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1. Characterizations

A Bruker SMART APEX IV 4K CCD diffractometer with Mo Ka radiation (4 =
0.71073 A) was used to collect the single-crystal X-ray diffraction (XRD) data at 296(2)
K, and the data were integrated through a SAINT program.! The structure was solved
with the direct methods and refined with the aid of SHELXTL package.? Powder XRD
data for phase purity analysis were collected at RT on a powder X-ray diffractometer
(PANalytical AERIS, Cu-Ka radiation). The step size of 26 was 0.011°, and the
counting time was 2s per step. X-ray photoelectron spectroscopy (XPS) spectra were
recorded by a Thermo Scientific ESCALAB 250Xi electron spectrometer. The
morphology and elemental compositions of the samples were detected using a scanning
electron microscope (SEM, NOVANANOSEM430) equipped with an attached energy-
dispersive X-ray spectrometer (EDS). Photoluminescence excitation (PLE), PL spectra,
decay curves, and quantum efficiency (QE) were measured at RT by an Edinburgh
fluorescence spectrometer (FLS1000), and a microsecond flash lamp or a 450 W xenon
lamp was used as the light source. QE test was performed by using a barium sulfate-
coated integrating sphere (150 mm in diameter) that was attached to FLS1000. The
temperature dependence PL properties were conducted by the same spectrophotometer
with the help of a coupled temperature-controlled cylinder (25-200 °C, TAP-02, Tianjin
Orient-KOJI Instrument, China) and a liquid-nitrogen cooling cryostat (77-300 K,
TC202, Tianjin Orient-KOJI Instrument, China). Compositional analyses of samples
were determined by using an ICP-OES (Agilent Varian 720). The photoelectric
properties of the as-fabricated white light-emitting diode (LED) were collected by an
ATA-1000 optoelectronic analyzer. The images and videos are recorded by a digital
camera (Canon EOS 80D, /4, 50 fps, ISO-400).

2. w-LED Fabrications for Projector

The w-LEDs were fabricated with blue InGaN chips, B-Sialon green phosphor, red-
emitting KSFM, RNAFM-P, RNAFM-C, and RNAFMM-C phosphors. Firstly, red
phosphor and commercial B-Sialon green phosphor were mixed thoroughly with

ultraviolet epoxy resin to form stable slurry, respectively. Then, the mixture was



adjusted to the appropriate ratio and evenly applied onto the LED chips. A new
modified projector was then assembled by using the w-LED (RNAFMM-C phosphor +
p-Sialon phosphor) instead of the original backlight source. The projected images are
recorded by a digital camera (Canon EOS 80D, f/4, 50 fps, ISO-400).

3. Computational Details

Simulations of geometric and electronic structures were performed using the DFT and
the generalized gradient approximation based Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional in the Mede A-VASP package.>* The Na (3s!), Al
(2s22p?), F (2s%2p°®), Rb (5s'), Mg (3s?), and Mn (3p®4s?3d°) were treated as valence
electrons, while projector augment wave (PAW) pseudopotential method was used to
describe their interactions with cores.> A default plane-wave cutoff energy was set to
be 400 eV. The requested k-spacing was < 0.3 per angstrom, which leadstoa 2 x 2 x 1
mesh centered on the gamma point. The conjugate gradient approximation was
employed, and the structures were relaxed. The formation energy (£, of different

doping conditions was calculated by equation S1.6

Ep= Ed—Ep—ZHi (S1)
where E; and E), are the total energy of the doped and perfect crystal, respectively.

1; 1s the is the chemical potential of atoms.

