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Abstract: With the rapid advancement of artificial intelligence, the traditional von Neumann architecture can hard-
ly satisfy the increasing demand for computing power due to the separation of memory and computation. Neuromor-
phic computing, inspired by biological nervous systems, offers a promising alternative to overcome this bottleneck.
Optoelectronic synaptic devices have attracted extensive attention owing to their fast response and low power con-
sumption. Among diverse material systems, organic semiconductors exhibit great potential by virtue of superior flexi-
bility, transparency and facile fabrication. Herein, an organic optoelectronic synaptic device with two-dimensional
MXene interface modification is fabricated with the structure of ITO/PEDOT : PSS/PM6: Y6/MXene/PFN-Br/Ag. MX-
ene modification effectively enhances the photoelectric responses under 380 nm, 525 nm and 808 nm light illumina-
tion. Under 808 nm optical pulse stimulation, the paired-pulse facilitation index reaches 113. 6% at At=0.5 s, high-
er than 109. 2% of the reference device. The device also stably implements multiple synaptic plasticities including

SDDP, SNDP and SRDP. Furthermore, a handwritten letter recognition model is established based on synaptic behaviors.
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The MXene-modified device achieves a high recognition accuracy of 92. 3%, outperforming the 90. 1% of the refer-

ence one, which demonstrates its promising application prospects in neuromorphic vision systems.
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Fig.1 (a) Schematic diagram of human visual nerve synapses. (b) Schematic diagram of the device structure. (c¢) Molecular

structures of PM6 and Y6. (d) TEM image of MXene. (e)SEM image of the device. (f)Optical absorption spectra of PM6,

Y6, and PM6:Y6 thin films
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Fig.2

(a)=(b) I-V characteristics of the spin-coated MXene device and the reference device under 380 nm light illumination,

respectively. (¢)—(d) -V characteristics under 525 nm light illumination. (e)—(f)[-V characteristics under 808 nm light

illumination
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(a) Comparison of EPSC responses between the spin-coated MXene device and the reference device under 808 nm near-

infrared light pulse stimulation. (b) Comparison of PPF responses of the two types of devices under 808 nm light pulse

stimulation. (¢) Comparison of PPF indices of the two types of devices. (d) —(e) Synaptic response (SDDP) of the two

types of devices under different pulse widths. (f)=(g) Synaptic response (SNDP) of the two types of devices under differ-

ent pulse numbers. (h)—(i)Synaptic response(SRDP) of the two types of devices under different optical pulse frequencies
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3.3 ITO/PEDOT:PSS/PM6: Y6/MXene/PFN-Br/
Ag BRI TAENLE
AR SO ot WS AR O AT TR ) e

(AFM) RAE, g BEIE A I B 5(a) L (b) BTz

25 B F W], HE % MXene 5 52 4 W I 0 36 0 2 7
HEHLKE (R, M 1. 65 nm, A 5| A MXene ) PM6:
Y6 3 I 2 T2 J7 AROMLKS B (R O 1,31 nmo X
Wi W], 2D MXene JF A 72 1 1 2 3 10 & A B . 1A



1938 K b/

¥R 58471 %

(a)

—~
o
pa

6 nm ——With MXene
) S Without MXene
=,
£
5]
<
E
ERL:
&
o
" L3 £
R 5131 nm 100 nm R =1.65 nm, <5 % 100 nm.
q . q. ed I _ 0 L L L L L
' = 6 nm L Smacdi ~0 2 ~f 0 1 2
VIV
(d) 1 : (e) 400 ()
‘ . ——With MXene [ ¢ —— With Mxene
——Without MXene “ 4
/ 300 - =
&
o o
] [
z st S 200} 5 of
a N g
<4 g
100 é &
s o
——Without MXene (g
or ——With MXene
0 1 1 1 Il il il il 1
2 0 200 400 600 800 10? 10° 104 10° 10°
Z'1Q Frequence/Hz
2.10, 2.10
(g) (h) (i)
10°F —— Without MXene 4
—— With MXene 3.50,3.65,:" @
s = =
e - iy 426 Y 8
é 10'E T\Without \1,\u|w—0.904 . % g A_g % g
= . = =
E it ixenc=0-995 18 + = i - + & g | -
£ & B & [ITO |-
o < < wn
: el \ k: £ 4.70,:)/
N 5.0
! ! ! . 6.1
0 5 10 15 Photogenerated Photogenerated -
t/ns holes electrons O Trap

