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Abstract: Metal halide perovskite light-emitting diodes have advantages such as high color purity, wide color gam-
ut, and facile solution processability. In recent years, their performance has developed rapidly, and the external
quantum efficiency of the devices has exceeded 30%. “Core/shell” perovskite nanocrystals are particularly excellent
in improving luminescent properties and stability because of their unique architecture and customized semiconducting
properties. A major focus in this review is the classification of “core/shell” perovskite nanocrystals and the mecha-
nism by which the shell affects the perovskite. It then summarizes how shell coating strategies improve the perfor-
mance of perovskite materials and devices, along with recent progress in this area. We also discuss the difficulties
and challenges of shell-coating technology for fulfilling efficient and stable perovskite light-emitting diodes, and offer

an outlook on future development directions.
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Fig. 1  Preparation methods of core/shell structured perovskite nanocrystals. (a) Polymer coating method and corresponding rep-

resentative TEM images'™". (b) Semiconductor shell epitaxial growth method and corresponding representative TEM im -

ages' """, (¢) The method of in situ confined growth in MOF and corresponding representative TEM images™’. (d) In situ

core/shell structure method and corresponding representative TEM images'’'.
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Tab. 1 Summary of lattice parameters of perovskites and

common shell materials
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Fig. 3 Schematic of the mechanisms of “core/shell” nanostructures. (a) The energy band alignment of Type I and Type II core-

shell structures. (b) Schematic diagram of perovskite grain boundary defect passivation by a shell layer. (¢) Modulation of

carrier injection barrier through core-shell structure. (d) Schematic diagram of shell coating for suppressing ion migration.
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Fig. 4 Influence of shell coating on the photoelectric properties and stability of perovskite materials. (a) PLQYs of CsPhBr,

NCs embedded in Cs,PbBrs matrix ™",

ene“m

nanocrystals'

(b) Time-resolved PL spectra of CsPbX;

! (d) Bi-exciton kinetics of QD and QD in matrix samples extracted from transient absorption'™

NCs coated with organic shells in tolu-

. (¢) Current-voltage curves of hole-only devices based on control and Cs-rich Cs FA, Pbly core/shell perovskite

" Two-di-

mensional map of temperature-dependent PL spectra of (e) 3D and (f) in situ core/shell perovskite film*”. (g) Time-de-

pendent PLQYs of FAPbBr; NCs in the air before and after being coated with CstBr;LSOJ (h) Time-dependent PL inten-

sity of CsPbBr;@CsPb,Brs NCs and OA/OLA NCs in a toluene/water mixture”

". (i) Normalized time-dependent PL inten-

sity of CsPbBry/LLDPE NCs and pure CsPbBry; NCs under UV light irradiation “*'.

Pie R 55 5% BR A BILIRC 1S 4 P13 [ 1 0 6 5 A5 RE 05 Tif
32 W PR TR R R T, 7 R o AR R AR P AT R AR A
JCHLE T o R T A S R [ A R
TR R B TR ORI o A A T 0
FRFR, TN TR BT R R B A S
R 2 T F 10 PR E B, DT A 2 R TR0 T

e e, el A A A L 2 A
TR ERZ 29 1045 (B 4d) .

IR AZ /5T R W R AT A5 TS Bk T Y &
PERE , (H Z B 5845 3L F 1006 & L 9ok fik &
FE PR A AE ] A A R R T A TR A K
B o R T X — o R A AR S A oK A A SR O

4l XL



FAENE, SF . /TR SR BT ERT NOK B B HR D TR AT R R 9

Gl ECERE T M. M2, =48 £ a5k e~
TR LA R Y R 7 A% R R T A A ] A T
20 B R R SF 8K (> 100 nm) 5 2 55 BR 45
RO LA B iy Ak 0 AR 8 56 2 G BB LR OERICR
BRSO, Kim 45 38 o il = 2 45 4k 5 i i 5 4 J
J¢ 12 ( Benzyl-phosphonic acid, BPA) [ Wi , J& 3 4
T T AR AR L L BPAYE R A L 2
FoRE . Z AW R BPA /N 7 R = 445 Bk
KL IIE 5 5 40 AR D A & oR RO i 358 2 24
10 nm, ¥ F 45 A REHE = 2. 4 f% . [FIBF, BPA i B
1R 5 P 1o 5 R IC A7 B9 PP Ak B, A S
6T BRBANL A o Jiang T AL i B 2 F T A
PHE FIFESR A R R AT, 2 T 85500 & Ik
1 9 T Ak 2 R BT . RS, R R DY A TR R ) 2% 1k
T IE HL B 2 S Bk i SR AR A K 3R
57 A A 1 R 3 — AR /N T 30 nm K% /5T
GERIANK S T 25 A BE S 3D A5 Bk v Y R A
At (Bl de, ) o B, JRAAZ /50 25 44 AT AE AR 3545
BRI R G H A7 15 M BE G AT B T, S A B S
5 P RN e 1 R O R A ROR
4.2 TEM

HHT, 2R 0 SR Kk RERER T E
SEE ML 90% Y PLQY , iX #E 5) T PeLED 1 RE %)
WERTE . RIS T X s T R (H S ]
2y PeLED 5 By W FH 04 OC HE 0] AT AT TR g e o
P, B ETE AR OU T A5 5K 0 b AL 5 3 26 B0 &
O A5 % B I B T v B R R R B4, BT 1
PR K, IS IR T S 1 R T
731 5 75 %l By A I A G BR AT A L [R) A TS ik
HbES R R T AS Rt R B S R e e 2 L T
TN B 8 b S A, DT BR T OGN . B
S5 GBI il S A K R A Y ) — EE R A )
SRR AMGRE S T RS Bk T A B FH B 0 AR
T 25 A0 B AR 2 i — 25 Tk — Ol [ i
U

