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Abstract: The advent of the big data era and the proliferation of artificial intelligence have exposed the fundamental limita-
tions of the traditional von Neumann computing architecture. The physical separation between the central processing unit
and memory units necessilates frequent data shuttling, leading to the severe “memory wall” bottleneck that is characterized
by high latency and excessive energy consumption. By contrast, the biological brain exhibits remarkable computational effi-

ciency, performing complex cognitive tasks, such as pattern recognition, associative memory, and autonomous learning
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with an exceptionally low power budget of approximately 20 W. This biological efficiency intrinsically arises from the brain’s
massive parallelism, event-driven processing, and dense colocation of memory and computation. Consequently, neuromor-
phic computing, specifically the development of computing-in-memory (CIM) architectures, has emerged as a pivotal fron-
tier in post-Moore’ s law electronics. This comprehensive review provides a holistic and detailed survey of materials,
devices, and system-level strategies that are currently driving the development of neuromorphic hardware, aiming to bridge
the gap between fundamental material physics and brain-inspired intelligence meticulously. To realize this paradigm shift,
extensive research has focused on the development of novel materials that can physically embody neuronal and synaptic
dynamics at the hardware level. We first systematically analyze the state-of-the-art material systems that are utilized for
these purposes, beginning with advanced silicon-based field-effect transistors, where optimization in a floating gate allows
for a highly compact implementation of analog weight updates. Moving beyond traditional silicon, we deeply explore emerg-
ing nonvolatile memory technologies. Memristive materials are highlighted for their highly scalable metal-insulator-metal
structures, where the mechanisms of ion migration and conductive filament formation provide the nonvolatile multilevel
states that are necessary for high-density synaptic arrays. Similarly, phase-change materials utilize the reversible transition
between amorphous and crystalline states via localized Joule heating, offering distinct advantages in array scalability and
multi-bit storage despite challenges related to resistance drift. Furthermore, we investigate ferroelectric materials, which
utilize the polarization reversal of ferroelectric domains to provide highly linear and symmetric weight updates with sub-
nanosecond switching speeds and ultralow switching energy. The integration of spintronic and magnetic materials is also
discussed, leveraging electron spin dynamics and spin transfer torque to achieve exceptional endurance. Optoelectronic
materials are examined for their capability to couple optical and electrical signals, enabling ultrafast signal transmission
that mimics the high-dimensional connectivity of biological networks. Crucially, a central theme of this review is the para-
digm shift from suppressing material non-idealities to actively utilizing intrinsic device dynamics. Physical complexities,
such as volatile relaxation, stochastic switching, and nonlinear current-voltage characteristics, are increasingly utilized as
rich computational resources for implementing short-term memory, reservoir computing, and probabilistic learning rules.
Building upon these fundamental material properties, this review elaborates on the engineering of artificial synapses and
neurons, which are the two foundational pillars of neural networks. The artificial synapse, which acts as the primary locus
of learning and memory, is designed to regulate connection weights in response to external stimuli. We analyze the precise
hardware implementation of essential bio-plasticity rules, including long-term potentiation, long-term depression, and
spike timing-dependent plasticity, across various device architectures that range from two-terminal electrical memristors to
complex multi-physics synapses. Complementary to synaptic memory, the artificial neuron serves as the nonlinear process-
ing engine. We review the physical realization of neuronal models, particularly the leaky integrate-and-fire model, by
using threshold switching mechanisms found in Mott insulators or volatile diffusive memristors. These devices dynamically
mimic the accumulation of membrane potential and the subsequent generation of action potentials, enabling highly efficient
event-driven processing wherein power is consumed strictly during spiking events. Beyond the engineering of individual
devices, the realization of practical neuromorphic intelligence necessitates robust system integration and hardware-software
codesign. This review extensively discusses the topology of crossbar arrays, where synaptic devices are strategically located
at the cross points. This architecture enables highly parallelized vector-matrix multiplication in a single computational time
step via the direct application of Ohm’s law and Kirchhoff’ s current law, drastically accelerating neural network inference
and training. The transition to analog neuromorphic computing introduces significant challenges, notably the “reality gap”
caused by device-to-device variability, cycle-to-cycle noise, and limited operational endurance. To mitigate these perva-
sive issues effectively and ensure the reliable execution of complex cognitive tasks, researchers are increasingly focusing on
comprehensive hardware-algorithm codesign strategies. This action involves the development of robust network architec-
tures and adaptive learning algorithms that are inherently resilient to underlying hardware imperfections. By establishing a
closed-loop optimization framework that seamlessly integrates device-level physical traits with system-level computational
models, significantly enhancing the overall reliability and fault tolerance of the neuromorphic hardware becomes possible.
Such synergistic approaches are indispensable for translating the theoretical advantages of analog computing into tangible

