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2) (AR B fL TRl Ao BE, BOR MR LrL S eSS TR S, B3 200241)

(2020 4F 4 A 16 Hig#F; 2020 45 5 A 13 B EHEH)

AR B T REWRZ . LB AR FI RS, LS. R FiERRE . WAURE I T
L of PR e U B AR P a5, 78 R I R USRI % . AT ARk, il fk 2E T b L RSE T AR A A e B 4
22 ol R W% X6 5 6k 0 AR 235 4 0E AT R 4, AR LR R T S AR T RO L (perovskite light emitting diodes,
PeLEDs) (IEfE. HET RGN, 86, 2056, 404k PeLEDs (I4M 730K (EQE) ¥ B #id 20%. 1 Mt
A BB A5 AN T 0 22 DR T O A R P A 25 B T 3 R D RO T R R L R B v R I R i
A VERE, AR SCHEME — e 45 5K 0 b1 KL PEA,CsPbBry ,Cl, Y ERE I, 38 5 5] AXUR I 2R £ 8 (PEG) fI7R
A8 (KBr), #lifk o BREER T B A 2, Wl Sonr RO, i 25 1 88 5 AR e it 2 G e, 36T 32 7 I G5 K0T &5
HRIRCR RO IE R E M. B AE 488 nm AL RIS B RS2 1049 cd-m 2, HLFRAE N 5.68 cd-A™!, JM R FRUR
M 4.6% W9 5t PeLEDs. A LR & i 0 2540, SR E T T3 3 4%, H B RIFGIE e MM T8
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KB BHERGT, WO, ZOC T, BRIESRIfL
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5 AL S BB AR S — o LR A
B, BAG 2RI 502 (FWHM = 20 nm). 45 B 0] 3
(380—1000 nm), B2 & LB LR TR
(photoluminescence quantum yield, PLQY) . HLfaf
TR TEREDL R APRHBA IR S 0 A5, TR 45 FiOL
TUEA Tz AR 00, AN AL Bk 0L
#% (perovskite lasers)S7 . 5 £k & & Ot — e &

(perovskite light emitting diodes, PeL.EDs)[~10

SR APHRERLHE (perovskite solar cells, PSCs)!112)
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W B AR 2 43, BT A 7R R AR A T AR
ML LL A 5 e ARF, ST 3% (external
quantum efficiency, EQE) 43 %3k 2| T 0.76% 5
0.1%. PeLEDs MU H BT & 1T RMIFA B85k
W ARG IR, BFFE N T I R A k™
T SR AT VR 1 A2 e 5 (10Tl b B T o
Bq 6170 RS T 18090 S5 2 R SR, K4 e 1
PeLEDs HPEHIPERE, 200t 2006 L2150 PeLEDs
1 EQE ¥ it 20%102021) 8238 A HL AL )
% (organic light emitting diodes, OLEDs) [ 7K
. #)% PeLEDs 19 EQE Wik®| T 10% A A7 2223,
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AR S AR [T 2 BRI 8 S PR
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W't PeLEDs P REAHE AT U DA 45 2 A v i

