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ABSTRACT A potential route to extend Moore's law beyond the physical
limits of existing materials and device architectures is to achieve nanotechnology
breakthroughs in materials and device concepts. Here, we discuss an on-demand
WO0;_,-based nanoionic device where electrical and neuromorphic multifunctions
are realized through externally induced local migration of oxygen ions. The device
is found to possess a wide range of time scales of memorization, resistance 1£10
switching, and rectification varying from volatile to permanent in a single device,
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The gradually changing volatile and nonvolatile resistance states are experimen-
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tally demonstrated to mimic the human brain's forgetting process for short-term memory and long-term memory.We propose this nanoionic device with its

on-demand electrical and neuromorphic multifunction has a unique paradigm shifting potential for the fabrication of configurable circuits, analog

memories, digital —neural fused networks, and more in one device architecture.

KEYWORDS: nanoionic device - resistance switching - memorization - rectification - neuromorphic properties

onventional programmable circuits,

such as field programmable gate ar-

rays, enable users to locally change
their functionality at any time to perform a
multiplicity of functions, thereby offering ad-
vantages and flexibility for many technological
applications.! However, this programmability
comes at the expense of requiring massively
parallel logic cells and switching cells to be
constructed using traditional semiconductor
nanodevices (predominantly transistors), re-
sulting in large areas, low operation speeds,
and high costs® Additionally, the ultimate
down-scaling of semiconductor transistors is
already approaching its physical limits, and
conventional Von Neumann architecture based
on binary logic is becoming increasingly
inefficient as the complexity of computation
increases. This has promulgated the devel-
opment of “next-generation” nanodevices
that have unique functions and character-
istics.> Devices with inherent synaptic func-
tion have recently been the subject of much
interest and are considered to be essential
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building blocks in achieving artificial neural
networks that attempt to emulate the highly
efficient real-time capabilities of biological
information processes.**

Detailed investigations into resistance
switching phenomena® "> have recently
revealed that artificial synaptic functions
are a derivative phenomenon in resistance
switching devices.'®~2 For instance, spike-
time-dependent plasticity suggested by
Hebbian learning has been observed in
the devices with gradual nonvolatile resis-
tance change by precisely controlling the
parameters of the input electrical pulses.'”?%*'
An inherent learning ability was recently
obtained in an Ag,S-based atomic switch
device,'® which exhibited two conductance
states: one in which the conductance rapidly
faded away after weak signal inputs, analo-
gous to short-term memory (STM), and an-
other in which the conductance state was
long-lived and stable, analogous to long-
term memory (LTM). A transition between
the two states could readily be achieved by
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controlling the input pulse repetition time. This atomic
switch device, with its attractive synapse-like behav-
iors, required a nanogap structure, which is a techni-
cally challenging fabrication process. More recently,
Chang et al. reported similar behaviors of STM and LTM
transitions observed in a gapless Pd/WO,/W device."
However, the “LTM” of their device persisted only for
several minutes, implying that the device is capable of
only volatile resistance switching without nonvolatile
memory capacity.

A nanodevice that exhibits neuromorphic properties
together with configurable digital/analog multifunc-
tions will enable circuit fabrication using fewer ele-
ments with a smaller chip real estate. A requirement for
this nanodevice is to possess a wide range of time scales
of memorization varying from volatile to permanent.
Here, we report experimental evidence that a single two-/
three-terminal WO5_,-based nanoionic device demon-
strated nonvolatile/volatile bipolar resistance switching
(BRS), rectification, and memory properties with control-
lable time scales by controlling the local migration of
oxygen ions (described as oxygen vacancies, Vo). The
device was switched from an insulated state to a tempo-
ral forward or reverse rectifier state depending on the
polarity of the voltage pulses. The dependence of the
gradually changing volatile and nonvolatile resistance
states on time were then used to also mimic STM and
LTM. The convergence of the configurable electronic and
neuromorphic functions enabled this nanoionic device to
work as an on-demand nanodevice with many potential
applications.

