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WE MEWSHE KRETE) UHAENFY ., §ATHEMRARFER, HAARRFEFE
RS - 15K 2 (von Neumann) HFM 77 ik 2 —. LAMEW AT AN EZ M RET L BN EN X
AT ANMER BN RFHERMBHFZE AKX RRRNMERMEN, EECNERES RF
. EE.FEFERTHEREAE EERANI K. LFkK, LATIAMERREF, FHFDL A
ZRBBEM, AMERBBEHNLETRTFNE SHERBEHT =, ETRNEEE % L EZIE
B, KER ., RO R EREFE, DTUIEENARFERERNMETA. KEWER
B EAETLRERNATHEN GO A, FEH A RAFUEPRDENHEN ST ENL
B AXEZENAT REMERMEMFEAREREMERT, BT EE LIt e E R A2 (o
WELA, HRET A BN E R BT AE.
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HATA e s 2, Ca it 7 p M S s oA R ). SR, BiE B 25 BRI H
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ENF ]S BRI 1R S BRARAEAE 0100 BRI, AU A ab B 7 X, M R B A ST ThRER
LAV, R <G RS, KT R AN R g — B4

AiH ~10M DM TORT ~ 104N Sl BR 7). #0428 70 2 Nl DhRE A B G, 1 SR p 48
BTG S ARG B M E T, RITEY - WK ST BB vk 9], s i &
M A& 8 A T8 (complementary metal oxide semiconductor, CMOS) # & H % IR 14 7
12 61 B T fb D e, 2 AT Je B B 2RV H B SE ISR, HIXPF T SR 2 ER . fe
Form, HAIR KM R RYE. BRI, 4% AT AZEARAEFE T B R Al D RE i & S Al 284, E P02 R A 2541
OISR A o] B BRI SRR SR AT, B NS N B R SR S

FER YA RGN A TR RS S GhTERAL) HEATE BALE, BFFN 6 R 3%
APF 1) R 0 o 28 SR R, =i A DL7~200 | i i {2 BEL A (21~ 24] R 1 5 125270 S R A
T HLR AN SR A A A IX PR EE TN T ORI R A g A R T A B ROR, 5T
RIUREE R, SR, 758 — e — 5 AR AUA 1 P R 2 DX 2% PR A A7 52 B BR 1), T R HH 30 ™ B
[0 0 3R 1 1y 2 451 2R A5 LI i AL 1281

AR, 5INGHE G H AR TRAMER AT, 328 S 1 8 SR A 28 AR AP 90 Ak 1) — AN 9 i (290 3]
H AT~ I, JErEm e I fil 8% 1 b 5 B 3 R (1) ME VRIS NG 5, (2) 7B N F i)k i 4 B i
T B 03U (3) ARy S 45 5 3233, RER MR, fEIRIE 4R 2 H00 H i & R Al 2844,
SR RAE 7RIS 5. — U7 T, FER MK N B A AR N OV L L il T L AR ER AR (KT
FEFITCHIBH LS (vesistance-capacitance, RC) EIRPLH. 55— 75, 6] XS 78 55 76 FEl A 1) 5% ik S 31
42 )5 (global) W% B4t HA YGEHE 2248 7R X RF 8 S 88 4 520538 (local) AT ) B5). f
HEAY S, X CRITEO SOSAE AR R G AR B EERMER], A3 70% PRI BOoRIE T
i, 136,371 R 7 S 5 A 10 s Eb o 20 R fi 28 P e g T2 1) N R D PR RS AD B o . S ok, ARSC R
7 H AT HRIE 1 B A AR RGOS AR 22 S Al 2547, X FURFAEYE R EAT /41, 42 B AL kAT
K, R HERN, RERERSFERKRE.

2 JLERMZRMIRRIEAR R

2.1 RREE/HIE

EAEYIMAE RGN, K2 A FE T AL 05 B E . Kb b R AR (—MPETi
AR TS (53— MEITHIN REAA) DL EATTZ 8] B S A (R BR AL, A 1(a) B8] iR,
I B E AL T AR AT, FEH R S I IE T, KR Ca?t TN A fid S B ) R f
(B BRI A 2 5. PR ot 5 R G Z AR R B 45 &, Sl 155 FliE T . W AEE & 1
(1 Nat 8 K*) {3 5 il J 4t B g ) s A, RRSLE R G M6, R, S @ERE 7 (W1 C17) 5l
R fih Ji 1 L P e B A A, DU Sy 5 fl 5 0 1) 139400 3 g P SR fd R 401 o 1 5 Ml 2 10 R A b~ 17 44
BT I AR X 48 Thig 141

