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Supplementary Fig. 1. Element distribution of the IPA stripped sample. EDS mapping 

of the element components stripped from the perovskite films by IPA solvent post-treatment. 

Scale bars: 5 μm. 
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Supplementary Fig. 2. Element distribution of the CF stripped sample. EDS mapping of 

the element components stripped from the perovskite films by CF solvent post-treatment. 

Scale bars: 5 μm. 



4 

Supplementary Fig. 3. EL spectral evolution with ETA ratios. Normalized EL 

spectra of PeLEDs based on HTL layers with different ETA doping ratios (0, 2, 4, 6, 8, 10 

vol. ‰). 
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Supplementary Fig. 4. EL characteristics of PeLEDs with different ETA doping ratios 

(0-10 vol.%).  a Dependence of the EQE versus current density. b Luminance-voltage (L-V) 

characteristics. c Current density-voltage (J-V) characteristics. 
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Supplementary Fig. 5. EL characteristics of pristine and solvent post-treated 

PeLEDs. a Normalized EL spectra. b J-V-L characteristic curves. c EQE curves based on 

pristine and different solvent post-processed devices. The distinct device J-V-L 

characteristics can be ascribed to the stripping effect of IPA and CF. Although CF can 

hardly dissolve perovskites, it can remove the excess PbBr2 particles due to 

mechanical solvent scour, thereby impacting the interfacial charge transport. 
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Supplementary Fig. 6. Solubility of ligands for post-treatment. Photographs of BABr 

(left) and p-F-PEABr (right) in CF (5 mg mL-1). 
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Supplementary Fig. 7. Halogen ratios in blue perovskite films. a, b XPS spectra of (a) 

Br 3d and (b) Cl 2p from the perovskite films with BACl/BABr solution post-

treatment. The inconsistency in the trend of peak intensities arises from variations in 

signal strength during testing. c Normalized Br/Cl ratios in the perovskite films with 

BACl/BABr solution post-treatment. The detailed process for calculating the 

absolute content of halogen atoms is provided in Supplementary Table 2. 
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Supplementary Fig. 8. Perovskite crystalline evolution by CF post-treatment. Regular 

XRD patterns of pristine and  CF post-treated perovskite films. 
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Supplementary Fig. 9. Crystalline information of perovskite films. GIWAXS patterns 

of the (a) pristine, (b) sky-, (c) pure-, and (d) deep-blue perovskite films.
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Supplementary Fig. 10. Influence of IPA post-treatment on exciton dynamics. 

Time-resolved PL spectra of pristine, pure IPA, and BABr incorporated IPA post-treated 

perovskite films. 
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Supplementary Fig. 11. Photoluminescence images of perovskite films. a Pristine 

film. b, c BACl-incorporated CF post-treated films at (b) room and (c) low temperature. d, e 

BACl-incorporated IPA post-treated films at (d) room and (e) low temperature. 
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Supplementary Fig. 12. The crystal structures corresponding to different states 

in theoretical simulations. (R1: reactants, CsPbBr3+Cl. R2: product, CsPbBr2Cl

+Br. Intermediate for SN1-like process: M1: surface defects of Br, CsPbBr2-defect

+Br+Cl. Intermediate for SN2-like process: M2: Cl adsorbed in crystal surface, 

CsPbBr3•••Cl; M3: Br adsorbed in crystal surface, CsPbBr2Cl•••Br; TS1: transition 

states, CsPbBr2•••Br•••Cl.) 
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Supplementary Fig. 13. PL spectra of pristine and BABr incorporated post-treatment 

perovskite films. RT represents the room temperature and HT represents the high temperature 

of substrate and solution at 60°C. 
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Supplementary Fig. 14. Theoretical modeling of the substitution of Br for Cl ions 

based on the SN2-like mechanism. a, b Theoretical model of the ion exchange pathway for 

(a) Br substitution of Cl and (b) Cl substitution of Br in perovskite lattices. c Relative 

energy landscapes of the system during the ion exchange process. The x axis indicates the steps 

of exchange of spatial positions of halide atoms.
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Supplementary Fig. 15. PLQYs of perovskite films. PLQYs of pristine perovskite film, 

and sky-, pure-, and deep-blue perovskite films by CF post-treatment. 
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Supplementary Fig. 16. Morphological characterization of perovskite films. a-d 

Top-view SEM images of (a) pristine, (b) sky-, (c) pure-, and (d) deep-blue 

perovskite films with CF-based post-treatment. Scale bars: 300 nm. 
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Supplementary Fig. 17. UPS measurements of perovskite films. a, c, e 

