5 54 &5 5 ] TR
2026 4 5 A

1L

JOURNAL OF THE CHINESE CERAMIC SOCIETY

Vol. 54, No.5
May, 2026

¥k

http://jccsoc.cbpt.cnki.net

o i

DOI: 10.14062/j.issn.0454-5648.20250503

BB RS SRS HlE A5 A

hEm, AR X %
(PR RPRI S, BRI R B, L3 100084)

B E: SETHERERMESTEIRSGAR, MAESTHHEAGRAFERR0RE, 8% 7 FE S TR AT

R E R E e, R 1SRRI KRR T e

o “HEMBLAA IR THRRE . RiCEHBAERE TS, 2

TSR RBMRHIAT IR o ARSCERIR T I HERAE HERPRL R AP S8 5 R G0 IR FURE R, B/ el T 4k
MR AREE S #0595, WRRTHE T SR SS AT 5 TN, b Ros T HAGE -k g a5
FE ARG BEE—RERER TaF 5 KRG LA R RS SSFET RN, e R0 T Z4ERRIANES 1 R T4

SRR THE T IR FHLE 5P

KR MRl ZPESS: RS MARSIE, AR
XEHS: 0454-5648(2026)05-1835-25

FESHES: TN304  CERFRERD: A
%% hREiE) : 2026-04-15

FER BRI AR, B HOR AR 2 nm 7 S
HE, R P TGS A PTARAT Pk ko R VA TE N
R LR A R S SR SS DA R SR R ) TR
N, AL AR I RS i 28 D RN, 3 DA 2
R AR SR A RN ML KDhFEIZ
ITEET R, EGE eI R REHTE
W2 F B, Bl vt 8 X3 80N R (Fin
field-effect transistor, FinFET). FFoetiitis S0 i
1A% (Gate-all-around field-effect transistor, GAAFET)
SR A, NMHRERSM R EREROR, E T
fEHTH R T S GRS e e SRR B, (HAEAL
PR R 1) JRI, FEESE TSR TG DO FERS . AAAf 55
e, —ANEEFREZ, o ENCR S
2N, RS RIT S, ool 8EEE
FIAGHFE RN ERE R, BT E K T RFIBITCE.
JEH LN T2 W 28 AR I B IR AT 55 A B A,
T R E AR A, SN2 B 55 B SR 2K
FIMIIPR S . Hadke ZFRHRH, H AT O
FERYHL T 200 TWh, 7EAERSEEFEH G AH Y
Lol . B dmAERae kA NG N a8 E A, PR
TNT AL/ A] 28 55 2% 1335 DA

Wik H 1 2025-06-25. BT HIY: 2025-08-03,
BETH: EF A RRHERE SRR LI H (52388201).
H—E#: BRAE(2002—), B, WEmrsid.

M X 8501981—), B, i+, iz

R NIRE ST HhAh, DATREE 2% ) B ARER 1
DA AT 5518 T Z R E AT, e 4 -
M2 R X DL AL S 1 S i B R
AR, DMZHS NRERI ISR, 1
R B T AR B B TR RE T R
o AT R — R T AR AR 5 R PR 2%
P, HCPEAE AT DK I 28 8 1 1 F i 1A T 1R 28,
DUZ BHES A A e R TS T E RS,
g ST T I W AR BT — 1A, Ky T2
PEAERIRI, SRS T AR AR, F,
17 B AR A2 YR58 3k F B 1) R 7R B R e A S I iR L
T, BEERUAEYME MG,
EAE R EAT S 5 46 G = 4E AR 2%
FHETF TiO,. NiO. TaOx 254w yyscil, i
o ) 5 LI S BT S T O O B PR, SR
H RGP P AR E R S AR 5 R, SR, =
MR BRIAZS . TS B2, HELLORIIETZ
BH 28551 b i 28 Aa e e 5 — Sk . Bl AS A 2844
(PR AL A HANII 5T, AN 51 B AR KR 18 3
Mg aT SEME . AN, S4EIZPH AT 5T
JE A ST AT AP AR, B 2 A R85 ] 8t