[#5 (a)ITO/PEDOT: PSS/PM6: Y6 5 (b)ITO/PEDOT: PSS/PM6: Y6/MXene (] AFM &l 5 (¢) JiE %% MXene &5 1 (6 C-V it £8 ;
(d) ik MXene #i /11 C-VAUG M1 4 (e) BEWR MXene a4 19 BLHT 73 B #1425 () FEIR MXene #3419 C-F il £k ; (g) MX-
ene JZ B 1075 £ 12 FE AR 4E 9 TRPL Y61 5 (h) 808 nm Y B N #FAEHLER 5 (D) 5 06 18R Y 2 WL B IR

Fig.5 AFM images of (a) ITO/PEDOT: PSS/PM6: Y6 and (b) ITO/PEDOT: PSS/PM6: Y6/MXene. (c) C-V curves of the spin-

coated MXene device. (d)Fitted C-V curves of the spin-coated MXene device. (e) Impedance analysis curves of the spin-

coated MXene device. (f) C-F curves of the spin-coated MXene device. (g) TRPL spectra of the MXene-layer-modified de-

vice and the reference device. (h) Device mechanism under 808 nm light illumination. (i) Device mechanism after light

removal

ROy gk — 4 8 7% MXene 18 U X 2% 2 P9 56 B
o %1 32 3N J7 2% T B BIF 25 43 A 0 5% i B R 3C
X A g AN 2 F R T c-v ik R 45 R
WESCe) iR 5 3 F C-V il ik B4 5% 345 2] 1
C-VI& W E 5(d) iR . C2-V il e i) e 4 X 3
ARE R T A 2 N B B S %
FRAE , Horb B BF %5 B (V) ATl LR A AT

e,
N, =_22( ‘Wz), (2)

ge,e,A°\ dC
HP XS E LT g W TR E;e,
PM6: Y6 3 JI 14 A0 X 4 FL B 5, 45 A ] 28 4 2

G WK F 0 SCERHGE 5 525 5 iE , AW T RE
£,=358, K ELA A HUR B A S A 1A RO6 BRT
o RA ERSEOTA TG, BETR MXene 1Y 451
BIE Nyl 6. 61x10" em™, 1] 25 b 2% 12 (9 N M5 K
5.71x10" em™, X UL B, 5] A MXene J , i /4 1Y
ARG R, T e iRt e 2
PR AL, 0 bR A G, DU ] T 3 5 %

PR S il J LU R FRBE T . aniE 5 Ce) PR ,
ol 25 1 7 BEL e 15 347 52 B0 Oy B S 1) B — o [
TIE, 3R W1 25 P BT 32 52 AL 10 F oy A2 B o R 4
WE B EAR AT XN A T RS . 55
Fb A5 10 AH LE L & MXene &40 J2 5 14 (1 2 8] 2 42 1



