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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 necessitates frequent data shuttling, leading to the severe "memory wall" bottleneck characterized by
high latency and excessive energy consumption. In stark contrast, the biological brain exhibits remarkable computational
efficiency, performing complex cognitive tasks such as pattern recognition, associative memory, and autonomous learning

with an exceptionally low power budget of approximately twenty watts. This biological efficiency intrinsically stems from its
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massive parallelism, event-driven processing, and the dense colocation of memory and computation. Consequently, neuro-
morphic computing—and specifically the development of computing-in-memory (CIM) architectures—has emerged as a
pivotal frontier in post-Moore’ s Law electronics. This comprehensive review provides a holistic and detailed survey of the
materials, devices, and system-level strategies currently driving the development of neuromorphic hardware, aiming to
meticulously bridge the gap between fundamental material physics and brain-inspired intelligence. To realize this paradigm
shift, extensive research has focused on the development of novel materials that can physically embody neuronal and synap-
tic dynamics at the hardware level. We first systematically analyze the state-of-the-art material systems utilized for these
purposes, beginning with advanced silicon-based field-effect transistors, where optimizations in floating-gate allow for
highly compact implementations of analog weight updates. Moving beyond traditional silicon, we deeply explore emerging
non-volatile memory technologies. Memristive materials are highlighted for their highly scalable metal-insulator-metal struc-
tures, where the mechanisms of ion migration and conductive filament formation provide the non-volatile multi-level states
necessary for high-density synaptic arrays. Similarly, phase-change materials exploit 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 ultra-low 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 ability to couple optical and electrical signals, enabling ultra-fast signal transmission that mimics the
high-dimensional connectivity of biological networks. Crucially, a central theme of this review is the paradigm shift from
suppressing material non-idealities to actively exploiting intrinsic device dynamics. Physical complexities such as volatile
relaxation, stochastic switching, and non-linear current-voltage characteristics are increasingly utilized as rich computa-
tional resources for implementing short-term memory, reservoir computing, and probabilistic learning rules. Building upon
these fundamental material properties, the review elaborates on the engineering of artificial synapses and neurons, the two
foundational pillars of neural networks. The artificial synapse, acting 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 plastic-
ity, across various device architectures ranging from two-terminal electrical memristors to complex multi-physics synapses.
Complementary to synaptic memory, the artificial neuron serves as the non-linear processing engine. We review the physi-
cal realization of neuronal models, particularly the leaky integrate-and-fire model, 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 where power
is consumed strictly during spiking events. Beyond the engineering of individual devices, the realization of practical neuro-
morphic intelligence necessitates robust system integration and hardware-software co-design. This review extensively dis-
cusses the topology of crossbar arrays, where synaptic devices are strategically located at the crosspoints. This architecture
enables highly parallelized vector-matrix multiplication in a single computational time step via the direct exploitation 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 vari-
ability, cycle-to-cycle noise, and limited operational endurance. To effectively mitigate these pervasive issues and ensure
the reliable execution of complex cognitive tasks, researchers are increasingly focusing on comprehensive hardware-
algorithm co-design strategies. This involves the development of robust network architectures and adaptive learning algo-
rithms that are inherently resilient to underlying hardware imperfections. By establishing a closed-loop optimization frame-
work that seamlessly integrates device-level physical traits with system-level computational models, it becomes possible to
significantly enhance the overall reliability and fault tolerance of the neuromorphic hardware. 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 interdisciplinary endeavor, intrinsi-

cally uniting the latest breakthroughs in materials science, solid-state physics, and computational neuroscience. As the
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field continues to mature, the seamless convergence of these diverse scientific domains will be absolutely critical in over-

coming the remaining technological barriers and establishing universally accepted testing standards. Finally, the 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 capable of real-time

neurological signal decoding, and autonomous sensory-motor systems in advanced robotics, the potential 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 phys-

ics of emerging materials, researchers are successfully replicating the functional building blocks of the biological brain,

paving the way for a future where computing-in-memory architectures enable sophisticated artificial intelligence systems

that are autonomous, ultra-efficient, and deeply integrated with the physical world.

