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Fig. 1. Overview of advances in optoelectronic neuromorphic devices .
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Fig. 2. (a) Schematic illustration of the structure of biological neurons and synapses; (b) membrane potential of biological neurons

with different neurotransmitter signals, where the black, red and blue curves denote the neuronal action potential, excitatory post-

synaptic potential, and inhibitory post-synaptic potential respectively*™.
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Fig. 3. Optoelectronic cooperative synaptic devices based on memristor: (a) Structural illustration of memristive device based on
ITO/ZnO,_,/AlO,/Al, and the corresponding transmission electron microscope (TEM) image 27; (b) photonic potentiation and elec-
trical depression of stimulated pulses-dependent EPSC"; (c) structural illustration of planar memristor based on MAPbI;?¥); (d) sche-
matic illustration for illustrating how the light inhibits the formation (upper) and accelerates the annihilation (down) of iodine-re-
lated vacancies®; (¢) LTP and LTD behaviors of planar memristor based on MAPbI; under dark condition and upon illumination
with a visible light at a power output of 1.29 pW/em?, respectively®®; (f) structural illustration of MAPbI;-based vertical memristor(*”);
(g) schematic illustration of the working mechanism of MAPbI;-based vertical memristor under light illumination®; (h) depen-
dence of electrical potentiation and depression of MAPbIs-based vertical memristor on electrical pulses under dark and light illumina-
tion conditions®”); (i) structural illustration of InAs quantum dots (QDs)-based optoelectronic memristor®; (j) photonic potenti-

ation and depression of the conductance of InAs QDs-based optoelectronic memristor with the assistance of voltagel®?].
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Fig. 4. All-optical synaptic devices based on memristor: (a) Working mode of all-optically controlled memristor based on IGZOP;

(b) reversible regulation characteristics of conductance (upper) and cycle stability (down) % (c) retention characteristics of mem-
conductance states after optical SET (upper) and optical RESET (down) operations®); visible light-induced LTP (d) and UV light-

induced LTD (e) of the Ag-TiO, nanocomposite-based memristor/®4.
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Fig. 5. Optoelectronic cooperative synaptic transistors: (a) Schematic illustration of the structure of MoSe,/BiySes-based phototran-
sistor!; (b) dependence of the change of post-synaptic current on the time after continuously stimulating with the photonic pulses
at the light intensity of 0.15 mW /cm? (i) and 1.65 mW /cm? (ii) BY; (c) photonic potentiation and electrical depression of the con-
ductance of MoSe,/BisSes-based phototransistor®!l; (d) output characteristic curve of the Gr-PQDs-based phototransistor under
dark condition and 440 nm light illustration, where the phototransistor structure, as seen in the inset, is also given herel?; (e) sche-
matic illustration of the energy band diagram for Gr-PQDs-based phototransistor under consideration of photoexcitation (i) and
photogating effect (ii), where the VB and CB denote valence band and conduction band, respectively®?; (f) LTP and LTD behaviors

of Gr-PQDs-based phototransistor under optoelectronic cooperation2.
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Fig. 6. All-optically controlled synaptic transistors: (a) Schematic illustration of the structure of fully light-controlled optoelectronic
transistor based on BPP; (b), (c) optoelectronic response of BP-based optoelectronic transistor upon stimulation with 280 nm (b)
and 365 nm (c) light pulses®); (d) LTP and LTD behaviors of BP-based optoelectronic transistor upon stimulation with 280 nm
and 365 nm light pulses®; (e) schematic illustration of the structure of Pyr-GDY/Gr/PbS-QDs-based optoelectronic transistor®!;
(f) mechanistic illustration for the bandgap change of Pyr-GDY /Gr/PbS-QD-based optoelectronic transistor upon illumination with
the light wavelengths of 450 nm (left) and 980 nm (right) #¥; (g) LTP and LTD behaviors of the Pyr-GDY/Gr/PbS-QD-based op-