Received date: 2025-06-25. Revised date: 2025-08-03.
First author: CHEN Jiayuan (2002-), male, Doctoral candidate.
E-mail: chenjiay24@mails.tsinghua.edu.cn

Correspondent author: LIU Kai (1981-), male, Ph.D., Professor.
E-mail: liuk@tsinghua.edu.cn



- 1836 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(5): 1835-1859

2026 4

PR T S AF R HE— P S e S R

FEAE G AR T v 2 PR 5 R, i
BRI ST R AR B TR HLAAE 91, —2ipt
BLRA R 7RIS, RELCSHER. @i riEs
HEEMF, GRS N 58 OR KR U0 7 i M4 12k
AES mIRIZATRES), )R BERIARE AT 118
FAPRIIO W, AL, T AERDPRLR G R AT L
HARRIRE R PR B  NIT ROB 9K S 4R R
R, TR Ak Re . PHARRME. W]
P RENE, “HEMRHERL A RAAT N PRI

FEAF S — PRI IRV AR R R T SRUS8L, e kLA
A RN GBI, s Bk
AR MBS S R R A R 755
B an S M I AL B AE Y E S0, e 1 fos, T
R PR TR BB 7T D2 R — [ L2 3R
i, IBHTR 2 IhEe . FESIMLI RGeS U BUK JE
fEmPERETH . B REALE SO R I AR K
SCERR T Y T AR R S A ST B AR T i
JE& Bk RIS, NATRERE. WM.
REHEF IR LI R IR S

=

[ 2D Material fabrication

Neuromorphic device

iy

: -

= Light input

Au/Pd

More moore

Discovery of Electrochemically tunable Ultrafast machine vision with 2D In,Se;-based optoelectronic Monolithic 3D integration
graphene graphene synapses material neural network image sensors reservoir computing of 2D FETS
[ 2004 2011 2018 2019 2020 2021 2022 2023 2024

Vertical MoS, memristor with

MoS,monolayeriransision electrochemical metallization

Top gate Monolayer MoS,

Logic gates based on neuristors

Reconfigurable non-volatile

made from 2D materials neuromorphic photovoltaics

Bl 1 BT Z4e PRI B Fa g 5 4 TR AS e AR IR R e [T 72 (20-281
Fig. 1 Development history of electronic circuits and neuromorphic devices based on 2D materialst20-28]

1 SR AN S # 507 %

H 2004 fF A7 S2IE A R ILCAR, —4ERDRLIK B 7
5 HARNY, ZEBOM R s,
YR RLZ OFFIE R, £ ERFETHE
£, TERANHAYEE B2 AE ., JE A R AR
e AR RHI S EORYE, B B AT RN = AAE R (B
SN ) SRS R AR I (TatEse7), R
A DL I B Pk REAR R B ) 4S5 . B
i &R AR R R, — LR IR M ) — EmA R (M5 4
o Em ALY BALYISE) BRI &, EN1FRE
BAEFH)ZRES ZO0 T IR, =& 4E6
BUA R R B R AR, —EMRR RS, W
JEYE. PR, BGARSERE, il 2a A& 2b fir
TNe SIS R iR, BRI
PO HE A PR 51, R I AU S B
TIERE R 577 B AL (Hexagonal boron nitride, hBN)

Je P ZYEA SR, ATUER] 5.9 eV, HHT 4k
BT R e E R R RS RRR S
(Transition metal dichalcogenide, TMDC) i 3 T
MoS;. WSz, WSe, 55— R4 —4ipkL, RAFEEM
YR . —AERDRLR RE T A5 K S TR AT
&M TS SR AR R IR T e ik
FE 18 20 JEIR T HB 7 4EATRENT O K A e B
IR A B 38 378 21 41 gk B 35 m 4K B g Al DT G ) =
M RL. AE TR, Z4EM B RG PEOLH
WS Z VR ), PTRUE S SE
77 A 4, SEBLTE 2 R i WAL
mE 2d fros. Kl 2e 878 T MoS; BE &5 1 1) =
B E, WAAM R EERI VT Z . BWE . B2,
MoS; ) et BB BTG N, JE AT B A N B
ey B,

