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Highly stable blue perovskite light-emitting
diodes induced by trifluoroacetate

YUAN Hao, KONG Ling-mei, WANG Lin", DOU Yong-jiang, LUO Yun, YANG Xu-yong~

(Key Laboratory of Advanced Display and System Applications of Ministry of Education ,
Shanghai University , Shanghai 200072, China)

Abstract: Recently, blue perovskite light emitting diodes (PelLEDs) is becoming a research hot spot.
However, the electroluminescence (EL) spectra of blue PelLEDs based on Cl/Br mixed perovskites
will be redshifted under bias, due to the ion migration of Cl and Br anions, which badly hinders the
commercialization of blue PeLLEDs. In this work, the cesium trifluoroacetate (CsTFA) is introduced
to the CsPbCIBr; perovskite precursor to enhance the nucleation density, leading to the formation of
small nanoparticle-based perovskite films and thus enhancing the film morphology. Most importantly,
the C=0 bonds in CsTFA can function effectively in passivating the defects at grain boundaries and
preventing the ion migration of halide anions, which largely stabilize the EL spectra. The EL spectra

can maintain even under high driven voltage. The maximum luminance and the external quantum
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efficiency (EQE) is enhanced by 31- and 8-fold compared with control devices, respectively.

Key words: blue perovskite film; light-emitting diodes; trifluoroacetate; stability
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45 a8 X ALY F5 8K (Metal halide perovskite,
MHP) B FHA B4 14 HL 24 FOG 2= M6k ) an 2%
DT e A RN R [ = | i R R
S TE 0 o HR P AT sl B A T 1 8 R 5 R
MoE TR A2 6. 2T e emeks
M) &6 % % (Perovskite light emitting diodes,
PelLEDs) J 45 £k #" 45 35 1) — > WF 58 #4 . 2015
4, Kumawat %8 A" B i T 3% T MAPH
(Br, , ClL,); (0% PeLEDs, H 2% B Fl 4 13k
FK(EQE)ZM A 2 ed » m *H10.0001% ., You %
A 5@ 3 £ PEA, (CsPbBr;), PbBr, 455k ™ 5 4K
R 5] A% R 1] B PH 25 5 2 % (Ethylammoni-
um, EA), 315 T K G T 488 nm, 5¢ B Al
EQE 7%~ 2 191 cd « m 2 Hl 12.1% 0 ¥ %
PeLEDs, #& i, o i 9 N £ % 4 & 3% Ot
PeLEDs Hillfi i) — Kk,

&8 ALY S R ) — Mtk 2@ U ABX
(A 72 — M 09 A HL sk 35 JC AL IH &+, 1 an
CH;NH, (MA'"),CH(NH,), " (FA")HIl Cs
s B AR M 4 JE BB . il an Pb*T R Sn®t
Gy XEKRE .8 CL Br MT ), H
Rl - #5% PeLEDs (1 52 81 £ 2230 if 3 FhEmg . 58
— MR &SR Sn®t U Bi*T .S A MM IHE T
B Pb* AR R AE L A B AR KOk & A
WAL S B K Y L AR 3 R A 4 K
W ALOEE L N 777 R (PLQY) A% H — 4 A
B 5 Bl A AN R PR 2 AR TR
Wit PeLEDs 1982 & P . 55 — Fh 5 g 2 3l i
LA B 14 8] B BH B, B a0 2R 2 i (PEAT )Y
AT M (PBATHOPT T e (BATHPY 2 i
(EATHMI 43 3D Z5 4 A5 65 o, (15 T AL
THI A 18 2 50 G ud /b T8 i — 2 (quasi-2D) 45 8k
W (M,A, B, Xy, o1 Horp My K 5% 8] Bg BH 25
T LB 2.6 eV (a=DHMEF] 2.7 eV (n=
3),2.9 eV (n=2),3.1 eV (n =D, &6 4i%
WE = &AW B R S B (& 6. AT 3D
WOLEEER T L quasi-2D B GEEER AT Y AR T 4