I S R GO AT R R R RS
HEEMNAOER . Liv %58 i F Ak 5 4t
PR A AT K R TE Y BT 6 U2 DA A R
CsPhBrs 40 K fi () $RE KRN o 28 hb B A 409 K &y
E {1k 370 K B BE T AT PR 17 90% 19 52 2 PL 3R
JE B S AR I b ok BB B HGR T I 4
Zhang 55 St —Fh TG IR A3 B /5T S5 4
B ER A 9 oK 1 SR W 1% 45 74 38 3k A FAPbBr; 44

K i 2% 1 b HE A K 42 TG AL CsPbBry 72 J2 52 81 .
CsPbBry 72 2 47 7E K T T FAPbBrs 44 K &y 5 41
S A RE M IR AT KRB 70 R
5 HOGBUR G i 77 A B DR R 00 46 1 10 29
80% (&l 4g) o BLAL, Jin 5] FH 4--+ o 3 F5 il
2 C A 175 5 805 Bk 0 40 0K o R A 3R T ER A il LB
Wi 78 5 CsPbBr;@CsPh,Brs #5745 4 o 1 45 #0 il
5B B 4 K S TE K R BE T 12 /B S AT AR AR E
80% I 6 E % 65 BE (P 4h) , AH EE LA R (Oleic
acid, OA) Fl 7 & It i (Oleamide, OLA) 24 % [ ¢
RS R B R T KRR e, -2
Hb, Dong 553 F & 1 %00 5 25 ) A3 BEL SR 3 3k
JE A A AR B BT SR R AR R O
(LLDPE) #%/5¢ 45 ¥4 i) 85 5K 0 40 K, 58 T &
PLQY 5 & A28 Ve 00 B R 42 7 . 900K B e A B
FAF T &AL 166 K 5, AT O £ I8 92.5% 1)
PLQY ; [Al B, 7£ 365 nm 28 ) 5t BT 1 000 43 %1 )5
I PL SR FEAT 4 500 46 B 1Y 61. 74% (18] 41) , 1 g
5T H H CsPbBry 44K /i o

5 S 4ek/ A M4 E LED

XoF 5 KA G K A AT A 3 1 5T B AL BT R
5 R %) O P M R RN R E M A s B T S B
RURRE (1 PeLED o A 45 B A 3R 4% /56 45 ¥4 %o g 2
Shikh OGS R e PR B O R A A R AL
FEVR [ RN RS E Tk A T R R EAE o
5.1 BEHXF

T LED I 35 , 85 5k 1 BL Y B8 47 45 F 2 T e
O TAERE W ELE N R, # LA T)Z
OB A% AR AT LB, T LA 5 A R BB 454
B B 1A B 10 R AR /58 45 48, OF R BE X i Ny 3
T ml it o Hop 18R /50 245 4 9 B T 5
A B 5T 2 R RE 05 8 2k PR PR A% Y, AT
R 5 HO AR A RCE . I X SR AE R oA
Sy i T R I A R 0 FRAR K O R

WIS N DUR e T 22 Fh o g DL 52 B 1 RL R X
Fr o — PR UL KR 38 i BH B A 4 AL T 1 S e
B RESERAT B 4 4 P IR RS PO R R
1o BE DT C Y Se2* DU /IMb il As R TIE . BT A9 o F A -
BE 20 A AR 5 A L T AR s T TR R A X
FF (E 52) Ak, 38 A7 BF 50 2 51 A I 7R #n 1
R Rz AR R () B Al e A 7 0 PH B A8 i B L A
M7 2R 13 5 A 1AL fig 4 % 5% 19 2% 4k CsPbBry/Rb,Pb-
Bro 442K 1™ B BH & 845 41, 1B 1 52 6 k[



Q
(op

10%4 Core/shell
p : .
2 4 S 403l 2 =
= cs Ll [ < 1° 5 10 min
3 £ £ ——5min
—_— - eeews > / 1 P
5 4 E- 1024/ / % 0 min
% ------- % Electron-only CsPbBr, ﬁ
VB T 10" Hole-only CsPbBr, £
6 5 5 ——— Electron-only CsPbBr.,/MABr C;
o Hole-only CsPbBr,/MABr
100,
_8 g T T T 1 T T T 1
Matrix Qb 0 2 4 6 8 350 400 450 500 550
Voltage (V) Wavelength (nm)
——HS 100+ g e — ——Core_L,: 100cd m?
G5 ks e Core/shell_L,: 500 cd m™
< o ]
5 3 75] 5/ 80 Core/shell_Ly: 300 cd m?
S = v = Core/shell_L,: 100 cd m?
z Yo < ! g
e g o > 60
il S 50/ T
E | s ‘ i‘|| E ‘r"‘ 3
z W 5.0 S
Ji . ‘ ‘ | [‘ 5 25| 2D/3D 40+
0 5 10 15 ¥ l o i in site core/shell
Time (us) | ’|| W‘A‘ —=— jn sife core/shell +IE
T T T T T 1 04 T T T T 1 20 T T T 7 1
0 10 20 30 40 50 0 30000 60000 90000 120000 150000 0 20 40 60 80 100
Time (us) Luminance (cd m?) Time (min)

F5 /7S XT RSB LED BOL25 ME R 8 T Y 7 T o Ca) it T R 38 3 i) TR0 B 4k 7R 3

5 (b) B T

23 TR Y H v T 2R T (o) B /58 S5 R A AR S ' W A 70 R 5 e K ) 7 el B8R DO T 5 (d) BE T HS-
YK R CS-4 K 5 (9 LED (9 TREL 128 ; (e) PeLED fif Hy U 24 26 -2 i 11 28175 (£) PeLED B & M

Fig. 5

Effects of "core-shell" structures on optical properties and operational stability of PeLED. (a) Band diagram showing a

type-I alignment between the matrix and QD'®’. (b) Current density-voltage curves of electron-only and hole-only devic-

es™. (¢) Electroluminescence spectra of the core/shell PeLEDs during the stability test™”’. (d) TREL curves of the HS-
NCs and CS-NCs LEDs""". (&) Current efficiency-luminance curves of PeL.LEDs . (f) Operational lifetime of PeLEDs""’

