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Advances in the understanding of nanoscale ionic processes in solid-state
thin films have led to the rapid development of devices based on coupled
ionic—electronic effects. For example, ion-driven resistive-switching (RS)
devices have been extensively studied for future memory applications due to their
excellent performance in terms of switching speed, endurance, retention,

and scalability. Recent studies further suggest that RS devices are more than
just resistors with tunable resistance; instead, they exhibit rich and complex
internal ionic dynamics that equip them with native information-processing
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devices have opened up promising oppor-
tunities for electronic circuit applications
beyond energy storage. One representative
example is ionic resistive-switching (RS)
devices (also called memristive devices
or memristors),3! which can be used
as a nonvolatile memory element due to
its excellent performance such as high
switching speed (<1 ns),l¥ good retention
(>10 years),”! good endurance (>10°),® as

capabilities, particularly in the temporal domain. RS effects induced by the
migration of different types of ions, often driven by an electric field, are
discussed. It is shown that, by taking advantage of the different state vari-
ables controlled by the ionic processes, important synaptic functions can be
faithfully implemented in solid-state devices and networks. Recent efforts
on improving the controllability of ionic processes to optimize device perfor-
mance are also discussed, along with new opportunities for material design
and engineering enabled by the ability to control ionic processes at the

atomic scale.

1. Introduction

For the past several decades, advances in electronics are driven
by transistor scaling. Although ionic devices have also been used
in some systems, their roles are limited to bulky and slow com-
ponents such as energy storage,ll with a good example being
Li-ion batteries. It has long been acknowledged that an ionic
device cannot compete with an electronic device in terms of
speed, due to the much lower mobility of ions compared to that
of electrons. However, in nanoscale devices, this situation may
no longer hold true. In a nanoscale film, a high electric field on
the order of MV cm™ can be readily achieved (e.g., by applying
1V to a film with a thickness of 10 nm), and the speed of ionic
processes can be exponentially increased at such high fields.l
The much lighter electron mass can now become a disadvan-
tage, i.e., it can lead to tunneling through thin films to cause
leakage current and data loss, while ions having a much higher
effective mass can be more stable and be more reliably con-
trolled. These controlled ionic processes in nanoscale solid-state
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well as high device scalability.!

The RS effect refers to the phenom-
enon that the resistance of a dielectric
thin film, typically sandwiched between
two electrodes, can be reversibly modu-
lated by an electric field.?! In ionic RS
devices, the mechanism originates from
the rearrangement of atoms/ions in the
dielectric thin film through ionic drift/
diffusion and electrochemical processes
that lead to the formation/rupture of
nanoscale conductive paths (filaments)
between the two electrodes.l'” Control-
ling these internal ionic processes will enable the design
and implementation of better engineered devices with
improved performance and reliability. Additionally, recent
studies show that the internal ionic processes during RS
can be used to faithfully emulate many biological effects
that are critical for learning and memory, allowing efficient
neuromorphic systems to be implemented using solid-state
devices and networks.[''-13 Controlled ionic processes can
also be used to directly modify the composition and/or
structure of the material itself at the atomic scale, allowing
new nanostructures to be built on the fly, in a reconfigur-
able fashion.

In this review, we will first discuss the switching mechanism
of ion-induced RS (memristive) effects in nanoscale solid-state
thin films, followed by discussions on controlling and utili-
zation of the ionic effects to implement biological synaptic
functions, and to reduce device variation and improve device
stability. New concepts of material tuning enabled by controlled
ionic process will be introduced at the end.

2. lon-Induced RS Effect

So far, ion-driven RS effects have been observed in a large
variety of materials, ranging from oxides, halides, to chalcoge-
nides, etc.[>13-1%] Based on the types of ions involved during the
RS process, the switching mechanism can be divided to three
categories: cation-driven RS effects, anion-driven RS effects,
and cation and anion jointly driven RS effects.
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2.1. Cation-Driven RS Effects

The origin of cation-induced RS effect has been extensively
studied and well understood in electrochemical metallization
(ECM) devices, which are typically composed of an electro-
chemically active metal (e.g., Ag and Cu) electrode, an electro-
chemically inert metal (e.g., Pt) electrode, and an insulating
switching layer (e.g., SiO,) that acts as the host material for
cation movement!'®'8 (Figure 1a). Using the Ag-based ECM
devices as an example, if a high enough positive bias voltage
is applied on the active Ag electrode, the energy barrier for
Ag ionization is sufficiently lowered and Ag atoms from the
electrode will be oxidized into Ag* ions. The Ag* ions in turn
permeate into the insulating dielectric layer and migrate
toward the opposite inert electrode under the electric field.
After receiving electrons injected from the inert electrode, Ag*
ions are then reduced to Ag atoms and form Ag nanoclusters
after a nucleation process. Continued growth of Ag nanoclus-
ters eventually leads to the formation of Ag filaments that
bridge the electrodes, and switch the device to the low-resist-
ance state (LRS) in this SET process (Figure 1b). Depending
on the kinetic factors of the ions in the switching layer such
as the ionic mobility and the redox (oxidation-reduction) rates,
the growth dynamics and geometry of the filaments can be
different.l'”] For example, the ionic mobility largely affects the
growth direction of the filaments, where with a high mobility,
the Ag" cations can readily reach the cathode and nucleate
there, leading the filament growth from the cathode side;
while low Ag* mobility can lead to ion reduction and nuclea-
tion inside the dielectric and growth of the filament from the
anode side. On the other hand, the redox rate largely deter-
mines the denseness of the filament, where a high oxidation
rate of the anode material can provide sufficient ions to form
continuous and dense filaments whereas a low oxidation rate
of the anode material results in the shortage of available ions
and will form filaments composed of discrete nanoparticles
(in the low-mobility case) or with a branch shape (in the high-
mobility case).

Under a reversed bias voltage, the ion migration processes
are reversed and can lead to filament rupture (Figure 1c), which
switches the device to the high-resistance state (HRS) in the
RESET process. Since the formation of the filament directly
changes the conduction mechanism from insulator (through
the dielectric film) to metallic (through the filament), the
ECM type devices usually show “digital” RS behaviors, where
an abrupt change of the device resistance with a high resist-
ance ratio (typically >10%) is observed accompanying the RS
process.l'l Additionally, due to the high Gibbs free energy of
formation of chemical compounds from Ag and the switching
layer material, the Ag nanoclusters in the Ag filament generally
have good chemical stability (Figure 1d) and the filament is
rather stable. Therefore, the ECM devices are promising candi-
dates for memory applications.[?’!

Noble metals such as Pt and Pd have high oxidization
potentials, thereby are usually used as the electrochemically
inert electrodes, and the electrochemical reaction of these
metal atoms is neglected during the RS process. However,
recent investigation of Pt nanoparticles embedded in SiO,
film indicates that even these inert nanoparticles can also go
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through redox processes, driven by a high-enough electric field
(3-5 MV cm™)." Indeed, the formation of filaments made of
inert metals has recently been demonstrated in Pd/SiO,/Pd RS
devices (Figure 1e).l?!l For the device at LRS, a filament formed
inside the SiO, film and bridged the Pd electrodes can be visu-
alized (Figure 1f,g). Further composition analysis indicated that
the filament was made of Pd, as shown in Figure 1h. Moreover,
the filament was found to grow from the anode toward the
cathode and was composed of discrete Pd nanoparticles, sug-
gesting that the mobility and the redox rate of Pd?" ions in SiO,
dielectric film are low.
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Figure 1. RS devices based on cations. a—c) TEM images of a Ag/SiO,/Pt planar device in a) pristine state, b) LRS state, and c) HRS state. The arrows
in panels (b) and (c) highlight the Ag filaments. Scale bar = 200 nm. d) Top: High-resolution TEM (HRTEM) image showing a group of nanoparticles
inside the Ag filament in a Ag/a-Si/Pt device. Bottom: Bright-field scanning transmission electron microscopy (STEM) image of a Ag nanoparticle. The
lattice fringes were indexed to the Ag fcc structure. Scale bar =2 nm. Inset: Fast Fourier transformation (FFT) results of the HRTEM image. Reproduced
with permission.['®l Copyright 2012, Springer Nature. e) Schematic illustration of a Pd/SiO,/Pd device. f) Scanning electron microscopy (SEM) images
of an as-deposited Pd/SiO,/Pd device and the device after SET. g) TEM image of the Pd/SiO,/Pd device after SET, showing the filament formation.
h) HRTEM of spot i (shown in panel (g)) where the inset FFT image indicates the crystalline nature of the Pd nanoparticles of the filament. Reproduced
with permission.2l Copyright 2016, Royal Society of Chemistry. i) Schematic view of an Au/Li,CoO,/Si device. j,k) Cs—7Li signal mapping in the device
in j) pristine state and k) LRS state. Left: 3D distribution of Cs—7Li signals. Right: Cumulative counts of Cs—7Li signals inside the silicon substrate,
projected on a horizontal plane. In pristine state, low Li concentration was found in the doped Si substrate. At LRS state, two discoid zones (=20 um
in diameter) with a high Li concentration were found in the doped Si substrate, indicating the migration of Li* ions into the Si substrate during RS.
Reproduced with permission.?*l Copyright 2018, John Wiley & Sons, Inc.