4. Equations

2Rb" + Na* + xAlF¢* + (1-x)MnFg> — Rb,NaAl,Mn,_Fg (S2)
5MnF¢> + 8H,0 — 3Mn2* + 2MnO,- + 14F- + 16HF (S3)
AMnO,~ + 4H* — 4MnO, + 30, + 2H,0 (S4)

2MnO,~ + 3Mn2* + 2H,0 — 5MnO, + 4H* (S5)

2Rb* + Na* + AlF¢* — Rb,NaAlF, (S6)

5. The Calculated Equations of EQE
The absorption efficiency (AE), internal quantum efficiency (IQE), and external

quantum efficiency (EQE) are calculated by following equations:
f/l[E(A)—R(A)]d/l

f AE(D)dA s7)
3

AE




f AP(D)dA

IQE =
i AE(D)dA (s8)

f AP(A)dA
EQE = IQE x AE =
i AE(A)dA ($9)

where E(A)/hv, R(2)/hv, and P(A)/hv are the number of photons in the excitation,

reflectance, and emission spectra of the luminescent materials, respectively.



Table S1. EQE of single crystals and powder.

Sample EQE of Powder (%) EQE of Crystal (%)
K,SiF¢:Mn* 67.50 78.20
Cs,SiFg:Mn** 37.90 63.20
Cs,GeFg:Mn** 37.70 66.90
Cs,TiFg:Mn** 32.20 52.80

Rb,SiFs:Mn*" 55.80 80.20




Table S2. Crystal data and structure refinement for Rb,NaAlF.

Empirical formula Rb,NaAlFg
Temperature 293(2) K
Crystal system, space group Cubic, Fm-3m
Unit cell dimensions (A) a=8.291(2)
b=8.291(2)
c=28.291(2)
Volume (A% 570.0(4)
Z, Calculated density (g/cm?) 4, 3.903
F(000) 608.0
Theta range for data collection(°) 4.257 —-24.491
Limiting indices -10<h<10,-10<k<10,-10</<10
Reflections collected / unique 1442 /55 [R(int) = 0.0473]
Goodness-of-fit on F? 0.978
Final R indices [F,> >20( F.2)]? R;=0.0313, wR,=0.0773
R indices (all data)? R;=0.00316, wR,=0.0778

Largest diff. peak and hole (e-A-) 1.64 and -0.51

AR, = 3||F| - |Fel[/S|F,| and wRs = [EW(F,2 — F.22/SwF,4]'2 for F,2 > 26(F.2).



Table S3. Atomic coordinates (x 10%), equivalent isotropic displacement parameters
(A2 x 103) and bond valence sum (BVS) calculations for Rb,NaAlF,. U(eq) is defined
as one third of the trace of the orthogonalized Uj; tensor.

Atoms X y z U(eq) BVS
Rb(1) 7500 2500 7500 14.8(9) 1.44
Al(2) 5000 0 5000 4.4(13) 2.92
Na(3) 5000 5000 5000 12.7(18) 1.01

F(4) 5000 2184(07) 5000 13.7(9) 1.13




Table S4. Selected bond lengths (A) and angles (°) for Rb,NaAlF.