FER I TRt TR 25 0 o o dn, R T B B A8 d
1l % (1) CsPbBr,Cly it 45, 28 Br W Fls Cl
(7 J2 Z BB T R SR 1 1L Rl X 554,
5.2 HRFIEE

Hf P R TS BT O AR R R A
FaE e, B HE X RPN SR S 7EMC R T L
1 5 BE R OGO IR BE™ . i 5 A U
06 AN <0 N U T I 2 S = I e £ - i =
B Jr Wi k" E R A 5 BURCR TR
K, 53— J7 1E AT BE N R B iR, n o 28 1 2
PR, A e b A 3 SRS ME RO B TR, M SCER A
o A AR AL T A RO A IR AR 7 2 MR AT LU
Ry — PRI F A g o R s B R 8
e PE B A A IS BB 0L 1 2 MR, BB B [ B i
W TS N E AR S A E
A

BT R BB A T R T e
(CsPbBry/MABr) 45 ¥4 (1) 5 5k ™ , B D)6 = PLQY
F18 e FE 5 22 S 6 P A U ARSI AR S S .
SE AL IS M Ak 2 A AL, B — R Ak A
(18 55 5 i T 2 5 TOUSS D ) 6 v Ak, [+ S A7 1

AN RIGIE B AT, B 2R s ROR R Kb &2
20. 3%, BRS040 & M RE A IR T R
RGO I R ) H e AT A
PR A R TV R i 4 R BT (8] 5h) : MABr
)2 B s /0 i A DR £ Ha A S 17
TE CsPbBry 85 8K A7 A 1 b, a7 A S ML A
T 7E A% /58 85 BT A 0 v, D00 552 30 B Sy - £ 1)
R CTRE N
5.3 XiERE

TG R A R SR A R RO R RE
SE SR O TR AR Z — B HAR R E T A
A B[R] 32 17 T B A5 4R 5 2l v e 1Y & OB
o X TR AR O B e L % B
iR G 2 A0 AR Y AT S R AR M A R
1 e & by 3 2k 0y B 4 AR 2 A 0 R BIL
FESR TG Ao T I R P AR — i,
1 T3] (1% 76 2% RE 0% A 803 ) H 37 04 -GS R 1
RE TR, PRI A s R0 KA A5 E A
117 388 4 PR 2 3 A8 Ak 5 | RS B S 0 A A% 5 ) —
THT , 5 J2% XoF 3% T S5k B A Ak 0s /2 T | B B S B0
A58 5k 525 0 Ry ORI, DT AR T O 3 e



FAENE, SF . /TR SR BT ERT NOK B B HR D TR AT R R 11

T LIRALH DI N R R T 2R e S
B L4 T A5 Sk T 1 % B B M . Hong %5 A
T A0 B AT SR A B - T\ TV, 5 9 i N A
T G A 0, 20T B T A0 A K R AR T R A
8. 5% WY #% /7% 45 #) CsPb (Bry.Cl)s/ZnS. 1 1%
i FE P, ZnS 1 B TE CsPh(BryCl,) s 44 K &b 6 1 48
B 2 Bl 5 AN E P B — 2 WA 5L 2 B S i —
B K BB R E ) ZnS 52 2 . BT S K5t 45
PG K i 7E 451 nm Ab R 3 78 4 96 W TR O &
o FTIZAK A A PeLED AL FE T 1
o4 0 TR 8 %O, 7R ) TRl b e
L NCEN R FEAZE (F Se) . BMERERY
43 G T S OB R R R A H X S 2RO
T 50 A7 B R B, ZnS 52 2 W3 Il T 4 R B T A
W2 BT IR 3R B R R A A Y N A R
W B gt Fie)Z 40, MOF i a1 S a2 45
R AR . @K CsXBIA S A Pb &R
TS H MOF J B rp 0l LAAE MOF JE S5t N A T %
JRSF A 10-20 nm B9 CsPhX; 40 K @', 3 T i &
B LR LED 28R A2 98 ) i R M 4 V-8 V AR AL,
FL B30 o B B R v R R AR B sh . /AT
A ) K B 1 O R B AT R L fE A R R
FNAE LAY 7 5, RS P A 20 43 43 A B4 5T Ik
ST EERT-MOF A YN R B L B Az B A
M MR T T 8 44 1 i AR e M
5.4 BUEHESR

R IPT 52 A AR AR A 2 S I ] N DOG
BB RE R PE . =R e A BOR E W E G
A I T RE 8 76 B il B e AR B8 R A ke B 2 i
P 5 A &G, NI FEARAS | 42 T+ 44 81 S Bk
S d R R R T R AR, SR X &
T 58 B 1 A 2= BAR T B T s v AR R O 2 A R
T A A DL IR R T
BRAT
Sk B R 5 )2 25 A8 0 R G 5 G R 0 4R THE
R X S T — i B A8 4 SR s il )
7 B B /58 45 K 1 5 T i CsPbBrCly 44
Kot o X I A BT (HS) J& (CS) /Y &6
TN B HE AT B TR 4> BF 2L & 6 (Time-resolved
electrolumine-scence, TREL) M i %& B0 , 28 #t J5 i
TR BRI & B R Y R, R
B TR S A A T T R FE G B Bk o
HL R IR, HL BRI B v, 32 B B FE RO

JZ A BT DX 38 A 20 R W RE R A A R
PR B T R AEHIRE A . 5T,
&4 Ja A0 K I R SR O h Ze s TR PR kAT I
T 2 B R R R A RO R R DL R G
B2 2% BEREAIR (B S5d) o 3 T %A% /52 90K 5 i 5
It PeLED S8 T 16. 28% By =1 EQE 1 8 423 ¢d m”
P o 5 B
5.5 BRBEEBRRERKES