TR & TEEE S A T E. B E
28, Hd BN R SR EARENES



%5 54 555 5 W Mo 5. MR AR ERIE S RS &, k5N .+ 1837 -
Metallic Semiconducting Insulating
Bulk materials 2D materials
z ! Dangling bonds
Graphene  Black phosphorous Dicﬁalcogenides Boron nitride v
ommpnp
d¥d e

Graphene

Te
——
—

ack phosphorous
——————————————

Black AsP

2D materials

'ReSz ReSe,
=

SIR MIR |LIR | FIR

Free of dangling bonds

LWV W
dddd W e

Heterogeneous integration

(d

| NN

Energy

3000 600025000100000 I' MK

rr MK Irr MK I'T MK T

400 760 1100
Wavelength/nm
(© ©

2 THEMPRIMRR MR . (@) RTRHETEE I 4B, AR SR B R R U SRR S,
MRNAZNANTT BT, (b) MBI EETTEEE; () B> Z4EAPRIX OGBSI SRS, (d) AHEC TR RE, 4kt
BRI TS, P TREERD, () NEFHRIGEAEMEL E. BE. B= MoS, [T 153 ) gt 451414

Fig. 2 Unique physical properties of 2D materials. (a) Abundant electronic properties of 2D materials, from zero-bandgap graphene

to semiconducting black phosphorous, transition metal dichalcogenides, and insulating hexagonal boron nitride with (b)
corresponding band structurest?; (c) Response spectra of some 2D materials to different light wavelengths[®l; (d) Compared
with bulk materials, the surface of 2D materials has no dangling bonds, conducive to heterogeneous integrationl®l; (e)
Calculated band structures of bulk, four-layer, bilayer, monolayer MoS: from left to right!34
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Cu filament changes!?®!; (d) Schematic of Ag/ZrO2/WS2/Pt memristor and (e) cross-sectional TEM image of the device
structurel®; Comparison of vacancy diffusion barrier (f) along the surface (g) across the inside of Pbls octahedral layer (h)

through the large organic layerl®®!
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Fig. 6 Two-terminal memristors based on phase transition or defects. (a) Electric-controlled reversible 2H-1T’ phase transition of
MoS:2 by Li* migration and (b) typical output curvesl’™; (c) Monolayer MoS2/MoS2-xOs heterojunction formed by laser direct
writing (d) Raman spectra of monolayer MoS: before and after laser direct writing (e) optical image and elemental
distribution of S, Mo, Ol"3!: (f) STM images of single sulfur-vacancy defect in MoS: (g) Au atom substitution of the sulfur
vacancy after write operation (h) restoration of the initial state after reset operation (i) electrical output curves of write and (j)

reset operationst™!
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Table 1 Two-terminal memristors based on 2D materials

Materials Structure Mechanism Retention time/s Endurance Merits Demerits Reference
MoS, Cu/MoS,/Au Conductive 1.8x10* 20 Low switching threshold Low on/off ratio and [11]
filament endurance
ZrO,/WS, AQ/ZrO,/WS,/Pt Conductive 4.0x10* 10° High speed and robust Complicated structure [65]
filament endurance
CulnP,Sg Ag/CulnP,S¢/Au lon migration 1.0x104 500 Multifunctional memristor Trivial endurance [69]
WS, Pd/WS,/Pt lon migration 3.5x10° 75 Ultralow power Low endurance [75]
consumption
MoS; Au/MoS,/Au Phase change 8.0x10° 104 High on/off ratio and low Require precise Li* [71]
power consumption distribution
MoTe; Ni/Ti/MoTez/Au/Ti Phase change 1.0x10° High speed and on/off ratio  Unmeasured endurance [81]
MoS; Au/Ti/MoS,/MoS;,0,/  Grain boundary 4.0x10° Controllable grain boundary  Short electronic retention [73]
Ti/Au defect defect and low power time
consumption
MoS; Au/MoS,/Au Grain boundary 1.0x10? Tunable grain boundary Uncontrollable grain [77]
defect resistance boundary distribution
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Fig. 7 Three-terminal neuromorphic and reconfigurable devices. (a) Image of biocompatible graphene artificial synaptic transistor