{E 2 A Bl 1] B BH 25 1 5 2 A5 BR80T J2 ] 119 i,
iR RE F1 98 55 . B quasi-2D F5 8k B IR A9 I
i (n<<3) A&, FE e FisfT Mg B, &%
Wi K n M (n > 3) 748 30 BRAR 28, g
B2 K ALH . X R RIS 4K A5 1 PeLEDs 3%
PR K EQE PL KB 98 19 L 3 & Ot (Elec-
troluminescent, EL) )G §§l7-10-21221 | Sargent 45
A5 3t 75 PEA,Cs, Pb, Bry, o 5 A -2 &
TR KA I n AT B, 2K 42 = 5 5% PeLEDs
MR E PR . S = Fh A m 2 A R 4R 3D R K R A
KB (ABCL, Br,, ) 1 Cl/Br 9 Lt i), 52 8L K
8.(490 nm) B TR € HE 2 KA (410 nm) B9 AT
R SR TR R B S Bk 7 IR VR T T
SR B TR I S BOM 4 B L A5 05 OGS Bk
KHHIEN B R, H 3D IR W E 5w
IS ) B s R AR R Bt 5 8 32 0 v i AR Mk SR A
FEL Ay 3D 6 PeLEDs, & SCHARE i 1
XPESERD™ T A 7 BB F 15 4% (B a0 ik 4 s B T
Rb" 48 # B A BH & 148 24 (B a0 7 A 4 ) 5
Y AR AT DA A B R A R
180 2 50% NSRRI S, [RIEE A {73 B
BHES 3 AT LA 21 B0 1k 55 Bk 0 i 530 Ak %) it g,
il o1 R B A MR L A B TR O R S
e e Pk .

A 1 7E W6 45 8k 5 CsPbCIBr, i 9K {4
5] A CsTFA, il %15 2 17 808 19 /1N G0k 85 5k -
T, CsTFA HAY AR S8 XU (C = O) 1] DL AT 2504l
Ak iy TRV ER A 3 THT 4 R B L 4 TR B3R R Ak
WS T IR A &5 T 6 PeLEDs 1956
R EME . PeLEDs M & NOLIETE 10 V & &
AR LR R R E . 5% PeLEDs £ 484 nm &
JEUE AL B B R SEJE N 3 594.28 cd » m 2, X I Y
K EQE 7 0.96% . # T Jo CsTFA &4 iy
A AR SE B R EQE A3l $2 T T 31 AR 8 f% .

21 MR E

=R OTRH (CsTFA) I il 48 % 10 g bl R 466
(Cs, CO; , Innochem, 4 90%) ¥ f# T 30 mL )
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FET KB IEE Cs,CO, T RFH 6
mL B =% Z B8 (HTFA, Innochem, #fiE 99.9%)
LT INE] Cs, CO; MKW FE 4 h 5 K%
WA i B TR AR, 60 °C T8 4 h, 15 5]
CsTFA W3R IRAFAET-EHE D .

R A I 3K A A R R A R =R S TR
(36.5 mg) JRILHT (PbBr, , Sigma, i 99. 99 %,
38.9 mg) . & L4 (PbCl,, Sigma, 4fiJ& 99.99%,
29.5 mg,) F 1k 46 (CsBr, Alfa Aesar, 4fi
99.99% ., 45.1 mg) ¥ fi# T 1.5 mL Y — I JE AR
(DMSO, Alfa Aesar, ZfiJE 99.9%) 1,60 °Chn#k
Bk 4 h AR EE R 0.2 mol/L Al SR A W, 1 %
Je BB LA

NiO, i SR WA ] 45 -4 0.062 2 g I TR
#0U K G (Nickel acetate tetrahydrate, Sigma, 4[i
B 99.998 %) ¥ T 5 mL Y & B (Ethyl acetate,
Innochem, 99.8%) 1, i J5 i A 15 pl & BE &
(Ethanolamine, Alfa Aesar, >>99%),f+#: 4 h &
SR IR AR R A DL .

