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Figure 1 Structure diagram of neuron and synapse [20] (color online).
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Figure 2 Neuromorphic electrons for neuromorphic computing,
humanoid robots, and bionic prosthetics [23] (color online).
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Figure 3 Schematic diagram of the working principle of three-
terminal artificial synaptic devices based on transistors: (a) floating-
gate transistor, (b) electric-double-layer transistor, (c) electrochemical
transistor and (d) ferroelectric field effect transistor [32] (color online).
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Figure 6 (a) Schematic diagram of carbon-based ion gate synaptic
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chitosan film [50] (color online).

(a) Driving inputs (b)

MosS,
SBPGSss

Sa

S, S
\W] XWI /Wn

, Modulatory input
—

Ji
o
o Llj d) T 4430F |
t cf
§4420-‘§ J
L el
+50 pA, 10 ms AR =+10Q
4 44002
1 2 3 4 0 1

2 3 4
Time (ms)  x104 Time (ms)  x104

B 7 (a) HA SRR LIETT; (b) £ MHMoS, #4
AR R EES (o) A RE R AR E; (d) e
AT A (P2 R )

Figure 7 (a) Artificial neurons with branching dendrites. (b) Sche-
matic diagram of a multi-gate MoS, neuromorphic transistor [53].
(c) Schematic diagram of the graphene synapse. (d) Enhance and inhibit
behavior [54] (color online).

BE. JERBII SIS AR AL AR RS
THRIIREET 1k, KB T RIRADER . F 557
P T Ak ERAT U0 55 T R

IRUEM BRI RA M EL, L2, St LR
PUBHERE, HLAFBRVGH 32, W LU TE A 2R K 4%
PRI Pk, (HRE 25 58 B & 1 3 O R ST PR i A
Lot [ M sE BT AR, of 26 3 T 4R AR
=0 R Ak AT v R K R FUAB A F T R BR P T
RAVIRAFAE — LE R IR 1%

473



B = b AR N TR AR MR 455 R4

3.3 AHAR

1E =i R SRR S, A I @
WM AT s e s, KA AL SR A S W
BT E BT A AL R N BB RN
BAT RS BT TN SR, B SR A EZ R
e gt b, LR SRS ] DUR 25 2 i i
¥, BIEA &N T, TE L, AL SRRy
TE R S S IR AR 1) %, ) 2% 20T R ML
e b, H 5 MR B B i e A, n] K AR ) £
VA, PR RE LA NLE SARM B B AREBUR, A F)
TETIER, H AR RIITFR OERER, 1K LR
RAFHAE = R SRS SRR, sl T
FOH B R D6, BT 8 B M kL 9 B 2R (penta-
cene)” ™, BRIEM HLHE & 4 T(P3HT) M. R4
W BHMNEG,4-41 _AMEYy) (PEDOT:
PSS) N DL B MU 5 24 (3R (3,4 0% Uy
(PEDOT:PTHF) "5 (4 F5 T 40 i L 2 3%

20104, AlibartZE R8T —Fh T4l K Wk
HHIHRN F A (NOMFET), IXFINOMFET/E H14:
JE KR35 2 TR . B 5838 R 9K Bk
L] A7 i BE I FINOMFET IR UK 240, U8 T &89
KEBRL IR/ 2 B8 RS, 7 B SR B3 Ay o)

2 (02145 5 7 e F-PEDOT: PSS 145 Ml H Ak 2 5 A4 5
(OECT) (KEl8a~c). AfEME AR bt ik ik ph FB R I,
FEL AR JO 5 VR R P 5 T & 8 AN BIIPEDOT:PSS 2 1,
TV 5 e 20088 38 1) 23 7RI FEAR S kb L P S, 2
ROV B 9 BUR 2 R, PEDOT:PSS/ZMKE
FIWIEIRAS. FET-PEDOT: PSS LAk 27 5 fish A4 5 52
LT R R £ & BT e, ALFE UK H (PPD)
FBDZAS i P 25 ML R SR A 4T 9. 20164F, Qian25™ 4
FETFPIHTIRTESION/Sik K _EAE NIEIEZE, Ihil#& T
—Fh 3T B PR T 1 OECT (KI8d~h). HF 7T 1 A
It o A b AR g ke e A S N, VA
SN AR E, BINEEAL TEPSC. fikidiZ A
ORZBIR(ES L RS flAT N, BLAh, MATIERAIRTT
T FE T PIHTHARE RIS 1~ 85 i Mt A5 7D 5 e ot A 5
HEL AR S 5 1 1) S T S A 45 o .