B TR R D R A S R R O R TR
SRR AR R bR, R
HL R BRI AR T L 3 i AR R A
TR DA K £5 B AR T K 25 R ORI B 32 R
R, A% 76 45 4 38 1 22 HIL A A A0 AR R
Bk — D7 T, e J2 0T 2 T i B 1 A Ak T B T B B
ESQINE S AR T o = S= = e a0 A N i)
Al AE T ; O — 7 10, A% 50 45 F 38 5 TR R X 5
W N s A SR AR RN D T R
5 E BT A ) AR SRR R R S R R G R A,
U [ f) 52 23 30 RE IR £ B HUF S 00 A R AL R S
TR, ERTROLEMERAREE TSR
T

Jiang 85 FH A% /56 45 A8 J A K 8 O s 5
SL1E T.#% (Interface engineering, IE) AL il £5 T 1%
RORIRFE Y PeLED #£4 , 7£ 100 000 cd m™ (1) i /&
SERER L ROCR A B R AE AL AR 0. 58% (1] Se) .
Kim %R H BPA JE 55 A A% /576 85 6k 5, H: LED
B AN TR K 28. 9% . X —PEREIR TF EE
IH R T BPA 5% )2 £ 7 1 35 B fIK Bl B %% 18 9F i
THERTFEATE. R ZE8 08N &k
473 990 cd m” Y e K52 B I T AL 48 = 4E 854K
WS (2£920 271 od m?™) , Ho 0] 5 5 S i (9 oML
T RUROE N Y B ST AR AR 35 . 7E 50 000
ed m” % 400 000 cd m™ (#5552 JE TAE X R, JR
fL#%/5¢ PeLED B EQE B 1/} fig & #7 75 20% LA |,
JFTE 400 000 cd m” 5% FE T I 24 5% M B I 2K
RIS A5 BE T R T A /5 A R
Pt 7 2, 3 2 % 0 X = 4SS Ak o A TR
b3, AT LLTE AN Sl 250 A R A e 0 O T SE
1o PLQY FI Bl B , (8 #5475 i 5 B 5 2 4685 11
HLAnf 1 A5 AR Y 0 T B R SRR IR B . %
AEAE 1000 cd m™ #4652 B T R I H K35 52071
BF 4 A A 2 e 0T e 2 i O R A
TE 100 ed m”™ ) 4 5 JE T H 2 32 9] ) 35 29 31 808



12 K b/

¥R

INEF o A, ZnS FE R 72 )23 M RHELEE CsPb(Bry CL)
SEHER BT A OK ST, R T R B R R I TR 2 4 F AT
A A A A A ) B K, e A
To5e R4 1Y PeLED 45 55 29 8 435 (1 5¢) .

6 SH#LHEA

B KA A% /7 A K A A SR AR LG S B D e A
RE e 4 Ky m] R P A SR HE S A BT LED 6% 1 1 2
— S I I LR AL N R . A SR GE LR
T e AL B BR T R Fe AA  E ER H
SLEGE T 5 2 A AR TP, L K HAE 32 T+
RS E Pk 5 A F PR B Ty T A AR A Y
7o 5 I 45 F E Bl U B R 4R T A BT ARUE M A AL
SR (E 2 AT B BIF S 1 A DR A R B B AT A
A TR S EOR PR TR — P TRAR R

B, SR T R AR B W A A AR E PR AT AT 1
Tk WA BRI AR ST R AR R AR IR S
KA SA IR AL, FTRE S B R, AU
S A R TR i 1 QR L NI i T R Y

& % X #:

ST 25 A IR O ) 55 A R RE . R, T2 )E AR
Al E R T A HA —E R BR . > AL i 2
7C )2 FEORE I A A TR A T T Al B R R
(], FR ] 1 R i 8 S AR A i TR A DA kg i
R A R N R RS R TR E SR r e
Jei , 83 FIAE K A 58 )2 25 4 1) 5 BR A A1 A2 4 0 —
et g SRR S A B R, XL A
IO FH 9 B 75 ThT B4 4 1 TR K

g8 LRIk AR AT TE N i S TE IR BT AU 1Y
FEJR PRI A, PR3N e A B S, LS
B I B R SE AR B AT AR SR DS A e A
A 5 BR AT A O it A A G Fi 5 1 v ) A R B o
RNE I F1 o A2 AR UK, B /5e 45 4 v 3l it 52 )2
£ B A A Sk 285, DA T A R 412 T 07 1 2 BB
5 AR PRI L I o A PRI AT, AT BT L
GV R 5T 2 TR RARBE P | 25 400 ot 5 H 3 A
L5 5 B I RS, T3 S0 45 o 1 A RS Al R
RIS ITRRE M o A% /7e 451 S 45 B b4 ki )
Z I RE B T2 PR N PR A — R T AT P AR

[ 1 ] KOVALENKO M V, PROTESESCU L, BODNARCHUK M I, Properties and potential optoelectronic applications of lead
halide perovskite nanocrystals [ J]. Science, 2017, 358: 745-750.

[ 2 ] ZHANG F, ZHONG H, CHEN C, et al. Brightly luminescent and color-tunable colloidal CH;NH;PbX; (X = Br, I, Cl)
quantum dots: potential alternatives for display technology [ J]. ACS Nano, 2015, 9(4): 4533-4542.

[ 3 ] BRANDT R E, POINDEXTER J] R, GORAI P, et al. Searching for “defect-tolerant” photovoltaic materials: combined
theoretical and experimental screening [J]. Chem. Mater. , 2017, 29(11): 4667-4674.

[ 4 ] CHOH, WOLF C, KIM J S, et al. High-efficiency solution-processed inorganic metal halide perovskite light-emitting di-

odes [J1]. Adv. Mater. , 2017, 29: 1700579.

[ 5 ] WORKU M, TIAN Y, ZHOU C, et al. Hollow metal halide perovskite nanocrystals with efficient blue emissions [J].

Sci. Adv. , 2020, 6: eaaz5961.
[ 6] F8, RESS, K.