Key words: Neuromorphic Computing; Computing-in-Memory; Artificial Synapse; Artificial Neuron; Emerging Elec-

tronic Materials; Brain-inspired Chips
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Fig. 1 Neuromorphic materials and devices. Left: Materials and devices based on different effects, including silicon-based/field-

effect, memristive effect, spintronic effect, phase transition effect, ferroelectric effect, and photoelectric effect. Right: Simulating

brain-like functions, including weight updates, negative differential resistance, spike firing, and oscillation.
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B PR AR 0 A7 At e A A R BE ML A Ui
(Ferroelectric RAM, FeRAM) . & B bi% % 45 (Ferro-
electric tunnel junction, FTJ) LK 2R H 37800 AR
(Ferroelectric Transistors, FeFET) . X %5 8% {4 4 jifi
BRE AR S B AT U4t C R BUR i S R 2 IE
Ay ae S B rh e B B 2 ) (Kim and Lee,
2023) . AENT SN, 22Tk i L B 5 A AN
ARSI T R Sh VG i fr i 55, i B0 5 i)
e, DG, BR A AR O 2 T — USRI R
3 A Bk

FeRAM (Park %, 2021) 25 #4 25 Ul F 14 &
DRAM , {H A ff FHER LB BMU R 4 52, ATl 45 3F
Dy Itk FeRAMANULREF T 48 RAM f PR 15 7]
R, 340 PR TG 5 il 3 R AT DR AR B T 42 v 1 RESK
KH . T HIO, RIVEH AR FeRAM £ 52 BN
POEL 2 AP A AL DT (Lyu 55, 2019) . R4
ik, FeRAM 7E 7t — 2045 /N 4 RUSE 5 T ATS 1 s %
Z PRI, JUH R NS 2 B g R i /NI RRAR . SRy I
XTI L 5 R v 0 A A0 e 8 2k Pl bR R e =
YeHEZZ5H . AL, FeRAM 7E B4R A o B vh A7 A6 1l
PR, ROV Tt e T 14 H bk e, 7T e R
s B, DA G 52 )5 s AN [ R o AR Y R A
OSBRI 10° AT AJE R (Okuno 45, 2020),
BTy RG E— LA Ho 55 P S AR e

FeFET 3 1 76355800 A A8 b 5 AR bR
SRR S AR S 2R IIRE . H = mgs

o Sl 5 g IR I B = 4R ME S A B R ROk
i 22 G 0 v 6 ROk BT R . 8T
2 B 5 4 R i () 73 5, FeFET ] SEELAE 2k 24 2] Al
TS AR R A T 38 T 2 A A, an
XU FeFET (Lee %5, 2021) . %K a8 FE o £ 5 A
{55 L R R ] 22 AR, T SRS 20 AT S v S AR
WCC R o M A A B ) IR 2tk 5 0 R M
FeFET By H S 5T Iy 1n . I8 4 72 i F ik o I AR B
WEAEL , SR P A B P RE Y o LB filan, (Hf,
7r) 0,3 FeFET RI 828 K T 1000 9 K h A1 il , B
A RAF0 AT g Fet (Zeng 45, 2021), FeFET #7445
14 1) 22 D) e HE SRRV H 5 T AR T e A4 R, 91
JGHLZE AT SIS 8. 914, MoS,/BTO St
HL A AR T3 e I ) 7 E AT B TR ) (Du 46
2021), BEAb, =t L o il g 0 R AUl Z AT
AT B Ml sh Z8m 0 (Lin %, 2022a) . {140, 7E a-
In,Se; JGHL 2 il (Liu 45, 2022b) , L FDGH AR AT
VIS 258 il nl YA, G5 S o A A e R LS s
TR Ml T SR o AL, S84 R T A St T4 BT ) AT A
HLAE 5 FOGAE ST . B e i mT i IR A
G5 EA R ENEE TR RS I HEZL
TR o T FeFET (428 il ik i 48 jli e sk BE 4 i
SER LA SZ IR A S S (Lee 25, 2020a) , 8454 S
KA W LA [R) o J i 2 L e A5 e 2386 3 550015 5 S A
MR8 8 22 IR0 22 R 45 (Lee 45, 2020b) .

