. hEASEER
Eh: PEMNSRKELSHENKSDERRE
ESCI/Scopus s BEAAMNEEARGERAT

FEEEXBFITUIBERESE
5. BEK

6 32 @ &) T FEMEEE AN S

FALHIBJLPEDOT © PSSEI TR R . BEEHRYT R RE
s, Moo, AR, WocE, D, skocte, BEm

FIHASL:

BW]sE, MR, FE, 5. AR APEDOT : PSS MALR | mise BERSERAT Ot — AT WS R, 2021, 36(1):
141-148.

LI Ming-liang, LIN Ke—-bin, LU Jian—xun, et al. PEDOT: PSS doped with cesium chloride for highly efficient and bright metal halide
perovskite light—emitting diodes[J]. Chinese Journal of Liquid Crystals and Displays, 2021, 36(1): 141-148.

TELR 5L View online: https://doi.org/10.37188/CJL.CD.2020-0272

LR BRI HoAh S EE

Articles you may be interested in

BB At “ AR RIS T i
Research progress of perovskite light—emitting diodes

i 5 . 2021, 36(1): 105112 https:/doi.org/10.37188/CJLCD.2020-0284
SR CTRER T DI R E MDA ERET ROE T AR

Highly stable blue perovskite light—emitting diodes induced by trifluoroacetate
W5 R, 2021, 36(1): 123-133  hitps://doi.org/10.37188/CJLCD.2020-0286

WEOCES A AR R AR

Blue perovskite materials for light—emitting diodes

Wi 5 k. 2021, 36(1): 113122 https:/doi.org/10.37188/CJLCD.2020-0215
A LA A RS R B B b B

Application of organic additive in perovskite light—emitting diodes

W b5 R, 2021, 36(1): 149-157  https://doi.org/10.37188/CJLCD.2020-0261

HAPEDOT : PSS/HAT-CNXUZS /A JZ 1 = 8 OLED 4
High—efficiency flexible OLED devices with PEDOT: PSS/HAT-CN double hole injection layer
W5 . 2020, 35(2): 99-107  hitps://doi.org/10.3788/YJYXS20203502.0099


http://www.yjyxs.com
http://www.yjyxs.com
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0272
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0284
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0286
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0215
http://www.yjyxs.com/CN/10.37188/CJLCD.2020-0261
http://www.yjyxs.com/CN/10.3788/YJYXS20203502.0099

$36 % 1M UTHESRTAN Vol.36 No.l
2021 4E 1 A Chinese Journal of Liquid Crystals and Displays Jan. 2021

XEHS:1007-2780(2021)01-0141-08

S 4352 PEDOT : PSS B B 3E .
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oz, s, FREM, HX#ES, TN KXE, AEEY
(LFETRNERRR CIART L DA E O, I R4 6102005
DAGAF HARZEIRZR AAMBEERETA AR, BR KT 361021)

W E .25 7L Hi )2 (Hole Transport Layer, HTL) J& 4 J& <9 1L W) 8580 & Ot % (Perovskite Light-emitting Diodes, Pe-
ro-LEDs) S R # T M E 1 — AN EBE KK, B (3.4-2 /5 ZAWER) « BK IR IR 8 (Poly (3, 4-ethylened-
ioxythiophene) : Poly (styrene sulfonate), PEDOT : PSS) #i I R H A 7 19 5 B M BE L 0635 o 28 LA K fj 2R 0 7 W1 e T
20, M) 2 W H T Pero-LEDs 19 HTL, #AT . 854k 9 &6 2 M0 45 5 PEDOT : PSS i I 55 5 3% 4> F %1 1& (Highest
Occupied Molecular Orbital, HOMO) G840 = [H] et 2588 K 3 R T 28 50 A S & dh i B AR 7 4% 2R 580 . AR S it 1)
PEDOT : PSS /K 15 A @ 1t 1 & AL 4 (CsCD B, A 808 4% 17 PEDOT : PSS # I 1 HOMO RE 2% . fi H 5 5 gk 4~
ZNZHE ML s [ A CsCl B 25t ¥ T PEDOT + PSS M Ay 2 SR fie /1 80 FAAWE B T4, Tt
PEDOT : PSS M, e FR 81 T 124 012 od/m® WY 58 B H e KA F 203 (External Quantum Efficiency, EQE)
RN T 10.39 %0 s MIXT FARB IR R RSN T 25.49% . 5c K EQE #/ T 63.88% .