FRMBLR R A5 A B SR 5 DR A T iR |

B4R 2 A58 %, B 2015 4F, Kumawat 4 2
SIBUR I IR YT S A = R/ i - - S
MAPDBr (sCl, gy [ = 4t ¥ 5t PeLEDs, # {4 5
B J EQE 43 %R 1.7 cd-m2, 0.0003%, % £ 14:
P RE 52 ) e K0 DY) 3R A 2 1 T o . 7R Ut
LRtk I, Kim 2 2 @R A A BT (Cst, MAY,
FA®)HE — 20 48 i 2% 18 1 s 2 P g, i 3ROk
(electroluminescence, EL) W F 475 nm, X J )
LR EQE 439k %) 3567 cd-m 2, 1.7%. T =
YL BRI 22, FIE AR RS R DK
R 5] A K8 HLI BH B 78 o 4t 45 4
(quasi-two-dimensional, Quasi-2D), 41 Z 3 % £k
(EA*), THEpER (BAY) RO HEEMEER (PEAT) R
MR (PBAY)  2- R4 FE 2 (POEA )18:19.26-28],
FERA AR R RS A 5 A8 SRy 2R 2, R T i
I P vy, TRSORLARE BE R IRPEAS. R TIT45 5 e
AIHE R AR, R ADLBUOLE 7%
LA H i T AR RE i AL 1 S8R AR, A3
AIRES 2 EL &6, HAE =4E85 5k 5%
SHE T HEES R B R R SRR ST s T
e TER M S A 5| AT Z 6. 1Ah, BT
CsPbBry Cl, IHE _HEF5 K0 B R IR & pa b
BRI AR E T, TAER ZtiE &b
LR B3I 2188, BEAS T Wt PeLEDs BYSE PRI
FH 08272900 U SCHRIRGE, 51 AIRA R BT (W
Rb*) S fi A 48 &1 (W Y>+) o] LUl i £ i
B, SR T R R T B 0 AR 1 12320,
FEFSER AT BT SRRV I A G 18 Bd MR, T Lk
S RIS R X5 ) e R R P 7 5 3 L, X /N iR BE
B E 25 ] b7 AR 4 AR R AI A S A 1) 0 i %
[N TE L o O ot S S A T s P O
WA DR B R (A0 AR s ) B AR R 5T
HAEB, SEr RS 2l R,

A SCLAME — 4EE5 8k PEA,CsPbBr; Cl,
FLWEVS W, MRS INGIR 2, — % (PEG) AR AL
(KBr). #5i PEG AT LIAME S s 77, fliAkAT
BRHT R R A B 16, L4 JE Ak KBr 1l i
P ERERAT S i A R AR KOS AR KA
PEHEE, A Bh TR BOoe i 808 HRSE 3/ i A5k
WA, VR ST BB, A B TR, DA A%
T T AR B 635 Fae PR 15 2138 & B2 7F PEG-

KBr (P FE/ER T, #55% PeLEDs 30 H AL 5 19
S PERE, P IESEAE (FWHM = 20 nm), (04
B (AR N (0.0747, 0.2570)), 7EPEK: 488 nm 4k
B K 2B h 1049 cd'm2, f K B AE K
5.68 cd-A!, I EQE k%] 4.6%, HAMNAE T
TGRS E P BT

2 SIS
2.1 SEIGwR

W BE R R 2.6:1:1 1 R 4L 45 (CsBr
0.2 mmol'mL !, TCI A A, 4l 99.0%). I L4
(PbBr,, TCI A ], 2 99.0%) . & A4 (PbCly,
PO RGP A PR A ], 4R 99.99%) 55t
HOMECR 10 wt% W)oK 23R 1L (PEABT, 18
BIREFAT], 2HRE 99.5%) T —HHESEI (DMSO,
Alfa Aesar 23], 4l 99.9%) H, il s EAs4k
W T AR AT R

R TSR I T i, BRSO 3.3 wt%
13 2 "8 (PEG, MACKLIN A #], “F# Mv iy
600000) fIMA ZE5ERE R IR W .

h T BGEE ROGIELESMINEE T B4,
TR WP INAMKE S 2 mg-ml ! 7R L8P (KB,
Aladdin A 7], 461 99.5%). A il & i BT gk A s
WAE 40 C NHFEUNET, #E &R, DL ESEE A
B W SEA R, B it — A B R . il
TEEIA 1 FiR.

+ -

PEG+KBr
in DMSO

Perovskite Precursor

in DMSO solution

Bl 1 3:F PEA,CsPbBry Cl, 4+ PEG + KBr #54k %" fif 3K
PRI BY 5 B 2%
Fig. 1. Synthesis of PEA,CsPbBry

perovskite precursor solution.

