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Supplementary Note 1 

The theoretical radiative emission efficiency in 3D perovskites can be given by the equation: 

η(n) =
𝑘ex+𝑘2n

𝑘ex+𝑘tr+𝑘2n+𝑘3n
2  (1) 

where n is the carrier density, kex is the first-order radiative exciton recombination constant, ktr is the 

monomolecular trap-assistant recombination constant, k2 is the bimolecular recombination constant, and k3 

is the three-body Auger recombination constant, respectively. The emission efficiency is strongly 

dependent on carrier density and influenced by the trade-off of first-order radiative exciton recombination, 

trap-assistant recombination, bimolecular recombination and Auger recombination. Both exciton 

recombination and trap-assisted nonradiative recombination possess monomolecular recombination feature, 

named as the first-order recombination (the first-order recombination constant: k1, containing both excitonic 

and trap-assisted process). Under low excitation intensity, emission efficiency depends on the competition 

between first-order exciton recombination and trap-assistant nonradiative recombination. Radiative 

bimolecular recombination gradually dominates over the monomolecular process with increased n. 

Furthermore, Auger recombination becomes very prominent and dominant at even higher carrier density.  

In 3D perovskites, the overall charge-carrier dynamics can be described by the following rate equation: 

dn

dt
= −𝑘1n − 𝑘2n

2 − 𝑘3n
3 (2) 

The k1 was experimentally determined from the TRPL kinetics under low pump fluences, where the first-

order recombination was dominant and the high-order recombination contribution was negligible. We 

employed numerical integration to further simulate the kinetics for each sample by setting k2 and k3 as free 

fitting parameters to constrain the fitting. By conducting transient absorption measurement with various 

pump fluences, the bleach kinetics under different pump fluences are analyzed using a global fitting 

procedure to simultaneously simulate the data. The results reveal that the bimolecular and trimolecular 

recombination constants are decreased. Especially, the trimolecular Auger recombination constants of FCT-

films are more than one-order-of magnitude lower than F-films, confirming that the Auger recombination 

rate has been notably suppressed. 

  



 

 

Supplementary Note 2 

We prepare a series of perovskite films with different surface coverage as a case study for further validating 

our findings. Specifically, formamidinium lead tri-iodide (FAPbI3) films prepared from the precursors with 

the molar ratio of formamidinium iodide (FAI): lead iodide (PbI2) =2.0:1, 2.4:1 and 2.8:1 in DMF were 

carefully studied, referred to as FAI-2.0, FAI-2.4. FAI-2.8 respectively unless otherwise stated. To exclude 

the influence of crystal defects and thus allow us to focus on the effects of morphology, a small amount of 

5-ammonium valeric acid iodide (5AVAI) is incorporated into the precursors for defect engineering. 

Supplementary Figure 12 displays the morphological characteristics of perovskite films recorded by 

scanning electron microscopy (SEM). With reducing FAI contents, we observe that the surface coverage is 

improved and the grain size is simultaneously decreased. Among others, the FAI-2.0 films show the best 

surface coverage, although the pin-holes are still visible. 

To establish the correlations between coverage and device performance, we proceed to fabricate the 

PeLEDs dependent on these 3D perovskite thin-film emitters. Among others, FAI-2.4 devices show the 

highest peak EQE of 21.3%, compared to 20.9% of FAI-2.0 and 18.1% of FAI-2.8 devices (Supplementary 

Figure 12 c and d). The best peak EQEs of FAI-2.4 can be assigned to the large grain size and the passivating 

ligands from excess FAI, while the decreased performance of FAI-2.8 is assigned to the reduced electronic 

properties of perovskite films from increased organic halides as the previous reports. Notably, despite 

slightly lower peak EQE values, the devices with the best surface coverage of perovskites (FAI-2.0 devices) 

shows the most efficient current injection and the best performance at the high current densities, thus 

resulting in the largest peak radiance (Supplementary Figure 12e). 

One of the major concerns regarding the above conclusion is that the excess insulating FAI in 

perovskite thin-films could inhibit the carrier injection and thus deteriorate to the device performance at 

high current densities. We thus further control the surface coverage of the samples with identical precursor 

stoichiometry (FAI-2.0) by using solvent annealing strategy, that is, with DMF vapour during thermal 

annealing. As expected, the films with solvent annealing treatment gives rise to lower surface coverage and 

thus worse device performance at high current densities (Supplementary Figure 13). Additionally, we 

believe that different grain sizes arise from different precursor stoichiometry and thin-film deposition 

technique are not the key factor determining device characteristics in terms of current injection and EQEs 

at high current densities, as a large grain size usually results in slower Auger recombination and better 

charge carrier mobility. Both are not in line with the device results in the current cases. As such, we 

conclude that discrepancies in surface coverage determines the different device characteristics. 

