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1) (Pm R%F YRS SEARS R, R 400715)
2) (fiFFHITYE2ARE, YR B ERBI RS N ARG 3, i 421002)
(2019 4£ 8 A 21 HUk#; 2019 4 11 A 19 HUkE & k)

G I8 b AP S BR AR R T B A S OB A m A BT SRS A R, AR
R G RE)T I M T A B AT L EUR O A (perovskite light-emitting diodes, PeLEDs). R BT T
AR 5T T i, AH 2 AR FNAEE Mk AR 8 B B AL i 20K, i 5 2k — 4w i T 42 & PeLEDs 5
MR E M, A SO I BEUR 1, 51T — i B T BOR AT S A% i BE 0 A L/ o TR RE 4,47 -
cyclohexylidenebis [N,N-bis (p-tolyl) aniline] (TAPC) YE NI FBHPY)Z, A% T R A %5 4 #1522 = i 2 o
Bl PeLEDs. BF 57 % W], PeLEDs &% F1 A7 i 13 2§12 & 1 #y AL £ 2P T W5 160 1) TAPC HAE 24 19 5
MRS FHUBRES, 5 PEDOT:PSS 1Y i i A 43 F BB REZUR CsPbBry I 3B L T Bir B BB 43 11,
AR T2 7 E AL K W TAPC BA 8w 19 55 AR &7 0 F BB BB, B8 A S50t BHL 1k i 1 Js 3] BH B
v, I BEAR LT HOKs v AT BRBIAE & OGJ2 N 2) TAPC Z Y51 AT LR 85k & 62 5550 IR 1 1Y 2 i
A KB Poly(3,4-ethylenedioxythiophene):poly(p-styrene sulfonate) (PEDOT:PSS) I H 4% % fish , 17 17 62 5% 45 £k
W A2 0 T 5 PEDOT: PSS 9 B #45 fil fir S BUM B VI, NITTE i3 17U 19 2O 3 i &2 4 %

REER: 2THLR RIS, B TR, 257, B, B2
PACS: 85.60.Jb, 81.10.Dn, 73.50.Gr, 73.90.+f DOI: 10.7498/aps.69.20191263

(perovskite light-emitting diodes, PeLEDs)0-13] 45

1 ?] BRI KPHREFE M (perovskite solar cells, PSCs)!1419]
ERERE Ot HS (perovskite lasers) 017 FEGERA™

PEAESR ) M RS B R i T A 5 A2 HLERMI#S (perovskite photodectors)!s:19 255 Hi 2%
PERE, FEAHE & LB AL & F % (photo- HEIFFE. T PeLEDs, 2014 4F, Tan 55 [0 27K
luminescence quantum yield, PLQY)!, H7 P nf il TSR TSR T = 4eaPL- Tl b
LR L 1V A= AN L C & Y QNS SN O G i Bk MAPbBrs 112 & )2 #4701 PeLEDs, HA}
FBE BL 73z v H TS B0 L BUR SE AR i TR (external quantum efficiency, EQE) 3F

i

*H RTTASE AE BRI H (eSS CYS19095) ., YR B AR M R4 NSRS TP i34 (S GD19K01), Hye
TS HEARBIRL 55 2 BI04 (HEMES: XDJIK2018C082), 5% M 254 ¥ B 1 R VUt KA B =5 000 2 (S M EIm
[2018]10006 5). PURE K 2% R2p A A1 H AL I 2R (HEAES: X201910635332), WIFG 4 HARBL ¥ 4E R4 (IL1ES: 2018])
3010) VT I 2 B B A SCHRFT TR B A A,
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WAL, HA 0.1%, (HiX A& PeLEDs & & 5 F i)
HREET L. NI, FEGH i 15 A IF 5 A0 Ak e
T —3KF PeLEDs W58 IR, R T e =
4k PeLEDs [ UL EMEREMES & MR, B2
FAT R FH I T 4 o TR (An SO R R« s )
BlnB2021 Seg TR 2223 fha TR (Anfk2Eit s
il L 3 4 ) 24260 Rl ok B R (B A TR R
F-GK S ARETFLE AR BN -40 K b AT 4L
AR)7:27:28] S5 MR B i B AR T 1 A A
BRBAAS EEAL . R P ECE PLQY &Y
BRI, 285 5 AERYAFSY, HATHET = 4E85Ekn™
R R EZ) PeLEDs 1 EQE Tl 20%10-20-31,
58K 3t e A 4% G5 i JCHL LEDs. 78K M7 1
PeLEDs 7£ fix KI5 T Rr£: T.4E 300 h J5 H gk
FEEHIMERENY 80% oA, AT Rk Ak iy 2k 52,
R L, ASE BT — R RO IR, 2R B — R
Ik — P HE 5 PeLEDs (AR 1.