performance gains. Moreover, the relentless pursuit of these advanced computing architectures represents a deeply interdis-
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ciplinary endeavor, intrinsically uniting the latest breakthroughs in materials science, solid-state physics, and computa-
tional neuroscience. As the field continues to mature, the seamless convergence of these diverse scientific domains will be
critical in overcoming the remaining technological barriers and establishing universally accepted testing standards. Finally,
this review showcases the practical deployment of these integrated materials and devices in transformative applications.
From highly energy-efficient edge computing nodes for the Internet of things to adaptive brain-computer interfaces that are
capable of real-time neurological signal decoding, and autonomous sensory-motor systems in advanced robotics, the poten-
tial of neuromorphic hardware is vast. In conclusion, the continued advancement of neuromorphic materials and devices
represents a profound shift from rigid, clock-driven logic to adaptive, biologically inspired intelligence. By harnessing the
rich underlying physics of emerging materials, researchers are successfully replicating the functional building blocks of the
biological brain, paving the way for a future wherein CIM architectures will enable sophisticated artificial intelligence sys-
tems that are autonomous, ultraefficient, and deeply integrated into the physical world.

Key words: neuromorphic computing; computing-in-memory; artificial synapse; artificial neuron; emerging electronic

materials; brain-inspired chips

0 35

][l

ML IRHS a3 B TERUAE Y 2 R
FEAL ISRy Rl T BT N RS
e AR IR AR A7 AR BERE T7 , T K RERS AN
M2 TN fih DI RE B B 2 A5 A8 1R 24 iR
WWHTE R LTT ] o 2 TG RESE R R 2B 25
ol AL T2 SR A Sy BL B ) M dh 2208
SRS A I TSR R AL 1 IR Sk
fili o AN AZBEADRE A REEL EREATRE A e R
G AREAE , ST A A A 4 AL A (e L i
By Al S PE LR G RE S ) | BEAS SC BT 5% fih ]
SRR PR TT K i A SR AR M D E R A SR . X
LSRR Z MR R AR 19 8l g~ Fn gy B A2 2 b

e %77 OmA TCBHAL R BRSO,
?
Electrode
Metal-Oxide
Reservoir
Electrode
1 ) T
AHABAG N, B e e,
T i
Electrode
Ferroelectric
Layer
Amorphous [

(a) FE T AR HIRTRL G

e R A 22 T LA v RERIC 9 ) 3 P R R A A A
SR HARRIE o AR IR R i R AT
SRR R L S AU N T 22 [ 25 )
B REAE St m A Wy B s B A, RIS it s 1
NTHERE S M AR 2SS A, A T e
R RG MR BE T RILAYIER

KR TSRS 5. Hop 25T
AN TR ZECE BR) A 05 AL 455 B 2532 500 AL BN |
B/ R R VAN S VAR 7 N2 S VA 1B 2= S VA
U0 Dy B E A5 AR 00T | St od R B bk b & A

GEZVIZZO8 A3 G BHBURSRZN IR R SRy AR IR ]
IO, Bl 25 HU RS AR W) e 28 0 B8 KA T D B ik Y T
SRR T R o A, AR A A R T AR R R
AR WG o A, S B S I AR A, E i S R

G
” /
*l/
WE
ke "5
Ne
Sy ]iq
£ ES
) W
(b) BERR

K1 PhaieSpets s

Fig. 1 Neuromorphic materials and devices

((a) materials and devices based on different effects; (b) simulating brain-like functions)
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TMRA N 2 Mk g BRA A DA B . HAT L, B T
Bk HLIONE ) A e A 4 kL BE LA SO 2
(ferroelectric RAM, FeRAM ) (Park 5% ,2021) . £k i, %
%5 4% (ferroelectric tunnel junction, FTJ) L &2 8k H1 3%
R B R 45 (ferroelectric transistors, FeFET) . X £
s PR R H AR AR 2 Y AT U0t | © TR B0 A7 it
580 208 25 ) R S 90 b R B E R ) (Kim Al
Lee,2023) o 1EN TS M H v, 2 T4k v SO0 B 2
PEAALIZI T RS Bl p 4 5 5 e Bag i =
AT PR, Bk R A O 2 T — ARk T
OB I R

