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Table S1. UCL decays at 654 nm for Cs2NaYxEr1-xF6 NCs and α-NaErF4 NCs with various doping concentrations of Er3+. The UCL lifetime of Cs2NaErF6 NCs was determined to be 54.59 μs, while the luminescence of α-NaErF4 NCs was completely quenched.
	
	25 mol%
	50 mol%
	75 mol%
	1.00 mol%

	Cs2NaYxEr1-xF6
	532.37 μs
	134.18 μs
	104.50 μs
	54.59 μs

	α-NaErF4
	3.27 μs
	1.94 μs
	1.33 μs
	-




[bookmark: _Hlk198903061][bookmark: _Hlk226554386]Table S2. Comparison of Cs2NaErF6 cell structure parameters and α-NaErF4 cell structure parameters. The minimum cation distance of Cs2NaErF6 is significantly larger than that of α-NaErF4.

	[bookmark: _Hlk226554338]
	Cs2NaErF6
	α-NaErF4

	Crystal system
	Cubic
	Cubic

	Space group
	Fm-3m
	Fm-3m

	Cell parameters
	a = b= c= 9.061Å
	a = b= c= 5.465 Å

	c/a
	1
	1

	Z
	4
	2

	Minimum cation distance (Er3+-Er3+)
	6.407 Å
	3.864 Å

	Cell volume
	743.92 [Å3]
	163.22 [Å3]





	[bookmark: _Hlk226639471]Cs2NaErF6:xTm3+
	Feeding ratio (mol%)
	ICP-AES result (mol%)

	
	Cs+ 
	Na+
	Er3+ 
	Tm3+ 
	Cs+
	Na+
	Er3+ 
	Tm3+

	x = 0
	1.00
	1.00
	1.00
	-
	0.97
	0.98
	0.98
	-

	x = 0.01
	1.00
	1.00
	0.99
	0.01
	0.98
	0.97
	0.97
	-

	x = 0.02
	1.00
	1.00
	0.98
	0.02
	0.97
	0.98
	0.96
	0.018

	x = 0.03
	1.00
	1.00
	0.97
	0.03
	0.98
	0.96
	0.97
	0.027


[bookmark: _Hlk226639973]Table S3. Elemental concentrations obtained from ICP-AES data for Cs2NaErF6:xTm3+ samples with different Tm3+ feed ratios. The feeding ratios of all elements were almost consistent with the ICP-AES results, indicating that Tm3+ occupies the surface Er3+ lattice site.



	Cs2NaErF6:Tm3+@xCaF2
	Feeding ratio
	ICP-AES result

	
	[Na+]/[RE3+] 
	Cs+ mol%
	Ca2+ mol%
	[Na+]/[RE3+] 
	Cs+ mol%
	Ca2+ mol%

	x = 0
	1.00
	1.00
	-
	0.97
	0.98
	-

	x = 0.5
	1.00
	1.00
	0.05
	0.96
	0.91
	0.04

	x = 0.10
	1.00
	1.00
	0.10
	0.97
	0.86
	0.07

	x = 0.20
	1.00
	1.00
	0.20
	0.95
	0.76
	0.16

	x = 0.40
	1.00
	1.00
	0.40
	0.98
	0.76
	0.37

	x = 0.60
	1.00
	1.00
	0.60
	0.96
	0.75
	0.58


Table S4. Elemental concentrations obtained from ICP-AES data for Cs2NaErF6:0.03Tm3+@CaF2 samples with different Ca(TFA)2 feed ratios. The feeding ratios of [Na+]/[RE3+] were almost consistent with the ICP-AES results, indicating that Ca2+ may occupy the surface Cs+ lattice site.


Table S5. Summary of the NIR performance of typical photodetectors in previous reports.
	Structure
	Response
wavelength (nm)
	Responsivity
(A/W)
	Detectivity*
(Jones)
	EQE 
	Refs.

	UCNPs/Graphene
	808
	4.0
	-
	-
	1

	NaYF4:Er/Si-PD
	1500
	-
	6.15×1012
	-
	2

	Cs2NaEr0.15Yb0.85Cl6/Si PDs
	1550
	~0.037
	~1.0×1010
	
	3

	UCNPs/MAPbI3
	980
	0.102
	1.8×109
	-
	4

	UCNPs/Graphene/GaAs
	980
	0.597
	1.1×1011
	-
	5

	Cu2SnS3 quantum dots
	1500
	0.93×10-4
	2.80×109
	0.075
	6

	Er-Y-Silicate/Perovskite
	1500
	1.20×10-4
	-
	-
	7

	D-Au@Ag NRs/UCNPs/MAPbI3
	1550
	0.32
	1.6×1010
	-
	8

	NaYF4:Er@NaYF4/Si PD
	1550
	0.22
	-
	17.6
	9

	MLA/Au NRs/UCNCs/MAPbI3
	808
	30.73
	5.36×1011
	47.26
	10

	
	980
	23.15
	3.45×1011
	29.35
	

	
	1540
	12.20
	1.91×1011
	9.84
	

	UCNPs/PDPP4T
	808
	0.56
	-
	86
	11

	
	975
	1.42
	-
	180
	

	
	1532
	0.02
	-
	2
	

	La2O2S:Er@La2O2S/MAPbI3
	1550
	0.023
	2.57×108
	-
	12

	QC-LC/FTO/SnO2/CsPbI3:Er-PbS QDs heterojunction/MoO3/Au
	1550
	-
	5.23×1011
	-
	13

