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von Neumann bottleneck, and has received widespread attention. Taking advantage of rapid carrier migration

characteristics and excellent photoelectric conversion performance, halide perovskite optoelectronic RS memory

devices present excellent resistive switching performance. In recent years, researches on storage and computing

applications of the halide perovskite RS memory developed unprecedentedly; whereas, the working mechanisms of

halide perovskite RS memory still remain unclear. This review analyzes the working mechanism of halide perovskite

RS memory, compares the regulation characteristics of conduction filaments (CFs) and energy level matching (ELM),

summarizes the constraints of various mechanisms, reveals the repeated formation and dissolution of CFs under light

illumination and electric field, as well as Schottky barrier between the perovskite transfer layer and other layer,

dominates the On/Off ratio, threshold (Set/Reset) voltage and performance stability of halide perovskite optoelectronic

RS memory, and prospects the applications of halide perovskite RS memory in artificial intelligence bionic synapses,

in-memory computing, and machine vision.

Key words: conductive filament; energy level matching; halide perovskite; in-memory computing; machine vision;
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Fig. 1 Schematic diagram of mechanisms and applications of
halide perovskite RS devices
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Fig.2 CFs of 3D perovskite RS devicel!®27:30-32:37:41-42]
(a) Mlustration of Au/CsPbBry/ITO RS device structure®”; (b) I~V response of Al/CsPbCl,Br;_/ITO/PET RS device in semilogarithmic scale!);
(c) Alignment of bromide vacancies and silver atoms in On state of ITO/Cs,AgBiBrs/Au RS device!*”'; (d) Pb element oxidation and reduction peaks at
cyclic voltammetry (CV) curve of Al@MAPbI:/Al; (e) Pb metallic filaments formation in Set process and dissolution in the Reset process®*®!;

(f) Perovskite thickness-dependent competition between metallic and iodine vacancy CFs of Ag/MAPbIL/FTO RS devicel®”; (g) Hybrid filaments
formation and dissolution of Ag/CsPbBr; QDs:GO/ITO device!"”; (h) Intensity of Cu element on switched and unswitched Cu/MA;Bi,1o/ITO devicest!;
(i) Band diagram of Ag/PMMA/CsPbl:/Pt device and thermally activated Ag ions hopping in CsPbI;"*%; (j) Schematic diagram of ITO/Cs,AgBiBrs/Au
RS device; (k) Atomic force microscope images of CFs in Off (left) and On (right) states of Fig 2(j); (1) Element distributions
of Br and Ag in Off and On states in Fig 2(j)**. ITO: Indium-tin oxide; PET: Polyethylene terephthalate; MA: Methylammonium; QDs:
Quantum dots; GO: Graphene oxide; PMMA: Poly(methylmethacrylate)



1008 T AL A R R

38 %

TR EEAR,

BHLAZ 25 A 4 J LA 2 o A 0 5 SR 1 4 e e
FHR R ITCRITBH S T g2z, S A
AR AT 4R Y IHAR 28 Al@CH3NH;PbI; (MAPbI;)/Al
TEIRAR 2t 2R (B 2(d) AR SR I, SR T Pb™
5 Pb” 2 A A A I SR AR, Bt N I e I
MAPbI; H k& Po> [ S i 5, I H Po™ 78 St i
HL 38 5 A P 57, 24 HUR 3G KB 5 O\ (Set) LRI,
Pb JR AR &8 T B gl 22 & IE A, SR fFiAR
RPHAS o 445 28400 0t 0 B 1 H R A4, HL RS 2
A7 (Reset) HL I, HBhEE BT MAPbL; H147%
SR TN, A B AR A AR
WK 2(e)iTR. B 7SS B L & @ RS a2,
P ZH X M RBESS5 S BRML .
K26 @R T ALV ) Ag &)@ S g2 1 55 4
17H. MAPDI; BRI, Jafin Set UESE, X T
LR T I8 IE k) V) S H4H22; MAPbI,
JE R 5 2 /N, N Set LR T RATE R VI A1 Ag
& B AN R, ERIEFCEN, BT Ag S H4Y
At Vi FHAIZ N —ANEERS R
PHASHIH S Ag &8 S 1807, Hebkdn
i S0 ) B A S R M R PR AR SR, XA 3R
BB R n R AR S5 340 T A 22 (1T B
U1 Ag/CsPbBr; QDs: GO/ ITO #31F (B 2(g))BE % IF
JEHEK, Ag IR Ag IR T8N Ag', FHTEHEIK
i T a3, AR HiE A Ag J7
T, [N R RS Br il OF & 1 [ IEW R 5, W
B N IR 2 ALV p) R ALV o), 24 1E H & 16 K 2
Set HLJE(2.28 V), H1 Ag. Vg M V' HE 241k 5
HLYH 22 7 38 1E b, S8 AR A R ARPEAS o it in £ %
5, W& RN R, Br fl O B FE1#%, Ag S 422
Wiz, EIAF] Reset HLIERS, 241t S 422 b3,
A R A,