FeRAM Z5#5 250l 71658 DRAM., {HLDA 4 i vy
MR 22 NGRS etk . FeRAM MY
PRAE TAE5E RAM (1 HRIHE U7 )R 3 PR TG 75 B
RIAT PR Bl T 4 = 1 RERGR B . BE T HEO, R 4|
BR AT FeRAM B 52 H0 98 #0528 07 48 F0 9% 1 #%
eI (Lyu %,2019) . RSN, FeRAM 75 3E—2
A/ A RO 5 AT T i i 22 Pk, 0 R 44
JEBE A AR /NI o Ry R 2 0 R, e >R FH v 961
A A ) BR R RL B S = A ME S A . A,
FeRAM FEARAE R PR A AE R R | RIVRG it fin s T
w4 v s bk e, T RE R BOEGE B, DR
AN IR . R AR S A 1087
FRITIE G B (Okuno 25 ,2020) , {EAP 5 ik — 2 0 Ak H:
W7 Rt SRR E

FeFET i it 7E %00 ft AR 48 g | A BRHL AR,
SEIAE A ST TP RS A SR R IIRE . H =gl
S e B LR A I L AR ME S A R R RO 2R
G 22 e % v 2 ARTIAE T BT ok . 154 T
I 5 2 TR S Y 43 S, FeFET R S B £ 28 24 2] il

5 AN ER R R HEAT 38 T 2 AT R A, W
XM FeFET (Lee 55 ,2021) . iZZE A i 2 i A5
5 ) A ) 2 M A E, T S B S A W A S A
PCBRCR o DA EE B3 1 AR Lt 5 0 BRI J2: FeFET
(1) EE BEAIF ST 7 1] o 8 %% G A P DK b 2 R MR L
SERETHRCE SRR R UL B, AN (HE, Zr)O,
JEFeFET Al SEFLR T 1 000 () RS ASTEH L, BA BT
B AT g A2 PE (Zeng 45 ,2021) . FeFET #3425 00 £
T ReHE & RR e MG T T Re M R} e 2
DT SEFRZEARAEHT , MoS,/BTO (barium titanate ) Y6
FE i A AT e O A e R 2 AT 6 U] (Du A
2021). WAk, =it S il g 110 BRIl 2 1 A
AR B2 fil 3h 250 1 (Liu %5 ,2022a) , 7E a-In,Se, )G
H e il (Liu %5, 2022b) , LRDGE AER AT LB T2
o ol o] SAVE G HE RGBS AR A B R RN S B R 2w
IAPE S BEA, F 1 A gt R S TR) AT L AR S A
JeE ST . Hb Iz HFIRAES
HA WA NHETTE RS . FET FeFET (2 i
T T B Al A EE 488 L 68 ) LA S B Ml B R (Lee
85,2020a) , 5045 G LR G W LA IR 22 12 e 55
P2z i S5 O001E 5, TS a2 Bt 4 R 5 (Lee
45 2020b) .

FTJ & — Fl XU AZ BN T2 fik 252 , o P el
WA T Ak A2 . i SREZET
BREL AL B Al A T AR Tk . E AR R H A
BHELFE SR A Y (41 BaTiO,, BiFeO,, PZT) Fl#: £7 1
(L HfO, M) e H & (Wen Ml Wu,2020) . W&
PR 7 R Kl 25 i L e s o) 7 IS BB AR S5 A
e H RS A S FEN G )E T (< 1 nm) S RE PR F5 RS (g
BRE R, IF HAT B CMOS 3 45 (Park 45 ,2023) .
JRUAE FTY 2546 (a7 B ) T v 288 B 4 i, (R S XLy 12
RS B S TR, 55l kiR,
A, T 5 RS A O, DL SC B R
J& AR A B R R 22— g AE
AL RESE By R B B R, BT A
%2 TAERIIE T 3T FeRAM . FeFET . FTJ (1925 ik &
GeAE MG 1 5 A RN W 2 S ST 55 R i
R T (Gao % ,2025;Cao %, 2022; Luo 5 ,2022;
Aabrar % ,2022; Wu%§,2019)

1.6 StEBMHFRSEG

T HL AR5 B AR BT 28 4t Hh 4 T DG B A

o, HAZ O T BE AL I G 615 5 1 B 5 H
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15 5 %5 AL BE J1 (Zhou F1 Chai, 2020) . 48 1E HIHL
il T3 R 325 L SO, BRSO 5 AR .
SR 3 o 9 A HL 3 43 B O AR L — 25 XU, S
B K LA 5 ' F 0N KR D' R 5 1 P 2%
TR  ZESMIN B S 3R Bl R 7 A i Rz L 5 AR
A5 DU 38 3 S S AR AR AR Ak R 25 PR R
FE D1 v 5 R S AL (Koppens %5,2014) .

