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Abstract: As neuromorphic computing evolves toward complex environmental perception and intelligent decision-
making, multimodal information processing has become increasingly important for improving information utilization
efficiency and enhancing environmental cognition capability. Multimodal memristors, which employ two or more
physical stimuli such as optical, electrical, thermal and magnetic signals to modulate conductance states cooperative-
ly, have attracted extensive attention owing to their unique advantage in synergistic encoding and computation of mul-
timodal information. Herein, the recent research progress of multimodal memristors for neuromorphic computing is
reviewed. The active-layer material systems, including inorganic, organic, and organic-inorganic hybrid materials,
are first introduced. Then, the major operating mechanisms, including conductive filament formation, interfacial ef-
fects, phase transition, and charge trapping/detrapping processes, are summarized. Furthermore, recent advances

in artificial synapse and neuron emulation, neural network computing, and multimodal optoelectronic applications
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are discussed. Finally, the challenges associated with material design, multi-physical-field synergistic modulation,

device stability, and large-scale integration are analyzed, and future development directions are prospected.
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Multimodal modulation and multistate modulation of inorganic memristors.(a) The typical I-V curves of the Ag/Ga,05/Pt

memristor under the different UV intensities with Icc = 1 mA.(b) The resistance distribution of 20 cycles in HRS and

LRS under different UV intensities.(¢) The retention characteristics of eight different resistance states'*.(d)logl - V hys-

teresis curve obtained from the Ag/BFO/FTO memristor.(e) Threshold variation(Vt) modulation under various applied ex-

ternal magnetic fields.(f) Directions of applied electric and magnetic fields and electromagnetic response diagram™’.(g)

The typical I-V curves of the Ti/HfO /Ti,AIN memristor.(h)Representative thermoelectric response curve diagram'
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Fig. 5

Resistive switching and multimodal sensory retention in organic-inorganic hybrid memristors under acousto-opto-electri-

cal modulation.(a)/ ~ V behaviors of the device EGaln/MAPbI;/PEDOT : PSS/ITO memristor.(b) Retention test result at

different frequencies during 5x10* s.(¢) Retention test results at different SPL during 5x10* s[m.(d)Typical I =V curves

of Ag/In-TCPP/ITO memristor with different growth cycles (inset: schematic diagram of test).(e) Repeated cycles of re-

sistive switching cycles for devices working in the dark and in the light at 0.1 V reading voltage (X = 405 nm).(f) Optical

SET behavior under light of different wavelengths™
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Fig.6 Schematic illustration of the conductive filament mechanism. (a) Cross-sectional SEM image of the stacked resistive

switching device in which the porous SiO, thin film is sandwiched between the top Ag electrode and bottom Si electrode.

(b) Surface of porous SiOx.(c)Schematic illustrations of the Ag” conductive filament model based on the ECM mecha-

nism*’.(d) High-resolution Transmission Electron Microscope (TEM) image of a Hf nano filament.(e) The VCM mecha-

nism governing the SET and RESET processes in the Pt/HfO,/BFO/Hf0,/TiN memristor*”
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Fig. 7 TIronelectric self-polarization driven by the interface effect mechanism. Self-polarization characterization of (Bi, Sm)FeOs
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(e) and (h) represent the corresponding local phase-switching loops and the statistical distribution of coercive voltages
and bias voltages. Finally, parts(c), (f)and(i)show HAADF-STEM images near the(Bi, Sm)FeO;/SRO interface. Insets
show displacements of Fe ions (Bi, yellow circle; Fe, red circle). The dashed lines are guides for the eyes.(j) The pro-
posed interfacial barrier effect. Ebi is the built-inelectricfieldnear the metal/ferroelectric interface, and Ef indicates the
Fermi level of ferroelectrics.Mechanism for the self-polarization engineering of ( Bi, Sm)FeOj5 thin films.(k)The black sol-
id curve indicates the magnitude of the junction’s built-inelectric field(Ej) , the blue dashed curve indicates the magni-
tude of the depolarization field(Ed).“ @ "and“ © "denote the positive(negative) bound charge,“ O "and“ -"represent oxy-

: [86]
gen vacancies and electrons
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Fig. 8 Electron capture/release mechanism. (a) Analogy between a bio-synapse in the human brain and the artificial synapse
based on the Au/PMMA/CSQDs/CsPbBr;QDs/ITO memristor.(b) Cross sectional SEM image of the memristor.(¢) The PL
spectra of the CsPbBr;QDs and CSQDs.(d)A TEM image of the CSQDs; the interplanar spacing was 0.23 nm.(e)A TEM

image of the CsPbBryQDs, the interplanar spacing was 0.58 nm. (f) Schematic diagram of the electron capture/release

mechanism under different voliage conditions™
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Fig. 9

Simulation of synaptic plasticity in multimodal memristors.(a) Working mechanism of the retina.(b) Schematic illustra-

tion of the neural signal transmission of biological synapses in neurons.(c)PSC response of GeS memristor to optical puls-
es(5.53 mW/cm®, 2 s)at 656, 530 and 455 nm wavelengths.(d) EPSC triggered by a presynaptic optical pulse(365 nm,
5.530 mW/cm®, 500 ms).(e) EPSC triggered by a pair of optical pulses(365 nm, 5.530 mW/cm®, 500 ms)at an interval

time of 500 ms.(f) Variation in the pair-pulse facilitation (PPF)index as a function of the optical pulse interval (At)with a

fixed light intensity of 5.53 mW/cm*”".(g) Histogram of the peak currents of PTBZ-DPP-based memristor induced by suc-

cessive voltage pulses, at different temperatures (153 K, 373 K, 473K and 573K).(h) Long-term potentiation (LTP)

and depression (LTD) displaying 20 discrete conductance states when the memristor is controlled with input pulses (3.0

V, -4.2 V duration, 5 ms).(i)Synaptic weight updates were induced by a 400 pulse protocol consisting of alternating 20

positive and 20 negative pulses. Experimental demonstration of(j) paired-pulse facilitation (PPF)and (k) paired-pulse de-

pression( PPD )in the PTBZ-DPP-based memristor
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els.(c¢) Typical current evolution curves of the memristor under 1000 s modulation of blue light.(d) Typical current evolu-
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lation of the learning and memory behavior of the memristor for letter recognition. The EPSC response of the n-SnS, mem-
ristor triggered by 50 optical pulses at A= 455, 530 and 656 nm is presented in the inset. Optical pulse: light intensity

[105]

of 5.530 mW/cm®; pulse duration: 500 ms; pulse interval: 500 ms

R K i — 25 B0 E T i A A AL B B AT
S BF A SO . () AE 11 (g) XF T Cl-
FAR-10 %48 48 1 % m) 55 i) A 558 09 &R R
VIESEAE T3 DY IR T 3 v DR VA G
A 2 B RRE B TN Y. B 11 (h) B
TR RS SRR T 4 KL E AE S R I YO ik
b g A =X, T a4 A bk o B S TR R S T (R
B R e 11 G) R R R A 1
S F T 7 AR P R R B SR W T T S T A A
Xof A [) i A2 o o B O S SR S Ak B AR
T OCHEZ % . LG AT 11 (k) W3 52 SMP1
B S 805 BT T RURRAE SR B 1) G T 45 L | iF B

TZRGEHELEh R RE S Sk,
B 07 v AT S v R T 8Os S 4™, Alpho-
RC A A= 9 28 5T 19 B 32 ML, 2R FH 4 B8 250 - i
A B 4 5% Sk Bk #h P 51 . #E UTD-MHAD . MSR
Action3D . Florence 3D %5 U ki #E A 25 3h A B4
£ S T 90% MRS HER R, Hosb UTD-
MHAD %548 45 5 35 93. 58% , k147 15 51 o 1 2%
i£96.67% . FRGAEIEASNENL 4578 pl, Lk
CMOSHEA MR B DA E i . BT E
FH O FL St [ B Y 2 )2 RC 450, 28 T 2R )2 %
F L TE Kb 3R R B KA B 1 A R
SN 3l 3 i 6 ik o 7 90 0F A7 45 B g 0 5 % i, 7