Rb(1)-F(4) 2.9431(9) Al(2)-F(4)#12 1.811(6)
Rb(1)-F(4)#1 2.9431(9) Al(2)-F(4)#13 1.811(6)
Rb(1)-F(4)#2 2.9431(9) Al(2)-F(4)#14 1.811(6)
Rb(1)-F(4)#3 2.9431(9) AlQ2)-F(4)#10 1.811(6)
Rb(1)-F(4)#4 2.9431(9) AlQ2)-F(4)#1 1.811(6)
Rb(1)-F(4)#5 2.9431(9) AlQ2)-F(4)# 1.811(6)
Rb(1)-F(4)#6 2.9431(9) Na(3)-F(4)# 2.335(6)
Rb(1)-F(4)#7 2.9431(9) Na(3)-F(4)#15 2.335(6)
Rb(1)-F(4)#8 2.9431(9) Na(3)-F(4)#11 2.335(6)
Rb(1)-F(4)#9 2.9431(9) Na(3)-F(4)#2 2.335(6)
Rb(1)-F(4)#10 2.9431(9) Na(3)-F(4)#16 2.335(6)
Rb(1)-F(@)#11 2.9431(9) Na(3)-F(4)#17 2.335(6)
F(4)2-Rb(1)-F(4)#10 51.59(18) F(4)#1-Al(2)-F(4)#12 90
F(4)#9-Rb(1)-F(4)#5 68.24(17) F(4)#4-A1(2)-F(4) 90.000(1)
F(4)#6-Rb(1)-F(4)#8 119.739(11)  F(4)#16-Al(2)-F(4) 90
F(4)-Rb(1)-F(4)#9 119.738(11)  F(4)#1-Al(2)-F(4) 90.000(1)
F(4)#6-Rb(1)-F(4)#3 90.45(2) F(4)#16-Al(2)-F@)#12  90.000(1)
F(4)#9-Rb(1)-F(4)#2 90.453(19)  F(4)#16-Al(2)-F(4)#1 180
F(4)#6-Rb(1)-F(4)#2 119.739(11)  F(4)#16-Al2)-F(4)#15  90.000(1)
F(4)#5-Rb(1)-F(@)#11  119.739(11)  F(4)#1-Al(2)-F(4)#15 90
F(4)#7-Rb(1)-F(4)#11  51.59(18) F(4)#1-Al(2)-F(4)#4 90
F(4)#1-Rb(1)-F(4)#7 68.24(17) F(4)#15-Al(2)-F(4) 90
F(4)#4-Rb(1)-F(4)#7 119.739(11)  F(4)#15-Al2)-F(@)#12  90.000(1)
F(4)#9-Rb(1)-F(4)#10  119.739(11)  F(4)#12-Al(2)-F(4) 180
F(4)#5-Rb(1)-F@)#10  51.59(18) F(4)#4-Al(2)-F(4)#12 90
F(4)#5-Rb(1)-F(4)#7 90.45(2) F(4)#16-Al(2)-F(4)#4 90
F(4)#2-Rb(1)-F(4)#7 119.739(11)  F(4)-Rb(1)-F(4)#2 119.739(11)
F(4)#9-Rb(1)-F(4)#3 51.59(18) F(4)#7-Rb(1)-F(4)#8 169.8(2)
F(4)#11-Rb(1)-F@#3  68.24(17) F(4)-Rb(1)-F(4)#4 51.59(18)
F(4)#9-Rb(1)-F(4)#8 51.59(18) F(4)#4-Rb(1)-F(4)#2 68.24(17)
F(4)#1-Rb(1)-F(4)#6 119.739(11)  F(4)#4-Rb(1)-F(4)#3 90.45(2)
F(4)#10-Rb(1)-F(@)#3  169.8(2) F(4)#4-Rb(1)-F(4)#6 169.8(2)
F(4)-Rb(1)-F(4)#8 90.45(2) F(4)#4-Rb(1)-F(4)#3 68.24(17)
F(4)-Rb(1)-F(4)#11 68.24(17) F(4)-Na(3)-F(4)#3 90.000(1)
F(4)#1-Rb(1)-F(4)#11  90.453(19)  F(4)#21-Na(3)-F(4)#3  90.000(1)
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F(4)#4-Rb(1)-F(@)#11  119.739(11)  F(4)#11-Na(3)-F(@)#19  90.000(1)
F(4)#9-Rb(1)-F(@)#11  90.45(2) F(4)#21-Na(3)-F(4)#20  90.000(1)
F(4)#1-Rb(1)-F(4)#9 169.8(2) F(4)#3-Na(3)-F(4)#20 180
F(4)#6-Rb(1)-F@#11  51.59(18) F(4)#11-Na(3)-F(@)#3 90
F(4)#5-Rb(1)-F(4)#2 51.59(18) F(4)#3-Na(3)-F(4)#19  90.000(1)
F(4)#2-Rb(1)-F@)#11  169.8(2) F(4)#20-Na(3)-F(4)#19 90
F(A#S-Rb(1)-F(@#11  119.739(11)  F(4)-Na(3)-F(4)#11 90
F(4)-Rb(1)-F(4)#10 119.739(11)  F(4)#11-Na(3)-F(@)#21 180
F(4)#1-Rb(1)-F@)#10  68.24(17) F(4)-Na(3)-F(4)#19 180
F(4)#4-Rb(1)-F(4)#10  90.453(19)  F(4)-Na(3)-F(4)#20 90
F(4)#4-Rb(1)-F(4)#9 119.739(11)  F(4)#21-Na(3)-F(@)#19  90.000(1)
F(4)#1-Rb(1)-F(4)#4 51.59(18) F(4)#11-Na(3)-F(4)#20 90
F(4)#6-Rb(1)-F(A)#10  90.45(2) F(4)-Na(3)-F(4)#21 90.000(1)
F(4)#9-Rb(1)-F(4)#7 119.739(11)  F(4)#5-Rb(1)-F(4)#3 119.739(11)
F(4)#7-Rb(1)-F@#10  68.24(17) F(4)#7-Rb(1)-F(4)#3 119.739(11)
FA#S-Rb(1)-F(A#10  119.739(11)  F(4)#1-Rb(1)-F(4)#2 90.453(19)
F(4)#11-Rb(1)-F(4)#10  119.739(11)  F(4)#8-Rb(1)-F(4)#3 51.59(18)
F(4)-Rb(1)-F(4)#3 68.24(17) F(4)#2-Rb(1)-F(4)#3 68.24(17)
F(4)-Rb(1)-F(4)#6 119.738(11)  F(4)#1-Rb(1)-F(4)#3 119.739(11)