5510 4

WA, . BT 2D MXene S B 16 2 il 7 14 ) 8 S vk REAF 5T 1939

001G I U Y G A T ey A B i LR R . XERIT
£ PM6: Y6 5 PFN-Br Z [H] 5] A MXene J5 , 1 &b
B T A AT B RS B B g e T B T & AR R
H, HJFHETLE T, MXene — J7 [ 7 15 14 )2 1 PFN-
Br St 51 A T 2 0] 2 5 800 1 17 2K 8 Tl 1Y) ik
FaAS s o5 —Jr I, H 4k 7 )2 45 R 0AE T ST HA AT
o3 AT 5 AL i A A A RO T R S TR R
T B 30 AR SR T AR N7 BB A . H o, ER AR AR DG IR
T 5 S T HL A S O R R Xk 5 T
5 1) 28 ik AT PR AT A — 2. WE S(f) TR, 2R
P/ C-F il S A6 AR X 3% 30 45 50 L 45, O B
TR 1 WIS 1B SR T AR E ] R R B B
RN o ARMSS 1T, 2 AR5 5 AR A Mg, oA
T A 2 W% B 8] £ PM6: Y6/MXene/PFN-Br £
S AL B JFIE W2 18] fap 2, DT 7 A 5 1Y)
P25 ) 07 5 T4 1 00 X, S T o B 285 X LA B s i) i
P A SMING S, SRR A Z W N R, K,
FATHAT T PM6: Y6 B AT PM6: Y6/MXene & &
HEFE ) TRPL IR, DA i — 28 43 B MXene Xt 2E
KM FE G EEm . K S5(g) BoR T e
M X ene Fl A i€ Uk i 1 1% 37 B2 119 PL o B2 5 el it 42,
fili I 800 nm % & U5 3K A5 . 3 2 LR BUHE H0R
PR B A P Ul KA

y=Ae" + A, (3)
L A VA 5 LA RS 2 Bl AR 1, 7 Al 7,
SRR B IS AR E TR MXene LA TE 1
JI 3T 1Y 5, AR5 1A M Xene BORE i 6 2 08 75 iy
0. 904 ns, 5] A MXene J5 745 2K % 0. 995 ns.
HZ RS AH L, PM6: Y6/MXene FE i 26 9
BH 5 1 12 3 i B 1B MXene 951 AZEZE T4
AW REE A3, 2GR RV, MXene
FE1H )2 R84 1 56 A 2 - S 1R R A T R 1
RN AF IR RN UE & A o218 B, AT
Ry 25 A v O % B 1 5 22 8 fil S5 FRL U I e 2 R
KRR SR AT R AL T 3 Iy 2R . X — 5 R
— R, MXene B9 5] A5 T #8544 N 58 5 18 [
BF 2 5 far W RO BE Sy o IR S3 T Ll UPS
D, AR 4 UPS — ¥k Hi - # 1E 7175 3] MXene /Y
U)pR% A 4.55 eV T TisC,T, MXene % 1 4>
JE VAR, PR A el B DA 2 K e B 3o
(DS AER 5 S o % N U S S 0 i e N = |
I, FF MXene (1 38K BE bR 2 -4. 55 eV, T4 6
ITO.PEDOT: PSS .PM6.Y6.PFN-Br Fll Ag i HE 44 o7

BT SR RE R A . WA S5(h) FiR  FE
FERK W Y 0 ) R P e e,
HL ) B AR RS O A s o m B . R T
PEDOT: PSS ¥ [ 23 i v - PEL A BE 7 55, A=
T DL RS ZF 1k PEDOT: PSS 3 8% 1TO W £ . 4R
I, MXene 51 ARG T B £ 0] 2 5 8050 F 17 35/
TR B [ 75 5 5 I TR B, M Xene 5 PFN-Br 22 [6] %%
KA 28 AL f #4422 (1. 55 eV) , L M PFN-Br it 1y
25 B BE F1 L 6B A8 oA A AR 6 M 2 AT MX -
ene UL M HL T 1L i J2 1 MXene Z 8] 79 5L 4k, 5
FOAEZS S AL AL KR AR L X A5 X S A
B 2 JHT BEARAC I 18] A B B A, 7E 1 I T 4%
B A 58 BRGNS T RHE
A AR 23 SR BE ST BRI, TR T AR AR
B o35 1 R U 2 1 BRI, XoF i 5 Ml A 114 5 D
WRAL R, E SR . B, IE R R R 12
2 fab 3 68 3 23 T 96 % 2 /MXene £1 MXene/
PEN-Br A 1 4b 6 4 23 7 il 38 AR il . 1 J2& 3%
Pl A7 3R-TL B BRI h AT, 25 1 76 J 25
T AT B Ak A A v v U A DA 2R B
1 B il e A RRE
3.4 ITO/PEDOT :PSS/PM6:Y6/MXene/PFN-Br/