AL FE D RE L R B R AR Y R £ 2
DA o LUBOG I8 5155 g it R 5], A= 440 1
LT/ 4 M 7 DT A R 6, KO- 4 i ik
)1 0 5 S B i RUR 440 B U] X 3 1E A5 5
P28 4 I e K L AR R R i ok b o o R
iy g L T vty T Ah BB ) 0 L I S R G, T A
5 S5 R R B B i 2 RE v S i S R

B R AE G R CAn 4R — 44
KL FYE it 80 )1z N T 2S00 ) 5 28 24
F1 (Mennel % ,2020; Jang 2 2020; Yang &5 2020c,
d; Wang 55,2025) . R MR T AR, Qrk JE 00 I
i Bl 361 5 v BEL 1) 24 5 ok, V1 0 34 i 5 25 T B
A7 BRF S5/ W 5 T 222, e DL 52 36 38 I 52 4%
B A FFAIE

BB M LA TR R B i B 58 35 14 20 i 1) =
IR S S A BN o T P R AR )
WA B I DL S b R A s A o
R A SRS T 5 B s, Sl T e E &Y
5t (Zhou 5% ,2023) .

HE—25 M, e bR TG O A A S
PE AR B 1 0] 28 HO A B0 2 A 21 iR R AR R
= - SEEOBUR 20 B P AR M B B AT R, AN AE B G
N GAR IS (Zhang 25,2022 Liao %5 ,2022) . id i
RS I 5 L T, B M SR T I B R e
PR UGB, Ry 3 Ja | 2 A5 Ah P S B 08 T e 1 35
fih (Wang%%:,2020,2021 ; Pi %%,2022)

[ I}, VR & 4E 45 4 (40 0D/2D/1D 44 ) ik —
SIAJREB R S ARG AL, ATAUL KT 20 B 09 B A T
SR, DT ARG R Bl e M 37 55 R HG 5 h 21 B S i
B B bR IR D (Yang %5 ,2024b, ¢) . R 1 1 [ 52
Bl B IS 4 T T RO 65 2 i R i Je
U BERE IR A Bk o S AL e R
R0 (Yang %5, 2024d) o %8 A RilA P05 R i J%
AT ShAS I N 5 I LTI RE , 7E A G RE S S Ak
BT R B R FE =l T8 A b 5 e e

e
1.7 MHFRIBS R MERSITA

FE S5 BE R B, 0 R B8 00 B S A e ARl A A
WL BBl F1 2 . W 2(a) FoR , AR 0 22T Y
522471 AT AR S B AR R 2 AR R rp SRR T
AR 28 0 5 VARG A (U 4 R — 48 Ak W 4
F)TEBE FE TS W s i PRI RL . AR
REAR 94200 5 A BIOR S R X AR AR ) B
WSS FEX R EAR R T, B ) e v A B A H
Brp B E R B ASAR i (AR R A A% T AR
ELABI) s e T 4SRRI D7 B, 38 28 Ay AT H 2
(R B o PR UL, 2 BEL A ARE A2 T i o SO AR SR
PR R T i A P B By 0 2 S5 AME B S R R
L[] &2 4% B e 1 2 38 45 14 P FBR A AR 1 1 4K
Ho XA Sl 12408 FAAE X N i S 5 T 1
WAL AR

J T AR X AR AR AT N T B AR B
e . & 2(b) B, ik 1T iE AL sh
F12E 2G5 (AR S |7 ) A BEL 25 L BB 76 4 ST 11
AE S TR AR A NG T HE JINEE N /B
PR, BTN B B SE A R B PR S . Y A B AR E TR
FEERRE ST, LI SR 5 | ke PR A AR d A
WU BB s o 2SI 8 1 e AR A B E B
W, g TAELE IR 2 X 0], an &l 1 25 44 i i 16
2RI G| FAE TR . R A RS e LR T
X%, 45 A ) Hodgkin-Huxley #1255t [F] £
TAETERTE N . X FhEHE b S 2ot g
AL AE LR 3 Ty 28 0k MR T IRATIH S R G
Wl BTG