G HL A2 TR fab 25 A R R A G M AR R+ 2 A0k 6 1 = (M) #8408, /W (B/F) Bk
Xof VL ARG / JE B, Sk ] B AEVE F T S Al B FRAL, T FEAR B R ARt 2 5 3 E R
TIAH S T2 h)5n, Wil 1(b) Fras. Sl SRes 51 RE A RE AL T 0 3G s AN PRI, AT =42 0%
7y M9l J5 HLYAL (excitatory postsynaptic current, EPSC) Bl 14 5 /i j5 HLIA (inhibitory postsynaptic
current, IPSC).
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| — ; Insulator
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Nucleus . o Post-spike

B 1 (MEHERE) (a) EYRMREE P (b) i/ SR REE
Figure 1 (Color online) (a) Schematics of a biological synapse [38] @Copyright 2016 WILEY-VCH Verlag GmbH & Co.
KGaA; (b) Schematics of artificial synaptic devices with 2 terminals or 3 terminals

EMARGH, METTIIERIEEFARMELE (synaptic strength/weight). Zfillf5 HL (post-
synaptic current, PSC) HI RN A B e . 8 AN RS 1 PSC 530 1 BIAF SR AR
AEG, AT LAH R 4e SO B R iR, PSCBERS 8] 3298 7] LA Kohlrausch $7{H ¥ 2R 4L (stretched-

exponential function) BE{THL A (2242

I = Iyexp [— (i)ﬁ
Hrp Iy RARATA T, 7 RRHEIERIN E], 5 AR (BUETEE 0~1), T RRERER I HTUK
o EWIRAE PSC BRI SIS 1A RS R T AS R 1431 516 ORI RAE ik 58 B4 8+ =
b B9 S 2 S 2 AF I PSC AT LI G R[] Ol BB BE S SR b AT IR X T i A B
HURIZE A, L PSC I REZ B F I | IR AR R R S [ 2 48] 45 s 1 S ol R ph 4 R ik 2
PR R A S BRI H W — B0, BT ORI, PSC B IN fe 28 2 T A (49,

2.2 ZIfhATEAME

SR AR FEL AR AT 7 SRR, T AR S RARHT 5N TORTE AT R 0 R, IR RR Dy Sk ) ]
IR 150,51 S fi ] BB AR WA 22 R ik ) — TOUER EEARRAE, R AN STICIZ AR A, R 2
() fid ] BB A A4 22 RAMAE FEAT (5 B AL BRI R I HH & FPAS[R] ) D g 521,

o HERR 2 18] 1 22 03], S ik v S8 14 38 3 0] 0 R RE AT B (short-term plasticity, STP) FIHKFER]
IBPE (long-term plasticity, LTP) 9354 X AEW) R40MM0 5, FFE AT 105 ) O & A R 3L 811, R
kRS B D A R ) S T AR T A DU A T e PR Rk P IR R B 1 B R S A, A
2R AT [] L 2 7K A AR A, (55561 5 v i #8541 i i A S SRogh 2 R DY ki VA N A5 5 S B R i
RIS PRSI, T TR A 4R LA BB I S Ak T BB, DA R S5 EAZ AR DR I R i S B (learning rule).

2.2.1 JEIEREEM

XK 251k (paired-pulse facilitation, PPF) AR IR — P E BRI, AR T A A PER
T A0 A R i, i A 8 A SR A R Y5 | 2 1) SR M J5 e IR 38 5 1) — B R (19, 57~001 - 7 A i 22 2
girh, PPF E A FI ARG 18] 43 945 8. (AR T 5645 5) iR #E3E EEAE A (17:19.51,59.611 5] 3(a)
S5 T AR e By AN B T 23 B N ) )RR B AR IR RR /N, PSC R SR AR LR . 53 4h,
oIt SR B [ 18t 2 5] A X P B S AR BE B35 UL PPF #8480 (A2/ A1) BRI R PSC 1Y 25 IS4,
" R IS T T o PR 4 50 1 708 X0 i i e 2