,Cl, + PEG + KBr based

Y

2.2 EEHEHE

P A L HB) (indium tin oxide, ITO) 3% #5 5
R, 2B 579 EE R o 5 N vk
15 min, A 110 °C HEAE 5% B 55, 30 min
Je B A . AERESTR Z R/, TR ITO B F 3L
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H FH 42 A2 BAEURL B 20 min, DL 3R 6T 36K 1.
USRI (3, 4- LT AAWEWY): ]’ (OR L IRHRIR
h) (PEDOT:PSS, Clevios Al 4083) Ji£ i 7E ITO
PEFG MR -, BN 4000 rpm, BESR LG A3 A
£ 150 °C WA & 40iR K 15 min, PABRKFREA
Koy BKIG, HEMER 2T AIN TSRS,
SRS BRI S W UE S, TR AE PEDOT:
PSS H i b, F & 4 3000 rpm, WA 60 s,
BE R 2 70 C B m# G AL IR k8 min. B

107 Torr (1 Torr =~ 133.322 Pa), {KIKZEHEHE T4
2 2,2, 2" -(1, 3, 5-benzinetriyl)-tris(1-phenyl-
1-H-benzimidazole) (TPBi, Nichem 2 7], 4l &
99.0%) . ¥ AZ B AL (LiF, MACKLIN 2%
A, 2 99.99%) F1 AL HLAR, JEEEE 435Ik 50, 11
100 nm. ZE8% J5 % PeLEDs #5117 7] 5 355 2 5F:
W38 HL 2= PR RE W PeLEDs YA &4 #L h

10 mm?.

2.3 MK ERIE

R A VRS 11 2R TR TOULIE 30 R 4 7
WM (SEM, Zeiss Supra 55) #E173R1E. 4 i
() i A 25 B X 5 £ AT T 4 B A (XRD,
PANalytical X'Pert Pro) #1734, P Cu Ko fE
MBI (A = 0.154 nm). FHZEEEIEAL (PL,
Horiba Jobin Yvon) Ml T FA6BUOEE, B
BBUOEETEE ] Quantaurus-Tau 2% % fif
HiEY (C11367-32, Hamamatsu Photonics) Il &,
WO 373 nm.

BERH RO CAR 1 ) L 2 B - RS (- V-
L) FetEth e FE Bkt (EL) SGik s i f2 45 f R
(Keithley model 2400) 5G4 (PhotoResearch
PR670) 7€ . EQE {H/Z il id #1/33K (Hamamatsu
Photonics K.K. C9920-12) I &'t 15 219, >R
64 383H ZJLS-4 T AL ML AR 58, 1B At
TR AR, DA R AR A A AR
SE.

3 RE5FRME

3.1 HEIRER

[l 2 7 PEA,CsPbBry ,Cl, 856k i A
ARV IR R R ORI, B 3 k& A SRS

PR ES R TR RT3 A AR I AR B IATAT7%
I3 PEA,CsPbBry  CL, 54k WM % i 3 4
SERE, JURE RO BCR (P31 ik RS R 38.47 nm),
IR A VIR 25 2 2 R BRI FRL TR, PR T
TUEERE (K 2(a) FIE 3(a)). FE XL, 4l PEG
(T RT LA ) R A K R S ERE™ fihir, BTG ok
Rt (P33R RS /N 2 24.09 nm), [R]6f BT
REVBIH B BB n W T Ak, R
RS B2 ) 25 AR, 0 RS R B4 g, 4 s TR T
B P 5 5 AT A 80D R R S A i
Fid (B 2(b) FE 3(b))B. 4l KBr BAmA R LA
fiff ok RT AR5 /N (SP3BT A 20.50 nm),
WX B /IN SRR AT L AE 2 ] b BRSO
WKW TR S 2 A ] gtk B[Rl ES KBr Al LA
G il R, R 4h N e 38 BU(IE] 2(c) AN
Kl 3(c)). PEA,CsPbBry ,Cl, + PEG + KBr #5%k
W AR R I — PR, B, AR RO ey
5], SRR 17.53 nm(&] 2(d) & 3(d)).

