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Recent Progressin Optoelectronic Artificial Synapse Devices
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Abstract: For the conventional von Neumann based vision systems, the sensing, memory, and processing units are
separated. Shuttling of redundant data between separated image sensing, memory, and processing units causes a high
latency and energy consumption. To break these limitations, the next-generation neuromorphic visual systems, which
integrate light information sensing, memory, and processing, can reduce the data transfer, thus improving their time
and energy efficiencies. As the basis of the hardware-implementing of neuromorphic visual systems, optoelectronic
artificial synapse devices have been extensively investigated in recent years. By integrating the functions of synaptic
devices and light-sensing elements, the optoelectronic artificial synapse devices pave the way for constructing new
neuromorphic vision systems with low latency, high energy efficiency and good reliability. Many materials are widely

utilized for optoelectronic artificial synapse devices, and operation mechanisms of the present optoelectronic artificial
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synapse devices mainly include the ionization and dissociation of oxygen vacancy, the trapping/detrapping of

photogenerated carriers, the light-induced phase change, and the interaction between light and ferroelectric materials.

In this short review, the recent progresses in optoelectronic artificial synapse devices are introduced from the

perspectives of their operation mechanisms. Besides, advantages and challenges of the devices are analyzed from the

view of operation mechanisms. Finally, the advanced prospect and research aspect of optoelectronic artificial synapse

devices are outlined for the application.

Key words: optoelectronic artificial synapse; oxygen vacancy; photo-generated carrier; light-induced phase change;

light-induced ferroelectric polarization reversal; review
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Fig. 1 Research based on the operation mechanism of ionization and dissociation of oxygen vacancy

(a) Device structure, optical microscope image of an IGZO-based photonic neuromorphic device; (b) Current decaying characteristics of IGZO, ISO,
ISZO, and 1ZO films (from top to bottom) after pulsed UV exposure; (c) Relationship between the activation energy and the relaxation time constant
for various amorphous oxide semiconductors; (d) Typical photoinduced current generation and decaying characteristics of IGZO semiconductor upon
UV-light exposure?'); () Artificial neuromorphic system for eyesight simulation based on SnO,/IGZO; (f) Current variation and decay of IGZO,
SnO,/IGZO devices after 450 nm-light pulse stimulus; (g) Schematic process of the selective memory for the moth and dragonfly image with the
time (left panel), and the selective amnesia and memory processes achieved by utilizing 9 positive and negative Vgs pulses®”!
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Fig. 2 Research based on operation mechanism of trapping/detrapping of photogenerated carriers
(a) Schematic of emulating a biological synapse by using a synaptic transistor based on the hybrid structure of Si NM and MAPbI;; (b) EPSC of a
synaptic transistor triggered by an optical spike; (¢) Dependence of the PPF index (defined as A;/A;) on At; (d) Dependence of the maximum EPSC
triggered by 30 optical spikes on the backgate voltage; (¢) EPSC triggered by 30 optical spikes at various backgate voltages™; (f) Schematic
illustration of the CsPbBr; quantum dots-based synapse devices; (g) Schematic energy diagram of the device during light programming operation and
during electrical erasing operation under dark condition; (h) Transient characteristic of the synaptic device after light programming operation with
fixed light intensity and wavelength varied from 365 to 660 nm; (i) Long-term potentiation (bottom panel) and long-term depressing (top panel) of
the CsPbBr; quantum dots-based synapse devices under different light illumination!®!
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Fig. 3 Research based on the operation mechanism of the light-induced phase change
(a) Schematic of the all-optical memory device based on GST; (b) Optical transmission data of the waveguide are encoded by switching between
crystalline and amorphous phases GST; (c) Multiple repetitions of the same switching cycle™; (d) Schematic illustration of the neuromorphic
devices based on VO, film; (e) |presponse to UV irradiation at different durations; (f) Relationship between Alp and incident UV dose;
(g) Realization of neuromorphic preprocessing function to achieve image noise reduction utilizing the sensor array, with the system being spatially
divided into a convolution kernel array part for visual information preprocessing and an ANN part for image recognition; (h) Recognition accuracy

