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Fig. 1. (a) Crystal structure of cubic perovskite; (b) relationship between sizes of A cations and tolerance factor of perovskite !

15].
K

(c) the (100) oriented layered perovskite series, named as (RNHs)yA,, | B, X5, 1% (d) the (100) oriented layered perovskite series,

named as (NHg-R-NH3) A, B, X5, 7.
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Fig. 2. (a) Inverted architecture of a perovskite LED; (b) conventional architecture of a perovskite LED; (c) energy levels of differ-

ent layers in a perovskite LED and working mechanism of perovskite LEDs.
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Fig. 3. (a) Summary of chemical structure of small molecule and polymer additives apphed in perovskite; (b) schematic diagram of

two approaches to introducing organic additives into the perovskite layer.
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Fig. 4. (a) SEM images of perovskite films fabricated from MAPbBr; precursor solutions with different ratio of POEA and a schem-

atic diagram of structural change of perovskite from bulk to layered structure upon increasing POEA concentration #; (b) XRD

pattern of perovskite thin films fabricated from MAPbBr; precursor solutions with different ratio of POEA 3; (c) color coordinates
of the EL of perovskite LEDs and PL of perovskite films plotted in the CIE chromaticity diagram 3.
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Fig. 5. (a) PL spectra of CsPbClyBr,; thin films with different ratios of PEABr 2%; (b) EL spectra of CsPbCl,oBr,; thin films
with different ratios of PEABr ?%; (c) PL for an (n) = 3 perovskite at different timescales *%); (d) the carrier transfer process in (n) =
5 perovskite crystals (?; (e) carrier transfer process in multi-phase PEA,MA,, ;Pb,I5,., perovskite crystals % (f) UV-Vis absorp-
tion and PL spectra of the PA,(CsPbBr;), PbBr, film BY; (g) EL spectrum of PeLEDs fabricated with PA,(CsPbBrs), ;PbBr, film
and the photograph of a working device at 6 V BY; (h) schematic diagram of charge carrier cascade in PA,(CsPbBr;), PbBr,
MQWs B4 (i) flat-band energy level diagram of the PeLED with perovskite MQWs 24; (j) schematic diagram of cascade energy

transfer in perovskite multi quantum wells 24,
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Fig. 6. (a) Excitation-intensity-dependent PLQE of the NMA,FAPb,I; thin film ?4; (b) excitation-intensity-dependent PLQE of
NMA,FA, Pb ;.. thin films with different composition *%; (c) excitation-intensity-dependent PLQE of NMA,(FA,Cs,_,)Pb,l;
thin films with different composition *; (d) excitation-intensity-dependent PLQE of perovskite with three-dimensional and two-di-
mensional quantum wells %); (e) EQE versus current density curves of NMA,FA, Pb, ;.. thin films with different composition [*%;
(f) EQE versus current density curves of NMA,(FA,Cs, ,)Pb,l; thin films with different composition *; (g) excitation-intensity-de-
pendent PLQE of PBA,Cs,, Pb,l;,,; thin films *%; (h) EQE versus current density curves of PBA,Cs, ;Pb,l5,.; thin films .
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Fig. 7. (a) SEM images of MAPDbBr; films treated with different concentration of TPBi and grain size distribution graph of MAPb-
Br; films treated with TPBi or not “7; (b) top-view and cross-section SEM images of CsPbBr; perovskite films prepared with differ-
ent PEABr:CsPbBrg molar ratios ; (c) top-view SEM images of CsPbBry perovskite films prepared with different concentration of
lecithin additive®!; (d) two-dimensional grazing incidence XRD and SEM images of CsPbBr; + 40% PEABr with or without adding

crown additivel2,
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Fig. 8. (a) SEM images of MAPDI; films with different ratio of PVPI; (b) SEM images of MAPbI; films with different ratio of
PEOXAE (¢) EQE versus current density curves of MAPbI; films with different ratio of PEOXAF; (d) XRD patterns of
CsPbBrygly, films with 45% PEOXA annealed at different temperatures®); (e) TEM image of CsPbBrygl,, films with 45%
PEOXAY; (f) schematic diagram of polymer-induced in situ perovskite nanocrystal formation process!o'.
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Fig. 9. (a) STEM image of the fabricated devicel; (b) top-view SEM image of the perovskitel?”; (c) AFM height image of the per-
ovskitel?”; (d) schematic diagram of the enhanced light outcoupling efficiency originated by the submicrometre-scale structure of
perovskite?”; (e) dehydration reaction of 5SAVA on top of the ZnO-PEIE surfacel?”.
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Fig. 10. (a) Calculated formation energies and transition energy levels of various point defects in MAPbI; (™) (b) calculated carrier

density dependence of radiative efficiency for excitonic emission and bimolecular emission in MAPbBr; [™8; (c) structures of various