+ I, (1)
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2 (MERKE) () —METAEHESEERAENRMIBEN APSC BEXMERKEIE; (b) ZAEE
RANXBSEEEN AIPSC # AEPSC xtRiodirErtEAKREM Y (c) £F pn GRIFNEUIERAKE
B ESAESHER) EPSC SHRMRBERKEE 45 (d) —MLSHIESIERLRME EPSC XthodiaE
Rt (4915 (e) —F MoO, XEFERBEHEZHEEH EPSC Moth FRAiE] 3t A [E S FRSE E T Ak oh 28 B Rkt (477,
(f) Si-NC/WSe, XK EPSC SR RIK K A BRoh LRt B pfks e 48]

Figure 2 (Color online) (a) Dependence of the APSC amplitudes on gate voltage for a synaptic device based on graphene
hybrid phototransistor; (b) dependence of AIPSC and AEPSC on spike duration for the graphene hybrid phototransistor [44]
@copyright 2017 IOP Publishing Ltd.; (c) dependence of the EPSC on drain voltage for a optoelectronic neuromorphic device
based on pn-junction-decorated oxide thin-film transistor [45] @Copyright 2019 Elsevier Ltd.; (d) dependence of the EPSC
on photonic pulse intensity for an all-oxide-based highly transparent photonic synapse [46] @Copyright 2018 American
Chemical Society; (e) dependence of EPSC and relaxation time on pulse width at different light intensities for a MoOy

optoelectronic resistive random access memory [47] @Copyright 2019 Springer Nature; (f) dependence of the EPSC on the
duration time of the laser spikes with different wavelengths for the Si-NC/WSe2 synaptic device [48] @Copyright 2018 IEEE

PPF Index = Cjexp (—At> + Coexp (—At) , (2)
T1

T2

Horbr Cy (Ca) M 7y (72) 3 R RWIGE Sy A REBERITR (18) T2 A RFAE S T4 [r) (51.59,600 Sof - A g e
ZFM, mp Lo IR ANEEE B S S RARST I PPF A7 A 5 A RS, ol a i
Mz Rl (B 3(b)) R MEIER L R g1 (K 3(c)) #EA PPF 174, BL4k, PPF X I [a] (&g
R 2 52 UM « DGR | R K SE DR 2R s, &l 3(d)~(f) [62~681 froR.

2.2.2 SRAATEEIEEEEE

AR Rl R AR AT IR MR AR FT S % 7)) % N Atkinson A1 Shiffrin £E 1968 44 H )0 BT
AR R I 2 (short-term memory, STM) FIHKHHIEIZ (long-term memory, LTM) 671, STM fi#
e SR 5 R N VR e G s o0, Rk LR B L Bl o8 A ok, Tad I
(consolidation)”, Bl e Sy 2k, FRAMKLE S RFEEIG 90, XA STM A LU RS 21 KW 52 2K i LTM, W] LA
R LA/, U, L2 —3E7 56.67~69 (dnfe] 41701 FpR).
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B 3 (MEEFE) (a) FRMMMNHSH MM ERMAONEORSKITHR 02 (b) —METAEHORUNBS
B PPF 17 [°]; (c) —FET InAs SRREMABRAEN PPF 174 ©4; (d) TEMET PPF f5%xt
iomeENEIRR AR B [95]; (e) NEIXEBEE T PPF f5#xtBiomrtEERRAIKEIE; (f) PPF 18 N ELR Kk
AR B ERE R (6]
Figure 3 (Color online) (a) Paired-pulse facilitation at the granule cell to Purkinje cell synapse [62] @Copyright 1996
Society for Neuroscience; (b) the PPF behavior of a graphene hybrid phototransistor [63] @Copyright 2016 Optical Society of
America; (c) PPF behaviors of an InAs nanowire phototransistor [64] @Copyright 2018 IOP Publishing Ltd.; (d) dependence
of the PPF index on pulse intervals for the laser spikes with different gate biases [65] @Copyright 2018 IEEE; (e) dependence
of the PPF index on pulse intervals for the laser spikes with different light pulse intensities; (f) dependence of the PPF

index on pulse intervals for the laser spikes with different wavelengths [66] @Copyright 2018 WILEY-VCH Verlag GmbH
& Co. KGaA

Maintenance
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N 2 . A}

Incoming information Hippocan;];us Cerebral cortex
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v v A 4
Unattended Unrehearsed Some information
information information will be lost

islost is lost overtime

4 —FEEROIBITIZIR B RER 0]

Figure 4 Schematic illustration of a typical memory model in psychology [70] @Copyright 2017 WILEY-VCH Verlag
GmbH & Co. KGaA