(a) (b)

(c) (d)

B2 a4 R R A 9 PEA,CsPbBr, ,Cl, B ok 5 1 1
SEM 14, 45 /X4 200 nm

Fig. 2. SEM images of PEA CsPbBr; Cl, perovskite films
with different additives, the scale bar is 200 nm.

3.2 kAR

4 N=AFEH ITO/PEDOT:PSS/PEA,CsPb
Bry ,Cl,, ITO/PEDOT:PSS/PEA,CsPbBr; ,Cl,
+ PEG, ITO/PEDOT:PSS/PEA,CsPbBr; ,Cl, +
PEG+KBr iy X S 2411 5f 3% (XRD). 7E 15.1°,
21.5°, 30.3°, 35.3°AbAYHFFIE XTI (100), (110),
(200), (210) FHT, JITAAS[R]ES 050 A0 45 Bk 1 A
A RZE R LIEAS i Al (Prma) i 3, 5 Z R RGE
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10} (a) 7 Control 12 F (b) 7 PEG
1 »
n % n 8r 7/\
s 6 =
é 7 7. 5 6f 7
’ 7, 7
! )
2r 7 2t %
— 2,
2% G2 7 o= %,
25 30 35 40 45 50 20 25 30 35 40
Grain size/nm Grain size/nm
14 14
(c) KBr (d) PEG+KBr
12 12 -
10 b % 10 b
=] =]
S of % S of
4t 4t
2} 2t
0 0 T
12 16 20 24 28 32 10 14 18 22 26 30

Grain size/nm

Grain size/nm

B3 oA AR PEA,CsPbBry O, S50 SRR < /- A kik
Fig. 3. Histograms of grain size distributions of PEA,CsPbBrs ,Cl, perovskite films with different additives.

(200) —— Control

— PEG
— PEG+KBr

(210)

Intensity/arb. units

10 15 20 25 30 35 40 45 50
20/(%)

F 4 &HAEFNF Y PEA,CsPbBrs ,Cl, 55 5k 7 i I
1 PEDOT:PSS | i) XRD &3

Fig. 4. XRD patterns of various PEA CsPbBrs Cl, per-
ovskite films with different additives on PEDOT:PSS.

— L = Fh LKA AR XRD WA LT AR, 1
BN /D i) PEG 3¢ KBr XSS B4 REAY 5 1A
ZERTTTCH S .

& 5 hy b3k = B B AE A 05 IR B AR
B L I IEIE (steady state photoluminescence
spectroscopy) A H M FHEECE I EFIINZ (time-
resolved photoluminescence decay curves), &I
K52 373 nm. 8] 5(a) Fi7s, 4l PEA,CsPbBr; Cl,
FHER B A SEBUR IR 484 nm, A PRI

TG A B R T RSO BUR S S AR AR L34 B
ML, 486 nm, PEG MT7A7E A RETE — & 2
FE LAE T PEABr JE BME — ZEA5EKT (L FE. 0
& 5(b) Fizw, RS R 373 nm B, R EENFH]
FHEIE PLQY N 1.37%, &4 PEG 3K PLQY
K 4.711%, & 4 PEG 5 KBr i # I PLQY N
18.9%. FHERW MBS T S ADEBURO LR,
AR TR R A &G WKl 5(c) PR, tr
PSR AL PL A i, ROGIER G ™.
PEG 1 KBr iYL [ A7 ] LIZE K PL #4r, 23
KA PL ik th 4. %5 57 pR e R A4k
W AELE 0 b R ZS LS AR BRI = A B, T BE
B R ARFR A A R, ASF T A S S ek &
SR BOL AR SR g AR IE S AT L
BEALESERH R AL BRE , AR b R 23 6 I
B, DT AR AR SR 5 52 G A 38 0471 5 T B ks
BALA RRE— IR ABIGY, #R 5T A HEA L.

