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1. Introduction

Current computation systems are
generally based on the von Neumann
architecture.[1,2] However, despite the
significant efforts to overcome the limita-
tions of von Neumann–based computation,
high-speed and energy-efficient operation
is still limited mainly due to the physical
separation between processing and mem-
ory units as well as the serial processing
architecture. To resolve this issue, particu-
larly to overcome the limitations of von
Neumann–based computation, neuromor-
phic computing systems have been inten-
sively researched over the last decade.[3,4]

One of the main objectives of the next-
generation computation systems is mim-
icking the human brain, particularly its
complex functions and structures, which
may enable energy-efficient computation

and massive parallel processing. In a human brain, the neural
network, which consists of large numbers of neurons and syn-
apses, is considered to be the key element for performing com-
plex behaviors such as synaptic plasticity, short-term memory
(STM)/long-term memory (LTM), spike timing–dependent plas-
ticity (STDP), and paired pulse facilitation (PPF).[5] For example,
synaptic plasticity, in which the connection strength between
the neurons relies on the characteristics of the stimuli, is consid-
ered one of the most important neural functions. Also, the
STM/LTM functions are related to the memorization function
of the brain. In the case of STM, which is believed to be stored
in the hippocampus,[6] a memory can only persist for a short
period of time, and the memory is lost rapidly when the stimuli
is removed. On the other hand, in the case of LTM, which occurs
by repetitive and frequent input stimuli to the brain, a memory
is stored for a relatively longer period of time compared to the
STM. Furthermore, STDP is also an essential function of the
neural network. The STDP refers to the change of synaptic con-
nection (or strength) between the presynaptic and postsynaptic
neurons. Depending on the timing of the spikes occurring
between the presynaptic and postsynaptic neurons, their connec-
tion strength can be varied.[7,8] It is reported that there are several
types of STDP behaviors occurring in the brain, such as symmet-
ric and asymmetric STDP.[9] In addition, PPF is a type of neural
facilitation similar to short-term synaptic plasticity where the
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Conventional von Neumann–based computing systems have inherent limitations
such as high hardware complexity, relatively inferior energy efficiency, and low
bandwidth. As an alternative, neuromorphic computation is emerging as a platform
for next-generation artificial intelligence computing systems due to their potential
advantages such as highly energy-efficient computing, robust learning, fault tol-
erance, and parallel processing. Moreover, to further enhance the energy efficiency
and processing speed, photonic-based neuromorphic systems have gathered sig-
nificant interest in the past few years. Herein, the recent progress and development
of optoelectronic and all-optical neuromorphic devices is summarized, focusing on
their structures, materials, and potential applications. Particularly, for optoelectronic
neuromorphic devices, devices with planar and vertical structures are described
along with their key strategies in materials and device structures. Next, all-optical
memory and neuromorphic devices for neuromorphic computing are reviewed.
Finally, the applications of optoelectronic neuromorphic devices are discussed for
their potential utilization in neuromorphic computing systems.
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postsynaptic potentials increased by an impulse are affected by
the prior impulse.

To realize neuromorphic computing systems that can mimic
various neural functions, diverse artificial neuromorphic devices
have been investigated. For instance, for a neuromorphic device,
devices such as memristors,[10] atomic switches,[11,12]

transistors,[13–15] and memtransistors[16,17] have been widely
investigated. As a result, various important functions of the
neural network could be mimicked. More recently, to further
enhance the energy efficiency and to potentially increase the
operation speed of the neuromorphic computing systems,
optoelectronic and all-optical neuromorphic devices have been
actively researched.[18–22] In the case of electrical neuromorphic
devices, the computational speed can be inevitably limited
mainly due to the bandwidth–connection–density trade-off.[23]

However, in optoelectronic and all-optical neuromorphic devices,
using light as the stimulation source instead of electrical pulses,
high-speed, high-bandwidth, low-crosstalk, and more energy-
efficient neuromorphic systems could be realized.[24,25]

Particularly, the energy consumption can be comparably lower
(approximately subpicojoule) than that of electrical neuromor-
phic devices (sub- to a few nanojoules).[26–29] Also, the bandwidth
can be drastically enhanced up to 200 GHz by implementing the
light source as a main input that is higher than the bandwidth of
the conventional electronics (approximately subgigahertz).[30]

Moreover, studies have shown that the photonic-based architec-
ture can tolerate a large portion of device faults, around 20%,[31]

which the conventional architecture is not able to do. Previously,
Xu et al. reported the comparison of computation time for pho-
tonic computing systems with the existing central processing
units (CPUs), graphics processing units (GPUs), and supercom-
puters.[32] Although the computation time of photonic comput-
ing systems was slightly increased as the problem size increased,
the CPU, GPU, and supercomputers showed a linear increase of
computation time with the problem size. Moreover, the photons
in waveguides have extremely high speed (�2� 1011 mm s�1),
which may also increase the data transport in photonic-based
computing systems.[32] Sun et al. also reported a state-of-the-art
roadmap using silicon photonic and electronic systems.[33]

Here, it is argued that the energy efficiency of the silicon
photonics can outperform the conventional electronics, and it
is expected that the energy efficiency could be reduced down
to pico- to femtojoules which, the conventional electronics can
hardly reach. In addition, by integrating optical waveguides
and multiwavelength light sources at a chip level, multiplexed
computation could be possible, enabling the realization of
high-speed optoelectronic or all-optical neuromorphic chips.[34]

Due to these potential advantages of optoelectronic and
all-optical neuromorphic devices, many innovative devices have
been demonstrated using materials such as 1D carbon nano-
tubes (CNTs),[35,36] 2D MoS2,

[37,38] black phosphorus (BP),[39]

graphene,[40] graphene oxides (GOs),[41] metal oxides,[18,42–46]

organics,[47] and halide perovskites.[48] Using these devices and
their integrated circuits, various synaptic and neuromorphic
functions, such as STM/LTM, STDP, and PPF, have been
successfully mimicked. In addition, artificial optical nerves,
motor nerve systems, and the emulation of Pavlov’s dog behavior
were also demonstrated.[49–51]

One of the major differences between the optoelectronic and
electrical neuromorphic devices is the stimulation source. In
optoelectronic neuromorphic devices, optical signals are used
to stimulate the device and change its weight (or conductance),
whereas in electrical neuromorphic devices, voltage pulses are
used as the stimulation. Despite the difference in the stimula-
tion source, however, the algorithms used to perform the neuro-
morphic functions in electrical neuromorphic devices can be
also used for the optoelectronic neuromorphic devices.
For instance, handwritten pattern recognition is one of the rep-
resentative applications of the neuromorphic algorithms.
Whether the input is an optical signal or an electrical signal,
the methods of applying the neuromorphic algorithms are
ideally the same. As an example, Hu et al. implemented a
single-layer-perceptron-based artificial neural network learning
algorithm for an optoelectronic memristive device to demon-
strate pattern recognition of handwritten patterns,[47] and
it was shown that the device exhibited a relatively high
recognition rate comparable with that of conventional electrical
memristors.[52]

In previous studies on optoelectronic neuromorphic devices,
several different types of device structures and materials have
been suggested. Particularly, two- and three-terminal planar
structure devices and two-terminal vertical structures have
been widely investigated. The planar structure devices have
advantages such as simple device structure and fabrication
process because their structures are very similar to those of
conventional phototransistors.[53–55] Meanwhile, the vertical
structure devices have advantages such as small device size
and low operation voltage, which can allow high-density integra-
tion and higher energy efficiency, respectively. This review pro-
vides an overview of the optoelectronic and all-optical
neuromorphic devices, focusing on their device structures,
materials, and applications. Particularly, for optoelectronic
neuromorphic devices, planar and vertical structure devices
are described, including their operation mechanisms and neu-
romorphic applications. Furthermore, all-optical memory and
neuromorphic devices are also reviewed, concerning their
device structure and materials. Finally, the applications of
optoelectronic neuromorphic devices and integrated circuits
are reviewed to envision the potential utilization for neuromor-
phic electronics.

2. Optoelectronic Neuromorphic Devices

2.1. Materials for Optoelectronic Neuromorphic Devices

For optoelectronic neuromorphic devices, various materials,
including organics, metal oxides, low-dimensional materials,
and perovskite materials, have been studied, as listed in
Table 1. The organic semiconductor materials have advantages
such as low-temperature processing, simple solution processing,
and a wide variety of material candidates. Also, the organic mate-
rials are mechanically flexible, and thus, organic materials can be
attractive choices when neuromorphic devices are fabricated on a
flexible substrate.[56] More importantly, the optical and electrical
properties of organic materials can be modified by a molecular
design; therefore, fine-tuning of optical and electrical properties
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Table 1. Device structure, active material, dimensions, operation conditions, and energy consumption of vertical/planar structure optoelectronic
neuromorphic devices and all-optical neuromorphic devices.

