates, a 40 nm
film is a practical thickness choice that balances facile transition
and stable operation. Based on the result of Figure 4, we choose
NbOx 40 nm as our oxide thickness for TS.

The self-oscillation capability of our devices was investigated
using an electrical oscillator circuit (Figure 5a). The self-oscillation
construction consists of a pulse generator (Textronix 4155C), a dig-
ital oscilloscope (Tektronix TBS 2000B), a resistor (RL= 10 kΩ)
and our ALD-NbOx memristor. A resistor is required to stabilize
the ALD-NbOx memristor and generate self-oscillations. A pulse
width of 5 μs was applied, and the output voltage oscillation was
monitored. The output voltage is written as RL

RLþRM
Vd. RM and Vd

are the resistance of the ALD-NbOx memristor and the applied
voltage, respectively. In the low voltage range (≈|V|< 1.0 V), the
RM is ≈3.3 kΩ (Figure 3b). Thus, in the low voltage range, the RM

contributes significantly to the RL
RLþRM

term. However, at higher V,

MIT transition takes place, and the RM term becomes marginal.
Thus, compared to the low voltage range case, a higher output
voltage was yielded. Successive operation gives an oscillatory
output voltage. Such behavior results in self-oscillation and is a
hallmark of an operative memristor device. Figure 5b shows

Figure 3. The electrical characteristic of a) TiN/ALD-NbOx/TiW and b) TiN/Ti/ALD-NbOx/TiW. c) The threshold voltage (Vth) values of 25 positions.
d) CPD plot of the Vth values.
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the self-oscillation characteristics over a time period of 40 μs.
We have varied the Vd as 2.0, 2.2, and 2.4 V. In all cases, the self-
oscillations are maintained without damping or noticeable irregu-
larity. Figure 5b shows a detailed segment of the self-oscillation
behavior. As can be noticed, the oscillation is not truly periodic
but shows slight irregularities both in period and amplitude. The
distributed oxidation state of Nb will be explored in the next sur-
face analyses section. As Vd increased, the oscillation frequency
was observed to increase to 8.9, 15.2, and 21.2MHz. The circuit
construction (Figure 5a) is analogous to an RC circuit. In this case,
the frequency ( f ) or electrical response is limited by the capacitive
time constant (τ), which is written as τ= RC. Here, R and C are
the resistance and capacitive components, respectively. As the Vd

increases, the accompanying Joule heating gives a higher fraction
of metallic NbO2. This leads to diminished C of the device. As τ
is inversely proportional to f or τ ¼ RC ¼ 1

2πf , f is expected to

increase.[24] As the Vd increases, the amplitude was observed to
decrease. The aforementioned Joule heating and accompanied

increase in the fraction of metallic NbO2 lower the resistance
of the device, yielding gradual dampening in the self-oscillation
capability.

2.3. Surface Analyses

In the previous section, Ti insert was observed to bring forth a
change in the electrical characteristic from bipolar resistive switch-
ing to TS. In order to verify the oxidation state of ALD-NbOx in the
vicinity of the Ti insert, we have performed a depth-profiling using
XPS. First, we investigated the composition of regular NbOx that is
unaffected by the Ti insert. Figure 6a shows the depth profile of
bare ALD-NbOx (40 nm) on SiO2 without Ti insert. To fully
remove an ALD-NbOx film of 40 nm, 50 s of Ar etching was
required, corresponding to an etch rate of 0.8 nm s�1. This profile
illustrates the concentration of constituent atoms in the sample
which is determined by XPS peak intensities. The high oxygen
and carbon rate before the etching (0 nm) is attributed to contam-
ination of the surface region due to atmospheric exposure, which
rapidly decreases in a couple of etching steps. Beyond the surface
region, the regular NbOx region begins, where the concentration
of Nb and O remains similar until the SiO2 is exposed, suggesting
the material is stably formed. To understand the oxidation prop-
erty of ALD-NbOx, each Nb 3d XPS peak during depth-profiling
was further analyzed. Figure 6b shows the relative proportion
among Nb oxidation states, which was determined from the fitted
area of Nb5þ, Nb4þ, and Nb2þ. Figure 6c presents the evolution of
the Nb 3d core-level measured during the etching process of the
ALD-NbOx layer from bottom to up. The spectra depicted by the
red lines were selected to be representatives of the depth profile of
ALD-NbOx, with their detailed fitting results shown in Figure 6d.
It can be confirmed that the Nb5þ doublet within the binding
energy near 207.4 eV (3d5/2) and 210.0 eV (3d3/2), as well as the
Nb4þ doublet within 204.6 eV (3d5/2) and 207.3 eV (3d3/2) are orig-
inated from Nb2O5 and NbO2, respectively.