only 0.3 eV.?l In an RS device based on Li,CoO, (Figure 1i-k),
Li* ions can be removed from the host material under an elec-

For a class of switching materials with very mobile cations,
the movement of internal cations (vs cations provided by an

active electrode) can also lead to RS effects. These materials
generally have cations forming weak ionic bonds with the
immobile anions. The crystal structures in some materials
may also provide native fast ion channels that facilitate the ion
transport. A typical example is Li-containing materials such as
Li,CoO, that have been widely used as an electrode material for
Li-ion battery applications.???l It was shown that Li,CoO, has a
layered structure composed of CoO, sheets with Li* ions inter-
calated in between, and theoretical calculations suggest that the
migration energy barrier of Li* ions along the CoO, sheets is
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tric field and stored in a Li reservoir layer such as the doped-
Si electrode, as illustrated in Figure 1k.?Y The removal of
Li* ions can result in the generation of Li vacancies in the
Li,CoO, film and switch the device to the LRS.*®] These Li
vacancies can act as p-type dopants and increase the conduc-
tivity, and the modulation of the doping profiles can similarly
explain the RS effects observed in LiFesOg ,-based devices.!?°!
Under a reversed bias voltage, the removed Li* ions move back
into the switching material, which increases the Li content and
restores the device to the HRS.
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Proton, i.e., H" ion, is another example of highly mobile
ions in solid-state films due to its light weight and small size.
Upon the application of an electric field, protons, often acting
as p-type dopants in films such as Bi,Sr,CaCu,0Oyg, s can quickly
redistribute in the switching material and modulate the device
resistance.[’”] Specifically, in a moisture environment, water
molecules in air can permeate into the dielectric film, and
decompose into protons and hydroxide ions in the device to
supply protons that potentially contribute to the RS effect.l?®]

2.2. Anion-Driven RS Effects

For most oxide-based RS devices, the oxygen ions (or equiva-
lently, oxygen vacancies, Vs) are believed to be the mobile ions
that drive the RS effect.?>!l In general, these devices are com-
posed of two oxide layers sandwiched between a pair of electro-
chemically inert electrodes, with one layer rich of Vgs, and the
other deficient of Vs and serving as the switching layer. The
Vo-rich layer is usually made of nonstoichiometric suboxides
(e.g., TaO,) or metals (Ta) that can react with the switching
layer to create a suboxide interface. In contrast, the switching
layer is usually stoichiometric and insulating (e.g., Ta,0s), and
has a high electrical resistivity when fabricated. Under a bias
voltage, the neutral Vgs in the Vq-rich layer lose electrons and
become positively charged, and then migrate into the switching
layer. These charged Vs can be reduced and eventually form
Vo-rich regions that increase the device’s conductance. Analysis
of Vo-based conducting filaments has been carried out by trans-
mission electron microscopy (TEM) studies. For example, for
TiO,-based devices (Figure 2a), the conducting filaments may
be composed of a metallic phase (Ti4O;) that has an increased
Ti/O atom ratio (Figure 2b).*¥ In contrast, for Ta,Os-based
devices (Figure 2c), the conducting filaments were found
to be an oxygen-deficient amorphous Ta (O) solid solution
(Figure 2d,e).**! Notably, a high-temperature tetragonal o-Ta,Os
nanocrystal (as marked by the closed curve in Figure 2c) near
the conducting filament was observed, indicating that Joule
heating could be significant during RS, where the elevated
temperature in this case caused the amorphous TaO, film sur-
rounding the filament to be annealed and converted into tetrag-
onal o-Ta,05 nanocrystals. Indeed, Joule heating has long been
considered as an important factor during RS, where the ionic
drift and diffusion processes can be significantly accelerated
by the elevated temperature.?*¢! Since Joule heating requires
only an electronic current, it can precede and subsequently
help activate the ionic processes. As a result, it is possible to
observe “threshold” switching phenomena caused by electronic
effects and Joule heating, prior to ionic-filament formation. For
example, a few studiesl*’~*% have pointed out that in memris-
tive devices based on such as TaO,*” and NbO,® films, the
applied bias can generate pronounced Joule heating through
electron conduction (e.g., via the Poole-Frenkel process) that
increases the device’s internal temperature. The elevated tem-
perature in turn speeds up the electron conduction, forming a
positive feedback and leading to the formation of local hot con-
ducting channels that lead to a sharp increase in device con-
ductance.* Note that when the device resistance is reduced,
the Joule heating effect is also suppressed which will induce
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the negative differential resistance behavior and restores the
device to the HRS, showing threshold RS effect.*% As such,
this volatile behavior can be used as an indication that distin-
guishes the electronic process—induced switching effects from
that caused by ionic process.

Another evidence of thermal effects can be seen from the
ring-like structures of the Vg distribution observed through
O K-edge X-ray absorption spectromicroscopy.?® The ring-like
structures can be explained by the radial temperature gradient
around the Vg filament. The temperature gradient produces
a thermophoretic force that drives oxygen ions outward from
the Vg filament region. This effect is countered by the inward
diffusion of oxygen ions driven by the concentration gradient.
At steady state, these two effects balance each other, producing
an oxygen ion profile featuring a ring of oxygen interstitials
around the filament and an inner core of oxygen vacancies.

For transition metals that have a high solubility of oxygen
(e.g., Ta), the resistivity of the oxides depends on the Vq con-
centration, where a higher Vq concentration leads to a lower
resistivity. Since no metastable phases exist for Ta,Os at room
temperature, the Vg concentration can be continuously tuned,
leading to analog RS behaviors where the device resistance can
be gradually adjusted.!l At high enough V concentrations
(e.g., 5 x 10%° cm™3), the wavefunctions of the defects (Vs) start
to overlap and extend throughout the film thickness, leading to
a metallic-type behavior in the LRS.[*243]

Several recent studies have also started to explore controlled
ion migrations in materials such as organic—inorganic halides
(e.g., CH3NH;PbI5),* which have attracted broad interest as
a promising optoelectronic material for solar cell,*! photo-
detector,*! light-emitting diodes,””] and laser*® applications.
It was found that well-controlled RS effects can be achieved
in organic-inorganic halides as well, where the RS behavior
is likely due to the motion of halogen anions. For example, in
the Ag/CH3;NH;3PbI;/Ag RS system (Figure 2f), it was shown
that the I:Pb atomic ratio in the CH3NH;Pbl; film can be sig-
nificantly decreased at LRS, then partially restored at HRS.
These observations support the model that iodine ions in the
CH;3NH;PbI; film can be displaced by an electric field and the
formation/rupture of iodine vacancy filaments induces the RS
effect (Figure 2g,h).*) Moreover, more iodine vacancies were
observed near the cathode, indicating the growth of iodine
vacancy filaments was initiated from the cathode and extended
to the anode. It is worthy to note that Ag was used as the anode
during RS. However, instead of being used as a soluble electrode
that produces mobile ions in ECM devices, here the Ag electrode
serves as an iodine ion reservoir that stores the iodine ions from
the switching layer through the formation of Agl, complexes.