and (b) schematic of device structure (c) operation diagrams of device at low- and high- conductance states (d) current pulses
applied to the gate to achieve multiple repeatable conductance states(®”); (e) Schematic of charge transfer between MoTez
device and O2/H20 molecules (f) transfer characteristic curves of MoTez device at Vas=1 V, where the effective gate voltage
equals the applied gate voltage because of the small Vas (g) working mechanism diagram as n—p or p-n diode and effective
gate voltage distribution (h) working mechanism diagram as memory device with uniform p-doping and graded n-doping
states labeled (i) working mechanism diagram as artificial hetero-synapse, whose weight can be adjusted by positive/negative
pulses at gate or drain, emulating hetero- and homo- synaptic plasticity respectivelyl®
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Table 2 Three-terminal neuromorphic devices based on 2D materials

Channel materials Device type Gate dielectric layers Spike voltage On/Off ratio Merits Demerits Reference

Graphene Electrolyte-gated Nafion 12 Flexibility and ultralow Low on/off ratio [87]
FET nonlinearity

MoS; Floating-gate FET hBN 5 100 High on/off ratio Complicated device [94]

process
WSe, Ferroelectric FET P(VDF-TrFE) 8 30 Linearity and reconfigurable Require two transistors [95]
polarity
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semiconductor integration

FET
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Fig. 9 Optical neuromorphic devices and system integration. (a) Device architecture based on MoS2/PTCDA heterojunction in

electrical modulation mode, where positive/negative pulses induce IPSC/EPSC (b) optical modulation mode, where the green
area indicates laser pulse irradiation[!?4l; (c) Optical image of 1x8 memristor array on monolithic GaSe and (d) example of
8-bit letter “N” encoded by ASCII (e) schematic of NAND and NOR logic gate operations and (f) time-dependent photonic
response under zero/positive gate bias (g) Schematic of AND and OR logic gate operations and (h) time-dependent photonic
response under zero/negative gate bias™'?l; (i) Schematic of human visual system and (j) artificial optical neuromorphic

visual system based on ORRAM for image preprocessing and recognition[28]
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Fig. 10 Neuromorphic visual system for special scenes. (a) Schematic of optical retinomorphic sensing and encoding MIR setup,

where the metal mask provides nine digital MIR targets (b) nine directly detected MIR images and (c) encoded images (d)
experimental results of spike rate changing with MIR light intensity (e) encoding images under different p and o, which
allows flexible dynamic range and encoding precision for different MIR light intensity (f) correlation coefficient between
encoded targets and original images*3%; (g) Comparison of frame- and event- based visual systems (h) combination of
event-driven sensors, in-sensor computing and spiking neural network to convert motion into programmable spikes3%]
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Neuromorphic olfactory system. (a) Schematic of synaptic plasticity regulation via the NO-sGC-cGMP signaling pathway in
organisms and (b) gas-defect interaction in 2D TMDC neuromorphic devices (c) output curves of pristine/defective MoS: in
different humidity environments and (d) corresponding on/off ratios () MoSz memristor based on gas-defect interaction,
whose resistance states is reversibly adjusted with positive/negative Vas*3¢l; (f) Schematic of crossbar array on bionic
olfactory chip (g) resistance distribution in 10x10 gas sensor array (h) response of sensor array to acetone atmosphere
against dry air, from 1x10-"—1x10-5[13]
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Fig. 12 Two-dimensional neuromorphic devices for high-temperature environments. (a) Schematic of Gr/MoS2-xOx/Gr device and
its crystal structure (b) output curves at different temperaturesl*>1; (c) Schematic of Au/hBN/Gr/hBN/Ag device and (d)
stability of three resistance states from 290 K to 450 KI[*52; (e) Structure and working mechanism of synaptic transistor with
Na*-doping SiO: gate dielectric and (f) transfer curves of devices with/without Na* doping at room temperature and