BribZ Ah, BHL-THLAACES R+ R 2B ABX,
R R R EE ), HBR FERRE. R rHEaiy
B R . eI ISy R AT R A L R s, A
= L S g R A T TR R B, )
ZH7 B H BN 5 33 A n L e 1 4 2 3£ 8 (POE) T
IEE T 485 5KET(POE),Snl,, 3T T R4i0H5%
AR A 38 56 (1) 1 B AN R 52 A5 BR 0T 30 2808 i AR (Pe-
FET). fRAL/5IPeFET &R H#EIE0.3 em® V7' s 1%

AT B RS, BT STP. 20154, Gkoupidenis — JUEB R, mEEEM TEREM. RN, JortEds
(@) =Au . (b) (c) Z s00| —— S
= 0= P 3 oI
EmParylene  Electolyte | Time / 0{- &t g
B Glass | <
- p
3" :
@ 3 T & PEDOT.PSS =3 %
'\§;: _.;,-: 2 |cations 2
es
(@) @ .
Au [l P3HT lon Gels Vlwm:?_Oms ;
s U i
I 1| @ e]) 3
o )
%1 g s " D
-%‘ @ _GE0 @ GoE
(e) = Cep © ©
-2 S S ¥e0e
u 3 4 5 Bee B & @ @
as Time(sec) G

B 8 (2) OECTSS MR, (b) BHVEMSAL; () SR RSB AE () 36 FP3HTHIOECT V- 45 #75 # ;
(e) SR () AR TAEBERT 85740 & B (L4 RoR )

Figure 8 (a) Structure diagram of OECT. (b) Biological synaptic simulation. (c) Time-normalized /5, and adaptation percentage of Iy, amplitude,
Ay [62]. (d) Plane structure diagram of OECT based on P3HT. (e) EPSC. (f) Diagram of ion distribution under different operating modes [59] (color

online).

474



FREFRE: b 2024 5 S4B a4 W

PRI A S e SR AT e R L AR
SE AT i 2 B 08 28 LA S AT 56 5 0 A7 At DR R PE R
ZhuZE N R Tk B R TC W S R p Vel T AR T
ERARE (TFT). BF9T 3% LA3D MASnLE LAt () 94 18 2,
B AN K ST LR, SERemRmEey
LR B L e i 7 R AN S 2 Ak, {ETFT
HARFR 2R, Sl TG R, BA e
M ERR e A L.

AR RAE L, AR S AT DO 8RR
BERVURIIE, BRIk ok, RAEYIRIE ST LLE
2 FOTERATRER, X ONAS R ELR AR R % R
BT ZMERE. R, ET ARSI R
PR MR RR e FA AR, BT RAME
IR SITE, A8 AF I RAT B GRG0, v ge
FRY R T e A ik 3 AR

4 Fe = SR AR N )
s

B X LG BN Z R G RNRNBTTE, AW
JRRKINIE BRGNS H iR, AR R 50E
7RG E (B2 AR), XK B AN ) 2 Ao
PEAT RN, IR T BRI AT e A K (=
RRAER). R = 5 it A7 5 A L ) A% S B T A 5 B
PRGBS HOE R, W] AR A5E T A N ey A\ -
BEIRG, KPERIRMThEE, WG RS s
R, RREFATA T A 2 YA G R R
GLZ AR IUL IS 5, B ORI RIS SR 1F 2 IR 45
TR RIS HAR . T T E R A2 T = R
A A R NIERLE S W 58 AL SRR R 4.

S

=EY

4.1 NEMHERA RS

MLE S N FR ORI b B A A 5845 I 1 3 2t
T2, X3 SIRTAZ 17 S 2 06 i B0 it
IR G NI B ERIE, —ITAEME
AT R ZW T . AR R R S S
BN ALBE R A O R, IR
BAE DI, REALEE RO i, R L
2R SR R e KN i AT AL S, BRIk, T
FAEALPRIR SN 15 BAC BN T — i) NG Lo
I RG A REE 125 Nk, P =m S b 4 R

NEM IR ARG RAREZ, SRR IERE
AN T RE AT B2

N TR SR RS, MTREIFR T HEES
WM T = o B Shits Rl 7 —FhH
A PTCDI-Cy/Cy-BTBT/PTCDI-Cy = BV £5 K i HL 5
Jo 5 XU M AR FEAR R R HR AR A T, BT S
YT L, SIEEILT X S e R P R R, SRR
AR NS B WS PNy s I A o]
P, AMETEWGEBAUSRAE T —FP 0 B EE. Chai
AN R T U S A IR R A RS, LA
ST B PN AP R FPAT G A L, B[R] 4y
HEONS ws. T ARG (AR A, AR RS I
& A AR T rARAR, AR B AN RIIR IR AR
PEIIORUE S 5. MUSEAL AR AR 2 MR 2 e BiUk
FEPE AT DU S b i, - mT T 00 A% S 25 Py 9
P 2%, AR, BT B MR 2 A TS i
W BRI T SC AR R B = YRR, Fan
ORI BR 1A% SV T (IR R, 3R T 5R3F
A L FE(PEO)FIPEO:LiClO, M [ 145 1n,05 %)
TFTsf12D-MoS, FETs. #ff 53 2 T In,05/%A fL #(Er,
O) S fith f PR HI 3D AR ) S 2, SEB —Fh N i
SEARRLIE R G5 9a), FI R IR AN L T 2 A STPAI
LTP, f14KIPSC. STDP. PPDMIFNA B LE. X1 T4k
Xof )l LA 5 K R B0 2 I 2 Ah B PR S U o 20 ) 2%
HAREREE . I, JinGU o B onp s i
UL T HE NI I NIE G R R, BT
S FE A A 455 ) R0 22 ) 71l 25 - B AR A s =, ¢
T — M EA FOL AT NG I O, i R B A, 1%
AR 2R B A AE AN [ D6 5K P N R B & AT
N, ATTTIE BR T X6 4050 A 458 B A R o] 90 ] P R
&