Material (active layer) Structure Scale Light pulse
intensity

Light pulse
width

Electrical bias Energy
consumption

Ref.

WS2 Planar Few tens of μm 0.19–28 μW 100ms 0.1, 5 V (gate) – [16]

IGZO Planar – 0.6 mW cm�2 500 ms 10 V – [18]

WSe2 Planar 5 μm 6mW cm�2 10 ms 0.3 V 66–532 fJ [26]

SWNT Planar 100 nm2 40 W cm�2 Few seconds 2, 3.5 V – [35]

HfO2 Planar 200 μm� 1000 μm 0.025 mW – – – [36]

MoS2 Planar 15 μm� 10 μm 50mW cm�2 100 ms 1, 2–3 V 80 pJ per spike [37]

MoS2 Planar few tens of μm 5.45 mW 2, 3 s (interval) 4, 2 V – [38]

Graphene Planar 90 μm � 30 μm
(width, length)

50–200 μW 5, 0.1 ms 10–40 V (gate) – [40]

IGZO Planar 10 μm2 100 μW 50ms 1–4 V 150–pJ [41]

IGZO Planar 800 μm� 500 μm 15–120 μW cm�2 2 s 0.1–20 V � 1 nW [42]

LaSrNiO4 Planar – 220mW cm�2 5, 10 s – – [43]

CuPc Planar 1000 and 100 μm 0.13–1.27 mW cm�2 0.5 s 5–10 V – [47]

IGZO Planar 700� 900 μm2 22mW cm�2 0.5 s 1 V(Bias), 2 V (spike), 3 V – [49]

Solid electrolyte (SE) Planar 100–200 μm 7 μW cm�2 10 ms 1.5 mV 2.41 pJ [50]

CdS Planar – 10 mW cm�2 500 ms 10 V – [51]

CH3NH3PbI3 Planar – �1.29 μW cm�2 – 1 V (10 ms) – [74]

CsPbBr3 (QD) Planar 50, 1000 μm 0.153mW cm�3 1 s 10 V 1.4 nJ per event [75]

C8-BTBT Planar 40, 20 μm (width, length) 0.32, 16 (mainly),
40 mW cm�2

500 ms �2 V �13.6 pJ [76]

MAPbI3 Planar 25 μm� 500 μm (Channel) 1 μW cm�2 200 ms 0.01 V (bias), 1–4 V
(gate)

1 pJ [77]

DPPDTT Planar 30 μm, 1mm
(Length, Width)

0.06–1.20 mW cm�2 0.6 s �1 to �4 (bias), �0.2,
�3 (gate voltage)

0.5 fJ (at 0.0005 V,
50 ms)

[78]

Methylammonium lead
bromide PQDs

Planar 15 μm (channel length) 190 nW cm2 �1.1 μW cm2 Few seconds 0.5 V, 5 s (bias), 0–100 V
(gate), mainly 10, 0.5 V

1 s (pulse)

36.75 pJ per spike
(graphene)

[79]

Sol-PDI, BPE-PDI Planar 50, 1000 μm 8–10 mW cm2 <3 s (programming
time)

1.0, 0.1 V
(programming), 60 V
(erasing, few seconds)

– [80]

Dif-TES-ADT/ BCB Planar – 5 μW cm�2 30–180ms 5 V (gate) – [81]

C8-BTBT/ PAN Planar 30 μm 0.16–0.90 mW cm�2 100–500ms 2 V (gate) – [82]

Silver nanowires Planar �0.6 cm2 4mW cm�2 1–10 s �0.6 V �4 μJ [111]

BP Planar 9.2� 1.1 μm2 3–10 mW cm�2 100 ms 10mV 9.24� 102pJ
(electrical), 3.5 pJ

(optical) per
synaptic activity

[112]

MoS2 Planar – 5.25 mWmm�2 10 s 1–2 V – [113]

MoOx Vertical Diameter of ITO 250 μm 0.22, 0.45, 0.65,
0.88 mW cm�2

200 ms �3 to 3 V, �4.5 V (erase) – [21]

Nb:SrTiO3 Vertical Diameter of ITO 400 μm 30mW cm�2 – 0.05 V (read) – [22]

CeO2�x Vertical Diameter of 100 μm 60 pW μm�2 4 s 0.2 V (read), �2, 10 V
(pulse)

600 pW [45]

CeO2�x Vertical 200 μm 6 pW μm�2 3 s �2 to 2 V, �2 (erase) – [46]

CH3NH3PBI3 Vertical Diameter of Ag 100 μm 10mW cm�2 300 ms 0.05–0.3 V – [48]

BiFeO3/SrRuO3 Vertical – 10 m W cm�2 500 μs �2 V (read), �6 (write) �0.2 nJ [72]

MoS2 Vertical Diameter of W 50 μm 0.11 mW cm�2 1 s (photonic),
5 ms (electronic)

0.1 V (read) – [83]
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could be also possible.[57–59] However, it should be considered
that the organic materials are relatively unstable compared
to inorganic materials due to problems such as oxidation. To
improve the stability of the organic materials, hybridization
with various materials has been actively researched
recently.[60,61] Oxide materials, especially metal oxide semicon-
ductors, have advantages such as high carrier mobility, high sta-
bility, good transparency, and decent mechanical flexibility.[62]

Moreover, the oxygen vacancies that exist in oxide semiconduc-
tors can be ionized under light illumination, providing a
pathway to control the conductivity of the semiconductor.
Due to these characteristics, oxide semiconductors can be
utilized for active layers in various optoelectronic neuromor-
phic devices.[63,64]

Perovskite materials are known as excellent photoelectric con-
version materials. Particularly, organic perovskite materials have
been intensively researched for photovoltaic devices, such as
solar cells.[65,66] Also, perovskite materials can be used for various
photosensing elements. However, perovskite materials also have
some instability issues similar to the organic materials. To
improve the stability, inorganic–organic hybrid materials and
inorganic perovskite materials have been investigated.[66]

Nevertheless, due to these optical/electrical characteristics of
perovskite materials, they are receiving great attention in the
optoelectronics field. In addition, low-dimensional 1D (nano-
wires, nanotubes, etc.) and 2D materials have unique optoelec-
tronic properties compared to their bulk counterparts.
Originating from their restricted dimensions, 1D materials
typically show improved charge transport and exciton confine-
ment.[67,68] Also, 2Dmaterials could exhibit high photosensitivity
even with an extremely thin layer (atomic level). In addition, the
trap sites that exist in 2D materials can be utilized for optoelec-
tronic synapse devices that operate based on the charge trapping
mechanism.[69,70] Furthermore, due to the extremely thin thick-
ness of the low-dimensional materials, they tend to have great
mechanical flexibility.

2.2. Planar Structure Devices

For optoelectronic neuromorphic devices, planar structure devi-
ces have been most widely adopted due to their simple device
structure. In planar structure devices, the electrodes are placed
on the same plane as a two-terminal device. Also, an additional
gating electrode can be added as a third electrode, which is
typically used to modulate the carrier concentration and the
light-response characteristics. However, as described, the planar
structure devices have a limitation for down-scaling. Also, adding
an additional gating electrode could complicate the circuit design
as well as their operation scheme. Despite these disadvantages,
planar structure optoelectronic devices have been intensively
studied for neuromorphic applications because of their easy
device design and process compared to other types of devices.

2.2.1. Metal-Oxide-Based Devices

Previously, Yu et al. reported optoelectronic synapse devices
using SnOx/poly(3,4-ethylenedioxythiophene) polystyrene sulfo-
nate (PEDOT:PSS) layers placed on top of an indium gallium
zinc oxide (IGZO) layer with low power consumption
(�10 pW). Here, to operate the device, a light pulse with a pulse
width of 2 s and power intensity of 15–120 μW cm�2 was used.
Also, an electrical bias in the range of 0.1–20 V was used to mod-
ify the amplitude of photocurrent change. In this device, the
synaptic functions could be emulated by the persistence photo-
conductivity (PPC) behavior of the oxide semiconductor. The
PPC behavior is a phenomenon in which the conductivity level
decays back to its original state slowly even after the light is
turned off. It is claimed the PPC behavior in oxide semiconduc-
tors is related to the two types of defect states, namely, the α-type
(nonconducting defect-localized states) and β-type (defects that
can provide electrons to the conduction band minimum)
defects.[42] In fact, the oxygen vacancies, which are the point

Table 1. Continued.

Material (active layer) Structure Scale Light pulse
intensity

Light pulse
width

Electrical bias Energy
consumption

Ref.