M SR R PHAE M SR UERE[T]. & R 54k, 2024, 45(05): 711-726.

LI C, SONG H W, CHEN C. et al. Progress on Single-crystal Perovskite Solar Cells [J]. Chin. J. Lumin. , 2024, 45

(05): 711-726. (in Chinese)

(7 1 3808, B2 R4 A 5 . 0 BRE BRI X R RS R W T Bt e [J]. AR 53R, 2022, 43(07): 1014-1026.
SUN X J, XIAM L, XU Y S, et al. Research progress of perovskite direct X-ray imaging [J]. Chin. J. Lumin. , 2022,

43(07): 1014-1026. (in Chinses)

[ 8 ] BATW, XUAN T, ZHAO H, et al. Perovskite light-emitting diodes with an external quantum efficiency exceeding 30%

[J]. Adv. Mater. , 2023, 35: 2302283.

[ 9 ] LIM, YANG Y, KUANG Z, et al. Acceleration of radiative recombination for efficient perovskite LEDs [J]. Nature,

2024, 630: 631-635.

[ 10 ] PENG J, XUE X, LIU S, et al. Maximizing perovskite electroluminescence with ordered 3D/2D heterojunction [J], Na-

ture, 2026, 651: 76-82.

[11] LIUM, ZHANG Y, WANG S, et al. Metal halide perovskite light-emitting devices: promising technology for next-gener-
ation displays [J]. Adv. Funct. Mater. , 2019, 29: 1902008.



FAENE, SF . /TR SR BT ERT NOK B B HR D TR AT R R 13

[12] WU X, JTH, YAN X, et al. Industry outlook of perovskite quantum dots for display applications [J]. Nat. Nanotech-
nol. , 2022, 17: 813-816.

[13]1 YAOT, YANG Z, GU L, et al. In situ fabrication of multi-site contacted perovskite/organic hybrid color converter for in-
door lighting and light communication [J]. Laser Photonics Rev. , 2024, 19: 2400758.

[ 14] ZHENG D, PAUPORTE T, Advances in optical imaging and optical communications based on high-quality halide
perovskite photodetectors [J]. Adv. Funct. Mater. , 2024, 34: 2311205.

[15] AR4esr, R RS, 5. LGS RO M sT bR [J]. &5, 2024, 45(10) : 1683-1698.

DENG Y H, ZHU Y, CHEN M, et al. Research progress of red perovskite light-emitting diodes [J]. Chin. J. Lumin. ,
2024, 45(10): 1683-1698. (in Chinses)

[16] S-JWOO, KIM J S, LEE T-W, Characterization of stability and challenges to improve lifetime in perovskite LEDs [J].
Nat. Photonics, 2021, 15: 630-634.

[ 171 KONG L, ZHANG X, ZHANG C, et al. Stability of perovskite light-emitting diodes : existing issues and mitigation strate-
gies related to both material and device aspects [J]. Adv. Mater. , 2022, 34: 2205217.

[18] LI R, LUO Y, YAO L, et al. Structural sofiness in photovoltaic perovskites [J]. Appl. Phys. Lett. , 2025, 126:
140501.

[19] CHO H, KIM Y-H, WOLF C, et al. Improving the stability of metal halide perovskite materials and light-emitting diodes
[J]. Adv. Mater. , 2018, 30: 1704587.

[20] HOU S, GUO Y, TANG Y, QUAN Q, et al. Synthesis and stabilization of colloidal perovskite nanocrystals by multiden-
tate polymer micelles [ J]. ACS Appl. Mater. Interfaces, 2017, 9(22): 18417-18422.

[21] ALI A, HUSSAIN I, SEO H, et al. Exploring the recent progress in InP quantum dots and QLEDs: advances in synthe-
sis, architecture, and applications [ J1. Laser Photonics Rev. , 2025, 19(22): ¢01169.

[22 ] SHEN X, KAMATH A, GUYOT-S P, Mid-infrared cascade intraband electroluminescence with HgSe-CdSe core-shell
colloidal quantum dots [J]. Nat. Photonics, 2023, 17: 1042-1046.

[ 23] DUTTA A, BEHERA R K, PAL P, et al. Near-unity photoluminescence quantum efficiency for all CsPbX; (X=Cl, Br,
and T) perovskite nanocrystals: a generic synthesis approach [J]. Angew. Chem. Int. Ed. , 2019, 58: 5552,

[24] Bt FEME, RRE,F . LI CsPOX Pk BAYHFFTUERE (1], Xk $ 4R, 2020, 41(5): 542-556.

HAN Y, LI G H, LIANG Q B, et al. Advances of all-inorganic perovskite CsPbXj; nanocrystals [J]. Chin. J. Lumin. ,
2020, 41(5): 542-556. (in Chinese)

[ 251 ZHANG C, CHEN J, KONG L, et al. Core/shell metal halide perovskite nanocrystals for optoelectronic applications.
Adv. Funct. Mater. , 2021, 31 2100438.

[ 26 ] ADHIKARIS D, REYES A F G, PAUL S, et al. Impact of core-shell perovskite nanocrystals for LED applications: suc-
cesses, challenges, and prospects [J]. Chem. Seci. , 2023, 14: 8984-8999.

[27 ] SALEEM M I, BATOOL A, HUR J, Cutting-edge developments in metal halide perovskites core/shell heterocrystals :
from photodetectors to biomedical applications [J]. Small, 2024, 21: 2407032.

[28] KIM J Y, KIM B G, KIM M, et al. One-step formation of core/shell structure based on hydrophobic silane ligands for en-
hanced luminescent perovskite quantum dots [J]. J. Alloy. Compd. , 2021, 886: 161347.

[29 ] SHEN N, BU J, LIU X, et al. Soft optical materials based on the integration of perovskite nanostructures and block copo-
lymers [J]. Chem. Commun. , 2024, 60: 14703-1471.