B A AR K Fi ) PeLEDs, RAFH)
25 ARG i & Wb R AT A ). SRAT, 1A BT 4R
K HE PeLEDs JGHLPERER TR, KR40
FEHOKE poly (3, 4-ethylenedioxythiophene):poly(p-
styrene sulfonate) (PEDOT:PSS) FIfE %5 /i A
FA% % )22 ] % PeLEDs. {HJ2&, #iifit i PEDOT:
PSS FA & —F AR ) 25 7R AFIE SR, X &
FEAHALF = HEEERA: 1) PEDOT:PSS A% & &
SRR (pH~1—2)1 53505 H B 4 fil 1 45 K
WA ) KA ROV, 5 A5 ERE &R RHR Ak
2) PEDOT:PSS il AR i A 73 7 H1 18 (lowest

unoccupied molecular orbital, LUMO) g2 AKX

AEBRE %S, 78 PEDOT:PSS/CsPbBry FLifi 4k %5 %)
PR, BAERTEEK; 3) PEDOT:PSS B
HA T THLE (highest occupied molecular orbital,
HOMO, 8 4-5.20 eV) BEZ 5 CsPbBry A #i i
(valence band, VB) Til (-5.85 eV) Z [A] f£7E 3 K
25 A2 (0.65 eV), T3 7 URREA A
T AF| CsPbBrs ZOG)2H. BHEZATR T gL
E=T5 R, FECRM T LU =207 R
PEDOT:PSS #tA7{ifk. H—, 1§ PEDOT:
PSS WB k%l RFERas 7OEA RS, HREY) tetra
fluoroethylene-perfluoro-3, 6-dioxa-4-methyl-7-oct
ene-sulfonic acid copolymer (PFI)P* sodium-poly
(styrenesulfonate)(PSS)P, A5 #LiA 5 H i B9 8 A
PEDOT:PSS HE ISR G, il &, 1=

TOEAJR. 2, O TGRS AR R R 45 &, £
e R B A, [ P AR s T A& W T
#) ¥ K, 7E PEDOT:PSS/Perovskite 5 ifi Ak 51 A
— R R AT T R RS A o B 2,
WAL & OE)Z S5 PEDOT:PSS B 4%,
poly[(9, 9-bis(3'-(N, N-dimethylamino)propyl)-2,
7-fluorene)-alt-2, 7-(9,9-dioctylfluorene)] (PFN) 7,
poly9, 9-di-n-octylfluorenyl-2, 7-diyl (PFO)Bsl. H
=, J T HH PEDOT:PSS /R, Meng 25 39 F|
i MoO; % T2 /K Fi 5 PEDOT:PSS IR &, Hl
FHIR A (0 0 5 VBHE 1A% ] 2 v MBSy 23 o A i )22
Hi 1 PEDOT:PSS 19 /R ¥, R 15} $2 & PEDOT:
PSS T A%, BEAKAS SO A&, st T 855k
(48 TP T K. (B, SRFRAT AN, B %
AT BN 25 AR S R T LR 1 1 4
VE I T B2 5] A PeLEDs (S . X 2K K
BIRANUNF T2 AR R R R B 2, 91z
T B2 2P 2 A VLR A (organic
light-emitting diodes, OLEDs), i H. 68 & 75K
(0 R4 25 AL e 0 L AN S SRR A kL R 2R
SN REFR 5 | 7] i EAG A i LUMO AR Y
HOMO), {H2 XA HL/NTF25 7 AL i b R i
FEAER A DL (WG, HR) BLS A R AR,
RS IR B A il 2 BUHERS Y Lo 3D, T IR/ b
ATl % PeLEDs.