I BRI K 5 2 ST R AR 6 7072117 s Ho o 428 S i A4t T LA e 3 8 4 ' TR s 2 )
DNZRBE R WK S8 BE . KBRS, (015 S Al AL FZ W eH 55 (STP) 229 (LTP), KAEFRE AT 8B 14 n]
KFE M (STP-to-LTP) #6748 22 73~751 (4nie] 5761 FroR); RIS, PSC [ZEIRIT R (1) FEEik)E o fa
AW STP [ LTP #4381 3 hn (74,7778
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Figure 5 (Color online) Channel conductance change (AG) as a function of (a) presynaptic light pulse number,

(b) presynaptic light pulse intensity, and (c) presynaptic light pulse width [76] @Copyright 2019 WILEY-VCH Verlag
GmbH & Co. KGaA

0.5

0.0

o4

2.2.3 KIZATEBMEE SN

JRUERT ] 814 (spike-timing-dependent plasticity, STDP) s& A5 B AL H# i F2 A 1 —Fh 3 1)
R >IN, 2 Hebbian % SN R #b 78 0156 35 (79801 T HA TR 20 BRIl A Ee b & B,
I STDP C 4 UK IR Ik i #2226 (SNNs) Tﬁ#%%ﬂ’]igﬁ@2~ [81,82],

STDP & $5 5 fi fif A1 58 fid J5 4 £ 5 S KIS 3 FHTE) B DR AE (AL, At = e — tpost) 2= 5125 fil
BUE AR (AW) B3L 2 5 fdi iy ik b 5 fd J Jik b o BT RS, 23 51 2 S A E 3G K, HH B R 31 52
(long-term potentiation, LTP); [ 2, 45 5 Bk L I fibi iy ik i o BIE R, 23 51 R AAL E Jl/, H
PLAEFEHNH] (long-term depression, LTD) B4~881 - S fuli iy 5 Bk 45 5 B TRITATRG (At) $RE IXFP
FEEE (AW), (RGN, RGEGE. & 6(a) B9 i SRR ZIRAEME RMM STDP 178, AMHE R
gurp, AW I [R]TE] R AR A B 6(b) B9 Fros iy 4 Ffd i 9091 ARFE X FRPEAS ], 2 51l 2 T T
F R HC R 102

AW = aexp (=E1) w0 (i) )

2

AW = Aexp (—f) +Wo (KFFR), (4)

Forbrr 2 5% fioh R 2R UM 5 IR TR] 8, A A0 W BRI TA] 2

P2 P 8 SR i 1 P DU e SR A i A0 R A i FEUBK R RO TR, 4 IS A [ A A Bl H, L M L FF)
AL NITSEIL 4 R FE K STDP B8 it s & R ds A ol i 5| MES H I T AR 5. Wang
S5 193] HUE T AE — MK SRR B A BUR AN REN TnZnO SRS BN Sl a1, T LAFIF G (pre)
L (post) V&R 5K STDP, W&l 7030 P,

Iy L ) SR ik 2 =) RIS AR I AT ZR AR AT BAE (spike-rating-dependent plasticity, SRDP). %
SRR, R i ) AR P 28 M B AR O O AR iR, R DU ARG 58 LTP; 2R B 4L
KIS, BRI LTD 04951 & 8(a)~(c) 0697 43545 T AL RS SRDP A LR A 25
BLLLH) SRDP. J34F, Yang 55 691 il £ 7 — kT 1GZO BN JZ0 v St A48 30wl d o Al s v 428 381
1) LTP/LTD 4724, @1l 8(d) ) FiR.
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Figure 6 (Color online) (a) STDP measurements in hippocampal glutamatergic synapses [39] @Copyright 1998 Society
for Neuroscience; (b) four forms of STDP [89] @Copyright 2010 Shouval, Wang and Wittenberg
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B 7 (MEIERE) —FREIN A RMINEER InZnO RFEFELE STDP ¥ 317X #3]
Figure 7 (Color online) STDP learning behaviors mimicked on a deep-ultraviolet-triggered InZnO phototransistors [93]
@Copyright 2018 AIP Publishing. (a) and (b) The asymmetric Hebbian learning rule; (c) and (d) the symmetric Hebbian
learning rule and the waveform of optical/electrical spike for achieving them