RS effects in 2D chalcogenides such as MoS, have also drawn
much attention recently.>*% Given the strong in-plane chemical
bonds, manipulating the ion distribution in 2D chalcogenides
by an electric field is initially thought to be unlikely. However,
recent studies have indicated that sulfur ions in MoS, can pos-
sibly be displaced by an electric field and lead to RS effects. For
example, in a memristive device based on mechanically exfoli-
ated MoS, (Figure 2i), it was found that applying 5000 strong
programming pulses (20 V/2 ms) can lead to the modulation of
the S:Mo atomic ratio, with an increased (decreased) atomic ratio
near the anode (cathode) (Figure 2j,k).13! Considering that sulfur
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Figure 2. RS devices based on anions. a) Schematic of a Pt/TiO,/Pt device. b) HRTEM image of a Ti,O; region formed in the device in LRS state.
Reproduced with permission.’2l Copyright 2010, Springer Nature. c) Bright-field TEM image of a Ta/TaO,/Pt device in LRS state. d) Electron energy loss
spectroscopy (EELS) oxygen profile along the green dashed line in panel (c), showing the decrease of the oxygen concentration in the filament region.
e) Synchrotron-based nanobeam X-ray fluorescence measurement of a device, showing a central Ta-rich channel, surrounded by a nanocrystalline Ta,Os
phase. Reproduced with permission.*l Copyright 2015, John Wiley & Sons, Inc. f) Schematic of a planar Ag/CH;NH;Pbl;/Ag device. g) SEM image of
a Ag/CH3;NH;Pbl;/Ag device. Locations 1-4 mark the positions where the energy dispersive X-ray spectroscopy (EDX) analyses were performed. The
dashed lines mark the locations of the Ag electrodes. Scale bar =300 nm. h) Quantitative atomic ratio between | and Pb at locations 1-4 at the pristine,
LRS, and HRS states, indicating the redistribution of iodine ions during the RS process. Reproduced with permission.*l Copyright 2017, John Wiley &
Sons, Inc. i) Schematic illustration of a few-layer MoS, device with Ti/Au electrodes. j) SEM images of a planar MoS, device after pulse stimulation. The
red boxes mark the areas where the Mo:S atomic ratio was measured. k) Atomic ratio of Mo/S at areas 1, 2, and 3 as marked in panel (j), indicating
the redistribution of sulfur ions during the RS process. Reproduced with permission.3l Copyright 2018, American Chemical Society.

ions have a higher mobility than molybdenum ions, sulfur ions  doping effect has also been used by Sangwan et al. to explain the
are more likely to redistribute during device programming, RS effect in devices based on chemical-vapor-deposition-(CVD)-
and sulfur vacancies can act as n-type dopants and modulate  grown monolayer MoS, film.?l The authors proposed that the
the Schottky barrier height at the electrode/MoS, interface that  accumulation and dissipation of sulfur vacancies near the grain
leads to the observed RS behaviors. Sulfur vacancy-induced  boundaries between the electrodes account for the RS effects, as
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supported by photoluminescence (PL) studies which showed a
high PL intensity at the grain boundary in LRS, consistent with
a high concentration of sulfur vacancies.

2.3. Cation and Anion Jointly Driven RS Effects

Rather than attributing the RS behavior to the motion of one
specific type of ions, a few studies pointed out that the move-
ment of cations and anions may coexist in some RS devices,
involving different filament formation mechanisms. For
example, for a typical valence change memory (VCM) device,
e.g., based on TaO,, the RS effect is widely believed to be due
to the motion of oxygen ions. However, a scanning-tunneling-
microscopy-based study suggests that Ta>* cations can also
migrate and possibly lead to RS behaviors in the TaO,, layer.>*l
Specifically, from the time-dependent tunneling current meas-
urements (Figure 3a), it can be seen that after the application
of a negative bias voltage (-3 V) on the probe tip, a temporarily
stable filament with a conductance higher than one quantum
conductance can be formed in the vacuum gap between the
probe tip and the TaO,/Ta sample. This effect was attributed to
the nucleation of Ta clusters on the surface of the TaO,/Ta film
that further led to the formation of a Ta metal filament. Similar
effects were also observed in HfO,/Hf and TiO,/Ti structures.
Visualization of filaments created by both cation and anion
migrations has been demonstrated in the Ta/HfO,/Pt device
(Figure 3b—e).>! At LRS, conduction channels that are both Ta
rich (Figure 3d) and O deficient (Figure 3e) were observed in the
HfO, switching layer, indicating both cations (Ta**) and anions
(O%7) may have moved. This result was attributed to the fact that
Ta*" cations and O% anions in HfO, have comparable mobility
and migration energy barrier values. Under a SET voltage,
the inward migration of Ta** cations from the Ta anode was

@
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Qrt
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Time (s)
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accompanied by the simultaneous outward migration of O%"
where both Ta and Vg act as n-type dopants in the HfO, layer,
and the accumulation of them switched the device to the LRS.

3. lonic RS Devices for Neuromorphic Computing

Beyond memory applications, the ability to tune ion distri-
bution in solid-state devices allows efficient neuromorphic
systems to be built with RS devices, where high density and
large connectivity are necessary for the successful implemen-
tation of artificial neural networks. Specifically, in the brain,
the information is encoded in spike firing patterns, which
are transmitted among neurons through the synapses.®! The
connection strength of the synapse, called synaptic weight,
determines how efficiently the input spikes can be propa-
gated.’”] Additionally, the synaptic weight can be updated by
the neuron firing and the new weight can be maintained (an
effect called synaptic plasticity®®)). To this end, a memristive
device showing analog RS behaviors is analogous to a synapse,
where its conductance, acts as the synaptic weight, determines
how effectively an input, i.e., voltage pulse, from one side (i.e.,
presynaptic side) of the device can produce output current at
the other side (i.e., postsynaptic side) of the device. Figure 4a
compares the role of a biological synapse with that of an
ionic memristive device in artificial neural networks, with the
switching layer emulating the synaptic cleft that bridges circuit
elements acting as presynaptic and postsynaptic neurons.?!
Figure 4b represents one of the first demonstrations of this
concept, and shows that the conductance of a Ag:Si/Si mem-
ristive device can be incrementally increased and decreased by
applying positive and negative pulses, emulating the potentia-
tion (weight increase) and depression (weight decrease) behav-
iors of a biological synapse, respectively.

(b)
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Figure 3. RS devices based on both cations and anions. a) Time dependence of the tunneling current measured on a 2 nm thick TaO, layer. The conduct-
ance G after a negative voltage pulse of -3 V was applied exceeded the conductance quantum G, indicating the formation of a metallic quantum-point
contact that is temporarily stable. Reproduced with permission.>*l Copyright 2016, Springer Nature. b) TEM cross-sectional view of a Ta/HfO,/Pt device.
c) High-angle annular dark-field imaging (HAADF)-STEM image of a Ta/HfO,/Pt RS device in LRS state, showing a sub-10 nm conduction channel con-
necting Ta top and Pt bottom electrodes. d,e) Comparison of EELS spectra collected at the pristine HfO, layer, the conduction channel region, and the
Ta electrode, indicating the conduction channel is both d) Ta rich and e) O deficient. Reproduced with permission.>’! Copyright 2016, Springer Nature.
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Figure 4. Using memristive devices as synaptic devices in artificial neural networks. a) Schematic illustration of the concept. The insets show the two-
terminal device geometry and the layered structure of the memristor. b) Incremental conductance modulation of a memristor, in response to identical,
consecutive potentiating (blue square) and depressing (red circle) pulses, emulating the plasticity behavior of a biological synapse. Reproduced with

permission.’?l Copyright 2010, American Chemical Society.

Moreover, the internal dynamic ion processes in RS devices
allow them to faithfully emulate the underlying physical and
chemical processes in biological synapses, instead of simply
implementing handcrafted “rules.” Specifically, most synapses
in the brain are chemical synapses, and their functions are
mediated by the flow of ions.[®*- For instance, the influx of
extracellular Ca?* ions through ion channels in the pre- and post-
synaptic neuron membranes can lead to a cascade of reactions
that affect the synaptic weight, e.g., by regulating the amount
of neurotransmitter released from the presynaptic neuron or by
modulating the number of AMPA (o-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid) receptors in the postsynaptic neuron.
Recent studies have suggested that these ionic processes can
be emulated in ionic RS devices with similar dynamics, where
pulse trains encoded with different temporal patterns can lead to
diverse yet predictable conductance (weight) changes.[*!

In general, synaptic plasticity can be divided to two groups:
homosynaptic plasticity and heterosynaptic plasticity, where
homosynaptic plasticity refers to synaptic weight changes that
are only affected by the stimulation applied to the synapse in
question itself, and heterosynaptic plasticity refers to the effect
that the weight change in a synapse is also dependent on stim-
ulations applied to other synapses.

3.1. Homosynaptic Plasticity

Homosynaptic plasticity is typically input specific, and the
changes take place only at the stimulated synapse, not at other
unstimulated synapses. Short-term memory (STM) and long-
term memory (LTM) effects are two main examples of homos-
ynaptic plasticity.

The STM effect (e.g., short-term potentiation/depression,
STP/STD) refers to effect where the synaptic weight changes
are temporary.®” The memory effect of STM typically lasts for
tens of milliseconds to minutes. The mechanism of STP can
be possibly explained by the Ca?* dynamics in the presynaptic
neuron, where an increase of the intracellular Ca?* concentra-
tion (induced by the spike stimulation) enhances the neuro-
transmitter release probability and thus increases the synaptic
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weight. However, after removing the spike stimulation, the
spontaneous decay of Ca’?* concentration (induced by Ca’'
extrusion process) restores the neurotransmitter release prob-
ability and also the synaptic weight to the original state.[®!