HJ T fit e PEDOT:PSS %5 7 £ #i )2 (hole
transporting layer, HTL) B fr a7 2 A9 b 34 [a] 78,
AT A VLN 28 7L Hi b R} 4, 4-cyclohexy
lidenebis[N, N-bis(p-tolyl) aniline] (TAPC) 5| A
#| PEDOT:PSS M5 EkH" &%) (CsPbBrs) Z [H]
YEBLFBHLEYZ (exciton blocking layer, EBL). iX
T EAMUT AR A e SR, A =
125 7GEE AR 102 cm? Vs 10 R 5 E5ERE bR
KA, B E, = 3.50 eV, [F] i EA % 5
LUMO (-2.00 eV) FEAKAY HOMO (-5.50 V)1,
W4 H 2, £ PEDOT:PSS/CsPbBr, % i i
A TAPC J2, AT DARRARZS O i A2, $im s
FAERTERE, [RIA #bR> T BT PEDOT:PSS
SR R R B MG A 7E PEDOT:PSS/
CsPbBrg FH /= A ¥T7K, i PeLEDs
M HBURCYERE. Sl s IR T asiE s (6
AEFRA (0.13, 0.80)), I RSEEEN 13198 cd/m?, fix
RELFACEN 6.84 cd/A, FRIMFTRERN 1.77%
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B BSR4 PeLEDs.

2 #hH&EFNE

B, ITO % IS (BRINAE m IR A R 2
A)) AR B K . BRI S 1 PE 15 min,
SRIGTAMET 46 120 C F T4, 20 min, F##175R
FARFE 5 min, DUE S ITO BTk k. 32 F %, il
#ARE)Z. Wk, 78 1TO 2/ Ljiglk PEDOT:
PSS (Heraeus Clevios PVP. A14083, 4500 #%, 40 s),
JFB K (120 °C, 20 min). HERRHG, BiFEm ALt
AR FERMN. K5 FHBECH 4H TAPC
VWL, VR TAPC =35 70Ut )2 (4000 %%, 60 s),
JE¥ LR A TAPC MRS & T T 480 e
(10! bar, 1 bar = 10° Pa) < 20 min, 5K
WA R e 4. HET ORI L6, FIHBCHILr#Y
FEERH RTIRAR (CsPbBry) ¥, 78 4000 %%, 60 s 1Y
FAF TR AN, B R T AR
i (10" bar) 1< 20 min, ff dimethysulfoxide
(DMSO, Aladdin) ¥#I 764345 % . Hh, TAPC &
W (M T FAA R T, 45 99%) 24 TAPC #4
FHEARRIWRE 2, 5, 8 mg/mL E il T4 (Alfa
Aesar, 2% 99%) H'. CsPbBr; ¥ W /2 H 1R L4+
(PbBry, P8 % SRR BHA R A A, 4ifE >
99.99%) FAkAs (CsBr, Alfa Aesar, 4% 99.999%)
FEER I 1:1.2 % T DMSO , I vk R
10 wt%. fJa, B il ABE S IR RS (kI
ST B HORIERT), TEH RES 1 x 10 Pa
T, Z8%% 1, 3, 5-tri[(3-pyridyl)-phen-3-yl]-benzene
(TmPyPB), 8-hydroxquinolinato lithium (Liq) #
aluminum (Al). ZESEE5 0, AL AL B =40
FH 5% 38 7 % FL AT 1] &) 35 2%€ . PeLEDs [ #5141 25
4 ITO/PEDOT:PSS/TAPC/CsPbBr;/TmPyPB
(65 nm)/Liq (2.5 nm)/Al (120 nm) AL BEGR &
] a2 A5 an [l 1(a) AT 1(b) Fros. SR Y
XF BE %% 1 45 ¥ 4 ITO/PEDOT:PSS/CsPbBrs/
TmPyPB (65 nm)/Liq (2.5 nm)/A1(120 nm). H:
1 PEDOT:PSS /£ 8 25 5CiE A 2 (hole injecting
layer, HIL), TAPC #l TmPyPB 43 3I/F8 HTL F
ML F 1% %l J2 (electron transporting layer, ETL),
CsPbBrs /E R & )2 (emitting layer, EML), ITO
1 Liq/Al 53 5IWER A (anode) FIBAMK (cathode).

