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Quantum Artificial Synapses
You Meng, Sen Po Yip, Wei Wang, Chuntai Liu, and Johnny C. Ho*

Neuromorphic in-memory computing systems, comprising artificial synapses
and neurons, can overcome the energy inefficiency and throughput limitation
of today’s von Neumann computing architecture. Recently, powered by the
unique properties of quantum materials, for example, high mobility,
outstanding sensitivity, and strong quantum effect, researchers have built
quantum artificial synapses to mimic the biological ones. These quantum
electronic/photonic synapses can precisely define their conductance state (or
synaptic weight) for emulating synaptic behaviors, which shows bionic
performance unreachable by other conventional materials. In this review, the
significant achievements in quantum artificial synapses are summarized.
First, potential quantum materials used in artificial synapses are discussed
with particular attention to quantum dots, nanowires, layered materials, and
quasi-2DEG interfaces. Then, the major quantum effects that are utilized in
quantum artificial synapses, for example, Josephson effect, quantum
tunneling, and spin memory, are reviewed. In addition to the discussion on a
single synaptic device, the macroscale integration into artificial visual systems
and artificial nerve networks are also highlighted. Finally, the associated
future research trends and target applications are also discussed.

1. Introduction

Human brain is an enormously parallel and reconfigurable
neural network, which consists of ≈1011 neurons and ≈1015

synapses. Synapses are junctions among neurons, which could
be enhanced or inhibited in response to spike events. Such
event-dependent synaptic plasticity forms the basis of parallel
computing and distributed memory.[1] Inspired by the human
brain, artificial neuromorphic systems that adopt an in-memory
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computing approach are then developed to
tackle the intrinsic energy and throughput
restrictions of the typical von Neumann
computing architecture.[2,3] To realize the
artificial version of synapses, various synap-
tic device concepts were explored to re-
semble the ion flux and neurotransmitter
release dynamics in biological synapses.
Particularly, taking advantages from the dy-
namic changes in the synaptic connection
strength, artificial synapses can efficiently
manipulate data and identify patterns in a
more robust, plastic and fault-tolerant man-
ner, giving rise to the adaptivity to inde-
terministic information.[4–6] All these out-
standing characteristics of neuromorphic
computing architecture have made it of
great interest for brain-inspired technologi-
cal applications such as visual information
processing and others.
Although significant achievements of

software or hardware implementations
of artificial synaptic devices and systems
have been witnessed, most of their en-
ergy efficiencies are still many orders of

magnitude lower than the biological ones.[7,8] Recently, low-
dimensional quantum materials have emerged as leading can-
didate materials for the neuromorphic computing and bioelec-
tric interface.[9–11] In contrast to the conventional materials that
have been utilized in many neuromorphic devices and systems,
low-dimensional quantum materials exhibit novel device func-
tionality, better mimicking the biological neurons.[12] The rich
structural and compositional manipulation of quantum materi-
als, coupled with defect engineering and interfacial chemistry,
offers significant opportunities to realize ultralow-power artifi-
cial neural networks.[9,13,14] Importantly, the diverse quantum
phenomena, including carrier confinement effect, quantum tun-
neling effect, quantum phase transition, Josephson effect, and
atomic-level control, would enable new device concepts for re-
configurable switches and also neuromorphic functions.
In this review, recent progress on the emerging quantum

materials-based neuromorphic electronics are summarized.
Zero-dimensional (0D) materials, involving semiconductor
quantum dots (QDs), metal QDs, and core-shell QDs, exhibit
the size-dependent multi-level resistive switching memory,
enabled by carrier trapping and electrochemical metallization.
1D materials, represented by carbon nanotubes (CNTs) and
group III-V nanowires (NWs), demonstrated multi-level resistive
switching memory on the basis of surface functionalization and
redox chemistry. 2D materials, such as graphene, graphene ox-
ide, and monolayer transition metal dichalcogenides (TMDCs),
provide an open platform for multiple terminal gating, in situ
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Figure 1. 0D quantum materials for artificial synapses. a) Typical TEM image and HRTEM image (inset) of PbS QDs. Reproduced with permission.[15]

Copyright 2014, American Chemical Society. b) Optical absorption spectra of CdSe nanoparticles with different sizes with the inset showing the cor-
responding photograph in dispersed solution. c) Size-dependent electrical bistability of CdSe QDs. Reproduced with permission.[16] Copyright 2007,
Wiley-VCH. d) Device architecture of core–shell InP/ZnS QDs filmmemristors. e) Nonvolatile resistance-switching memory (top) and volatile threshold-
switching memory (bottom) of InP/ZnS QDs film memristors. Reproduced with permission.[17] Copyright 2020, Wiley-VCH. f) Multi-level resistive
switching memory core–shell ZnSe/ZnS QDs with the synergistic effect between charge carrier trapping and conductive filament formation. Reproduced
with permission.[18] Copyright 2020, American Chemical Society.

characterizations, and spatiotemporal synaptic responses. The
quantum materials with different dimensionalities are also
integrated into hybrid systems, showing promising results. In
addition to summarize the above-mentioned quantummaterials,
various associated quantum effects are also reviewed to enable
the unique neuromorphic responses, in particular Josephson
effect, quantum tunneling effect, spin effect, and quantum
filamentary conductance.

2. Quantum Materials for Artificial Synapses

2.1. 0D Quantum Materials for Artificial Synapses

QDs are the nanoscale crystal forms of analogous bulk crys-
tals, which normally have diameters ranging between 2 and

20 nm (Figure 1a).[15] QDs offer a powerful platform to be
tailored in size, shape, surface ligand, and chemical com-
position. Also, the associated strong quantum and dielectric
confinement effects bring about the highly tunable elec-
tronic and optical properties of QDs, which in turn enriches
the functions of 0D materials-based neuromorphic systems
(Figure 1b).[15,19]

Metal chalcogenides QDs, which generally comprise the
earth-abundant elements, is a kind of attractive low-cost
materials for high-performance electronics,[20–22] near-infrared
optoelectronics,[23–25] and resistive switching memory. In a pio-
neer study, CdSe QDs were experimentally demonstrated with
the size-dependent electrical bistability and reversible memory
phenomenon (Figure 1b,c),[16] highlighting that themetal chalco-
genides QDs and other kind QDs would potentially serve as
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memory elements. In a recent work reported by Yan et al., lead
sulfide (PbS) QDs with a diameter of approximately 4 nm were
self-assembled into ordered networks for resistive switching,
which exhibited the significantly enhanced uniformity of switch-
ing parameters, for example, the smaller threshold voltage and
the narrower distribution of SET/RESET voltages.[26]