FTJ J&— R 0 A2 BH AN T2 fi 2 14, Fr P Fe
W AT g B2 i, Hol SRS ZET
R AL LS A A R AR Tk . H ETE A Bk b
B FEFEER A B (41 BaTiO,, BiFeO,, PZT) Fl# 47 1
(LL HfO, AR F) k1K (Wen and Wu, 2020) ., P
R KA G e b AR REFE S
6 H 5 A G5 FERCH 2 R (<Inm) TS RE PR R AR 1
R 9 2 B4 CMOS 345 (Park 55, 2023) .
S FTI S5 R a7 5 ) T i 2 T AR (H B T
TEEE ARG S TR, 55 kiR 2% It
Ah, BT 5 AU [R)—i F, XE LSS B ) Re g
J& SR A T N R R 22— B AR A
2T AT RE S By m R E R B A
B2 TAERIE T 3T FeRAM . FeFET . FTJ 142 ik %
e BRI O AN EE  JC W 2R 2 AT S TR AR
2RI (Gao 5, 2025; Cao &, 2022; Luo %,
2021; Aabrar 4%, 2022; Wu 5%, 2019)
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1.6 LRSS RG

JCHUR S SR TE 2R AL 58 28 48 Hh 9 T8 S B A
0, HoAZ O D BE 2 BT R XS S 155 10 2R 5 He,
G HALRE ST (Zhou %5, 2020) . AKHEAE FIALL, 7T
53 R =2 O SRUN DEIREUN 5O . SR
RN 3k N L 37 00 B AR L s O S H R
P A 4 5 ' R S RIS R I IR 5 Al B0 Tk
L AESMINER 3K Sl T 7 AR e W LU 5 SRRSO )
LG A AL PR A R T R ZE DL o
SR AL (Koppens 45, 2014)

IXSEHLTIAE D RE b B A A R ) 22 )22
PR . LUBOL DB 5155 g5 R 1, Az WA g
PR A 20 B T ST PG IR 5 B, kP A0 i it
A ey 1 70 S B % B 5 , LR A4 L ) IX 4 1 B A
287 A B 2 LA A S g Tk b o R
) g L A5 i it A R ) R IR R 4, T A
PHS G54 [F] ) Bt e 0 22 AR 5 el 2 S R

e, B RMIRAE S H AR (i — b R — Skl
KL YT OB I TR R A 28 A
H1 (Mennel 4, 2020; Jang 2 2020; Yang .
2020c; Wang & 2025; Yang 4: 0 2020d) . FLiH i
TR AR ik A0 P, A B8 1 7 v, BEL ) 285 5 i 11 5%
P2 3G 5 5 A (R , (R 32 BR TS5 M W 5 T 25 g
2 MELL ST 385 % 52 A= A RFALE o

BEAE B ST R A S L DF 90 1B 2D 5 1y

G ) B BN Nt e /S 1 P 1 B . i o et A i)
et LU S A8 ks h AR
TR ARUTSs 7 s B S T s s B
5t (Zhou %%, 2023).

20 b, AR RL S 4G 2 A DR R A M
BREE , AR B AT LU AL 53 SR 20 41 iR fig
T HL 27 b S IHOBUR 240 6 ) AR 1 R AT o L A £
M N, 3 2 35BS (Zhang %5, 2022; Liao %5,
2022), JELAEH IR S FR LY, XS5 S 9T
P B e e R ) RMRUEAT, 1 S SRS A B A
PR AL T R 4 LAl (Wang 45, 2020, 20215 Pi 4,
2022),

] i, TR A 2k 25 4 (40 oD/2D/D 4 &) it — 4
IR HLAF S ARG AL, BTl ACT- 20 B %) [ A T
Ry, DA AV RS B g W 37 55 T B iR i % B 5 i
s H PR EREE DI BE (Yang 45, 2024¢,b) . R T T [a] 52
BRIz FH AR BIFTE B 0 T T e LI JE5 I i 4 i J
U HERE IR A R o S St R
B0 (Yang 45, 2024d) o %05 Fr @ilA 900 5 i i 2%
H BhAS A 5 T A PRI RE , e AR o o RS S Ak
M50 I KT FE = S8 R 4 L 5 e ek
SR
1.7 MHRIIBHERIMERSITA