TG T LA A A R PH AR B S A R, AR
BEREASE FHRMLIL, &RiEEERcET
PLse 455 A2 . Cu/MA3BILL/ITO 284 —
U F i (B 2(h) B 858k P A H AR g4 IRk
Cu' & 1 i L R R AR 28 1R s, RIHC &R
AR R IARIBIERE T T S HAZ TR
AW, BEM e 7 A fE LA A LEPY, B/ 23)
H CsPbL B ELH 2 5 Ag AN IR I B2, 5 Pt L
WA R e P fd . IE R INGEAE Ag HARSEALIA
fi(Ag—~Ag +e), AN Ag B FEMEY 2l it
PR BT B BRHLEE RS & Pt HAR, FFPIE R 4
JBH(Ag + e ~Ag)E Ag FHINZ, FiE R IE
b, PHAR 2% AR AR PHAST . B0 I S 56 00 Nl

TESE T A4 85 Bk B BH AR 28 b 5 B A0 22 1 T A
Cs:AgBiBrs #5EKH R PHAZ 28 (K] 2()) it )5+ /) &
T (AFM) M 22 2] 7 FF (On) & 5 HL 41 22 (9~30 nm)
(B 20k F3E B T (B 2(1)3% W #4155 (Off)
AH Br JGERM Ag JGREF R B 7 A 3551,
On & Br JGE M Ag JUHRTE Au AR EE, ESL T
Br JLHE M Ag SCRIEFEN FIITH, XU
EHSE Br il Ag B RERFES T Fhm
IS Y, fil R FHAE 3 On/Off A&#748™, 3D
XA S R B AR 25 (1 5 B4 22t T 334 1 B AS
] S ERTT R A oy 72 S5 I 5 B AR A 46 TR 3R R B0
A ) R A,V T A R A R BT BEL AR T R
EARE U &R GRS RNE, Bk
W B A5 ER ™ BHL A Tl e )2 i JZ 119 #8844 DL 23 AL 5 H 4
2N E,
1.2 ZHENSHRT PN SBEAZYIE

T YEGER QD) KA R B B HLEHLE L
B R G, A BT 5 1) e M 2 A% i e o A
BAR B T 2, 2D s 45 ek S AR
= FHA 2R E 3 FiR. FTO/[(TZ-H),
(PbBry)]/Ag (TZ = 1H-1,2.,4-triazole)PHAZ 25 1 2D 45
EKH[(TZ-H)o(PbBra)], JEAFTEJZ (818 HUEE T B B
(B 3(ai)), MIEMBEZREIA, EAMERFHEA
BB (B 3(aii)), FFHIKS) Br &7 R IEWER, 1
(PbBry), " JZE T Vg 4IE [ HL I K F] Set HIE,
TER Vg S22 (1] 3(aiii) ). 78 FHAS 38 1E [ B R
FH(E 3(b))id FEH, f R 3.25 HIFT BORREBE
I FE PRI B (TFL) Y, S2Bl T P AS R A AR
1M H. FTO/[(TZ-H)y(PbBry)],/Ag BHAF 257 30~170 Cy
B 4 22 B 1 78 ) SRR i L AR A7 M e (B 3(e))™),
Ui BA 2D FHERH PHAR 25 B 0 i e AR e 1