AN B A2 2% B W R R AR R — A 2R T
SRR W 2(e) B, B T 16K K J2 2 9 4
T FOAE EL R B B4R 7 o 0 28 vh S A R Ge e v
B B A S I TR S, T LUK
PR N L3 255 A R I 45 B BER B 24 T8 i L
BIREINEZ N E MG P s M 8 . 7F
XA T A0 5 W AR R PR 7 2% 4 o 34
ShR T I AR N AR S R R . RGN
THRARE I AN P25 BT i T S AR I, i 2 2 30
SRR RE CF SR A A 0 TR BN G . JETRTA Y BA
A2 S SRRA IR TR E 2 MR, GEE
o 2 AR B S i 53 0 2%, R TR & ) B A
Ty AR AT 5, H DA D R 2= i PR S5 R
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Fig. 2 From thermodynamics to complex networks

((a) non equilibrium thermodynamics; (b) nonlinear theory; (¢) complex networks)

LR R U L
2 BEEARRES

TEAEYM ARG T, 5 Ml (104> ) I
Zeou i (1014, Moc 52 b U RIFE R, SE 8 T
BRSBTS B R 2R ST e, AR
T 90% LA EHE B AL 55 S DhRe . 2R & fh
LIEBITE NGB M A, B 76 LAZE I 4548 5 #L I ) 2
Br—URIIRE B R NI B R, 545
RS A L, M 2B S TR A AR
BT T B MR A0, 76 30 28 Ae RS
H 2h2 3 LA G HL S N 55 B ) e
HIT 5

P 2T A5 AV Ry b A I M o AR 4 P A0 S
P HMERE H UL E T RGN RSCR 55 B bk
oo o, TSR B AL T T
2K (AU AF i AN AT S P R TR AR KRR B %
T REG 2 5ieA2 e . KFTARBRE S 90K T
R T B A A 2 S S R, iz
R AHARZR0 Bk 25 5 fik it AR 55, AR 254
KT R SRR FE | REAEFE I AN AR siE 0 5 7 AR
W ER A . R, O 58 filh 5 22 W 3 £ 5 Ml A5 B
PLIRFLIE AL R, ELAs T A A SR e i 9 4
H o, WS R RGN 2SS B A AR T
PIERELAL, AR T AN TR DhREL A . K 3R
IR T WAL R AT A T Ry SR . o &

3 (a) Jg AN [) A i AASE 3 ot e B, P it By — &
AL B, SRR 2 et i o T 3(b) S LI B AR
22 B Ay 5] A9 B A S R 3 3 i SR B R AR SN
I st —4E B AR , R C LA R BB AL s

B T 2B 25 2 Ml AR 2 A, B 1 22 D 245 11
RIIFE S 2 B S R TF 3 AL T S Xl 220
S TIRE Y i PR B R B 22 1 2 A B AL o)
TN T2 ICHI LI, A5G T Mott 48 25 AR AH S |
S T RN, A B e 3 AH G 1 MTT 45 X 2B i
1 PR L e %) 3 285 ) 1 A v AR 2V L A A SR
i CMOS ZR PRI 20, W T P 2T 28 R 40 A Bz E
W R 14 i S FSE 7 P (Yang 45 ,2020a) o

BEAE , B — g BRAIL ) 28 T 25 A 0 DA
SR FRMGT N 2R R . ZW RGP 2 IE
B TT RGN 32 0 A, o R DGR A L L
il A N T 2 a4, REC R iy s s 197 A
REFEFN = T8 SE R B R oB — AR 2 e 51
ARy I o N G 28 T T L E 2K
1B 55 AL IR A HB B, 588 R B G B0 A2 1) I
KRN ERAE S M (Wu %E,2020; Chen %5,2022) . 1E
L5 CMOS J5 2 G A Sl Ak, OF
i3 LA BBUG AR L far , > B SR H e T H 2 PR i L
N A 22 T A B P R T S o 22 T i 2 7 A — A
Jok it o A2 BE R B N Bl 2 T SR TR 2
P, K G BO AE 1%) BREL A5 T 52 B0 o vk o )
Bt 38 A i BH R AR IR SR S PRl 2T i
LR R 5 55 Mot AHZZ [ {8 2535 06, i AT 2
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Fig. 3 Typical applications of neuromorphic synapses in computation( (a) system architecture and operational workflow ;

(b) neuromorphic synapses based circuit and conductance update mechanism. )

K R AR R SEBLAGAE S AR R H
Ak Sy ok 07 F K el H L ST MO TR L 1 kb
R B (Zhou % ,2023) .