Besides, core–shell InP/ZnS QDs thin film memristors with
opticallymodulated threshold switching were as well constructed
to emulate the visual neuronal behaviors (Figure 1d).[17] The
type-II energy band alignment was proposed in such InP/ZnS
QDs, leading to the efficiently separation of photo-generated
electron/hole pairs and thus the demonstration of light-induced
threshold switchingmemory (Figure 1e).[17] By the same research
group, core-shell ZnSe/ZnS QDs with type-I energy-band align-
ment were also employed to realize resistive switching.[18] With
the synergistic effect between carrier trapping and electrochem-
ical metallization, multi-level resistive switching memory with
unique bipolar characteristics were demonstrated on core-shell
ZnSe/ZnS QDs (Figure 1f).[18] Notably, a nonvolatile resistive
switching memory based on type-I core–shell CdSe/CdS QDs
was reported to process the durable and reproducible switching
characteristics.[27]

Hybrid material systems containing QDs are often exploited
to develop the effective memory components.[28,29] Wang et al.
fabricated artificial photonic synaptic transistors by constructing
the type-II heterostructure between the cesium lead bromide
perovskite (CsPbBr3) QDs and the organic semiconductor
layer.[30] Usually, CsPbBr3 QDs were synthesized through the
hot-injection method[31] and then followed by solution processes
for further utilization. With a flash memory operating mode,
the CsPbBr3 QDs layer is capable of trapping electrons and thus
tuning the conductivity (or weight) of the synaptic device. The
corresponding hypothesis is supported by the in situ Kelvin
probe force microscopy (KPFM). Importantly, the optical po-
tentiation and electrical habituation are implemented to realize
various synapse functions that emulates the synaptic connection
regulation in the human brain, including short-term, long-term,
and spike-rate-dependent plasticity events.
Recently, tunable memory characteristics with multiple stor-

age states have been realized in the hybrid black phosphorus (BP)
QDs-based resistive random access memories (RRAMs).[29] In
this work, self-assembled BPQDswere embedded in poly(methyl
methacrylate) layers, acting as an active layer, which for the first
time demonstrated the RRAMs based on BP QDs-polymer hy-
brid structure. Impressively, a high switching ratio (≈107) was
demonstrated in such printed sandwiching multi-level RRAM,
enabled by charge trapping in QDs. In another work, with a
memristor structure, by introducing cerium dioxide (CeO2) QDs
as surface charge trappers directly onto the vertical zinc ox-
ide (ZnO) nanorod arrays, their resistive switching performance
was found to be significantly improved with the higher on/off
ratios, the better device uniformity, and a long retention time
over 104 s.[32]

In addition to the utilization of semiconducting QDs, artificial
synapses can also be constructed by mixing metal nanoparticles
into organic/inorganic films. For instances, Au and Ag nanopar-
ticles assembled in pentacene films and SiOx films, respectively,
have been exploited for the fabrication of synaptic devices.[28] As
a result of the tradeoff between surface tension and electric field,

the dynamic retraction of Ag nanoparticles would result in the
effective brain-like learning behaviors.

2.2. 1D Quantum Materials for Artificial Synapses

The topological resemblance of 1D materials to biological tubu-
lar axons have motivated their neuromorphic applications.[36] To
date, 1D material technology has been proven to have a num-
ber of advantages in terms of carrier transport, energy efficiency,
flexibility, scalability, and device miniaturization that usually out-
perform the other counterparts.[37–40]

One of the most extensively investigated 1D nanomaterials
are the CNTs because of their high charge carrier mobility
and highly-favorable solution-processability.[41,42] Till now, both
aligned arrays and random networks of CNTs have been used to
construct synaptic transistors. At the same time, the underlying
device operatingmechanisms with detailed characterizations, in-
cluding floating gate, charge trapping, ion-migration, and elec-
tric double-layer effects, have been proposed. The global gate
structure of CNT synaptic transistors could give rise to the lo-
cal electric fields, which could overcome the activation energies
for deep-level charge trapping. In addition, CNT channels could
be doped into p-type or n-type via electrode engineering or sur-
face doping approaches; therefore, they were capable to be fabri-
cated into complementary inverters. The complementary invert-
ers or circuits generally show the lower energy consumption and
the easier integration when compared to the competing routes,
while the same rules work well in existing synaptic transistors
and circuits.[43,44] Recently, aligned CNT synaptic transistors with
self-aligned T-gate structure has facilitated the micrometer-level
scaling and the high-speed microsecond-level synaptic activities
(Figure 2a), which benefits the future development of large-scale
complementary metal-oxide-semiconductor (CMOS)-compatible
neuromorphic computing systems.[33] Owing to the sturdiness
of the aligned CNT synaptic transistors, a large dynamic range of
conductance was effectively tuned by utilizing potentiating and
depressing voltage pulses. Evidently, unsupervised pattern recog-
nition tasks were realized in spiking neural networks (Figure 2b),
showing great potential in the hardware implementation of CNT
synaptic transistors.[33] However, the gate-bias-dependent charge
trapping mechanism enables the synaptic transistors with fast
operation, but lack of the non-volatile memory characteristics.
One possible solution is to integrate CNT synaptic transistors
with metal oxide memristors in a vertical architecture to bypass
this problem.
Semiconducting NWs is another broad class of 1D materi-

als. Early neuromorphic studies on group-IV and III-V semi-
conducting NWs, including Si, InP, and GaN, have demon-
strated the non-volatile memory behavior by decorating redox
active molecules on the NW surface (Figure 2c,d).[34] Various
redox active molecules, such as ferrocene, zinc tetrabenzopor-
phine, and cobalt phthalocyanine (CoPc), were studied to re-
alize efficient charge storage, non-volatile memory, and pro-
grammable logic functions on these NW devices. In particu-
lar, CoPc-functionalized InP NWs device arrays exhibited the
excellent device performance with a current on/off ratios over
104, a retention duration above 20 min, and the independently
addressability (Figure 2e).[34] Although the molecule-decorated
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Figure 2. 1D quantum materials for artificial synapses. a) Highly aligned CNT synaptic transistor arrays at wafer level using the device structure of self-
aligned T-gate. b) Unsupervised pattern recognition using spiking neural networks with aligned CNT synaptic devices. Reproduced with permission.[33]

Copyright 2018, American Chemical Society. c) Semiconductor NW nonvolatile transistor devices functionalized with redox active molecules. d) Transfer
curves of CoPc-functionalized InP NW-based nonvolatile devices with large hysteresis. e) Non-volatile memory based on CoPc-functionalized InP NW.
Reproduced with permission.[34] Copyright 2002, American Chemical Society. f) Schematic diagram and false-color SEM image of single ZnONW-based
memristive device contacted by Ag/Pt electrodes. Inset shows the reorganization of the Ag nanoclusters distributed on the NW surface. g) Non-volatile
resistive switching behaviors of single ZnO NW with reliable SET (6 V, 880 ms pulse) and RESET (−1.5 V, 180 ms pulse) processes. Reproduced under
the terms of a Creative Commons Attribution 4.0 License (CC BY).[35] Copyright 2018, The Authors, published by Springer Nature.