The spontaneous decay of Ca?" concentration can be emu-
lated by spontaneous ion diffusion out of the conduction
channel in RS devices, which naturally leads to a volatile (i.e.,
short-term) memory effect. For example, under weak stimula-
tion conditions, the filament is formed by a small number of
ionic defects (e.g., Vs).l% These filaments are unstable and
spontaneous diffusion of the Vs can readily weaken the fila-
ments and even disrupt them, as illustrated in Figure 5a, which
brings the device back to the HRS state. Figure 5b shows a
retention curve of a W/WO,/Pd memristor, exhibiting the char-
acteristic STM effect. The memory loss usually shows a rapid
initial decay phase followed by a slower decay over a long time
period, and can be described by a stretched-exponential func-
tion that is commonly used to depict the electronic or structural
relaxation effects observed in disordered material systems.[®®!

In contrast to the STM effect which is temporary and transient,
the LTM effect is stable and persistent. LTM effects (e.g., long-term
potentiation/depression, LTP/LI'D) mainly refer to synaptic weight
changes that last from minutes to months, or even to a lifetime,
and are related to more pronounced changes in the synapse.%’]
For example, LTP may be facilitated by the increase of intracellular
Ca?*-ion concentration in the postsynaptic neuron that leads to the
synthesis of plasticity-related proteins (PRPs), which can in turn
promote synapse growth either through the formation of new
dendrites or enhancing the activities of existing ones. (]

LTM effects can be emulated in RS devices with strong
filament that can tolerate ion/atom diffusion (Figure 5c).
Additionally, in biology as well in RS devices, STM can be
transitioned to LTM after a consolidation process through
repeated stimulation. This effect has been demonstrated in
memristive devices by increasing the number of stimulation
pulses, which leads to cumulative ionic defect (e.g., Vo) accumu-
lation and filament growth that results in more stable filaments.
As shown in Figure 5d, a W/WO,/Pd device when pro-
grammed with five stimulation pulses shows fast memory loss,
whereas by increasing the number of stimulation pulses to 40, a
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Figure 5. STM and STM-LTM transition in a W/WO,/Pd memristive device. a) Schematic illustration of V¢ diffusion in the device, which leads to rup-
ture of weak V, filaments. b) A retention curve after SET, showing the STM effect. The experimental data were fitted by a stretched-exponential function.
) Schematic showing the formation of strong V, filaments that are tolerant of Vg diffusion. d) Memory retention data recorded after the stimulation of
(top panel) 5 pulses and (bottom panel) 40 pulses, showing improvement of memory retention with increased stimulation pulse number. Reproduced

with permission.[® Copyright 2011, American Chemical Society.

much slower conductance decay process and better memory
retention were observed, due to the formation of stronger
filaments.[66:6%70)

By taking advantage of the underlying dynamic ionic pro-
cesses during RS, it has been shown that memristors are
capable of naturally emulating short-term and long-term
homosynaptic behaviors, including paired pulse facilitation
(PPF), spike rate-dependent plasticity (SRDP) and spike timing-
dependent plasticity (STDP), without resorting to specially
engineered programming pulses and circuits.”'~77] Specifically,
in biological systems, the different synaptic plasticity behaviors
are closely related to the dynamics of intracellular Ca?* concen-
tration, which increases after a presynaptic spike and spon-
taneous decays afterward. The shortterm dynamics of Ca’*
concentration effectively provide a local timing mechanism that
allows the synapse to naturally respond to the temporal spiking
events, and lead to behaviors such as PPF, STDP, and SRDP
without needing a global clock in the system.

Mathematically, the memristive effect can be described in
the theoretical framework proposed by Chua and Kang using
the following equations!”®l

I=Gw,V,t)V (1)
dw
T AR (2)
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Here, Equation (1) corresponds to the [-V relationship of the
device and w represents the state variable that determines the
device conductance (such as the filament size””)). Equation (2)
is the dynamic equation of w that leads to synaptic plasticity. In
the simplest case, the evolution of the state variable w is only
dependent on the external inputs, such as the pulse amplitude
and duration. Recent studies,”1728081] however, show that w is
also dependent on other “second-order” state variables such as
the ion mobility”? and local temperature.”" The dynamic equa-
tion of the “first-order” state variable w can then be updated and
expressed as

& fwrvy G)

where T represents the second-order state variables. More
importantly, these second-order state variables’!72] may have
short-term dynamics and can essentially play a similar role of
Ca?" concentration in biological systems. For example, a spike
(e.g., a voltage pulse) can cause the device’s internal tempera-
ture to increase temporally, followed by a quick decay. Since the
ion drift and diffusion strongly depend the local temperature,
the short-term dynamics of the internal temperature can be
used to natively implement PPF, STDP, and SRDP effects, fol-
lowing similar roles played by the shortterm dynamics of Ca?*
concentration.
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Similar effects can also be obtained with other second-order
state parameters. For example, it is proposed that under a stim-
ulation pulse, the Vgs in the WO, film can be driven out of
equilibrium and gain an enhanced mobility."?l The increased
Vo mobility can facilitate Vo migration, leading to a fast growth
(or rupture) of the filament. The enhanced mobility is how-
ever temporary, and the short-term dynamics allow the system
to natively respond to temporal stimulations. For example,
Figure 6a shows the implementation of the PPF effect by stud-
ying the device response with two identical pulses having dif-
ferent time intervals. A higher stimulation current is observed
in the second pulse, and the increase is more pronounced
when the second pulse is closer to the first pulse (Figure 6a).
Such a trend can be more clearly observed by plotting the cal-
culated change ratio (PPF ratio, measured as the current in
the second spike over that in the first spike) against the time
interval between the two spikes (Figure 6b). This behavior
can be interpreted based on the increased Vo mobility due to
the first pulse, which in turn leads to a larger response in the
second pulse. Since the mobility increase is only short term,
the extend of the mobility increase depends on the relative
timing of the second pulse with respect to the first one, such
that at longer intervals this effect becomes weaker resulting in
a smaller PPF ratio. Based on the same effect, SRDP behaviors,
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where a higher frequency (smaller time interval) stimulation
leads to a larger weight change, can be implemented as well
(Figure 6c).

STDP is another important synaptic learning rule, which
refers to the effect that the sign and the magnitude of the syn-
aptic plasticity depend on the relative timing of the presynaptic
spike and the postsynaptic spike.®? For example, if the pre-
synaptic spike arrives earlier than the postsynaptic spike, the
events will lead to an overall synaptic weight increase, whereas
reversing the time sequence will lead to weight decrease. Addi-
tionally, the shorter the time interval is, the higher degree the
weight change is. This effect can also be implemented with
the WO,-based memristors, by using the internal short-term
dynamics to naturally decode the relative timing information of
the pre- and postsynaptic spikes, as shown in Figure 6d.

As briefly mentioned earlier, the local temperature T is
another second-order state variable that can play a similar role
to that of Ca?* concentration. Specifically, a programming pulse
can elevate the local temperature T due to Joule heating. The
temperature rise can significantly enhance the drift and diffu-
sion of ions, leading to a fast growth of the filament. The tem-
perature would spontaneously decay after the removal of the
programming pulse, showing a short-term effect. With a short
interval, the elevated temperature has not fully decayed when

(b)
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Figure 6. Biorealistic implementation of PPF, SRDP, and STDP effects in WO,-based memristive devices by utilizing the dynamics of ionic mobility.
a) Current response to the application of paired pulses (1.4 V, 1 ms) in a device, at ten different pulse intervals. The second pulse in the pulse pair
produces an enhanced response in all cases and increasing the pulse interval leads to a decrease in the enhancement. b) PPF ratio as a function of
pulse interval. ¢) Change in memristor current after the application of pulse trains with different frequencies. Higher stimulation frequency leads to a
larger conductance enhancement. d) Memristor weight change as a function of the relative timing between the pre- and postsynaptic pulses, showing
STDP behavior. Reproduced with permission.’d Copyright 2015, John Wiley & Sons, Inc.
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the second programming pulse arrives. As a result, the device
is subjected to a higher temperature during the second pro-
gramming pulse, resulting in enhanced potentiation or depres-
sion effects driven by the pulse. The extent of the enhance-
ment thus depends on the interval between the two pulses, as
a shorter pulse interval leads to higher temperature seen by the
second pulse and a larger conductance change, and vice versa.
Utilizing this effect, SRDP and STDP effects have been imple-
mented using simple, nonoverlapping pulses in TaO,-based
memristive devices’! (Figure 7a,b). Note that to enhance the
temperature effects in the study, weak heating pulses (with a
low pulse amplitude) were used in addition to the stimulation
pulses (with a high pulse amplitude), as shown in Figure 7a.
These effects have also been demonstrated in so-called “dif-
fusive memristors,” which exhibit short-term memory effects
due to ion/atom diffusion in weakly formed filaments.”3! For
example, after a weak Ag filament was formed in the switching
layer that increased the device conductance, the conductance

(a) .. (b)
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would decay soon after the programming pulse is removed, due
to the spontaneously nucleation of the continuous Ag filament
into discrete Ag nanoparticles to minimize the surface energy.
When this volatile device is connected with another nonvola-
tile memristive device in series, the short-term dynamics in the
diffusive memristive device can serve as a second-order state
variable to modify the long-term conductance changes of the
nonvolatile memristor. Based on this concept, important syn-
aptic behaviors such as SRDP and STDP effects have been suc-
cessfully implemented, as shown in Figure 7c and Figure 7d,
respectively.