RESULTS AND DISCUSSION

Present nanodevices have a simple stacked structure of
Pt/WO5_,/Pt. Configurable electrical and neuromorphic
multifunctions are accomplised by controlling local oxy-
gen migration at the PtYWO;3_, interface. The Vo concen-
tration has a strong effect on electrical conductivity in
WOs;_, n-type semiconductors. The interface of Pt/WO5_,
exhibits ohmic characteristics with heavy Vo doping but
exhibits rectification characteristics due to a Schottky-like
barrier with light doping.2* Since an V acts as a donor, the
reduction of the Vy concentration at the Pt/WO;_,
interface will cause the depletion layer to become wider,
resulting in an increase of the Schottky-like barrier at the
Pt/WO5_, interface and vice versa.> Our Pt/WOs_,/Pt
device that was in a pristine state demonstrated very
high resistance values. The current—voltage curves (I—V)
exhibited peculiar hysteresis characteristics when the
applied voltage was swept between —2 and +2 V, as
shown in Figure 1a. The resistance of the pristine device
decreased nonlinearly after voltage sweeping in both
positive and negative voltage regions. The states after
voltage sweeping quickly decayed to the original state, as
shown in the inset of Figure 1a, which means this
resistance switching process is volatile. In contrast, after
a positive or negative forming process, the device
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exhibited forward or reverse rectification and BRS proper-
ties (Figure 1b and c). The states obtained after voltage
sweeping could be maintained for a long time in these
cases, as shown in the insets of Figure 1b and c, which
means BRS and rectification were nonvolatile. The posi-
tive (negative) forming process could be triggered by
applying positive (negative) voltage sweeping or pulses
on the top electrode to introduce a soft-breakdown with
a current compliance of 0.5 mA; see Figure 1d.

It has been reported that the Ti adhesion layer
penetrated the contact bottom Pt electrode with a
thickness of 15 nm during the annealing process in a
TiO,-based device, and the bottom interface was
turned to be an ohmic contact.®® However, the Ti
adhesion layer did not diffuse through the whole Pt
bottom electrode with a thickness of 100 nm used in
the present WO;_,-based devices, which has been
corroborated by the X-ray photoelectron spectroscopy
(XPS) measurements. Moreover, the original /I—V curve
of the device deposited on the bottom electrode with
the Ti adhesion layer was almost the same as that of a
device without a Ti adhesion layer. These results and
the high initial resistance of the present device strongly
suggest that Schottky-like barriers form at both the Pt
TE/WOs_, and WO5_,/Pt BE interfaces, where TE in-
dicates the top electrode and BE indicates that at the
bottom, as shown in Figure 1d. During the forming
process, conducting filaments with highly oxygen
deficient WO5_,_s form similarly to the formation of
the Magnéli phase (Ti,0,,_1) in TiO,_,-based devices.?”
Applying a positive forming process apparently causes
the Schottky-like barrier at the WOs5_,/Pt BE interface
to collapse due to Voformation and accumulation at
the WO;_,/Pt BE interface. However, the nonlinear |-V
curves (Figure 1b) indicate that the conducting channel
does not entirely span the WO3_, layer between TE and
BE. Therefore, the remaining Schottky-like barrier at the
Pt TE/WOs_, interface generates rectification behavior,
and modulation of this barrier results in BRS behavior.
Since a residual Schottky-like barrier is located at either
the TE or BE interface depending on the polarity of the
forming voltage, this is consistent with the observed
rectification and resistance switching behaviors with op-
posite polarities after negative forming process (Figure 1c).

In the pristine state, the current in the positive region
instantaneously increased while the negative region
displayed no distinct increase after application of a
positive voltage pulse, resulting in the rectification
characteristics shown in Figure 2a. Reverse rectification
was readily achieved by the application of negative
pulses. Such rectification behavior was observed only
immediately after applying the pulses, which are not
enough to trigger the forming process. The current
subsequently faded quickly and returned to its original
value within ~100 s after the pulse was applied; see
Figure 2b. The X-ray photoelectron spectroscopy analysis
indicated the WO5_, film used in the present device had
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Figure 1. Electrical characterization of the Pt/WO;_,/Pt devices before and after the forming process. [V curves (1st, 50th,
and 100th) of Pt/WO;_,/Pt device in (a) pristine state, (b) after positive forming process, and (c) after negative forming
process. Inset in panel a plots the retention characteristics of original state and that obtained after voltage sweeping to 2 V.
Read voltage was 0.5 V. Insets in panels b and c plot the retention characteristics of high and low resistance states obtained
after corresponding voltage sweeping. Read voltage was 0.1 V. (d) Schematic illustration and equivalent circuit of device
before (middle) and after positive (right) and negative (left) forming process. Positive and negative forming processes are also