InO2/ZnO Vertical – 0.4 mW cm�2,
4 mW cm�2

20 ms �2 to 2 V, �1 V (erase) 0.7 pJ [84]

MAPbI3 Vertical diameter of ITO 7 μm 50 μW cm�2 5 ns �1 to 1 V – [85]

Nb:STO Vertical – 2.5 mW cm�2 5 ms �2 to 2 V, �8 V, �4 V
(erase),1,4 V (write)

– [86]

EGaIn/poly-L-histidine/
Au nanorod

Vertical – 0.03 W cm�2 5 s 2.5 V – [87]

ZnO1�x Vertical A diameter of 100 μm 0.005–0.072 mW cm�2 1 s 0.1, 4 V – [88]

PMMA Vertical 500 μm 0.05 mW cm2 0.1 s 5 V – [89]

GO Vertical/ Planar 50 μm 44mW cm�2 60–1800 s 0.1 V, 0.68 < V <0.82 – [90]

MXene Vertical 5 mm2 0.65� 0.06 mW mm�2 0.5 ms 3 V – [109]

GST Waveguide 1� 3 μm2 1W 50 ns – 243 pJ [20]

GST Waveguide 0.25 μm2 150 mW 10–20 ns – 480 fJ [91]

GST Waveguide 1500 μm� 300 μm
(width, length)

– 200 ns – 710 pJ [92]
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defects where the oxygen atoms are missing from their lattice
sites, can be α- (V0

O) or β-type (V1þ
O , V2þ

O ) defects depending
on their charged states. By the light illumination, the neutral oxy-
gen vacancy can be ionized, providing excess electrons to the
bulk, increasing the conductivity of the film. Because activation
energy is required to neutralize the ionized oxygen vacancies
back into the neutral state, slow decaying of conductivity is typi-
cally observed in oxide semiconductors. In addition, it is claimed
that the SnOx placed on the IGZO layer can extract weakly bound
oxygen atoms from IGZO, creating more oxygen vacancies.
Furthermore, the p-type PEDOT:PSS can suppress the recombi-
nation of photogenerated electron–hole pairs (EHPs), leading to
an increment of the conductivity. It has been shown that the
device consumes less than 9 pW and uses less than 40 pJ energy
when stimulated with a light source having power intensity of
15 μWcm�2. Lee et al. also demonstrated optoelectronic synapse
devices using amorphous oxide semiconductors (AOSs)

mimicking brain-like behaviors such as STM/LTM, STDP and
neural facilitation.[18] Due to the inherent PPC behavior of
AOSs, various synaptic functions could be emulated. Figure 1a
shows the schematic device structure of the IGZO-based optoelec-
tronic synaptic device. When UV light (λ¼ 380–385 nm) is
applied, the IGZO showed an increase in conductivity and due
to the strong PPC behavior of IGZO, the conductivity persists
even after the light is turned off. The emulation of STM and
LTM behaviors is shown in Figure 1b,c, respectively. When a light
stimulus with a low frequency of 0.2Hz is applied to the device
(intensity of 0.6mW cm�2 and pulse width of 0.5 s), the device
exhibited STM-like behavior, while light stimuli with a high fre-
quency of 1 Hz induced LTM-like behavior.

Zhao et al. reported memcapacitor-based synapse devices
using an Au/La1.875Sr0.125NiO4 (LSNO)/Au structure. Here,
the capacitance of the device was modulated by optical and elec-
trical stimulations.[43] Particularly, when UV light (λ¼ 365 nm)

Figure 1. a) The device structure and an optical image of a planar structure IGZO-based optoelectronic neuromorphic device. The emulation of b) STM
and c) LTM behaviors using different frequencies of light stimuli. (a–c) Reproduced with permission.[18] Copyright 2017, Wiley-VCH. d) An illustration of a
biological synapse (top) and the device structure of an alkylated GO-based synaptic transistor (bottom). e) An energy band diagram describing the
tunneling mechanism under light stimulation. f ) Comparison of LTP/LTD characteristics with voltage spike (black) and mixed spike (red). (d–f )
Reproduced with permission.[41] Copyright 2018, Wiley-VCH. g) The device structure of a planar-type MAPbI3-based memristive device.
h) Schematics describing the inhibition of iodine vacancy formation and the acceleration of iodine vacancy annihilation. i) The conductance variation
of the device as a function of input pulses with and without light illumination. (g–i) Reproduced with permission.[74] Copyright 2018, American Chemical
Society.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2021, 3, 2000119 2000119 (5 of 18) © 2020 The Authors. Published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advintellsyst.com


with an intensity of 220mW cm�2 is irradiated, the initially
trapped holes are detrapped, resulting in the formation of empty
negatively charged traps that can reduce the depletion width and
the Schottky barrier height.[71] Here, the Schottky barrier height
represents the energy barrier formed at the metal–semiconductor
contact interface. On the other hand, when the light is turned off,
the holes can be recaptured, resulting in an increase of the
Schottky barrier height. It was reported that the energy consump-
tion was 9� 104–2.25� 106 nJ with the light intensity of
20–250mWcm�2. Using the device, synaptic functions such
as STM/LTM, photonic potentiation/electric depression, and
PPF are emulated, which are crucial characteristics for realizing
applications of artificial electronic eyes and photonic
neuromorphic computing systems. Another work using an
IGZO semiconductor was demonstrated by Sun et al., where a
GO charge-trapping layer was inserted to modulate the synaptic
plasticity.[41] A schematic device structure of the synaptic
transistor with alkylated GO is shown in Figure 1d. Here, single
nanosheet alkylated GOs are embedded between the IGZO
channel and the ion-gel dielectric layers. For the stimulation, a
light pulse with pulse width of 50ms and power intensity of
100–2000 μWwas used. Also, an electrical pulse having an ampli-
tude of 1 V and pulse width of 50ms was used. The total energy
consumption (electrical and optical energy) was �10 nJ with a
device dimension of 10� 10 μm2, which is a reasonable value
considering the device size. Figure 1e shows the energy band
diagram describing the mechanism under light stimulation.
When light is irradiated on the device, the IGZO light-responsive
layer generates EHPs with the assistance of an electric field.
The photoinduced holes from the IGZO induce detrapping of
electrons from the GO nanosheet, causing a large increase in
conductance. To emulate the long-term potentiation (LTP) and
long-term depression (LTD)-like behaviors, mixed spikes of elec-
trical and optical stimuli were applied to the device, as shown in
Figure 1f. Compared to the case when only electrical stimulation
is applied, the postsynaptic current (PSC) is increased in all
regions when light is additionally applied.

Ferroelectric oxide materials can also play an important role in
optoelectronic neuromorphic devices due to their long carrier
lifetime.[16,44,72] Kim et al. reported synapse devices using ferro-
electric HfZrOx as an active layer to emulate synaptic behaviors
such as short-term plasticity (STP), PPF, and LTP with light stim-
ulation.[44] When the ferroelectric HfZrOx is in downward polar-
ization state after applying a bias of�5 V (pulsed width of 10ms),
the electrons generated by the light (power intensity of
10mW cm�2) are inhibited from recombining with the holes,
whereas with upward polarization state, induced by applying a
bias of 5 V (pulsed width of 10ms) to the gate electrode, the
recombination can be accelerated due to the band bending.[44]

It is shown that conductance amplification of �280% and
200% was observed when the device had downward and upward
polarization, respectively.

2.2.2. 1D and 2D Material–Based Devices

1D CNTs can be also used in memory and neuromorphic devi-
ces. Recently, Agnus et al. reported poly(3-octylthiophene-2,5-
diyl)/single-walled carbon nanotube (SWNT)-based planar

structure transistor-type nonvolatile memory devices operated
by light.[35] In these devices, the conductivity is increased by light
illumination and the increased conductivity can be maintained
by the trapping and accumulation of photogenerated electrons
at the SWNT/dielectric interface. Here, a light source having
a wavelength (λ) of 457 nm and power intensity of 40W cm�2

was used, and for the programming, electrical biases of 0.4–2
and 2–6 V for source-drain voltage and source-gate voltage were
used, respectively.[35] In this work, four synapse devices were
parallelly attached and the conductance variations caused by
the photogating effect and electric field were summed at the neu-
ron part. The results demonstrated the potentials of programma-
ble integrated nonvolatile optoelectronic synaptic devices without
a crosstalk. In addition, Shao et al. reported three-terminal planar
structure synapse devices with printed SWNTs.[36] Due to the
photogating effect, the photogenerated holes are trapped in
the channel layer under light illumination and when the number
of trapped holes exceeds the number of released holes, the
current is increased. Here, the variation of synaptic plasticity
was investigated depending on the wavelength, illumination
time, and power of the light stimulation. Particularly, a light
pulse having power of 0.025–2.17mW and pulse frequency of
0.5–10Hz was used. Also, light sources with different wave-
lengths were used (520, 940, and 1310 nm). Qin et al. also
reported a three-terminal planar structure optoelectronic synapse
device using a SWNT/graphene heterostructure.[40] Here, the
channel size of the device was 30� 90 μm2, and for the stimula-
tion, a light pulse having power intensity of 10–300 μW and pulse
width of 5ms was used (interval of 10ms). Also, a gate bias of
10–40 V was applied during the operation. When a negative gate
field is applied to the device, photogenerated holes that were
present in the graphene and SWNTs are trapped at the trap sites.
Due to the high trap energy barrier, long photogating effect could
be induced.[40] Using these phenomena, an axon multisynapse
network was mimicked by stimulating two presynapses with a
variation of spike timing difference for spatiotemporal amplitude
summation. In addition, basic logic operations such as the NOR
gate were also demonstrated.[40]