R POEERDE A SR EIE S T 2
GEFY B H IR LE A T GBI Rk HL RN S 2 R AL R
Py BEALE ILAE . BN, 2B 1R R G kAR 5 R
PEFEOE FBUE R4 B8 1, L fil vT S PRI T g 5
B EEL A R ) X1 SH AR e B 2 A e s OGRS N
P Ik e 7 B A T 5 AR A A A AR AL B
Sohtk . ZYERALEI 0 ELA AN TR 2 o0 RE RS
LA W 2 fish /4 28 T () 2 GO AS B 243, LRELL
ALK T 6 R i3 2 S R M IR ATi8 55 . S kIR
i, B2 VR R R AT = A AR 9 mT 2 LR bk b & i AT
SRR A O AZ 2 2 G R ERAE . B,
F AR 5 7= A i e il o 12 B B e R P i R
D&y AN RGOS LB Y N
T BRI AG SMIE ZEY R R
AT T IR N 23 (8], X R 2B A I AR A
TG AR M4 R GEh 24 (Ao B HILB
EOE T mA b EAR, R S SR L e P IR
PARR e N BN 2% 2] 5 e SR BRI T SR A 1
%A (Dang %5 ,2024) .

3 AN AG=E

WP R 2= 2R Y WL R BARIE T — 45 %6

BE AL IRR G, T S A0 35t s it £k e S
MGG . SN DL S T s A s S AR KT, 4
B A S TR A5 7 il 45 T B2 MoS, 2 F: 4k
PEB | 55 T 4 R 1) O H U A BRI R I B0 R
i 1 22 S AR R LT — R T i s 8 T
FEBUE ARG G KRR O RN RO ik P A 2 ) i 76 2
AT o BRI Z AN, I R T I G HR G 52 8
NSRS TR VAU DAL REIB: R X PN~ S 3 Tl
TCRZ B HERR )R BE1T ) (Huang 45,2023 ) o

AR FE A R A AR T B A 28
A HEAFE — RO IZ B 5, 753 T 5 4
BN TR R A R 48, T T A 38 2 i W e A 55
Hr T Ti0 /Zn0 BYHT RO G LA 25 A HL 2= 12 FH
i BIAOCHAZBE AR TR 5 e PO ACBH AR AR X 3xX
ST DA 3 ' Ll 5 | K P v A 285 B A3 A AR Ak
HEATA SO . TE BB AL SR FRAT 55 v, A TR
Gy PG HLAC BH AR AR AT LK SR 531 38 DA 85. 7%
PEFH 2 97. 6% ; 75 BN HUE 55 v, R FH RS p 1] T
YRR T 2 B AR A7I8 B, AEBUA S IR 75 1 T4
38 3 2 RN GRAR SR T LASE B 96. 1% 1 % 5
FEBCIERS b, B YA T T el A B 1 it &
Wit RS, RIS SR BIE S5 DR AR REAE S
BT 91. 2% MR % (Huang 55 ,2025) o

5 YT I AR R~ BT R AT BATF A T — 3K HL 7 2
Jo e /N B B AT T I, X B e R e —
R HL 2 2 3/ BRI R IR 2, 22 v R i 5
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B, B s ) K & 3% HL A5, BT a0t A 58 il 38
F) /N USRS B A B AR 28, S BUR MRS (Wang 55
2023b) .

IBM T 2014 4F % 4 T TrueNorth ifs i, — 4
TrueNorth:th A% 4 096 %0, B LA 256 4~
ZETT, MALZ) 100 T ML TT, B X R T2
WK e SHAR{UA 70 mW . 2019 4F, i 1B K 2F
Jiti 6 - AT BA & A T S G i 2R I R R ——
SR IFRET IS R ROR T AAT R APl B bR
PRI IR | A ShRERE G5 S PR A H B %
IRE (Pei 55,2019) .

N T AL ITRE TR SIE TR MM i &R
4 I A U B SR IT I AR € 8 TE TR T R R —
FRBAR BB TE” R AE X AN Z M5 B (AL L
WM R TS 2SR S ) AR E S
(e H i F UL 45 FO 4 B AL B S filG (Zhu 55
2016) . SIEGAL AR AE T AL R AR L, T
ZIV A AR R BN BTN AN R 6% A A 47 )2 1 S 3
B ARHESR 5P 0 S B Rl FRRAE SR,
T LA 5 fk AT BV B A RN 2 AR A A A A
Bedk KPR T A TG o e R & GENL A
N BT I DA B 8 5 o 4 Sl i g FH 0 5
. BRIBZ IR RN B e R RGE,
B AR ZA0IC T A R R B RE 2. A
T fih #8414 S R R ] B S L A R
Bk BB o 1B 5 AR B AR H I, A0 Zhu
N (2016) 52 BLIY fith 2 112 F1 Chen %5 A (2018) 1
MBEACAL , SAIUEB T A2 B #8534 1z