toelectronic transistor4.
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Fig. 7. (a) Structural illustration of synaptic device based on Biy0,Se/Gr heterojunction™; (b) mechanism illustration for the
bandgap change of this BiyO,Se/Gr-based synaptic device upon illumination with red (i) and UV light (ii), along with the corres-
ponding post-synaptic current (c) as well as LTP and LTD behaviors (d) stimulated by the same red and UV light [%; (e) schematic
illustration of the structure of artificial synapse based on Gr/MoS, heterostructure and the scanning electron microscope (SEM) image
of a phototransistor (inset) *”); (f) working mechanistic principle and the corresponding bandgap illustration for this artificial syn-
apse based on Gr/MoS, heterostructure at (i) separation state and (ii) contact state with TENGP; (g) dependence of the variation
of Vrgne value on the displacement, together with the equivalent circuit illustration for Vigyg output (inset) l; (h) current depres-

sion and potentiation of the artificial synapse based on Gr/MoS, heterojunction/*".
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Fig. 8. Schematic illustration of the structure of photoelectric neuron based on GaAs!*?.
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Fig. 9. Optoelectronic neuron devices: (a) TEM image of silicon-based optoelectronic neuron; (b) optoelectronic response of neur-

on under light ON and light OFF3; (c) optoelectronic response of neuron upon stimulation with different light intensity®?); (d) struc-

tural illustration for artificial visual neuron composed of IGZO,-based UV sensor and NbO,-based oscillator!*!; (e) working mode of

artificial visual neuron under different light illumination*!; (f) four different firing behaviors of artificial visual neuron in dark and

upon stimulation with different wavelength UV light!*!l.
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Fig. 10. Optoelectronic neuromorphic devices for artificial vision system: (a) Artificial vision system integrated by image sensor
based on In,O; and resistive random access memory based on Al,O4™); (b) artificial visual system having the functions of light and
dark adaptation®; (c) h-BN/WSe, heterojunction-based optoelectronic synaptic device with the function of color recognition!'?; (d) sche-
matic illustration for ORRAM structure based on Pd/MoO,/ITO, in which the inset shows the SEM image of the cross section of
the devicel®; (e) artificial vision system constructed by ORRAM array®; (f) schematic illustration of photodiode based on two-di-

mensional (2 D) WSe, materials!'’); (g) applications of 2D WSe,-based photodiode for classifier and autoencoder!!7.

N FIFH ORRAM R4 SEBE T EIR ) 25 W R 3 5
XF B S A R B, JfE i N T A2 45 BAIE T
UG AL BRI, 18] 10(e) B/R 73T ORRAM [
A1) 1 P T A 3R 5 A T T RS R A N T
WL ZERE IR A, 5T N D 7R S TSR0 1ok i

TZRRA 52T IGZO BGH SR rh L sl 7RISR
X E R 3 i 5 25 R 26 T4k B I B (7484, Wia 2 19
BT B SR R B IS B S G BT R AL
il T — At Wb BT, SEIL T B PR R
M AR EUR A TR B, Wang 55 B0 BT Z4Ef

