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Fig. 1. (a) Various kinds of light out-coupling losses in LEDs; (b) optical path of light at the interface between medium and air

(vertical incidence, refringence, total reflection)!-20l,
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Fig. 2. Schematic diagram of the CsPbl; nanocrystal-based
LED with ITO and Ag bottom cathodes. Red arrows indic-
ate on which side the respective devices are transparent and
emit light!26],
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Fig. 3. PeLED with ITO and ultrathin Au electrode: (a) Energy band structure; (b) current efficiency-voltage curves*7.
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4 PeLED HL# N ZnO-Ag-ZnO 45#4:  (a) ZnO-Ag-ZnO S5 B JIKH N ZnO, a1 R Ag 2, TN ZnO 25 (b) k5
520 ITO M m-ZnO-Ag-ZnO B4 1 He- L i AR 18] (I P B8 178 5 V 25T e A 58 Sk )2
Fig. 4. PeLED with ZnO-Ag-ZnO electrode: (a) ZnO-Ag-ZnO structure: bottom wetting ZnO layer, middle patterned Ag layer and

top continuous ZnO layer; (b) current efficiency-voltage curves with ITO and ZnO-Ag-ZnO electrode (insets show the magnified

view of emission uniformity on 5 V)P

218501-4


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. 21 (2020)

218501

(a)

2.8 eV
3.57 eV LiF/Al
MAPDBr; TPBI
AnoHIL
5.86 eV
6.4 eV

B 5  BH#% A AnoHIL () PeLED #3414

(b)

EQE/%

10
—=— AnoHIL 21

| —*— AnoHIL 31

8 F —* AnoHIL 41
—¥— AnoHIL 81

I —<+ AnoHIL 161

| —— PEDOT: PSS

(High conductivity)

1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10
Voltage/V

(a) BELEEFHIHE S (b) PeLED 4y /K 7 o b A o P -5 Bk 7405 1 2 2

Fig. 5. PeLEDs with AnoHIL anode: (a) Energy band diagram; (b) voltage-EQE curves of PeLEDs fabricated on various anodes?.
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Fig. 6. Transmission electron microscope image of cross sec-
tion and schematic diagram of device structure for PeLED
with Ag nanorodsl?.
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Kl 7  FDTD L Au-Ag NP (¥ LT 43 Aii
Fig. 7. FDTD simulation of the electromagnetic field dis-
tributed around the Au-Ag NPB.
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Fig. 8. PeLED based on MAPbDI;: (a) Real image of grating
on PEDOT:PSS/ITO substrate; (b) the curves of current

density-radiance characteristics; (c) the curves of voltage-
EQEBS.
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Fig. 9. Device structure of PeLEDs with NHA| the molecu-
lar structure of organic transportin layers, and scanning

electron microscope images of the structurel™.
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Fig. 10. PeLED with AAM structure: (a) Device schematic; (b) electric field intensity of PeLED with ND, NW structure; (c) elec-

tric field intensity of PeLED with ND structurels.
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Fig. 11. Fabrication process of a CsPbBr; PeLED with the
imprinted nanostructurest?.
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Fig. 12. Device schematic with submicrometre structure.
Rays A, B and C, which represent light trapped in devices
with a continuous emitting layer, can be extracted by the
submicrometre structurel'!).
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F 1 PeLEDs Y2 B 78 ke

Table 1.  Research progress of PeLEDs light extraction.
& - JEHEIR A [ L AWE %
i BRLER i, CEpax/cd-Al EQE,./%  #KZEE/cdm K50 Sk
2017 4LG/Buf-HIL/MAPbBr,/TPBi/LiF /Al L% 18.0 3.8 13000 —  [25]
Ag/(Zn0O/PEI)/CsPbI;NC
2018 JTCTA/(MoO,/Au/MoOs) CER — 11.2 1106 —  [26]
2018 Au/HIL/MAPbBry/TPBi/LiF /AL HL % 3.3 — 11270 — 27
2019 m-ZAgZ/HAT-CN/TAPC/CsPbBry/TPBi/Liq/Al Hifk 7.21 — 4846 — 28]
2018 Glass/AnoHIL/MAPbBr;/TPBi/Li/AL FLAR 42 8.66 — —  [29]
Glass/Au/ZnO/MQW perovskite/ ZEN4
2020 TFB/MoOs/Au s - 202 - — Bl
Glass/ITO/PEDOT:PSS/(Agrods NPB)/ S — .
2017 CsPbBr, NC/TPBi/LiF /Al ot 1.42 0.43 8911 —  [33]
Au NPs/PVK:MAPhBry: TPBi/ s
2017 TPBi/Cs,CO4 /Al ot 7.64 1.83 16050 —  [34]
Glass/NHAs/ITO /Poly- e . ;
2019 TPD/MAPbL,/TPBi/LiF /Al T — 0.012 0.53 W-sr tm 2 —  [36]
Glass/Epoxy/AAM(TiO,)/ITO/PEDOT:PSS/ ., ,
2019 BA: CH, NH, PbBry/Fy/Ca/Ag pE)] — 17.5 48668 120s  [38]
Glass/ITO/Zn0O/PEDOT:PSS/ i N
2019 CsPbBry/TPBi/LiF /Al [zE] 88.7 28.2 25000 — 12
Glass/ITO/ZnO/ZnO-PEIE/ TR L
2018 FAPbL,/TFB/MoO, /Au P — 20.7 390 Wesr 1. m2 20h  [11]
Glass/ITO/ PEDOT:PSS/Perovskite/ TR ras
2020 B,PyMPM /LiF/Al # 17.6 79700 — 39
JERZRK. IE 13 /1A, #5808 B2 A 80 nm BRI PeLED #4.
DL b A E] 3540 nm B, EQE B9 ¥ g i
EQE, .« BEIAF] 17.6%. M TH5Ek0 A2 4T it 4 B B
==