shown.
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Figure 2. Configurable volatile rectification behavior observed in two-terminal devices. (a) /-V characteristics of two-
terminal device in original state and after applying positive and negative electric pulses. (b) Current variation over time for
original state and that immediately after positive voltage pulses were applied. Read voltage was 0.5 V. (c) Schematic
illustrations of oxygen vacancy profiles and equivalent circuits when device was in original state and when positive and

negative pulses were applied immediately after pulses.

a certain amount of Vg that formed during the preparation
process (see Figure S1 in the Supporting Information).
Hard X-ray photoelectron spectroscopy under bias opera-
tion measurements directly indicated that oxygen migra-
tion could occur at the Pt/WO5_ interface under external
bias. The Vi concentration at the Pt TE/WOs;_, interface
decreased by applying positive bias and increased by
applying negative bias (see Section 2 in the Supporting
Information). Based on these results, a plausible mecha-
nism for this reconfigurable volatile rectification is illu-
strated in Figure 2c. Here, the concentration of Vg at the
Pt/WOs_, interface could be electrically controlled by
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applying an external voltage pulse. When a positive pulse
was applied to Pt TE, the external electrical field mainly
dropped at the WO5_,/Pt BE interface. The Vo migration
and accumulation at the WO;_,/Pt BE interface lowered
the effective Schottky-like barrier. In contrast, the barrier
slightly increased or at least remained unchanged in
height at the Pt TE/WOs_, interface. Therefore, the
WOs_,/Pt TE interface dominated the carrier transport
process and exhibited forward rectification. The subse-
quent relaxing of the Vg that accumulated at the bottom
interface due to the electrochemical potential gradient
accounted well for the volatile characteristics of this
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Figure 3. Configurable volatile rectification behavior observed in three-terminal devices. (a) /-V characteristics of three-
terminal device in pristine state and after positive and negative electric pulses were applied between terminals 1 and 2. (b)
Schematic illustrations of three-terminal device, oxygen vacancy profiles, and equivalent circuits for device immediately after
positive pulses were applied between terminals 1 and 2. (c) Variations over time for current between terminals 3 and 2 for
original state and immediately after positive and negative electric pulses were applied between terminals 1 and 2. Read
voltage was not applied during measurements. Both current fade processes were well fitted by the exponential function /= A
exp(Bt), where | is current, t is time, and A and B are fitting constants. Dashed lines are fitting curves.

rectification behavior. When a negative voltage pulse was
applied to the Pt TE, the Vo locally migrated in the
opposite direction, resulting in reverse rectification. Only
devices having electrodes with high work functions, such
as Pt and Au, exhibit this reproducible volatile rectification
(Figure S3 in the Supporting Information), which is con-
sistent with the proposed mechanism involving a Schottky-
like barrier at the interface. We found that reconfigurable
volatile rectification could also be achieved in an oxygen
environment without moisture, indicating it is domi-
nantly related to the local V, migration rather than
proton-induced effects. Moreover, the device showed
distinct reverse rectification in vacuum or N, gas under
no external electric field, and the device recovered to the
original insulating state with no rectification when the
environment was changed back to the air or O, gas
(Supporting Information Figure S4). Since oxygen can
easily diffuse along grain boundaries in a Pt electrode,”®
the V concentration at the Pt TE/WO;_, interface could
increase due to the oxygen evaporation through the Pt
TE in a vacuum, resulting in lowering of the Schottky-like
barrier in the top interface and then the appearance of
the reverse rectification under vacuum. These results also
indicated that the reconfigurable volatile rectification
behavior was related to the local oxygen migration at
the PtYWO5_, interface.