2.3 BEFE

FRAB AR 22 R Ak A 22 /D ROZE A AN S A — R ARSI B AR R A T e, TR S B IRR
i S R R RE BT AE. 12481 CMOS BRI Y S ik S5 75 ZLAERE ~900 pJ 1981, TP A i AT K
PR ROFAT 5 RACERIT, Bk A SR I RERE (U 1~100 £1 201 R JRM LS HHE K — A HE R
SOMAE T 1HERIMRRERE. (RAEFER M2 SR fd a8 AF 0T 7¢ b i) s Bk PR RE TR AR 22—

FI RS T06 B 20 S 5% A0 ) AR AR AT 050 i) T SC 0 S i w98 1 S5 T BEFROASEALL, T X REAE Il R ik
ZAH B9 gy T SCHR AP RIE O R A e SR fid A ) SRS A A BERE T ST IR KR B AN A
R~ Horf, PORCRIEI SR, S st iR, to (t) NOCRIBIIITLS (45HK) I 16
(At =ty —to), I NaAFHI, Io ASIHER SR BB, V Sl fF BRIk, Tk 1 %R0
IR (B 9(a)) 148:99:1000 9790 2 W8 F& SRR AE LI (1 R S REFE (18] 9(b)) 146:661, J7idk 3

898



FEB FEREE B 50 % 56

(a) () a4 - (c) g0 (d) g0
—/=50 Hz, SW=60
® s bz STy 3 60 P
2° < Potentiation £ & 40 /
g ) e 9 k] 20 a
H 2 = S
© R 87 i . Z S 0 Deress]
“ 1 Depression S -40 5 / Depression
) ES Z 200 o—®
%) [
0.01 01 1 10 100 1000 -
N -80 + >
Stimulation frequency Oo 4 8 12 0O 10 20 30 40 50 60 40 -0.2 0.0 0.2
Time (s) Frequency (Hz) Vi (V)

Bl s (MBHRFE) (a) MEEHRBGTEMNERWNATEN 0 (b) FRISIRMBOFFSISIEE EPSCs; (c) AS
SRMBTAORSTRIE L 75 (d) 213 50 NEHORER AS A E# & # 6

Figure 8 (Color online) (a) Biological experience-dependent plasticity in the visual cortex [96] @Copyright 1996 Springer
Nature; (b) EPSCs recorded in response to the stimulus train with different frequencies; (¢) AS plotted as a function of

presynaptic spike frequency [97] @Copyright 2019 The Royal Society of Chemistry; (d) AS after 50 light pulses plotted as
a function of gate voltage [65] @Copyright 2018 IEEE
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Figure 9 (Color online) Schematic of calculation methods for energy consumption of single synaptic event in optoelectronic
synaptic devices. (a) The 1st method; (b) the 2nd method; (c) the 3rd method

T2 R8T O AE R S A I HLRERE RSN (1] 9(c)) ROU. FEEmE R RO VE A B, H AT RFKIE
BOHIE 2. I3k 1 S RERADCRIG RE RN N AF R REFGRAR. J7i% 2 YW T-45 € 1 e 1F
S, DG HLTUBUINU ZAT I REFBERAR. M7 3 AR, AR AR RE B AR A I A I ) 284 RERE A A T
RAFREFERISEIL. N T Al SEb LE RO A A 83 AR IO RERE, A L 250 — A R F T I REFE T T
B3 BB WUA T RAJT% 2 RH HEERIBERE, E0RIBA BN T B 3 X6 RIS U
JE. AT R, ROt U BRI TR A 2 RSO0, B8 Ar I EEAZHER [ E K 26 R e 3
RS a1 RERETH 5B

SR, AVERFIWER U555, B TR 2 B REREUS LA S 1 R LA BE 2, R AR
i #sAF F REFERE 22 AR A R i, AATT AR P 4 L v g [ 146661 L 245 /N RS [20-48] S5
TR PR TARMIBERE. 7350, WES SR M BERE, b N AP 22 2% rh Ho 7 (e oA
HE) O IFEATFEAG S A28 R A 8 1 1 REAE IR A EE 2 112

3 SRS FRIEE
H TG AR 2 T B8 AR IR FEAL TP B B C A ARGE ¥ FAR R TARE AT TG 10 2 T e A RLAN
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SRR NI ST TG, AU 2 REE. (H72, 48K 2 At i b 8 58 Mk 234 (9 AL
BT S AR S5k T SR B AN B T BB /S5 B T, AT BLAY .