CsPbBr £5 £k 7 T8 15 (1 8 71 W ic i ey B v

22 HM3 66 (Shimadzu UV-2600) 145, 9956
(photoluminescence, PL) 3% FlHT ] 73 B3 &
Y& (time-resolved photoluminescence, TRPL) Jt:
#2435 Horiba Jobin-Yvon LabRAM HRS800 Fl
HORIB-FM-2015 ZOL I RETHRAE . F58L0"
R 2R LR H JEOL 24 AJAE 771 JSM-7100F
B F B AEE (scanning electron microscope,
SEM) W%, $5ERH HBAS ekl X B2t AR AT
SHYL (PHRIEE, TD3500) 1358, FiRPraMHEL, #
FEAE A KA P AT. AT, O Tk
PR W RRCR AT R A v R A S Al A AR AR ]
AT SN S AR A T A T AT ]
VESE -

(a)

ITO glass
b 1t 290 —2.00
2.70
—3.00
o —3.35 Liq/Al
[al)
% <
~ B
& | —4.70
Q
l'fl ITO
—5.20
—5.5
—5.85
—6.70

K1 (a) PeLEDs WY& 45#4; (b) PeLEDs [ AEZ &1
Fig. 1. (a) Device structure of PeLEDs; (b) schematic en-
ergy level diagram of PeLEDs.

PeLEDs [ H -5 B - . (J-L-V) Rtk th £k
H Keithley 2400 H I F1 28 358 4 1F A9 #E D HEL AR Sk
(ALIT RGNS, ST-86LA) 41 LED ik £
4iill15. PeLEDs HJHLEUROL (electroluminescence,
EL) SGifH PR670 LI R EE. e ry o 14U
F EQE Wit EMRE EQE & X %) LED #F4F
P HE BT R Noporo( V) SHRNE AR HLATEL
w1 (V) /e WA, IR (1) 00 A3
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Nphoto(v)
I(V)/e
Hr (V) BREAHE T HR, Nopowo( V) 2R
RIHETEL, e = 1.6 x 1079 C. i H. Nyjoro (V)

ERENTES

Pe
Nopoto (V) = , 2
prato(V) Eayerage X 1.6 x 1071 )

EQE(V) = x 100%, (1)

et o, RARAR D,
TAL

e=—7F (3)
’ Km/V()\)d)\

Ho A RSSO MR ROLEM, L2
PR670 R MFEE, V() B3 KB, Km W
B, MRS Eyyerage BHHET EL 35 A
Bl g 1,

A
I R »

average / F(A)dA

Hrr F(X\) H1 PR670 SRR TR RER.

e PR 841 EQE By, T3
[ERIP iR S AR SN E AV PN {:RIE /N
F], ST-86 LA) 4. A T PRUEECHE i e 1, B
H PR670 X CHLIR L REE TR I B L #4757
1E 27 AR R A OGN B IE R B, SR JA 87 IE 5 1 5%
JE LACAZ (3) b AT A3 2IAHN Y EQE.