[25–27] Meanwhile, the
small amount of Nb2þ doublet, located on binding energy around
203.6 eV (3d5/2) and 206.3 eV (3d3/2), is presumed to be raised
from NbO or NbC.[25–28] From the result, we can conclude that
in the case of regular NbOx unaffected by the Ti insert, the pro-
portion of Nb2O5 (c.a. 40%) is significantly high, existing in
amounts comparable to that of NbO2 (c.a. 47%).

Figure 4. The electrical characteristic of ALD-NbOx films as a function of
their thicknesses.

Figure 5. a) Schematics of our electrical oscillator circuit. b) The self-oscillation characteristics TiN/ALD-NbOx/TiW. c) Magnified of plot of Figure 5b.
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To determine the influence of the Ti insert on NbOx and its
extent, we performed depth-profiling with a sample where Ti
insert is present. Figure 7a shows the atomic concentration
obtained from the depth profile of TiN/Ti/ALD-NbOx/SiO2, where
the Ti insert is applied. The TiN/Ti region extends to a depth of
60 nm. To fully remove a TiN film of 50 nm and a Ti film of
10 nm, 150 and 50 s of Ar etching processes were required.
These correspond to an etch rate of 0.33 nm s�1 for bothmaterials.
Notably, the ALD-NbOx vicinity to the Ti insert shows a signifi-
cantly lower oxygen concentration compared to the sample with-
out the Ti insert. Similarly, the fitting was performed for the Nb 3d
peaks, and the proportions of the Nb oxidation states in the ALD-
NbOx layer are illustrated in Figure 7b. The full evolution of Nb 3d
during the etching of the ALD-NbOx layer and its representative
spectra are depicted in Figure 7c and d. The NbO2 (Nb

þ4) is domi-
nant near the Ti insert, comprising up to 59%, while the Nb2O5

accounts for around 30%. As the depth increases, the proportion

of NbO2 gradually decreases, while Nb2O5 increases. After a depth
of 21 nm in NbOx, the proportions of NbO2 and Nb2O5 become
similar to those in the previous sample without the Ti insert. In
summary of XPS spectra, the Ti insert enables the ALD-NbOx to
be dominantly composed of NbO2 up to 21 nm.

2.4. Oscillatory Neural Networks (ONNs) for Pattern
Recognition

ONNs are nonlinear dynamic neural systems inspired by biolog-
ical brains, in which each neuron autonomously generates an
oscillation and processes information through phase alignment
with other neurons.[29,30] This mechanism enables time domain
computation, differentiating ONN from conventional artificial
neural networks that represent and process information using
voltage amplitude or current level.