HRARXT R, 2900 2.3, W/NSERD KOG R
RERRAC I e I 2 S5, $E Rl A AR, RN,
FRERT R OG)Z R, B 5 T I AR R,
TR AR, Ak, JEERE X RE AR R, 5 454k
W APR AR AR E. 18] 13(b) FIIE 13(c) 1, Bk
BLEK B AE LB ALY )5, EQE (HA B 3E
$ETE.

2020 4F 2 H, Lu 2 W Bf58 T PeLED g4
23 A i 2 VB o DG B U R 5 e . PEDOT:
PSS 75 /UG 2R AR, X SR AOt)=
(R4 S 52 A D B 2 e A AR, TS M 1
FEHEUSR. Z IR R /KR B il 2% 25 7 AL Hi
JZ PEDOT:PSS, fi/NEEH 6.9 nm. Y2/
et J2 EL A T s Y L S R A R 1 HOMO R4,
MITEAF T2 70EA, EQE,,.. 653 17.6%. H
IR A5 PeLED, S KM 120 cd/m?
3 250 cd/m?.

G RT 0, AR Sk & LR MR A, s
PHAE AL, REXTES R R T Bk, JT AT
AR BB R AR AR A, SEBLE RS

PeLED 75 5 LA “ A FEL A AR
2L FTH A B A DA Bl g e Y s 4
FEMRIAL. PRI, el i e ol SR BB S et B R
KOG A TERER OCHE . AR ST Aol 5% PeLED
JEHRBUSCR, B4 T RS B s A T
R | LR F L A T 2 2 TR IR 5 A
PhEN SR LA R A A B B A 6= T 55 A F
S5t 77 4 B PeLED SGERHUPERE, AHOCHIATSY
BRI 1 FTE). SRR, AR i
JER, WAH & PeLED FtEar e iR al figtt:;
(Rl 7 28 TR R A58 1A T e W H AR,
LA PeLED SEIIUICR. fEfR N5 AKIAF
B TRICHR AT SEBDCAE SR F P9 A AR A IR,
M I EQE. SR, 1207 1k RN 4%
PR EVERY M. F TGN S5 R 3G 5 e 0 4 B
PERESE— AR B TT ik, (B2 T 2 SR AR PR T
ZOTEER TV ARRE . DA ES R0 A2 I 3
S A EAi e, BEREARF RS E AR B T, [RII 25
PR ek SRR ) Ok B, (HRATZTT A5 2
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Abstract

Perovskite light emitting diodes (PeLEDs) have developed rapidly in recent years due to their advantages
of tenability of band gap and high color purity. At present, the external quantum efficiency of PeLED has rised
up to 20%. Like the scenario of organic light emitting diode, there exist various internal losses in PeLED with
low light extraction efficiency. It arises from the absorption of substrates, waveguide transmission and surface
plasmon resonance of metal electrode. To improve the luminescence performance of PeLED, a well-matched
optical admittance between the thin-films inside the devices is required. In this paper, the strategies of
enhancing the light extraction efficiency are adopted as the materials and structures in PeLED are concerned.
The applications of alternative electrode in PeLED are discussed, such as graphene, silver nanowires, metal
transparent electrode and some new-types of electrodes. In addition, the plasma effect is also introduced into
the PeLED to deflect the emitting light. What is more, the nano-structure grating is inserted into device to
reduce the optical losses due to the large refractive index difference between the interfaces in device. Therefore,

the external quantum efficiency of PeLED rises up to 28.2%, and the current efficiency can reach 838.7 cd/A.

Keywords: perovskite, light emitting diodes, light extraction, efficiency
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