3 AR5
3.1 =R{FTEeRE

& 2 fin A PeLEDs HLECEEMERE, [FGH
Ui % - JE (current density-voltage, J-V). %%
-1, & (luminance-voltage, L-V) FlHL i 80K -HL
JE-SMEFREE (current efficiency-voltage-external
quantum efficiency, CE-V-EQE) LI EL J¢i¥%. U
Kl 2(a) fr7r, PeLEDs 7E 451~ HL R T A4 HL I 2% )
B TAPC ¥ N2 #iAE K. X% TAPC 4
JEI 5 IATT LUK R B 15 25 o i ARG B 3k
S TAPC 51 A, TERL T Btk i) HOMO BEZK
HEZ, ffi2s ol A $&2 ih ECE PEDOT:PSS/
CsPbBry FLHI Y 0.65 eV [Ek 7 TAPC/CsPbBry
FLHEH 0.35 eV. HE 2(b) & 2(c) Al%, g B
A TAPC i FBH4Z 1 PeLEDs B35 BE#S %A

b

S
=

e

TAPC BT BHES 2 1% s 4 52 B K, IF HL K
# TAPC W JE RN, PeLEDs B9 4% B St K5
/N, 2 TAPC ¥ A 5 mg/mL i, PeLEDs H
AR, HR KN 13198 cd/m?,
KEFBE N 6.84 cd/A, T RIIIME TR N
L.77%, 43 0l J&%f B gs 4/ 5.5, 3.8 Fl 3.8 1. 4
TAPC ¥ 0 3% 8 mg/mL i, 25 /CAYHEA
e I A B AS 2465, ()2 PeLEDs 525
ORI E WD a3 X FE R T
2 TAPC 0 315 5 mg/mL XMt FEHr, 259
PITE AR Z | (A58 & i 1 28 7R -1
e VA7, LA RAS A R A S B
&, R T TAPC o] DLtk — 45 B P37, Rt
# PEDOT:PSS #K, firLA PeLEDs [ EL 4HREA
Wi &5, 7E 5 mg/mL BRI R HERE. Y
TAPC ¥ i 5 mg/mL 3 i1 3 8 mg/mL i}, 25
TOE AR i, SR A USRS A
— BB R A S OR AE AR EAE L, 7 AR AR
B, REEHPER MR . B 2(d) BT
TAPC ¥ & & 5 mg/mL i} PeLEDs 7 A [a] 6 J&
T EL G, BEA R RGN, & AR
5. [ 2(d) RIS ERTESRSIH R 5 VB, AN
[l TAPC ¥ i ) PeLEDs 14 H—14k EL Jti%, A
AHIEE EL OGS AHE EL AO6IE (522 nm)
FIAH ] B 2B 18 98 (16 nm), X FE B TAPC 1951 A
ANEBBERRER R CEIt. % 1 845 T PeLEDs
PERE.