	MAPbI3:Yb, Er/SC
	900-1600
	0.1-0.6
	0.6-0.11×1011
	-
	14

	Cs2NaEr0.2Yb0.8Cl6/MAPbI3
	1550
	0.11
	0.11×1010
	8.8
	15

	NaYS2:Er@MAPbI3
	808
	0.26
	4.6×1010
	39
	16

	
	980
	0.44
	5.6×1010
	55
	

	
	1550
	0.73
	8.4×1010
	59
	

	Cs2NaErF6:Tm@CaF2/MAPbI3
	808
	0.32
	3.48×1010
	0.49
	This work

	
	980
	0.40
	[bookmark: _Hlk226037995]5.62×1010
	0.50
	

	
	1532
	4.97
	[bookmark: _Hlk226038003][bookmark: _Hlk226037955]4.47×1011
	4.07
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Figure S1. Atomic force microscopy image of Cs2NaErF6 NCs, showing a thickness of ~4.8 nm.
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Figure S2. EDX spectrum of Cs2NaErF6 NCs, revealing a molar ratio of approximately 1:3 for Cs+/F- in the as-prepared NCs.
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Figure S3. XRD patterns of Cs2NaY1-xErxF6 NCs with different Er3+ concentrations, exhibiting intense diffraction peaks without any observable impurities. The diffraction peak (200) crystal plane of Cs2NaY1-xErxF6 NCs gradually decreased with increasing Y3+ content, which was attributed to lattice expansion caused by the larger radius of the doped Y3+ than that of Er3+.
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Figure S4. (a) XRD patterns of α-NaY1-xErxF4 NCs with different Er3+ concentrations, exhibiting intense diffraction peaks without any observable impurities. (b) UCL spectrum of α-NaY1-xErxF4 NCs under 1532 nm excitation. With the increase of Er3+ concentration, the UCL intensity decreased sharply under 1532 nm excitation, which was caused by severe concentration quenching.
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[bookmark: _Hlk226447156]Figure S5. Photographs demonstrating the UCL of Cs2NaY1-xErxF6 NCs upon excitation at 1532 nm (100 W/cm2). With 100% Er3+ doping concentration, green UCL was still visible to the naked eye.
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Figure S6. (a) Comparison of the integrated UCL intensity between Cs2NaY1-xErxF6 NCs and α-NaY1-xErxF4 NCs. (b) UCL decays of α-NaY1-xErxF4 NCs at different Er3+ concentrations under 1532 nm excitation (λem = 654 nm). The lifetime was shortened with increasing Er3+ concentration. For α-NaErF4 NCs, the UCL decays can not be detected due to concentration quenching.
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Figure S7. Schematic illustration of the structure of Cs2NaErF6 and α-NaErF4. The shortest distance between two adjacent Er3+ in the Cs2NaErF6 crystal (r = 6.407 Å) is much larger than that of the α-NaErF4 crystal (r = 3.864 Å), which may effectively inhibit the detrimental CR and concentration quenching between Er3+. 


[image: ]
Figure S8. (a) Schematic diagram of the crystal structure of Cs2NaErF6 NCs. (b) Schematic diagram of the crystal structure of α-NaErF4 NCs. (c) High-resolution TEM of Cs2NaErF6 NCs. (d) High-resolution TEM of α-NaErF4 NCs. 
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[bookmark: _Hlk234573291]Figure S9. Schematic of the self-sensitized UCL mechanism of Cs2NaErF6 NCs. Upon excitation at 1532 nm, the electrons of Er3+ can be first pumped to the 4I13/2 level via ground-state absorption or energy transfer from adjacent Er3+ ions. Subsequently, the electrons in the 4I13/2 level were pumped to the 4I9/2 level via excited-state absorption. Part of the electrons in the 4I9/2 level underwent radiative relaxation to the 4I11/2 level. Concurrently, the electrons in the 4I9/2 and 4I11/2 levels absorbed a third photon and populated the 2H11/2/4S3/2 and 4F9/2 levels, respectively, resulting in red and green UCL.

[image: ]

Figure S10. XRD patterns of Cs2NaErF6:xTm3+ NCs with different Tm3+ doping concentrations, exhibiting intense diffraction peaks without any observable impurities.


