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1. Figures

Figure S1. Schematic diagram for the synthesis of organic-inorganic hybrid red phosphor 

GA3AlF6:Mn4+ and digital photographs of the obtained powders under (a) the natural light and 

(b) the blue light irradiation, respectively.

Figure S2. XRD patterns of Eu3+-doped [C(NH2)3]3AlF6:4%Eu3+ (a) and 

[C(NH2)3]3GaF6:4%Eu3+ (b).
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Figure S3. XRD patterns of Cr3+-doped [C(NH2)3]3AlF6:8%Cr3+ (a), [C(NH2)3]3GaF6:8%Cr3+ 

(b), [C(NH2)3]2SiF6:8%Cr3+ (c), [C(NH2)3]2GeF6:8%Cr3+ (d), and [C(NH2)3]2TiF6:8%Cr3+ (e).
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Figure S4. (a) PLE and PL spectra, and (b) PL decay curve of Mn4+-doped 

[C(NH2)3]3GaF6:6%Mn4+; (c) PLE and PL spectra, and (d) PL decay curve of Mn4+-doped 

[C(NH2)3]2SiF6:6%Mn4+; (e) PLE and PL spectra, and (f) PL decay curve of Mn4+-doped 

[C(NH2)3]2GeF6:6%Mn4+; (g) PLE and PL spectra, and (h) PL decay curve of Mn4+-doped 

[C(NH2)3]2TiF6:6%Mn4+.
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Figure S5. (a) PLE and PL spectra, and (b) PL decay curve of Eu3+-doped 

[C(NH2)3]3AlF6:4%Eu3+; (c) PLE and PL spectra, and (d) PL decay curve of Eu3+-doped 

[C(NH2)3]3GaF6:4%Eu3+.
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Figure S6. (a) PLE and PL spectra, and (b) PL decay curve of Cr3+-doped 

[C(NH2)3]3AlF6:8%Cr3+; (c) PLE and PL spectra, and (d) PL decay curve of Cr3+-doped 

[C(NH2)3]3GaF6:8%Cr3+.
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Figure S7. (a) PLE and PL spectra, and (b) PL decay curve of Cr3+-doped 

[C(NH2)3]2SiF6:8%Cr3+; (c) PLE and PL spectra, and (d) PL decay curve of Cr3+-doped 

[C(NH2)3]2GeF6:8%Cr3+; (e) PLE and PL spectra, and (f) PL decay curve of Cr3+-doped 

[C(NH2)3]2TiF6:8%Cr3+.

Figure S8. SEM image and the corresponding EDS spectrum of GA3AlF6:Mn4+.
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Figure S9. Three possible Mn4+-doped structural models after structure optimization based on 

DFT: (a) Mn4+ substituting Al-site ( ), and simultaneously producing an adjacent  𝑀𝑛 ·
𝐴𝑙 𝑉 ′𝐺𝐴

defect; (b) Mn4+ substituting Al-site ( ) while a distant  defect was produced 𝑀𝑛 ·
𝐴𝑙 𝐹′𝑖

simultaneously; and (c) Mn4+ occupying Al-site ( ) with the appearance of a distant  𝑀𝑛 ·
𝐴𝑙 𝑉 ′𝐺𝐴 

at the mean time.
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Figure S10. PL spectra of GA3AlF6:2.43%Mn4+ and reference sample measured using an 

integrating sphere for QE.

Figure S11. The relative PL intensity changes of commercial KSF phosphor and 

GA3AlF6:Mn4+ hybrid phosphor immersed in water for 10 min.
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Figure S12. The luminous efficiency change curve of continuously lighting the pc-WLED 

device for 24 h.
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2. Tables

Table S1. Schemes of different molar ratios of Al(OH)C4H6O4 to K2MnF6 for the synthesis of 

organic-inorganic hybrid red phosphor GA3AlF6:Mn4+ and the actual doping amount of Mn4+ 

suggested by the ICP-OES results.

samples Al : Mn (Molar ratio) actual doping amount of Mn4+ (mol%)

1 100 : 1 0.68

2 100 : 3 1.66

3 100 : 6 2.43

4 100 : 9 4.53

5 100 : 12 6.65

6 100 : 15 7.41
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Table S2. Rietveld refinement parameters of X-ray diffraction profiles of GA3AlF6. The 

numbers in parentheses are the estimated standard deviations of the last significant figure.