3.1 SZEMUMNBHMESK

A AR A AN SR A AR () B SR £ — ) IX SRR T AR 32 BORIE T4 )
e SR R 3 A7 E RS LS (persistent photoconductivity, PPC) K& HAH GG L F [45,93,102,103]
R H AT A S e A BT B A R SRR G — AR, HE EIREEZ BA
AL (Vo) TEICRIECT B Ak Iy 1E L, SRS H5 K AE S8 1 25 B Ao F2 BT 8 10410512016 4F, Lee
S5 001 | £ T 3T T0E W 1GZO MR e 2 T A 23, a8 %t bb S 36 R LA 1 SR 1 Vo B
e R, GRS FIR K B AR A BT (RS, Wi 10(a) A1 (b) (7O B, AT B AR HLEE 2,
Vo TESGHIIS 2 R AT LB, AR Vo ™ /Vo T, BTN A& 3 0. (A Tvo™/Vo?t
HARE] Vo MRELZMAFTE, Vo T /Vo®T TEEARKI A4 REME LT+ Fn (HP s S BE(%). 2018 4F, Wu
2 06] I IGZO TS (1) il 7y 2= 5 S S AL 2 (WL 10(d) A1 (e) 1061 Brow), 34 T 2 M ' P IR 119
R/INFI G B3 YT (], IXFEE— D IAIE T A AR A Sk PPC RS R EZAEA. Yu 55 149
IR (5) F (6) R HIA AL B 2 B AL I B R A - 3448 1GZO (1) PPC RUSIISRIE (W&
10(e) F1 () From).

a — state [(Vo +hv) or (Vo + 02y + 2h™)] %ﬁ — state(Vg" or V3T /O;) + 2e7, (5)
B — state(V5T or Vit /0;) +2e + Ea@m — state(Vo or Vo/O2y). (6)
BT, A0A17E 1IGZO AR E 51N SnO, il PEDOT:PSS (PP) £448 I1GZO JZH 4 25 A Bk 45 5

FE, HEMTE AR B ot B AR R 2 B S AT A, A 10(g) 49 FTOR.

BT i = A GE R A Ak R, Gao 5 197] #EJL T ITO/Nb:SrTiOs PR 2
(98 iy S 8 R 0 I T R R SRR G A T B, JEHISE S 1TO/Nb:SrTiOs S
2L RETHAF IR B 7 N S A A S O P A B e 3 TR 3R 2 T P BRI, FE TR LRI, 2
HARNARIAAS, W 11(a) Fios. JeRIBIRER G, KB 586 1 R A 200 73R 7 2534k, M
T 512G L 28 2. AR 9 A ITO/Nb:SrTiOs 75 45t — B 7 N ATAZ S D4
XS IEAZ sz, W 11(b) 1071 B,
3.2 ERPEFEMHERABERER T

YRR G RITRL . H K 28 25 2 1) 46 1 28 S A 28 1 100 FH A BL 2 — ) IX R38R 1 F 58 f
R 1 — MR YR T JHL 3R T KT e A R T A SR AN 5 1 22 18 R JROBT 51 S 1) e B JRLIR i AR 2016 4,
Pilarczyk 25 (75 B} CdS/Z BERRANAKAET (MWCNTS) A A5 MREIL T i i s i AT . it
SN FL B VAL A AT, AT TIER] T MWCNTs X Y64 L7 7 SR IR TBUR 34 R B H Al AT A (PIAR AR
JRR, HTAEFEEE 12(a) ) Bk, 25, Shao 25 18] B 70 7 36T BEERR YK (SWCNTSs) 8
BTG R AR (B 12(b)), FERIIEL T Ak 5 A7 e AN S8 e R 1 (B 12(c) [108)).
2019 4F, Li % 04 K InAs YRR TH —ZRER O, Yl F =4 e A 1 Sz A2
P73k, MiTRIE PPC R, HARREW AT Wil 12(d) 04 R, $ak, i 1sahiil & 75T InAs
YRR LRI B 48 T f 25 1F

