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S1 Digital images of perovskite thin films
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Fig. S1 Photographs of as-deposited (a) FAPbI3 via dual-source co-evaporation, and (b) FACsPbI3 via triple-source co-evaporation




S2 TRPL analysis
The PL lifetime decay curves of perovskite films were fitted using bi-exponential function through Equation S1:
                    (S1)
The average PL lifetime (τavg) can be determined via Equation S2:
                         (S2)

Table S1 PL decay lifetime of FAPbI3 and FACsPbI3 based on bi-exponential decay fitting of TRPL spectra
	Samples
	A1
	τ1
(ns)
	A2
	τ2
(ns)
	τavg
(ns)

	FAPbI3
	0.41
	8.50
	0.10
	68.83
	48.55

	FACsPbI3
	1.90
	4.84
	0.18
	80.37
	51.02


S3 XPS analysis

[image: ]
Fig. S2	Overall XPS spectra of FAPbI3 and FACsPbI3 thin film
S4 UPS analysis

[image: ]
Fig. S3	UPS spectra of FAPbI3 and FACsPbI3 thin films
The valence band maximum (EVBM) of the perovskite films were calculated using Equation S3:
[bookmark: _Hlk192097409]EVBM = hν - (Ecut-off  - Eonset)                      (S3)
where hν is the ultraviolet radiation energy (21.22 eV). 
The Fermi levels of the perovskite films were calculated using Equation S4:
[bookmark: _Hlk192097512]EFermi =hv - Ecut-off                      (S4)
The conduction band minimum (ECBM) of the perovskite films were calculated using Equation S5:
[bookmark: _Hlk192097556]ECBM = EVBM - Eg                     (S5)
Table S2 Detailed band energy derived from UPS spectra for FAPbI3 and FACsPbI3 thin films
	Samples
	Ecut-off [eV]
	Eon-set
[eV]
	EVBM [eV]
	EFermi [eV]
	Eg 
[eV]
	ECBM [eV]

	FAPbI3
	17.11
	1.58
	-5.69
	-4.11
	1.60
	-4.09

	FACsPbI3
	17.06
	1.50
	-5.66
	-4.16
	1.54
	-4.12



[bookmark: _Hlk192756388]S5 Morphologies

[image: ]
[bookmark: _Hlk192862616]Fig. S4 FE-SEM images of (a) FAPbI3 and (b) FACsPbI3. The crystal size distribution of (c) FAPbI3, and (d) FACsPbI3 deposited on PEDOT:PSS/TFB hole transport layer
S6 FIB images
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Fig. S5 FIB images of the FAPbI3 and FACsPbI3 for the characterization of STEM
S7 Cross-sectional and EDS images
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Fig. S6 Cross-sectional image and EDS spectra of (a) FAPbI3-based, and (b) FACsPbI3-based PeLEDs
[bookmark: _Hlk192690681]S8 EQE and wavelength peak distribution

[bookmark: _GoBack][image: ]
Fig. S7 EQE values (black, upper data) and wavelength peaks (yellow, lower data) for (a) FAPbI3 via dual-source co-evaporation, and (b) FACsPbI3 via triple-source co-evaporation. EQE-current density from the fourth row (denoted as #16-20) for (c) FAPbI3-based and (d) FACsPbI3-based devices



S9 SCLC analysis
[image: ]
[bookmark: _Hlk182493558]Fig. S8 (a) Energy band diagram, and (b) current density-voltage curves for the hole-only devices based on FAPbI3 and FACsPbI3. (c) Energy band diagram, and (d) current density-voltage curves based on FAPbI3 and FACsPbI3
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Table S3 Performance of the state-of-the-art NIR-PeLEDs
	Deposition method of perovskite
	Perovskite 
	Device structure
	EL
(nm)
	EQE
 (%)
	Radiance
(W sr-1 m-2)
	Year
	Refs.

	Thermal evaporation 
	FACsPbI3
	ITO/PEDOT:PSS/ TFB/Pe/TPBi/LiF/Al
	770
	10.25
	2.64
	2024
	This work

	
	MAPbI3
	ITO/PEDOT:PSS/poly-TPD/Pe/PCBM/Ba/Ag
	765
	0.04
	0.084
	2014
	[S1]
	
	MAPbI3
	ITO/PEDOT:PSS/poly-TPD/Pe/PCBM/Ba/Ag
	765
	0.06
	N.A.
	2015
	[S2]

	
	MAPbI3
	ITO/MeO-TPD:F4TCNQ/MeO-TPD/Pe/Bphen/Bphen:Cs/Ag
	768
	0.35
	4.2
	2016
	[S3]

	
	MAPbI3
	ITO/ C60/Pe/ TaTm /Au
	760
	1.92
	4.1
	2018
	[S4]

	Solution-based process
	MAPbI3-xClx
	ITO/TiO2/Pe/F8/MoO3/Ag
	754
	0.76
	13.2
	2014
	[S5]
	
	FPMAI-MAPb0.6Sn0.4I3
	ITO/Poly-TPD/Pe/TPBi/LiF/Al
	917
	5.0
	2.7
	2018
	[S6]

	
	Cs0.17FA0.83PbI2.5Br0.5
	ITO/ZnO/PEIE/Pe/TFB/MoO3/Au
	800
	17.4
	965
	2020
	[S7]

	
	KI-MAPb0.8Sn0.2I3
	ITO/Poly-TPD/Pe/TPBi/LiF/Al
	868
	9.6
	0.025
	2022
	[S8]

	
	PEAI-FAPbI3 QDs
	ITO/PEDOT:PSS/VB-FNPD/Pe/CN-T2T/LiF/Al
	772
	15.4
	128.1
	2022
	[S9]

	
	SFB10-FAPbI3
	ITO/ZnO/PEIE/Pe/TFB/MoOx/Au
	803
	22.8
	278.9
	2022
	[S10]

	
	Yb3+ :CsPb(Cl1-xBrx)3 QDs
	ITO/PEDOT:PSS/Poly-TPD/PVK/Pe/TPBi/Liq/Al
	990
	7.7
	NA
	2023
	[S11]

	
	MSPE-FAPbI3
	ITO/ZnO/PEIE/Pe/Poly-TPD/MoOx/Au
	800
	23.8
	> 3200
	2023
	[S12]

	
	Yb3+:CsPb(Cl1−xBrx)3 QDs
	ITO/PEDOT:PSS/poly-TPD/PVK/Pe/PO-T2T/Liq/Al
	990
	8.5
	52.5
	2024
	[S13]

	
	CsSnI3
	ITO/PEDOT:PSS/Pe/TPBi/LiF/Al
	948
	2.63
	226
	2024
	[S14]
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(a) dual-source co-evaporation (b) triple-source co-evaporation
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(a) FAPbl;-based PeLED
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