Formula GA3AlF6

T/K 298

symmetry cubic

space group Pa-3

a, b, c/Å 13.9723(8)

α, β, γ/degree 90

Volume/Å3 2727.7912(7)

Z 8

2θ-interval/degree 5-90

Rwp 14.75

Rp 11.03

gof 2.88
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Table S3. Structural parameters of GA3AlF6 obtained from the Rietveld refinement of X-ray 

diffraction at room temperature. The numbers in parentheses are the estimated standard 

deviations of the last significant figure.

Atom Site x y z Occ. Biso (Å2)

Al1 4b 0 0.5 0 1.0000(0) 0.3145(0)

Al2 4a 0 0.5 0.5 1.0000(0) 0.3145(0)

F1 24d 0.0300(1) 0.6245(9) 0.0233(3) 1.0000(0) 0.1818(0)

F2 24d 0.0184(2) 0.6247(7) 0.4758(5) 1.0000(0) 0.1818(0)

C 24d 0.7740(2) 0.7653(3) 0.5157(8) 1.0000(0) 1.9987(0)

N1 24d 0.8656(7) 0.7508(7) 0.5135(7) 1.0000(0) 1.9990(0)

N2 24d 0.7175(2) 0.8366(7) 0.5474(0) 1.0000(0) 1.9990(0)

N3 24d 0.7195(2) 0.6683(2) 0.5294(3) 1.0000(0) 1.9990(0)

H1 24d 0.8930(0) 0.8020(0) 0.5310(0) 1.0000(0) 0.8548(0)

H2 24d 0.8920(0) 0.6930(0) 0.5180(0) 1.0000(0) 0.8548(0)

H3 24d 0.6610(0) 0.8350(0) 0.5420(0) 1.0000(0) 0.8548(0)

H4 24d 0.7500(0) 0.8790(0) 0.5460(0) 1.0000(0) 0.8548(0)

H5 24d 0.6690(0) 0.6680(0) 0.5160(0) 1.0000(0) 0.8548(0)

H6 24d 0.7680(0) 0.6230(0) 0.5060(0) 1.0000(0) 0.8548(0)
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Table S4. Photoelectric properties of pc-WLEDs and their color gamut in the CIE 1931 color 

space.

Phosphors

Green Red

CCT 

(K)
LE (lm/W)

Color 

gamut

(% NSTC)

Ref.

β-sialon:Eu2+ CaAlSiN3:Eu2+ 8620 38 (20 mA) 82.1 1

YAG:Ce3+ 8000 105 (60 mA) 67.9 2

YAG:Ce3+ 4950 59 (20 mA) 68.3 1

β-sialon:Eu2+ K2SiF6:Mn4+ 8611 94 (120 mA) 85.9 3

β-sialon:Eu2+ K2NbF7:Mn4+ 11338
94.68 (120 

mA)
86.7

4

CsPbBr3 QDs Na2WO2F4:Mn4+ 12123 — (120 mA) 107.1 5

β-sialon:Eu2+ Cs2SiF6:Mn4+ 6880 133 (20 mA) 84.7 6

β-sialon:Eu2+ K2NaScF6:Mn4+ 5986 67.65 (20 mA) 127.3 7

RbLi(Li3SiO4)2:Eu2+ K2SiF6:Mn4+ 6221 97.28 (20 mA) 107 8

Sr2SiO4:Eu2+ CaAlSiN3:Eu2+ 8330 103 (60 mA) 74.7 2

Sr2Ga2S4:Eu2+ CaAlSiN3:Eu2+ 8200 105 (60 mA) 86.4 2

Ba0.75Al11O17.25:Mn2

+
K2SiF6:Mn4+ 6645

— (20 mA)
107.3

9

MgAl2O4:Mn2+ K2SiF6:Mn4+ 10342 56.32 (20 mA) 116 10

β-sialon:Eu2+ Cs2MnF6:Si4+ 7856 26.00 (20 mA) 122.3 11

β-sialon:Eu2+ GA3AlF6:Mn4+ 6839 37.29 (20 mA) 108.3 This 

work
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