Recent research has further shown that the ion dynamics can
allow the implementation of more complex homosynaptic func-
tions, such as synaptic metaplasticity.”*””] Synaptic metaplas-
ticity refers to the effect that the prior history of activities affect
current synaptic plasticity, including both the direction (poten-
tiation or depression) and the degree of weight changes.[®3!
Since different activity histories may result in the same synaptic
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Figure 7. Native implementation of SRDP and STDP effects in a second-order Ta,Os_,/TaO, memristor and in a diffusive Ag:SiO,N, memristor con-
nected in series with a TaO, nonvolatile memristor, respectively. a) Left: Spike pattern for the SRDP effect in a Pd/Ta,Os_,/TaO,/Pd second-order
memristive device. Each spike consists of a programming pulse and a heating pulse. Right: Memristor conductance change as a function of spike
frequency, for different number of spikes. b) Left: Presynaptic and postsynaptic spikes used for the implementation of STDP effect. Right: Conductance
change ratio as a function of the relative timing between the pre- and postsynaptic pulses. Reproduced with permission.”") Copyright 2015, American
Chemical Society. c) Upper: Circuit diagram showing a Ag:SiO,N, diffusive memristor connected in series with a TaO, nonvolatile memristor. Bottom:
Conductance change of the TaO, nonvolatile memristor as a function of the duration between the applied pulses, showing the SRDP effect. d) Left:
Schematic of the pulses applied to the combined device for STDP demonstration. Right: Plot of the conductance (weight) change of the nonvolatile
memristor as a function of the relative timing between the pre- and postsynaptic spikes, showing STDP behavior. Reproduced with permission.”?!

Copyright 2017, Springer Nature.
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weight, emulating metaplasticity with commonly used first-
order memristors is not feasible since the synaptic plasticity in
these devices is only determined by the current synaptic weight
(determined by the state variable w, e.g., filament size) and cur-
rent inputs, e.g., Equation (2). Instead, synaptic metaplasticity
needs to be realized in memristors with a set of internal state
variables.’*

For example, the effective filament size can be decomposed to
a set of state variables representing the filament position, width,
and length. Even at the same conductance conditions, these
internal parameters may be different and can evolve following
their own dynamics in the form of Equation (3) and lead to dif-
ferent device conductance changes (synaptic plasticity effects).
This type of history-dependent plasticity is implemented by
using the filament position as the state variable in a Pt/Ta,Os_,/
TaO,/Pt memristive device, which shows complementary
resistive-switching (CRS) effects.”* The CRS effect is character-
ized by an initial conductance increase followed by a decrease
during the SET process, and is attributed to the depletion of Vo
at the Vg source region when the device is overprogrammed.
Therefore, the device showing a high-resistance value can have
two different filament configurations, with the filament rup-
ture position near the top or the bottom electrode, as shown in
Figure 8a and Figure 8b, respectively. In this case, under the
same positive pulse stimulation conditions, the filament can

(b) (&)
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either shrink if the filament was ruptured at the top electrode
(e.g., the situation shown in Figure 8a) or grow if the filament
was ruptured at the bottom electrode (e.g., the situation shown
in Figure 8D), leading to opposite conductance changes.

Figure 8c shows the measured conductance of the Pt/
Ta;05_,/TaO,/Pt device as a function of the preprogramming
conditions. After using different numbers of preprogramming
pulses to switch the device to state A and state B that exhibit
apparently identical conductance values, continued stimulation
of the device with identical stimuli leads to opposite synaptic
plasticity polarities, as shown in Figure 8d. Similarly, after using
different frequencies of preprogramming pulses to switch the
device to the same conductance values (but with opposite fila-
ment rupture positions, Figure 8e), opposite synaptic polarity
can also be obtained (Figure 8f).

The activity dependence of the synaptic plasticity degree can
similarly be implemented, by employing the filament width
and length as the state variables. It is known that filament
growth involves ion drift driven by the electric field as well as
ion diffusion driven by the concentration gradient.®*®! Since
ion drift depends exponentially on the applied field, at a high
SET voltage ion drift dominates and can lead to a narrow and
long filament (represented by the high V concentration region
in Figure 8g), while at low field drift becomes less pronounced
and a wide and short filament can be formed instead due to a
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Figure 8. Implementation of synaptic metaplasticity. a,b) Schematics of Vo, distributions in a Pt/Ta;0s_,/TaO, /Pt device at HRS, with the V,, filament
rupture positions near a) the top electrode and b) the bottom electrode. c) Dependence of the device conductance on the number of applied prepro-
gramming pulses (1.2 'V, 0.5 us). d) Conductance changes in the device at states A and B (marked in panel (c)) as a function of the number of applied
stimulation pulses (1.1 'V, 0.5 us), showing potentiation and depression behaviors, respectively. e) Evolution of the device conductance with prepro-
gramming pulse frequencies of 6.7 and 5.0 MHz, respectively. f) Conductance changes of the device in panel (), as a function of stimulation pulse
number, showing activity-dependent potentiation and depression behaviors, respectively. g,h) Simulated 2D maps of V concentration distributions in
a device with g) a narrow and long filament and h) a wide and short filament. i) Conductance changes in a device after being preprogrammed using
SET pulses with different amplitudes, showing different degrees of synaptic plasticity. j,k) Simulated 2D maps of Vg concentration distributions in a
device with j) a low Vg residue concentration in the gap and k) a high Vg residue concentration in the gap. I) Conductance changes in the device after
being preprogrammed using RESET pulses with different amplitudes, showing different degrees of synaptic plasticity. Reproduced with permission./’4
Copyright 2017, Royal Society of Chemistry.
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larger diffusion component (Figure 8h). Afterward, these two
configurations may show similar conductance, but the narrow
and long filament case can show a higher degree of synaptic
plasticity due to the enhanced field between the filament tip
and the electrode, compared to the wide and short filament
case. This effect is indeed verified experimentally, as shown in
Figure 8i, where a more pronounced conductance change can
be observed if the device was initialized by a high preprogram-
ming voltage that presumably led to a longer and narrower
filament. Similarly, during RESET, a high voltage can lead to
pronounced Joule heating and facilitate V, dissipation, leading
to the formation of a highly insulating gap with minimal
number of residual Vs, as shown in Figure 8j. On the other
hand, a low RESET voltage will create a less insulating gap with
a higher concentration of residual Vs, as shown in Figure 8k.
At the same HRS, the device having a more insulating gap
corresponds to a smaller gap size, thus can produce a higher
degree of plasticity under further stimuli (Figure 8l).

3.2. Heterosynaptic Plasticity

Heterosynaptic plasticity refers to the effect that synaptic
changes are not just input specific, but can also be induced by
the activity of other neurons.®® For example, a stimulated syn-
apse can affect another, unstimulated synapse. Heterosynaptic
plasticity is believed to be critical for neural processes such as
associative learning, and for the stability of the neural network.

In biology, synaptic interaction effects include synaptic
competition and synaptic cooperation. These effects are in
turn driven by the internal molecular/ion processes, e.g., the
exchange of diffusive PRPs among multiple synapses through
the dendrite of the postsynaptic neuron.®”! Specifically, synaptic
competition can be attributed to the competition among syn-
apses for a limited amount of PRPs for their growth, while syn-
aptic cooperation originates from the sharing of PRPs among
adjacent synapses that leads to synergistic synaptic growth. To
closely emulate the synaptic interactions observed in biological
systems, utilizing internal ionic processes that play a role sim-
ilar to the PRP dynamics to allow direct coupling among syn-
aptic devices is thus necessary.

Recently, synaptic interaction behaviors were successfully
demonstrated in the Li,MoS, system by employing direct ionic
coupling effects.® The emulated neural network has a planar
structure, composed of multiple adjacent Au/Li,MoS,/Au
devices as shown in Figure 9a. These devices share a common
Au/MoS, region that resembles the synaptic terminals on the
dendrite of the postsynaptic neuron, while the other Au elec-
trodes represent the presynaptic terminals (Figure 9b). Similar
to PRP diffusion, the diffusion of Li* ions allows ionic coupling
among multiple devices, which is enabled by the layered van
der Waals structure in the MoS, film that allows the Li* ions to
move relatively freely in between the MoS, layers. As a result
of Li* ion migration into (out of) the postsynaptic terminal
region, conductance increase (decrease) of the MoS, film can
be observed, accompanied with possible structural changes and
semiconductor-metal phase transitions. (!