F—J7 M, RN RGO EOT S =R
fil B S A, Wit T — RV T NG R
G, Kwon Uy T — Rl e 57 A W) 058 T fie
NG AP TS B A RE S (9b). X Fp i R b
JER R HL B B0 4R — N AR 23 R 28 (Cd S et Hi AR 3 A
a-1GZO BB AR ) Rl — />4 J S A ) 15 7 FL T 5 fi
i (a-1IGZO  TFT), HrufRor [k as 78 2 N T
JIE, 257 B O ik i A VR N AL B 8. 12 H 48
e B ST 2 M et 5 fil Th RE, AL 6 fil Kk
STP. LTPRIMHE GAL/ER. BEAh, ATIEAEAF LR

475



B = b AR N TR AR MR 455 R4

(a)

3D-object

10 \
ie Ideal figure
7
Z i
-
&
<, e
. S
“ S
N
et (c)

Photovoltaic
divider

)

2010g(PSCp/PSCpy) (¢B)

o

Low intensity concition

T !a
sl
ad gate voltage (V)

o
@ Red 33 mwiem? = 02V
@ Red 22 mwWiem?
() Red 10.5 mw/cm? 3

| PSC(A)
10°

o
N
N
<

Decay time (sec)

H
s 3

¥
=1

o
n

0110 0110

=P, (10.5 mWi/cm; background light)
Scotopic adaptation S
picadaptation  prmp, (22 mwicm’)
P, (33 mW/em®)

011 0110

1
(sec) (sec) (sec) (sec)

0.20 0.22 0.24 0.26
ViL(v)

Pg = 30.4 mW cm?

Sensitization

%
Habituation "

——1V ----Fitted curve 9

——09V ----Fited curve o~ 7
---- Fitted cuve 7
----Fitted curve =~ 6
. s

07 08 09 10

10 20 30 40
Time (s)

B9 (a) =477 HEAIR BIHLER AR H AR 2 O () BHOE R E DI AR N T A T A B RS E, (o) A
G R K R (R B R 47 A", (d) 22 ITDAVANE %5 (¢) DAVANZES B 78 /R R VLW CIEAE R (130 25 EPSCHi 5217 (1

2R )

Figure 9 (a) Schematic diagram of the mechanism of the recognition of a 3D cubic cone and binocular vision [69]. (b) Schematic illustration of
artificial optoelectronic neuromorphic device to emulate light-adaptable biological vision. (¢) Environment-adaptable perception behaviors under
different light illumination levels [71]. (d) An integrated DAVAN device. (e) Dynamic EPSC responses of a DAVAN device at different VLWC

amplitudes [72] (color online).
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Figure 13 (a) Schematic of the operational model of the artificial organ-damage memory system based on a single PCDTPT OFET [86].
(b) Schematic of multi-layer spiking neural network (SNN) constructed for gas classification. (¢) Flow chart of the simulation for the gas classification
[87] (color online).
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Abstract: Neuromorphic engineering aims to build artificial bionic nervous systems on hardware to emulate the unique

and efficient operating mechanism of the brain, implementing neuromorphic perception and brain-inspired computing.

Synapses are the basic structure and functional units of learning and memory. Therefore, the construction of synapses-

like electronic devices is the key to achieving neuromorphic perception and computing. Three-terminal transistor

devices have advantages in realizing multi-state regulation and reducing energy consumption. In addition, the three-
terminal transistor can also convert external physical stimuli such as pressure and temperature into electrical signals. It
has a broad application prospect in the artificial sensory nervous system, which collects visual, auditory and olfactory
signals to work. In this paper, material selection and the device structure of three-terminal synaptic transistors are
reviewed, and the recent progress in artificial vision, hearing and smell perception systems based on the three-terminal
synaptic transistor is introduced. Finally, we summarizes the challenges faced by the three-terminal synaptic transistor
and its associated artificial sensing system while also providing a glimpse into the prospects for its future development.

Keywords: three-terminal transistor, biological synapse, synaptic plasticity, artificial synaptic device, artificial sensing
system
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