B, S5 )RR 22 TR AT 0 2 RS AL B AR BT ST TR 19

RE ZOH A W 5 BLYE O T 5045 58 ANN AT R AR A
e A A X BEAF 7 5 1) 3% 3 2 05 BE 0 LN RS JEE A
ZE Sl T SRR B T R EOR o ORI AZFH &R 7 SNN

K11

Fig. 11

B Ak P 9 S B TR AE T, AT A DB S S B
A 2 Ak 2k o 2t B 55 VR4, AT £ ) B TG b S
USR5 1] Jok b PP 910 9 B e 4

(b) DNH-F © cHp
B, Weset3myany) Velage 1) g~ Buepube 33 mwen) Valiage ()
254 = 0s 2514 ,:| sk 04
£22 U z00sv B sy |
f‘g 6 00 BEO 00
2 2

APSC (uA)

APSC (1A)
7[
3
is
oo

(e) 100

<y:tﬂzﬁ»m(’&mkm&t&’m&:«x:l!ﬂ
80 (¢
'4

60

B .=

-]
SMP2

. (k) 0 50 100 150 200 250 300 350
Time (ms)
DD M
20

Inference accuracy (%)

iz & 4
Pulse number

(g) % 0 0 60

Bidirectional J
; & N
Z g : gt R {%\{% N
> > € = - ]
g 8 P i [ iy E o0 e :
g g z
g 8 n A8 [ E 20} swr2
g 8 3 )
g § 25ms i 4s5ms 10 DD 1N
5 8 5 W .
3 k] | - b T
5 £ o
0! - | 0!
0 100 200 300 400 500 600 0 100 200 300 400 500 600 (0 A N @, %, %5, %5, %, %, %3, %, %0, %, 2, 25, 70, 70, 773, 7,

A A OGAAZ B8 RC 5 EIZR S . () RC RS MIREA K 5 M AR &2 22 2 5 (b) X 3R
DNH-F 45 14 14 12 BEL 25 1 1 £ 41 Jik ob (5% 4 365 nm, 52 5 0.5 s) 5 (o) XoF 5% FH CH-P 45 44 9 12 BEL 25 4 1 35 %6 ik b (% K
450 nm, 9 ¥ 1 s) ; (d) CH-P 5 WA B8 X6F 16 Bl [ bk b 7 410 1) o v Ak 2w Rz 265 (e) EFOETT A2 RC R G
ft 25 9 4 4 BEORS BE 5 (f) CIFAR -10 £ 58 (1 00 1A PSR 51 3% 5 () CTFAR -10 S04 48 119 S ) A 3 B8 14 10 31
RIS () L AH AR IE BRI 4 ALE A S, %0000 2 “ 11117 56 Jikonf s Jik ol 98 B2 Sk 25 mes, bk ol 18] B >
45 ms; (i) = AR PER A “00017,00117 , and“ 11017 f9 1-¢ 5% H m Jo7 5P K A A 1 AR A S HOSR %5 () SMP1 35
PAE =R AR MR A 509 SD A ST S BRI B0 T 19 R B 5 (k) 16 Bt A S5 7 100 YT 516 51 HhOBURE AIE 5 W
(SMP1 5 SMP2) (Y GE 45 3, LAAE 28 PR 22 T RNIE 8 4y i X

Programmable photoresistor RC and image recognition.(a)Schematic of the process flow in reservoir computing system ,

Epoch

composed of input, reservoir, readout, and output layer.(b) UV pulse(365 nm and 0.5 s width) are used for the memris-
tor with DNH-F.(c) Blue-light pulse(450 nm and 1 s width)are used for the memristor with CH-P.(d)PSC responses of
CH-P-integrated memristor to 16 different cases of pulse stream.(e) Inference accuracy of the neural network with the
light programmable reservoir calculation system. (f) Bidirectional image recognition rate of the CIFAR-10 dataset.(g)
Unidirectional weight update image recognition rate of the CIFAR-10 dataset"™.(h)4 bit inputs in the form of a bina-
rized number and equivalent light pulses from“0000”to“1111”. The pulse width is 25ms and pulse interval is 45 ms.(i)
I-t photo response characteristics and input-output feature extraction strategy of three representative inputs of “0001”,
“0011”and“1101”.(j) SMP1versus increasing SD and ST of the three representative inputs. (k) Thestatistical results
ofthe dual-feature strategy (SMP1 and SMP2)in 100 repetitive cycles for the 16 inputs, depicted by a box error diagram

and normal distribution""’

1 2 FLAE AR AL 7 1, BT IGZ0 G HL A BH 2%
56 ph 28 00 d IR 1 L HE S 09 N T ) R pl 22
TC , 5 A2 )RR I A 5 RS2 R R B G IR Tk e
S T W —GRpT", B REEE
XA PE ON B A 4 P OFF A 40 it i &, %
HER ON B 40 M (1) ik FET & OB B4 A, OFF 14 41
JH6L V0 2R B e TR 2% o WU TR A 4R SO 4 28
LI T 99. 8% WY HERG R, B L T ALK ON

R RI L E (1 56. 1%, X —45REM U] 17O
T 5 B XL 1w Jok i 44 B BE T3 %) T 52 TF SNN RFAIE 42
BOHCRR RHAE T . e RS I)Z W, 2 T AE
A6 HL A2 BHL A% 58 M 1 IRF R AR D i el 28 9 2%
(Time-Dependent Spiking Neural Network, TD-
SNN) 58 B 1 22 18 18 52 50 3 k" % TAE A g
BN QUIESPIRE S I = QUi ENOE T LD NS
MR OC Z L) STD P, 3 3 't Hy AZ BH 2% 48 A2 S B %8



20 K b/

¥R

fisk A FE (¥ X 1) T 33 98 i, JF B 7R T Hebbian | anti-
Hebbian 45 Z F STDP 2% >J ML . SNN {j5 EL v, 24
K I 38 5% /40 i) 177 X LE (Potentiation / Depression
Ratio, PDR)>1. 25 i} , %} MNIST F 5 ¥ 7 4 2 1fi
i % ik 90.9%. A #% 1 2 W, B T Pd/ZnO/Gy/
Si0,/Si 45 14 1 ' i, ] A AZ B L RS — TAES
BT O R A S ELS R AR S S M Y
sV, € T Morse B i 5 | Poisson 2 i €] 15
TR R BE 3 15 S A AT S, FEe T
SNN BF 5 J7 T , e T H5 5 £F G0 38 IR &% 1906 1
SN 38 28 6 ik i 68 1 95 5 Ak 4 v 2007 52 B Bk o A
B R B bR JE 23 ] I i 45 1 CMOS AH
HLIY ST SNN B 1T 52 # 40000 4 41 8 5T 1 BEASE
H 6T SNN I HE S S uF R T T Y R B
28 . SEPhIA Z2 ) D) 1) FH A0 2R 38 41 45 I 11 & Fi 22
PEROGIR , S T B kb i 2 0TI T 1 O A
BB . X5 55 T RSB OLE
¢ A28 Y 1B A B 42, FE TR HE 3 SNN B 8 )5 B
R[] S o B 2 3 2 1 B S K e
JG , AT AE Z2 P A IS B A A A2 B 5 1) il 28 T2 51
RE L 3T 1 ik b G B L ) E # EE SNIN v ) G B AR
R SR T 28R F AR 5 R 28 0T & T R 1 b )
BT XF T 5 B AT 2 R 280 A TR R B

e BE AR L IR A S — IR B B, 2 R O Ik
HLOZESGEBE S 2R W &I AR G — 1
[ — 87652 b AR T ZRUSACRE & 1E i 4
Do £ T v (1 B R 2 L o AR SR AR I B
A7 L5 L B8 iR R 2T 6 R T GO S R
B B, AL T 2 A A BELR T TT R A J
FEE— RS 5 EE R G . %R LR 51 B A
5L G B R Ik e i B R 7, AT SRR S SR st
JP Ik o T A5 2 e Ak ELRIT L A TR 500 B 2 O e 8 I 4%
kS RGO BAT 5 L e T A Wt 2B
Wi e L AR AR R (s B AR ) Y
VAV