FE I BE IR B 88 38 T ) S e 8 ke A a4

Non-Equilibrium
Thermodynamics

WNELR Y B E) J1oe . i 2(78) B, Az
ZICHY S IR AT T AW B4R T AR R b
o PR REAL IR IR T A BIDIR S T R X R

Nonlinear
Theory

Complex
Networks

HONEREA) S SR k7 B N BN D TR SR RN
BUAE L, R AR YA BR S AE o (i (A
AR TR L)) S e T P SR g S, IR ]
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IR B . H kG IZ B AR S R R E T E O
Br e N A S B8l ) 2 S AME R S i
AR %, LI 8] 52 2% J3E RO T~ R iR A 1 A AR 25 2%
HAYECH . XA AR BN T E IR T AR R N e
PGB LR

T AR XA R 2 Y AT O I 20 ) B
N, FATF E G AR AL AERIE . AZBE A AU
oy B A R B S PR BRLAS A , BE TR 36 T ) L) R
I AP A B AR R R B S
1R RS AR i R R RS . DSl g
R I GUE T DO A T AR AR Bl 2 X T,
WA 1 P52 IR AR 2R T S | AR s o JR &R
AIREICSE MR T X — G, JF4E A9 Hodgkin
- Huxley f TRl AE TAETEIRIEN 2% . X FPrE RIS
ESAYM TR AR AR L M 3 ) e g
BT FATH A RGO I,

K 2. IR 72 58 e M 2% o AR 24 2
(Z2) o T AW g oS AR 7 d 18 (a0 4
J& - A A A5 ) FE BB AR TS W) o iz L Yy B
fifto ARZRAERLE () Ak Tl AR B Ty A
48 (CHRTENE 51 ) AL BELAS HR A 10 T R 2507
W, BARMYS () : R 1 1R K2 2 5 A8
FEHE G AR a5 M 2% b SE B RS PR T3

Fig. 2 From Thermodynamics to Complex Net-
works. Nonequilibrium Thermodynamics (left) : illus-
trates the physical basis of energy dissipation and mass
transport in biological neurons and solid-state micro-
electronic devices (such as metal-oxide structures).
Nonlinear Theory (middle) : describes the mathemati-
cal connections established through nonlinear dynamic
systems (such as chaotic attractors) and memristor cir-
cuit models. Complex Networks (right) : demonstrates
system-level neuromorphic computing realized in the
hierarchical structure of the cerebral cortex and inter-
connected oscillator networks.

A YR 2 Y PR SR R R — D E iYL
Sy iR W 2045 R, i Ha BH A AR P 2
T IEATRE G, AT LUK AR 1 04 N EE Bl 2 5 A R ) 4%
AIREIR Sy 27 B UHAT TR BE PR MR S 2 R 245
PRAR S [ SR AEIXFREE T A i AR Lo
&7 e 28 o1, S D4l R AT e e 4 Rl B R S
RN, RGRTTERE SRS BRIT R

T3 AR, T2 28 B HR 07 A A7 e R 5 1) T B
AR FETRGAR A2 R S E IR T
SR 25 A, REAS A L R AL B S IR 1 45
ARG Y B O7 18 BRI EAT B33, A
PRI 2R R SR 5 Al e 22 8 T I A

2 BEREARRBER

TEAEYIM ARG, S b (10" 4> ) it
Zooe R (10" ), M2 oe S R MR EAEHT, SE BT
ERAE B SFATALES FIE RN T RE D), R4
1 90% LA ERI(E RS2 ) DAk . ZIen &, i
ST NLB AR, 5 AR A4S F 55 HIL i i
B —AURIIFE R R B R AR R . SRS
5 AR SRR A L MR ST R AR RS
ARG T BHEIRF I, 71 S8 e L EHR R |
H 32 5k Sl pL s A SF 5 5 rh R B T i 0
[i[ip=e