[ 30 ] HUANG H, LIN H, KERSHAW S V, et al. Polyhedral oligomeric silsesquioxane enhances the brightness of perovskite
nanocrystal-based green light-emitting devices [J]. J. Phys. Chem. Lett. , 2016, 7(21): 4398-4404.

[31] BARANOV D, CAPUTO G, GOLDONI L, et al. Transforming colloidal Cs,PbBrg nanocrystals with poly (maleic anhy-
dride-alt-1-octadecene) into stable CsPbBr; perovskite emitters through intermediate heterostructures [J]. Chem. Sci. ,
2020, 11: 3986-3995.

[32] WANG Z, FUR, LIF, et al. One-step polymeric melt encapsulation method to prepare CsPhBr; perovskite quantum dots/
polymethyl methacrylate composite with high performance [J]. Adv. Funct. Mater. , 2021, 31: 2010009.

[33] AHMED G H, YIN J, BAKR O M, et al. Successes and challenges of core/shell lead halide perovskite nanocrystals [J].
ACS Energy Lett. , 2021, 6(4): 1340-1357.



14 A 4

[ 34] WANG S, JIA G, XIANG C, Development and opportunities of perovskite core-shell structures and encapsulation materi-
als for micro-LED display applications [J]. Adv. Opt. Mater. , 2025, 13(31): ¢01734.

[ 35] HINTERMAYR V A, LAMPE C, LOW M, et al. Polymer nanoreactors shield perovskite nanocrystals from degradation
[J]. Nano Lett. , 2019, 19(8): 4928-4933.

[36] WU Y, LV Z, LI X, et al. Star-shaped bridge-linking polymer for robust buried interface in high-efficiency and stable
perovskite solar cells [J]. Nano Research, 2026, 19(2): 94908049.

[37] QIU H, LIF, HE S, et al. Epitaxial CsPbBry/CdS Janus nanocrystal heterostructures for efficient charge separation [J].
Adv. Sei. , 2023, 10(13): 2206560.

[ 38 ] VIGHNESH K, SERGEEV A A, HASSAN M S, et al. Red-emitting CsPbl;/ZnSe colloidal nanoheterostructures with en-
hanced optical properties and stability [J]. Small, 2024, 20(40) : 2400745.

[39] vemdid, w3, F 74,5 . ZEAREFME LI EBCER G F 5 [J]. Z L%, 2025, 46(7): 1151-1159.
SHEN Z 7, HUANG F, LI J W, et al. High-efficiency blue quantum dots achieved through shell growth rate regulation
[J]. Chin. J. Lumin. , 2025, 46(7): 1151-1159. (in Chinese)

[40] JIN Z, HU C, LAN Y, et al. Epitaxial growth of PbS nanocrystals from Pbl, nanosheet templates and its application in
fast near-infrared photodetectors [ J]. Adv. Opt. Mater. , 2020, 8(22): 2001319.

[ 41 ] ZHANG X, LU M, ZHANG Y, et al. PbS capped CsPbl; nanocrystals for efficient and stable light-emitting devices using
p-i-n structures [J]. ACS Cent. Sci. , 2018, 4(10): 1352-1359.

[42] YU Z, CHAN W K, ZHOU D, et al. Overcoming lattice mismatch for core-shell NaGdF,@CsPbBr; heterostructures [J].
Nat. Commun. , 2025, 16: 3891.

[ 43 ] YUAN J, DIAO J, ZHENG Y, et al. Hierarchical microfluidic epitaxy of Sn**-stabilized core-shell perovskites with lead-
free double perovskite shells for highly efficient and ultra-stable emission [J]. Adv. Funct. Mater. , 2026, 36 (10) :
el3146.

[ 44 ] LIN K, XING J, QUAN L N, e al. Perovskite light-emitting diodes with external quantum efficiency exceeding 20 per
cent [J]. Nature, 2018, 562 245-248.

[45] LEE D H, JEONG W H, CHOUNG 8, et al. Surface defect recovery in perovskite nanocrystals with excess halide for
core-shell structure [J]. ACS Energy Lett. , 2024, 9(11): 5413-5420.

[46 ] HE J, LIU Y, SUN B, Epitaxial growth of core/shell metal halide perovskite nanocrystals for optoelectronic applications
[J]. Small, 2026, 22(9) : e12047.

[47] YU Z, CHAN W K, ZHOU D, et al. Overcoming lattice mismatch for core-shell NaGdF,@CsPbBr; heterostructures [ J].
Nat. Commun. , 2025, 16: 3891.

[ 48] MING S, CHEN H, HUANG ], et al. Solution preparation of CsPbBr;/Cs,PbBr, polycrystalline composites [J]. Physica
B, 2022, 647: 414378.

[ 49 ] HOTJE U, ROSE C, BINNEWIES, Lattice constants and molar volume in the system ZnS, ZnSe, CdS, CdSe [J]. Solid
State Sci. , 2003, 5(9): 1259-1262.

[ 50 ] ZHANG Y, KE X, CHEN C, et al. Thermodynamic properties of PbTe, PhSe, and PhS: First-principles study [J].
Phys. Rev. B, 2009, 80: 024304.

[51] LIM, YIN Q, XU R, et al. Review on anion exchange of lead-halide perovskite nanocrystals: process, methods, and ap-
plications. Adv. Eng. Mater. , 2025, 27: 2401776.

[ 52 ] OTERO-M C, IMRAN M, SCHRENKER N, et al. Fast A-site cation cross-exchange at room temperature: single-to dou-
ble- and triple-cation halide perovskite nanocrystals [J]. Angew. Chem. Int. Ed. , 2022, 61: €202205617.

[53] ZHU Q, YE F, YAN W, et al. Liquid-solid-Interpenetration surface reconstruction of monodisperse water stabilized
CsPbBry/CsPh,Brs core/shell perovskite nanocrystals [J1. Adv. Opt. Mater. , 2024, 12: 2301211.

