Vol. 53, No.9
September, 2025

53 B 9 BB % W
2025 4 9 A JOURNAL OF THE CHINESE CERAMIC SOCIETY

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250376

o i

150 2 L R W B A o AR T S

WILEF, Xk, # &, I%4
(8 FCB SRR S AN T 00BF 3268, L3 200433)

 OE: SAMESEREA ISR REES . R R A VRIS, ERAE G ISR A BRI . BRH
BEATLAF it &5 (FeRAM) WS B A7 AR 7 FRURECOR 8 1552 EE LA, v 2 R A PR FROJRRLAT v P8 B P A i 4 1 AN [ B 1) P iy 7
T AT R AR SR 7 2 R ] 485 5 B BE EAT A5 AP, IR BE 1 FL S AR AP T SR L 9 T, mT AARBER P 132 Hh A oK
FRUBE 5 S o Bk HBR BEAZ 88 AN LA K T 1% S Bk LB LA G o B e O 5 5 TR P MR A IO S RE 0, T HLE AT AEAT = ZEME
PRHARTY 1 8k AP0 2 (A7l 3 5, SR P AT as AR 1 1A B . ARSI 1 Bk W BE AR AR OB FUE R s el Bl BT 13

FORE A SRR T BiFeOs AT LiNDOs 558k H W BE77-fff 4 (I IR s R EE 17 I ATk Fho AR B 17 253 1 52 ol FhL it A5 B T Wi ) 52

APk, FH H AR RHAT T RE.

KEEIR): B EfEAY; PRHIERE; BREREL; PRl
FESHES: TN432  TEEER: A
4% R EiE) : 2025-08-12

BEE REHE . WM (loT). AT fE(ANATH
b B & SRR AT N I OE R R, AT
IR, mAE. mr g RBUR T B SRde sk
WK ARG K = A0 R A B R
TCEAEE R ICIEMEE R B, SECT “Ar kT
i A B B A i R R v e AR e, PR A
T BRI, ST v R - B A g ]
AR, BFXIEAES RMEAEZR(NVM)HE AR Z D
RREALR, A0 HE ki A HLAT if 45 (FeRAM)IT R
M ZR(MRAM)BL, - [HAR 17 i 25 (RRAM)CURIAH A A7
fi% 2% (PCRAM)10IZE

FeRAM 7 TSR - 1 AN ik
AR ARQTLIC)EE 2 MEIRE R 2 ANk
FHLZ¥ (2T2C)M-120, 3 b A 0k R, PR 25 PR R o o P
W B[] () 784 SR 13 G, il 1a fose AT
PAT B NEAE, BAFEKR TLRWLEE =R
Ve, EEB R SML. M, XTE AR
“17, TEAIL(BL) B N E T, R PL)
BHAKHT: X TEANHIEO", FEHRMERE

Wik H#l: 2025-05-11. BITHY: 2025-06-15.

FEWH: B E SRR (2024YFAL1409500); _F i i BHE G154T
Bi1%1(24CL2900900); [ 5% H 2R} 243 4:(62174034).

W1 MILEEFQ002 ), B, MRt
EXp(2001 ), B, HEHIIAE.

EEEE: L2409 ), B, fit, #h.

X EHS : 0454-5648(2025)09-2489-17

PGS, R E A m . A, AT
TER, RESBMEREN OV IEE, FERIX
BARBY, SRR 5L BTk
LR, PR RA R R EA L,
L F T i, B AR A £k H R RN S A
“V(B AR, BET S ECR) A0 (et ib
B AR, RN R ERE . FeRAM Bl
HEEARS Itk S NEEE . (RINFE. RRIIBT
9% 57 FEIE A SR P PER AT RE 7T, O R 7
()i ide s AR B3-180,

AL (HFO2) IR R H 5 7 2 T (ALD) #
AR, 5 CMOS #iliti T2 3% AR mas
BA BRI L (1~3 V) BT T 25 1 O
55 RECK T 108) R/ NI ENZIZARE, I A R AE HR %
AR 51 4 17 TR FRRIE LA T TS0 1 fe 62l
20234, FEIAE BN GLE IEDM il F#kiE 1
A EE I m R E T HE B 5 FeRAM,  JE it
K14 DRAM f 1T1C 2884, H1 5.7 nm 4
A A5 T EE B 1) D  R B LU Ak PR R A AR B

Received date: 2025-05-11. Revised date: 2025-06-15.