2018 4F, Tan %5 99 38 T 5 TREGK A (Si NCs) MM SE S gstE (B 11(e)). BT
Si NCs 5 I EM SR, iZ28 0F T DASEILER A — AT 0L — JE 40 4h s Y it i, @i xf Si NCs 3%
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10 (MEMFE) (a) ET IGZO XBEHLRMBHMNERSILBETHETREE; (b) FRISKHIFE S
BUESMN F, MBEEEHZENER ) (c) £TF IGZ0O HEFEAELFM THRERE; (d) FTRES
M IGZO HEXNAIETLEH: Ng, Ing, Gag 0% (e) BB Vot M Vo2t /0; MEEHRER; (f) o B
B BEic (0) A1 (24) AMHEERSHESE — RIERFHE (FEANEEMIEN AR RBUNEBLERE);
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Figure 10 (Color online) (a) Energy-band diagrams of an IGZO-based photonic neuromorphic device in dark condi-
tions and under illumination; (b) the relationship between the activation energies (E,) and the relaxation time con-
stant for various AOSs [70] @Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA; (c) the photonic operation
concept of an IGZO-based TEFT device; (d) illustration of atomic structures for Ng, Iny, and Gay IGZO films [106]
@Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA; (e) schematic energy-band diagrams for the formation
of Vo2t and Vo2t /0;; (f) schematic energy vs. lattice relaxation curves of the (0) and (24) charge state in a-
and B-type configurations (the dashed and solid arrowline denotes the ionization and recovery process, respectively);
(g) the EPSC of IGZO, SnO,/IGZO and PP/SnO;/IGZO devices after light stimulation [45] @Copyright 2019 Elsevier
Ltd.

THI BB S B AT, AT TR B4 00 T 28R IR T Si NCs R [ B fey (W2 Bss) w4 Ham
T HIZNAAFIRARE RO L, Qi 12(F) F1 (g) 99 Fom. #35, Ni Al Wang 55 8] 1L R0 R4, B
B =F s 4R R Si NCs A AR SR PR 7 1 —4ERT R WSe, S5, il 45 HY T BHIREERE (~75 1J)
b AP S Al 2 4, JLah &l 12(h) 81 Fos. 2019 4F, Yin 25 BOU i) 7T Si NCs
() A A BB A, A A (R B2 SR F P SR e B2, AT DA H RS SR () STDP 474, (HH
Tl & T2MAE, ZatF ) B S ke P, X EZHE T Si NCs 7265 B T 1 5 AR IR B i 72
B 13 O [t 59 W 12 8 1R PT DABEA0L RO 2 ) b B ) 5 LA ) P 28 I 8% 5 F B0 R 3 1D ).
BT i 57 THT PSR P 80 I A SRR TEVE Y, AR 1) 26016 FRLAH 22 R A 23411 (1) B 3
—. 2016 4F, Li & 109 DL AL O3 1E N/ HUZ & T 2T 82 SR 1GZO 8 AN Gl 22 5 i
m AR, A IGZO-Al,03 FHHIEL Al,O3 = W HBF & ISR RG4S BIESRAE ], 840, T 49
HRf ) PPF Ml STP-to-LTP ARS8 S fb ml ¥ 1, 4 14(a) 109 FroR. 2018 4F, He 55 [T KB
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Figure 11 (Color online) (a) Schematic operation mechanism of an artificial optoelectronic synapse based on
ITO/Nb:SrTiO3 heterojunction; (b) mimicry of human visual memory [107] @Copyright 2019 American Chemical Society
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12 (WEMEFE) (a) CdS/MWCNTs BHIRMITRHAEENS 5 (b) ERRNE KRS FHENR)
SWCNT XESHERHHNTRER; (c) EIR SWCNT RAEMNRIEREEE (9% (d) InAs MK
REERRE . AEL. EETFRIENETTER ;) (e) £F Si NCs HHKMIETIRER; (f) £ 77 K
T Si-NC &R STS HiZk&RE R, BAKEER 0 V; (g) Si NCs B FEMMER FITAREER P (h) &
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Figure 12 (Color online) (a) The mechanism responsible for the synaptic behavior of the CdS/MWCNT-based device [75]
@Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA; (b) schematic of a printed SWCNT phototransistor device under
illumination of different light wavelengths; (c) low-pass filtering characteristics of the printed SWCNT transistors device [108]
@Copyright 2019 American Chemical Society; (d) energy band diagram of excitation, thermalization, recombination, and
trapping processes in the InAs nanowire phototransistor [64] @Copyright 2018 IOP Publishing Ltd.; (e) schematic of an
array of Si-NC-based synaptic devices; (f) the STS curve, resulting for the Si-NC film measured at 77 K, has been shifted
so that the Fermi level is at 0 V; (g) schematic model for the electronic structure and carrier behavior of Si NCs [99]
@Copyright 2018 Elsevier Ltd.; (h) schematic of the Si-NC/WSe2 synaptic device structure [48] @Copyright 2018 IEEE