NW transistors were not connected to the synaptic devices in
such the earlier work, this demonstration obviously pave the way
to utilize molecular NW electronics for advanced neuromorphic
applications.
Since then, various metal oxide semiconductor NWs have

been explored for different neuromorphic applications, for
example, ZnO, TiO2, CuOx, NiO, Zn2SnO4, and Ga2O3.

[45–48]

Due to the generally wide bandgap, the metal oxide NWs
show the high photo-sensitivity to UV region,[46,49] which could
function as building blocks for photonic synaptic devices.[50]

In these cases, the interaction of simultaneous light pulses
with adsorbed and bulk oxygen in the surface depletion re-
gion play a key role in regulating the NW conductance, that
is, the synaptic weight.[9,51] In a recent work, both volatile
and non-volatile resistive switching have been achieved in

Ag-contacted ZnO nanowire devices, mainly enabled by the
atomic Ag diffusion along the NW (Figure 2f,g), which well
emulate the ion migration dynamics in biological synapses.[35]

With detailed investigation of the memristive mechanism in the
Ag–ZnO system, the underlying electrochemical fundamentals
of filament formation/dissolution highlight the Ag+/Ag redox
reactions and transport characteristics on the crystalline NW
surface. These observations reveal the importance of surfaces
and interfaces in single-crystalline NWs to realize the artificial
redox-based NW synapses. In a hybrid 1D-0D system, verti-
cally aligned ZnO NWs decorated with CeO2 QDs have been
employed to configure memristors based on charge trapping
mechanisms.[32]

Organic core–sheath PEO-P3HT NWs with a nerve fiber-
like morphology were fabricated to resemble the biological ion
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channels and emulate the corresponding synaptic functions.[36]

When weak pre-synaptic spikes are applied, the electrolyte ions
would diffuse into the PEO sheath after stimulation and then
these ions diffuse back quickly, resulting in the short-term po-
tentiation. In contrast, the intense stimulation could drive the
ion penetration further into the core of P3HT, which adds a
high barrier to the reverse ion diffusion, yielding the long-
term potentiation. Impressively, the exceptional low energy con-
sumption per synaptic event of ≈1.23 fJ was obtained, rival-
ing that of the biological synapses (≈10 fJ per event) and
the most reported artificial synapse devices. In a possible hy-
pothesis, the electrolyte ions penetrated to the NW surface
or deeper into the polymer shell would result in large elec-
tronic double-layer capacitances, which accounts for the ultralow
power per synaptic event in such organic core-shell NWs. With
similar principles, an organic electrochemical transistor exhib-
ited 500 distinct conductance states within a narrow range of
only 1 V, together with a low energy consumption of ≈10 pJ
per event.[52] It is worth noting that the polymer electrolytes
could create a common electrochemical environment, which al-
lowed electrochemical devices coupled with the multiple termi-
nal gating. The spatially distributed inputs (i.e., gating) could
then imitate the homeoplasticity of truly biological-like neural
networks.[53,54]

2.3. 2D Quantum Materials for Artificial Synapses

Within recent two decades, 2D materials have provided remark-
able mechanical and electrical properties as well as improved
device integration with planar wafer technologies.[13,61,62] Also,
the rich variety of electrical/chemical properties of 2D materi-
als have given them the unexpected neuromorphic functionality,
which subsequently facilitates the development of novel comput-
ing devices.[8,63,64]

Sub-nanometer ultrathin vertical memristors are lately manu-
factured by sandwiching monolayer TMDCs (MX2, M = Mo, W;
X = S, Se) between Au electrodes (Figure 3a).[55,65] Governed by
the point defects in monolayer semiconductors, a high switching
ratio of over 104 together with a high-frequency switching at
50 GHz were obtained (Figure 3b).[55] The Au electrodes could
also be replaced by the graphene layers to form van der Waals
contacts. The dangling bond-free and defect-free electrical con-
tacts is an essential requirement to be capable to operate in harsh
environments, for instance, operating at a high temperatures of
340 °C that is higher than traditional metal-oxide memristors of
≈200 °C.[66] The potential operationmechanism in 2Dmaterials-
based memristors that involving the formation/filling of sulfur
vacancies has been proposed and experimentally proved by in
situ microstructural characterizations and conductive atomic
force microscopy (Figure 3c).[55] Electrode engineering was also
integrated with ultrathin vertical 2D memristors to enhance
the device performance. For example, in a Cu/bilayer MoS2/Au
memristor, the low switching voltage (<0.25 V) and the first
demonstration of spike-timing dependent plasticity (STDP) in
2D memristors were reported (Figure 3d,e), in which the Cu ion
diffusion through point defects plays the key role.[56] In addition
to the semiconducting 2D materials, insulating few-layer hexag-
onal boron nitride (h-BN) have also combined with active Cu

or Ag metals to demonstrate the bipolar and unipolar resistive
switching (Figure 3f).[57,63]

In the lateral device geometry, diverse neuromorphic function-
alities have been demonstrated based on 2Dmaterials, including
graphene, graphene oxide, TMDCs, etc. For example, twisted bi-
layer graphene is utilized to fabricate synaptic transistors with
tunable plasticity, which is highly related to the oxygen ions and
vacancies in AlOx dielectrics.