350 ‘CI%3l; (g) Schematic of MoS2/GaPSa4 device and (h) transfer curves from 100 °C to 500 ‘C[*54
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Extended Abstract

In the information era, conventional silicon-based chips face significant challenges to meet the demands of real-time data
processing, device miniaturization, and low-power operation due to the short-channel effects, leakage current control, and quantum
effects. The von Neumann architecture, with its separation of computing and storage units, leads to a bottleneck that the massive data
transfer between units consumes a substantial energy and reduces a system efficiency. To address these issues, neuromorphic
computing systems based on memristors have attracted much attention. These systems integrate storage and computing together, thus
enhancing a computational efficiency and reducing an energy consumption. Two-dimensional (2D) materials, with their atomic-scale
thickness, free of dangling bonds on the surface, and tunable properties, emerge as promising candidates for key materials in

neuromorphic computing.

This review provides a comprehensive overview on the applications of 2D materials in neuromorphic computing. The synthesis
methods of 2D materials and their heterojunctions are introduced, and then various architectures and operating principles of 2D
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neuromorphic devices are discussed. The review also represents the unique advantages of 2D materials, such as their high carrier
mobility and excellent mechanical flexibility, which make them suitable for a wide range of applications, including wearable devices,
biosensors, and implantable medical devices. In terms of device structures, the review mainly covers two-terminal memristors and
three-terminal synaptic transistors. Two-terminal memristors, with their simple structure and high scalability, are ideal for
high-density memristor crosshar arrays. Three-terminal synaptic transistors offer a more controllable performance and a better
stability. The review explores emerging multi-terminal heterosynaptic devices, which can simulate more complex synaptic behaviors.

This review further examines the integration of 2D materials into neuromorphic systems, including in-memory computing
architectures and sensory-processing-computing integrated systems. In-memory computing architectures, such as memristor crosshar
arrays, leverage the non-volatile storage and multi-resistance states of memristors to directly simulate neural network node weights
and perform parallel matrix operations. Sensory-processing-computing integrated systems utilize the unique response properties of 2D
materials to collect environmental signals, such as light, gas, and sound, as well as integrate sensing modules with in-memory
computing to achieve efficient data processing.

This review addresses the challenges of applying 2D materials to neuromorphic computing, including material preparation,
device design, and system integration. While laboratory-scale preparation methods like mechanical exfoliation can yield high-quality
2D materials, they are not suitable for large-scale integration. Wafer-scale growth methods, such as chemical vapor deposition (CVVD)
and molecular beam epitaxy (MBE), offer a better scalability but face some challenges in controlling the number of layers, achieving
a uniform thickness or a high production efficiency. In terms of device design, 2D neuromorphic devices exhibit diverse architectures
and operating principles, such as conductive filaments, phase changes, and defect engineering. However, further efforts are needed to
reduce power consumption and improve cyclic stability.

Summary and Prospects The review outlines future research directions, such as the development of large-area material growth and
transfer techniques, the design of novel device structures, and the integration of multi-functional systems. 2D materials are expected
to play a crucial role in the advancement of neuromorphic computing through interdisciplinary collaboration and continuous
innovation, paving a way for the development of artificial intelligence, the Internet of Things, and big data technologies.

Keywords two-dimensional materials; memristors; synaptic devices; neuromorphic computing; in-memory computing



