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Abstract: Brain-inspired neuromorphic engineering is becoming a hot topic in the field of information technology. It will be a
strong supplement and growth point for artificial intelligence in the near future. And it will promote the development of
microelectronics technology. Our brain has ~ 10" neurons and ~ 10" synapses. Synapses are the connections between
neurons where signals will be transmitted. They are the basic units for cognitive behaviors. With a big amount of parallel
synaptic computations, brain computation is very powerful and reliable. Thus, designing artificial synapses that could
emulate essential synaptic plasticities is of great importance for hardware implementation of neuromorphic engineering.
Presently, the studies of artificial synapse devices just started around the world. New research results continue to emerge. It
is becoming an important branch of artificial intelligence and neuromorphic engineering and it will inject new vitality into the
developments of artificial intelligences in the future. lonic-conducting electrolytes possess unique interfacial ionic/electronic
coupling effects. They have potential applications in the electrostatic modulation devices. Such devices provide new solutions
for revealing new physics of condensed matter. Especially, such devices have strong potential applications in brain-inspired
artificial synapse devices and neuromorphic systems because of the unique interfacial ionic coupling and the related
interfacial electrochemical processes.
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Fig. 1 Schematic diagram of electrolyte gated transistors (EGTs) (a);
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Schematic diagram of EGTs operated in electrostatic modulation

mode (b) and electrochemical modulation mode (¢)!”]

oI T EGT S LA s i 8 7 T A R a1, Al
F AR FEL VA S A R R R T, TRk 2 ol A 11
TAER RN, —<2 Vo R, i r A B o Y I e
BT AR, M e AR R YA I X, {5 RE
X VAT P L P 7 A A R A TRIA A T, DT R b AR T
PRPER P R P X EOR ™ L kR TED
LS RS SR SRk A A P S48



744 Hh AR

%536 &

THM MR R RS2 AT 47 B0 FR R AR S By 2=
(A8 H BT, RIS TR el s 75 e v A S A i
AT RIS — o 1 AR PR, AR AT —E T
HUE S, SR s 2 i TAERE " . % F EDL-Ts
ME, EEMIMMRECFERT, MR A A B 1) A i
biER%, FEEIEARJEEAN 1 nm 2247 1) EDL, #EH#50
mIEE , R ES TR e TR R R A AR & A
B, MIAEHAVERE 3R A T8 R st I e, X
Bl TR A S5 AR 2B 1 (Short-Term Plasticity ) 1745 7E45
MR AR R FE T, 2B 7838 i oK & A B P8 A=A T
K, BIREE RN AR, XM T g AR
#AYE (Long-Term Plasticity ) 17 5 FIIC LR o 15 S 1 T4
BTSRRI AR L, X EGTs #4751k
S fih 251 A 2 AR 0 8 FH A 5 o
2.2 WHEREEWHRIR

S FE R O R o A R SR ) B T/ R R A R
TNZE T Iz, AT E2MEAE /8
FHEIT AW R, WA REGWHREMAR. B
BTG B TR R EE R T SRS AR
XSG HL R A E Y BRI T — S8 iR, s
T PR A ad R ST B T X AR e T A R BOREE .

BIAE L6 (PEO) /5 S ERER (ACIO, , A=Li, K %)
B—RE MRS Y M, PEO # EEITHFS
SEHBETFEX (LY, fF PEO#HMERM, &K
FHESFRI7E PEO B4t LR G B T, EEMWE A
K2 Frisbie C D BF5¢41 " 3% T RIFA 258 (PEO) 541
AR, HEDL AR 60 wk/em’ L |, i
AT 2R PR ol e g S A B SE B T X9 R A
BT, BFTAERE<2 V. Iwasa Y 2 AR PEO /
ACIO,(A=Li, Kk Cs) & A HMI1EN EDL i BrdilfE T
ZnO EDL TFTs, BRI T Zn0 HIE S W%, 1E Zn0
VBB A T )R PR, Takeya J 2N RIEZ
ZE(PEG)/LICIO, B A B F R R Ve A T, wifE
T HLMEBE & 1A%, EDL Hy %5 ik 15 pi/em®, R
L2 VIgME &, ZEBVLSEEE B2 T T & Sx
10°/em’ BRI T BA LI (PSSH) RIS 205 3L 10
JEIR- NG TR (P VPA-AA) R — R E YRR, X2
REWA G S B WL/ ST B TSR, A
BIPERTR, 33 8 Tl S A1 AT LLTE W AR5 P 3 2 AT %
MM MR EYHEEAR G AN SH, UHETHAREY
WL OB, FESNRIZVERT, R W O e (1 T 1k
LD T RS S B9 T S Ak, T O HA A B S T A
WEE RS G F . B Said E 2 R
PSSH {E AT, B T TR 32 48 A HLBLE 2 AR