+ TR L R BN (SDS) I WY il % 8 5 mg
+ B LA AR £ (SDS, Innochem, 4 99.9%)
BT 1 mL OB, HE 1 h B2, ok
JR AR RAE LA
22 H|HHE

e T BB R 15 Q « sq A EAL S (In-
dium tin oxide, TTO) 3 5§ 5 A A g % 1 FH A .
HEAT ST X HBEATVE k. e W A VeI
KB JC AR A X TTO B 38 Bl i A7 48 40, SR J5 ARk
FH 2585 7K TR TR R0 S P R 3 i 6 G P 3 15
min, FF AU 45 B AN R T AL HE 15 min, 3k
P TTO B B e A 38 0 (9 SR KR Fn 2l ki 8. 7
ITO BLRgHAM b, R IG5 NiO, =5 /X fg
B2 BEVRFEH A 8 000 r/min. JER AT A 40 s,
I R BT 300 CiR Kk 40 min, %% ek
SDS i R AF Sy 4T 8 i )2, e U % 3 4 000 1/
min, JEWR T[] Ry 40 s, Bl J5 PR AT RS & 1
UKL ER 5 min, HAE R H R B S A T
LA TR A KA T AR I Rk T A% S R
JRE i@ i e 3 4 000 r/min, FEWR I ]y 40 s, I
76 150 CiB K 2 min. 85 16 25 HEAE b fiC K
LT AER R 1, 3, 5- = (12 H-1H-2 JF pk m-
2-HO) R (TPBD T IEAJZ /R AE i 2 5 1k
(LiF) At 47 (AD .

23 X5 RAE

HH ¥ 7 B85 (Field emission-scanning e-
lectron microscopy, FE-SEM, #15- ;. JSM-7500F)
Bl A ) 3 9 A ) A AT PR . A AXS A H]
) D8 ADVANCE #i7 8 {8 A 3 X2 26
KIFH (X-ray powder diffraction, XRD) &%,
A 2 A LR % Keithley 2400 F St ik i 97 4% %2 -
HLH (J-VO i 2, 0306 T i 52 B2 1 2 LS110,
Konica Minolta, % i J¢ & i} J& Spectrascan
PR670, Photo Research, Escalab 250Xi 48 4h ¢
H, - BE T (R M 355 A1 ' L 7 BB 3% (Ultraviolet
photo emission spectroscopy, UPS). ffi H
FLS920 %51 1% A3 1 v 5 1) Y6 BU& ' (Photo-
luminescence, PL) i 17 3% % fir (Photolumi-
nescence lifetime, PL lifetime), # )% PelLEDs
7 i BRI 308 9 2 F 42 B2 (ADVANTECH)
i 610L CRYSCO.,

3 sR5®

31 S HEERR

CsTFA W51 A& M T 858k 3 A i 34 51 v
AECEE, M E 1) ME 1) SEM B iR,
XoF Eb A5 R R RS 1Y) R R SE A A AN B — , T
RN SR 2 AEE KRR LI . T X A
R AR 2 2 Y AR TR R R R S AR R Y
T L IE » 25 ORI L TN BB AE k06 2 b il AT A3 30
WAE A . CsSTFA Bl HT, S 304 8 £k # AR
A ARE A B 50 ROP p A ) — . X2l T
I CsTFA S 8085 K0 (9 A% 2% B2 T &, B Al
TR /N b R 2 ) B R 8 5 T R Y 3
A EEEAE T B ENRI. A AT
PeLLEDs 155 7RI F 78 & 2 3E 47 2000 4 5
BE VR EI SRR, K 10 &R ks
FEERW MY XRD K3 . CsTFA &40 (Y 55 8k 1™
HEIEAE 15,3711 3077 H 30 T WA~ B S () SRR AR 0%, 43
WXt W T 1E 28 A (Pnma) CsPbCIBr, A9 (101)
(202) FHTETS 55 LA R W AR HE , CsTFA
SIASE (121K X &l T CsTFA 215
SERERH SR UTE (101) F(202) & 1 7 1) A= K
Jf HLATT 59 0 0 o B2 B d 45t v, B CsTFA B %
PR TESERT SRR &S L A A TR TR R
TS A Ol 2 T e N R kL
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BT G W HES BT ML A9 SEM I&T; (b) CsTFA & Hi ) 45 Bk 67 i 5 1) SEM &5 (o) X b 4% Bk 7 34 B A
CsTFA &4 (19 85 B8 1 5 19 XRD &3 .
Fig.1 (a) SEM image of control perovskite film; (b) SEM image of CsTFA-treated perovskite film; (c¢)
XRD patterns of control and CsTFA-treated perovskite films.