AgBHEFEFRIRNPHEA

Sk R A8 F T R S B 2 SO AR
SCHYEE T — SRR R R N T & W 4 T
RPN o I M AL 784 A AR P4 OT
100 4™ e e J22 4t 28 o0 F1 26 A 8 J2 #2850, X g
a~z 3L 26 K FHE WK 6(a) s U 5 TR A
Yok A F5FREEE . Rl R b R R
JE R RS A L 3% (BP) Bk ARG M 4 4 h 5
P 2 22 T 1 15 2 T AR T 4 2 1) K B R e i/
#1361 CLTP/LTD ) 4§ P S A 8 57 42 41 1 4 2 2
filh o YIZRIEE N BEA A HETT 5 000 REEAR, A2
TFRERf AL OB A 2 52 2] R 25 100 4 J 0 .
WA 6(b) T 7% , & MXene 15 i £ 75 4 32 51 1
RIKF]92. 3%, i TS HAFR 90. 1%, B T H
EMATEEWERGE T RN HE ). B
6(c) Al UL, VI ZrAbt < 7E w7 W PR 5 fa T AR
6 JIE 48 2R e SACRE e LI sl 0N | U BH AR R LA A
WA RE ), BRI Bl E . WE6(d)
JIT 7, TRV R I v X o 4 DX Sk B30 B 3 o T AR X
i1 2 DX, 2 B ARE D X 4% 2 R 2 0 LA B v Y X

rfig



1940

i1 84T %

Hidden

(a) Input | o irons  Output
layer [ =
1
1
) 1.4
(b) 100 (e) Validation loss @ ¢
s e 1.2 \ —— Train loss &
. 80 [ﬁ z
= 1.0} \ =
S 6o} 2 | %
=081 2
& ml 06F &
—— Without MXene 04k e =
20 —— With MXene
L L ! L 0.2 L h i i I !
0 20 40 60 80 100 0 20 40 60 80 100
Epoch/# Epoch Predicted digit class
(e) Authentic: T Authentic: B Authentic: G Authentic: O

Forecat: T Forecat: B

Authentic: H

Forecat: H

Authentic: V
Forecat: V

Forecat: G Forecat: O

Authentic: T

Forecat: T

Authentic: Z
Forecat: Z

K 6

(a) CNN #1282 T 5 U5 7 2 8 5 (b) Z8 08 100 Y1 2k 33 5 09 A% B8 Hh 28 5 () 2838 100 A I kst 301 0 0 461 2 il 2%

(d) 283 1001 i 9 5 AR I R 5 (e) 2252 100 AU 2RI 301 A9 3RU31 45 2R

Fig.6

(a)Schematic diagram of handwritten recognition based on CNN neural network. (h)Accuracy curve after 100 training ep-

ochs. (¢) Loss curve after 100 training epochs. (d) Confusion matrix after 100 training epochs. (e) Recognition results af-

ter 100 training epochs

4

7w

AR SC 4% 2D MXene 71 5 1 A AL
RGO T RGNS, HEASH T £ PM6:
Y6 i 4 2 5 PFN-Br M 1% i )2 Z B8] 5] A MX-
ene LA U 2 )5, 4 140 % F w7 L 28 figk T 98 4
Fewi I8 A N HPEGE 9 22 b . 25 R W], MX-
ene S IL T4 R S50 L RAF R S AL M DL

H X —

B Y A R B A, AT AR B Ak B AR A Y 0
FARRA S RSO E R F R R 5518 R
T, AT 33 58 25 428 14 5 e 1 fiE 7 R0 2 flok w88 1
T MXene #% 7 76 A [7] O bk o 4% 10 °F AT A2 5%
P EPSC ., PPF . SDDP ,SNDP F1 SRDP 4 g % %€ fih
fe, 2B R 4 0y o' 0 e B 5 A R T RE
Jio M BT SRR MR TS T
REUNN LAY, & MXene & 14 79 300 o B 2% 35 3



010 B WA, . BT 2D MXene S B 16 2 il 7 14 ) 8 S vk REAF 5T 1941

92.3%, & T2 L 28 5 19 90. 1%, 13 W] MXene %t K.