FE BN T 5 B 5 2 T, 25 F NDOX, 2k Ha 42 Bl
75 P ) 22 M 0 A A8 1O R G AL N S i
LT Z RN M A BT RE . ST 16Z0/
PCBM"" ' & f 12 BHL 25 19 8% N il 208 5 5 3R
5 [ AR AL T OBUIK i 5 Ak R B R e iR 46 2 fih 2
B o AR R 2 B U L2 R B A B TR R
JER T =IO AL BEAT 45 Hodr R B R e L
IHL 5 5 287 P15 TR 0 v Tl 2R A TR 5 5 19 85. 7%

BT Z WAL IE R 96. 19", 1E B ZS(E BR A
D7 1, BT 4w 40 oK R O A2 B 4% RE % W)
B W) 37 1022 nm 21406 {5 5 FIHL (5 5, 38 & SPP
5 5 Bl B 1 3 B A R A A6 AR/ S R EE L ) S B
28 B A Re Y, HA W Z A RC RE AN
B - fil B A 0 B R AT 55 R B i AR 5K
75. 6% FI B R S A R, 72, 4% ) HE B R AR TF 2
G 97. 8% 5 75O HL ] HL A3 AT 55 oy, DABRLAE
A e 86.3% 2 TF & 95. 7%, A AR L AL 42 BH
A 10 % 2 AT R LSRR A 3 SURE B v S B e AR
B PN R R DA S P SR ) A5 8 R AT 55, T 47
RUZBE 28 W 138 08 0, e 2O R R J U I 48
[ 30 2o 20 A5 25 SR A B — AR R A DR SR BRI - T AR
L= R TR

A SOYVA TR i 2 N R IR0
BTG 09 &5 F Y AR R B AL Y 2 b R
Ve | HL BT AR A A TR K &R 4R R 4 T D )
A, MRk LT  ZEAEERE 5 R
RS A LR R TR S0 5% 1, 3L [R] 4 B T UK
FER —IRAC IR K o ROk, 76 2% 8 2 1 52
TR 2 P BE 5 O AR 1 A TR A A1) )2 T i
P A S OFE N L A KR R G R A A RS
B A2 9 R B I [D AT 48 2 32 401 AR 8 % A 1) A% 0
Kt
4.3 =HEXIZEBHBREE &KL
ZRCH AR B R N R G810 — IR Al
o NFER M RE 8 fl & ok B ALSE T 58 il o
WL, 46 22 Pl R BT AR 8 A A DA T A B 285 JE R
SRR 1 52 4 PR 55 v S B o TR A A 1
FEm N o TR T A B A R BEALME S s T
P, N R 2R G (RO B — BB R BTk
WL AETE S B BOR TR i R M E %A
2 12 SR B B[R] ML, N T JRROHT AR 8 AT e o R
ZA BUSAR S AT U R G DL SE 3 R e i
SR REM N TR . O K AR AR 1 LA
N N TR 2R 0 5 L 2% e B 4 TA RN e ) B
RIS B AL AR ) . Ik, PR N BLIE 3L
N F IR A 3 2 BCE A 15 5 10 2 T fig ik
M-AEf - — R R G, T2 B R AL B
A i R G ) S AR AL T — R AE T AT R
Wz

W E 12(a) R, 3 F ITO/MXene-ZnO/Al (]
A 22 455 50 4 RURE 78 A B Ok 1 B AR, HpE g



B, S5 )RR 22 TR AT 0 2 RS AL B AR BT ST TR 21

12

Fig. 12

(@) (b)
10 2 F
ITO electrodes @
y - Un'der
'@Ixene»ZnO i UV light - = it
= 106 F /,_,./«':f e
Resistive layer 3 /
5 10-% Light intensity/(mW-cm~2)
——— Al electrodes ‘With increasing — 0.153 — 0.041
10-10 |- light intensity — 0.119 0.012
PDMS substrate (U ——— (0
10,12 X 1 1 ¥ 1
-1 0 1 2 3
Voltage/V
() (d (©
Optic pulse ! Flectric pulse ;‘[“/%
v [ g [0t 0w sersd g e _ Humidity Light
=) < 150 ms ST 100ms 8V o 7 “unodulation @\ modulation
5 E6 %%% ¢ ¢
S =
g =l % v.
E g4 4 .
O 5 S 7 )
3
< 0. Sy f ]
., 0.11¢ % . ) Letter
<, Z
‘ﬁ e, 0. i 60 8 0 & :
V@\%/é 010 25? hn“',d"t,y/% 0 20 40 60 80 100 Letter Input neurons Synaptic Output
il Relative IV Piilse Aushbras]t e 28 X 28 weight neurons

LT FME MXene-ZnO 1ZBH 45 B A 2 W 28 . (a) Z2 1 MXene-ZnO 12 BH 5 78 B2 1K 5 (b) 2844 76 A [R] 2 40 ' BR58 JE F AY 1-
VHHZR 5 (¢)MXene-ZnO 12 B %5 52 36 R FE P8 45 00 o 3 43 A3 &1 5 (d) 1o 1 % 0 i Jik o 52 B 28 fjgh LTP A1 LTD 470 F 45
5 Ce ) 3 T 56 I 38 9 5 A1) 12 BEL 2% 5 fioh 5 88 A1) ot 28 T 45 s e PR

Neural Network Based on Flexible MXene-ZnO Memristors. (a) Schematic structure of the flexible MXene-ZnO-based
memristive device.(b)1-V curves of device under UV irradiance with different intensities.(c) current profile of MXene-
Zn0 memristor regulated by light and humidity.(d)simulation of synaptic LTP and LTD behaviors by UV light and elec-

trical pulses.(e)schematic of neural network based on MXene-ZnO-based memristive synapses''™”

A [A] Frp 52 2 5 SN RER ST IR B W AR SN S B AT O R S AN Ot R R R 2 E A
o BEE ASDOERERI M, S ERIT R BIEZ 2858 60000 W25, P28 N 2% 28 48 3% 90 B
WU /) 5 i 0 SR AN U R BB E AP RBUIMER R (K 12(e) ). ZET ZHEBICH AR
HRSUIHZ LRS, X —HRIAN T MXene HEHE B — 1K R G0 R B BRI et RO
R MR PO LR TRIRE S, HOBBOR N et AR