In the three-terminal device, volatile rectification
could also be achieved by applying voltage pulses to
one terminal and measuring the current between the
other terminals. As shown in Figure 33, after a voltage
pulse was applied between terminals 1 and 2, the I-V
curve measured between terminals 3 and 2 exhibited
rectification. Moreover, the [—V curve measured
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between terminals 3 and 1 showed rectification with
opposite polarity. This behavior is consistent with local
Vo migration in the interface regions, resulting in
volatile rectification (Figure 3b). Note that our three-
terminal device was electronically equivalent to two
volatile forward and reverse two-terminal rectifying
devices in parallel. From Figure 3¢, we can see that the
current between terminals 3 and 2 faded exponentially
with time after positive and negative voltage pulses
were applied between terminals 1 and 2.

The current fading process after a sequence of input
pulses in the two-terminal device was systemically
investigated. As shown in Figure 4a, instantaneous
current was observed to increase gradually as the
amplitude of applied voltage pulses was increased.
This current was then observed to decay back to the
original state. However, after a high-voltage pulse (7 V)
was applied to initiate the forming process, the current
persisted in a high-level state, and the device exhibits
unique BRS characteristics, as shown in Figure 4b. First,
multiple resistance states were observed by applying
voltage pulses with different amplitudes. Second, the
high current achieved through inputting positive volt-
age pulses automatically faded over time but did not
return to the original state even over a measurement
period of 24 h after pulse application, which indicates
partial memorization. Third, the intermediate state,
obtained by applying negative voltage pulses, was
stable and no temporal fading in the current was
observed, as shown in Figure 4c. These phenomena
originate from the unique oxygen migration process
involved in BRS behavior, which has been system-
atically studied through investigations into the effect
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Figure 4. Volatile and nonvolatile memory properties of Pt/WO5;_,/Pt device. (a) Current change observed in two-terminal
device by applying sequence of positive voltage pulses at intervals of 40 s and widths of 0.5 s. Read voltage was 0.5 V. (b)
Current change observed in two-terminal device after forming process following application of sequence of positive and
negative pulses with widths of 0.1 ms. Read voltage was 0.1 V. (c) Retention characteristics of three states after application of
electric pulse: 2.5 V/0.1 ms, —1.5 V/0.1 ms, and —2.3 V/0.1 ms. Current fade processes after application of 2.5 V/0.1 ms pulse
are well fitted by exponential function indicated by dashed line.

of the atmosphere and electrode materials on BRS
behavior in WO;_,-based nanoionics device.?® It was
found that the oxygen migration process during BRS
behavior mainly occurred between the Pt/WO5_, inter-
face and Pt electrode. The high catalytic activity and
oxygen absorbability of the Pt electrode are indispens-
able for realizing stable BRS behavior at the Pt/WOs_,
interface.?®3° Oxygen migrates from the Pt TE into the
Pt TE/WOs_, interface under a negative electrical field
with a reduction reaction of 1/2 Oy, py + 26’ + Vo —
0%, resulting in the annihilation of Vj in the interface
region and resistance increase (O, py and Oy* in-
dicate the absorbed oxygen in Pt TE and the oxygen in
WOs_,, respectively). The opposite process occurs
under a positive electric field with a reaction of O,* —
1/2 Oyin py + 2€’ + Vo, as has been proposed for
NiO-3" and SrTiO;*?-based devices. The electrical Joule
heating effect may enhance the oxygen migration and
redox reaction at the interface in the resistance switch-
ing process. The current decay observed after applica-
tion of a positive voltage pulse is attributed to oxygen
diffusion occurring relatively easily from the Pt TE into
the interface region due to the electrochemical poten-
tial gradient between the Pt electrode and the inter-
face region. In contrast, the oxygen ions that migrate
into the interface region under a negative electric field
may be relatively stable because the diffusion back
from the interface region to the Pt TE with the genera-
tion of oxygen gas does not easily occur. Therefore,
states obtained by applying negative pulses are much
more stable than those obtained by applying positive
ones. The three-terminal devices exhibited similar
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volatile and nonvolatile memorization (Figure S5 in
the Supporting Information).