First author: SONGJIAN Kangping (2002-), male, Doctoral Candidate.
WANG Xinglong (2001-), male, Doctoral Candidate.

E-mail: 24112020028 @m.fudan.edu.cn; 23112020035@m.fudan.edu.cn

Correspondent author: JIANG Anquan (1969-), male, Ph.D., Professor.

E-mail: agjiang@fudan.edu.cn



« 2490 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(9): 2489-2505

2025 4

JG, ST 32 Gb BIfEfEA & K& 0.45 Gb/mm? (1)Lt
R, T 4E DRAM AR,

SR1M, FT 1T1C FeRAM [ =4EHE S 1 T 2 M
SRR i AR 2 Bl HE S R A B v AR O . Bt
4k, FeRAM SRR R, B 7 Zd i i
T 2 o 15 DUk P L Y B R RN, LUt
TR ERAE Z J5 N T IRIEEE A 2k, BRIk
VEJ ¥ 75 Bl it Bk 'S N ERAE LUK & 2 Ak e e
KNP AR, BRAK T 284 %
fw, W T IRE. BEAE SRS/, fAE o
BRI, W A S A B PRI, S RSHIC
T+ 100 nm B2 ) LA B /N T 8 AN L (BRI
PRIERS), FEUS SR, BRI T FeRAM £
1o B B AR s T 3 v B R 124

Bk HL 37 R N AR B (FeFET) g % v IR DA B Bk
Mo BRI BB 42 8 S A AR I N
pn 75 (MOSFET) (M /5t AT LB A O 1 13
, HEARSGMA TAEREME 1b Frx. ik
AR 2 (BN R Vs K T4k AT R il F
I, Bk AR AL T R BE S FI T 1A R AR A ek R R R
B, DT AE Y5 A A e B 2 1) A= s/ BHL BT 5 PV 3
Y Vesl LG, HTEAEAAER RN, V5iE S8/
BURIRAS RIS RS 0RFr, B R R R/ NI E
B HER RS . BT UL EWFAL, AATIE R
FeFET HA R RAMAI T, REE S B K
/NS )8 4 P W R AR A R e SR A7 i 22 IR, SET
LA E. &)L HERVIT, FeFET CHUEK
IR, JLHIEIT JLAFES3E FeFET BOCA AR SR T
W SR RO, BERAMNY R EEE . K

WL
J_b .
(a) Schematic diagram and equivalent circuit diagram of FeERAM
structure'!!

WL I

BL PL

Substrate

(b) Schematic diagram and equivalent circuit diagram of FeFET
structurem]
Bl1 FeRAM Fl FeFET (145 F 7 i FH 55 25 L 1
Fig. 1 Schematic diagrams and equivalent circuit models of
FeRAM and FeFET structures
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Fig. 2 Typical ferroelectric hysteresis loopl!
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with comparative analysis against CMOS and magnetic domain
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(e) TEM characterization of domain wall inclination'"*"
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Fig. 12 Graphene-mediated domain wall conductivity modulation in LiNbOs enabling successful realization of domain-wall memristors

Az PR S, 383 A T S I LA i B 1]

FISEEL 1~2 N ECE AT R AR, HIEA A
A2 F IR (B 12D), 3 A i B AR A Y5 T 3 K it F s

75 R RE TS R S B el R A AN 2R (K] 12¢~ 1 12¢),
T2 T AL ) 3 B T AR ThRE, R
J& BRI AT S TR 2R PR AL T



%5 53 &5 9 FALRET S i i Lk i B A i 2% (O 70 e < 2499 -

BORERAE . AL, Kampfé 5R0SIR| F AR 7640 (K] 13)
R B IR A B AT A1 B 5 N P I I KT gD,
TSP B BE L AR B BT, i AR AR R
JHAE P O oA A ) N L S OR A P W R AT A