TE=E

LR Z B IE R 12(b)) . A 43R TR AS B ' - -FA4 22 37 B3 T 980 45 2B I 22 4%

ZnO YK FIURLIG R T 5 T4 AR W LA R) A B JRAT IR o BE T WO CoPe 12 B2 A F IR -0
ful v AR, XA T R SR S EE AR AR R, TR R R R B O % T
WL F AR TR TR S RO . EEE PE L H CoPe 12 BH %% FE IR F R W ik F)
JBE IR L 7K A 3 i XA L B T MXene-ZnO  96. 54% (R S ERG %, T ZnO-UCNPs & 4 1
SRS FE . REE BRI MK E R T BB AR A I S s B AR O 5, S B
Vg A (195 e R A 1 0K RN A R (9 R TG R S I T AR B S AT, SnSey o512

il 423

f A 22 B9 A, IR IR RS RS . BELAS RS D6 A L 378, 1 1ML T 32 W 0 s %

JAT B RS F ML NS BE ISR ES i rh i B R 3K 97. 30% , I B T ACPE S IR AE
fL S i A0 22 W L 2 A7 A 5e P O & SRR g% FBARIE"™5 V50512 B & A HI 6 #l & Jr 2008 5 g
2 % g 7 R B r SRS (T 12(e) FREL 12(d) ) o SE HE I R R IR G Lo, W T RCYH
ZALBE 75 50 9k 0 T PR S T AL 3, DA ik g 28 O 451 G K £ A2 B g S B B - TR
UL B ) BE o FE A XTI B R 0%-20% 1 40% JE S AR A B, HER % 98. 8% s a-CiTe Y HLIZ
-60% 451 T, I 4 %8 [R5 A8 TR 31 A 232 43 3] Ky BH #% 3 95 58 B T il 50 - W0 5 fl A 150, o R
75. 44% 1 82. 96% , & W] 1 T I 12 FH 2% B4 51 i A 98. 7%, e T ih & & ae v "™, £ 3 W 7l ik +h
T2 ) 45 LA PR BT A ) RS AL BERE T . J 3O -HL - AT, BiFeOs SE LI 35 B A 516
PO A ST — BT T DL MXene-ZnO 1ZBH A8 32H, Jhy VU 2k 47 i F1 R PR 3% 4 25 SRl 5 766 -Ha -
A hy 5 fioh 2 BRI AF 55— 1 1 Bk B R 8 ) A 71 b A R, MAPBI A2 BH 2§ AT R R oL 8007 552



22 K b/

¥R

P R AR S A 5 E - -4 HEO, 12 B
a5 AT DA S R AR e ) N g . B -F TR -
GGG EWERB 2 R g1, TR
FIIL T BB 1 45 o0 25, 3X 28 2 3 20 4 8 i R
98 TR A8 £ BE BN S M & S b i
N 5

N T 28 SRR T i 2 RS
T W NEE U e e VAN EZ 3 . = 1D 5
LA AR 55 T R RIUAFAE W 3 25 5 o FE SR il m] 98
B 7 T, BT AL #8 F (A0 Nb:SrTiOs/Au) PR 3 &
S Mk B RN BR A L AT RS B &2 B8 STDP  PPF 4 & 2%
B AR TF G B /NBR i T 2 R AEGERE S . R4
22 Y54 (A0 Ag/HEO,/Pt) JF 58 b K, {H A 28 4 A
B B P 5 302 fi AR ASORG B 8 T EEAUA
F M o A A 2R 2 TR T, FE T CNIN B A
853 24T 55 v, e et I3 R0 X R P ) 8 478 XL Tl
AL Bk ) AT R 15 929 LA b Y AERA K i A 4R
P B S 1 8 0 R T O B P, B T ANN AR
A HET R AL T 85%. 1 SNN H il F fok b 2 5
A% B XA AORE B 0 25 2 R =, R A 2 T SR
MIREAETE K . 75 2RI FN Al & 07 1, 25 B2 (40
TR -l -1 ) 2R G5 B4 TR0 A A R I v T R A
AL X & 2B AL BH 25 AH X T AL g A A Bk 4 B
KGRI RGN AR

5 BHHEA

A LR F N 2 RIS A BLAS B BERHA F B
AR HLE DA e pf 2 98 25 T RE S R = AT i, R 4
[l JB 1 3T AR R 2 B AZ LA U ) B R . £
S A RE S i Ot W g S %
b BRA 5 D[] 9 EL v BELAR 25, e FL 235 4 g 2. |
A AR R T B AT AR SO B, O R - vk
M R BT S BT 5 — IR B 3t T BRAR A & 1 F
PG AR UG Jm AL HER R SE) A
LB R CR AL/ 5 R IR AR WA RS ) BeAT HL-T0
PLZRAEAA R CUn 2R AL 85 3R | 6 i A PLAE R 55 ) 4%
HAs e 2o e b ok ai o J5 1 G 2 AR i e 1
T 22 K285 b [] o 137 7 T Joe B e ke s g o o
PR AR PUHIT O e i PSR AE s 47 R PR A AR
B AR D R A R s B AR B K e
U 7% Y R 1 N R . AU B2 B g (O
FORS - S HS D) B AR e
i BERR AR O3 — IR 45 & AR, O A
MR S(BOFRTR AL S Z e a8 it

W FRAR SR . R W 2SR IS T
T 2 R EE A SR T — ST R 1Y
Pk .

(DM EME R Z R FR S ICR S, £
BSACB A MO TARY Y O (H .
PO — R E NP A 5 Ml . LA &R R M
B R TR S — b b R IG5 ARHE DL [ B
e It Z2 o) i ) e R RO AR AR . il an, Ak
Wbt b 15 35 B A R, A AL R AR e R R
F AL A Bh 0 X K UK . vT DL AR E A LR
ME 2 R ST T TR B B I TR A O vk
— Ak, X2 YA W N ZERLE] Clnol-
HL U R T Y B T A% 5 R A A 4K 5 4 ) (1 5 AN
BEUR A, % B85 A IR AL R AL 5 22 RO B0 B 40 i
TRERE.

(2) 12 BH %% 22 A58 25 8 42 11 Al BE AR Ry ) R
BRI Z BT B TR R R TR S
A% F B, 2 A BH #4511 fig © HUAS 2 48
Tt Al o S AMOCE R A R S T 2R S
ZEMhTT YA . BRI, Y AT I B A8 AR 2 RS T
18 RS T M B G R R R B R M AT AN
R A ISR B 5 H Bk e DA
B, S 0 B0 7 AR Rt PR AL A I . e SR
P AR TIFE | 2R 1 L3R 55 B R ) 2 A2 A 1A
il A7 2 25 0 Ak 1) T T 1

() RHABE R G RG] St m . Hp
Z BN B 45 22 56 T 5 36 28 90 IS ) 4 B R (A
TG W S5k b O G DR BE VR A ), K T RS AT
[ K2 5 CMOS J& 3 T 20 0 3 28 AT 1 I Pk % o 1
Hb  TERE SRS BN Z2 ) B3 5 | A I 45 A R
Chm 3 AR ) DA AT L 300 ), 3 — 25
J T A PR H BT A L VA ER Ay T
B 75 /N HLBE B 51) (0 4x4,10x10) B B fE 56 3IE
{FUTE ] T 2% LA b 4R B0 IR AE B — I L A T
fiff P B IT ] — BUME )RR AR BF R R
[F] L

AR AT 5 GH R A
T4 11 B A v B HE SRR A U AE W 7| A ok e
R I T . Kok, ZEACPH 2% 1 & AT 5
2 GRS AR LR MR R BER AW U
HLF T2 AU B T M SR N T R
T S 2 PN VAR Y g = WU s
T 3k AR DR 4 e RO R L AR S A AR B



B, S5 )RR 22 TR AT 0 2 RS AL B AR BT ST TR 23

LIRS ARG RO RIS, B, FR O N 2 S 0 I S 4 R S e Ak
B ALY Rl G S e AUE BALFRAE RO REERL SOV REAL YA DI oK .

& £ X #:

[ 1 ] LvY, ChenH P, WangQ, et al. Post-silicon nano-electronic device and its application in brain-inspired chips[ﬂ. Front.
Neurorobot. , 2022, 16: 948386.

[ 2 ] ZhangY J, ZhengQ, ZhuX R, et al. Spintronic devices for neuromorphic computing[J]. Sei. China: Phys. Mech. As-
tron. , 2020, 63(7): 277531.

[ 3 ] SakemiY, OkamotoY, MorieT, et al. Harnessing Nonidealities in Analog In-Memory Computing Circuits: A Physical
Modeling Approach for Neuromorphic Systems[J]. Adv. Intell. Syst. , 2026, 8(1): 2500351.

[ 4 ] ShenZ J, Shen] D, ShengH R, et al. Heterogeneous Integration Strategies of Beyond-von Neumann Neuromorphic Elec-
tronics for Sensory in-Memory Computing[‘”. Adv. Funct. Mater. , 2026, 36(39): 31922.