In addition to 1D materials, 2D materials also have attracted
much attention in neuromorphic devices. For example, BP is a
promising 2D material candidate due to its direct bandgap even
in the bulk state. Ahmed et al. reported planar structure optoelec-
tronic synapse devices using oxidized BPs.[39] In this work, the
BP-based synapse devices were fabricated using exfoliated BPs
from a bulk crystal. They demonstrated digital logic operations
using the BP synapse devices, controlled by light stimuli. Wang
et al. reported optoelectronic neuromorphic devices using a
MoS2/hexagonal boron nitride heterostructure.[37] The device
had channel width and length of 10 and 15 μm, respectively.
Basic synaptic plasticity was emulated by utilizing the interfacial
effect occurring at the MoS2/AlOx dielectric interface. In this
device, the inhibition behavior was triggered by electrical pulses,
while the potentiation was triggered by using both electrical and
optical stimulations. For potentiation, a light pulse having power
intensity of 50mW cm�2 and pulse width of 100ms was used
(λ¼ 473, 532, and 655 nm). For inhibition, an electrical pulse
with pulse width of 50ms and amplitude of 3 V was applied
to the back gate. The power consumption for a single spike
was 80 pJ. Zhang et al. also reported planar structure synaptic
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devices consisting of a MoS2 channel and high-k Ta2O5–TiO2

(TTO) sandwiched between Al2O3 dielectric layers for a
charge-trapping layer.[38] Here, the photogenerated carriers
can tunnel through the Al2O3 layer and into the TTO layer by
the Fowler–Nordheim tunneling mechanism, in which the elec-
trons tunnel through a rounded triangular barrier created near
the electrode surface by a substantially high electric field.[73]

The trapped electrons in the TTO layer then block the back-gate
electric field, allowing the electrons to transfer to the MoS2
channel layer. With a reverse bias, the holes can be trapped in
a similar way to create a different memory state. For the light
stimulation, a light pulse with power intensity of 4.45mW or
5.45mW and pulse width of 2 s was used (λ¼ 520 nm) using
laser sources. Also, an electrical pulse with amplitude of
1–2 V, and pulse width of 10ms was used (interval of 10 s).
Luo et al. reported artificial synapse devices using a planar
structure WS2/PbZr0.2Ti0.8O3 (PZT) active layer.[16] Here, the
light illumination induced downward alignment of the PZT
polarization, which can change the conductivity of WS2. By con-
trolling the degree of polarization by optical and electrical
stimulations, multilevel and volatile/nonvolatile synaptic mem-
ory characteristics could be obtained. Here, a light pulse having
pulse width of 100ms and power intensity of 0.19–28 μW was
applied. Also, an electrical bias of 0.1 V was applied to read
out the data.

2.2.3. Perovskite-Based Devices

Zhu and Lu reported optogenetics-inspired and controllable syn-
aptic functions using organic–inorganic halide perovskite–based
memristors.[74] A schematic structure of the planar-type
Ag/MAPbI3/Ag memristor device is shown in Figure 1g.
Here, using light, the generation and annihilation dynamics
of iodine vacancies (V·

I /V
x
I , positively charged or neutral vacan-

cies) could be controlled by changing the formation energy of an
iodine vacancy (V·

I /V
x
I ). Particularly, the light illumination

increased the formation energy and delayed the growth of
V·
I /V

x
I abundant regions in the MAPbI3 film (Figure 1h).

Without the electrical bias, the light facilitated the recombination
of V·

I /V
x
I and I�. Due to the suppression of V·

I /V
x
I formation

under light illumination (intensity of 1.29 μW cm�2), as shown
in Figure 1i, LTD could be emulated. Also, the LTP was emulated
with a low bias of 1 V, with a duration of 10ms and an interval of
1ms. Wang et al. also reported a three-terminal planar structure
photonic flash memory utilizing inorganic perovskite quantum
dots (PQDs).[75] The device consists of pentacene/poly(methyl
methacrylate) (PMMA)/CsPbBr3, which is fabricated on a
SiO2/Si substrate. It is claimed that the CsPbBr3 inorganic
PQDs are suitable for photonic flash memory devices because
of the long carrier lifetime and high photoresponsivity. The chan-
nel had length and width of 1000 and 50 μm, respectively.
For potentiation, a light pulse having power intensity of
0.041–0.153mW cm�2 and pulse width of 1 s (interval of 10 s)
was used. As a result, the device consumed an energy of
1.4 nJ per single event. Also, for habituation, an electrical pulse
having pulse width of 10ms (interval of 1 s) and pulse amplitude
of 10 V was used. With pentacene, type 2 band alignment was
formed, which played a crucial role in exciton separation

during light-assisted charge trapping and releasing processes.
The photogenerated holes tend to migrate from the QDs to
the pentacene layer, while the electrons remain in the conduction
band. Also, the trapped electrons form an internal electric field,
which accelerates the hole extraction to the semiconductor. Qian
et al. reported planar structure optoelectronic synapse devices
using a copper phthalocyanine (CuPc)/para-hexaphenylene
(p-6 P) organic heterojunction.[47] Here, the channel had a
dimension of 1000 μm�100 μm. The photogenerated electrons
are trapped at the p-6 P/dielectric interface, while the photogen-
erated holes in the CuPc channel increase the conductivity. For
LTP, a light pulse having power of 0.1 and 0.4 mW and pulse
width of 0.5 and 1 s was used. Also, for LTD, an electrical pulse
having pulse amplitude of 10 V and pulse width of 0.1 s was used.
Using the synaptic plasticity, the recognition of Modified
National Institute of Standards and Technology (MNIST) images
was performed with 70–80% of recognition rate using the artifi-
cial neural network simulation.

2.2.4. Organic-Based Devices

Yang et al. reported planar-diode-structure optoelectronic artifi-
cial synapse devices using dioctylbenzothienobenzothiophene
(C8-BTBT) material.[76] The channel had a dimension of
40 μm� 20 μm. In this work, two layers of C8-BTBT were
optimized to have a high photosensitivity, low power consump-
tion (13.6 pJ), and long-persisting photocurrent. The synaptic
behavior was induced by the photogenerated excitons modulat-
ing the Schottky barrier height. Using the optimized device,
neuromorphic functions such as STM and LTM were emulated.
Also, a light pulse with power intensity of 16mW cm�2 and pulse
width of 500ms was used, with electrical bias of �2 V. Yin et al.
reported planar structure optoelectronic synapse devices using a
MAPbI3/silicon membrane structure.[77] The channel had a
dimension of 500 μm� 25 μm. Light pulses having pulse width
of 200ms and power intensity of 1 μWcm�2 were used with an
applied bias of 0.01 V. In the device, carriers generated by the
light irradiation induced the photogating effect, which is also
affected by the gate voltage. The device emulated remember-
ing/forgetting of letters by modulating the levels of the photogat-
ing effect. Also, it was shown that the device consumed energy of
1 pJ per operation.

Hao et al. reported planar structure optoelectronic synapse
devices using organic poly[2,5-(2-octyldodecyl)-3,6-diketopy-
rrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)]
(DPPDTT) and perovskite (CsPbBr3 QDs) hybrid.

[78] The channel
had a dimension of 30 μm�1000 μm. In the device, photogener-
ated carriers are trapped in CsPbBr3, causing a built-in potential
and consequently photogating effect and delayed recombination
process. For optical writing, a light pulse with power of
0.06–1.20mW cm�2 (mainly 0.12–0.3 mW cm�2) and pulse
width of 0.6–1 s was used, with a drain bias of �1 to �4 V.
For erasing, an electrical pulse with width of 0.6 s (interval of
1.2 s) and amplitude of �3 V was used. In case of applying
0.2 V for drain and gate biases, the device showed a distinct
optoelectronic synaptic behavior. Also, the device could operate
at a low voltage of 0.005 V, having extremely low power consump-
tion of 0.5 fJ per operation. Furthermore, by varying the pulse
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number and the light intensity, the emulation of human visual
memory was demonstrated.