X # R ASHFTAKZME;PEDOT : PSS; £ L4t ;45 %
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PEDOT : PSS doped with cesium chloride for highly efficient and
bright metal halide perovskite light-emitting diodes
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Abstract: Hole Transport Layer (HTL) is an important factor affecting carrier transport balance in
metal halide Perovskite Light-emitting Diodes (Pero-LEDs). Poly(3,4-ethylenedioxythiophene) : Poly
(styrene sulfonate) (PEDOT : PSS) films are widely used as the HTL of Pero-LEDs due to their
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excellent conductive properties, light transmittance and simple solution preparation. However, the
gap between the valence band of perovskite and the highest occupied molecular orbital (HOMO) ener-
gy level of PEDOT : PSS film is large, which increases the hole injection barrier and thus reduces the
device efficiency. Herein, a simple method of directly adding cesium chloride (CsCl) into PEDOT :

PSS aqueous solution improved the hole transport capacity of PEDOT : PSS film significantly,
making the carrier transport more balanced. Based on the modified PEDOT : PSS film, the best device
reaches high brightness of 124 012 c¢d/m?*, and the maximum external quantum efficiency (EQE) rea-

ches 10. 39%, respectively. Compared with the undoped samples, the maximum brightness increased

by 25.49%, and the maximum EQE increased by 63.88%.
Key words: perovskite light-emitting diodes; PEDOT : PSS; CsCl; doping
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VAR T 24 1 4 B Ak B Bk B O HL A
AR AT TR A L G EOR i T 7 % (Pho-
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i FLAE S SRR A R R v T L w5 2 BT
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— &t~ H 4 (Light-emitting Diodes, LEDs)
MEL, A M 2014 4, Friend 5 H 7 35 5 R 7E % IR
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PR, Pero-LEDs 1 ¥4 B8 13 21 & % o 3%, H
EQE 5 35 3 1Y 1<, Horb, 2008 3 21 4 A 40l
Pero-LEDs 1 i B [8] N 48 45 7 8 & 2020 19
EQE™", SR, A X F W2 i A AL & e
(Organic Light-emitting Diode, OLEDs) fll & F
R 6 4 (Quantum Dot Light-emitting Di-
ode, QLEDs),Pero-LEDs fE #% {4 ¥ it 77 1 4 4%
HARKEHES

Pero-LEDs (1 — % 25 #4) 43 45 7 B i i L L 5
f&%i )2 (Electron Transport Layer, ETL) . 454k
Wk I)Z 25 AL i 2 DL S OE e A . B S
() R CRR AL E SR S50 ROt 2 B AR
JGHLVERE B T B AL i )2 B 0 2 T %
Re 1 UL K £ )2 e E . PEDOT ¢ PSS i i
PR 55 1) 5 P 1 BB L Y 08 o R L TR B 1 VS VR
il B T2 4 &, )7 W Al F Pero-LEDs 1)
HTL., #k1i,PEDOT : PSS # KA HOMO BEZ
H—5.0~—5.1 eV, 5 EH 1 Hiri (—5.6~5.9
eVOAILRL , % 28 7 AR 235 i 28 G i 5
P RACR IR B, O — 2k
PERS Y ] 7 PEDOT + PSS JE 2 v, 1] ok i 3