[ 5]JinBY, WangZ L, WangT Y, et al. Memristor-Based Artificial Neural Networks for Hardware Neuromorphic Computing
[J]. Research, 2025, 8: 0758.

[ 6 | ZhangG C, ZengZ L, YanY J, et al. Ultraviolet-Regulated Synaptic-Neuronal Function Reconfigurable Transparent Mem-
ristor for Neuromorphic Computing Hardware[J]. Adv. Funct. Mater. , 2026, 36(34): ¢31113.

[ 7 ] EslamiM R, BiswasD, TakhtardeshirS, et al. Efficient Memristor Neural Networks for Edge Al: On-Chip Learning,
Noise Robustness, Device-Variation Tolerance, and Sublinear Energy and Time Scaling[J]. IEEE Trans. Comput. ,
2026, 75(5): 1723-1736.

[ 8 ] JiaoD, WangZ Y, WangJ R, et al. Memristive Physical Reservoir Computing[J]. Adv. Sci. , 2026: €75476.

—
=]

] Fossi] T, DeliV, EdimaH C, et al. Phase synchronization between two thermo-photoelectric neurons coupled through a
Josephson Junction[ J]. Eur. Phys. J. B, 2022, 95(4): 66.

[ 10 ] WangL, ZuoZ. Reconfigurable Logic-In-Memory Implementation of Boolean Logic Functions Using Complementary Resis-
tive-Switching Memristor Crossbar Arrays[]]. J. Phys. Chem. Lett. , 2026, 7(20): 5700-5708.

[ 11 ] NamM, ChoH Y, LeeS E, et al. Memtransistor for bio-inspired neuromorphic computing: A perspective from device
physics to neural and sensory systems[ J]. Appl. Phys. Lett. Mater. , 2026, 14(2): 020901.

[ 12 ] KhanR, IgbalS, HuiK N, et al. High-stability resistive switching memristor with high-retention memory window response
for brain-inspired computing[ J]. Sens. Actuators A Phys. , 2025, 385: 116316.

[ 13 ] ChenS C, YangZ, HartmannH, et al. Electrochemical ohmic memristors for continual learning [J]. Nat. Commun. ,
2025, 16(1): 2348.

[ 14 ] XiaZ P, SunX, WangZ L, et al. Low-Power Memristor for Neuromorphic Computing: From Materials to Applications[ﬂ.
Nano-Micro Lett. , 2025, 17(1): 217.

[ 15 ] LiaoK H, LeiP X, TuM L, et al. Memristor Based on Inorganic and Organic Two-Dimensional Materials: Mechanisms,
Performance, and Synaptic Applications[ J]. ACS Appl. Mater. Interfaces, 2021, 13(28): 32606-32623.

[ 16 ] GoswamiS, DebD, TempezA, et al. Nanomeler-Scale Uniform Conductance Switching in Molecular Memristors[ J]. Adw.
Mater. , 2020, 32(42): 2004370.

[ 17 ] ZhouK, QiB Y, LiuZ W, et al. Advanced Organic-Inorganic Hybrid Materials for Optoelectronic Applications[J]. Adw.
Funct. Mater. , 2024, 34(52): 211671.

[ 18 ] TianQ L, ShanX Y, BianJ Y, et al. Metal oxide-based resistive switching memristors for neuromorphic computing[ J]. J.
Mater. Chem. C, 2025, 13(24): 12046-12065.

[ 19 ] JangM, SongH C, KimH J, et al. Multielement Filament Memristor Enabling Multifunctional Neuromorphic Device[J].
Adv. Funct. Mater. , 2025, 35(24): 2423273.

[ 20 ] KavianiM, RiccaC, AschauerU. Ferrimagnetism induced by thermal vibrations in oxygen-deficient manganite heterostruc-
tures[ J]. Phys. Rev. B, 2025, 112(9): 094113.

[21]JiY Y, HuS L, LiuJ H, et al. High-temperature ferromagnetic LaCoO; triggered by interfacial electron transfer and ex-

change coupling[ J]. Phys. Rev. B, 2024, 109(17): 174423.

[22] CuiD S, PeiM J, LinZ H, et al. Versatile optoelectronic memristor based on wide-bandgap Ga,0; for artificial synapses



24 - | - S |

and neuromorphic computing[J]. Light Sci. Appl. , 2025, 14(1): 161.

[ 23 ] ZhengZ Y, QiaoB S, HanZ P, et al. Multi-defect-engineering in Zn0O/GO heterostructures for optoelectronic synaptic de-
vices with ultra-high dynamic range and low energy consumption[J]. Infomat, 2026, 8(1): ¢70089.

[ 24 ] IsmailM, RasheedM, ParkY, et al. Enhanced analog switching and neuromorphic performance of ZnO-based memristors
with indium tin oxide electrodes for high-accuracy pattern recognition[J]. J. Chem. Phys. , 2024, 161(13): 134702.

[ 25 ] DongC L, KangK J, WangY H, et al. Optoelectronic memristive sensor with reconfigurable logic operation capability in
ZnO/Nb: SrTiO; heterojunction[ J]. Appl. Phys. Lett. , 2025, 127(2) : 023504.

[ 26 ] Zheng] H, DuY M, DongY J, et al. Fully light-modulated memristor based on ZnO/MoO, heterojunction for neuromor-
phic computing[ J]. Appl. Phys. Lett. , 2024, 124(13): 133502.

[ 27 ] YangW H, KanH, ShenG Z, et al. A Network Intrusion Detection System with Broadband WO, /W05 -Ag/WO;., Opto-
electronic Memristor[J]. Adv. Funct. Mater. , 2024, 34(23): 2312885.

[ 28 | GaoH, LiaoJ H, ChenY T, et al. Photothermal Engineering in Ta,05 Memristors: Blue-Laser-Driven Filament Reorienta-
tion for On/Off Ratio Enhancement[J]. ACS Appl. Mater. Interfaces, 2025, 17(46): 63532-63539.

[ 29 ] KimT Y, SchimpfJ, PaulA, et al. Strong intrinsic multiferroism and magnetoelectric coupling in (1-x) BiFeO-(x)BaTiO,
films[J]. Proc. Natl. Acad. Sci. U.S.A., 2026, 123(18): ¢2603475123.

[ 30 ] QuintanaA, MagenC, FarahaniM G, et al. Electronically Driven Magnetoelectric Coupling in Co/La: Hf, sZry 50, Hetero-
structures for Energy-Efficient Neuromorphic Computing[J]. ACS Appl. Mater. Interfaces, 2026, 18(9): 13970-13979.

[ 31 ] TaniyamaT, GohdaY, HamayaK, et al. Artificial multiferroic heterostructures-electric field effects and their perspectives
[J]. Sci. Technol. Adv. Mater. , 2024, 25(1): 2412970.

[ 32 ] JenaA K, SahooA K, Mohanty]. Effects of magnetic field on resistive switching in multiferroic based Ag/BiFeQ,/FTO
RRAM device[ J]. Appl. Phys. Lett. , 2020, 116(9): 092901.

[ 33 ] AthenaF F, NnajiM, VacaD, et al. MAX Phase Ti,AIN for HfO, Memristors with Ultra-Low Reset Current Density and
Large On/Off Ratio[ J]. Adv. Funct. Mater. , 2024, 34(29): 2316290.

[ 34 ] Zhaol, JorgensenC S, MahalingamK, et al. High-temperature memristors enabled by interfacial engineering [J]. Sci-
ence, 2026, 392(6799): 771-779.

[35] ZhouZ C, YangF Y, WangS, et al. Emerging of two-dimensional materials in novel memristor[ J]. Front. Phys. , 2022,
17(2): 23204.