Pradhan et al. reported planar structure optoelectronic syn-
apse devices using a graphene/organic–inorganic halide PQD
hybrid structure.[79] The device had a channel length of
15 μm. When light is illuminated, photogenerated EHPs are dis-
sociated by the built-in potential at the graphene/PQD interface,
which then induce the photogating effect. As a result, the hole
current is increased. For the operation, a light pulse having
power intensity of 190–1.1 μWcm�2 was used and the device
had a power consumption of 36.75 pJ per spike. Chiang et al.
reported planar structure photonic transistor–type nonvolatile
memory devices.[80] Although this work is mainly concerned with
memory devices, it can be also utilized in realizing optoelectronic
neuromorphic devices. Here, the device was fabricated with two
structures, 2,9-bis(2-phenylethyl)anthra[2,1,9-def:6,5,10-d 0e 0f 0]
diisoquinoline/bis((2 E,6 E,10 E,14 E,18 E,22 E,26 E,30 E)-3,7,11,
15,19,23,27,31,35-nonamethylhexatriaconta-2,6,10,14,18,22,26,30,
34-nonaen-1-yl)3,3 0-(1,3,8,10-tetraoxoanthra[2,1,9-def:6,5,10-
d 0e 0f 0]diisoquinoline-2,9(1H,3H,8H,10H)-diyl)dipropanoate
(BPE-PDI/Sol-PDI) and dinaphtho-[2,3-b:2,3-f]thieno[3,2-b]thio-
phene/2,9-didecyldinaphtho-[2,3-b:2,3-f]thieno[3,2-b]thiophene
(DNTT/C10-DNTT). Depending on the presence of Sol-PDI and
C10-DNTT, which had a rod-coil structure, non-volatile memory
characteristics were determined. It is suggested that the rod-coil
type materials are suitable for the floating gate because of the
charge trapping behavior. For programming, a light pulse having
power intensity of 8–10mWcm�2 was used. Also, the device
showed a high photocurrent up to 105 and low energy
consumption.

Deng et al. proposed a three-terminal planar structure device
using 2,8-difluoro-5,11-bis(triethylsilylethynyl) anthradithio-
phene (diF-TES-ADT) crystal arrays serving as a photoactive
layer.[81] In dark condition, the device showed typical p-type tran-
sistor characteristics. Under light illumination (λ¼ 757 nm and
power intensity of 10 μWcm�2), EHPs are generated in the active
layer. After rapidly moving into oxygen-related levels, the
electrons form O�

2 anions, whereas the holes are transferred
from the active layer to the interface between the channel and
insulator. Subsequently, the accumulated O�

2 anions push the
holes into the diF-TES-ADT layer, causing a drastic increase
of excitatory postsynaptic current (EPSC). After removing the
light source, the injected holes gradually disappear due to the
decreasing amount of O�

2 anions, which results in a decrease
of the EPSC. Using the device, STP was emulated with a weak
light pulse (7 μWcm�2, 120ms), and LTP with a more intense
light pulse (30 μW cm�2, 50ms).

Dai et al. reported optoelectronic synaptic transistors fabri-
cated with a polyacrylonitrile (PAN) insulator and a C8-BTBT
organic channel layer.[82] Here, the PAN film was used to induce
charge trapping effect at the PAN/C8-BTBT interface. Under
UV light illumination (λ¼ 360 nm, power intensity of
0.90mW cm�2), a gradual positive threshold voltage shift was
observed, which can be attributed to the compensation of trap
sites with light-induced holes at the channel/insulator interface.
When the light is turned off, the photogenerated holes are recap-
tured back to the trap sites, causing a negative threshold voltage
shift and a positive displacement from the original current state.
Using the device, neuromorphic behaviors such as STM and

LTM were mimicked by varying the number of light spikes
(10, 30, 60, and 120), the pulse width (100, 200, 300, 400, and
500ms), and the power intensity (0.16, 0.38, 0.61, and
0.90mW cm�2).

2.3. Vertical Structure Devices

To increase the device density in neuromorphic circuits, down-
scaling of neuromorphic devices is crucial. Typically, devices
with nanometer scales are highly desired. In this perspective,
the vertical structure optoelectronic neuromorphic devices are
more suitable than the planar devices because they can have
small device size due to the two-terminal structure. Therefore,
lots of investigations are undergoing to develop vertical structure
optoelectronic neuromorphic devices, even though there still
exist several issues such as interference (crosstalk) between
the devices and low photoelectric conversion efficiency.

An optoelectronic resistive random-access memory (ORRAM)
is one of the attractive candidates for neuromorphic applications
because of its high light-response characteristics. Using a
vertically stacked Pd/MoOx/ITO device having a two-terminal
structure, Zhou et al. demonstrated synaptic devices with
both nonvolatile and volatile resistance switching behaviors
modulated by an optical stimulus.[21] Here, it is claimed that
the valence state change is responsible for the device operation
under light stimulation. Under UV light (λ¼ 365 nm), the MoOx

active layer absorbs the light and EHPs are generated. The photo-
generated electrons are excited to the conduction band of the
MoOx and the native H2O molecules trigger the reaction with
photogenerated holes, generating protons (Hþ). To verify the
effectiveness of mimicking the human visual systems, image
training and image recognition were conducted. The recognition
rate and the efficiency were enhanced with the use of the
ORRAMs.

Gao et al. proposed a simple vertically stacked ITO/Nb-doped
SrTiO3 (Nb:SrTiO3) heterojunction structure for an artificial
optoelectronic synapse device (Figure 2a).[22] Here, the hetero-
junction structure is one of the key factors to emulate various
synaptic functions such as PPF, STM/LTM, and learning
behavior. Figure 2b shows the operation mechanism of the
ITO/Nb:SrTiO3 heterojunction artificial synapse device.
Without light, the device is at a high-resistance state due to
the large Schottky barrier height/width at the ITO/Nb:SrTiO3

interface. These eventually prohibit the tunneling leakage
current flowing in the device. By applying visible light illumina-
tion with an intensity of 30mW cm�2 accompanied by an
electrical bias, the level of resistance state was lowered due to
the narrowing of the Schottky barrier height and the width.
To validate the utilization of the device in neuromorphic appli-
cations, STM and LTM behaviors were mimicked by varying the
pulse number or the frequency of blue light (λ¼ 400 nm) having
pulse width of 0.5 s (Figure 2c). It was shown that the synaptic
weight was gradually changed from STM to LTM with an
increase of pulse number from 1 to 100, or the frequency from
0.05 to 1 Hz.

He et al. also reported memristor devices using a MoS2 mono-
layer on a p-Si substrate (W/MoS2/SiO2/p-Si) for high-density
large-scale neuromorphic chips (Figure 2d).[83] When the device
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was irradiated with UV light (λ¼ 310 nm) having power intensity
of 0.11mW cm�2, EHPs were generated and increased the elec-
trical conductance (Figure 2e). When the light was off, the cur-
rent dropped relatively slowly, exhibiting PPC behavior. As
shown in Figure 2f, the potentiation and habituation processes
were conducted by applying light (intensity of 0.11mW cm�2

and pulse width of 1 s) and electrical bias (amplitude of �8 V
and width of 5ms). In addition, vertically stacked ZnO/In2O3-
based synaptic devices were reported by Kumar et al.[84] As
shown in Figure 2g, the device was composed of fluorine-doped
tin oxide (FTO)/ZnO/In2O3 layers, in which the type-II band
alignment is formed between the ZnO and In2O3 layers. This

allowed the trapping of photogenerated charge carriers under
light illumination and the PPC effect. Figure 2h shows the oper-
ation mechanism of the device under various operation condi-
tions. At an equilibrium state, due to the higher electron
affinity of ZnO compared to In2O3, band bending occurs at
the interface. Subsequently, with UV illumination, EHPs are
generated and the holes and electrons move toward the In2O3

and ZnO, respectively. When the light is off, the trapped charges
remain near the interface, causing a reduction of the effective
barrier height and the PPC behavior. With a negative bias, these
trapped charges are recombined, returning to the original state.
Using these characteristics, light-triggered (power intensity of

Figure 2. a) The concept and schematic device structure of a vertical structure ITO/Nb:SrTiO3–based optoelectronic synapse device emulating the
human visual system. b) The operation mechanism of the ITO/Nb:SrTiO3 synapse device. The variation of Schottky barrier profile under different stimu-
lation conditions. c) The emulation of STM and LTM behaviors by varying the number and frequency of the light stimuli. (a–c) Reproduced with per-
mission.[22] Copyright 2019, American Chemical Society. d) The schematic device structure of a MoS2-based memristive synapse. e) Typical PPC behavior
induced by a light stimulus. f ) A demonstration of optically modulated potentiation and electrically modulated habituation. (d–f ) Reproduced with
permission.[83] Copyright 2018, Wiley-VCH. g) The device structure of a vertical structure FTO/ZnO/In2O3–based optoelectronic synapse device.
h) The operation mechanism of the FTO/ZnO/In2O3 synapse device. i) A demonstration of optically modulated potentiation and electrically modulated
habituation. (g–i) Reproduced with permission.[84] Copyright 2018, American Chemical Society.
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0.4mW cm�2) potentiation and electrical bias–triggered
(amplitude of �1 V and duration of 20ms) habituation were
demonstrated, as shown in Figure 2i. Furthermore, the device
exhibited energy consumption of 0.2 nJ when the pulse duration
was 5ms.