HAM e, Wang % A, 3@ i3 78 PEDOT -
PSS i R KCHTE A EE L FEAR T PEDOT = PSS
WA CH, NH, PbBr, 45 £k 9 18 I 22 5] i 4 22,
5 T PEDOT : PSS (#2570 AR, 45 14
L L R e K s BE AR AR BRI 3.3 V5 201
od/m* =B THEARFR 2.4 V5 1565 cd/
m?, Yang % A" g fE PEDOT : PSS & W
A MoO; & % W, FE {1k T PEDOT : PSS )2
5455k CsPbBr, JZ M RE & $& 1 1 25 /U ARE
J139F H B4 B PEDOT = PSS 3 5 fE 95 42
FEERW™ CsPbBry (45 &bk 3 Kok R~ . ek
Je B A e R S B iR B ~ 34 420 od/m” , HLIE AL
FHh~7.30 cd/A I HESMFAEELLIZTT 2 h 53K
RUA RS, Wu 5 AN 38 o 7E RS
PEDOT : PSS I Jig ¥ H st . & B FN 5 TR B 1)
L, K SRR Pero-LEDs; Ho i, % F FF
AEEEEF) PEDOT = PSS B AE 25 7% A% B 2 19 B &
AEXT T 00 T A i e K5 B 5 e R L AL IO M 2611
ed/m* 5 0.1 cd/A FHH T 2 075 cd/m* 5
0.38 cd/A, RAHETHIE Hh Tt 75 570 A 1 ) i [
YEFT . — 5 T, e B P 1 12 S 7E 4 1E W2 467 Y PE-
DOT Fli5 i f faf 9 PSS Z 18] 51 AT —F 5 ik 54
7 s AT AT DL 7E i€ 3 3 #2 oh )N PEDOT ¢ PSS e
Wk — s o IR PSS, X OB 2 5 4b FR
PEDOT : PSS HEA 3 i i, 9 B Al LUFE
BR3P 2 T A Z LR s 5 — 7 T, B
PERE L, PEDOT ¢ PSS B i 2% 17 8 8 <, DA fiff
R et R B /0N L A i R A, DT A R RO R
B4, RIMTIX—2E%F PEDOT : PSS i ot Ty
B R A IR T B A S8 A E TR
FENE I H 2B T PEDOT : PSS A I 7 =X &
LR R )
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ARSCHE EEAE PEDOT = PSS K% W i
A CsCL#S I8 i 8 5207 4% . fff PEDOT = PSS #
JR 1 28 AR R e A5 3 T B B T L B T H -
25 7O A s I HERAR T #E AR 1 HOMO R4,
T AT A 45 EK B Y BE R AE L L 4h, PEDOT ¢
PSS RS Y Pk B AR fb A B DL R A ER BT R O6 2
BT AT ORI AR L . BT PE-
DOT : PSS &, me 4 48 5 8 7 124 012
od/m” i 5 52 B s Hodm K1 EQE 4 10.39 %6 5 41 X
TARBIRWFE N R RSEERINT 25.49% , & K
EQE /T 63.88% .

21 ZBRHBSHRERNE

BrAE DS A Ui, T A Ak 2% 5 YW B Sigma-
Aldrich 2 &, 31 H A Ay A VE b 2

B5 K 7 CsPbBr, 09K & 19 1 & B0 ok
PbBr, (10 mmol,3.655 g) ¥ fi# T & AR (15 mL)
K B % N A CsBr K B W (T BC E . 10
mmol,2.13 g CsBr % T 5 mL K& F7K) . A
W EUIVE . SR 5 4 DOTE o U8, JF FH JC K & Bk %
WU TEE 2,60 C T 12 h J5 45,

Pero-LEDs 11l £ . il #& 2§ S 4K W A I 2%
BF K PR SR B G K 2R 2 ik i ) SR AR
B4 (Indium Tin Oxide, ITO) 4 5 3% 38 3 47 18
U SRS A OTE TE K LB, A e R e
el R 45 AR T TTO 388 IR L SR 5 1
UV-0, 1EPEHL(Novascann, PSD) 3t — 25 3 ¥k 3%
BSFLJE 15 min, 7EARFRJS A9 TTO K L JE Uk
(4 000 r/min, 40 s) ffil & PEDOT : PSS (AI
4083) W i, SR J5 7E 2 A 150 C ik ab B 15
min(BB A FE 52 HIEW CsCl B R ek T
PEDOT : PSS W H) . iR KAk B 5E B, 77 4% 5
BHBERGE CEHEMERERHAN TEM
. 30 pL FCE AR ES BRI (0.3 mol /L CsBr ¢
P4 i CsPbBr; = 0.4 = 1, DMSO ¥ #) #% 1 500
r/min,60 s i€ fE PEDOT : PSS 2 |, & /5. #]
HEZSMER RGEHEMT 5.0X10 " Pa H55 540
T AR 45 JERE 7 200 nm (9 4,6-(3,5- 3Tk
WE A KL )-2- B BE W I (4, 6-Bis (3, 5-di (pyridin-3-yD)
phenyD)-2-methylpyrimidine, BSPYMPM) JZ.6 nm
() Cs, CO; JZH 120 nm i) Al |2,