& 3 JpxtiEgE 1TO/PEDOT:PSS/CsPbBr,/
TmPyPB(65 nm)/Liq(2.5 nm)/Al(120 nm) (with-
out TAPC) FHERERILAEHF ITO/PEDOT:PSS/
TAPC (5 mg/mL)/CsPbBr;/TmPyPB (65 nm)/
Liq (2.5 nm)/Al (120 nm)(with TAPC) 1) % fir
El. 2R A e s IR T, 2RI 52 B
WIRSERE (Lo) IMBNWILRSERE—F (Lo/2) FrFs Y
BFE] (Tyo). FEASSZEG T, WIARSE R 1000 cd/m?.
MNIEL 3 AT LAY Wit i 2, L2514 (with TAPC)
A (10 ) 22X g (without TAPC) % i
(7's) B9 1.4 4%, NI PeLEDs By f52] 1 11 2 1Y
P, PeLEDs fuE A5 I8 S0 KE7E PEDOT:
PSS/CsPbBr; #ifi5| A TAPC J&, ##52 T CsPbBr;,
550 R M A9 PEDOT:PSS A9 B £ £ fil 1M 51 2 1)
XSGR B (K B, W/ T PEDOT:PSS X411
K.
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300 4 [
. (a) - 0 mg/mL v 104E 1)
= A 2 mg/mL /
Q -@— 5 mg/mL /V 9 108
<g 200F V- 8 mg/mL v j
~ ¥
z 3
% % 102k
E 100 ¢ g -®- 0 mg/mL
g 2 1otk - A~ 2 mg/mL
3 = u -@- 5 mg/mL
5 ol -¥- 8 mg/mL
H L L L L L 100 L L L L
2 3 4 5 6 7 3 4 5 6 7
Voltage/V Voltage/V
1.8
_ —8-0 mg/mL (c) (d) 1
<‘C 6 LA 2 mg/mL 2 == omgmL
=z 8- 5 mg/mL |50V E §$§§12i
S -¥-8 mg/mL = |l-a-s5V g 2 |+ 8mg/mL
B 112 S |-es6ov || FE
5 IS = 5 P
g oaf S S| wosveYEs
g =y
T M £ 5
2 5l 10.6 *2 Z 4
g e LLLY A 480 500 520 540
= #_l_ W W = Wavelength/nm
E| AW V-VV-y-V-v =
© vau
O v_ 1 1 1 1 0
3 4 5 6 7 400 500 600 700 800
Voltage/V Wavelength/nm

Kl 2 PeLEDs [ EL PERERAE  (a) MU EE-H K, (b) S2BE-HLE; (c) HIRAUR-H E-FM & F A% (d) PeLEDs (TAPC ¥ Hy
5 mg/mL) 75/ [ H R F 1Y BL 6%, MIRE AR TAPC ¥R 1) PeLEDs 7EHL Rl 5 V B )0 —1k EL 3%
Fig. 2. EL performance of PeLEDs: (a) Current density-voltage (J-V); (b) luminance-voltage (L-V); (c) current-efficiency-voltage-
external quantum efficiency (CE-V-EQF); (d) EL spectra of PeLEDs with 5 mg/mL TAPC at different applied voltages; the inset is
normalized EL spectra of PeLEDs with different concentrations of TAPC at the same applied voltage of 5 V.

F# 1 PeLEDs Mg
Table 1.  List of EL performance of PeLEDs.

ey TAPCJ¥ /mg-mL ! K Jedm? R HIRACE /cd- AT HhETFRCR /% AR (2, y)
A 0 2396 1.81 0.47 (0.13, 0.80)
B 2 6081 4.52 1.17 (0.13, 0.80)
C 5 13198 6.84 177 (0.13, 0.80)
D 8 3678 113 0.29 (0.13, 0.80)

. o ‘ 3.2 EHRFRIE
.*é 1.0 Initial luminance of 1000 cd/m?
: Kl 4 BHEH TAPC A5 TAPC A |
L ~O- Without TAPC FGEK ™ CsPbBrg P 4 I 57 AR (5
% oot R ORI T GE 43 A . TAPC #2195 AL
o T I 1 5 K S 1 JDRE RS (~120 nm) e
= YEA TAPC ALK [ (~200 nm) A9/ R
; 0.2¢ % Xk, 76 PEDOT:PSS fl CsPbBr, 2 [l
Z ol IR—J2 TAPC #ilof S e dhf 7 i Ot 2 4.
R T = = R g /N85 A L T LB S 4 O T, 0 N
Time/s T4 AR T HOME 3 7). [RIE, TAPC #2075
B3 PeLEDs (R & A BB IR R IF AR ph R 9 TG AR A K
Fig. 3. The EL stability of PeLEDs. ] FIE IR A K.
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Kl 4

Counts

Counts

40

(c)

P75 1TO/PEDOT: PSS/CsPbBr;

30
20

10

0

Grain size/nm

30

(d)