Figure 6. XPS analyses on ALD-NbOx without Ti insert. a) Depth profile. b) Relative proportion among Nb oxidation states. c) Evolution of Nb 3d core as a
function of etching time. d) Deconvoluted XPS spectra as a function of etching time. (0 s corresponds to the surface of ALD-NbOx).
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Here proposes an ONN architecture that leverages the intrin-
sic characteristics of a previously fabricated NbOx-based TS
device as a replacement for conventional oscillator circuits com-
posed of multiple transistors. The NbOx-based TS device exhib-
its volatile resistive switching behavior.[31] When the input
voltage exceeds the threshold voltage (Vth), the device switches
from a HRS to a low-resistance state; when the voltage is sub-
sequently reduced below the holding voltage (Vhold), it reverts to
the HRS. This transition enables the device to function as an
autonomous oscillator when connected in series with an RL,
without the need for an external clock or additional control ele-
ments. Each oscillatory neuron (ON) consists of one NbOx TS
device and RL. When a constant supply voltage (VDD) is applied,
the neuron undergoes a periodic charging and discharging
cycle, determined by the switching dynamics and the resistance
value. The oscillation frequency increases when the VDD is
raised or the resistance is lowered. This property allows

neurons to be initialized with distinct phase values across
the network. When multiple ONs are interconnected, they inter-
act through coupling elements. These coupling elements are
implemented using either coupling resistors or coupling
capacitors. The coupling resistor (Rc) and the coupling capacitor
(Cc) regulate the strength of interaction between adjacent neu-
rons. A smaller value of Rc or a larger value of Cc leads to
stronger coupling, which promotes in-phase synchronization.
Conversely, a larger value of Rc or a smaller value of Cc weakens
the coupling and encourages out-of-phase synchroniza-
tion.[32,33] Through these interactions, the ONN is capable of
encoding binary states such as “0” and “1” using the phase rela-
tionships between neurons. This phase-based computation sup-
ports tasks such as pattern recognition, signal classification, and
image feature extraction. The temporal evolution of the network
can be described by the phase dynamics of each ON, which fol-
low a Kuramoto-type relation

Figure 7. XPS analyses on ALD-NbOx with Ti insert. a) Depth profile. b) Relative proportion among Nb oxidation states. c) Evolution of Nb 3d core as a
function of etching time. d) Deconvoluted XPS spectra as a function of etching time. (0 s corresponds to the surface of ALD-NbOx).
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dθi
dt

¼ ωi þ
XN
j¼1

Kij sinðθj � θiÞ (1)

where θi (or θj) represents the instantaneous phase of the i-th (or
j-th) ON, ωi is its intrinsic oscillation frequency determined by
the TS device characteristics, and Kij represents the coupling
coefficient between neurons i and j. The intrinsic frequency
ωi is governed by the periodic transition of the TS device
between its resistance states under a constant VDD and can
be approximated as

ωi ¼
1

2πRLCeff
f ðVDD,RL,RTSÞ (2)

where RTS alternates between RHRS and RLRS, and Ceff denotes
the effective capacitance at the node. RHRS and RLRS indicate the
resistance values corresponding to the HRS and LRS of the
NbOx TS device, respectively. The periodic transition between
these two resistance levels defines the self-sustained oscillation
behavior. The function f(VDD, RL, RTS) expresses the nonlinear
dependence of oscillation frequency on the applied voltage, load
resistance, and dynamic TS resistance: a higher VDD accelerates
the switching cycle and increases the frequency, while a larger
RL or higher RHRS/RLRS ratio prolongs the charge–discharge
period. The coupling term Kij is inversely proportional to Rc

or directly proportional to Cc, reflecting the physical strength of
interneuron interaction. As the system evolves, each neuron’s
phase gradually converges to a stable configuration, minimizing
the global phase difference. Strong coupling (small Rc or large
Cc) results in in-phase synchronization (θi� θj= 0), whereas weak
coupling yields out-of-phase locking (θi� θj= π). These two stable
synchronization states correspond to binary “1” and “0”, respec-
tively, enabling computation through collective phase locking.

As shown in Figure 8, to validate the system, a pattern recog-
nition task was implemented. In this study, we use Rc as 1 kΩ for
each ON pixel. Digit images (e.g., “0” to “5”) were encoded as
3�5 binary patterns in a 2D ON array.[33–35] Each pixel in the
array was assigned to an ON. Depending on pixel brightness,
the VDD (2.5 V) was applied to each neuron with a different delay.