SEEL Y S FREL T SR G107 AR S %
P2 S G4y, HOERTF ¢ R 8 (0.1%) F1 10
SER AR R B S A TS S e T
FER

Without =
bias

(a) Three-dimensional phase field simulation of CDW formation under an AFM tip for a 20 nm thick film at 20 V"'

g ° \Zi% g § \i4 g S 10 '\: dinm

S40f e o5 g g 20re 5B ] . 50

& " 10 15 = E s % «20

g ., A5 0 189§ > s . = 5 *.

1 e W20 2 ¢ s 20 [ 2 10°F .

S20F =g 10r ooty = g * e

g Sp— o g .

2 oL =50 nml ."%L_ 2 oL d=20 nm s B0} Vs

1 3 1 1 L $)c | 1 1 1 1 1

10° 10* 100 10° 10° . 02 04 06 08 1.0
Time steps Time steps Electric field/(V/nm)

(b) Evolution of inclination angle for film thicknesses

(d of 50 nm and 20 nm respectively)"*

(c) Equilibrium inclination angle after removal of bias

as a function of applied field""”

K13 AHIZ AL LiNDOs W B B 5 A\ HL IS AR 1
Fig. 13 Phase-field simulation results showing the variation of domain wall tilt angle in LiNbOs with writing voltage

3.3 HihskrBEEEFiEsR

Fr 1 BiFeOs Al LiINbOs LAY, 2T BaTiOsM06-1091
o-1n,Sest0l, ScGaNMM 7 HFO, M2y 2k i i B 17 i
FARHAS T AR E R . 0, Sun F5E10SLEE BaTiOs
VIR BIRE IS b, R R RA S AN 2 AL 3A 1
IR, DB SEE 1T N 2 WS R 1R, I
s 7 SRR A A i S B DhRe . ONEESREAE
Gy RN WG BELEAf 2% (1) Fe SR i 1 397 e o

BR T B R RE 1) v 5 FE R S Bk
CAAR, 55— 2RI T 51 B8 27 500 1Y) W B A7 i s .52
B YT Sy M-8 2 B AT i B (1) AR U EE
FE S0 Sk W B[R] i A% R PR AR R A AL (Vo) TR
Rl e TR, R TR E TR R
FEWEEE P AL 43 2N BB RE D o > i 0 PR R 425
BEQT BN, BSHLRE U EWERE RS B R AE e . 45
BURE S TR B B X SEIT, RAEFLIRRESE, HT
R SANER RN, SRR NCPHAS (24 1); ReZL
BT BE 4 A, ST ORFF S PHAS G248 0). S
VEAUSE IO/ v s A B 28 FRE, AN PLah R EE A B
DAL Z A A S T AR e O e (R E AT T

P o (R B FELIA B A A 5% 1 e A BE TR AN AR
PR ZE [0 190 L, e 0 KR PR T R P W B
I EE A B EM A it P I TE . UTEEK,
Liu SEMIFE B RUSE 1 SEEL 1y F i B RS v 45
P, NSEOUE TR 7 (W EE 50 iy B BE (1 A2
BRI SO T T .

4 ReEH5EZE

I3 10 4, BE AT G AT 7T S B R Tk B
BLAF i 2% (FeRAM) FIEk HL 37 38 i 14 8 (FeFET) 45
B FHELZ T, BTk L BE 1) 37 2 A7 s 7 K
MRS AR, BRI, mikE
FEFIAR S AP SRR S, T —RAFEE AR At
THMBS. £ 1 M8 T HAH B A4S R
FeRAM. FeFET FHk o W BE A7 it 45 (1 M e 2 1) 1Y)
P o AT IRl T Bk A R B R, AR T
BR LR BE (V) 5 AL 5 R BETE BB )12, BES T
£045 LiNbOs Al BiFeOs %5 7E P 11357 2L £k vy i B A7
fits 2% 10 [ P9 0 S BT IF 70 08 R o Bk oL IO BE A7 i A 4T
8 79K 2 JE ) T P R LT, SEE T R 1)