WNIEL 3 s, i 2 25 A A A 2K i 5
REAF A AR O SCHE PR RE LR TR E T R G R AR AL
REERMKF o Hobh , N TR AR N A
AN 2T T 28 B AU A i A ] SR P 4 e AR AR
RAEESE B2 T RINE =T 5iciCote . TR,
WRACH IR 5 0K T2 B SR, 18 B Hh 22 i 2
(ESY 2T Ny U En I E O I A SR R R LA NEER RN
5 fih i A A5 FEAE S F RO R R RS L L iE
P A B RE 1 55 07 TR WIS HERE o [RII, DB5R
fith 5 22 W) PR R 9 AR AR B AP R, Al
BB AR N S U A . IR S RS
M2 RS 5 BALBRER B T Wy BEAEA , WA T AT
S fih i)

IR CEI A L PR e i A R U TN S P
A ] ) i AR A T RS, P 0 FR 3 -  TAh BE
IR it o R LU AR 3 LS Sy B
PR RSE A7 52 B, 3 e R K o SR R S I 1) - R I e
12, P BC AR BT LAR s B 1A

Fig. 3 Typical applications of neuromorphic syn-
apses in computation. Top: Different input patterns
are mapped and then processed to achieve the final
classification output. Bottom: Hardware implementa-
tion using memristive cross array as an example, illus-

trating vector-matrix multiplication through Kirchhoff’s
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laws, along with a schematic diagram of a weight
update mechanism.

I SUR N

R T RIS AR Z B, B o 22 0 245 £
RIHAE S e 6 B2 52 BB AN TR B f T8 P X 2250
52 AT RE R s PR ELRLAL ke B 22 1) B ) BRATL A
PR T NI, A5 5T Mott 48 2% 1A A
AR B TT I ROV LA K [ ke i 1z AH 56 A4 1 g G 45
(MTJ) A5 o 3 0 g DR H R 4 50 28 ) 1o g 4%
P B A B CMOS 83 ST, I T 2 I 2
FR 58 AT HET AR W) DR 1 o 7 3 WM (Yang 5
2020a)

A, B — Wy AL AR 2 A C X LA
TR R Z TR . YA e
B ITCIIBETE IS AR, JCH 2 DO ARG AL
ifill A SE RN AR 2 ST, DRHCR A sy S8 10 R
REAE I g 1f7 90 S5 4 1, 128 R i — AU 2 2t
AU R E T ) o NI R 25T n] LLd g
PR & 5 G AR RGP R R, =0 R DG B AE 9 TF
K RIZRAER A HE (Wu 45, 20205 Chen 55, 2022) .
FEALSERY CMOS J7 &, Sl il Se B A% 1k
I3 5 F A RO AR HL A, 25 AR B A ey T R A A iy
PR e o 22 T D R P SR, R T i e A —
Ak o AZBELAS DGR 220 SR 2y T 4
HE P S BSOR AZ 14 1 45 1 FH 7 S5 B I e 9 4
o 38 3 R B RO FEA BASAE iR  22oT 1 11
AR, SR 5 SRR AR AL B AS P R B, 8 R R A

7 1 7Gij

I:> It:a.)I=ZVrv:Jw * Grow,col E:)iﬁﬂj %%ﬁrﬁ];‘

SRR NG

;[ AG

’
WK IR B AR, S B AR 5 0 B0 IR H %
A kg X 197 B Ik i L SREL T MG S 1 Ik
RIA B (Zhou %, 2023) .

EIRPDEEE AR AL SIS N T 4T
GER RS T AN, R FON A Z R Rt
YHEHLHI AR Bl ACBE R R G kAR S Ok
PEAERE FEE A RE 7, FeEL 28 fale T 98 P ASEADL D e
B FEL AR O XTI A T R e U DGR RE L e g
NN U IVAN N Tl v = S PSR 7 Ei 7/ B
Sehih . ZWEALEIeYRERE , (115 AN TR 2o RE e
AP R EIEN 28 EAREE, LUK
B DIAE A = 2 B S R B T . 5L,
s A AR AT 7 A AR W AT 28 L ) Bk b & i LT
PEVET A B AF 22 9 B R AE . A,
FHOGAT 5 77 A6 1 W i 3 1 BH S T R 4 o AN
SCEL T R EAY AT PEACE R S TR, e KR T
P20 S AR 1 X i AR 5 Fh 2 | 22 d A BS54 AT
TN AT e [0 25 ] o aX b 2 W E G i g A A,
W3 A= i 22 R e rh 23S (ol B i HLASE)
55 A b ER S S A e 4R A 2
Fe 3 50T BRI 2] 5 PSR SR AL T A A 1 S5 1
(Dang %, 2024)