Tan et al. also reported an optoelectronic device having a ver-
tically stacked ITO/CeO2�x/AlOy/Al structure. Here, the conduc-
tivity was modulated by using visible light (power intensity of
6 pW μm�2) and electrical bias.[46] Due to the detrapping/retrap-
ping of electrons in the interfacial CeO2�x layer positioned next
to the AlOy layer, the band bending of the CeO2�x/AlOy/Al
region could be controlled. Using the ITO/CeO2�x/AlOy/Al
device with light and electrical stimuli, basic Boolean binary log-
ics of reconfigurable AND, OR, and NOT operations were dem-
onstrated.[45] Oxide-based perovskite materials can also be
promising material candidates for optoelectronic neuromorphic
devices because of their decent light-response characteristics.[85]

Bera et al. reported a vertical structure light-switchable memory
device using Wurtzite ZnO on perovskite SrTiO3.

[86] When the
device was applied with UV light (λ¼ 365 nm and power inten-
sity of 2.5mW cm�2), photogenerated, electrons were trapped,
leading to a high conductance state. Also, the PPC behavior
was observed which originated from the slow drifting of the ion-
ized oxygen vacancies. Multilevel data storage was demonstrated
utilizing the multiple resistance states.

Yang et al. reported vertical structure synapse devices using a
BiFeO3/SrRuO3 (BFO/SRO) heterostructure. Here, opposite to
conventional optoelectronic devices, the optical excitation
induced a decrease in electrical conductivity.[72] Because the
as-grown BFO active layer on the SRO bottom electrode was
spontaneously downward polarized, a negative polarization
charge was created near the top BFO surface. This would cause
positively charged oxygen vacancies to move toward the top BFO
surface during the high-temperature deposition process. At the
initial state, these positively charged oxygen vacancies were
compensated for by the electrons in the space-charge region.
However, under light illumination (power intensity of
10mW cm�2), the electrons needed to neutralize the positively
charged oxygen vacancies were driven to the ITO layer, resulting
in widening and increasing of the energy barrier. As a result,
the resistance was increased. On the other hand, when negative
electrical pulses were applied, the electrons migrated to the ITO
layer were injected back to the original state, decreasing the
resistance.

Moreover, Wang et al. reported optoelectronic synapse devices
using an eutectic gallium indium/poly-L-histidine/Au nanorod
stacked structure.[87] Here, it was shown that the nanorod stacked
device could be optically programmed with light having power
intensity of 0.03W cm�2 (λ¼ 500–750 nm), which induced plas-
monic excitation in the device. Hu et al. reported a vertically
structured two-terminal synaptic device using a ZnO1�x/AlOy

heterojunction.[88] Here, the defects in the AlOy layer had the role
of charge trapping, enabling the mimicking of synaptic plasticity.
Particularly, light pulses were used for potentiation and electrical
pulses for depression. With the light illumination, EHPs were
generated, resulting in an increase of conductance. The photo-
generated holes migrated to the interface and were trapped in
the AlOy layer. Subsequently, the removal of the light caused
the holes to be detrapped back to their original states, resulting

in the PPC behavior. For the operation of the device, a light
pulse having power intensity of 0.005–0.0742mW cm�2 and
pulse width of 1 s (interval of with 1 s) was used. Also, an elec-
trical pulse with amplitude of �4 V and width of 10ms was used
(interval of 100 μs).

Ren et al. reported a 5� 5 vertical structure optoelectronic
memristor array using ZnO–phosphorene nanoparticles (ZP
NPs) sandwiched in PMMA.[89] ZnO is well known as an
anion-based switching material forming oxygen vacancy fila-
ments. Here, the phosphorene acted as effective trapping sites.
Under light illumination, photogenerated EHPs are separated at
the heterojunction inside the ZP NPs, and then the photogener-
ated holes are trapped in the NPs acting as a local gate modulat-
ing the conductivity. Here, a light pulse having various
wavelengths (λ¼ 380, 532, and 633 nm), pulse interval of
0.01–1 s, and power intensity of 0.05mW cm�2 was used for
the operation. Also, electrical biases of 1 and 5 V were used
for reading and spiking events, respectively. Jaafar and Kemp
reported optoelectronic nonvolatile memory devices in both pla-
nar (interlocked electrodes) and vertical (island electrodes) struc-
tures using GOs.[90] The device was fabricated having a gap
between the electrodes (50 μm) for planar structure and a circular
electrode with diameter of 400 μm for vertical structure. The con-
duction mechanisms and the operation of the devices were
different for the planar- and vertical-structured devices that
originated from the forming process. For the planar device,
an electrical bias with amplitude of �2 to 2 V was applied.
Also, a light pulse with various wavelengths (λ¼ 625, 525, and
465 nm), light intensity of 44mW cm�2, and pulse width of
60 s (interval of 60 s) was applied to the device while biased with
0.1 V. For the vertical device, an electrical bias of �1 to 1 V was
applied with the light stimuli used identical to those used for the
planar-structured device. Because the vertical structure had a
shorter pathway, it exhibited a higher on/off ratio. In addition,
Ham et al. reported vertically stacked optoelectronic synaptic
devices inspired by dopamine-facilitated synaptic activity, using
an organolead halide perovskite material, CH3NH3PbI3.

[48] In
this work, the mechanism under light stimuli was explained
by the identical direction of the photogenerated electric field
with the external electric field. When light with an intensity of
10mW cm�2 was irradiated on the device, the electric field
was increased due to the photogenerated EHPs, increasing the
total electric field and lowering the formation energy. Using
the CH3NH3PbI3-based synaptic device, an accuracy of 82.7%
was achieved in MNIST pattern recognition after 2000 learning
phases.

As previously mentioned, various materials and vertical struc-
tures have been investigated to realize optoelectronic neuromor-
phic devices. It is considered that by adopting the two-terminal
crossbar structure for a device similar to the electrical memristor
or synapse devices, advantages such as high-density integration
and low-voltage operation could be attained. Although nanoscale
optoelectronic synaptic devices have not been fully demonstrated
yet, supposedly due to the difficulties in obtaining nanoscale
device structures and high power conversion efficiency, further
investigations are still worth conducting to demonstrate the
applicability of optoelectronic neuromorphic devices in high-
density integrated circuits.
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3. All-Optical Neuromorphic Devices

3.1. Phase Change Material (PCM)-Based Memory and
Neuromorphic Devices

As described, all-optical integrated circuits can have advantages
such as high processing speed, parallel processing, high energy
efficiency, and low crosstalk. However, all optical operating
systems have not been much investigated yet due to the
complexity of the device structure and their operations.
Recently, PCM-based all-optical memory devices were demon-
strated, which could be further utilized in neuromorphic
computing. Particularly, PCM-based devices are one of the most
promising candidates for all-optical photonic chips due to their
memorization capability. Here, the optical signal that has a con-
siderable amount of energy can be converted to thermal energy,
which then transforms the crystalline phase of the PCMs.
The changed phase state exhibits different light transmission
properties apart from its original state, which can be used for
nonvolatile memorization function.

Ríos et al. reported a nonvolatile multilevel memory operated
only by optical signals.[91] In this report, Ge2Sb2Te5 (GST) was
utilized as the light absorbing layer, which transforms from crys-
talline to amorphous phase by light. Particularly, when optical
pulses with sufficient energy are irradiated into the GST cell, heat
is generated, which subsequently melts the GST locally. Then,
after quenching, the region becomes an amorphous state (write
process). Afterward, when the GST cell absorbs sufficient energy
for crystallization by a higher power light pulse, it transforms
into the crystalline state as an erase process. Because the crystal-
line GST phase has higher reflectivity, this attenuates the reading
pulse compared to the amorphous phase GST. The reading
pulses have insufficient energy for phase transformation and
interact with the GST, which results in nonvolatile optical

transmission data of “0” and “1,” as digital signals. Because
all the operations were conducted using the light, the device only
consumed �500 ps of time and �480 fJ of energy for the opera-
tion. Furthermore, waveguides were used to deliver the optical
signals into the GST cell for write and erase processes.