[67] Owing to the ambipolar feature
of graphene, both excitatory and inhibitory behaviors could be
achieved in a single device to mimic the multi-level dynamics of
biological synapse. By varying carrier density of graphene, Heb-
bian learning and STDP are well demonstrated and controlled
by gate voltage polarity. Moreover, taking advantages of the in-
plane reversibly diffusion of lithium ions (Li+) among the layers
of few-layer graphene, the resulted electrochemical graphene ar-
tificial synapses show the high energy efficiency less than 500 fJ
per event, the multi-state memory ability above 250 states, and
a linear symmetric resistance response.[68] In addition, a pla-
nar device based on graphene oxide (GO) is fabricated by drip-
ping the homogeneous GO solution on SiO2 substrates.

[69] Such
planar Au/GO/Au devices displayed centrosymmetric non-zero-
crossing hysteretic current-voltage characteristics, which is in a
distinct contrast to the normal pinched hysteresis loop in most
reported works. This could be ascribed to the migration and ac-
cumulation process of multiple ions within GO, such as H+,
SO4

2–, and OH–. These unique multiple polarization character-
istics qualify the GO material being a distinctive material for
the specific signal regulation in future neuromorphic computing.
Based on the abundant ion migrations in GO, metal oxide thin-
film synaptic transistors coupled by proton-conducting GO elec-
trolytes have been assembled on flexible poly(ethylene tereptha-
late) (PET) substrates.[70]

Apart from the carbon-based 2D materials, layered TMDCs
and BP have also been intensively explored in synaptic transis-
tors using ionic motion. For instance, an in-plane ionic gating-
modulated synaptic transistor based on few-layer WSe2 was
fabricated, which yields a dramatically lower energy consump-
tion of ∼30 fJ per event than that of graphene-based artificial
synapses.[71] Interestingly, through detailedmicrostructural anal-
ysis and calculations, surface adsorption and internal intercala-
tion of Li+ lead to the different stimulation diffusive dynamics,
causing short-term and long-term plasticity, respectively. Inte-
grating several functionalities into the single artificial synapse
could simplify the neuromorphic circuit design and bypass the
process complexity. John et al. reported the electronic-ionotronic-
photoactive MoS2 synaptic devices that could respond to multi-
ple stimuli, including electrical, ionic, and optical stimuli (Fig-
ure 3h).[59] Enabled by rich oxide traps and post-growth defect
engineering of MoS2, multi-level memory and on-demand sym-
metric and asymmetric Hebbian learning have been effectively
demonstrated in 2D synaptic transistors. Most recently, taking
utilization of the intrinsic polarity of two-dimensional materi-
als, that is, ambipolar WSe2, p-type BP, and n-type MoS2, Chen
et al. demonstrated the neuristors that could efficiently perform
logic operations in a single synaptic device.[72] To highlight the
potential of such kind neuristors, logic half-adder and parity-
checker circuits as well as binary neural networks were con-
structed, which shows advantages in area saving and energy effi-
ciency when compared to those in traditional design.
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Figure 3. 2D quantum materials for artificial synapses. a) Device schematic of sub-nanometer ultrathin TMDCs vertical memristors based on the
Au growth substrate. b) Typical bipolar resistive switching curve of the vertical monolayer MoS2 memristor. c) STM images of the monolayer MoS2
with S vacancy defects that marked by the dashed circles. Reproduced with permission.[55] Copyright 2018, American Chemical Society. d) Bipolar
resistive switching curve of the Cu/bilayer MoS2/Au memristor with a set voltage of 0.25 V and a reset voltage of −0.15 V. e) Spike-timing dependent
plasticity (STDP) demonstrated in the bilayer MoS2 memristors. Reproduced with permission.[56] Copyright 2019, American Chemical Society. f) Typical
resistive switching behavior of the Ti/thick h-BN/Cu vertical memristor. Inset shows the cross-sectional HRTEM of h-BN with defective leaky paths.
Reproduced with permission.[57] Copyright 2017, Wiley-VCH. g) Native oxidation events mediated ultrasensitive van der Waals materials (e.g., InSe
and black phosphorus) for efficient neuromorphic computing devices. Reproduced under the terms of a Creative Commons Attribution 4.0 License
(CC BY).[58] Copyright 2020, The Authors, published by Springer Nature. h) Synergistic electronic, ionotronic, and photoactive operation modes of the
MoS2 synaptic devices. Reproduced with permission.[59] Copyright 2018, Wiley-VCH. i) Black phosphorus-based synaptic transistor with the in-plane
anisotropic electronic properties. Reproduced with permission.[60] Copyright 2016, Wiley-VCH.

Strong in-plane anisotropic electronic properties are gener-
ally observed in TMDCs and BP, potentially enabling anisotropic
synaptic responses. Tian et al. fabricated the BP-based synaptic
transistor for the first time, in which the crystal anisotropy of BP
determines the in-plane anisotropic electronic properties, while
the native phosphorus oxides (POx) are accounting for the synap-
tic characteristics (Figure 3i).[60] The natural oxide/2D semicon-
ductor heterostructures are ideal for building synaptic devices.
Most recently, native oxidation-induced charge trapping was also
used tomodulate the electronic properties of the InSe channel, to
develop brain-like learning andmemory abilities.With a thin and
uniform indium oxides (InOx) layer on the InSe layer, essential
synaptic functions and reliable programming/erasing operations

were emulated. At the same time, the pattern recognition simu-
lation was successfully achieved based on the designed artificial
neural network (Figure 3g).[58] These works reveal that the na-
tive oxidation events in van der Waals electronics is promising to
establish efficient neuromorphic computing systems.
The concept of grain boundary engineering was also employed

to modulate the memristive switching characteristics of gate-
tunablememtransistors using polycrystalline CVD-grownmono-
layer MoS2 as channels.

[64] With a scalable fabrication process,
conventional neural learning behavior as well as gate-tunable
heterosynaptic functionality were achieved in a six-terminal
MoS2 memtransistor, together with large current on/off ratios,
reliable resistive switching, and long-term retention. Through
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in situ experimental and device modelling studies, the resistive
switching is mainly arising from the bias-induced movement of
MoS2 defects and the corresponding dynamically varying Schot-
tky barrier heights. The seamless integration of multi-terminal
device MoS2 memtransistors with clear defect kinetics open the
door to the experimental realization of complex neuromorphic
learning based on 2Dmaterial systems. Besides the utilization of
native defect, different postgrowth defect engineering methods,
for instances, using helium-ion or electron-beam irradiation,
have as well shown great promise for modulating the electronic
properties and developing unique synaptic applications of 2D
layered semiconductors. In particular, Jadwiszczak et al. utilized
the focused helium ion beam to generate nanoscale defect-rich
region on lateral monolayer MoS2 memtransistors.[73] Subse-
quently, the helium-ion induced defects could be reversible
drifted via applied electric field, leading to the modification of
channel conductance and versatile memristive functionality.
For 2D nanomaterials, there also have some emerging resis-