« 2500 - CRERR Th 223400

J Chin Ceram Soc, 2025, 53(9): 2489-2505

2025 4

BERAMER. MBS GEE . T LR
TEINI B 57 PERE RS, Jos T AL v o P A7 i A
WSRO LS. B H ARk i By BE A

fifi 45 (10 JE B SR AR R EC S R R, (HEN
SX 3 R A i 5 AR e 7 M A AT T T 2 ) A e
Frff R, Lo

# 1 BrimlEESaniLiEiEs s i
Table 1 Benchmark performance comparison of various emerging memory devices!'%?

MRAM RRAM PCRAM FeRAM FeFET FTJ DWRAM

Cell area(F?) 6-20 4-10 4-19 6-35 5-10 4
Non-volatility Yes Yes Yes Yes Yes Yes Yes
Write time/ns <20 <100 <100 <10 <100 <100 <10
Read time/ns <10 <10 <10 <10 <50 <50 <10
On/off ratio >2 >10 >10° 105-10°6 >10 105-10°6

Retention/a >10 >10 >10 >10 >10 >10 >10

Eudurance >10%? >108 >10%0 >10% >108 >108 >10%
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Progresses in High-Density Ferroelectric Domain Wall Memories

SONGJIAN Kangping, WANG Xinglong, HU Di, JIANG Anquan
(College of Integrated Circuits and Micro-Nano Electronics, Fudan University, Shanghai 200433, China)

Extended Abstract

Computers have become an indispensable part of modern society and are widely used in various fields. However, with the rapid
development of data-intensive applications such as big data, the Internet of Things (IoT), artificial intelligence (Al), and automated
devices, the demand for increasing computer performance continues to grow. This includes requirements of the memories for low
latency, high capacity, high bandwidth, low cost, and the ability to perform human-like processing tasks. To overcome the inherent
limitations of von Neumann architecture, emerging non-volatile memory (NVM) technologies have been progressively developed,
including ferroelectric random-access memory (FERAM), magnetic random-access memory (MRAM), resistive random-access
memory (RRAM), and phase-change random-access memory (PCRAM). These next-generation NVM technologies aim to develop
memory devices that simultaneously possess a high speed, high reliability, low power consumption, high density, and compatibility
with CMOS fabrication processes. Among various emerging non-volatile memory solutions, the FeRAM has emerged as a highly
promising candidate technology due to its fast write speeds, low power, and high endurance. Currently, the commercial FeERAM
devices are operated based on a destructive charge integration principle, where the data are recognized by detecting different charges
within bipolar ferroelectric capacitors. However, as device dimensions are scaled down, the detectable charge levels decrease
proportionally to the scaled cell area, fundamentally constraining their applicability in high-capacity memory markets with the planar
cell sizes above 260 nm. Meanwhile, Ferroelectric field-effect transistors (FeFETs), especially HfO.-based devices, face challenges
like small memory windows, poor retention, and limited endurance from polarization instability. The problems of switching
variability and cycling reliability further hinder their adoption. Recently, researchers have increasing interest on a novel
nondestructive current readout scheme in a ferroelectric domain wall memory, where the erasable domain walls under stimulating
electric fields are considered as a promising platform for developing high-density ferroelectric memory devices. Though many
efforts have been devoted to designing domain-wall-based memory architectures, a comprehensive review of this emerging field
remains lacking.