The synaptic competition effect was first demonstrated in
such a system consisting of two adjacent synaptic devices with
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a limited amount of Li* ions. These limited Li* ions were ini-
tially stored at the postsynaptic terminal region and were used
to emulate the situation of scarce PRPs (Figure 9c). Note the
Lit-ion intercalation in MoS, can lead to the increase of inter-
layer distance, which allows these processes to be visualized
by measuring the film'’s height changes, e.g., through atomic
force microscopy (AFM) studies. Afterward, the Li* ions were
allocated to the two devices under controlled bias voltages,
resulting in configuration I (Figure 9d) and configuration
IT (Figure 9e), corresponding to cases where device 1 (2) has
more Li* ions, respectively. The synaptic potentiation/depres-
sion behaviors of the two devices at configurations I and II are
shown in Figure 9f and Figure 9g, respectively. It was observed
that the device having more Li* ions exhibits a higher degree of
synaptic potentiation/depression, and increasing the amount of
Li* ions allocated to one device (e.g., device 2) would enhance
its synaptic plasticity, while suppressing the synaptic plasticity
in the other device (e.g., device 1), due to competition between
the two devices for the limited Li* ion supply.

Synaptic cooperation effects were also demonstrated in the
Li,MoS, system by emulating the sharing of PRPs. In a system
consisting of two adjacent synaptic devices as shown in Figure 9h,
Li* ions were initially accumulated in device 1 under electrode
A (configuration I). As a result, the potentiation effect in device 2
initially cannot be induced (black curve in Figure 9j). After the
potentiation of device 1 (Figure 9k), Li* ions under electrode A
were driven toward electrode B and led to configuration II,
as illustrated in Figure 9i. The Li* ions under electrode B
now allow device 2 to exhibit synaptic potentiation behavior
when the same stimulation pulses are applied (red curve in
Figure 9j). These results suggest that potentiation of one syn-
aptic device can facility the plasticity of a neighboring synaptic
device. Moreover, in a network-type system composed of four
adjacent synaptic devices, programming one of the synaptic
devices (Figure 91) was shown to not only affect the weight of
the stimulated synaptic device, but also synergistically modu-
lated the weights of the other, unstimulated synaptic devices,
as demonstrated in Figure 9m. lonic coupling effects in these
memristive systems can allow more faithful implementation of
complex synaptic functions for neuromorphic computing appli-
cations, without having to resort to external circuitry or soft-
ware implementations.

Modulatory input-dependent plasticity is another form of
widely studied heterosynaptic plasticity in biology, describing
the effect that the firing of a modulatory neuron can regulate
the connection strength between a presynaptic neuron and a
postsynaptic neuron.® This effect was demonstrated in a
multiterminal planar memristive system composed of self-
organized Ag nanoparticles (Figure 10a,b)."% Electrical pulses
applied on a pair of Pt electrodes that represent the presynaptic
and the postsynaptic terminals drive the electrochemical reac-
tion and the redistribution of the discrete Ag nanoparticles, and
lead to the formation of continuous Ag filaments between the
electrodes (Figure 10c), corresponding to synaptic potentiation
(SET process). By applying a constant bias voltage on another
electrode, acting as the modulatory terminal placed close to the
synaptic junction, the Ag filament formation dynamics can be
modulated. For instance, during the SET process (Figure 10d),
increasing the amplitude of the positive voltage applied on the
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Figure 9. Implementation of synaptic interaction effects in Li,MoS, memristive devices. a) Optical (left) and scanning electron (right) microscopy
images of four devices forming a network structure. Scale bar =5 um. b) Schematic of the Li*-ion distribution in the network under the initial conditions,
with depletion of Li* ions under electrode G. c—e) Schematics showing the distribution of Li* ions (top panel), and AFM height images (bottom panel)
of devices 1 and 2, for ¢) when all Li* ions are accumulated under electrode G; d) configuration I, where most Li* ions are accumulated under electrode
A; and e) configuration I, where most Li* ions are accumulated under electrode B. f,g) Synaptic potentiation/depression effects of the two devices in
configurations | and II. h,i) Schematics of the Li*-ion distribution (top panel) and AFM height images (bottom panel) of a system consisting of two
devices showing synaptic cooperation. Scale bar = 2 um. Starting from h) configuration |, where most of the Li" ions in the system accumulate under
electrode A, after potentiation of device 1, some Li* ions migrate toward electrode B, creating i) configuration Il. j) Potentiation behaviors of device
2, showing no response at configuration | and effective potentiation at configuration Il. k) Evolution of the conductance of device 1 when the system
was changed from configuration | to configuration Il. |) Synaptic cooperation in a network of four devices, illustrating the process that a positive bias
on electrode A drives Li* ions toward electrode G and potentiates device 1. m) Potentiation and depression cycles of device 1, and the corresponding

conductance changes in nonstimulated devices 2—4. Reproduced with permission.®® Copyright 2019, Springer Nature.

modulatory electrode can reduce the required pulse number
for SET (Figure 10e), as a result of electric field enhancement
near the filament tip. On the other hand, a negative bias voltage
can suppress the electric field near the filament and effectively
inhibit filament growth (Figure 10f). The bias voltage applied
on the modulatory terminal was also found to affect the fila-
ment rupture process during RESET process (Figure 10g).
Figure 10h,i shows the postsynaptic current versus applied
RESET pulse number when negative and positive bias volt-
ages were applied on the modulatory terminal. It was found
that the filament rupture process was accelerated (suppressed)
when a negative (positive) bias voltage was applied, which aided
(impeded) the removal of Ag atoms from the filament.
Modulatory effects have also been explored in multiterminal
memristive systems based on van der Waals materials.”>°!

Adv. Electron. Mater. 2019, 5, 1900184 1900184

For example, a monolayer MoS,-based multiterminal structure
has been used to emulate a neural circuit, where the conduct-
ance of the MoS, film between two inner electrodes (as pre- and
postneurons) can be tuned by applying programming pulses on
the two outer electrodes (as modulatory neurons). The effect is
likely caused by the electric field (applied through the two mod-
ulatory electrodes) induced redistribution of defects in MoS,
film, which act as dopants that modulate the Schottky barrier at
the inner electrodes and change the synaptic weight.!!
Compared to the implementation of homosynaptic/heterosyn-
aptic plasticity using digital circuits or software-based algorithms,
these recent studies show that memristive systems can directly
mimic the underlying ionic process in biology and enable diverse
synaptic functions with low power and high integration density.
Continued optimizations of the materials/devices and scaling

(13 of 21) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Implementing modulatory input-dependent plasticity. a) Schematic illustration of the setup. b,c) SEM images of the device at b) the pristine
state and c) after potentiation, where a Ag filament was formed between the presynaptic and postsynaptic terminals. Scale bar = 100 nm. d) Schematic
illustration of the input and output signals in the heterosynaptic potentiation study. e,f) Postsynaptic current versus applied V,. pulse number for

e) different positive Vo4 conditions (Vore =10V, Viog =0V (square), 2V (circle), 4 V (triangle), 6 V (diamond), and 8 V (star)), and f) different negative
Vinod conditions (Ve = 10V, Vinoq = =2, —4, =6, and -8 V). g) Schematic illustration of the input and output signals in the heterosynaptic depression

study. h,i) Current through the pre—post-terminal pair versus the applied V,,

Vimed =0, =1, and -2 V), and i) different positive V,,,4 conditions (V,
John Wiley & Sons, Inc.

the prototype systems to larger networks will be the logical next
step in the development of future neuromorphic computing
systems.

4. Filament Confinement to Achieve Improved
Uniformity

Due to the stochastic nature of ion migration, filaments can
form randomly in the switching layer, possibly from different
locations and shapes during cycling, causing large cycle—cycle
variations for parameters such as the switching voltage and
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ost Pulse number, for h) different negative Vo4 conditions (Vyes = 10V,

ost =10V, Vinog =1, 2, 3, and 4 V). Reproduced with permission.% Copyright 2015,

the HRS/LRS resistances.#%2 To improve the RS uniformity,
approaches that can confine the filament(s) at predefined, local-
ized regions are desired. Recent studies suggest that precisely
controlling the filaments and mitigate the device variations are
indeed feasible, as discussed in the following sections.

