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Abstract.: In recent years, due to their excellent photoelectric properties, perovskite nanocrystals
have been extensively studied in the fields of luminescence and photoelectric conversion, and they
have become “star materials” in scientific research circles. However, perovskite nanocrystals have
some shortcomings ( such as poor stability, the spectrum is limited to the visible light region, etc. ),
which limit their application. Rare earth ions have abundant 4f energy levels and special electronic
configurations. Therefore, doping rare earth ions into perovskite nanocrystals can significantly im-
prove the photoelectric properties of the material, improve the stability, and solve the key problem of
the perovskite nanocrystals for practical application requirements. We introduce the properties of
rare earth-doped perovskite nanocrystals, and focus on the application of materials in light-emitting

diodes, solar cells, and photodetectors, respectively.

Key words: perovskite; nanocrystals; rare earth; doping; luminescence

17 = R DG AR A T UL X AT 3 A3 2 A S A
R AE RO AR (LED) | K B B8 A v L 30Ot 2%

UTJLA, b A W A5 BT A0 Ok — B O I o 7 0 28 45 O ATz R — ok
PRGSO i Bof . th THEAAZOLE 7™ UL, kA ek 99K & ABX, B S5 (e

Yk HE: 2021-10-23; #8iTHH: 2021-11-12
EeHH: HEARPEES NFHERELSTH (61822506) ; FXK AARP ¥4 -T W H (11974142,11874181) % 1)
Supported by National Natural Science Foundation of China(61822506,11974142,11874181)



AR ]

B, S BB TR A S AR G4 K Y O A ORI R 9

ADiH Cs"F—MEBEF,B ik PH*" 4
SEE T XA F Cl” Br L), HE K
AGHEA —SORE Fln, Rtz S AT
FARTE R, O T v R e B B 5T AT
PEH T — S P Ik AL X 7 JT R W H R
0 SN o8 X R T B N S ol
B S AR + (RE) B T oot I & @5 7,
H 4 E M -8 F8 Rl Emfa
SRR 0 Ak B R T N K Y 25 R O 2
MRER L,

B 2 CE I 17 Foc R, oo K AR F
B A 15 Fhii & o0 % LR @ T B % i 4t
(Se) Az (Y) ., ENMEAHEMEZME T Ln'"
(n=1~15)M RE*" T HA [ Xe ]4f" "Iy HL T4
LSS M Y B [ A ] I [ Ke ] B HLFH
B ORE® (Sm®* Eu’* YB** ) HI RE** (Ce'* . Pr** |
Nd** Th** F1 Dy*" ) B F o A H A [ Xe] 4"
[ Xeldf" M 7258 i o R B 4f 1
TR, I HALTF R AIRA i H d 7 BT RE
GAEE Z AT LR BTSN AT LB L A0 X 2 A i B
G, & e WAR K, T LUk B 2 R0 g Y
T 254 DL R T AR A A B B
FE RO | G RR I A SR AR SR R

M T b B R w4 BE 9 R R 0 L T
HeZ 5 8 718 4% O B0k o035 A5 R0 4 K d O
HUPERE I A 2 ik B TN AR R Y
£ —fF £ —d T BRI 72 B8 5 398 45 Bk - 48 oK
A B 22 G B R R O Al B A B
T LA Y5 R G4 K Y L AR O 2 R A
S5, DA 58 o0 JHL 7 ' H 4 3 RN L W
TG AR 90K SR B T A 1 &
() Af-4f 78 4 R AT, TR B B 8 T BSR40 K A
SRR DL KR M. H T, B E AT 4 A
WA 8 2% 09 85 sk 0 98 ok B, BB A R Pk
R TR AR A B P A R B g R R X AR
T BT IB A AR Y8 K A ) AR DA R g
TTRFEES.