22 RIE

fd JH Keithley 2400 A3 g0 58t 25 4 (14 H 8 25 -
F, R0 RTS8 B 2 3R (GPS-4P-SL) #5 it Y £F
HEHEAL R GE (QE-Pro, M 11627 1l s KOG MEBE (52
£ EQE. ML BUL GOtk R BB 5 %
Ah-FT UL 4 . PEDOT = PSS 5 114 AE & (5,8
% (Energy Dispersion Spectrum, EDS) 5 454k ¥
IS B 26 T JE Sl 1k JSM-7610F 37 & B 14 e 1
1’8 (Scanning Electron Microscope, SEM) #4173
fit . PEDOT = PSS i 2 ifi 9 HLKE B2 iy Ji 1 7 i
T %% ( Atomic Force Microscope, AFM) (Bruker
Multimode 8) #EATRAE, X 4L T HEi% (X-ray
Photoelectron Spectrum, XPS) £ %8 41 i 7 fE i
(Ultraviolet Photoelectron Spectroscopy, UPS)7E X
S HL T BE AL (Thermofisher ESCALAB Xi+)
g, X BT K ATH (X-ray Powder Diffraction,
XRD) &3 i H A B2 S 97 51 (Bruker AXS)
PG

3 4R5i#%

CsCI A8 A& (LB 24,3 mg/mL,6 mg/
mL.9 mg/mL) ) Pero-LEDs B PEGEI KA 1 T
IR AHRL ) — eSS HON AR 1P, B 1
1(h) 43 51 R AR SCAE 3% B LIS 1l 45 1Y Pero-LEDs
g R B S5 goR B H P E 1(b)
HELE R o R 43t CsCl B 4419 PEDOT ¢ PSS
W HOMO BB AR 4. & 1Co) R A7
ANTR] T B L B OGO B R B A L
B AR K G B R R AN S R B TR ARk
e e\ E AR EAE 4 V RN ALY
K. B 1(dD~1Ce) Bn AR CsCl B2 i
s ErERelE . | 1D J-V-L i LB A

F1 AECCIEBZRENRUHSHR
Tab.1 Device parameters with different CsCl doping

concentration

CsCl B+ & L ax/

(g ey (et EQEm/% ViV
0 98 816 6.34 2.40
3 124 012 10.39 2.40
6 118 993 7.50 2.40
9 73 835 2.21 2.60
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CsClJG . B 24 (3 mg/mL) AR 5K
B AL R A Tl 2. B 1B A 1) 4k
SEIG I A 0 H U R s e T R ) X — 4
REYB A CsCl BB BUE 23 S IE AROR s i 4%
1Y B A A2 4k . [FBF .3 mg/mL CsCl
5 6 mg/mL B & 09 8% 1 R I TR S B,
Hr 3 mg/mL BME S IAE] T 124 012 od/m* Y

e . RS RE 1Ce) R, Bk
CsCl(3 mg/mL) FE A R BH T 10.39 % 1 e =i
EQE. #Rifi.CsCl 8 A 4k ek 3 Z 5, 2 1F 19 5%
JEE 5 A R BT PR Y AL, B 1D A ]
— R 2 2 B EQE 2 A &L 4 A PG 4
RWIR T T 50 %0 MR 1B 2 B I SR T
KB BE S I B RR