3.3 HEFEE

[l 6(a) }y % F PEA,CsPbBry Cl, 555k 5 i
FR I L BUR G A A AR s BRI, 2RSS 2 1TO/
PEDOT:PSS/#54k %" /TPBi/LiF /Al, H 54k 5
JZ43 51 PEA,CsPbBry ,Cl,, PEA,CsPbBry Cl,
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(a) —e— Control 201 (b)

-o- PEG
-~ PEG+KBr

PL relative intensity/arb. units

9

-~ PLQY

/

° 100 1g(©)

-u- Control
-=- PEG
-s- PEG+KBr

Intensity/arb. units

400 450 500 550 600 Control
Wavelength/nm

PEG+KBr 50 100 150 200

Time/ns

K5 &AH AR PEA,CsPbBr; Cl, 854k H MR LM AERAE  (a) PLJGIE; (b) PLQY; (c)TRPL ik
Fig. 5. Optical characterization of PEA,CsPbBr;_,Cl, perovskite films with different additives: (a) PL spectroscopy; (b) PLQY;

(b) TRPL decay curves.

—

Al

(a)

LiF

TPBi

Perovskite

PEDOT:PSS

ITO

Perovskite

200 nm

[l 6 (a) PeLEDs Y1454 7R = &l; (b) PeLEDs HY# 1 SEM El{%
Fig. 6. (a) Device structure diagram of PeLEDs; (b) Cross-sectional SEM images of PeLEDs.

+ PEG, PEA CsPbBry ,Cl, +PEG+KBr. [& 6(b)
HEEARZRER SEM #if &, T 2 AR 3,
BH#% ITO, 25 7% )Z2 PEDOT:PSS, 54k & 6
2, B ERIZ TPBI, B FEAZ LiF, Btk Al
B 7 RS &G e s 2R P RE,
M T 245 (luminance, L) FRCE (current

efficiency, CE), UIRZR (power efficiency, PE),
A TR (external quantum efficiency, EQE) .

FFIa H R (voltage on, V). &% (FWHM), H
FHROG (EL) ek, | 7(a) Jg oS B R -5
JE (JV-L) PERERNZE, & 7(b) A HLIRACR-HL L
JE-HMETROR (CE-J-EQE) YEREINZE. ) IR 2814
) LTI 3 B A8 v T S A S IR A, 45 55K
W SR TEIE SN, AT DL BB NN e ek
JE %) fr b B i B 22 AR IR AL, 235 RS H it
5, 27X R TP TR RS 2 A
AR PEREANE, B R 779 ed-m 2,
CE Ml EQE {4 1.62 cd-A 1 1.2%. A PEG J5,
AR L B R, e R A

#5522 CE Ml EQE 4353 K %= 1038 cd-m 2,
3.69 cd-A VI 3.0%. #nFEGE R B2 & T IH ) T
PEG 15| A2 21 1 350 %% JCFLAR (14 55 5K 5™ 5.
R T 2D SR T R R A B A S RO
PIRICR, 76 28 85 BR T AR v 5 | ABLAS I 71
—PEG Hl KBr, FA1& BN 151 AL
BT TR T w R ek RN HLAA A B A Ak
W R RORE R M PR T g, R O T &
a2 FCEF AT, B TR E G R0R.
% PeLEDs 1) CE 1 EQE/MEAEI T 5.68 cd-A !
F1 4.6%, HHELXT REEF (4 5 T3 3 4%, ZESR 1R
CE X EQE #likfmi{l)5, SCRTFIRTERE, it
TS B3N, AEPEREAS T R, X T RE R IR T
R &5 R IR E K, SUR R A
Wit SRR A R A BRI T 5 | & 113370, 25 1 Tk, N[
FEERH WY PeLEDs Hi 24 BE AR 1k 5 H e
SR AL 2A M BE AR A — 2. B 7(c) =
HIH—1L )5 1) EL G E, & IEAE 488 nm At
e FEAE (FWHM = 20 nm), Y2 & W20, %

138502-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 13 (2020) 138502
106 10! 102

o 107E B (b)

£ 10! ; < 100

S 3 J10¢ 7 3 410
T o100 gL

g o E 5 5 1071 et
E -1 - 2 i E I 70—0%\0-:—:'\'\ X
s 1071 110 N 3} P oo %% 1100 o
£ 3 & 10 o—° ~o—o ¥ 100 =
g 4 = = — e c
o 102 g :%A o~ Q
Z 1100 3 - 10%F