Lewis base passivating materials in perovskite.
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Fig. 11. (a) Confocal PL image of MAPbBry thin film without amine treatment [; (b) confocal PL image of MAPbBr; thin film
with EDA treatment [; (¢) PL decay curves for pure CsPbBr; and TBAB:CsPbBry films !; (d) temperature-dependent PL intens-
ities of pristine CsPbBr; and TBAB:CsPbBry films B!; (e) trap density versus energies for PeLEDs with and without BCP mo-
lecules 1¥2; (f) excitation-intensity-dependent PLQE of FA ,;Cs 53Pb(Is7Brg.13)5 thin films with different ratio of 5AVA B3; (g) trap
densities and PLQYs of CsPbClBr,; thin films with different ratios of PEABr *); (h) PL lifetime measurement of CsPbCly¢Br,
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Fig. 12. (a) Stability test for the NMA,FAPb,I; based LED under a constant current density of 10 mA-cm 24; (b) normalized EQE
for the NMA,CsPb,I;Cl based LED tested under a constant current density of 10 mA-cm 2l; (c) normalized EQE for the
NMA,FA( ¢3Csq07Pbyl; based LED tested under a constant current density of 10 mA-cm2%); (d) stability test for the
(BI1Z),FA, Pb,Brs, ; based LED under a constant current density of 5 mA-cm 2"; (e) EL spectra at different measuring time un-
der a constant current density of 1 mA-cm 2 for the FPMAI-MAPb, ¢Sng 413 based LED P!l; (f) normalized EL intensity of FPMAI-
MAPb ¢Sng 413 based LED under constant current densities of 0.5, 1, and 5 mA-cm 2°!; (g) stability test for the PEAI-CsSnl; based
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Fig. 13. (a) Stability test of the PeLEDs based on pristine CsPbBrj, CsPbBrs-PEO, and CsPbBr3-PEO-CF films at ambient condi-
tions [1%; (b) stability test of the PeLEDs based on pristine CsPbBrs and Tween 20:CsPbBry films [11; (¢) luminance of the device
after repetitive stretching cycles for strain of 0-40% [1%; (d) EL spectra of the CsPbBrgl,, LED with 45% PEOXA measuring at
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SPECIAL TOPIC—Perovskite optoelectronic devices and physics

Applications of organic additives in metal halide
perovskite light-emitting diodes”

Li Zhen-Chao  Chen Zi-Ming! Zou Guang-Rui-Xing
Yip Hin-Lap? Cao Yong

(State Key Laboratory of Luminescent Materials and Devices, School of Materials Science and Engineering,

South China University of Technology, Guangzhou 510640, China)
( Received 5 March 2019; revised manuscript received 1 April 2019 )

Abstract

In recent years, metal halide perovskites have received extensive attention due to their superior
optoelectronic properties and solution processability, which also become a research hotspot in the field of
optoelectronics. Among all the perovskite optoelectronics applications, perovskite light-emitting diode (LED)
becomes one of the important research topics because it is likely to be used in the next-generation display
technique. Based on the high photoluminescence quantum yield (PLQY), facilely tunable bandgaps, and sharp
emission of perovskite material, the external quantum efficiency of perovskite LED has increased from less than
1% to over 20% within only five years, showing the most rapid development speed in the LED field. During the
5-year exploration of perovskite LEDs, researchers have focused their efforts on how to realize the crystal-
growth control in the perovskite film formation process, enhance PLQY of the perovskite films, and improve the
performance of perovskite LEDs. Among all the approaches, the utilization of organic additives including small
molecules and polymers proves to be an effective strategy. Here, in this article, we review the recent advances in
metal halide perovskite LEDs based on the strategy of organic-additive treatment. We also analyze and discuss
the interaction between organic additive and perovskite crystal as well as its influence on the performance of
perovskite LED. In the end, we discuss the challenges remaining in perovskite LEDs and the prospects for
perovskite LEDs.

Keywords: metal halide perovskite, light-emitting diodes, small molecule additives, polymer additives
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