4.1. Electrode Engineering
The high electric field during SET/RESET is the main driving

force that promotes the migration of ions, and the shape, size,
and growth direction of filaments are strongly dependent on

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the field distribution in the switching film. In an ideal, uni- Cu nanoparticles was apparently improved (Figure 11c), sug-
form device, the electric field should be uniformly distributed. ~ gesting that controlling the localization of the Ag filament
However, factors such as film roughness can produce locally  plays an important role in reducing the device variations.
enhanced fields that facilitate the filament formation. To con-  Instead of using metal nanoparticles, You et al. fabricated
trol the field distribution, methods aimed at engineering the =~ Ni/NiO/Ti/Pt devices with insulating SiO, nanodots formed
electrode to induce controlled field enhancement at predefined  at the interface between the Ti/Pt electrode and the NiO
locations have been proposed. interface.’ TEM results revealed that a Ni filament was

Introducing nanoclusters on the electrode of the RS device  formed near the edge of the SiO, nanodots (Figure 11d-f),
has been demonstrated to be useful in concentrating the due to the enhanced electric field there. The distribution
electric field and confine the filaments. For example, in a Ag/  of the SET/RESET voltage and the HRS/LRS resistance for
ZrO,/Pt RS device, Liu et al. fabricated metal Cunanoparticles 100 devices with and without SiO, nanodots were compared,
on the bottom Pt electrode to concentrate the electric field.®®!  as shown in Figure 11g and Figure 11h, respectively. It can
After switching the device to the LRS, Ag filaments formed at  be seen that the distributions of switching voltages and
the positions of the Cu nanoparticles were visualized through ~ HRS/LRS resistances are significantly improved in devices
TEM studies (Figure 11a). Further device characterizations  with the SiO, nanodots, supporting the hypothesis that con-
show that compared to conventional devices (Figure 11b), trolled concentration of the electric field can improve RS
SET/RESET voltage uniformity of the device with inserted  uniformity.
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Figure 11. Improving device uniformity by concentrating the electric field. a) Left: Low-magnification cross-sectional TEM image of a Ag/ZrO,/Cu
nanocrystal/Pt memory cell after the SET process. Right: Enlarged image of the red square region, showing the formation of a Ag filament on a Cu
nanocrystal. b,c) Cell-to-cell cumulative distribution of the SET and RESET voltages in devices b) without and c) with the Cu nanocrystals. Reproduced
with permission.”®l Copyright 2010, American Chemical Society. d) TEM image of a NiO-based device having self-assembled SiO, nanodots. The
blue dotted circles represent the SiO, nanodots, and the yellow dotted triangle indicates the Ni filament. ) HRTEM image showing Ni nanoparticles
formed in the filament. The insets show the FFT of the HRTEM image (left), and the temperature dependence of the LRS resistance which suggested
metallic conduction LRS (right). f) EDX elemental mapping of Ni, O, Si, Ti, and Pt in the device in LRS state. g,h) Cumulative probability graphs of
the g) switching voltages and h) the HRS/LRS resistances for 100 memory cells with and without the SiO, nanodots. Reproduced with permission.l
Copyright 2014, American Chemical Society. i) Schematic cross section of a device using HfO, as the switching layer and TiN and graphene edge as the
electrodes. j) HRTEM image of the device. k) The SET and RESET voltage distributions of GS-RRAM (resistive random access memory) and Pt-RRAM
after 50 cycles of switching. Reproduced with permission.®l Copyright 2015, Springer Nature.
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An interesting alternative to localize the electric field is
to use the thin edge of 2D materials, e.g., graphene, as the
electrode (Figure 11i).”} Compared to nanoparticles that
have a typical size of tens of nanometers, the thickness of
the graphene edge is only a few angstroms and thus can
more effectively concentrate the electric field and guide the
filament formation (Figure 11j). When compared to control
samples using the edge of a Pt film (=5 nm thick) as the elec-
trode, improved switching voltage uniformity was observed
(Figure 11k). In addition, the graphene electrode may also act
as a Vg reservoir layer that actively participates in the RS pro-
cess, resulting in a decrease in the switching voltage and the
RESET current.

4.2. Switching Layer Engineering

Beyond locally enhancing the field, variations in RS can be
reduced by physically confining the ion migration path in the
switching material. For example, Lee et al. used engineered
nanopores to confine and control the filament growth in a
TaO,-based devices (Figure 12a).°%l The authors inserted a gra-
phene layer with predefined nanopores at the interface of the
Ta;05_,/TaO, layers in a Pd/ Ta,Os_,/TaO,/Pd device structure.
The nanopores were created by e-beam lithography and oxygen
plasma etching, with controlled locations and sizes down
to 25 nm. As the graphene layer blocks the exchange of Vg
between the Ta,Os5_, switching layer and the TaO, V,, reservoir
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layer, the filament growth can only be initiated at the nanopore
region. The devices with the nanopores were shown to have a
low switching current (Figure 12b) and a small standard devia-
tion of the HRS/LRS read current (Figure 12c,d), indicating
that the nanopore controls the V, filament size and reduces the
filament formation randomness.

The ion migration path can also be carefully controlled
down to atomic scale by engineering the microstructure of
the switching material itself. For polycrystalline film-based
RS devices, growth of filaments at the grain boundaries has
been revealed by conductive atomic microscopy studies.l””l The
grain boundaries normally have high concentrations of defects
and offer native paths for ion migration with a low activation
energy. Therefore, by carefully designing the microstructure of
the switching layer, it is possible to confine the filament for-
mation and reduce the randomness. For example, Choi et al.
showed that the Ag filament formation can be confined to
atomic-scale dislocations in epitaxially grown SiGe films and
the switching parameter variations can be significantly reduced
(Figure 12e-i).%8 Since the dislocation is only a few nano-
meters in size, the Ag filament growth becomes deterministic
during cycling. As a result, a very small variation (=1.7%) in
the switching voltage can be obtained during the SET process.
Additionally, the size of the dislocation can be systematically
controlled by using suitable etching conditions, allowing sys-
tematic tuning of the Ag filament size. This, in turn, leads to
better control of the on/off ratio and multilevel resistance states
that are desirable for neuromorphic computing applications.
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Figure 12. Improving device uniformity by confining the ion paths. a) Schematic of a graphene-inserted device structure, where oxygen ions can only
transport through a nanopore created in the graphene layer. b) I-V characteristics of devices with different sized nanopores fabricated in the graphene
layer, showing that the switching characteristics can be systematically tuned by the nanopores. ¢,d) Current levels in ¢) LRS and d) HRS of the graphene-
inserted devices with different nanopore sizes. Reproduced with permission.l®®l Copyright 2016, American Chemical Society. e) Conceptual schematic
showing filament formation confined to an engineered dislocation in epitaxial SiGe. f) SET voltage versus cycle number during a cycling test. Insets:
DC I-V plots at the 250th cycle and the 500th cycle, along with the histogram for the SET voltage distribution. g) Dependence of the SET voltage and
its variation (/L) on the defect-selective etch time. h) SET voltage plots overlaid with the optical microscopic images for 50 devices in two different
batches. i) Histograms for the SET voltage distribution shown in panel (h). Reproduced with permission.[®®l Copyright 2018, Springer Nature.
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5. Reconfigurable Nanostructures Enabled by
Controlled lon Migration at Nanoscale

The ability to control the rearrangement of atoms/ions at the
nanoscale in solid-state thin films, using simply an applied elec-
tric field, opens interesting opportunities to design and modulate
material compositions and structures on the fly, in a reconfigur-
able fashion. Recent studies have confirmed this hypothesis and
shown that these effects can be of importance for both funda-
mental researches that help understand coupled ionic/electronic
behaviors at the atomic scale and for device designs and applica-
tions based on materials and structures that may not be achieved
through conventional fabrication techniques alone.

5.1. Quantum Point Contacts

By carefully controlling the programming conditions, fila-
ments with widths of only a few atoms can be obtained in RS
devices (Figure 13a). Consequently, the conductance of these
atomic scale filaments becomes quantized as the channel size
approaches the conduction electron Fermi wavelength and
essentially forms a quantum point contact (QPC). The con-
ductance of a QPC can be expressed as G = nG, (G, = 2¢%/h),
where n is an integer, ¢ is the electron charge, and h is the
Planck’s constant. Conductance quantization behavior has been
observed in both cation- and anion-based RS devices.[*1%%

Figure 13b shows the conductance of a Nb/ZnO/Pt device
as a function of the bias voltage during the SET process, where
discrete increases in the device conductance by multiples of
Gy can be clearly observed. Such QPC structures can naturally
lead to multilevel storage for high-density memory applications
due to the fundamental, discrete conductance changes. In
addition, the controlled QPC formation also offers a platform
to study the electrical properties of 1D nanostructures. For
example, an interesting observation is the half-integer multiples
of G, observed in many RS devices after the formation of atom-
sized filament. The half-integer values may originate from the
imperfect atom configuration!'%! at the QPC, or impurity atoms
from the switching layer.’”) RS devices allow these interesting
phenomena to be studied in materials that were not available
before, and can help deepen our understanding of electrical
transport in low-dimensional mnanostructures and develop
circuit concepts based on these quantum effects.