Later on, Cheng et al. demonstrated a PCM-based all-optical
memory device to realize a chip-level photonic synapse device.[20]

Here, chalcogenide GST was used for the PCM cells, which was
capped by an ITO layer. The PCM cell had a dimension of
1� 3 μm2, and the whole device was fabricated with a size
of few hundreds of μm2. Here, to improve the controllability
of the electric field of the optical pulses, a taper-structured wave-
guide with multiple discrete PCM cells was used, as shown in
Figure 3a–c. For the optical signals, pulses having width of
50 ns and power of 1W were used, resulting in energy consump-
tion of 243–320 pJ per operation. As shown in Figure 3d, the
transmission change was distinguishable for up to 40 switching
cycles, showing the long-term durability of the switching charac-
teristics. With the device, the STDP plasticity was emulated by
adding an interferometer and a phase modulator (PM). The time
difference of the presynaptic signal and the postsynaptic signal
affected the synapse weight change (Figure 3e). The input
(presynaptic signal) and output (postsynaptic signal) signals
could be divided through a circuit, giving a feedback on the syn-
apses (Figure 3f ). Depending on the spiking time difference
between the input and output signals, the number of pulses over
a certain threshold switching power that were sent to the synapse
was changed (Figure 3g–k).

More recently, Feldmann et al. demonstrated all-optical
multisynapse networks with self-learning capabilities.[92] Here,
four presynapses consisting of GST and waveguides were con-
nected to a neuron. The device was fabricated with a size of
1500 μm�300 μm, and a waveguide having a width of 1.2 μm
was implemented. Each presynapse had a ring resonant

Figure 3. Schematic structures of PCM-based all-optical synapse a) with a single GST island and b) with six discrete GST islands. c) A scanning electron
microscope image of the tapered waveguides and the island-structured PCMs. d) The variations of transmittance (weighting) in multiple switching cycles.
e) A conceptual schematic of the integrated photonic synapse with pre- and postneurons. f ) Operation schematic of the all-optical method for emulating
the STDP behavior. g–k) The emulation of STDP behavior using all-optical synapse devices. (a–k) Reproduced with permission.[20] Copyright 2017,
American Association for the Advancement of Science.
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component to have a wavelength selectivity of the input signal
and a light signal having pulse width of 200 ns was used. The
input signal then could update the transmittance of the PCM,
which corresponded to the synaptic weight. The weight updating
relied on the typical PCM memory storage mechanism. For
example, if the PCM cell was in amorphous phase, the light
transmission was higher, which was regarded as a strong synap-
tic connection. Depending on the integrated signals combined
from the presynapses, the crystalline phase of the neuronal
PCM could be changed, determining whether to generate an out-
put signal. Particularly, the output signal was generated only when
merged input signals had a sufficient energy over a threshold
value, similar to the integrate-and-fire behavior observed in the
biological neural network. Furthermore, a pattern classification
was successfully demonstrated using the all-photonic network.

3.2. Nanocavity-Based Photonic Memories

By adopting a nanocavity structure, confinement of photons is
possible which can be utilized to realize the memory function.
Nanocavities have been widely researched in nanophotonics,
such as lasers, quantum communication, quantum emitters,
and photonic chips.[93–99] Among these applications, an optical
switch and all-optical memory devices utilizing nanocavities have
been reported previously.[100–102] Although currently these devi-
ces are not intended for use in neuromorphic computing, it is
expected that their memorization functions utilizing light can
be, in the near future, used for neuromorphic applications.
Therefore, nanocavity devices are promising candidates in future
optoelectronic neuromorphic devices. In nanocavity devices, the
periodic difference of the dielectric constant can form a photonic
bandgap, which prevents the propagation of photons at a certain
range of frequencies. The photonic bandgap can hold photons
with a resonance by the quantum confinement effect.[103]

Generally, the material’s ability of holding the photons (keeping
resonance) is represented by the Q-factor.[104] For instance, when
the Q-factor is high, the energy loss at the edge of the periodic
structure is low. Silicon has been used for nanocavity devices
because of the vast nanopatterning technology, but recently,
more diverse materials are being studied. Also, the propagating
light can be manipulated by placing defects at the middle of the
cavity array.[105]

Nozaki et al. reported nanocavity structure–based all-optical
memory devices.[106] The nanocavities were fabricated within
an InP substrate, and InGaAsP (for buried heterostructure)
was placed at the middle of the InP for increasing the Q-factor
and heat escaping purpose. A single structure was fabricated with
a size of less than 10 μm2 and the whole device was integrated in
a size of 10mm2. When a high power pump light was applied,
photogenerated carriers distorted the wavelength spectra, where
the degree of distortion increased with the light power.[107] Here,
a light signal having a power intensity of 30 nW was used and the
1 Mbit device operation consumed 100mW per switching.
Kuramochi et al. reported nanocavity structure wavelength-
addressable all optical memory devices.[108] Similar to the study
mentioned earlier, the nanocavities were fabricated within InP,
where InGaAsP was buried in the middle of the cavities. In this
work, bistable cavities that had nonidentical resonance

wavelengths were parallelly placed, sharing a common wave-
guide. When different wavelengths of input signals passed
through the waveguide, they selectively distorted the wavelength
spectra. With the device, 28 bit RAM operation was emulated,
consuming 137 μW of power. Here, a light pulse having pulse
width of 100 ps, energy of 100–270 and 30–70 fJ was used for
writing and reading, respectively, with an electrical bias having
power of 1.6–13 μW.

4. Applications of Optoelectronic Neuromorphic
Devices

4.1. Artificial Visual Systems

Because the optoelectronic synapse devices use light signals as
the input stimuli, mimicking optic nerves and visual systems
has been demonstrated due to their resemblance. Kwon et al.
recently reported an environment-adjustable photonic synapse
circuit.[49] The circuit consists of an ionotronic synaptic transistor
and a photovoltaic divider consisting of a load transistor and a
photosensor (Figure 4a,b). The ionotronic synaptic transistor
is constructed with an amorphous IGZO channel and a Na-
incorporated Al2O3 gate dielectric layer. In this transistor,
synaptic behavior can be emulated using the gate bias spikes
(Vspike), which cause the Na ions to migrate in the layer. As a load
transistor, amorphous IGZO thin-film transistors (TFTs) with low
light-responsivity to visible light was used. Also, for the photosen-
sor, a CdSe layer with high light responsivity was used. For the
light input, light with power intensity of 7.5–43.5mW cm�2 and
pulse width of 0.5 s was used. Also, electrical biases of 1 or 3 V for
drain voltage, 0.2–0.26 V for load voltage, and 2 V for spiking were
used. Figure 4c shows a 3� 3 array of the optoelectronic neuro-
morphic circuits. To emulate the photopic and scotopic adapta-
tions (Figure 4d,e), the load gate voltage can be adjusted to
change the visual threshold depending on the light intensity.
In this way, environment (light intensity)-adaptable visible sys-
tems can be realized (Figure 4f,g).

The human eyes can recognize the patterns of visual informa-
tion as well as colors. Seo et al. reported an artificial optoelec-
tronic synapse device perceiving a mixed colored pattern by
utilizing a h-BN/WSe2 heterostructure (Figure 4h).[26] Red
(λ¼ 655 nm), green (λ¼ 532 nm), and blue (λ¼ 405 nm) light
sources were used with identical power intensity
(6mW cm�2). The input pulse was �0.3–1 V with pulse width
of 10ms. Here, shorter wavelength incident light can trap more
carriers in the weight control layer (h-BN), which then increases
the conductivity of the channel. When the device is stimulated by
high-amplitude pulses, the charge carriers are trapped in the
“slow traps,” which have a slow detrapping time compared to
the “fast traps” (Figure 4i). The applied bias was 0.1 or 1 V
depending on the intended trapping mechanism. As a result,
the device consumed an energy of 66 to 532 fJ per operation.
As each wavelength of light shows a different amount of PSC
change, the synaptic device can classify each of the colors, as
shown in Figure 4j,k. In addition, the device can be used in
the pattern recognition of a color-mixed MNIST dataset, provid-
ing a similar level of accuracy compared to noncolored pattern
recognition.
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4.2. Artificial Motor Nerve Systems

Emulation of artificial biological motor nerves also has been
demonstrated. Recently, Tan et al. reported artificial afferent
nerve systems by combining a pressure sensor and an optoelec-
tronic synaptic device. The pressure sensor was fabricated with

Ti3C2Tx MXene and could generate output signals depending on
the pressure intensity. Particularly, when the pressure sensor is
stimulated, a voltage signal is generated, which is in turn
changed into an optical pulse by an analog-to-digital converter
(ADC) and a light-emitting diode (LED) (Figure 5a,b).[109]

Converted signals are then transmitted through an optical fiber

Figure 5. a) Schematic of a biological sensory system comprising receptors, cell body, neuron, and synapses. b) A schematic structure of the artificial
sensory system for mimicking the biological sensory system. Here, the flexible pressure sensor acts as skin, generating voltage signals when stimulated.
Then, light pulses are generated from the ADC and LED circuit. (a,b) Reproduced with permission.[109] Copyright 2020, Springer Nature. c) A schematic
structure of the sensorimotor system consisting of a synaptic device and a metal actuator. Reproduced with permission.[50] Copyright 2019, Springer
Nature. d) The structure and operation scheme of an optoelectronic sensorimotor synapse. Reproduced with permission.[110] Copyright 2018, American
Association for the Advancement of Science.