2D FEERT PHAR 28 A/MALPBI(SCN)y/ITO A L5k
LB ARSI PEAS = A FHAS (1A 3(d))™s
Kl 3(e)Bn T AUMA,PDI, (SCN)/ITO [H7% 2% 5B BE
SRR, (DA X AR (To= V2 )3 78 B Bk 0 134
WOR IR TF G BRI L T (2) M R K, HERT 2 6k
BB R T I 7, ASERDT SORRE IR T B L § A,
ST B 78 B A BEIRT(TELC)Zo< 1194, (3)24 B s
— B K E~1.59 V, B Jo< VO J& T A% ] HL g7 PR
HIL(SCLC), #HFSBlIEAS; (4 R KE~3.2 V,
B Toc V!, BfE S LI R, A8 NARPL .
Al/MA,Pbl, (SCN),/ITO PHZAE 35 FH 25 % A8 HLEE 4
Kl 3R, HERT Vin(~1.59 V)iEf, 8580 % A
(RIRIE A E TR (8 3(fih)), #fFHANThIRAs, B
JERT Vin(~3.2 V)i, FHAHLZTE (K 3(fii), 4



%59 3

AT, F MBS L B AR LR T

1009

Current / A

@ Initial Trap filled Filament formed
+ + + + + +

— l‘)l'-c*l lu) y (*I
—él( L BTl
R I.D—C.l l.) “ C.l

e (TZ-H) layer o

¢"~-_

®Defects  * Carriers @ Br ions ---- Conductive filament
e (b) 10 1 ©) eet
~ Slope = 1
€ r Ohmic
6*7 L
ol 5
€ 7
o
el perovs ’ § &
e—l3 -
s Slope = 0.98
e r Ohmic
efl7 1 1 1 1 1 Il 1
et e’ e* e e? e!' e e e 3
InV
107 |
10—4 -
107 —a— Sweep 1
—e— Sweep 2
—a— Sweep 3
10710 | —¥— Sweep 4
—<—Sweep 5
—— Sweep 6
—— Sweep 7
10-13 . . . . .
-4 -2 0 2 4 1.0
Voltage / V
T
( o [}
o ® og © 8§° 8o o
S © o) O rovm o 2 o0 ©
° o —> o o
° ° (; o @ °4o
ITO 1ITO ITO

Defects © Carriers ® Conductive species

B3 sk Mg 2D) ALY R B AR 5 ) 5 o g 22 [4-45]
Fig.3 CFs of 2D halide perovskite RS device!*

(a) CFs mechanism of FTO/[(TZ-H),(PbBr4)],/Ag device; (b) I-V curve with conduction mechanism in semilogarithmic scale under positive-voltage
sweep at 30 ‘C with inset showing schematic illustration of FTO/[(TZ-H),(PbBry4)],/Ag device structure; (c) I-V curves of FTO/[(TZ-H),(PbBr4)],/Ag
device at different temperatures'; (d) Ternary resistive switching I-¥ curves of AI/MA,PbI, (SCN),/ITO device; () I-¥ curve with conduction
mechanism in semilogarithmic scale with inset showing schematic illustration of AI/MA,Pbl, (SCN),/ITO device structure; (f) CFs mechanism of

PH AR KRR

AUMA,PbI, (SCN),/ITO device!™. Colorful figures are available on website
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Fig. 4 CFs of perovskite RS device under light illumination®'-**

(a) CFs formation and dissolution of ITO/Ag/MAPbI; quantum wires/Al device under light illumination'’; (b) Dynamic bending fatigue I-¥ curves of
mica/ AgNWs@AZO/PEDOT:PSS/CsPbBr; device under light illumination; (c¢) Three-dimensional tomography images of PEDOT: PSS/CsPbBr;
nanocrystal overlaid by Kelvin-probe force microscopy (KPFM) signals under (c1) dark condition and (c2) light illumination, and statistical variations of
(c3) height and (c4) surface potential from Figs. (c1, c¢2); (d) Hybrid filaments formation and dissolution of mica/AgNWs@AZO/PEDOT:PSS/CsPbBr;
device under light illumination®”. PEDOT: Poly(3,4-ethylenedioxythiophene); PSS: Poly(styrenesulfonate). Colorful figures are available on website
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[60-64]

(a) Energy level matching and the formation and dissolution of corresponding CFs of Ag/PMMA@CsPbI;/FTO device!®; (b) Depletion width varied in

p-type perovskite CsSnl; layer due to Sn vacancies under an electric field

161 (¢) Schottky barrier formed at MAPbI,/TiO, interface and resulting

asymmetry I-V curve of AwWMAPbIy/TiOo/FTO device!®; (d) RS loops of Al/Cs0.05(FAMA |-,)0.0sPbl,Br;-,/TiO,/FTO structure under dark condition and
light illumination; (e) Depletion region at Csg os(FAMA -,).0sPbl,Brs,/TiO, interface in low resistance state (LRS) and high resistance state (HRS) under
illumination'®; (f) Light-induced RS behaviours of Ni/ZnO/CsPbBr;/FTO device'®. Colorful figures are available on website