AN XRD fi7 81 06 59 2 7 58 (Full width at BRGSO ORI K N 385 nm, WA 2
half maximum, FWHM) 28 5%, Ji B 2| A CsTFA (a) fit7 , XF LL 5 6 B T PL 3R BF 4 Ik, CsTFA
N T BEER T Ak R )L 5 SEM & R B Y il &0 ) PSR A IR ) PL SR 4R & T 2.64 £%, [H

BB 30— 34, B, PLQY WA 1.27 Yo 3 1 15.3% ., &l 2(b)
32 EHEMXFEMEMAREN JIT 7 J2 PRR S B BT S Y PL %) R il £k, 2 SR

& 2 Ca) oA Bl 38 JE IS I 0 5 K A R 1) AR BT HE S Bk Y PL A {UA 16.3 ns,

(a) — control ;: (b) __ control () control (d) Cs TFA-treated

"%‘ — Cs TFA-treated E, — Cs TFA-treated E :1(5)(;(03(: ’5: :Zgo(fc

< g1 < —I5C | —

g £| Z e —175°C

8 o 8 —200C | § —200°C

E 8 g E

= z = =

400 A 50 30 600 2 o005 200 400 W0 H0 S ek «0 a0 S ado
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Bl 2 X HESERDT R CsTFA &40 19 85 5k ™ M M) 2= R B R AE . () PL i (b) ZEeFHfm; (o A

() 3R IR T S BT B A PL OGS (D AEER KR E T CsTFA 846 09 45 5k 9 I A9 PL

e .
Fig.2 Optical properties of control and CsTFA-treated perovskite films.(a) PL spectra; (b) PL lifetime;
(c) PL spectra of control perovskite film annealed at different temperatures; (d) PL spectra of CsT-

FA-treated perovskite film annealed at different temperatures.

(a) Pbaf — Cs TFA-treated| (b) Br3d —Cs TFA-treated (c) Cl2p — Cs TFA-treated d)Fis —Cs TFA-treated
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\YJ
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!
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foa)

Pl 3 X FO S R WEAORT CsTEA 4 Y 45 2R 07 M /9 XPS &3, (a) Pb 4f; (b) Br 3d; (o) Cl 2p; (d)
F s

Fig.3 XPS spectra of control and CsTFA-treated perovskite films.(a) Pb 4f; (b) Br 3d; (c¢) Cl 2p; (d)
F 1s.
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5506} H A ER AT AR HE . Cs TFA 84 9 45 4k
TR 2O A B N, IK B T 28.5 ns. X
Ki5e tHaiE M T CsTFA A &5 4l 4k 1 45 4k
3 R T A7 A 1 R B S B IR 280 - E AR Tk
AR R A ILE,