3 Pl MR

W R K 2 A A W 22 R A BAHGE T — 1> 5%6
BRI LR GE , T S IR AP 15 0t 24 i S
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RS . PR GGl S S iE A Kk 4
BA2E S MUURUE s Al 5 T B2 MoS2 2 F: 4k
W51, 56 25 0F 0 RR 1Y) ' H A A % DRI 38 KO
M) 17 2 5 A4 P, FR LT 480 = BT iR 8 T
S PR KRR AT K AR 1 ) 8 5
A7 R BRILZ Ah, 308 IR T R S I R K A5
B H RS20 AZ R BE T, B HRE T A OCHk D
JCRIE R HERL N BETT M (Huang 55, 2023).

TR FE AT AR A A T BAT 246
B EAF A — R G A B 5 $45 8 T b 4
B IR N TR R R R 55, F T A 3 22 Y e AT 55
HAP T TiOx/ZnO (87 B L2 B 28 BT HL 2242
B . sh O A B AR 2 e G L I B 25
XSO AT A3 e L | A 1 R i 28 A AR
R AT A RO o AE BRAL BB BT 55 v, )
FHAE 5 2K A ' B AZ BH #5455 28 ] LR EHZ U 38 A
85.7% FE T2 97. 6% ; £E fm B N AT 55 v, R H BE
HN PR TARER T 2 B 038 55, 7ERID A5 1
TR L it Z2 AR IR T LASE B 96. 1% 1Y
HEBR R R UL BERE [, By A T 56 T4 i s B A%
(1 it 2 5 R 40, 76 A2 SR BT 45 Hh AR
REFESEIL 1 91. 2% MHERI % (Huang 55, 2025) .

i AR K2R ST RS BT & T — 3R Tk
FEAE/NER B BT TR, BB T R R i — AR
P 2R 422 21 /N R A AR B 2, 24 fEL 1 B JER o A g
B o ) R % FL A, B T A 2 fih A% a2 3
/I R 50 A A A 22 S BB R R iR (Wang %5,
2023b) .

IBM T 2014 4F % 4 T TrueNorth its /i, — 4>
TrueNorth :ts F 812 4096 % O, B AZ O, 256
AT, BAEL 100 TARETT 8 B SRR T
AT K AE  DHEEUAE 70mW ., 2019 4, i Kaf
Jite 6 - A BA & A T SR R A Y 28 I B R ——
CRHL” T ILS R RAR T HAT 40 A V5 B s
PRI R 5 | A bk 08 5 B ] B RO ST
fE (Pei 5%, 2019),

mE 4 s, N T nkE THEMEESITTE
RS R 2R G0 h Py T A% s B BT R 1 60, 38 1E
TR B — AR AR B T IR RE X AR T
B CELFE WL OE ot e T i A5 2 B ) LA
R PRAE S (ot L B e LFL S5 ) 1958 BB Ak 25
A (Zhu 5, 2016) . 51 GeAG AR FE 5 AL HUS

FH L, 56T 4 200 A5 4 2 0 SRR BTN A R 6% 7
PRI T SE R a8 ARAE R R e ) S B R
FVRFAE SR, 10 B4 58 ful v] ¥4 B IE92 \ 2
Tl SR AR AR T N A Z T AE MR I
EE NI S YNNI =54 g X N ARIEUR
5RE . SRBEZBBEREINE R AL
WA, P8 T R R S0 AR O A e s i R
1o N TG A A (0 o o R B A 8 M S e S5 %
AR LE AR SEPURANCAZ o A2 L3S 515 A% 5K
N Zhu 55 N SEIL A filse 1242 (Zha 55, 2016) Fl Chen
NI EILTZ (Chen 55, 2018) , BJUEN] TZBH #%
A ST 17

Echoic Iconic
[ vision ) [ Audiion]  aptic
\ / 1‘ E
~. Exteroception _-

Sensory memory

Selective

Attention 'l' Consolidation

Forgetting Short-term
memory
Elaborative
Rehearsal

B4 w2 25 mh 2 onre BRI B i g 7 AR
e WEEANESZ (s PLBE e IR ) | A RS A A
o T WEGEICIZIE 1 SRR TE B A eI, Fr e
T A A RIS S e A KRIICAZ A 7 TR A 35 18
Bl
Fig. 4 Conceptual diagram of typical applications of neuromor-
phic neurons in perceptual computing. Top: Exteroception
(touch, vision, audition, smell), interoception, and proprio-
ception. Bottom: The process from sensory memory to short-
term memory through selective attention, and then to long-term
memory through detailed rehearsal and integration, while also

including forgetting mechanisms.