The wide range of time scales for memorization
varying from volatile to permanent realized in the
present device is suitable for imitating the equivalent
of the Ebbinghaus forgetting process.3® Before the
forming process is applied, the memorization is vola-
tile, which is analogous to STM in the human brain
(the source of memory created by weak stimulation is
exponentially forgotten until none remains).'® After
the forming process is applied, partial and complete
nonvolatile memorization can be obtained by control-
ling the polarity of the input pulse. Interestingly, the
current fading process, after application of the positive
voltage pulse, fits the exponential function well, which
is analogous to the Ebbinghaus forgetting curve,®
where some but not all the memory source is forgotten
over time. The forgotten part is ascribed to STM, and
the memorized part is clearly LTM, which exponentially
fades over time but with a longer time constant.
Moreover, the savings score can be gradually increased,
step-by-step, by reinforcing the input stimulus. This can
be imitated in the present device by gradually increas-
ing the amplitude of the voltage pulse, as shown in
Figure 4b. The LTM can then be erased step-by-step by
applying negative pulses. These data indicate that a
“multistore model” of human memory** can also be
implemented in the present nanodevice (see Section 6
in the Supporting Information). Note that the current
observed in volatile memorization is much lower than
that in partial nonvolatile memorization in the present
WOs_,-base nanodevice. The current of the nonvolatile
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memorization can be decreased to the comparable value
with that of the volatile memorization by decreasing
the current compliance in the forming process and the
amplitude of the applied pulses (see Section 7 in the
Supporting Information).

SUMMARY AND CONCLUSIONS

We demonstrated an on-demand nanodevice with
configurable electronic and neuromorphic functions in a
two-/three-terminal WOs;_,-based device with a simple
stacked structure (see Figure 5). Multifunctional properties
including volatile and nonvolatile rectifications as well as
bipolar resistance switching behaviors were attainted in

EXPERIMENTAL SECTION

A thin WO3_, film with a thickness of 60 nm was prepared by
radio frequency sputtering on a Pt bottom electrode with a
quartz glass substrate at room temperature. The deposition was
performed starting with a polycrystalline WOs; target in a gas
mixture containing 80% Ar and 20% O, at a pressure of 0.93 Pa.
The WOs_, layer was then annealed in situ at 300 °C in an
oxidizing atmosphere containing 50% Ar and 50% O, at a
pressure of 2.67 Pa. Both the Pt TE and BE electrodes were
100 nm thick and were deposited in a pure Ar environment
using a metal mask. The three-terminal device was fabricated by
simultaneously depositing two bottom Pt electrodes, 0.2 mm
apart, on a quartz glass substrate using a metal mask. Each two-
terminal device consisted of a cross-point structure with a
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one device by just controlling the local migration of
oxygen ions. The achievement of memorization with a
wide range of time scales enabled the “forgetting process”
observed in biological information processing to be imi-
tated. Even though the nonvolatile memorization needs
an irreversible forming process, the as-prepared nanode-
vice was controllably preprogrammed to perform a large
variety of functions at will and is shown to be used as a
variable resistance element, a diode, a switch, or a neuro-
morphic memory. These capabilities open a new avenue
for circuits, analog memories, and artificially fused digital—
neural networks using programming by input pulse po-
larity, magnitude, and repetition history.

junction area of 25 x 25 um. The three-terminal device consisted
of two cross-point structures, as shown in Figure 3b. The element
chemical state of the WO5_, film was analyzed using X-ray photo-
electron spectroscopy (Thermo Scientific, Theta Probe) with mono-
chromatic Al Kou X-rays (beam-spot diameter = 400 um). The Pt
(6 nm)/WOs;_, interface electronic states under external electrical
bias were measured using hard X-ray photoelectron spectroscopy
in the Spring 8 BL15XU undulator beamline. The dc /—V curves were
measured using a high-vacuum four-probe system equipped with a
semiconductor characterization system (Keithley 4200SCS). All
measurements were performed at room temperature. For the
two-terminal device, the bottom electrode was grounded, and an
electric field was applied to the top electrode. For the three-terminal
devices, voltage pulses were applied to terminal 1, while terminal 2
was grounded and terminal 3 was floating. The /—V curves between
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terminals 3 and 2 were then immediately measured, while terminal
1 was floating. During the measurement, voltage was applied to
terminal 3 and terminal 2 was grounded, as was done in measuring
the two-terminal device. The -V characteristics between terminals
3 and 1 were also measured in this way.
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