[54 ] LIANG T, LIU W, LIU X, et al. In situ phase-transition crystallization of all-inorganic water-resistant exciton-radiative
heteroepitaxial CsPbBr;-CsPh,Brs core-shell perovskite nanocrystals [J]. Chem. Mater. , 2021, 33(13): 4948-4959.

[ 55] ZENG Y, CHEN W, DENG Y, et al. FAPbBry/Cs,PbBrg core/shell perovskite nanocrystals with enhanced stability and
emission: implications for LEDs [J]. ACS Appl. Nano Mater. , 2022, 5(7): 9534-9543.

[ 56 ] PENG X, QI F, SHEN X, et al. Stabilized yolk-shell perovskite CsPbBrs/Rb,PbBrg nanocrystals for green-emitting light-



FAENE, SF . /TR SR BT ERT NOK B B HR D TR AT R R 15

emitting diodes [J]. ACS Appl. Nano Mater. , 2025, 8(14): 7383-7393.

[ 57 ] PANCINI L, TONIOLO F, MIRANI D, et al. Metal organic frameworks as molecular encapsulants to prevent efficiency
losses in perovskite solar cells [J]. J. Mater. Chem. C, 2025, 13: 22973-22978.

[ 58 ] SONG Q, CHEN W, KONG T, e al. Harnessing metal-organic frameworks to boost efficiency, stability, and safety in
perovskite photovoltaics [J]. J. Energy Chem. , 2026, 114: 426-447.

[59] ZHANG C, WANG B, LI W, et al. Conversion of invisible metal-organic frameworks to luminescent perovskite nanocrys-
tals for confidential information encryption and decryption [J]. Nat. Commun. , 2017, 8: 1138.

[60] TSATH, SHRESTHA S, VILA R A, et al. Bright and stable light-emitting diodes made with perovskite nanocrystals sta-
bilized in metal-organic frameworks [J]. Nat. Photonics, 2021, 15: 843-849.

[ 61 ] QUINTERO-B R, SABATINI R P, LEJAY M, et al. Small-band-offset perovskite shells increase auger lifetime in quan-
tum dot solids [J]. ACS Nano, 2017, 11(12): 12378-12384.

[62] GAO L, QUAN LN, ARQUER F P G, et al. Efficient near-infrared light-emitting diodes based on quantum dots in lay-
ered perovskite. Nat. Photonics, 2020, 14: 227-233,

[63] MA D, TODOROVIC P, MESHKAT S, er al. Chloride insertion-immobilization enables bright, narrowband, and stable
blue-emitting perovskite diodes [J]. J. Am. Chem. Soc. , 2020, 142: 5126-5134.

[ 64 ] LIU J, ZHANG J, chemistryNanointerface: lattice-mismatch-directed synthesis and application of hybrid nanocrystals
[J]. Chem. Rev. , 2020, 120: 2123-2170.

[65] LIUY, LIZ, XU J, et al. Wide-bandgap perovskite quantum dots in perovskite matrix for sky-blue light-emitting diodes
[J]. J. Am. Chem. Soc. , 2022, 144(9): 4009-4016.

[66 ] KIM J S, J-MHEO, PARK G-S. et al. Ultra-bright, efficient and stable perovskite light-emitting diodes [J]. Nature,
2022, 611: 688-694.

[67] JANG J W, WOO J Y, LEE C B, et al. Chemically designed crystal growth termination for high-luminance and stable
polycrystalline perovskite LEDs [J]. ACS Energy Lett. , 2024, 9(12): 6029-6038.

[ 68 ] REISS P, PROTIERE, M, Li, L, Core/shell semiconductor nanocrystals [J]. Small, 2009, 5: 154-168.

[ 69 ] CHSUDHURI G R, PARIA S, nanoparticlesCore/shell : classes, properties, mechanismssynthesis, characterization, and
applications [J]. Chem. Rev. , 2012, 112(4): 2373-2433.

[70] YE C, JIANG J, ZOU S, et al. Core-shell three-dimensional perovskite nanocrystals with chiral-induced spin selectivity
for room-temperature spin light-emitting diodes [J]. J. Am. Chem. Soc. , 2022, 144(22): 9707-9714.

[71] CHO H, KIM J S, WOLF C, et al. High-efficiency polycrystalline perovskite light-emitting diodes based on mixed cat-
ions [J]. ACS Nano, 2018, 12(3): 2883-2892.

[ 721 DONG Q, FANG Y, SHAO Y, et al. Electron-hole diffusion lengths > 175 wm in solution-grown CH;NH;Pbl; single crys-
tals [J]. Science, 2015, 347: 967-970.

[ 73] YOON S M, MIN H, KIM J B, et al. Surface engineering of ambient-air-processed cesium lead triiodide layers for effi-
cient solar cells [J]. J. Mater. Chem. A, 2019, 7: 27640-27647.

[ 74 ] KUHN M, WENZEL F A, GREVE C, et al. Tailored supramolecular additives to control the crystallization process and
morphology of MAPbI; [J]. Small, 2025, 21(9) : 2410230.

[75] DONG C, HAN X, ZHAO Y, et al. A green anti-solvent process for high performance carbon-based CsPbI,Br all-inorgan-
ic perovskite solar cell [ J]. Solar RRL, 2018, 2(9): 1800139.

[ 76 ] LIU X, GUO X, LV Yet al. High brightness and enhanced stability of CsPbBr;-based perovskite light-emitting diodes by
morphology and interface engineering [J]. Adv. Opt. Mater. , 2018, 6(24): 1801245.

[ 77 ] MCMEEKIN D P, WANG Z, REHMAN W, et al. Crystallization kinetics and morphology control of formamidinium-cesi-
um mixed-cation lead mixed-halide perovskite via tunability of the colloidal precursor solution [J]. Adv. Mater. , 2017,
29: 1607039.

[78 1 XIE J, LID, LI H, et al. Surface and bulk defect passivation in MAPbI; perovskites with daminozide: effects on carrier
dynamics and mobility [J]. Adv. Sci. , 2025, 12: 2500530.