148505-15


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 148505

kU FC 30 S B gl i A 1 AR e i BE AT O A
PER Mg 14, ST B RUERESC L T R AL 21

EUE AL B 5 1 G A T Zead e Ab PRI /R, LA
SCHLEIMR 32 IR B m R RE. H T EIS S &k
RS TR B2 S A N T 22 I £ S B
LM IS A — S E Ny R A T
TR N T R 2% AR v PR G A FEASOR
Y S M eSS AR TR 22 R 28 ) LA BA ST A
ARICE 3 TR IRA T SR S AR T T R, H
AR 14016 FE 28 i #8232 2 0 FH e 5 el g
SN T 25 ) 285 v oACEE B ST, DSBS 2T T
AE. 1140, Pradhan %5 B2 A1 FH Ot o i R A0 5 fisk & 4
R T PR L T IE MR L= 2
SEPL T AR BITIAE. AN, WA K2: Ham [#1 A 57
TE 2020 4FHRIE T —FhEEF 4 MoS, B KB
HL AR R RS, TR T R AL 3 5 e A 3. T
LU RS AL S A B R 2 R 4%, S T % MNIST F
GERECF R, HERRSRIE 94%. [FIAFE, 4ty Tl
K2 Mueller 1 BA 071 45 2020 4E 145 T 5L T — 4
WSe, MG RS RS, W&l 10(f) Fis. 1z0tH
R A 4 A R R D G N T AR 3 T
VAR e 0 R AL I LARLAE R 2 A R, A A
TR M2, SEELT PLEAE B A SR 5 1]
AT TR E BB, B 10(g) AR T T
ZOGCHL RS P PR N T A2 2%, BRI 2 ds
5 Agntthds. BT N T2 M ZE ARG B2
5 T 55 5 TR A %) D 28 A S R Az 0

52 ANIBHEIZR%S

BROLGE RGN, NARIRATAETE W | W5 LA
LSRRG, AR RO R 2B S AR
N TR GETT 32 B2 0. Bl RFER

Dijken FIBA B 7E 2020 453 TR & |

B He 4% (analog-to-digital converter, ADC),
KM (light emitting diode, LED) 5%
MmN T R 48, WKl 11(a) 7R,
Horp, F AR IR ATARYE e 28k ™ AR AN [R]RE
LRSS, BRGS0 i AR E 40 4% (analog-
to-digital converter, ADC) J5/EH T &t W4,
DR e 5 S5 5 8Os . UESEHTI6H
ST, T 4 58 Al A . T I N T ik i
R, TSI TS FREG] . 7R - X
AN IS i 38 T —Fh 2 B AE B N T R 4e.

RGN PG B SOGH AE A B, ST
B B T L L BRE FTBR G (5 S 1 AL B AL
FHN 12,

B iRz Ak, 2R Cho FATBA B9 7E 2021 4
Wit T —Fi G S U2 Sl A AR L N
T2 TCH B AL a8 T PIr sy N TR R 4
WE 11(b) iR, % FR S0 DARIESNE IG5 5 ek
A F R RN TR, 5E 482 o, Mix Rk
RSN, e — A SR s S5 A
B, IEH TRl RS, 52 mls 5 4 5k
AN T2 T BB B 5 St S T YR,
FEXTHLAE & 484, S8 AERN SIE. tEAh, Karba-
laei Akbari 55 PO 38 2l 6Ot H 5 fil #5445 3K 20 2540
iy, BEDERIBOE M SIEST R, Zha 45 P 1T
T—Fh &AL, i R AR IR & e B
SACBHAS N T2l & AR, IVERHE G Sl
WU, 75 & P2 AR S EAT . Wan 25 9255 H 450
i 5 R R IR I S SRR, IR T
SRR BT AW i RS R TR

5.3 MAESITE
5.3.1 dEEMAF )

AW R AT L SE 3 AS W R AR TR s R Ak
AT, XA R T A &
— M ges 21 Tine. &R IR T R 4k R
3, RPFRIBAR 22 2] HIAR 2= 5 . Horp R AR 22 2]
AEYARTT Y A 3R 25 SiE NN —, A
T BN P55 HLAR S 1 22 [R] ] BRI (3,
X T A A M, JRIAR A 2 S 3R RPN
R A8 s v IR Fndgfl. I 1Rk 48 A= iAot e
A2l I F18) TG 3 SR I 2 D 5 AT oA 4L AL
AR A= P AT B 52 0 A R g 1 i )
1720 1931, AR K2 Guo I 99 7E 2018 4E356EF
MoS, il & ' HIZBEARSE L 1 AR 22 > R g 2]
WAL SEUE T AL WKl 12(a) P, #-E-8 V
FEL UK ORISR T L RS Tk /), B4 AE A AR TC 3
BRIt T R TR, g
WA, B A AR T N . A R v ) 45 UK
2w W TEAZ B B B F R, #EABURIRE, DA
MRk A R . 1)1 ES K% Kumar 467
TE 2019 4FFF R T—FPET ZnO AR %
AT FEA FOCAF TR AR TR, IR