Secondary-electron cutoff regions in the UPS spectra of (a) sky-, (c) pure-, (e) and deep-

blue perovskite films. b, d, f Secondary-electron onset regions of (b) sky-, (d) pure-, (f) 

and deep-blue perovskite films. 
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Supplementary Fig. 18. Optical band gaps of target perovskite films. Tauc plot 

analysis for the absorption spectra of CF post-treated perovskite films. 
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Supplementary Fig. 19. UPS measurements of ETA-modified PEDOT:PSS films. a, c, e 

Secondary-electron cutoff regions in the UPS spectra of (a) ETA-0 (pristine 

PEDOT:PSS), (c) ETA-2, (e) and ETA-4 films. b, d, f Secondary-electron onset 

regions of (b) ETA-0 (PEDOT:PSS), (d) ETA-2, (f) and ETA-4 films. 
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Supplementary Fig. 20. UPS measurements of ETA-modified PEDOT:PSS films. a, c, e 

Secondary-electron cutoff regions in the UPS spectra of (a) ETA-6, (c) ETA-8, (e) and 

ETA-10 films. b, d, f Secondary-electron onset regions of (b) ETA-6, (d) ETA-8, (f) 

and ETA-10 films.
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Supplementary Fig. 21. Performance evaluation of target blue PeLEDs. EQE statistics 

of the state-of-the-art PeLEDs from deep- to sky-blue spectral range. 
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Supplementary Fig. 22. Horizontal transition dipole moments measurement of 

perovskite films. Angle-dependent PL measurements of (a) pristine (Θ: 86%), (b) sky-

blue (Θ: 83%), (c) pure-blue (Θ: 84%), and (d) deep-blue (Θ: 82%) perovskite film. The 

orientation of TDMs in the qusai-2D film is quantified as the ratio of horizontal TDMs, 

denoted by Θ. 
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Supplementary Fig. 23. EQE statistics of CF post-treated devices. Statistical 

charts of the peak EQEs of (a) sky-, (b) pure-, and (c) deep-blue devices with CF post-

treatment.
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Supplementary Fig. 24. Performance of IPA post-treated devices. a Normalized 

EL spectra. b J-V-L characteristic curves. c Dependence of the EQE versus current 

density. 
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Supplementary Fig. 25. Characterization of device stability. Operational lifetimes of 

the pristine and CF post-treated devices tested at a constant J of 1 mA cm-2. 
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Supplementary Fig. 26. EL spectral stability of  CF post-treated devices. EL spectra 

of the (a) sky-, (b) pure-, and (c) deep-blue devices with CF post-treatment under various 

driving voltages. 
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Supplementary Fig. 27. Performance of CF post-treated devices. a Dependence 

of the CIE coordinates versus voltage. b Dependence of the EQE versus voltage. c 

Dependence of the FWHM versus voltage. 
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Supplementary Fig. 28. Transient exciton dynamics in devices. Transient 

electroluminescence decay curves of the pristine and CF post-treated devices. 
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Supplementary Fig. 29. Performance of anti-solvent post-treated devices. a Normalized 

EL spectra. b Dependence of the EQE versus current density. c L-V characteristic 

curves. d J-V characteristic curves. e Operational lifetime curves. 
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Supplementary Fig. 30. EL spectral stability of anti-solvent post-treated devices. EL 

spectra with (a) CB, (b) Xyl, and (c) Tol post-treatment under various driving voltages. 
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Supplementary Fig. 31. Performance of EtOH post-treated devices. a Normalized 

EL spectra. b Dependence of the EQE versus current density. c L-V characteristic 

curves. d J-V characteristic curves. e Operational lifetime curves. 
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Supplementary Fig. 32. EL spectral stability of EtOH post-treated devices. EL 

spectra of the (a) sky-, (b) pure-, and (c) deep-blue devices with EtOH post-treatment under 

various driving voltages. 
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Supplementary Fig. 33. Performance of BuOH post-treated devices. a Normalized EL 

spectra. b Dependence of the EQE versus current density. c L-V characteristic curves. d J-

V characteristic curves. e Operational lifetime curves. 
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Supplementary Fig. 34. EL spectral stability of BuOH post-treated devices. EL spectra 

of the (a) sky-, (b) pure-, and (c) deep-blue devices with BuOH post-treatment under various 

driving voltages. 