tive switching concepts, for examples, atom resistive switches
and quantum phase transitions.[74] In 2008, a robust graphene-
based atomic switches was reported for further nonvolatile in-
formation storage that is capable of reliable switching and long-
time retention.[75] The authors proposed a memristive switch-
ing model based on the electric-field-driven formation/breaking
of atomic carbon chains. Multiple chains could bridge the gap
under strong electric field. The observed conductance steps
of ≈2e2/h is consistent to the theoretical calculations, which
means that these carbon chains are metallic without significant
Pierls distortion.[76] TMDCs have different crystalline phases,
by which they exhibit varied semiconducting, semimetal and
metallic properties.[74,77] Recently, Zhang et al. experimentally
demonstrated the electric-field-induced structural transition in a
vertical MoTe2/Mo1–xWxTe2 RRAM using metal or graphene as
electrodes.[78] Reversible structural transitions among 2H semi-
conducting, distorted transient 2Hd structure, and orthorhombic
Td conducting phase of TMDC layers could be obtained after ap-
plying the appropriate electrical field. Impressively, the effective
set pulse width of 10 ns is able to produce reproducible resistive
switching between high and low resistive states. To limit the de-
vice current, Al2O3/MoTe2 stack was also used in this work; as a
result, a high current on/off ratios of 106 and a low programming
currents of lower than 1 μA were obtained. This work illustrates
the possibility to redefine the resistive switching of TMDC lay-
ers via electric field-induced selectively phase transitions. On the
other hand, field-driven Li+ ion intercalation was as well used to
initiate 2H(semiconductor)–1T′(metal) phase transitions in few-
layer MoS2.

[79] The local dynamically varying ion density plays
a crucial role in the reliable synaptic competition and the coop-
eration of multi-terminal LixMoS2 devices. Such coupled ionic-
electronic strategies can be applied to other 2D materials, which
generally have highly anisotropic ionic transport properties, of-
fering advantages to future artificial neural networks in terms of
controllability, power consumption, and process complexity.
Notably, local Joule heating effects have also been explored

to encode the precise temporal information for sound localiza-
tion, enabled by the thermal-induced metal–insulator transition
in monolayer MoS2.

[80] In the same work, the unique metal–
insulator transition process allows the ultralow operation power
down to 10 fJ, comparable to the biological energy consumption.

With a conductance threshold switchingmechanism, heat is gen-
erated with electric current flowing through the channel, while
in turn induces the metal–insulator transition. When a bias volt-
age lower than threshold value is used, the channel conductance
could recover its initial state as a result of heat release. The similar
temperature-resistivity relation was also applied on the chemical
vapor deposition (CVD)-grown monolayer MoS2 with different
doping levels to demonstrate excitatory and inhibitory synaptic
behaviors.[81]

2.4. Quasi-2D Electron Gases Interfaces for Artificial Synapses

Recently, fascinating quantized physical properties have been
shown in complex oxide materials arising from strong carrier
quantum-confinement effects.[82,83] After intensive investiga-
tions, it becomes clear that quasi-2D electron gases (quasi-
2DEGs) formed at these heterointerfaces is the key to uncover
these emergent phenomena.[84–86] More importantly, strong
electron correlations in these atomically abrupt oxide heteroin-
terfaces make quasi-2DEGs to be highly susceptible to fine
control parameters, such as electric field, magnetic field, or light
irradiation.[83,84,87] Interactions between these quasi-2DEGs and
control parameters would create optoelectronic devices with
tunable properties, e.g., non-volatile resistive switching,[88] ul-
trasensitive potentiometric bio-sensing,[89] and giant persistent
photoconductivity.[90] Given high carrier mobility together with
high sensitivity to various stimuli, quasi-2DEGs systems may
enable more accurate probing of complex biological dynamics
than that can be achieved by other material systems.[9,91]

Lately, Dror Miron et al. demonstrated a non-volatile resistive
switching device based on quasi-2DEGs established between the
SrTiO3 substrate and the amorphous Al2O3 layer.

[88] The oxygen
vacancies from the SrTiO3/Al2O3 conductive interface could drift
into (out of) the Al2O3 layer under negative (positive) bias, lead-
ing to the formation (breakage) of the conductive filament. Here,
oxide 2DEGs can serve as a reservoir of oxygen vacancies for non-
volatile resistive storage, highlighting a simple and scalable route
for futurememory or neuromorphic devices. Moreover, Cen et al.
reported the electric-field-induced creation of nanoscale conduct-
ing quasi-2DEGs regions at SrTiO3/LaAlO3 interfaces, which is
on the basis of metal–insulator quantum phase transition.[92]

Reversible localized metal–insulator transitions have a featured
length scales below 5 nm, while the patterned conducting struc-
tures show a long storing duration more than 24 h. Reversibly
nanoscale patterning of high-mobility quasi-2DEGs gives great
opportunities to explore high-performance information process-
ing and ultrahigh-density information storage.
Furthermore, an unprecedented persistent photoconductivity

(PPC) effect was found at SrTiO3/LaAlO3 interfaces by Tebano
et al.,[90] where light-induced giant conductivity was measured
to increase by five orders of magnitude. The long-duration per-
sistence (>24 h) and the giant value of photocurrent at the
SrTiO3/LaAlO3 interfaces is much larger than those reported val-
ues. A connection between giant photoconductivity and quasi-
2DEGs was proposed to qualitatively explain such phenomenon,
in which the energy band structure of quasi-2DEGs could ef-
ficiently separate the photo-generated carriers and thus signif-
icantly enhance the interfacial conductance. The PPC effect in
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Figure 4. Quasi-2D electron gases interfaces for artificial synapses. a) HRTEM images of InGaO3(ZnO)3 superlattice NW with alternating stacks of
InO2

– layers and GaO(ZnO)3
+ blocks. b) Energy-band structure of quasi-2DEGs in the InGaO3(ZnO)3 superlattice. c) Paired-pulse facilitation, d) multi-

bit storage, and e) nonvolatile charge retention properties of quasi-2DEG photonic synaptic device. f) Schematic diagram of the human visual system,
consisting of retina (visual detecting), visual nerve (information processing), and primary visual cortex (image memory). g) Attended/unattended ori-
entation selectivity and h) image memorizing behaviors of quasi-2DEG artificial visual system. Reproduced with permission.[9] Copyright 2020, The
Authors, some rights reserved; exclusive licensee AAAS. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

quasi-2DEGs interfaces could open new perspectives for creat-
ing new optoelectronic devices. For example, using the simi-
lar SrTiO3/LaAlO3 heterojunctions, Irvin et al. have developed
rewritable nanoscale photodetectors that are electric field-tunable
and could work over the visible-to-near-infrared regime.[87] Solar-
blind UV sensitive PPC was also reported on SrTiO3/LaAlO3
heterojunctions, arising from photo-induced electronmigrations
from oxygen defects to interfaces.[93]

Oxygen desorption could also alter the electrical properties of
quasi-2DEGs interfaces. For instance, Meevasana et al. showed
that the carrier density of a quais-2DEG can be controlled by
UV light irradiation, which is due to the light-mediated oxygen
desorption from the SrTiO3 surface.