1012 T AL A R R

38 %

I, Ho 20 BT BT 5 B 4 22 PR TR RO AT B 241000, — i
LT, FHARSS —AN AR S T R J2 42 fi 5 T DA R 4R
Feful, 35— WAk ThRe = FE k57T A 1 R R 4 A,
LA 22 1AL 2 S BB ST, Au IS P
RUEGERH CsSnly REZLULHC 2 L H e 22,
Kl 5(b)AlT, FEINIE ) B %, Sn 25 AL7E SHAL R R 5
BN T R R 22 B RR R X VR B o, E iRt
(T 25 5y il 34 22, BHAS IR L AR AR EEAS o it fn
Uk, Fmah Sn B0k, FERXEEA, FT
TR R AT, HAh, Kim 2R iE 78
T S BEL AR 2 e A S R R R e A A L BT R I
ey 2 o] DA ) 5 R ST Ak R S 22 S T
I FH R A% i 2 T R 1 2 o B R B ] DA 4%
FrimbEkE, B 5(c)foR 7 IR Tio, i) Vo
51 T B F1£ MAPbILy/TIO, ST AR R, Tk R B
22, T BT AR TiO, &g, JEHE
FELHS V' S HYIZ2 T K, AwMAPDI3/TiO,/FTO FHAE %%
RIS AN FR LA AT 9%, it B 45 PEDOT:PSS J2
[ BHAR 2 1E Set i F2 HF, PEDOT:PSS/45 4k Ji i % it
4b, PEDOT:PSS X} &5 F 4T FLAE M il T E A 5
i LT P R B OO R P RE R UL RE S B
W HL, 0 ITO/MASnBry/Au 2844t Br & 1 Al
Vi B E NI BEIFERZ, 258 p-ind, i
1117 S B AR L2 BRI 22 i fs B At
WA TSSO R A 2 0EH, 7]
PAFRIGARE S K) CH3NH;PbI; Cl, F5EKH o i fH AR 23
BEZLULHL, $RmCHRBIAREA R, B sdEr T
IR ACso05(FAMA 1 )o05PbL,Brs, (CSFAMAPbIBr)/
TiOy/FTO [FHAR#5 1 P RE . T Gy ) DLid i
CsFAMAPbIBr/TiO, i [ 5f i, A 1 vy FH 25 A BH
A BTG R, HZ, m PR B g R,
S EPH A RRAE 2R IR [ B AR A . PR AE X PRI
JE Rl 6 R B B A& CSEAMAPDIBr/TIO, F I #E R
X F9 42 1 P EEAR BELZS 58 B 1% 4 B 5(e) s
CsPbBr; 5 ZnO [ feZHkAn £ 57 1 b mT LAY B o
g, mE SOFTR, JAE A NI LLTE TG
i & o Bt AR IR 7, [FR, ZnO A S IR
UE 7 AR BRI i 25 %, DR 4% mT DASE
%W & 261 F FTO/CsPbBry/ZnO/Ni 28 1F (1) [ 245 #
ARAT NN, A AR B AR 2% LT 94 22 A AL 4
SEPAS VI, I B IS DI — o2 A 7E g8 4R S
Ab, BRI BB 2% T TE A2 1 BT FELAH 22 1 B 2% A

3 ISR EREAERRAN A

B AP B ER 0l L P AR 4% E N TN LR

F AT, A0S0 g aE SR A —
TR /AF N IB TS T TR AT . AR 3 AR T 5 fih
8] 1= o 71 e = A E R o i 4 NG O
T 2R G0N R R B T R AR, e i
T, ALY BT B AR g8 N A TN AR I 4 R
gt, BEAT LS A R IR A2 4 2R A7 %, AT LA
FEOl F U R PR AU D A 22 R G0 AT AE A 1)
5‘21%[90-91]0