[image: ]
[bookmark: _Hlk235627521]Figure S11. UCL spectra of Cs2NaErF6:xTm3+ (λex = 1532 nm) NCs. As the Tm3+ concentration increased, the emissions from the 4H11/2/4S3/2 → 4I15/2 transition, the 4F9/2 → 4I15/2 transition, and the 4I11/2 → 4I15/2 transition continuously increased, while the emission from the 4I9/2 → 4I15/2 transition gradually decreased. Note that the emission at ~800 nm (from the 4I9/2 energy level) was stronger than that at ~545 nm (4S3/2) and ~660 nm (4F9/2) in the pristine Cs2NaErF6 NCs. However, after Tm3+ doping, it was discovered that the emission at ~800 nm gradually decreased with increasing Tm3+ doping concentration. The reason lies in the energy transfer from 4I9/2 level of Er3+ to 3H4 level of Tm3+, resulting in a decrease in emission intensity at 800 nm. This assignment is further supported by the lifetime data, where the 800 nm UCL lifetime decreased from 156 to 47 μs with increasing Tm3+ concentration.
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[bookmark: _Hlk226448085]Figure S12. UCL spectra of Cs2NaErF6:xTm3+ (λex = 1532 nm) NCs. The intensity from 4I9/2 → 4I15/2 decreased, while the intensity from 4I11/2 → 4I15/2 increased, indicating that Tm3+ doping altered the electronic populations of the 4I9/2 and 4I15/2 energy levels of Er3+. 
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[bookmark: _Hlk228958929]Figure S13. UCL spectra of the Cs2NaY1-XErXF6:0.03Tm3+ NCs (λex = 1532 nm). With the increased of Er3+ content, the UCL was enhanced, indicating that the energy transfer efficiency between Er3+ and Tm3+ was improved with increasing Er3+ content.


[image: ]
Figure S14. (a) UCL spectra of Cs2NaErF6:Tm3+ NCs and β-NaErF4:Tm3+ NCs upon excitation at 1532 nm. (b) UCL decays of Cs2NaErF6:Tm3+ NCs and β-NaErF4:Tm3+ NCs upon excitation at 1532 nm.
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Figure S15. Temperature-dependent UCL spectra of Cs2NaErF6:0.03Tm3+ NCs (λex = 1532 nm). The red UCL of Er3+ increased gradually with increasing temperature from 10 to 50 K and then decreased at higher temperatures.
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Figure S16. SAED of Cs2NaErF6:0.03Tm3+@CaF2 NCs. Characteristic rings from Cs2NaErF6:0.03Tm3+ and CaF2 can be identified in the SAED pattern.


[image: ]
Figure S17. Elemental mapping of Cs2NaErF6@CaF2 NCs. Er3+ was uniformly distributed within the lattice, and Ca2+ was uniformly distributed around the Er3+ ions.
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Figure S18. XRD patterns of Cs2NaErF6:0.03Tm3+@CaF2 NCs with different Ca(TFA)2 feeding. The Cs2NaErF6:0.03Tm3+ coexists with CaF2 when Ca(TFA)2 feeding was lower than 0.2 mmol, suggesting the formation of a CaF2 shell. When Ca(TFA)2 feeding exceeded 0.2 mmol, the CaF2 impurity phase was generated, resulting in the widening of the diffraction peaks.



[image: ]

Figure S19. TEM images of Cs2NaErF6:0.03Tm3+@CaF2 NCs with different Ca(TFA)2 feeding: (a) 0 mmol, (b) 0.05 mmol, (c) 0.10 mmol, (d) 0.20 mmol, (e) 0.40 mmol, and (f) 0.60 mmol. With increased Ca(TFA)2 feeding, CaF2 impurity phases were produced besides Cs2NaErF6:0.03Tm3+@CaF2 NCs.
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Figure S20. Schematic of photodetector fabrication, wherein spin-coating of MAPbI3 and Cs2NaErF6:0.03Tm3+@CaF2 NCs was carried out in sequence on a glass substrate.



[image: ]

Figure S21. Sectional view SEM images of (a) MAPbI3/glass and (c) Cs2NaErF6:0.03Tm3+@CaF2/MAPbI3/glass. The top-view SEM images of (b) MAPbI3/glass and (d) Cs2NaErF6:0.03Tm3+@CaF2/MAPbI3/glass. The MAPbI3 and Cs2NaErF6:0.03Tm3+@CaF2 NCs were evenly covered on the glass substrate.


[image: ]
Figure S22. (a-b) Photocurrent intensity of Cs2NaErF6:0.03Tm3+@CaF2/MAPbI3 PD before and after 1, 2, 3, and 4 h of continuous irradiation at 1532 nm. (c) Photocurrent intensity of Cs2NaErF6:0.03Tm3+@CaF2/MAPbI3 PD after one month in a desiccator.
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[bookmark: OLE_LINK4][bookmark: _Hlk221897912]Figure S23. Optical signal intensity received by NIR PDs at different distances after 1532-nm laser penetration through different media. After propagating through 20 cm of glass, water, and plastic, 1532-nm optical signals can be received by PDs with no discernible distortion, achieving relative signal intensities of 85%, 73%, and 56%, respectively.



[image: ]

Figure S24. Input and output signals of 1532 nm light at different frequencies in water medium. Pulse signal transmission was achieved by tuning the emission frequency of the 1532-nm laser. Using a pulse modulator, the 1532 nm light source was modulated into pulsed light signals at 5, 10, and 20 Hz, respectively. It proved that the received signals in the water medium remained stable under different modulation frequencies and faithfully matched the input signal, underscoring the outstanding dynamic response characteristics of the PDs.
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