(EDL-Ts), PSSH [ EDL HL 25735 20 pF/em® |, #8FH T
PEHUEART 1V, S sk 1 A, i G e S s fi]
7 0.5 ms, EHAFRE AL, A AR it 6 e A
PSSH HL 25 Sl S B B RS, H: o 5 1 M b i A 1 4k
TR, ASTTRS Sl 1 5 BH B T B B AT ok o AE SR A .
I, XECEEHE ok gk A P3HT G HLINEZ, MR
BT IR E PR, Lasson O 25 N7VRIFSY TR )R R
Bi N PSSH XUHL 2 YL R ALER, BE& 1B AR I, A
FEH K A S RN, EDL JE gt R A 45 B 5 a1
3, IFFE 1 MHz &4 F 3R T &k 10 p,F/cm2 F L 2%
X BT PSSH 1 H S 3R M3 Tk,

M BRI, R 33 F R EDL i
25 FHAR 1 i N A FRRAVE R, B F PEO/ACIO, B &
BT B S i e, —BEAE 107 ~ 107 S/em /2
A, DGR AR A i 7 o R 404K, 4 14 T DG 00 5
WACRHIUBRZE ~ JL T hk2% . DRk Eh i oy i i, B
WA m, I ok kiR G0 B TR B 7
TR B At F A R, DT AT LA e AR Ak
Frishie C D W54 Bk el [ BMIM ] [ PF6 ] 55 PS-PEO-
PS &4, 1E 10 Hz SR F 3454 EDL B A 54 40 wF/em’,
iifE 1 KHz 55 T3R5 8 EDL A5 m ik 4 pF/em®, H:
A A 107 I 1) 6 (A ms HEE) o AT R R s
[EMIM] [ TFSI] 5 PS-PEO-PS & £, K15 0% e ff T 7€
10 kHZJ5i % T ) EDL FLZS A 1 pF/em® SR FH Il e it
JRAE M B, HI7EG P3HT EDL-T JF 36 L ik 107, #%
HFHERSRE R 1.8 em’/V s, HE—4 R FHIZ S AR 1
fE T HLBH 5 2R S AR, TAESIR &3k 1 kHz, Yuan HT
25 \UAR T DEME-TFSI 85 7/ T84 EDL-Ts 76 % T
FEREER R, T K B B 8 Y T A A
AT RATE L 5/ ZnO 98 TE A AT Ak S AR W A B R A
R, MIFEL Zn0 438 5l de i K i R R 5 R AR Ak
W 2 frs AR TAEDLE R B

[ YA — 26 F 5% A BA 7 EGTs g2 7 1 JF 8 1 4
KTAE. H ERRE B9 B 5 r g [ B e 1 0 4 25 08 F
JE AT BB ST L PRI ST T B R A S L A i
V4 Ja ALY Yy T T AR, 3 B P A
PP T Lag 4 Sry , MnO, (LSMO ) 7 JIE 114 453 Jas - 46 2% 14 e
AN, MRS 4 AN BRSO B AEE Y e
Wl MERT, Bl Kl LS LSMO i &
Az HLARAE O FEAE LSMO S R b 7= A s 0, AT 3L
LSMO JEEHIPE RIS o SRR B TRy 22 e 2 N
BT —F 44k PENBr (19 FEAR T, 30K ol b A P P (L 55
K5 wE/em’, AATTLACAE DA RG] T n B4 HL FETs,
TE2 VA AR A H A R 175 45 7 A B H R B2 R ik 6



5 10 18] PENLSER : HOR BRSOV, A AR B S s 745
V=0V OFF [a] Ve=3V “WRITE" [b] -
Original state Surface hydrogenation Write Read Erase
a®© @ O »
& L2038 °$ o i 0.010
e O o N <
0.005

Va=0V "READ" [c]| Vo=-3V “ERASE"[d]

'Hydrogenated surface Surface dehydrogenation

e‘ﬂ = O » ¢ °

oS Oo% e e

eee

o
° 9 ﬁ ’ i\
r*-'-'-“-“—'—m' [‘—m—ﬁn-'j 0 5000 1x10°
Semiconductor Semiconductor Time (s)