Kl 6(a)7R | CsPbBry &1 s MIERANK EAE A
e 2 1 b A 2H R A% SRR B ), e U % Y ik
TR R Kk o e R R, T DABEHDL N SR A R
Gr, PR AL AR PG AR R H B B AR T AL B T
T2 M3 T MAPDL; 858K ) 5 i & VA A5 40 A=
Yo, W 6(b)FTas, SEEL T M HHCIZ AR K
1z, I HARL T A @RS R T R W)
WL 2 S)ANAEAET s 3 ] DK o Ak 5 Bk B AR 2%
BEBPINTHEMNE RS, B 6(c) R T A A
BHASFRFAER AgBily F5EKH™ N T2 filh 27 2 1) A= P fih i
BHARG, KIIMES1ERT AgBily S5k A\ 1.5k,
A8 3 R BHL S R AE 03 5 HLA S A 1) 5 9 flh FL I 3R
B, S I TR G AT IR 5P, s T
NTAGAR Y, =045 AT BHAE 2% ' Ha X045 B
BUIHATE RIS — BTN AR 8 Ag/SrTiOy/
CsPbBry/Au(& 6(d)SZ8l 176G AR 6. Sarfifit
SR TR, Wi 6(e)fn, HUE Vs 2&BLAR SR 1
FHE; MK V> VoI, TR A S AR S
HLZTE L, (ERHARSS SEHAFAEThAE, Mk 1V, <V <
vy B, BHAZR SR AE HL 3% A0 IR S [RIVE A AT BASE B
TGRS, MR v < v i), TESHRIER T, &
TFRFECT LR, ABHAR #8 AT L SE Bk B BRI T
BB, TP PHLAS 8 4 R A M, Vit T 3 T A AR e F
FHAZ SR 2 R 40, B 6(f, g)fE7n I AI@MAPDI/AL 4F
Y AE SH AR 3 J A R ) 28 R 1 o d s A, HLAE
S Y AR RN N B AT 4 2 TR S LR, S R T
T HEAE A RO,

RN FE K R Bk 45 5 T DA SR B
PG ER™ 565 H BHLAR 2% )38 4858 S o g2 18 6(h)
J&7R T CH3NH;SnCly 85855 JE [H AR 25 8 3ok 18 3 5\
Bk P S 5 AT DA SR I R ORI 4 “AND ™ 1
GO R bR B, RIS ERE THAS S R R 48]
DAt — DB H L a5, P i e A I 6(31)
J&7~ T PrPyr[Pbl; ]2 BH AR 48 5 X R SeAE N n] B A I
WERAN ] T R A, I A RS HIR Reset LT
BC B 5, SEEl 7 Bt R B £ 0 B3 25 = AR,
fift e T G A A 2 A R U DT B 1A IR )R BR



AT, S s S RO L A L BE AT Tt 1013

@

Visual cortex

fpe 1o

(] J v
3 . w
ST B
1 R “}'a'”" S

Receptor A s

Transmitter

Post—synaptic_,.—"
neuron -~

(=]
1

==/
> i

uluul

Presynaptic JUUUIUL I
spﬁc{: Postsynaptic spikes m
@ __ () 2asslo vy RN AI@MAPbL/AL
Sig.1 Sig2 Out 4|~ & o,
—_ 10 “n
510_2 OR 0 0 0 s 7: A
gl 0 1 1 pFC N,
E107 gate - _
B 1 0 1 16| Bl o-whie 8
10 1 1 1 Fies ;B@fk 10
- esistance
1 02M 5ysig2 2Ms o,y 246810 poyn
w - Sig.1 Sig2 Out i0*
> 102 o 3 } g:
P L AND
5 107 1. e - .
E 107 gate B 0-White
© 1 1 1 1-Black 19
Sig.1 2-|"_‘|s- 2V Sig2 il? 2V

Bl 6 Ak AR 22 37 i (24:30.79.83.86.92-93]
Fig. 6 Application of perovskite-based RS devices!?*-307%:83:86.92-93]

(a) CsPbBr; quantum dots based phototransistor emulating human visual systems'®; (b) MAPbI; based synaptic transistor emulating a biological
synapse!”; (c) AgBil, used in artificial sensory neuron system emulating biological tactile sensing system!®”’; (d) Schematic illustration of
Ag/SrTiO;/CsPbBrs/Au device structure; (e) Photodetector, photomemory, memory mode and breakdown of Ag/SrTiOs/CsPbBrs/Au device!™;
(f, g) Schematic illustration of woven fibrous crosspoint RS devices with the architecture of Al@MAPbI/AIPY; (h) AI/CH;NH;SnCls/polyvinyl
alcohol/ITO/PET devices achieving logic “OR” and “AND” gate!®”; (i) Physical unclonable functions (memPUFs) of PrPyr[Pbl;] RS devices**.
PrPyr[Pbl;]: Propyl pyridinium lead iodide
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