Brighter pixels received the voltage earlier and began oscillation
sooner, while darker pixels were activated later. This process pro-
duced a distributed phase configuration among the neurons. As
the network evolved over time, the phases of neurons converged
through the influence of the coupling components. Ultimately,
the ONs self-organize into stable phase-locked states, converging
either to in-phase (0°) or out-of-phase (180°) synchronization.
These two states were interpreted as binary values, enabling
recognition of the input pattern.[32,36] Even when noise was intro-
duced into the input data, represented as gray pixels with varying
intensities in the input image, the network reliably restored the
correct pattern through stable phase convergence, demonstrating
strong noise robustness and reliability. The architecture pre-
sented here offers several practical advantages. The use of simple
two terminal devices, such as NbOx switches and passive resis-
tors, enables high integration density and compact layout. Since
the circuit operates without clocks or external controllers, power
consumption and design complexity are significantly reduced.[29]

Furthermore, the analog tunability of Rc provides the flexibility to
adaptively control the behavior of the network, making it suitable
for hardware-based learning and reconfigurable computing.

3. Conclusion

This study details the fabrication and characterization of nonpla-
nar NbOx neurons for use in ONN applications, a promising
approach to hardware-based neuromorphic computing. The non-
planar geometry, achieved through an ALD process on a nonpla-
nar side wall structure, addresses the need for high-density
device arrays. A key technical innovation is the use of a thin
Ti insert layer to tune the NbOx stoichiometry. This layer acts
as an oxygen getter, reducing the as-deposited Nb2O5 film to
the desired NbO2 phase, which is critical for achieving TS and
NDR characteristics. The fabricated devices exhibit robust S-type
NDR under current-controlled operation. Using the oscillatory
characterisics of NbOx neurons or periodic charging and dis-
charging, a pattern recognition task, digit images (0�5) are
encoded as binary patterns in a 3� 5 ONN array, highlitng

Figure 8. Pattern recognition based on ONN scheme. Integer inputs of 0–5 (left) were successfully recognized as outputs (right).
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the practical potential of our NbOx neurons in various pattern
recognition and threshold decsion processes. Last but not least,
we emphasize the full CMOS process compatibility of our fabri-
cation steps.

4. Experimental Section

Device Fabrication: Nonplanar ALD-NbOx neurons comprising compo-
nents were fabricated using vacuum deposition and photolithographic
methods. TiW, TiN, and Ti layers were deposited using a sputtering
method. SiO2 sidewall was formed using a PECVD method. NbOx layer
was deposited using an ALD method. TBTDEN and water were used
as the Nb precursor and oxidant, respectively. I-line (λ= 365 nm) photo-
lithographic patterning was used to define device elements.

Electrical Measurement: Electrical characteristics were measured using a
semiconductor parameter analyzer (Agilent Model 4155C). The oscillatory
behaviors were measured using a pulse generator (Tektronix 4155C) and a
digital oscilloscope (Tektronix TBS 2000B).

Surface Characterization: The XPS depth profiles were measured using
Thermo Fisher Nexsa surface analysis system equipped with hemispheri-
cal energy analyzer and Al Kα X-ray source (hν= 1486.68 eV). An energy
reference of XPS was calibrated with a polished Au (111) crystal. The base
pressure of the analysis chamber during the experiment was 10�9 mbar.
The monatomic Arþ ion beam with kinetic energy of 2 keV (spot size
1� 1mm2 and beam degree 30° relative to the sample surface) was irra-
diated for sequential etching steps. Each collected peak is subtracted from
the Shirley-type background for area estimation and peak fitting.[37] The
atomic concentration was calculated based on the relative sensitivity factor
and the peak area.[38,39] The peak fitting analysis for Nb 3d spectra was
conducted using CASA-XPS software.[40]

Pattern Recognition Simulations: Using a MATLAB/Simulink program, a
virtual ONN system on a 3� 5 binary input was constructed to validate
our ALD-NbOx pattern recognition capacity.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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