AT A& W ) 5 18 P 22 01 25 0 1 e LA — o A

EH . % I, MXene 5100 45 R 32 T+ A HLOGH AR SCAD FE AN A 52 W e 2 WL AR 35 [l 52 N 25 1Y
R B LG R R AL T — A AT AT R MG N % i1 41k : hitp://cjl. lightpublishing. en/thesisDetail s#
i PR B A AL AT 2208 25 005 2% 1R B T AR AL TR 10.3724/CJL.20260132

& X X #:

[ 1 ] VON NEUMANN J. The principles of large-scale computing machines [J]. Ann. Hist. Comput. , 1988, 10 (4) :
243-256.

[ 2 ] WULF W A, MCKEE S A. Hitting the memory wall: implications of the obvious [J]. SIGARCH Comput. Archit. News,
1995, 23(1): 20-24.

[ 3]YUYC, XIAO M, FIESER D, et al. Nanoscale memristor devices: materials, fabrication, and artificial intelligence

[J]. J. Mater. Chem. C, 2024, 12(11): 3770-3810.

kAR, AT, 2P, . SLBEILICB BT R [T]. £k F AR, 2025, 46(5): 753-769.

SHI J J, SHAN X Y, WANG Z Q, et al. Recent progress in ZnO-based memristive devices [J]. Chin. J. Lumin. ,

2025, 46(5): 753-769. (in Chinese)

[ 5] CHENSC, ZHANG T, TAPPERTZHOFEN S, et al. Electrochemical-memristor-based artificial neurons and synapses—
fundamentals, applications, and challenges [J]. Adv. Mater. , 2023, 35(37): 2301924,

[6]F%, ¥, Ak, 5. AINREGWBIEF IR H FACHEAN TR M ()], 25k, 2024, 45(9):
1547-1559.

—
~

LI W, ZENG N L, ZHOU ], et al. Tonic liquid-doped organic polymer memristors for low-voltage artificial optoelectronic
synapses [ J]. Chin. J. Lumin. , 2024, 45(9): 1547-1559. (in Chinese)

(7 ] #&, pRM, 233, . QY em RMITFTIER [T]. X85, 2025, 46(2): 245-259.

SHAN H, YING H W, CHENG P H, et al. Advances in all-optically controlled oxide synapses [J]. Chin. J. Lumin. ,
2025, 46(2): 245-259. (in Chinese)

[ 8 ] ZHAO ZJ, HU Z J, DENG M, et al. Bias-switchable photodetection and photosynapse dual-functional devices based on
2D perovskite/organic heterojunction for imaging-to-recognition conversion [J]. Adv. Mater. , 2025, 37(5): 2416033.

(9 )tz B8®, XF &, F. IRETH & 0 ikC R flf kg [J]. &5 27, 2024, 39(6): 761-770.

XU Y H, CHEN S Y, WU X C, et al. Preparation of circularly polarized synaptic transistor by blending induction [J].
Chin. J. Lig. Cryst. Disp. , 2024, 39(6): 761-770. (in Chinese)

[10] VAN DE BURGT Y, MELIANAS A, KEENE ST, et al. Organic electronics for neuromorphic computing [J]. Nat. Elec-
tron. , 2018, 1(7): 386-397.

[ 11 ] LIAN H, WANG S L, QIN Z T, et al. Transparent and flexible organic bulk heterojunction photonic synapse for neuro-
morphic computing and reflex arc behavior [ J]. Device, 2025, 3(7): 100749.

[12] LIAN H, DOUZT, QINZ T, et al. A polychromatic neuromorphic visual system inspired by biomimetics for miniature
insect robots [ J]. Adv. Mater. , 2025, 37(35): 2416649.

[13] ZHOU X D, GUO Y H, WANG Q, et al. A sensitive, stretchable and transparent strain sensor with sandwiched struc-
tures of PDMS/PEDOT: PSS/PDMS [J]. J. Nanoelectron. Optoe. , 2018, 13(11): 1651-1655.