2x10*

2 ZnO EDL-T M BT F764 238 1O B IR B (a ~ d) 5 SEINEER (e) 1

Fig. 2 Schematic diagrams of operation mechanism of a PIL-EDLT memory device (a ~d) ; Measured results (e) (1)
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Fig. 3 Schematic diagram of a biological synapse
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Fig. 4 Schematic diagram of Si-based memristor as an artificial synapse (a) ; Schematic diagram of memristor synapse arrays connected to CMOS

neurons (b) ; Menmristor synapse current triggered with potential pulses and depression pulses (c); Measured STDP on menmristor synapse (d) 4!
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Fig. 5 Schematic diagram of nanoparticle organic memory field-effect transistor (NOMFET) based synaptic transistor (a); AFM image of Au nanogranular
film (b) ; Response of NOMFET pulses at different frequencies demonstrating facilitation and depression (¢) ; Measured STDP on NOMFET (d) 42
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e Liu Y H %A SR R BOE A B AT S & T
BEERETE, AR IR T SR A ~5.5%107 S/em | KL
HUZHA TR 2 pb/em’, FeRBHE S — AW 28, it
BERR T FALAL RS, il 4 1 5e SRR R I T AR A =
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4.2 FSUYNBREHERZEEEDL TFTs)

SO IR E IR S AR — A R R AR A
Ve B AU EDBUE 2 (EDL) 2087, |1 T B9 i) EDL
HYER, R S A g B AR il o, ml R
VE—86 BAT R T AR L A 378500 S A4 o Jiang J 45 A1
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HZEIA 1 wk/em’ L b, DA A BT, T RS A
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fEHL <] V. EEEIZEIE A ~ 110 mV/decade, FF &>
1x10° . 30 B F1FFS #3528, 5 em™/V + s, Wu G D 45
N e 2 AL Si0, MEE bl 4 T HA AN [R]85 B 1 48 AL
Yy TETs, BEAE VR E R RE RS A0, A 00 30 139 /A% o3 02
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~3.3 em’/V - sTEHWHENE] ~40.8 em’/V - s, [AIATERCERY
BB Al A A A I RS, e ~0.47 VAR ~-0.35 V,
TEAALY) TETs BFFEGU, S0 a8 B L s 1 4
HEEEBEL, —Brl L AW iE S, J5mE
TR (SRS 0) W SRAISUZ I IE S T Bl Jfn]
IR OB S A LA A B o I 76 AU AL TFTs
rf,3E R I TOURM 2 4 0 RS M 45+ R 45 6 1 O Ok S R
XIVAE SR PR o Tiang T 28 A1 75 G BB AL b
PURT SiOHKR MR, SR )5 #E— L3158 T HA WP
M ZE 4 Y ITO EDL TFT, 8844 TAERIE AT LhidE i —A4~
LV O He it A RO . M 0w s -2 Vv B5mEI3 v
mF, SHFREIE R ~0.8 V A EERE R ~-0.6 V, A
TSEBE T e AR 3 i 28 B AR R B R 5748

TEAL G ALY TFTs i T 32 AL Ge i Joa i v o 458
JRPRARRE, 38 T R T RS AR A, =
TR AR A B IR, RS
TERR, X R b i 5T 1 7T AR A K AR5 0T
AR AR TR T Ry, DR B S AR B
B R AT DL 5w R 55 AL 4 TFTs T B0 4 4546 (R FR 7
SCHR SO, K UKL 8 HL A A e Y IR T L AR
(2 107 S/em) , SR FAM A 43 & /Si0,/ 43 J& (MIM) =
WA RS G5 A I, ) B 52 BT A 5 9 S D EDL %,
EDL L7815 1 wF/em® Rl b, (& 6a s, HIER
FHIZAAASGORL REAE R A oz, T DA B A 00 ) 48 5 45
FREALY) TFTs, 4nlEl 6b BiR. &l 6¢ Fil 6d Fis 3l h
M1 #8 G InZnO EDL TFTs ffyf 45k ih 2 i 58 1 it
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4.3 FYMETHRZEE (Neuron TFTs S{VTFTs)
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WIRMT N TZIOHRY, ok I fiv s 9 fi2oih
PRAET o AR AR, ISR AN A i AR 5 2
RIS, SRARIS I DIFER K. %8 T 1 22 o0 Wb (A FE 45 4
AT SRR AR SRS 5, M W LR A 1R 4%
FARIAN BT DI AL T 8 2 T 4 B H 3% R Y A% R i 1)
it

EDL [F] 25 HL fiff o B A7 A% 58 9 1 f IR % RE T, K% EDL
BN VIFTs S5 A HLES 45, A BRAIR TAE iy
VIFTs, Zhu L Q % N7 #E S e i il 4 7 LA 0tk
SIS InZnO vIFTs, N1& Ta iR o #x fF 1 H %
Frrkh 2k, 7EFe MRt h 4 4R B T 4 a2 i i 2
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