2 WEBTFTHEEKT M KGN
NeW

<5 e v A ) BROBT A K R AR T 22 (XK
AR HOB AR R TR A B B
i - B 1 RS T8 A A 50 I 5 A R T 40 0K A 10

SR AR B0 Bl R i PR T R B T 4f
T2 H TN 5s F1 Sp FREZ2R R T
AR FET M N B T B A
KA 40K S B 58 TAE B 20 W 1 8 AU
B T AGER A B RO T R0 R B K b Bl 3
T &8 A S B A K R DG RO R R
EEDT

SR, A TR IE RS + 8 7 RE A8 47 3B A ik
P Es R 9K Ak b IR S AR PMERE AL R
MR, AT ZERE A S B 420 R, i H 7 2
FIEGHMITEAN, TR RPIREZITEH
AT LA g o A0 85 Bk 0 K 5 1 28 4, H 2
e AR E S MM TR A Z, BHE, Kk
PSR 9 K ) R P R T A AR B 1) 2 2
KF ¢ A\ PR 7 w0 st de 2 7 ) i fk
PrEs ek iR R AT 1B 22 O ME D) FR L
2.1 IUYBRTMKBHRELEN

Ak W) A5 BR 0 R ABX, BU S5 R (A LN
Cs* \Rb* FA" % B il P’ FE MM E&JEE T,
XAPikF- Cl” Br 1) il % S A {74 Rl
N R g, I H R 6 4~ B i X i
B0 MR A GRS AR A RS O S A
BT R R b U R R (AN 1 o) L F 4
(OD) . —4E (1D) ., =4k (2D) Fl =4 (3D ) £5 %k
wUT L X 3D BB 45 M, BX, /NI R TE = 4E
J5 ) b SR E 2 X AT e, N AR
AR E 230 FHEE T 3D F5EKET 45 H 2D 454k
iR BX /T A AE Z 4 1 Sk T
X 7B T R, 2K B S A
A LB ) TR A Jo B e BH S, BB 19 1 A A
K45 ¥4 725 1% 2D Ruddlesden -popper( RP) 24k
BB A 25 AL, I e B2 B AT 2 ]
FELTE 1D 858K F AR 45 0 v BX T A 2 ] 2
B—4EE R 0D BB AR S AR LA R, ok
AR TR T BX, VAR, K 2 JE]
WA kbW A AR 90 K 5 2 4
FE W) KR ICE DL R RI B A, R 280w 1k
YIS0k &k 3D 4544, 1 2D (1D 10D 4544
AR A 2> 150102 4525 F 22 b A RUR A B T A 2
BBk Y 2 A EAA SR R L R R
i 1 B 7 48 2% BI85 K 45 M v AR AR T i R

3. [43,63-64
i h,



10 Kook

43 %

(a)

Bl 1 FSERE B4 TR SR ZE R . (a)3D XSS5 (b)3D FASERA; (¢)2D F54kH; (d) 1D #54KH 5 (e) ~ (h)OD 454k 4",

Fig. 1 Various crystal structures of perovskites. (a)3D double perovskites. (b)3D single perovskites. (¢)2D perovskites.

(d) 1D perovskites. (e) — (h)0D perovskites.
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LEDs with different Sm® " ion doping concentrations
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ion-doped CsPbCl, LED device structure diagram'”™®' . (f) CIE coordinates for the perovskite LED

ion-doped CsPbCl; nanocrystals with different doping concentrations. Inserts: photographs of perovskite
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Fig.7 (a)The cross-sectional SEM image of a HTM-free, all inorganic PSC. (b) Based on inorganic PSC doped with several

rare earth ions J-V curves. Long-term stability of the pristine and Sm®* doped devices without encapsulation under 25 °C