P 4 24 208 A5 28 TC e BN 1B v ) LR )i
FAME I . o B E 2R 40 R T i w Az
(filvd AE T3 DT ) RSZ FIARERAZ . R
T B R T MBI IC 38 2 Ve PR T R Ak o S 4
ICHZ , T2 10 40 5 R TN 5 Ak K e 12 i i
e, [l B st e ML

TN AL S BT R R G E A RS
Jok v Ak G i R (5 A= 2205 B . Tan 558 N (2020) $2H
TR BRI 250 8 R 5 S
SEIk i, P R A B A8 e 4k i ik e, i 5 S8 R A
S B AN SE LT R IS A ki S . Zhang
A5 N (2020) I 5T 5 422 . e AR AR 5N T 4800
G S TR RIS ke gD o TEAE S
Bréiisl, Liu 45 A (2020) 55 T TiN/HFO /TaO /TiN £ FH

&g id1z HERidz
C ot ) [ v ) W2

!
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Fig. 4 Conceptual diagram of typical applications of

neuromorphic neurons in perceptual computing

A ST R M A S R S U TS S A
M Shi % A (2021) 18 FH] Au/CuO /Au 12 BH %% [ 51 A4 78
TR K Ay R G KT T A AT
# . VO,(vanadium dioxide ) Z L 28 JCAE A L A(F
SRR T, LG NG . Yuan A
(2023) 42 T —Fh 5L T VO, 12 BH 28 il 288 25 4= B
ARG SRR T AT — A AL
T . VO ICBAZR A AR L PE sh s ma 1 58 11 5
P BR R R, N TR 2800 ] UG S s A 2R 5
(AN O F i LS5 ) R T [ 3 I 4 5 20t i 2%
Ko Kz FEAE R E ., B 45 VO, K, Yuan %5 A (2022)
HE— 2 HE T ARG R B VO, A1 FE T R A 22 0T fiE

H A B, 5220 20 B A B 0 Bl G, 2
2R PR 2T S IR R G X — AR R
Duan 28 A (2022) W R SEH T 3 F 2 W FRELS A
TR IO i 55 R BE AR5 B DU AL, IZ 2T
G567 FRBH AR AL B, &5 48 T [R] Bsf B AL )
AR AR AL 3 i A 2B 25 ko DL b O =X 22
FEHEAGES . HREAMUBEX S —EZ A1
5, I B AR 2 1 A 0 B R RIS I S R S
AT, BRSO T B A —is R = A —
UNIOR LIRS N ey W
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AER IS BN, AR 2T AR W R AE 2 E
SHEERM G TP RIRRE SRR, B, 7R APLEE A
PGk D i i, A1) A 28 0 2 SRR BT AT SN R A T 22
(CREBUE SUPUS: RSEES R Rl IR ON SR N Sy e =2
FE T3, 32T T IR FE R R GE v AR . HAK, fil s
BN 2T ] 4 IR S R SR gl T
) 5 HIE N R A RO IR Gk B e e T
Po M2 RERE R AR BRIE . A R AR SR
AT B AT I 5 07 SR AR (T AR JIE PR T
AL BN A K, S R BURE ) i 3 A OC R e
SRR S SRR S R R L 3 N AL S
AIRRSEE RS A T . MBS AN TR
TE S TR I T, (B S Ml AR FTRLASE
AR TS T Wi A0 5 A4 AT S A8 T — 2t %
Py B AR 55 B ) B0 T BRI 3 M TR R A 2 4
JEPRI . A0 VO, SFF AR AR T2 A R 45
RIS ZAEE TMA T AR S
I b BRASCAR AT ik — 2D Ak 5 AART 255 Je ki 5
(N Je B H & N o~ Al ) A R AR ) T
JE A 2 ) M A IR RE 55 R AR OR T 2R
FERETIT R Z SEOR I, w] LR | Bl 5 4R iUkt
BERES: M3l )% G T 2R R SRk R dr it
o, N TTAE R BRI BT R R A HE Sl i Bl
e NTA RS B ST 5H— A EPLSA
14 22 BB UMD A 22 % Jee , 38 i 592 30 il e 2
Yy R e R AU AR B AL FEE