with and without neuromorphic preprocessing

1. Colorful figures are available on website



Ham

M8, & 6 N ol 7t it 383

4 EHREBEHEEEH

B BAT B R BRI AL — SRR, Ck
J 2 B TR B RMEAERE S, m A i BB A R
SRl LR N S iR L S R NS K e
BB S Y. N St AR RS

0 )k B T 1 RE, Bk BRDRHB T B T e
AT —fon] DU I K o i 37 R U 42 Bk B AR 1
2 AL BRA PSS oA & 45 B F 7T 3 B v
TR N Lol g7 PO, EAR Bk R b S B — i
A i 0 37 R SR, H I BOR 2 Wi FE AR W
BUBR. 73+ 2715 2% AR S 5 3 35 m] LSO B FEL AR
Y% (g T B2, S A 4% T B A 4 S T
BROEARIN 2 B SRR O TR RE . A ELER
M5, e N —MAERM N HE T, —H&
S RVE, LRI FUR R B U5 5 T PR O Bk
HLS A% (A T B SR s, BiE S
AT BL R K B AR 0T o B VT 9 R, B2 D) 4 o

180°

After electric writing
© Laser light source

Photodetector

SRO—
STO

PFM phase

Light source

ON
Light Voltage

-

um] 1111 S ' (
7 0 » ! X 0° LRS

After illumination

- 4 ) 4 v J Pl 4 l l
_ - of 000000000 0
v v v v v v - v v

JEM B AT, Bk ADRIE O H TR A () R
A e B30k v W A S R R )L AT S ek B AR

;‘Lr# ‘Iﬁ [46-47]%; s

H AT, J6E s ek A s 8% T 90 32 B
Ho —RETHRFBHU, BRHEMEE IR
SF, JREEE S A R E BRI, 2 S E
B AR R S BRI, SR T X AR 2R A 0k
B AL VI3 A R AR 1, S — K T A I
PEHLEE, Sen] DL Re A 5 BT 2 18] BRI P AR dE
PR T, SEECERCRRE R R R, X
Tl A5 A3 4 45 B AT . Long 2814 FH 2k v 3 5 1y
TR AR B A7 AE (1) R B L3 DL G AR A R, 76 R S
BT B AL B A (B 4(a)), TR DI H R 45
PR S A8 0 4(b)). Li ZPIE 2 2 =Bk S
B F L) S SR A R ORI T R R AL I L R
(K 4(c, d)). 58k e 5 B B2 B OIS 3 2k B AR
R B, 4R Rk B S R 45 T AR R BRI
BT O e B, WOLIIREEFLE 1 mW/em®
BN Luo Z TR ] — 4E ARk L R 25 1)
HEE A S et & TR T MR Rk

(b) hv
180° o t HRS

Light off Light on

After UV illumination

-
o

®

In dark
180°

—180°
0.15/(® Optical LTR , _Electrical LTD
I o 305

E‘ 0.10 5pus
B
5 0.05-
© 100 ms

g e .30| s Lo

02 468101214161820
Pulse number

B4 BT 5Bk RO AR I wE7E T A

Fig. 4 Research based on the interaction between light and ferroelectric materials
(a) PFM phase-maps (30 pmx=30 pm) of BaTiO; film, with Ppown and Pyp regions being written by applying voltage to the tip of =8 or +8 V,
respectively, but after illumination (blue laser, 10 min) Pyp domains being switched back; (b) Low-resistance state (LRS) to high-resistance state
(HRS) switching promoted by optically induced polarization reversal*¥; (c) Sketch of the experiment geometry; (d) PEM phase images acquired in
the dark before and after UV illumination, showing the MoS, flake boundary by the dashed lines'*’); (¢) Schematic configuration of the device and
the mechanism behind the optically and electrically tunable channel conductance; (f) Long-term optical potentiation and electrical depression in the

WS,/ PZT optoelectronic synapses

[45]
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Fig. 5 Research based on the interaction between light and MoS,/BaTiO; ferroelectric materials

[50]

(a) Schematic illustration of optoelectronic synapses based on MoS,/BaTiOs; (b) Non-volatile multi-level conductance switching under optical
excitation and electrical excitation; (c) Summary of the On/Off ratio and retention time for various optoelectronic synapses reported previously;
(d) PEM phase diagrams of the MoS,/ BaTiO; heterostructure as a function of the light exposure time; (e) Preprocess of the image noise reduction

utilizing the sensor array; (f) Comparisons of the recognition accuracy of the pre-prepared images
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