and 80% RH (c¢), 80 C and 0% RH(d) ™,
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Fig. 8 (a)The current-voltage characteristic curves of a solar cell based on Yb** doped CsPbl,. The inset shows the TEM image
of the sample after doping'®’. (b) The ambient storage stability of the devices based on CsPbl,, 20% Yb-doped and
50% Yb-doped CsPbl, nanocrystals without encapsulation'®"’ .
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(b) LA - R4, B WM (7 0.97 V RIS ) F484 0.15% Ed B/EMNSE; () $BH 0.15%
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(a) Original performance evolution based on (FA,MA,Cs)Ph(1,Br),(Cl) perovskite with the incorporation of 0.15% differ-
ent M(acac),(M = Eu’*, Y’* Fe’*). (b)The J-V curve, stable output(measured at 0.97 V), and parameters of 0. 15%
Eu’” -incorporated champion devices. (c)Long-term stability of PSCs based on MAPbL, (Cl) perovskite absorber with the in-
corporation of 0.15% different [ M(acac),(M =Eu’*, Y’*, Fe’* )], stored in inert condition. The PCE evolution of Fu’" -
Eu’* -incorporated and reference devices under 1 sun illumination or 85 °C aging condition. Half PSCs ( original PCE:; 0.15%
Eu’* incorporated PSCs, (19.21 #+ 0.54)% ; reference PSCs, (18.05 = 0.38)% ) (d) and full PSCs(original PCE: 0.15%
Eu’" incorporated PSCs, (19.17 # 0.42)% ; reference PSCs, (17.82 + 0.30)% ) (e). Scanning speed is 20 mV/s. (f)

Normalized PCE of of 0.15% Eu’ " -incorporated device as a function of time, measured at 0.97 V and 1-sun illumination™’ .
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Fig. 10

(a)The change of the crystal structure of CsPbl, after Eu®

" doping. The inset is the curve of EQE versus voltage for the

best performing device™'!. (b)PCE(determined from backward scan) of CsPbl, : xEu perovskite ( Eu-stabilized black

phase,x =4% , 5% , 6% , 7% , 8% ,

condition) '
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Fig. 11

(a)Schematic diagram of perovskite film to enhance the PCE of crystalline-silicon solar cells. (b)PCE of Si solar cells

coated with different perovskite QDs. Left to right: CsPbBr,, CsPbCl, ;Br, .,

CsPbCl, , Br, ;: Ce (2% ), CsPhCl, ;-

Br, ;:Yb(7.1% ), CsPbCl, ;Br, 5: Yb(7.1% ) ,Ce(2% ). (c)I-V curves of the best Si solar cells coated with differ-

ent thickness of perovskite film with scan speed 0.1 V/s. (d)IPCE curves of Si solar cells coated with different thick-

ness of perovskite films'*!.
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(a) PL spectra(solid lines with shading) of undoped( purple) and Yb’* -doped(dark red) CsPbCl, nanocrystals excited
with a 365 nm light source. The top inset shows their absorption spectra. The bottom inset is a TEM image of doped
nanocrystals. (b) Total( dark red) , face(light red), and edge( orange) emissions measured for a5 cm x 5 em quan-
tum cutting LSC using Yb’* -doped CsPbCl, nanocrystals. The n,,, of this LSC is measured to be (118.1+6.7)% . The
top inset is the picture of the LSC under sunlight, the bottom inset shows the edge emission from the LSC under UV illu-
mination and with a 570 nm long-pass filter taken using a cell phone camera. (c¢) Extrapolated n,, for square-shaped
quantum cutting LSCs with edge lengths from 1 to 100 ¢m and the same thickness of 0.2 ¢m( dark red solid line). The

red circle is the one measured in Fig. 1. 7. for Mn’* -doped quantum cutting LSCs adapted from previous work is also

shown for comparison( yellow dashed line). The inset is a 30 cm long quantum cutting LSC slab. (d) Extrapolated 7,
for square-shaped quantum cutting LSCs with edge lengths from 1 to 100 ¢m for solar photon absorption efficiency(7,,,)

of 3.1% (orange solid line) , 7. 6% (light red solid line) and for 9, of 7.6% and 7, of 200% ( dark red solid line).

abs

1, for CulnSe, quantum dots LSCs adapted from previous work is also shown for comparison( purple dashed line) (6]
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