(@ (¢)
~ 1.0 _23
3 —
g |—s5v
Cs,CO4/Al 3 03] —sv
B3PYMPM £ o] av
Perovskite 2 .l
PEDOT:PSS E
S 0.2
ITO g
z
0.0.
Glass 450 500 550 600
Wavelength/nm
@ ®
10¢ 6k 10
{—=——a—Control = [—=— Control
o | —e——o—3 mg/mL CsCl sk E [—=—3 mg/mL CsCl
g 5|6 mg/mL CsCl £ S 124——6 mg/mL CsCl 8
v 10°]————9 mg/mL Geetissd "y ——9 mg/mL CsCl
=l e
RS E 89 =6
3 10 3k 5 & 2
g 7z g S
g e M 67 4
£ 10] 23
=) “,’_r" 1k é 34 2
102 7- 0 6 0 t T T 04
0 2 4 6 8 0 2 4 6 8 01 23 456 7891011
Voltage/V Voltage/V EQE/%

Kl 1 Pero-LEDs (a) #F25H7R B K s (b)) BER /R B 5 (o) AN R HLE T 19 B 30 & 66 3E G KR #8446 4 V i
JET R ICHR ) ;CsCl ARIB 22 & 9 2818 (D J-V-L; (e) EQE-V; ()3 mg/mL CsCl # 4 PEDOT :

PSS Pero-LEDs ) EQE 4Eit H 7 .
Fig.1

(a) Schematic diagram of device structure; (b) Energy level schematic diagram; (c¢) Electrolumines-

cence (EL) spectra at different voltages of Pero-LEDs (the inset is the light-emitting photo of the
device at 4 V) ; (d)J-V-L; (e) EQE-V comparison diagram of the device doped with different CsCl; (f)
Statistic histograms of peak EQE of Pero-LLEDs with 3 mg/ml CsCl doped PEDOT : PSS.

BRI CsCLJE , #8 R0R 328 T 19 S5 R ]
RESE LA P ILMG O . — 288 A CsCLIB WL T #43
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(R RE T 5 AT 55 F 73 A B SF-75 31 T 1G5 —
B2 CsClLEAR T 2 UG )= 5 R OZ M & =
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AR DT 5 1R S B P RE R A8 Ak, Dy T
— B REEHBROYLE, B E KB CsCl
) PEDOT : PSS JZ UL L FE$B Z2 fi KB 2% 1) PE-
DOT : PSS JZ I W858k & 6 J2 i A8 ¢ 1 T i
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WM . X} Pero-LEDs [ fig J il (4 52 Wi , X} #5 4

HiJ5 PEDOT : PSS # B g A7 A Gk, &
BNT THB A CsCl 5, PEDOT = PSS i i %
FHEGE TR R A AL, W T Al B T AR (ITO/
B3PYMPM/Pero/B3PYMPM/Cs, CO,/AD 5 4§
25X g (ITO/PEDOT : PSS(W/O Doped)/
Pero/MoQ,/Aw) (H i W/O Dope 23 It FE T
fiTH PEDOT : PSS R H#B A5 KR MBI .
AR ME 2O PR . Eld J-V & BoR, i
(3 mg/mL)CsCl B4 RE M 7E 42 F+ PEDOT : PSS
YIS 23 A% B 0 1 TR N 55 B R T4 e 2 AL
B B L ) ST AR 5 R T B A R A AR 3 0 L 7S g
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A A S A A TV g, (bt

Fig.2 (a) J-V curves of the electron-only device

based on B3PYMPM, and hole-only devices

based on the PEDOT : PSS doped with dif-

ferent CsCl; (b) Light transmittance of the
PEDOT : PSS doped different CsCl.