  



 

 

 

Supplementary Figure 1. Performance of FC-PeLEDs. a, EQE plotted against current density (EQE-

J) for FC-devices. b, Dependence of current density and radiance on the voltage (J/R-V) of FC-devices. 

Here, FC denotes CsI based devices. 

  



 

 

 

Supplementary Figure 2. Performance of PeLEDs. EQE plotted against voltage of F- and FCT-devices. 
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Supplementary Figure 3. Reliability of PeLEDs upon voltage scans. Normalized peak EQE as a 

function of cycle times of PeLEDs. 
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Supplementary Figure 4. Transient absorption (TA) spectra for perovskite films. a, F-films. b, FCT-

films. All the samples were excited with 3.10 eV photons. 

  



 

 

 

Supplementary Figure 5. Crystallization properties of Perovskite films. a, X-ray diffraction (XRD) 

patterns for F- and FCT-films. α and * denote the identified diffraction peaks corresponding to the α-FAPbI3 

and ITO. b-c, and grazing incidence wide angle X-ray scattering (GIWAXS) measurements for F- (b) and 

FCT-films (c). 

  



 

 

 

Supplementary Figure 6.  Recombination dynamics of perovskite films. The power-dependent time-

resolved spectra (a, b) and relevant PL intensity as a functional of decay time (c, d) for F- (a, c) and FCT-

films (b, d). TRPL measurements for glass/ITO/ZnO/PEIE/ perovskite samples under 400 nm pulsed laser 

excitation. 

  



 

 

  

Supplementary Figure 7. The photoluminescence characterizations of perovskite films. The 

photoluminescence quantum yields (PLQYs) of F- and FCT-films. 

  



 

 

 

Supplementary Figure 8. Carrier dynamics measurements of perovskite films. Carrier dynamics 

probed at band-edge for (a) F-films and (b) FCT-films. 

  



 

 

 

Supplementary Figure 9. Recombination rate measurements of perovskite films. Recombination 

rate over charge density of F-films (a) and FCT-films (b). The constant values were extracted from TA 

measurements for two different fluences with each symbol representing one measurement. The normalized 

TA kinetics were multiplied with the initial charge carrier density n0 (determined from fluence and 

absorption values), and taking the time derivative of this carrier density n(t). We observe different scaling 

of the recombination rate dn/dt with n indicating transitions between different recombination mechanisms. 

The solid lines are fitting curves. 

  



 

 

 

Supplementary Figure 10. Determining the evolution of energy levels of perovskites. a, UPS spectra 

of the F- and FCT- perovskite films (showing the secondary electron cut-off (Ecut-off) and the ionization 

edge. The binding energy is referenced with respect to the Fermi level of the system. He-Iα = 21.22 eV). b, 

The flat-band energy level diagram of the F- (left) and FCT-(right) device components. The energy levels 

of TFB and ZnO are from literatures.15 The energy levels of conduction bands of perovskites were 

determined by UPS and optical bandgap from UV-Vis absorption spectra in Supplementary Figure 17b.  



 

 

 

 

Supplementary Figure 11. The evidence for the electrical shunts under high excitation. Current 

density vs voltage curves of the FA-2.4 device and ITO/ZnO/PEIE/TFB/MoO3/Au device. 

  



 

 

 

Supplementary Figure 12. Correlation between surface coverage and device performance. a, SEM 

images of FAI-2.8, FAI-2.4, and FAI-2.0 perovskite films. The scale bar represents 1 μm. b, The schematic 

diagram of device coverage. c-e, Characteristics of PeLEDs with different FAI contents: EQE vs voltage 

curves (c), EQE vs current density curves (d), and current density/radiance vs voltage curves (e). 

  



 

 

 

Supplementary Figure 13. Understanding the role of perovskite film morphology on device 

performance. SEM images of FAI-2.0 perovskite films without (a) and with (b) solvent annealing. The 

scale bar represents 500 nm. c, The schematic diagram of device coverage. d, EQE vs current density curves 

of FAI-2.0 perovskite films without and with solvent annealing. e, Current density/radiance vs voltage 

curves of FAI-2.0 perovskite films without and with solvent annealing. 