[ 36 ] TangK, WangY, GongC H, et al. Electronic and Photoelectronic Memristors Based on 2D Materials[J]. Adv. Electron.
Mater. , 2022, 8(4): 2101099.

[ 37 ] NibhanupudiS S T, RoyA, VekslerD, et al. Ultra-fast switching memristors based on two-dimensional materials [J].
Nat. Commun. , 2024, 15(1): 2334.

[ 38 ] LinY H, WangW X, LiR L, et al. Multifunctional optoelectronic memristor based on Ce0,/MoS, heterojunction for ad-
vanced artificial synapses and bionic visual system with nociceptive sensing[J]. Nano Energy, 2024, 121: 109267.

[ 39 ] DebnathS, MiaA K, MeyyappanM, et al. Superior performance of printed optoelectronic synapses based on defect-con-
trolled monolayer MoS, with ultralow power consumption for neuromorphic computing [J]. Nanoscale, 2026, 18 (1) :
242-259.

[ 40 ] PanagopoulouC, BousoulasP, PapouliG I, et al. Reconfigurable optoelectronic neuromorphic properties of MoS,-based
memristors decorated with Pt nanoparticles for low power spiking neural network applications[J]. Neuromorphic Comput.
Eng. , 2025, 5(2): 024010.

[41] HeH K, YangR, XiaJ, et al. High-uniformity Memristor Arrays Based on Two-dimensional MoTe, for Neuromorphic Com-
puting[J]. J. Inorg. Mater. , 2022, 37(7): 795-801.

[ 42 ] XieS H, DeyA, YanW ], et al. Ferroelectric semiconductor junctions based on graphene/In,Ses/graphene van der Waals
heterostructures[ J]. 2D Mater. , 2021, 8(4): 045020.

[ 43 ] LowM X, TawfikS A, RussoS P, et al. Strain Modulation of Optoelectronic Properties in Nanolayered Black Phosphorus :
Implications for Strain-Engineered 2D Material Systems[J]. ACS Appl. Nano Mater. , 2022, 5(9): 12189-12195.

[ 44 ] ShiK Q, Han] Q, LinY, et al. Polarization-sensitive optoelectronic synapse with all-optical modulation enabling static im-
age processing and microscopic biological motion detection[ J]. Chem. Eng. J. , 2025, 526: 170924.

[45] AhmedT, TahirM, LowM X, et al. Fully Light-Controlled Memory and Neuromorphic Computation in Layered Black



B, S5 )RR 22 TR AT 0 2 RS AL B AR BT ST TR 25

Phosphorus[ J]. Adv. Mater. , 2021, 33(10) : 2004207.

[ 46 | KumarD, LiH R, DasU K, et al. Flexible Solution-Processable Black-Phosphorus-Based Optoelectronic Memristive Syn-
apses for Neuromorphic Computing and Artificial Visual Perception Applications [J]. Adv. Mater. , 2023, 35(28) :
2300446.

[47] LiX, YangC, XiaY, et al. Nonvolatile Electrical Valley Manipulation in WS, by Ferroelectric Gating[J]. ACS Nano,
2022, 16(12): 20598-20606.

[ 48 ] JiangC Y, LiuF C, CuadraJ, et al. Zeeman splitting via spin-valley-layer coupling in bilayer MoTe,[J]. Nat. Commun. ,
2017, 8: 802.

[ 49 | SahaS, RoyB, DeyT, et al. Tunable Resistive Switching in CsPbBr; Nanocrystal-Based Memristors for Artificial Synapse
and Neuromorphic Applications[J]. Adv. Mater. Technol. , 2025, 10(19) : ¢00720.

[ 50 ] WuF C, SuZ M, HsuY C, et al. Microstructure-modulated conductive filaments in Ruddlesden-Popper perovskite-based
menmristors and their application in artificial synapses[ 1. Mater. Today Phys. , 2025, 53: 101708.

[51] Lee] W, Cail., Nam], et al. Bifacially Engineered Perovskite-Based Synaptic Memristors Achieve High Linearity and
Symmetricity for Accurate and Robust Neuromorphic Computing[ J]. Adv. Sei. , 2025, 12(42): 11489.

[52] CuiD S, GuoP S, XuY M, et al. Self-Powered Halide Perovskite Optoelectronic Synaptic Memristors for Reconfigurable
Logic and Reservoir Computing Applications[ J]. Nano Lett. , 2025, 25(43): 15705-15713.

[ 53 ] XiongL. Q, ChenY, Yul, et al. Stretchable ferroelectric field-effect-transistor with multi-level storage capacity and photo-
modulated resistance[ J]. Appl. Phys. Lett. , 2019, 115(15): 153107.

[ 54 ] QianY Z, LiJ Y, ShenJ H, et al. In-Depth Physical Mechanism Analysis of Polymer Artificial Optoelectronic Synapse
with High Endurance and Applications of Visual System and Operant Conditioning[J]. Adv. Electron. Mater. , 2023, 9
(10): 2300135.

[ 55] PatilH, KimH, RehmanS, et al. Stable and Multilevel Data Storage Resistive Switching of Organic Bulk Heterojunction
[J]. Nanomaterials, 2021, 11(2): 359.

[56 ] YangD L, YangH Y, GuoX Y, et al. Robust Polyethylenimine Electrolyte for High Performance and Thermally-Stable
Atomic Switch Memristors[J]. Adv. Funct. Mater. , 2020, 30(50): 2004514.

[57] ZhangX S, WuC, LvY J, et al. High-Performance Flexible Polymer Memristor Based on Stable Filamentary Switching
[J]. Nano Lett. , 2022, 22(17): 7246-7253.

[ 58 ] LiZ S, Wang] Q, XuL X, et al. Achieving Reliable and Ultrafast Memristors via Artificial Filaments in Silk Fibroin[J].
Adv. Mater. , 2024, 36(4) : 2308843.

[ 59 ] PanditN, MandalR, PalA, et al. Two terminal artificial synaptic devices from self-assembled, crystalline thin film of an
organic small molecule for neuromorphic applications[J]. Org. Electron. , 2026, 149: 107364.

[ 60 ] CaiZ H, FangY X, DuW ], et al. Broadband All-Optical Memtransistor Based on Organic Cocrystals for Noise-Robust
Motion Recognition[ J]. Adv. Seci. , 2026, 13(8): e15087.

[61] FengT Y, LiQ X, HuX M, et al. TIPS-pentacene organic field-effect transistor for optoelectronic neuromorphic simulation
[J1. Jpn. J. Appl. Phys. , 2024, 63(3): 031008.

[ 62 ] LiaoC R, LiuD, LiuZ, et al. Coexistance of the Negative Photoconductance Effect and Analogue Switching Memory in the
CuPc Organic Memristor for Neuromorphic Vision Computing[ J]. J. Phys. Chem. Lett. , 2024, 15(23): 6230-6236.

[ 63 ] XuZ, ChenS J, PanY L, et al. Preparation of organic N-fused perylenediimide-MXene hybrid material for robust versatile
memristive device[ J 1. Int. J. Extrem. Manuf. , 2025, 7(2): 025507.

[ 64 ] YiH M, YuG, LvZ L, et al. Simultaneously elevating the resistive switching performance and thermal/irradiative stabili-
ties of biomemorizer based on twisted carboxylated multi-walled carbon nanotube-chitosan composites [J1. J. Alloys
Compd. , 2023, 952: 169934.

[ 65 ] Choil, LeeS H, KimT, et al. Enhanced Resistive Switching and Conduction Mechanisms in Silk Fibroin-Based Memris-
tors with Ag Nanoparticles for Bio-Neuromorphic Applications[ J]. Nanomaterials, 2025, 15(7): 517.

[ 66 ] DuS, XuB D, Chen] K, et al. Biomimetic integrated mesoscopic hybrid silk sericin biomemristor with low power and mul-
tilevel resistant state for image reconstruction[ J]. Colloids Surf. A, 2026, 729: 138933.