R Ak 7 R B ) AR R L BB A R AT R B
MR CHERZE . T 5T CsTFA X455k v
FRAZE PRS2 0 FR AT 43 T X 5 e 85 K 4 v A AR
75~200 CYEFEI AN 43 B K 2 min 5% PL #Y5%
FEAAL S R ANE 2(e) F1 2(d) fiiw . CsTFA &
T ) 5T R A S 1) R E ME R S AR T Y IR R T
i # 200 CJa, H PL % B 40 4 % 5t 5 B 1Y)
50.1 % TR [EI I 2% 4 T o X8 Fo 8 Bk A i A Y
PL 5i B 1 3R AR 200 4h & S 9 B Y 800, 1Al 3
SR H A AR A R CsTFA 16 1 A9 45 £k B 1 i
1 Pb.Br.Cl il F iy X T £ 06 L 7 BB 3 (X-ray
photoelectron spectroscopys, XPS), Xt H 854k
HOBE R Pbo4f J63E R A W, 4 F
138. 48 eV F1 143.38 eV, 435Xt i Pb 4f;,, 1 Pb
A, BES , 1E Br 3d 1 Cl 2p Jei i, Al DL WL 4E 5
Br 3d BY45 4 EIETE 68.53 eV (Br 3ds,) il 69.33
eV(Br 3ds.),Cl 2p M5 & HEIETE 198.08 eV (Cl
2ps2) F1 199.83 eV (Cl 2py,) . 85 7F B &,
CsTFA &4 o 19 85 £k 0 ¥ B 1 Pb 41, Br 3d #I
Cl 2p (WL 35 1) = 25 5 e 7 o) R A T % 8) , GiE W]
ARG IR PR R = T L A R TR TS R
I B SRR T FERL 3(d) L FLs B9 XPS &
WEUESE T CsTFA &M i 5 8k 0 B TFA™
1 FETE
3.3 PelEDs S48k

K 4(a) AWt PelLEDs B/ B &, #5314 45 1
J: ITO/NIO,-SDS/Perovskite/ TPBi/LiF/Al,
] 4(b) o 2% 14 /i A0 SEM. &, R 2] B AR
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Fig.4

ergy level structure.
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TPBi H, F1£ i )2 (35 nm) \LiF i 71 A2/ d %
B4 JZE (1 nm) MFIH ALIC100 nm) , & 4(c) Fy 48
PR R 45 A n B R, L BHAR ITO A LiF/Al
F I 4 2 R B (EL L NHO, 23 045 i 2 10 S 7 IS (8
(CBMD FL 4 4 THAH (VBM) LA K TPBi Y 5 ik &
A BB (LUMO) {H A B 2 5 B (HOMO) 3
Bk AR RN SEREIEDY . NIO, 54548k
W R OC)E T4 4 it NLO, 2% T 77 1 10 48025 it
BB AU R T 455607 SR Al 18 25 1 1l 5 K
3 JE 1 2 O 3 K R A AT R BT B 1 AR e
PRSI, NIO, FES Bk 2 2 6] BE B &
H0.5 eV, REH ™ B AN DLHEL, 3 8Es /O AR R F
M.l HEAT PL OGS R] LLIE B SDS 7] DL 2
FH NIO, % 45 K A B Y 9 1 28 K, an il 4 (dD
fii7s .51 SDS Z J& A5k H MY PL 5% B2 B
B, SR FHWOOETE A UPS SEiE Xt SDS & i i1
NiO, fE54k 8" % 56 )Z ) CBM #il VBM iff 17 i
FE, MR SR 1E 5 (a) ~ (o) fr s . IR G 3%
A1, SDS B4 (g NiO, fH7 B I AN 278 58 A1 8k
3.5 eV, H UPS L&A 1 NiO, 1 NiO,-SDS
W 2 KR BB o A T —4.23 eV Ml —4.43
eV, 38 oK BE 2 B0 A 9 B 43 0 R 1,07 eV AN
1.17 eV, LI AT AT LU H NiO, #1 NiO,-SDS
WA At 67 B 2 o — 5.3 eV Hl—5.6 eV, X
BT ENTMESH SEREAR A 3.5 eV, AT H#E I ) Sl
P —1.8 eV Hl—2.1 eV, FrLL7E NiO,
HESER Y KGR Z 5] A FHE B R SDS A Y
A RLBEAL NiO, 2 T Bk B, AT 3 i & ' 2 1 ¢
FEHE R [ I BEAIR T 28 B A #5042 (0.3 eV,
FF 25 R RBUE A BV KOG 2 .