  



 

 

 

Supplementary Figure 14. The evidence for TFA in perovskite films. ToF-SIMS measurements 

of F- and FCT-PeLEDs. 

  



 

 

   

Supplementary Figure 15. PL characteristics of the films. Integrated PL emission intensity as a 

function of temperature for F- and FCT-films.  
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Supplementary Figure 16. Electron localization function (ELF) and effective Bader charge. ELF (a) 

and effective Bader charge (b) for FAPbI3, FA1-xCsxPbI3, and FA1-xCsxPbI3 with TFA− adsorption, 

respectively. 

  



 

 

 

Supplementary Figure 17. Absorption measurements of perovskite films before annealing. UV-Vis 

absorption of the F- and FCT-perovskite precursor films before (a) and after (b) annealing. The absorption 

spectra show the incorporation of TFA− into perovskite precursors facilitated the perovskite formation 

before annealing. 

  



 

 

 

Supplementary Figure 18. The evidence for the interactions of TFA with perovskite 

precursors. ATR-FTIR spectroscopy of DMSO, FAI: PbI2: DMSO, and FAI: PbI2: CsTFA: DMSO. 𝜈: 

Stretching vibration. 𝜈𝑎𝑠: Antisymmetric stretching vibration. 

  



 

 

  

Supplementary Figure 19. Dynamic light scattering (DLS) measurements of precursor 

solution. Size distribution of control and target solutions by DLS. 
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Supplementary Figure 20. Understanding the effects of TFA on perovskite crystals. a, Lattice 

structure and the adsorption of the I− and TFA− from the perovskite. b, The adsorption energy of the I− and 

TFA− on the perovskite crystals. 

  



 

 

 

Supplementary Figure 21. The evidence for ion migration. ToF-SIMS of fresh device and aged 

device for F- (a) and FCT- (b) PeLEDs. 

  



 

 

Supplementary Table 1 A comparison of the key parameters with previously reported 

PeLEDs 

Time Emitter Peak  

positio

n (nm) 

Peak 

EQE 

(%) 

Peak 

radiance 

(W sr−1 

m−2) 

Operational 

current 

density 

(mA cm−2) 

T50 

stability 

(h) 

Ref. 

2018 PPBH 795 20.1 -- 0.1 46 1 

2018 FAPbI3 803 20.7 390 100 20 2 

2019 FAPbI3 802 14.2 241 100 23.7 3 

2019 Cs0.1FA0.9PbI3 780 19.6 301.8 20 7 4 

2019 FAPbI3 800 21.6 308 25 20 5 

2019 2D FAPbI3-DJ 785 5.2 88.5 25 100 6 

2020 FAPbI3 802 17.3 ~200 20 100 7 

2020 FA0.83Cs0.17PbI3 780 15.01 886.6 100 11.3 8 

2021 FAPbI3 802 18.6 334 20 682 9 

2021 FAPbI3 800 22.2 250 100 18.6 10 

2021 FA0.83Cs0.17PbI3 789 17.5 1,282.7 100 130 11 

2021 FAPbI3 800 22.8 -- 100 2.14 

(T70) 

12 

2022 FAPbI3 800 22.8 278.9 100 120.3 13 

2023 FAPbI3 800 23.8 666.3 100 32 14 

2023 FAPbI3 800 25.5 487 62.5 15 

(T75) 

15 

2024 FAPbI3 800 23.6 964 100 106.1 16 

2024 FA0.83Cs0.17PbI3 789 23.2 1593 100 227 17 

2024 FA0.88Cs0.12PbI3 786 21.4 2,409 100 142 
This 

work 

 

  



 

 

Supplementary Table 2 Recombination constants of perovskite thin films. The monomolecular (k1), 

bimolecular (k2), and trimolecular (k3) recombination constant and lifetimes (). 

  
k1 (s-1) k2 (cm3 s-1) k3 (cm6 s-1)  (ns) 

F-

films 

TRPL 3.571060.28106 3.8410-102.6910-11 3.5810-281.7110-29 818 

TA  3.1110-102.8410-11 2.9810-283.1310-29  

FCT-

films 

TRPL 1.301060.13106 3.1010-101.1010-11 1.1510-286.3910-30 1112 

TA  2.2810-102.7610-11 5.2810-294.3110-30  

The average values were derived from four measurements of different samples. 
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