[ 67 | HuoD, GuZ, SongB, et al. High-Performance Memristors Based on Ordered Imine-Linked Two-Dimensional Covalent Or-
ganic Frameworks for Neuromorphic Computing[ J]. Interdiscip. Mater. , 2025, 4(3): 515-523.



26 - | - S |

[ 68 ] LiC, LiD, ZhangW, et al. Towards High-Performance Resistive Switching Behavior through Embedding a D-A System in-
to 2D Imine-Linked Covalent Organic Frameworks[J]. Angew Chem Int Ed Engl, 2021, 60(52): 27135-27143.

[ 69 ] LiJ, ZhangB, ZhouB, et al. Covalent organic framework-based photoelectric dual-modulated memristors for wafer surface
quality evaluation[J]. Matter, 2025, 8(10): 102197.

[ 70 | ZhangQ, CheQ, XuanF, et al. Donor-redox covalent organic framework-based memristors for visual neuromorphic system
[J]. Infomat, 2025, 7(9): ¢70035.

[ 71 ] WangH, ZhaoJ, HuangT, et al. Hydrothermal Synthesis of Vinylidene-Linked Tonic Covalent Organic Frameworks for Ro-
bust Biomimetic Memristors[ J]. ACS Appl. Mater. Interfaces, 2025, 17(33): 47337-47346.

[ 72 ] ZhouP-K, HuangY, YuZ, et al. Thermally triggered topological polymerization in diacetylene-functionalized covalent or-
ganic framework toward enhanced memristive properties[J]. Sci. China Chem. , 2025, 68(7): 3230-3237.

[73] LiuZ H, ChengP P, KangR Y, et al. Piezo-Acoustic Resistive Switching Behaviors in High-Performance Organic-Inorgan-
ic Hybrid Perovskite Memristors[ J ]. Adv. Sci. , 2024, 11(10): 2308383.

[ 74 ] ZiJ, Sun], YangB, et al. Multidimensional and reconfigurable optical neuromorphic computing using perovskite-based
all-photonic synapses[ J]. Commun. Mater. , 2026, 7(1): 92.

[ 75 ] SunK X, WangQ R, ZhouL, et al. 2D-3D perovskite memristor with low energy consumption and high stability for neural
morphology calculation[ J]. Sei. China Mater. , 2023, 66(5): 2013-2022.

[ 76 ] YangX, HuangJ, LiJ J, et al. Optically Mediated Nonvolatile Resistive Memory Device Based on Metal-Organic Frame-
works[J]. Adv. Mater. , 2024, 36(35): 2313608.

[ 77 ] TranT N H, LeT H, TaH K T, et al. C-AFM study on multi-resistive switching modes observed in metal-organic frame-
works thin films[J]. Org. Electron. , 2021, 93: 106136.

[ 78 ] KaushikD, SharmaH, SainiN, et al. Zeolitic-imidazolate framework (ZIF-67) based bipolar memristor for nonvolatile Re-
RAM application[J]. Appl. Phys. Lett. , 2024, 124(23): 233506.

[ 79 ] ZhaoY Q, LiX Y, HuangY B, et al. Intrinsically Stretchable Resistive Memory Devices Utilizing Wavy Structured Strate-
gy Integrated with Metal-Organic Framework Glasses[ J]. Small Methods, 2025, 9(8): 2500229.

[80 ] LiH L, XuF C, Wang] L, et al. Self-healing fluorinated poly (urethane urea) for mechanically and environmentally sta-
ble, high performance, and versatile fully self-healing triboelectric nanogenerators [J]. Nano Energy, 2023, 108:
108243.

[ 81 ] SunY M, DongY, LiZ Y, et al. A biomimetic nociceptor system with tactile perception based on Ni-Al layered double hy-
droxides/gelatin heterojunction memristor[J]. Chem. Eng. J. , 2024, 482: 148945.

[ 82 ] LiH Z, GaoQ, GaoJ, et al. Controllability of the Conductive Filament in Porous SiO, Memristors by Humidity-Mediated
Silver lon Migration[J]. ACS Appl. Mater. Interfaces, 2023, 15(39): 46449-46459.

[ 83 ] PengZ H, Wul C, Jiangl, et al. HfO,-Based Memristor as an Artificial Synapse for Neuromorphic Computing with Tri-
Layer HfO,/BiFeO5/HfO, Design[J]. Adv. Funct. Mater. , 2021, 31(48): 2107131.

[ 84 ] LeeM J, LeeC B, LeeD, et al. A fast, high-endurance and scalable non-volatile memory device made from asymmetric
Ta,05./Ta0,-x bilayer structures| ] |. Nat. Mater. , 2011, 10(8): 625-630.

[ 85 ] HusS M, GeR J, ChenP A, et al. Observation of single-defect memristor in an MoS, atomic sheet[J]. Nat. Nanotech-
nol. , 2021, 16(1): 58-62.

[ 86 ] HuangB H, ZhaoX F, LiX Q, et al. Schottky Barrier Control of Self-Polarization for a Colossal Ferroelectric Resistive
Switching[J]. Aes Nano, 2023, 17(13): 12347-12357.

[ 87 ] JiangF, JiangX X, ZhengW H, et al. Broadband emission in all-inorganic metal halide perovskites with intrinsic vacan-
cies[J]. J. Mater. Chem. C, 2020, 8(40): 13976-13981.

[ 88 ] KunwarS, JerniganZ, HughesZ, et al. An Interface-Type Memristive Device for Artificial Synapse and Neuromorphic
Computing[J]. Adv. Intell. Syst. , 2023, 5(8): 2300035.

[ 89 ] MaC, LuoZ, HuangW C, et al. Sub-nanosecond memristor based on ferroelectric tunnel junction[J]. Nat. Commun. ,
2020, 11(1): 1439.

[ 90 ] RaoF, DingK Y, ZhouY X, et al. Reducing the stochasticity of crystal nucleation to enable subnanosecond memory writ-
ing[J]. Science, 2017, 358(6369): 1423-1426.

[91 ] HeH K, JiangY B, YuJ, et al. Ultrafast and stable phase transition realized in MoTe,-based memristive devices[J]. Ma-



B, S5 )RR 22 TR AT 0 2 RS AL B AR BT ST TR 27

ter. Horiz. , 2022, 9(3): 1036-1044.

[ 92 ] ChenZ L, YuY, JinL F, et al. Artificial synapses with photoelectric plasticity and memory behaviors based on charge
trapping memristive system[J . Mater. Des. , 2020, 188: 108415.

[ 93] LeeY, Park], ChungD, et al. Multi-level Cells and Quantized Conductance Characteristics of Al,0;-Based RRAM Device
for Neuromorphic System[J]. Nanoscale Res. Lett. , 2022, 17(1) ; 84.

[ 94 ] JaafarA H, KempN T. Light-Mediated Multilevel Neuromorphic Switching in a Hybrid Organic-Inorganic Memristor[ J].
Acs Omega, 2024, 9(52): 51641-51651.

[ 95 ] TripathiR, MisraA. A novel approach towards molecular memory device in gate tunable structure of MoS,-graphene[J].
Nano Res. , 2021, 14(1): 177-184.

[ 96 ] KumariP, KoJ, RaoV R, et al. Non-Volatile Organic Transistor Memory Based on Black Phosphorus Quantum Dots as
Charge Trapping Layer[J]. IEEE Electron Device Lett. , 2020, 41(6) : 852-855.

[ 97 ] RiazM, AbbasZ, LiJ Y, et al. Monochalcogenide-based retina-inspired photosynapses for energy-efficient neuromorphic
compuling and artificial visual system application[J]. Chem. Eng. J., 2025, 521: 167022.

[98 ] LvZ Y, JiangM H, LiuH Y, et al. Temperature-Resilient Polymeric Memristors for Effective Deblurring in Static and Dy-
namic Tmaging[ J1. Adv. Funct. Mater. , 2025, 35(23): 2424382.