25 ITO/PEDOT: PSS/TAPC/CsPbBr;

15

10 + N

1

0 N h L 5NY
50 100 150 200 250 300 350

Grain size/nm

(a) ITO/PEDOT:PSS/CsPbBr;, #il (b) ITO/PEDOT:PSS/TAPC/CsPbBr, #: i f) SEM [; (c) ITO/PEDOT:PSS/CsPbBr;

1 (d) ITO/PEDOT:PSS/TAPC/CsPbBrs # i i) CsPbBry Uk R <+ 4543 1

Fig. 4. SEM images of (a) ITO/PEDOT:PSS/CsPbBr; and (b) ITO/PEDOT:PSS/TAPC/CsPbBrs; the size distribution of CsPb-
Brj grain on (¢) ITO/PEDOT:PSS/CsPbBr; and (d) ITO/PEDOT:PSS/TAPC/CsPbBrs;.

[ 5(a) 4 ITO/PEDOT:PSS/CsPbBr;, ITO/
PEDOT:PSS/TAPC/CsPbBry Bi/MEAR Y X Gk
it (X-ray diffractometer, XRD). M 5(a)
AILAE S|, A1 TAPC 21 CsPbBr; #iEH XRD
KR %A TAPC )2 1% CsPbBry # ) XRD
PRI L, 07 F 15.4°H9 (100) FHiF 31.9°f4 (200)
Firs TET PR YT ST 08 %) iR B2 IS A S () 2 B ARy 15 m [)
£ 21.1°4 XRD 3T — AN 1047 565 0, AH R 1)
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gk, KRJE TIEAE M &R 1, {H2 TAPC 1
FIAAFIT CsPbBry 4 iy, {87 H: i 4 A 4 B 1
B4

Kl 5(b) AAFATE L PEDOT:PSS/CsPbBry
il PEDOT:PSS/TAPC/CsPbBr 1 fI5 i1 45 4h 1k
I A% (UV-vis absorption spectroscopy, UVs).
H TAPC 2 _EHl 41 CsPbBry F5EKH 5 1M
Wl (~513.5 nm) BAETC TAPC 4 )2 F 1l # (1
CsPbBry S5k i A IS I (~514.5 nm) AL,
HELT 1 nm WEERS. [, MIE 5(c) FiRi) PL
WA LAE S, A TAPC )2 il 4/ CsPbBr; 45
R HERAY PL 0% (525 nm) BR7EE TAPC #f)Z I
il #& # CsPbBry £5EKA VB W (~527 nm)

ST, LT 2 nm (RS, 454 SEM FAFLE 5T
S, WL RL PL % B9 W5 % 2t T TAPC #2119
5SS IURL 9 RSN, B4R T TR
TR 1647, [ 5(d) 4511 T TRPL ik, %<k
I e FERCR AR MBI A S 8], A AR N
I=Bje 7 + Bye 7, Htf [EH—fL1Y PL 3
BE, 7 7y SEPIUEAR K SY, By Fll By 43 BN Y
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ANE Ty = — T 2R EB ] Hh G A
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(1) XL AR P AR AR, X AR S AL
TR AS AT B ARG, W RO AR R 2 G
KA (o) XN B SR8 XA S &
LN R OCER S B A WL i B A &S
(WL 2) AT, TAPC 95| Af#i75 CsPbBr, 3
W%t 7 (5.72 ns) MK FH iy 7 (212.65 ns)
WA 51 A TAPC 1 45 £k 9 T B5E 1 i & i 7y
(4.86 ns) A il 7, (210.45 ns) A H, #A A
TR R4 . IF H TAPC 85 Afdi 1545 5k 5 8 i
B B S 96 N FHF A (Tae = 57.64 18) LA
TAPC (7, = 47.44 ns) K. X J&H A TAPC
5 | AMEAFESER 0 OR8N, 5 M A AL, (il
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Fig. 5. Characteristics of CsPbBrj film on PEDOT:PSS and PEDOT:PSS/TAPC: (a) XRD; (b) absorption, and the inset is a large
image of normalized PL spectra from 500 to 518 nm; (¢) normalized PL spectra, and the inset is a large image of normalized PL