400 450 500 550 600 650
0.00

0.03

0.06

0.09

400 450 500 550 600 650
0.00

0.02

0.04

400 450 500 550 600 650
0.00

0.02

0.04

E
L

 i
n

te
n

ti
s
it
y
 (

a
rb

. 
u

n
it
s
)

Wavelength (nm)

 3.6 V

 4.0 V

 4.4 V

 4.8 V

 5.2 V

 5.6 V

 6.0 V

 6.4 V

Sky-blue

a b c

E
L

 i
n

te
n

ti
s
it
y
 (

a
rb

. 
u

n
it
s
)

Wavelength (nm)

 3.6 V

 4.0 V

 4.4 V

 4.8 V

 5.2 V

 5.6 V

 6.0 V

 6.4 V

Pure-blue

E
L

 i
n

te
n

ti
s
it
y
 (

a
rb

. 
u

n
it
s
)

Wavelength (nm)

 3.8 V

 4.2 V

 4.6 V

 5.0 V

 5.4 V

 5.8 V

 6.2 V

 6.6 V

Deep-blue



36 

Supplementary Table 1. Time-resolved PL decay fittings for different perovskite 
films. 

Sample τ1 (ns) A1 A2 3τ  (ns) A3 

Pristine 0.82 4101.31 6.38 831.61 50.84 101.26 21.58 

Pure CF 1.01 5410.23 7.31 684.61 52.40 90.49 19.08 

Pure IPA 0.44 4532.60 3.14 809.55 25.94 76.96 9.27 

Sky-blue 2.38 3808.93 11.75 1034.60 77.94 143.64 31.99 

Pure-blue 2.20 3834.21 10.03 1136.54 67.89 152.45 27.68 

Deep-blue 2.20 3897.26 11.16 1113.01 73.42 143.04 29.48 

The sky-, pure-, and deep-blue samples in the table refer to the CF-based post-treated 

perovskite films. The time-resolved PL curves of control and target perovskite films 

were fitted using a three exponential decay function of I (t) = A1×exp[-t/τ1] + 

A2×exp[-t/τ2] + A3×exp[-t/τ3]. Here, A1, A2 and A3 are the decay amplitudes of the 

curve fitting. τ1, τ2 and τ3 correspond to the decay time constants. The average 

lifetime τavg was  calculated by the relation of τavg = (A1τ12 + A2τ22+ A3τ32) / ( A1τ1 + 

A2τ2+ A3τ3). 

τ2 (ns) τavg (ns) 
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Supplementary Table 2. Halogen ratios in the sky-, pure-, and deep-blue perovskite 

films obtained from the XPS measurements. 

Area (Br) n
Br

 Area (Cl) n
Cl

n
Br/Cl

 

Sky-blue 6432 2264 1483 649 0.77/0.23 

Pure-blue 4206 1481 1554 680 0.68/0.32 

Deep-blue 6108 2150 3894 1704 0.55/0.45 
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Supplementary Note 1.  Extraction of recombination rate constants 

The PLQY values of the pristine, sky, pure and deep blue perovskite films are 42.6%, 

72.8%, 56.1% and 48.0% respectively. The average life (τaverage) values of the pristine, 

sky, pure and deep blue perovskite films are 21.58 ns, 31.99 ns, 27.68 ns and 29.48 ns, 

respectively.  

The average life is determined by the radiative and non-radiative recombination 

rate constants (kr and knr): 

τaverage = (kr + knr)-1              (1) 

Substitute τaverage into the following formula, we can get the non-radiative 

recombination rate constants (kr): 

PLQY = kr / (kr + knr)             (2) 

Finally, the non-radiative recombination rate constants (knr) is obtained by 

substituting kr  into equation of τaverage = (kr + knr)-1. The unit of kr and knr is s-1. Two 

constants can be used to quantitatively characterize the inhibition of additive treatment 

on the non-radiative recombination process of perovskite films. 
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Supplementary Note 2. Extraction of exciton binding energy 

Perovskite materials generally undergo slight structural phase transition with 

decreasing temperature. However, this aspect does not affect the dielectric confinement 

problem. The exciton binding energy of the pristine and target perovskite has been 

extracted through the fitting procedure.  

The exciton binding energy was fitted by Equation as follows:  

(3) 

where I (T) is the temperature-dependent integrated PL intensity, T is the temperature, 

I0 is the integrated PL intensity extrapolated at 0 K, A is a constant, Eb is the exciton 

binding energy and kB is the Boltzmann constant. 
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