[99 ] LiD L, Zhang] Y, LiJ, et al. Photoelectric memristor with reconfigurable photoconductivity for neuromorphic computing
[J]. Adv. Compos. Hybrid Mater. , 2025, 8(6) : 443.

[ 100 ] CuiH Y, XiaoY, YangY, et al. A bioinspired in-materia analog photoelectronic reservoir computing for human ac-
tion processing[J]. Nat. Commun. , 2025, 16(1): 2263.

[101] Anconinal, LeirikhT, ShekhterP, et al. Fluorinated interphases by LiF-PIL composite coating via electrophoretic de-
position: Enhanced interfacial stability of high-voltage nickel-rich cathode[ J]. Nano Energy, 2025, 143 111334.

[102]  NathS K. A light-driven device for neuromorphic computing[J]. Light Sci. Appl. , 2025, 14(1): 37.

[103 ] JangH, KimS, JuS, et al. Multifunctional ZnO-based optical memristors for synapse-neuron integration and neuro-
morphic vision systems[J]. Nanoscale, 2025, 17(42) : 24566-24577.

[ 104 ] LuC, Meng]J L, Song] R, et al. Self-Rectifying All-Optical Modulated Optoelectronic Multistates Memristor Crossbar
Array for Neuromorphic Computing[ J]. Nano Lett. , 2024, 24(5): 1667-1672.

[ 105 ] AbbasZ, RiazM, JafferyS H A, et al. Chalcogenide-Based Brain-Inspired Photo-Synapses for Neuromorphic Vision
Sensor: An Experimental and Theoretical Study[J]. Small, 2025, 21(42): e04294.

[ 106 ] LiD L, TangX G, SunQ J, et al. Neurosynaptic-like behavior of ferroelectric memristors with photoelectric dual-
mode modulation[J]. Appl. Surf. Seci. , 2025, 688: 162371.

[ 107 ] GaoX X, CuiD S, GuoP S, et al. Artificial Synapses and Logic Gates Based on Tellurium Oxide Memristors for Arti-
ficial Vision Applications[J]. Adv. Funct. Mater. , 2026, 36(13): el5165.

[108]  Leel, JeongB H, KamarajE, et al. Light-enhanced molecular polarity enabling multispectral color-cognitive memris-
tor for neuromorphic visual system[J]. Nat Commun, 2023, 14(1): 5775.

[ 109 ] ZhangZ F, ZhaoX L, ZhangX M, et al. In-sensor reservoir computing system for latent fingerprint recognition with
deep ultraviolet photo-synapses and memristor array[ J]. Nat. Commun. , 2022, 13(1): 6590.

[110] CaiSY, HanM Y, GaoP F, et al. Multi-layer reservoir computer based on wavelength division multiplexing optoelec-
tronic feedback loops[J]. Opt. Fiber Technol. , 2025, 94: 104344,

[111]  KimH W, KimJ H, ShinD H, et al. Neuromorphic Visual Receptive Field Hardware with Vertically Integrated Indi-
um-Gallium-Zinc-Oxide Optoelectronic Memristors over Silicon Neuron Transistors [J]. Adv. Mater. , 2026, 38 (3) :
e13907.

[112]  KimS, ChoJ I, LeeS, et al. Timing-Dependent Spiking Neural Network : Board-Level Hardware Implementation with
Photoelectroactive Van der Waals Synapses[J]. Adv. Mater. , 2026, 38(23): €73052.

[113] ZhouZ Y, WanglL L, LiuG J, et al. A facile photonics reconfigurable memristor with dynamically allocated neurons
and synapses functions[ J|. Light Sci. Appl. , 2025, 14(1): 269.

[114] Owen-NewnsD, Robertson], DonatiG, et al. Neuromorphic Photonic Processing and Memory With Spiking Resonant
Tunneling Diode Neurons and Neural Networks[ J]. Adv. Intell. Syst. , 2026, 8(4): ¢202500800.

[115] AT RYE, A, F . T AT ETE S AT S0 ZE R ICBLAR B Bk eh ph 2T ()], R R, 2022, 71



28 K b/ it

3

(14): 338-349.
ZHU JX, ZHANG XM, WANG R, et al. Flexible memristive spiking neuron for neuromorphic sensing and computing
[J]. Acta Phys. Sin. , 2022, 71(14): 338-349. (in Chinese)

[116] DuanH X, WuZ X, XiongT, et al. An in-sensor neuromorphic visual system based on IGZO/PCBM photoresponsive
memristors[ J|. J. Phys. D: Appl. Phys. , 2026, 59(2): 025107.

[117] HuangH, LiangX, WangY, et al. Fully integrated multi-mode optoelectronic memristor array for diversified in-sen-
sor computing[]]. Nat Nanotechnol. , 2025, 20(1): 93-103.

[118] Bian] Y, LiZ Z, LiangS, et al. 2D Tellurene-Based Optoelectronic Memristor with Temporal Dynamics for Multimod-
al Reservoir Computing System[ J]. Adv. Sci. , 2025, 12(43): e13647.

[119]) 4R, faeF 2P 5k, 5. AAHACH GO L] KR 54, 2025, 46(05) : 753-769.
SHI JJ, SHAN XY, WANG ZQ, et al. Recent Progress in ZnO-based Memristive Devices[J]. Chin. J. Lumin. , 2025,
46(05): 753-769. (in Chinese)

[ 120] WangY, GongY, Yangl, et al. MXene-ZnO Memristors: MXene-ZnO Memristor for Multimodal In-Sensor Comput-
ing[J]. Adv. Funct. Mater. , 2021, 31(21): 2100144,

[121] HanJ, MaoH, LinY, et al. Near-Infrared Optoelectronic Memristor with All-Optical Modulation for Microscopic Bio-
logical Motion Recognition[ J1. Adv. Mater. , 2025, 37(45): ¢10185.

[122] WangH, LiuH, FangZ, et al. Real-time monitoring and early warning neuromorphic system based on high-endur-
ance three-mode sensing memristors| J|. Chem. Eng. J., 2025, 516: 163914.

[123] AddaC, LeeM-H, KalcheimY, et al. Direct observation of the electrically triggered insulator-metal transition in
V305 far below the transition temperaturel J]. Phys. Rev. X, 2022, 12(1): 011025.

[ 124 ] WenS, LiuY, LiY, et al. Dynamic hybrid visual-thermal multimodal perception neuromorphic devices based on de-
fect modulation of electrospun nanofibers[J]. Int. J. Extrem. Manuf. , 2024, 7(2): 025506.

[125] TianQ, XunK, LiZ, et al. Optoelectronic memristor based on aC: Te film for muti-mode reservoir computing[]]. J.

Semicond. , 2025, 46(2): 022407.

B (1994-) , Lo ZBOR N 1 -
BT, 2025 45 - 5 5T 0K B R A2 AR A5 1
e o VAN SN S I S L NV
B AL Gt R i 5

Email: iamjzhou@njupt. edu. c¢n

B ENRE (2001-), 55 ILIRiE = s A,
T+ F 5 A=, 2023 4F F g 5% M6 L K 2
AT 22, BN R AL TR
12 BRL 7 B FLAE A 28 0 26 11 55 v 14 1o
W%

Email: myh0120@njtech. edu. ¢n

B H(1980-) , %, BA Jp VT 55 57 M /R
N T RN EUZ , 2011 45 T A e Aol
KEERAG A2, BB N F AW
PR SR ALBIL 2R B A B ARSI 1)
% .

Email: iamwshi@njtech. edu. ¢cn

FEF(1991-), & L H M A 1,
AR L 2017 4F T g 50 H R 2 R A
L SR VAN S VN S E I SR e
i S BLAS 5T

Email: iamwli@njupt. edu. cn