TER BT SR AR M Y S vh , N TR 2 oo a1 4
PR REBAL GE S - UK 2 ZR BT A% O A 1F . LA
Mot it 4 | 18 {5 1 5C A 44 ML % 18 25 9 AR 9N T
wzeon, TR SRARLMER R IATFAT IR
P TEM B SIS ARG TR E T AR S 1)
RERCRIZ S35 2% B Oy T SR S o R A 3. S %4t
CMOS %7 32 45 5 oC LU P 3R 3l | )3 51 # 7F is fig
FE R RFAE A9 TS 2 B, B8 (4 A T 22 e s il
i Z2 Wy B B BRI, SEBE T e 22 R0 45 50
AR AL B DL R 2SR B A S R
8 R RBUSEAL

TE JJK i #ih 28  4% (spiking neural network , SNN)
o, N TR 2T %O R T T D S B 2 ik
E BRI S R T RAE 55 o A X AN
i Aok b R BR 3 A 28 TC A S L bk
ST SR AL . AR AR e ECE A A

2% , SNN B3 7 o R b B ELAT I [R] A DG M 1 3 545
T AN U TR 8 T A ) 25 R A A 4
S XA N TR 2 oA 0y s T R4S 0 58
(Shi %§,2025; Boybat %5 , 2018 ; Pei 55, 2025) . fix
5% & B, B T Mott % £ 5% OTS (ovonic threshold
switching ) i {4 48] 1 (4 B 74 it 28 ST % 51) AT D o7 52 B
2 ARk v A% 3k (I B AH DG BB V27 o] Rl O R AR 5 i
W AT T A4S B2 T 5 AT I 25 S5 A
S5 W AAT 55 1Y BE K L 5 S I 0 B BE 7 (Yuan 4,
2022 ;Shoev % ,2021 ; Duan %% ,2020) .

N T AL ICRES 5 N T 258 il A 4 2 i i 220
AAE T, REAE 92 I KM IFAT THIA, 4 0l 15 5 v 4
JE HUEAR OG5 1Y 37 5 d K o A Mo B OTS £%
PR BEARZ M | BELTE T Y A TURR I L T LATE RS 2
T S5 I I8 i HROIR 1 22 0 A g A I e v R R
Ko A5 FL A T B T BE (Wang 55 , 2018 Levi 45,
2018) . TN, 7E A RE S IR 2B S B AR R 25 25
Frp (Yao 55, 2020) , 1 3t 1 2 fih 4 51) 552 30 A0 A 22
T, Ji s p A 28 TT R A S AR A 5 O o i
RS IS PR R — 1k ISEE SRR,
X R GAE R R AR B URN 52 e 253 1) 45
AE55 vha] DL e iR 715 S 807 2 AR 1 BE
It B4R 40 Y R 4 5 A & 0 A B (B S RE
(Wang %5 ,2018; Levi % ,2018) . OTS #fi 22 e a4 [
Ho s AR (A 22 T VT o 50 3 BRAE ik rh B, 7
BB Z, 5 B 2B R S S I P A SRR T
MRS AT T IR T AR E M

P8 T NI EETw RS2 S Kb
BT MERRRE . RIS AT, #h 2T YR —
(A 25 R Uk I ) AU s 35 A% 530 3% \ Hopfield
o 245 S8 SR gk A O WS, T Mot B8 MTT) Ff 28 T Al 2
R G s 26, B AF IR LA S 515 & A R A0 g
i WL ST e KB AT R 55 NP e, 8 42 R A AT
G55 A AU AR, R B T 2 )48 R
FNEE a0 Z A (Yang 55, 2020b ; Dutta 55 ,2021) .
TEREHLIT SR A SRR 2 5 i rh , MT) e fit 1
SAFAE A AL, T A AR A B R AE TSR B
BLIT D7 B SR AR A B BEAILIR . X e 2Tt
Fr BN T A4 D it S WA LA BERIL A% A\ Tk SR
e ARFEAR T BEHLF S AL BEAE NS A4 . I
Hb,FIH OTS Fl Mott g 19 3l 3 27 34k, L] 52 BLIR
WA B 3l s AR 98 T RR R A T RE L
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(Yang &5 .2024a)

TEIN AT RN W 5507 X4 0 7 50 LK)
FE AU N T AR 2ot B B B A SE F AR
f. Mot 5 OTS #H&oC A B H A H & Frpl
TRIFERN AL A B RE T, Retl S8 A A 8 2 i DN
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