[91] Through angle-resolved
photoemission spectroscopy measurements, an unexpected con-
currence of a light quasi-particle mass and signatures of intense
many-body interactions were also identified. This also suggests
that writing of surface states on the quasi-2DEG NW surface us-

ing light would be an active route to efficiently program their con-
ductivity. Other than oxide interfaces, group III-V heterojunction
interface of AlGaN/GaN was also observed to possess PPC effect
by Li et al.[94,95] The photoionization of deep level defects in theAl-
GaN barrier was believed to be the main reason for the observed
photo-induced increase of 2DEG carrier density andmobility (up
to 5800 cm2 V−1 at 10 K).[94] The corresponding energy barrier
is quantitatively estimated to be 230 meV, which is efficient to
confine photo-generated electrons in the 2DEG channel.
Most recently, Meng et al. demonstrated the quasi-2DEGs

photonic synapses based on InGaO3(ZnO)3 superlattice NWs
(Figure 4a), by utilizing an unreported device operation concept,
which combines the oxygen adsorption-desorption kinetics on
NW surface and the strong quantum-confinement effects of car-
riers in superlattice cores (Figure 4b).[9] These devices duplicate
the Ca2+ ion flux and neurotransmitter release characteristics in
biological synapses. Importantly, these quasi-2DEGs photonic
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synapses can precisely define their conductance state (or synaptic
weight) for emulating synaptic behaviors (Figure 4c–e), which
shows the bionic performance that is unreachable by other
conventional materials. Recorded ultralow energy consumption
down to sub-femtojoule (0.7 fJ) per synaptic event is obtained
in quasi-2DEGs synapses, which outperforms the biological
synapses (≈10 fJ per synaptic event). The unique multiple
quantum well structure of quasi-2DEGs superlattice NWs is
the main reason for this technological breakthrough. Notably,
a flexible quasi-2DEGs artificial visual system is demonstrated
that can simultaneously execute high-performance photode-
tecting, in-memory data processing (Figure 4c), multiple-state
memory (with 400 distinct programmable states, Figure 4d),
non-volatile information retention (Figure 4e), orientation
selectivity (Figure 4g), and image memorization (Figure 4h).[9]

In biological visual systems, orientation selectivity is a well-
known function of the primary visual cortex that is necessary
for the encoding of visual images. In the work by Meng et al.,
orientation selectivity is fully experimentally demonstrated on a
real moving object, where visual responses of the quasi-2DEGs
photonic synapses were measured in both “attended” and “unat-
tended” modes (Figure 4g).[9] Although the output synaptic sig-
nals of devices were suppressed in “unattended” mode, its orien-
tation selectivity that determined by the orientation-tuning curve
does not get obviously altered. The illustration of the superior ori-
entation selectivity in quasi-2DEGs devices is meaningful to the
hardware visual information detection and processing.

3. Quantum Effects in Artificial Synapses

3.1. Josephson Junction-Based Artificial Synapses

Josephson effect, an kind of macroscopic quantum phe-
nomenon, could be exploited to construct ultralow power artifi-
cial synapses.[102] In a recent paper, Schneider et al. fabricated
artificial synaptic devices based on Josephson junctions with em-
beddedmagneticMn nanoclusters.[96] The spin states ofMn nan-
oclusters resemble the neurotransmitter dynamics in the biolog-
ical system. The overall magnetic order of Josephson junctions
could be modulated by altering the net spins of Mn nanoclus-
ters (Figure 5a), which in turn tunes the critical current (i.e.,
synaptic connection strength).[96] Impressively, on the basis of
the reconfigurable magnetic Josephson effect, an ultralow spik-
ing energy less than 1 aJ per synaptic event and a Josephson
plasma frequency exceed 100 GHz were obtained in this artificial
synapse. By the same group, single flux quantum based neuro-
morphic computing was also demonstrated on Josephson junc-
tion with a superconductor–insulator–superconductor structure
of Nb/AlOx-Al/Nb.

[103] Most lately, fully coupled randomly dis-
ordered recurrent superconducting synaptic networks that con-
structed on Josephson junctions were proposed to enable the un-
supervised learning.[104] The hybrid magnetic/superconducting
technologies based on Josephson junctions combined with nat-
ural plasticity behaviors have great possibility to become faster
and to consume less energy as compared with the implemented
software-based or hardware-based spiking networks. In addi-
tion to operating speed and energy consumption, Josephson-
junction-based neuromorphic technology is more suitable to

highly complex recurrent networks, beyond currently existed
feed forward networks.[105]

3.2. Artificial Synapses Using Quantum Tunneling Effect

Enabled by quantum tunneling effect, the electrons could prop-
agate through an energy barrier even if the electron energy is
less than the barrier height. Taking advantages of quantum
tunneling effect, many advanced electronics with performance
breakthroughs are made to date, such as tunneling diodes[106–108]