spectra from 520 to 535 nm; (d) TRPL decay curves.
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Table 2. List of TRPL parameters.
Films B, /% By/% 7/n8 Ty/ns Tave/ 1S
PEDOT:PSS/CsPbBry 79 21 4.86 210.45 47.44
PEDOT:PSS/TAPC/CsPbBr; 75 25 5.72 212.65 57.64

14y 3, e e e A (L] A i
W, 1 B, W/, By Hm, X ATREZ R CsPbBry
1 TAPC &SRS $Em TN E G, Bk T ik

PN, (EAHES BRI IR A S A A A I

3.3 H=jeEsft

WK 6 Frs i Jt TAPC i 2 f145 TAPC ¥
JZ R LA 7R (hole dominated devices, HDDs)
() FL i B - R (J-V) BT, g S A g3
ITO/PEDOT:PSS/CsPbBr,/TAPC (150 nm)/Al

(120 nm) (HDD-1) il ITO/PEDOT:PSS/TAPC
(5 mg/mL) /CsPbBr3/TAPC (150 nm)/Al (120 nm)
(HDD-2). 77 TAPC #fiJZ B 5.75 5 #F HDD-2 1
HL % R R — A UK s L AR L&A TAPC #fi
JZ) HDD-1 A HL 2 B R, X B TAPC 5 A
| PEDOT:PSS Hl CsPbBry Z Al 28 7L 2
FIBfRESRE B PeLEDs M2y HitERE. X F2IE T
TAPC ) HOMO BEZ bt PEDOT:PSS ) HOMO
REAI, 5 PEDOT:PSS 1 HOMO REZF1 CsPbBry
Hs Z TR BN BRI I REZCHES ], A2 78 A
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Fig. 6. Current density-voltage characteristics of hole-dom-

inated devices.
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Fig. 7. Exciton recombination interface effects: (a) PEDOT:
PSS/TAPC/CsPbBrjy; (b) PEDOT:PSS/CsPbBr;.
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Abstract

In recent years, metal halide perovskite materials, owing to their excellent photoelectric properties
including high photoluminescence quantum yield, high color purity, tunable band gap, etc., have been regarded
as new-generation lighting sources and are widely used to fabricate perovskite light-emitting diodes (PeLEDs).
Though great progresses have been made in recent years, neither the efficiency nor stability has not yet reached
the requirements of commercialization. Thus, further improvement is needed. In this work, a small organic
molecule material, namely 4,4'-cyclohexylidenebis[N,N-bis(p-tolyl)aniline] (TAPC) with a wide bandgap and a
good hole transport ability, is used as an exciton blocking layer by utilizing the spin-coating method to improve
the stability and efficiency of PeLEDs. Highly efficient and stable CsPbBry PeLEDs are finally realized. The
physical mechanism related to the improved electroluminescence performance is investigated thoroughly. Firstly,
the stepped energy level alignment is formed, since the highest occupied molecular orbital energy level (HOMO)
of TAPC is located between the HOMO of (3,4-ethylenedioxythiophene):poly(p-styrene sulfonate) (PEDOT:
PSS) and the valence band of CsPbBrs, which is beneficial to hole injection and transport. Meanwhile, the
lowest unoccupied molecular orbital level of TAPC is high enough to prevent electrons from leaking into the
anode effectively and confine electrons and excitons well in the emitting layer. Secondly, the introduction of the
TAPC layer can avoid the direct contact between the perovskite light emitting layer and the strong acidic layer
of PEDOT:PSS, thereby eliminating the related excitons quenching, which can further increase the radiative

recombination.

Keywords: all inorganic halide perovskite, electroluminescent diodes, hole transport, exciton quenching,

exciton blocking layer
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