75— 07, MATE BN R ST e A 5
F MK G R A MG Bl . Tan 55 NS T
— i BRI 22T, B T A5 5 e R O

11
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Jikr, B A B S 4 Ry F R Bk o, ST R ) E ik
hgmas A R T R R R, R AL (Tan 45,
2020) . Zhang 5 A DU 5B MK TR AR IR AR 5 A
TR TCE A, BT i A R A 5 Tk o G 5
(Zhang 5§, 2020) . TEAF 520 M40, Liu 55 AT
TiN/HfOx/TaOy/TiN 12 BH %% ¥ 51 S 80 1 iy 2 i 220
SRS B 5 S (Liu 45, 2020), 1 Shi 25 A
8 Aw/CuOx/Au 1 BH 25 BEH Ra 3 1 o 2850 % Jok i 43
VARG, W KT A TN A i BUM I AE (Shi 5,
2021). VOAZBHMRZTTAE A B S A B A S T
2 I HGI A EE . Yuan %A (Yuan %5, 2023) &
T — R 3L T VO2 IZ B #5 1 M 28 45 AR BLE 5 Ab
BERGE, smiH T HAE T — AN DR .
VO2 IZBH 2% A (AL sh A [ RE 1 S5 12 B
FbE N TR0 AT RS2 AR B A 5 (AR O
HL R A ) AT e 5 M i A I B R
AEHREL ., A VO2 AL, Yuan &5 (2022) i#F— 42
T ATASHERY VO2 SR IE R R 2200, gt H IR T
Wk B, 52 B0 20 B I T Tl e R S
Jik Ak il 2 S B R G ) X — BRI . Duan
2 (2022) M B RSEEL T LT 2 Bm A N T2
JUXT i 5 5 5 BE A5 5 A DU AT . I Te g A T
JHE BELRIAABE R R, 28078 AT ] st JR T A LA e R L
AR Ak 3 1 e 2 TR 2 Wk ol DA i X B i 22 B J
MEY . HAGAMUBEX 73— 8 5155, 06
FERE 2 1A 58 AU 2R FRAE AR LS 5 S Rl G 1
B HESEI T B -8 S - IR A — R il 2
AR AR

M2 E R, N T A28 0 B E B e 2 R A
SRS TR SRR . B AN
OV D) 7 iy, 1) ] A 28 T 285 S A BT AT S A T 2
55 G WAL B R ARG, B RO T S A
FE T3 32T T IRARG BN R Gl g % . ok, ph 4
TE2S BN 2 oo ml BB R S ROk Bl e B
3] 5 HIE WO AR IRME Gk b e
£/ MRSl VA o =T 4 o =T 17 ST 1 | O E 228 | N S
TGN BT AT YAME S O R 2 AR AL AT AR A PR B
AR Bl T R, S0 R R A G B B
SRR BN AR, 0 e L 3 N E Ak 5
FIRREER IR AL TR . R MBS A Tt
TN G0 3 AR A 0 R (L LS 0 7 Ml e R R A
PR FRATS I AL G AR T S Bk T2 —8kE 2

Yy P AR 5 Bt ) B0 T R (BRI 3 I M TR A A 2 4
JEPRA . Hean VO2 SRR AR K T2 S5 R A
LR EAR SR 2855 T A T sh S A5
55 P b BEASCAR AT Sk — 20 P4 5 AT 25 5 e Pk Y
S (I TE B H 3 o~ A2 3l ) 2 S ) T
TR 2 A A E SRR T 4 R AR T
RAEMATE R SEORME, o] IR, B 4
PORBL: A8l 72 el T2 R RE AR 1 4k
PR N AR TTAE 8 BRI BT R R A HE S0 il
Pl 0 T e S B R RS T S — 10 A EHLER
N 22 8B R 5 VA R e 3 T 5 B8 0 3
AW IR RE AN (R BAL FEE R