148505-16


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 148505

ZHGESG, BT M TR Zn0 40K, CeO, 7, TiO/Gay04%, Azo-Au
BOBHE, SR EAE (alodynia) ALLHE (hyperal-  AWKITEL SFEO BB 21230 T %
gesia) 730, WAL 12(b) . MESh, BRSO ERT (A0 T B oo AR AR T 170,

/(@

Pressures ADC & LED Light pulses PSC \

8y =

5, MXene L TI
E-skin- 4 W

Photon
1—0

Voltage OE-synapse
N ” Mxene & r:T ITO 'NSTO/
(b)
Sensory a\ (x .
Before learning .
T / \ ncuron {; N %ng o N Light on
—A\_ \ \[ neuu)n/ /qu\\\ <
/ \: - _\_;. /2 : \ g
-TO g ‘ ) 4 (_,b_‘)b —
) ,\;\ . 5 Time/s
\ 1
After learning0 Light on
@ 3
Sy g
Es o0
=) n

Muscle

Postsynapti
current

11 SRS EENTERM RGP (a) B EEEES 500 R AR A N A2 ARG (b) ot~
R fih it PA A LA T AL £ R Y 42 ) AR 5 )

Fig. 11. Optoelectronic neuromorphic devices for artificial sensing system: (a) Artificial system composed of pressure sensors and op-

toelectronic synapses’®; (b) control system composed of photodiodes, synaptic transistors and robotic arms/®.
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Fig. 12. Nonassociative learning based on optoelectronic neuromorphic devices: (a) Simulation of habituation and sensitization beha-

viors using the MoS,-based optoelectronic memristor®; (b) simulation of sensitization behavior using the ZnO-based optoelectronic
devicel™.
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Fig. 13. Associative learning based on optoelectronic neuromorphic devices. Paplov's experiment realized by optoelectronic co-stimu-

lation/"! (a) and by all-optical stimulation™? (b).
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Fig. 14. STDP learning rules based on optoelectronic neuromorphic devices: (a) Four STDP learning rules based on ReSe2/h-BN/Gr
phototransistors*?; (b) STDP learning rules based on all-optically controlled memristor/®.
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SPECIAL TOPIC—Physical electronics for brain-inspired computing

Optoelectronic neuromorphic devices and their applications”
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Abstract

Conventional computers based on the von Neumann architecture are inefficient in parallel computing and
self-adaptive learning, and therefore cannot meet the rapid development of information technology that needs
efficient and high-speed computing. Owing to the unique advantages such as high parallelism and ultralow
power consumption, bioinspired neuromorphic computing can have the capability of breaking through the
bottlenecks of conventional computers and is now considered as an ideal option to realize the next-generation
artificial intelligence. As the hardware carriers that allow the implementing of neuromorphic computing,
neuromorphic devices are very critical in building neuromorphic chips. Meanwhile, the development of human
visual systems and optogenetics also provides a new insight into how to study neuromorphic devices. The
emerging optoelectronic neuromorphic devices feature the unique advantages of photonics and electronics,
showing great potential in the neuromorphic computing field and attracting more and more attention of the
scientists. In view of these, the main purpose of this review is to disclose the recent research advances in
optoelectronic neuromorphic devices and the prospects of their practical applications. We first review the
artificial optoelectronic synapses and neurons, including device structural features, working mechanisms, and
neuromorphic simulation functions. Then, we introduce the applications of optoelectronic neuromorphic devices
particularly suitable for the fields including artificial vision systems, artificial perception systems, and
neuromorphic computing. Finally, we summarize the challenges to the optoelectronic neuromorphic devices,

which we are facing now, and present some perspectives about their development directions in the future.

Keywords: optoelectronic neuromorphic devices, optoelectronic synapse, optoelectronic neuron, neuromorphic

computing
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