This review firstly summarizes the current research progress on the physics of ferroelectric domain walls. Ferroelectric domain
walls, serving as two-dimensional interfaces separating domains with different polarization orientations, exhibit unique physical and
chemical properties due to broken local symmetry. These domain walls demonstrate enhanced conductivity, unconventional
magnetism, and novel optical responses compared to the bulk ferroelectric counterparts, making them promising for nanoelectronic
and optoelectronic applications, including memory and sensing devices. The walls possess the atomic-scale thicknesses (a few unit
cells) and can be controllably created, displaced, and erased under external stimuli (electric/mechanical fields), enabling exceptional
operational flexibility in future nanodevices. Based on polarization rotation mechanisms differing in various ferroelectric materials,
ferroelectric domain walls are classified into four types: Ising (gradual polarization change), Bloch (in-plane rotation), Néel
(out-of-plane rotation), and mixed Ising-Néel. Ferroelectric domain walls, can be further categorized by the relative polarization
angles between adjacent domains: head-to-tail/tail-to-head neutral walls, and head-to-head (H-H) or tail-to-tail (T-T) charged walls
(angle o). Neutral walls exhibit zero net bound charge, while H-H/T-T charged walls accumulate free carriers (electrons/holes),
leading to the enhancement of conductivity. Three mechanisms are considered to explain the enhanced domain wall conductivity: 1)
defect-mediated conduction, 2) intrinsic band structure modification, and 3) local band bending induced by polarization discontinuity.
The wall formation stems from the local polarization reversal, and domain switching involves nucleation, forward growth, and lateral
expansion of domains. Domain wall dynamics, governed by nucleation and growth under electric fields, follow Merz's law and are
influenced by stress, temperature, and defects. Understanding these dynamics is crucial for optimizing domain wall memory
performance, enabling fast switching, low power consumption, and high reliability of memory devices through defect engineering.

The discovery of conductive ferroelectric domain walls in insulating ferroelectrics has spurred significant interest in
domain-wall-based memory devices, which utilize the creation and erasure of domain walls to produce on and off currents. After
inheriting all advantages of the FeERAM and FeFETSs, domain wall memories employ diverse architectures to increase the density
significantly. For example, the memory cells adopting coplanar electrodes, nanostructured islands, and mesa configurations can
precisely control conductive domain walls in BiFeOs and LiNbOs. Pioneering work on BiFeOs upon the creation and erasure of
nonvolatile 71° domain walls within each cell achieved on/off ratios of >10° and multi-level storing states by modulating domain wall
paths. Subsequent advances in topological domain walls (among vortex/center-type domains) increase the ratios further to 10* with
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endurance cycles of 108 However, the deposition of epitaxial BiFeOs thin films at high temperatures faces challenges in integration
compatible to the CMOS technologies and control of local domain switching within each cell independently. In contrast,
LiNbOs-based mesa devices using ferroelectric single crystals exhibit the excellent performance, featuring pA-scale read currents,
intrinsic selector functionality for 3D stacking (enabling self-rectifying wall currents within 4x4 crossbar arrays), and 10 ns-operation
speeds. Moreover, gate-tunable wall currents within three-terminal LiNbOs transistors have exhibited logic-in-memory operations
(NOT/NAND/NOR). Domain wall-based memristors have been demonstrated using sub-coercive voltage modulation for low-power
operation (4 orders resistance switching) and multi-state storage. These breakthroughs highlight ferroelectric domain wall memories
as a transformative technology for the development of high-density and low-power data storage devices applicable in neuromorphic
computing.

Summary and prospects Making use of erasable conductive channels of atomically thin domain walls, ferroelectric domain-wall
memory devices achieve exceptionally high storage densities and ultrafast write/read speeds ranging from nanoseconds to
picoseconds. These devices also exhibit outstanding performance of high fatigue endurance number and long-term data retention.
While demonstrations of prototypical devices have validated the fundamental operation principle of domain-wall-based memories,
several critical issues must be resolved before practical application. First, many novel transport phenomena observed at conductive
domain walls remain inadequately understood, demanding thorough studies of domain-wall motion kinetics and the interplay between
polarization, defects, and lattice coupling. Second, the domain nucleation and domain wall motion are correlated to the device
reliability; therefore, precise control over domain-wall creation, propagation, and pinning is essential for ensuring fast operations and
long-term data retention. Finally, in vertically stacked three-dimensional architectures, potential cross-talks between adjacent cells
must be systematically evaluated especially for stable and reliable operations of multilevel memories. These challenges are crucial for
advancing ferroelectric domain-wall memories toward large-scale integration and commercialization.

Keywords ferroelectric memory device; domain wall; bismuth ferrite; lithium niobate