[79] DU X, LIUY, PAN W, et al. Chemical potential diagram guided rational tuning of electrical properties: a case study of
CsPbBry for X-ray detection [J]. Adv. Mater. , 2022, 34: 2110252.



16 A 4

[ 80 ] ZHANG C, WANG S, LI X, et al. Core/shell perovskite nanocrystals: synthesis of highly efficient and environmentally
stable FAPbBry/CsPbBry for LED applications [J]. Adv. Funct. Mater. , 2020, 30(31): 1910582.

[81] QUAN LN, QUINTERO-B R, VOZNYY O, et al. Highly emissive green perovskite nanocrystals in a solid state crystal-
line matrix [J]. Adv. Mater. , 2017, 29: 1605945.

[82] WANG A, LIU J, LI J, et al. Dendrimer-encapsulated halide perovskite nanocrystals for self-powered white light-emit-
ting glass [J]. J. Am. Chem. Soc. , 2023, 145(51): 28156-28165.

[ 83 ] JIANG G, D-YJO, MA S, et al. Core-shell perovskite quantum dots for highly selective room-temperature spin light-emit-
ting diodes [J]. Adv. Mater. , 2024, 36(5): 2309335.

[84] LIUY, DONG Y, ZHU T, et al. Bright and stable light-emitting diodes based on perovskite quantum dots in perovskite
matrix [J]. J. Am. Chem. Soc. , 2021, 143(38): 15606-15615.

[85] XU W, HU Q, BAILS, et al. Rational molecular passivation for high-performance perovskite light-emitting diodes [J].
Nat. Photonics, 2019, 13: 418-424.

[ 86 ] ZHANG L, YUAN F, XIJ, et al. Suppressing ion migration enables stable perovskite light-emitting diodes with all-inor-
ganic strategy [ J]. Adv. Funct. Mater. , 2020, 30: 2001834.

[ 87 ] PALAZON F, STASIO F D, LAUCIELLO S, et al. Evolution of CsPbBry nanocrystals upon post-synthesis annealing un-
der an inert atmosphere [J]. J. Mater. Chem. C, 2016, 4: 9179-9182.

[ 88 ] CONINGS B, DRIJKONINGEN J, GAUGUELIN N, et al. Intrinsic thermal instability of methylammonium lead trihalide
perovskite [1]. Adv. Energy Mater. , 2015, 5: 1500477.

[ 89 ] KONG L, ZHANG X, ZHANG C, et al. Stability of perovskite light-emitting diodes: existing issues and mitigation strate-
gies related to both material and device aspects [ J]. Adv. Mater. , 2022, 34: 2205217.

[90 ] LIUM, WAN Q, WANG H, et al. Suppression of temperature quenching in perovskite nanocrystals for efficient and ther-
mally stable light-emitting diodes [J]. Nat. Photonics, 2021, 15: 379-385

[91 ] JIN X, WANG, C, MIAO Y, et al. In situ surface reconstruction in pure water by ice-confined freeze-thaw strategy for
high-performance core-shell structural perovskite nanocrystals [ J]. Adv. Funct. Mater. , 2024, 34: 2401435.

[92 ] DONG H, ZHAO H, XUAN T, et al. Constructing perovskite/polymer core/shell nanocrystals with simultaneous high effi-
ciency and stability for mini-LED backlights [J]. ACS Appl. Mater. Interfaces, 2023, 15(24): 29297-29307.

[93 ] WANG B, ZHANG C, HUANG S, et al. Postsynthesis phase transformation for CsPhBrs/Rb,PbBrg core/shell nanocrys-
tals with exceptional photostability [J]. ACS Appl. Mater. Interfaces, 2018, 10(27): 23303-23310.

[94 ] XU B, YUAN S, WANG L, et al. Highly efficient blue light-emitting diodes enabled by gradient core/shell-structured
perovskite quantum dots [J]. ACS Nano, 2025, 19(3): 3694-3704.

[95] NGAI K H, SUN X, ZOU X, et al. Charge injection and Auger recombination modulation for efficient and stable quasi-
2D perovskite light-emitting diodes [ J]. Adv. Sei. , 2024, 11(18): 2309500.

[96] LIZ, WEI Q, WANG Y, et al. Highly bright perovskite light-emitting diodes enabled by retarded Auger recombination
[J]. Nat. Commun. , 2025, 16: 927.

[97 ] HONG Y, YU C, JE H, et al. Perovskite nanocrystals protected by hermetically sealing for highly bright and stable deep-
blue light-emitting diodes [J]. Adv. Sci. , 2023, 10: 2302906.

[98 ] LI M, YANG Y, KUANG Z, et al. Acceleration of radiative recombination for efficient perovskite LEDs [J]. Nature,
2024, 630: 631-635.

[ 99 ] FAKHARUDDIN A, GANGISHETTY M, ABDI-] M, et al. Perovskite light-emitting diodes [J]. Nat. Electron. , 2022,
5(4):203-216.

T4k, 5 W05 A, 2022 4F F LAWE, &, A WFSE 5L, 2024 4E T
By NG 7 e e e AN o bR SR AR L, AR
FEARE B M A BRI SE . _ = A K e TR RS ot B R 5T

E-mail: wangjh@shu. edu. cn ~r E-mail: kimmm@tongji. edu. c¢n




FAENE, SF . B/oEAS BT ERT GN K B BH R D TR AT Y i TR 17

M, 2, W B 5T 61, 2018 4F T
i AN 2F 7 = 3 e X VAN S 8 )
R S OGBS A 8 5 RS
LT

E-mail: lin_wang@shu. edu. cn

RBEF W W # R, 2016 4 F
KRR AGHEEE0, FENFET
AR5 PR S

E-mail: zhangxiaoyu@jlu. edu. ¢n

WS, I W BUR L 2014 4F T8
J3EE T P B TR SR AR AR R 2 0,
TN 2R Al T R TR HOR 5 B ]

E-mail : yangxy@shu. edu. ¢n