——NiO,/Perovskite
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PL intensity/(a.u.)

400 450 500 550 600
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W IR s (b) #sfF SEM B & 5 (o) & REZ5 AT

(a) Schematic diagram of device structure; (b) SEM cross section of device; (¢) Diagram of device en-
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5 2 AERE RS ERE K OGIE BB R AR F UPS 6% . (a) NiO, BIAF B ; (b) NiO,-SDS BYAF B (o)
2% AL i 2 UPS J63% 5 (d) CsPbClBr, B B; (e) CsTFA : CsPbClBr, FIHFBL; () 54k % %

E i1y UPS G,
Fig.5

Band gap characterization and UPS spectra of the hole transport layer and perovskite light-emitting

layer. (a) Band gap of NiO, ; (b) Band gap of NiO,-SDS; (c¢) UPS spectra of hole transport layer;
(d) Band gap of CsPbCIBr;; (e) Band gap of CsTFA : CsPbCIBr,; (f) UPS spectra of perovskite

light-emitting layer.
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() H—ALJ5 i a8 R L BUR O FNE BOEBUR G0 (b) ERR B & R & @A B R ; (o) Wi % E-1l

(a) Normalized EL. and PL spectra; (b) Commission Internationale de 1’ Eclairage coordinates; (c)

Current density-voltage-luminance curve; (d) EQE-voltage curve.

K 5(d) ~ (f)4& CsPbCIBr, fil CsTFA :
CsPbClIBr, 5 £k §° & 6 J2 1Y 6 2% 45 B ) 3k Fn
UPS k45 . 751 A CsTFA Ja, 854k 8 /Y 45
BULF AKX £ TFA &0 FA5 k0~
FETE RN R AL JF A B BR TR S, A
UPS #4523 A1145 i CsPbCIBr, 1 CsTFA :
CsPbClIBr, £5k o 3 B (1 2% K 58 9 1 17 & 43 il
g —4.39 eV Fl—4.07 eV, 2% K RE 2% 2] 4 45 (19
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Tab.1 Summary of the state-of-the-art blue PelLEDs
10 g RREELEQRLELE e EWEMT i
(ed » m™?) % nm nm
CsPbBr; QDs 90 12.3 484 20 min 30 [51]
MAPbBBr, Cl, ., QDs 2 673/2 452 1.38/1.13 445/495 — 17/22 [52]
Mn-CsPbBr, Cl;., QDs 245 2.12 466 — 18 [53]
PEA;Cs, 1 Pb,Br;,+1 ¢+ GABA Quasi-2D 200 6.3 478 150 s 30 [23]
CsPbClyo Bry; ¢ PEABr ¢ NaBr ¢ PbBr, Quasi-2D 2 060 11.7 488 900 s 20 [54]
PEA, (Cs,. EA, PbBr; ), PbBr, Quasi-2D 2191 12.1 488 1h 25 [55]
CsPbBr; : PEACI ¢ YCl, Quasi-2D 5 183/9 040  4.8/11 477/487 120 min 40 [29]
Cs1o (MAy17 FAgg3) 100 PbCly 5 Bry 5 3D 3 567 1.7 475 10 min 28 [56]
Rby.17 Csg.g3 PbBry 2, Clo 7g 3D 9 243 1.66 484 15 min 18 [57]
CsTFA : CsPbCIBr, 3D 3 594.28 0.96 484 10.3 min 20 KT AE
CsTFA B4 9 45 Bk A 3 B PL 4 J5E O J5t i 56k [
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