5.2. Selector Devices

Selector devices with high nonlinearity are desirable for high-
density memory applications, since they can potentially be inte-
grated with RS memory elements in a passive crossbar structure,
without the need of active components such as transistors.[1*
It has been shown that in volatile memristors1%1% (e.o., Ag/
HfO,/Ag), weak Ag filaments with short retention are formed
during programming and spontaneously regroup into discrete
Ag nanoparticles after field removal, allowing the device to show
threshold switching behaviors.l'”] These devices offer steep turn-
on of <1 mV dec™! and high on/off ratio of 10'%, which can effec-
tively suppress the leakage current in passive crossbar arrays.
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Similarly, Xue et al. demonstrated that by driving oxygen ions in
V,0;5 under an electric field, monoclinic VO, nanofilaments with
sizes of a few nanometers can be formed (Figure 13c).1% This
process corresponds to a metal-insulator transition behavior
and can be employed to build selector devices with steep turn-
on (<0.5 mV dec™!) and low variations (<4.3%) (Figure 13d). By
serially connecting these selector devices with nonvolatile RS
elements, the resulting 1S1R structure shows good performance
in suppressing sneak currents in the crossbar array.

5.3. Radiofrequency Switches

High-performance radiofrequency (RF) switches that can be
scaled down to nanoscale are desirable for integrating high-den-
sity RF and wireless components with logic and other electronic
components. Pi et al fabricated a planar memristive device con-
sisting of a pair of Ag and Au electrodes separated by a small
air gap (=35 nm).1% By electrically controlling the formation
(Figure 13e) and rupture (Figure 13f) of a Ag filament in the air
gap, the device can be turned on and off with a resistance ratio
up to 102 This device shows excellent RF performances, such
as low insertion loss (0.33 dB at 40 GHz) at on state (Figure 13g)
and high isolation (30 dB at 40 GHz) at off state (Figure 13h),
along with a high cutoff frequency of 35 THz.

5.4. Magnetic Nanostructures

Beyond resistance changes, the ability to rearrange ions opens
up many other interesting possibilities. For example, control-
ling the migration of ferromagnetic metal ions/atoms in a die-
lectric layer makes it possible to fabricate interesting magnetic
devices, whose magnetic properties can be tuned on the fly by
an applied electric field. One typical example is the magnetic
tunneling junction (MT]), which consists of a thin tunneling
layer sandwiched between two ferromagnetic metal electrodes.
Such a device can show tunnel magnetoresistance (TMR) effects
with a high (low) resistance if the magnetization directions of
the two ferromagnetic electrodes are parallel (antiparallel). Yang
et al. showed that in a Co/ZnO/Fe sandwich structure, by care-
fully controlling the growth of a Co filament in the ZnO film,
the thickness of the ZnO insulating layer between the Co fila-
ment (which acts as an extension of the Co electrode) and the
Fe electrode can be precisely controlled, as shown in Figure 13i.
When the ZnO film is thin enough to serve as an electron tun-
neling layer, TMR effect can be observed from the electrically
controlled formation of MTJs (Figure 13j).1117)

Additionally, the controlled ion migration also enables direct
modulation of the local magnetic domain structures in mag-
netic thin films.[?®111112] For instance, in LiFesOg_, films it was
shown that removing Li* ions from the film during the SET
process increases the valence state of the Fe ions, which can
lead to an increase of the local magnetization intensity and
the growth of the magnetic domains.?®) Magnetic domain wall
motion, driven by the expansion of the magnetic domains, was
further observed for distances over 100 nm. These magneto-
ionic effects, obtained through directly modulating the material
composition, offer a new approach to design and operate mag-
netic structures at the nanoscale.
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Figure 13. Novel nanoionic devices realized by electric-field-controlled ion migration. a) Schematic of a quantum-point contact formed in an RS device.
b) Measured conductance as a function of the bias voltage during the SET process in a Nb/ZnO/Pt device. Discrete increase of conductance by mul-
tiples of the quantum conductance (Gy) is clearly visible. Reproduced with permission.l®”l Copyright 2012, John Wiley & Sons, Inc. c) Cross-sectional
HRTEM images and FFT images showing a VO, nanochannel formed in a V,0Os-based device. d) Threshold-switching characteristics of the V,0s-based
RS device for over 300 consecutive cycles. Reproduced with permission.['%® Copyright 2017, John Wiley & Sons, Inc. €) SEM image showing a Ag fila-
ment connecting the Ag and Au metal electrodes. f) In the OFF state, the filament in panel (e) is ruptured, leaving a gap between the two electrodes.
Scale bars =100 nm. g,h) Typical transmission spectrum (solid blue line) and simulation results (dashed red line) of a device at the g) ON state and h)
the OFF state. The insertion loss is lower than 0.3 dB at the ON state and 30 dB at the OFF state at 40 GHz. Reproduced with permission.['®l Copyright
2015, Springer Nature. i) Schematic of a Co/ZnO/Fe device with a partially formed Co conductive filament. j) Resistance as a function of the magnetic
field in a Co/ZnO/Fe device with partially formed Co filaments, showing typical magnetoresistance curves. Reproduced with permission.['"% Copyright
2014, EPLA. k) Schematic of a graphene oxide membrane deposited on a porous silver substrate, with an applied bias voltage. The dotted line shows
a possible pathway for water permeation. l) Topography (left) and the corresponding current image (right) of such a graphene oxide membrane after
filament formation. The conducting filaments (size ranging from 20 to 45 nm) formed in the graphene oxide membrane are marked by red circles. Scale
bars=1 um. m) Weight loss for a water-filled container sealed with a 1 um thick graphene oxide membrane (7 mm diameter), for cases with different
voltages applied across the membrane during the filament formation process. Inset: Water permeation rate through the graphene oxide membrane as
a function of applied voltage, showing the apparent decrease of the permeation rate after the device was switched to the LRS at =2 V. Reproduced with
permission.[''3] Copyright 2018, Springer Nature.

5.5. Water Permeation Membranes field can create local and conductive filaments (Figure 131) that

are rich of carbon.''3 Afterward, the flow rate of water mole-
Controlling the permeation rate of water molecules through  cules through the GO membrane can be precisely controlled by
a membrane is critical as it can lead to applications such as  tuning the device current, as shown in Figure 13m. It is likely
water purification. Recently, Zhou et al. showed that, in a gra-  that the high-density current flowing through the filaments
phene oxide (GO) membrane (Figure 13k) applying an electric  creates a high electric field which ionizes water molecules and
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leads to the formation H;0" and OH™ clusters that can impede
the water transport. The controlled water permeation may in
turn lead to a variety of smart membrane applications such as
advanced nanofluidic devices.

6. Conclusions and Outlook

In this review, we discussed ion migration-induced RS effects
in solid-state films and how these nanoionic devices may be
used in a broad range of applications. We showed that at high
fields, cations (e.g., Ag®, Pd?*, Li*, and H*) and anions (e.g.,
0%, I, and S?) in solid state films can be redistributed, which
either creates metallic intrusions or changes the film's local
stoichiometry. These ionic processes thus directly change the
film's chemical composition and its physical properties such
as the local resistivity, leading to RS effects. From a theoretical
point of view, the rich ionic dynamics at the nanoscale provide
state variables that can evolve at different timescales, which
enables natural implementation of important biological func-
tions. These properties make the memristor system a prom-
ising candidate for hardware implementation of neuromorphic
computing systems.

Several strategies to control the ionic processes have been
presented, including local electric field enhancement and ion
migration path confinement. They have been shown to be effec-
tive in reducing the randomness during filament formation and
improving device performance and uniformity. Other applica-
tions based on controlled ion migration beyond memory and
neuromorphic computing have also been discussed, including
RF switches for wireless communication, magnetic sensors,
and water purification.

Despite the tremendous progress that has been made, our
understanding of the dynamic ion process during RS is far
from complete. The specific roles of potential driving forces
including electric field, chemical potential gradient, and Joule
heat, as well as other factors such as stress during the RS pro-
cess are not quantitatively understood. The actual process is
likely complex in these seemingly simple two-terminal devices,
affected by a combination of the different kinetic and thermo-
dynamic factors. Efforts to acquire such knowledge will not
only provide guidelines to engineer better device configurations
or material properties to optimize device performance, but will
also help explore more efficient, bioinspired information pro-
cessing approaches in the solid-state devices and circuits for
current and future computing applications.

To facilitate large-scale device applications, continued
improvements on the ionic process control are required to
address the device variation issue. Confining the ion migration
channels at the atomic scale is a promising approach, where
the redistribution of only a few ions/atoms is needed.l*® Better
control also brings additional benefits including improved
device scalability and reduced power consumption. Beyond
RS effects, the ability to directly modulate the composition of
nanostructures through controlled ion redistribution offers
new and exciting opportunities for the design and applica-
tions of electronic, magnetic, optical, and energy devices with
interesting physiochemical properties and reconfigurable
functionalities.
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