and tunneling field-effect transistors.[109,110] Just now, tunneling
effect was also introduced into synaptic devices. For instance,
Paul et al. reported a charge-tunneling enabled synaptic tran-
sistor utilizing ultrathin MoS2 as the channel and h-BN as the
tunneling barrier.[97] Given by tunneling effect and high gating
efficiency, the resulted floating-gate device exhibited a near-ideal
sub-threshold swing down to 77 mV per decade. The h-BN
barrier layer could efficiently control the electron tunneling into
graphene floating gate, which thus tunes the channel conduc-
tance for mimicking various synaptic plasticity with desirable
high energy efficiency (Figure 5b).[97] In addition, with a double
floating gate device configuration, superior linearity and sym-
metry in bidirectional conductance change curves were found in
MoS2 flashmemory devices.[111] Highly controllable electron tun-
neling and injection in these double floating gated devices is the
main reason of the symmetry of potentiation and depression pro-
cesses, and ultimately beneficial to the demonstration of various
synaptic functions. Also, a semi-floating gate tunneling transistor
based on band-engineered WSe2/MoS2/HfS2 heterostructures
was reported to show the greatly enhanced 10 nanosecond-level
writing speed, which is ≈106 times than other 2Dmaterial-based
memories and close to the commercial dynamic random access
memory (DRAM) technology.[112] Solid-state synaptic devices
based on tunneling effects have advantages over other neuro-
morphic designs because it is free of defect generation and ion
movement, thus offering a faster and more robust platform for
future neuromorphic hardware applications. Most recently, an
ultrafast flash memory based on van der Waals heterostructures
of MoS2/h-BN/graphene was demonstrated, by which a device
writing/erasing speed down to 20 ns was achieved.[113] After
detailed experimental and theoretical analysis, tunneling barrier,
gate coupling, and van der Waals interface were proved to be the
main factors for the realization of breakthrough operating speed.

3.3. Spintronics-Based Neuromorphic Components

Spintronics are constructed from the spin property of an
electron, instead of its charge in conventional electronics.[114] Re-
cently, spintronics-based devices have gained significant interest
as promising building blocks for next-generation neuromorphic
computing components, mainly driven by their low energy
consumption, fast switching, and highly stable/reproducible
operation.[115] For example, magnetic domain walls-based
neuromorphic components have been reported to be capable
of multi-level linear synaptic weight generator and nonlinear
thresholding (Figure 5c).[98] Impressively, with a micrometer-
size device dimension and 8 ns current pulses, the ultralow
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Figure 5. Quantum effects in artificial synapses. a) Magnetically disordered state (left) and the magnetically ordered state (right) of Josephson junction-
based artificial synapses. Reproduced with permission.[96] Copyright 2018, The Authors, some rights reserved; exclusive licensee AAAS. Distributed under
a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). b) Energy-band diagram of charge-tunneling based synaptic transistor using
ultrathin MoS2 as the channel and h-BN as the tunneling barrier. Reproduced with permission.[97] Copyright 2019, IOP Publishing. c) Magnetic domain
walls-based synaptic device with multi-level linear synaptic weight generator and nonlinear thresholding. Reproduced with permission.[98] Copyright
2019, American Chemical Society. d) Integratedmulti-layer neural networks consisting of spintronics-based synapses and neurons. Reproduced under the
terms of a Creative Commons Attribution 4.0 License (CC BY).[99] Copyright 2021, The Authors, published by Springer Nature. e) Synapse-inspired hot-
electron tunnel junction memristor showing programmable multi-level programming electrical and optical properties. Reproduced with permission.[100]

Copyright 2020, American Chemical Society. f) Ferroelectric analog synaptic transistors based on HfZrOx ferroelectric dielectrics and InGaZnO channels
showing linear potentiation/depression behaviors.[101] Copyright 2019, American Chemical Society.

energy consumption ranging between 1 and 16 pJ are sufficient
to induce weight modulation. Both operation speed and energy
dissipation are better than other synaptic nonvolatile memory
devices. Importantly, the fabrication process of above men-
tioned spintronics-based synaptic devices are compatible with

the available silicon processes. Besides, as a kind of nanoscale
spin textures, magnetic skyrmions could be manipulated by
electric current, which makes it another potential player to
handle information processing and storage. For instance, Song
et al. reported magnetic skyrmion-based artificial synapses for
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neuromorphic computing by manipulating Hall voltage output
signals.[116] At room temperature, those skyrmions could be
generated, moved, and deleted enabled by electrical pulses,
mimicking the variations in synaptic weights to demonstrate
biological potentiation and depression synaptic behaviors. In
chip-level simulations, skyrmion-based neuromorphic system
achieved a pattern recognition accuracy of ∼89%. In addition,
a proof-of-principle neuromorphic computing networks using
MgO/Co20Fe60B20/W spintronic devices were reported by Yang
et al. most lately.[99] The integrated neural networks that consist
of spintronics-based synapses and neurons were used to perform
the typical pattern classification task, where an excellent classifi-
cation accuracy over 93% was obtained. It would be meaningful
to establish more compact and efficient spintronics-based neural
network systems to realize diverse cognition functions.

3.4. Hot Electron Tunnel Junctions

Nonvolatile memristors have attracted extensive interest aris-
ing from their promises in next-generation signal processing
and memorizing, in which the operation of memristors are
mainly relying on two principles, that is, conductive filament
formation and magnetic domain regulation. In specific, the
electric field-induced formation or deformation of conductive
filaments are developing as the rule mode of metal oxide-
based RRAMs,[117,118] while magnetic tunnel junctions serve
as the basis of spintronic-based magnetoresistive random-
access memory.[119–121] Recently, multi-state resistance switching
was explored in a metal–polymer–metal (i.e., eutectic gal-
lium indium/poly-L-histidine/gold nanorod) plasmonic tunnel
junctions (Figure 5e),[100] with a new principle based on hot-
electron-mediated chemical reactions.[122] The hot electrons
could be generated under electric field or light irradiation,
allowing independent electrically or optically modulations in the
same device.[100] The nonvolatile information memory in such
hot electron tunnel junctions could be represented by electrical
resistance or inelastic-tunneling-induced light emission.[123]

Determined by the Au nanorod density, the plasmonic tunnel
junctions may be configured into networks with a potential
high density of ≈1010 cm–2, in which single junction could be
addressed individually if required. Apart from the application in
traditional multi-level memristive devices, the demonstrated pro-
grammable tunnel junctions would be integrated with plasmonic
or silicon waveguides to form artificial optoelectronic or photonic
synapses for nonspiking artificial neural networks.[124,125]

3.5. Quantum Filamentary Conductance of RRAMs

Nanoscale filamentary switch represents the smallest memory
element. However, limited by appropriate characterization tech-
niques, it is difficult to identify the corresponding filamentary
conductance quanta. Lately, detailed quantum characterization
of such quantum filamentary conductance was directly investi-
gated via superconducting subgap spectroscopy.[126,127] By apply-
ing this unique method, the transmission probabilities of the in-
dividual quantum conductance channels were studied to reveal
the physical nature of filamentary conductance, showing more

insights about the conduction properties of resistive switching
devices.[126] In the same work, the high conductance state of
Nb2O5 resistive switching junctions is experimentally proved to
be arising from the formation of atomic-sized metallic filaments.
A quantized conductance of 2e2/h is the profound indication of
atomic switching in filamentary RRAM units, which is also con-
sistent with the reported silver-based atomic switches.[128,129] Fil-
amentary switches with quantized conductance provide us an
ultimately precise medium to process data more plastically and
fault-tolerant, which potentially enables device down-scaling to
the atomic scale.