[14] LIUTH, LIN Q J, MA Y, et al. Multifunctional organic vertical photodiodes for photo-detection and photo-synapse
enabled by modulation of the interface energy barrier [J]. Adv. Opt. Mater. , 2022, 10(21): 2201104.

[15] LANGT, LIAN H, QIN Z T, et al. Organic photonic synapses for application of bioinspired neuromorphic visual percep-
tion and beyond [J]. Adv. Funct. Mater. , 2026, 36(26): 22513.

[16 ] LEE T H, PARK SY, DU X Y, et al. Effects on photovoltaic characteristics by organic bilayer- and bulk-heterojunc-
tions: energy losses, carrier recombination and generation [J]. ACS Appl. Mater. Interfaces, 2020, 12(50) : 55945-
55953.

[17] GAO L F, ZHAO Y M, CHANG X H, et al. Emerging applications of MXenes for photodetection: recent advances and


http://cjl.lightpublishing.cn/thesisDetails#10.3724/CJL.20260132

1l 58471 %

3

1942 K b/

future challenges [J]. Mater. Today, 2022, 61: 169-190.

[18 ] KIM H, WANG Z W, ALSHAREEF H N. MXetronics: electronic and photonic applications of MXenes [J]. Nano Ener-
gy, 2019, 60: 179-197.

[ 19 ] KHANAL R, IRLE S. Effect of surface functional groups on MXene conductivity [J]. J. Chem. Phys. , 2023, 158(19) :
194701.

[20] LIUW F, CHEN Z W, MA Z, et al. High-load Ti;C, MXene cathode through surface modification for degradable aque-
ous zinc-ion micro-supercapacitors with excellent energy density and anti-self-discharge [J]. Chem. Eng. J. , 2024,
494: 153149.

[21 ] FENG Y M, LIUW F, BAI H N, et al. High-performance aqueous zinc-ion hybrid micro-supercapacitors enabled by oxy-
gen-rich functionalised MXene nanofibres [J1. J. Colloid Interface Sci. , 2025, 682: 1085-1093.

[22] CHAVA VSN, CHANDRASEKHAR P S, GOMEZ A, et al. MXene-based tailoring of carrier dynamics, defect passiv-
ation, and interfacial band alignment for efficient planar p-i-n perovskite solar cells [J]. ACS Appl. Energy Mater. ,
2021, 4(11): 12137-12148.

[ 23] LIUZ X, ALSHAREEF H N. MXenes for optoelectronic devices [ J]. Adv. Electron. Mater. , 2021, 7(9): 2100295.

[24 ] ZHENG H H, WANG Y J, NIU B Q, et al. Controlling the defect density of perovskite films by MXene/SnO, hybrid elec-
tron transport layers for efficient and stable photovoltaics [Jl. I Phys. Chem. C, 2021, 125(28): 15210-15222.

[25] SONG Y, ZHONG Z M, HE P H, et al. Doping compensation enables high-detectivity infrared organic photodiodes for
image sensing [J]. Adv. Mater. , 2022, 34(29): 2201827.

[26] MAHL, FANGHJ, LIJQ, et al. Transmittance contrast-induced photocurrent: a general strategy for self-powered pho-
todetectors based on MXene electrodes [ J]. InfoMat, 2024, 6(5): e12540.

B (1999-) 5 LI RN
T WFIEA 2022 4F b HAR A B 4
fhep by, ERNFORRR S &
PRRAITSE o

E-mail: dongshihui@shu. edu. ¢n

BRig(1992-), 5 P R, 4,
2022 4 F K JFUHE TR 2 R A 1 427
i, EBNHA PO T8 1F B 451
et il # AR TR R BRI )
a3 Mt 07 TR

E-mail: hlian@polyu. edu. hk

B (1992-) , &, PR E A 1l
Bk W W, 2021 4F TR
P RFRAF M A2, FENFA
B A e v s P 5 TR T 50
E-mail: shilinlinsll@163. com

EER984-), &, IlPEE R A, B
L B WA W, 2012 4F T R
Tl o KPR W o=,
IR A HLAITLE ) 2 R R R
R BT

E-mail: qcdong@shu. edu. ¢n