(PRSI TR N E- S A L TSN L T <]
B R A EK A & AR KOG R —
FEESZHGE 2(b) B EA A LW
PEDOT : PSS # B /) v] W% 85 i 22, an 1 B 7
BA CsCl J5 . ¥ B9 35 1 2 78 4 Ik B 25 1 PR AR
A, SR TR B 43 v K BE R RT IOB X, $8 26
135 R SR B A — 3. ASCRAME
2R CUEBE R 521 nm 247 T AN 5% Wi 2% 1
Hotd, XPS M UPS Il T4 5 KB 4% PE-
DOT : PSS JEfY 5> MR g A8 4k, 45 R an &l 3 (a)
3 TR, XPSCE 3Ca) MR 45 R R T8
k5 Kk#:4¢ PEDOT : PSS MY S(2p) 141 , i
BRI A5 5 44 . i PSS & i IGO0 B
166~171 eV {55, L Kot PEDOT %& i i 4t

i () XPS %18, 5 (b)) UPS & &,

Fig.3 (a) XPS spectrogram, and (b) UPS spectro-
gram of the PEDOT : PSS films doped with/
without CsCl.

B 160~166 eV {545, X506 5% B n] B T i
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EDS i3, 4018 4 Ca) Fl 4 (b) i 7 5 Hoep, O AR
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fIK,3X BUR M2 9 mg/mL B AR f 2F 47 03 156
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HotRMES B E R RVIB M CsCL#FEAT
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FEURE B 23 52 e 55 K M RLAE 25 5 A% i )2 3% 1T T
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AT B R L B g R R, AFM T
fiE PEDOT : PSS 3 il 2% 1 i M #s 2. AFM Il
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CsCl# 2% it iy PEDOT : PSS ¥ IX AFM K
((OXRBL, (D3 mg/mL.(e)6 mg/mL, (19
mg/mL),

Fig.4 EDS images (a. b) of the doped sample with 9

mg/mL CsCl and AFM images of PEDOT :

[Fl# A& (LB 4,3 mg/mlL,6 mg/mlL, 9 mg/
mL) . BF & RS BE A YR 0.905.0.992,0.889 nm
PL & 0.969 nm; B 2% 5 PEDOT : PSS il 3 1
(RS BE PR T 1 nm, FHI4B 4% CsCl X% PEDOT :
PSS #1517 ) LR B LT AS P= 2R 5 i
X EAN R CsCl #2451 PEDOT : PSS
R b0 B R A MR AT T SEML XRD B0
i ( Absorption spectrum, Ab) LA K G & GG
jif (Photoluminescence spectra, PL) &ML, UL T
flis 4 CsCl )G . &/ ¥ W7 PEDOT : PSS #
[N RPN 7 A ¢ B S IS B S - o NI i
CsCl 4444 19 PEDOT : PSS W 5 | 1% 45 4k
SEM &, i & fir i . #8822 CsCl R, 45 Bk 3 5t 1
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XA RE R B 245 i PEDOT @ PSS 8 Jif 26 1H 77 7

e :

&5 IRBIAE CsCl 48444 1y PEDOT : PSS I
mg/mL,(e,f)6 mg/mlL.(g,h)9 mg/mL),

Fig.5 SEM images of perovskite films on PEDOT :
PSS films doped with different CsCl ((c¢) without PSS films doped with different CsCl ((a. b)
doped, ()3 mg/mL, ()6 mg/mL, (DY mg/ without doped, (¢, d) 3 mg/mlL, (e, ) 6 mg/
mL). mL., (g, h) 9 mg/mL)
@ —Control ® —— Control ) —— Control
(200)—3 mg/mL CsCl ——3 mg/mL CsCl —— 3 mg/mL CsCl|
—6 mg/mL CsCl ~ —— 6 mg/mL CsCl —~ —— 6 mg/mL CsCl|
- (100) (110) —9 mg/mL CsCl g —— 9 mg/mL CsCl 2 —— 9 mg/mL CsCl
« < 4
:>~. .‘.....J o Aandh, (203 é g
g 1 3 <
§ b, J PU VO G WY % 5
= 2
W O E 2
o
L] -
10 20 30 40 50 50 500 550 600 650 400 500 600 700 800
26/(°) Wavelength/nm Wavelength/nm

Bl 6 WEAEARRE CsClBZm i) PEDOT ¢ PSS #E L5485 1) () XRD i . (b)) PL {2k, (o) il 25 .

Fig.6
doped with different CsCI.

(a) XRD patterns, (b)PL curves, (c¢) absorption curves of perovskite {ilms on PEDOT : PSS films
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