3.6. Ferroelectric Synaptic Devices

Ferroelectric materials featured as spontaneous electrical po-
larization phenomenon, which could be reversed by an exter-
nal electric field.[130] Owing to their reversible polarization and
nonvolatile multilevel memory effect, ferroelectrics have been
considered as promising candidates for synaptic devices using
in hardware neural networks. Lately, inorganic hafnium-based
oxides and organic poly(vinylidene fluoride/trifluoroethylene)
[P(VDF-TrFE)] were used as ferroelectric dielectrics to fabricate
ferroelectric field-effect transistors (FeFET). Kim et al. reported
the analog conductance modulation behavior in the FeFET that
was based on hafnium zirconium oxide (HfZrOx) ferroelectric
dielectrics and InGaZnO channels (Figure 5f).[101] Induced by
the accurate polarization changes of HfZrOx ferroelectric layer,
FeFET showed linear potentiation/depression characteristics,
multiple memory states, and small cycle-to-cycle variations. Also,
enabled by the linear and symmetric conductancemodulation, ar-
tificial neural network based on the proposed FeFET was used to
realize pattern recognition.[131] As a result, a pattern recognition
accuracy of 84% was achieved, which shows that the ferroelec-
tric synaptic devices are promising for high-density neuromor-
phic systems in the future. Apart from inorganic ferroelectrics,
synaptic devices based on organic ferroelectrics were also investi-
gated intensively.[132–134] By Wang et al., electrochemical synaptic
transistor gated by P(VDF-TrFE) polymer dielectric was demon-
strated to process non-volatile plasticity up to 104 s and unique
threshold switching.[132] Utilizing such ferroelectric threshold
property, an artificial visual-perception systemwas constructed to
transduce light intensity and frequency information into analog
synaptic signals, by which a primary color recognition function
was obtained. In addition to FeFET, ferroelectric synaptic devices
could be made in the forms of ferroelectric capacitor and ferro-
electric tunnel junction (FTJ).[130,135] Note that among those de-
vice structures, FeFET has advantages in terms of scalability and
CMOS compatibility, offering significant opportunities to realize
ultralow-power hardware artificial neural networks.[131,134]

4. Outlook

As summarized in this review, low-dimensional quantum ma-
terials, including 0D, 1D, and 2D materials, have been widely
studied in emerging neuromorphic devices and in-memory
computing architectures. This is mainly powered by the unique
properties of each kind of quantum materials. In specific, 0D
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quantum materials could be tailored by size, shape, surface
ligand, chemical composition, and so on, giving rise to their
strong quantum and dielectric confinement effects. With highly
tunable electronic and optical properties of QDs, 0D materials-
based neuromorphic devices become a powerful platform to
demonstrate synaptic functions beyond conventional materials.
Besides, 1D materials have topological resemblance to biological
tubular axons, which motivate their neuromorphic applications.
Benefiting from their intrinsic advantages in terms of carrier
transport, energy efficiency, flexibility, scalability, and device
miniaturization, 1D material-based neuromorphic devices usu-
ally outperform the other counterparts. Also, 2D materials and
quasi-2DEGs interfaces, always associated with remarkable
electrical properties and improved device integration with pla-
nar wafer technologies, show promising results on multiple
terminal gating, in situ characterizations, and spatiotemporal
synaptic responses. Apart from that, the rich physical/chemical
properties of 2D materials and quasi-2DEGs interfaces will give
them the unexpected neuromorphic functionality in the future.
With significant research efforts, a number of new quantum

materials and impressive quantum effects have been explored,
benefiting for fundamental science and practical applications in
areas of electronics, photonics, optoelectronics, spintronics, and
valleytronics. For instance, the emergence of layered magnetic
insulators (e.g., CrI3 and CuCrP2S6), ferroelectric semiconduc-
tors, and inorganic atomic chain (e.g., Te), provides the diverse
possibilities of new device applications. Intrinsic 2D ferroelec-
tric semiconductors are also attractive for synaptic device appli-
cations because of their vertical scaling feature and high carrier
mobility. 2D ferroelectric semiconductors could be classified as
in-plane family (e.g., SnS), out-of-plane family (e.g., 1T-MoTe2),
and intercorrelated family (e.g., In2Se3), where weak interlayer
coupling endows their retentions of ferroelectric properties in
nanoscale layered structure. Nevertheless, there are still numer-
ous unexplored phenomena and inconsistencies in the existing
quantum studies, which needs additional investigation for the
subsequent development of high-performance neuromorphic de-
vices.
Over the past decades, low-dimensional materials have been

regarded as powerful platform to regulate the electrical, optical,
magnetic, and thermoelectric properties of solid-state materials.
Although the outstanding performances of low-dimensional
materials suffice for most emerging applications, for example,
the quantum artificial synapses highlighted in this review, their
scalability and integration are not optimal for large-area applica-
tions. As results from assembly- and processing-related obstacles
during the transfer process, for example, solution transfer pro-
cess or contact transfer printing, the macroscale integration
of low-dimensional materials is less effective. Moreover, lack-
ing compatibility with arbitrary substrates and suffering from
batch-to-batch variations are also challenging tasks for practical
applications. To remove these serious constrains, new in situ fab-
rication methods of low-dimensional materials that equipping
high-throughput and simple processing is highly desirable.
System-level demonstrations with high energy efficiency are

the ultimate goals of neuromorphic computing technologies. To
date, conventional silicon CMOS electronics have achieved re-
markable progresses in system-level applications; however, it is
still limited by the high computational power and low throughput

of von Neumann computing architecture. Emerging neuromor-
phic in-memory computing devices, with merged data process-
ing andmemorizing units, are regarded as promising candidates
for system-level hardware implementation. To realize system-
level experimental verifications, there are many technical prob-
lems that need to be solved by cooperative research of different
interdisciplinary fields, ranging frommaterial synthesis, and de-
vice fabrication, all the way to algorithm design, architecture de-
velopment, and circuit integration.
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