TR BT S 2R Y S vp , N AR 22 e s
PRy GERBAG GE s - AR = BRI T A% A . LA
Mott a4 . 150 B F 5 2542 g g 18 25 AR AN T
T, e SR E) BRAE LM RIR AT
P TEM I L SRR G TR E T AL S 1
RE R I Iz B3 5 A% B )y T e 9 eh o R i L 3 S 1%
4t CMOS #4732 5 B0 LA 4 3K sl 3 51 B VR AN v
REFE N R AE A TR R Fe , B8 A N Tk 22T 8ot
i 3t 22 ) AL ) O )4 L SE 3T 0l i 48 0 45 5l
J1% BRI FRAb B 2R R RS SRR AR Y
TR

TE JJk wp 22 ) 4% (Spiking Neural Network , SNN )
o, N2 el a0 153 B 0T Al LS B 25 ik
Y SNIVE U e Wy E A R R 6 HiPU RO P i
o Aok b )RRy A 2 A e e AR i R bk
NS s s F (YR AL X VO DA 35 (B |
2% , SNN BTG & ey 25 LR AT I [ A G 19 3 A5 1R
S AN U R[] A7) T A 2 25 R B AR A 4
S X TE N AR 2 TR R IR T R B IE & i
(Shi 2, 2025; Boybat %, 2018; Pei %, 2025).
BRI, T Mott #5143 OTS (Ovonic Thresh-
old Switching ) 7 {44 Y i - i 28 T [ 51) mT v 52
I SR DK i A% 388 I B AH OGS 2 ) Rl O R AR 5
fRt A BT T AR Sh AT 5 AU A S AG
0 25 MR 55 1Y) RE AL L 5 SE I e 1 BB J) (Yuan 55,
2022; Shoev %, 2021; Duan %%, 2020).

N TARZTORES 5 N T 28 il A 4 1 1 220
SEE, BB 92 BRI AT THI, 4 il 3 5 v 4
JE BRI 3 5o K . R Mott 2 OTS £%
PR BEARZ M | IBELTE T 1 A TBURRE L TT LATE RS 23
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T S IR S HOIR (18 452 50 R AR BTl (R
BT AR SR T B DD BB (Wang 55, 2018; Levi 55,
2018) . N, 75 AR S0 BLAY P 208 25 46 B 45 45
Frf (Yao 55, 2020) , Hifdi HH 58 firh B 5] 52 88 fin A 24
T, Je it R A2 B 3 5 R A3 0 5 S i i
HRFER S YR B A — R, WL RE,
X R G AE BRI RRAF $2 RN &2 A8 200 ) 45
155 v Al DS I FA% Ge 50732 4R 200 1 e
JfEL 2 KG 40 B 7 R 5[ A8 N A B E A AR
(Wang 45, 2018; Levi %%, 2018) ., OTSH#Z&tastt
PR L v A e M i e 28 0 0TS R B0 T AR bk e 2
TERRAE LS B () i 2 I 28 5005 5 R % S B P A s8R AI
TREFS TR T T I T AR M

T 8 N EZ ST e v/ Sa = Kb L
BT PR RLRE . AR A RS, M2 T R —
[vi] 25 R 8 0F B AT LA DA in 8 58 44 57 L Hopfi
eld [ 2 S5 SR g #5 MCEL . A Mot 5 MTJ #1485
P IR 5 25 I 45, s A B FRL A SRR A5 & LR TR
A REAS WS 5 KR iRA T R A5 NP X R] A, 4 SRy
TRAT 5555 R H A Al 20 B, KR AR T A 25 TRl R
R NS5 R0 A Z A6 (Yang %5, 2020b; Dutta %5,
2021). TEREMLITFR AR R P ik, MT) #4200
PR T Z MRS K AL, AT o HESR R CRAE T
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TEATE 0 bt ok T oStk it Jig . 548 BCl R%G:%Z
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