= 10-3F —o~ Control § =} —o- Control J10-1

é - PEG 1 = § 104 - PEG
g 1o Z -~ PEG+KBr {10-2 3 -~ PEG+KBr

10-5 L L L L 1 L 105 L L L ! ! L 102
3 4 5 6 7 8 9 103 10-2 10! 100 10t 102
Voltage/V Current density/mA-cm~—2

12}

h=]

5 10r (©) —o— Control

5 L4 - PEG

5 081 ] | - PEG+KBr

~ g &

>

h

0

=

3

i

b

Q

i

3

g

-

3

> . . .

400 450 500 550 600

Wavelength/nm

Ko7 S ARSI B PeLEDs HL 2 P AE R AL

x
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Fig. 7. Electrical performance characteristics of PeLEDs with different additives: (a) Current density-voltage-luminance(J-V-L);

(b) current efficiency-current density-external quantum efficiency( CE-J-EQE); (c) the normalized EL spectra; (d) the Commission

Internationale de I’Eclairage (CIE) coordinates.
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Table 1. The performance of blue PeLEDs with

different additive perovskite materials.

Devices L}\fi"rﬁ CE/cd-A EQE/% pea%nm

Control 779 1.62 1.2 488

PEG 1038 3.69 3.0 488
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Fig. 9. The spectral stability of PeLEDs: (a) Control; (b) with PEG; (c) with PEG + KBr.
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Efficient and stable blue perovskite light emitting diodes
based on defect passivation”
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Engineering Research Center, East China Normal University, Shanghai 200241, China)
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Abstract

Solution-processable metal halide perovskites materials have many advantages, such as adjustable band
gap, high photoluminescence quantum yield (PLQY), high color purity, high carrier mobility, low temperature
solution process, excellent charge transport property and so on. These make them potential application in the
display field. In the past few years, the device performance of perovskite light emitting devices (PeLEDs) have
been greatly improved by manipulating the perovskite microstructures through various strategies, such as
stoichiometry control, dimensional engineering, defect passivation and so on. At present, except for blue
PeLEDs, the external quantum efficiencies (EQEs) over 20% have been achieved for green, red, and near-
infrared PeLEDs. The low efficiency of blue PeLEDs is retarding their potential applications in full-color display
and solid-state lighting. The main reasons in blue PeLEDs are the poor film coverage of blue perovskite
materials and the spectral instability during device operation. In order to improve the quality of perovskite film
and device performance, the quasi two-dimensional perovskite materials phenylethylammonium cesium lead
bromide chloride (PEA,CsPbBr; ,Cl,) are used as the main perovskite emission material, by partially replacing
Br with Cl to enlarge their bandgap to achieve the blue emission. The Lewis base polyethyleneglycol (PEG) is
introduced to passivate the surface trapping defects and improve perovskite film coverage. The potassium
bromide (KBr) is introduced to reduce perovskite grain size, suppress mobile ion migration and exhibit excellent
spectral stability. Dual additives PEG and KBr are incorporated into the quasi-2D blue perovskite for inhibiting
the nonradiative losses by passivating the traps in the perovskite films. Eventually, the PEA CsPbBr; ,Cl, +
PEG + KBr based blue PeLEDs with the emission peak of 488 nm are accompanied, which maximum
brightness, current efficiency, and external quantum efficiency reached 1049 cd-m2, of 5.68 cd-A ', and of 4.6%,
respectively, with high color purity (the Commission Internationale de L'Eclairage (CIE) chromaticity
coordinates is (0.0747, 0.2570)) and the narrow full width at half maximum (FWHM) of 20 nm. Compare to the
devices without additives, the efficiency has increased by nearly 3 times. Furthermore, the devices also show
better spectral stability and operation lifetime. This work provides an effective method of blue PeLEDs toward

the practical applications.

Keywords: perovskite materials, blue emission, light emitting diodes, defect passivation
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