n-MoSs/p-Si 575 45 FEUIZ B B SR A Mk RESRVR T REAT IS B Si02 H AR JZE B P B 1 {7 3R VE .
Hu 2 10 WRER] T2 1T0/Zn0, . /A10, /Al Z5K 16 S 284 op ) oy farr) Al0, 1b %2
(R AT DLER 2 SR 3RAL B, AT 51 PPC AIBHAS 28, i 14(b) 110 ffros. K2, Ll E
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Figure 13 (Color online) Neuromorphic computing simulation for image recognition. (a) Schematic of a taste aversion
learning process for the treatment of alcoholism; (b) implementation of taste aversion learning with a synaptic Si-NC
phototransistor; (c) example images in the MNIST database after the binarization with a pixel threshold of 50; (d) the
architecture of the spiking neural network; (e) receptive fields of all output neurons in the network trained with the L/E*+
STDP model; (f) receptive fields of all output neurons in the network trained with the E=/E+ STDP model [101] @Copyright
2019 Elsevier Ltd.
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Figure 14 (Color online) (a) Mechanism of IGZO-based synaptic transistor under UV-light stimulation [109] @Copyright
2016 AIP Publishing; (b) schematic illustrations of the band diagram of the ZnOi_,/AlOy heterojunction [110] @Copy-
right 2018 American Chemical Society; (c) schematic diagram of a light-stimulated C8-BTBT synaptic transistors array;
(d) fabrication process of the T-shape transistors array; (e) dynamic learning and forgetting process of the T-shape synaptic
transistors array [111] @Copyright 2018 American Chemical Society
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Figure 15 (Color online) (a) Mechanism of the IGZO-based EDL transistors [65] @Copyright 2018 IEEE; (b) mechanism
of the MoSz-based EDL transistors; (c) schematic of the photonic MoSs synapse to function as both high-pass and low-

pass photonic filters; (d) the spatiotemporal correlation effect; (e) the changes in synaptic weight (AW) as function of
Atpre-post [97] @Copyright 2019 The Royal Society of Chemistry
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Figure 16 (Color online) Classical conditioning Pavlov’s dog experiment emulated by MoSs neuristors [115] @Copyright
2018 WILEY-VCH Verlag GmbH & Co. KGaA
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Figure 17 (Color online) (a) The time response of an NOR logic operation emulated by the graphene/SWCNTSs hy-
brid phototransistor [44] @Copyright 2017 IOP Publishing Ltd.; (b) schematics of a two-terminal visible light transparent
device based on ZnO/Inz03; (c) schematic illustrations of the working mechanism of the photonic synapse [46] @Copy-
right 2018 American Chemical Society; (d) endurance property of the light-programmed state and electric erased state
of the photonic synapses based on inorganic perovskite quantum dots; (e) energy diagram of photonic synapses based on

inorganic perovskite quantum dots during light programming operation and during electrical erasing operation under dark
condition [66] @Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA
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Recent progress on optoelectronic synaptic devices
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Abstract Neuromorphic (brain-like) computing has great potential to solve the von Neumann bottleneck due
to its self-adaptive learning, high-parallel computing capability, and low-power consumption. Realization of neu-
romorphic computing depends on the development of synaptic devices that mimic biological synapses. Initially,
synaptic devices were electronic, and such devices face significant challenges relative to optimization of bandwidth,
connectivity, and density. It has been recently shown that the incorporation of light to make optoelectronic synap-
tic devices brings new opportunities for the development of synaptic devices. On one hand, light enables high
bandwidth, low crosstalk, low energy consumption, and no delay. On the other hand, optoelectronic devices
can be used to simulate special neurobehavioral functions, such as vision. As the basis of optoelectronic inte-
grated neural networks, optoelectronic synaptic devices are expected to greatly contribute to the development
of high-performance and low-power neuromorphic computing. In this review we introduce the basic properties
of optoelectronic synaptic devices. Different types and applications that have been reported for optoelectronic
devices are discussed. In addition, future prospects for the development of optoelectronic synaptic devices is
outlined.

Keywords optoelectronic synaptic devices, synaptic plasticity, energy consumption, oxygen vacancy, carrier
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