Figure 4. a) The configuration and b) circuit diagram of an artificial visual perception system. c) An optical image of the 3� 3 optoelectronic neuro-
morphic circuit array. d) Schematics of the mechanism for photopic and scotopic adaptations. e) Variation of the divided voltage under various light
illumination and loading voltage conditions. Optical images and encoded images obtained from the array under f ) high-intensity light condition and
g) low-intensity light condition. (a–g) Reproduced with permission.[49] Copyright 2019, Wiley-VCH. h) Schematic of an optical nerve system and the
structure of the circuit comprising h-BN/WSe-based synaptic device and photodetector. i) Energy band diagrams showing the trapping/detrapping
mechanisms. j) Excitatory and inhibitory PSC variation and k) the LTP/LTD characteristics under different light illumination. (h–k) Reproduced with
permission.[26] Copyright 2018, Springer Nature.
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to the ITO/ZnO/Nb-doped SrTiO3 (NSTO) optoelectronic syn-
apse device. Due to the ZnO/NSTO interface, the device could
exhibit PPC behavior. As a possible application, the recognition
of handwritten words was demonstrated. Here, a light
source having wavelength of 375 nm, power intensity of
0.65� 0.06mWmm�2, and pulse width of 1ms was used.
Also, the synaptic photomemristor was fabricated with an area
of 100 μm2.

Akbari and Zhuiykov reported artificial neurorobotics consist-
ing of an optical synaptic device and a metal actuator device.[50]

The synaptic device was fabricated with an indium-doped TiO2

photomemristor that exhibits complementary resistive switching
behavior with the light signal. Particularly, pulsed laser light
(λ¼ 530 nm) was applied with a duration of 250ms per pulse
and power intensity of 7–100 μW cm�2. Also, a constant bias
(1.5mV) was applied to the device. As a result, the synaptic device
consumed an energy of 2.41 pJ per event. The photocurrent
generated from the photomemristor is transferred to the metal
actuator, inducing a postoscillation current (Figure 5c). This
work demonstrated that the synaptic device can convert a light
stimulus into electrical and mechanical oscillation signals, which
could be potentially used in optically driven neurorobotics. In
addition, Lee et al. reported optically operated artificial muscles
utilizing a stretchable organic nanowire synaptic transistor, pho-
todetector, and polymer actuator (Figure 5d).[110] Depending on

the input signal spikes, the excitatory postsynaptic current ampli-
tude from the synaptic transistor could be modulated and con-
sequently the displacement of the polymer actuator.

4.3. Pavlov’s Dog Experiment

The most well-known animal behaviorism experiment, the
Pavlov’s dog experiment has been actively investigated using
neuromorphic devices. Recently, Cho et al. reported emulation
of Pavlov’s dog behavior using CdS/ZTO heterostructure–based
optoelectronic synaptic devices (Figure 6a).[51] Figure 6b,c shows
the emulation of “feeding food” and “bell ringing” in Pavlov’s
dog experiment, respectively, using different light stimuli.
Each of the stimuli can induce a PSC variation corresponding
to the type of the stimuli. After conditioning with feeding and
bell ringing stimuli, which were applied to the device simulta-
neously, the bell ringing stimulus could induce a sufficient
PSC change over the threshold value, as shown in Figure 6d.
After extinction, the unconditioned state is restored and the bell
ringing could not generate a sufficient PSC over the threshold
value (Figure 6f ). Similarly, Kumar et al. reported the Pavlov’s
dog experiment by using ZnO/Ag nanowire–based flexible
optoelectronic synaptic devices.[111] In this experiment, a light
pulse having power intensity of 4mW cm�2 and pulse width
of 1 s was used. The device consumed an energy of �4 μJ per

Figure 6. a) Schematics showing the concept of Pavlov’s dog experiment using the neuromorphic devices and the device structure of a CdS/ZTO-based
optoelectronic synaptic device. Here, the optical and electrical stimuli correspond to the conditioned (bell ringing) and unconditioned (food feeding)
stimuli, respectively. b–f ) The emulation of Pavlov’s dog experiment using various combinations of light stimuli. (a–f ) Reproduced with permission.[51]

Copyright 2019, Elsevier B.V. g) The structure of a BP-based synapse device and a multineural system using two different light sources. h) The PSC
variation depending on the time difference between two light inputs. i) The PSC variation under a single and a pair of light stimuli with a time difference.
j) Schematic of the device layout to emulate the STDP behavior. k) The PSC variation depending on the time difference of pre-/postsynaptic pulses.
(g–k) Reproduced with permission.[112] Copyright 2019, Wiley-VCH. l) The PSC variations under voltage and optical pulses that correspond to bell ringing
and feeding food, respectively. m) The demonstration of Pavlov’s dog experiment. (l,m) Reproduced with permission.[113] Copyright 2018, Wiley-VCH.
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single spike. Because the device was fabricated with a relatively
large dimension (�0.6 cm2), a considerably high energy was
required for the operation, and it is expected that downscaling
of the device size could reduce the energy consumption. Also,
Ahmed et al. reported the Pavlov’s dog experiment using BP
and native phosphorus oxide (POx)-based optoelectronic synaptic
devices.[112] The device was fabricated with a dimension of
9.2� 1.1 μm2. Here, depending on the spiking time difference,
a PSC change could be induced, emulating the STDP character-
istics (Figure 6g–i). Also, by varying the spiking time, linear vari-
ation of PSC was observed, as shown in Figure 6j,k. Here, a light
pulse having pulse width of 100ms and power intensity of
3–10mWcm�2 was applied, at an applied bias of 10mW. The
device consumed energy of 3.5 pJ and 9.24� 102pJ for optical
and electrical synaptic activity, respectively. The combination of
optical and electrical pulses could also be used to conduct the
Pavlov’s dog experiment. John et al. reported optoelectronic arti-
ficial synaptic devices using an ion-gel-gated MoS2 channel.[113]

In the Pavlov’s dog experiment, the electrical pulse is used as
the bell ringing stimulation and the optical pulse as the feeding
(Figure 6l). An electrical pulse with pulse width of 16ms and
amplitude of 2 V was applied at the back gate. For the light pulse,
pulse width of 10 s and power intensity of 5.25mW mm�2 was
used with 1 V of drain bias. The device showed relatively high
power consumption of 52.5mJ cm�2 per event compared to
the electrically operating mode (3 nJ per event). After repetitive
training with these stimuli, only the bell ringing could evoke sali-
vation behavior, as shown in Figure 6m.

5. Conclusion

In this review, we have discussed recently reported optoelec-
tronic and all-optical neuromorphic devices which could be
potentially used in artificial neuromorphic systems. In particular,
we reviewed their device structures, constituting materials, oper-
ation mechanisms as well as the possible applications. To achieve
photonics-based neuromorphic systems, aforementioned devices
have been developed, partially realizing the emulation of impor-
tant synaptic and neural behaviors of the human brain. Also,
many interesting and prospective demonstrations of photonics-
based neuromorphic devices have been achieved, such as
artificial vision systems, motor systems, and emulation of the
Pavlov’s dog experiment. Beyond these outstanding and
significant demonstrations, there still remain significant chal-
lenges to fully realize photonics-based neuromorphic systems.
Particularly, a high-density chip-level array should be developed
to demonstrate the feasibility of photonic neuromorphic systems.
Also, the integration of light sources and enhancing the energy
efficiency in photoelectric conversion should be further devel-
oped. Nevertheless, the review reported here implies that the
photonics-based neuromorphic systems hold great promise in
achieving highly energy-efficient and high-speed computing
systems mimicking the functionality of the human brain.
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