Symmetry transformations used to generate equivalent atoms:

#lxtl,y,z #2 -x+2, -y+1, -z+1 #3 x,y, z+1

#4 x+1/2, -y+1/2,z-1/2  #5x-1,y,z

#6X,y, z-1 #7 x-1/2, -y+1/2, z+1/2

#1 12+y,-12+z,+x; #2 1-y,1/2-2,3/2-x; #3 1-z,1-x,1-y; #4+z,-1/2+x,1/2+y;

#5 12+x,+y,1/2+z; #6 1/2+z,+x,1/2+y; #7 3/2-x,1/2-y,1-z; #8 1-x,1/2-y,3/2-z;

#9 12+y,+z,1/2+x; #103/2-z,1/2-x,1-y; #11 1-y,1-z,1-x; #12 1-x,-y,1-z;

#13 -1/2+x,-1/2+y,+z; #14 -1/2+x,+y,-1/2+z; #15 1-2,1/2-x,1/2-y; #16 1/2-y,1/2-z,1-x;
#17-1/2+x,1/2+y,+z; #183/2-x,1-y,3/2-z; #19 1-x,1-y,1-z;  #20+z,+x,ty;

#21 +y,+z,+x



Table S5. ICP Results for the Mn Concentration of the 2 mol%Mn*" RNAFM-P, the 2
mol%Mn*" RNAFM-C and 2 mol%Mn**, 10 mol%Mg>* co-doped RNAFMM-C.

Theoretical Mn** / Experimental Mn*" /
Sample
Mg2" (mol%) Mg?" (mol%)
2 mol%Mn* RNAFM-P 2/0 09/0
2 mol%Mn*" RNAFM-C 2/0 1.1/0
2 mol%Mn**, 10 mol%Mg>" co-
2/10 1.2/0.8

doped RNAFMM-C
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Table S6. The IQE, AE, and EQE of fluoride and oxyfluoride phosphors or non-

equivalently doped with Mn**.

Doping type Phosphor matrix IQE AE EQE | Reference
K;AlF, 88 57.5 50.6 7
Rb;AlF, 81.1 54 43.8 8
Cs;AlFg 48.2 / / 9
Nas;GaF 69 / / 10
Na;AlFg 69 / / 10
K;GaFg 46 / / 11
K,LiAlF, 87.5 / 15.7 12
K,NaAlFg 85 26 22.1 13
Rb,KAIF 25.6 / / 14
Cs,KAIF 50.6 / / 14
Cs,RbAIFg 33.8 / / 14
LiSrAlF 78 / / 15
K;NaGaFg 61.8 / / 16
Li;Na;GayFy, 81.2 15.4 12.5 17
Heterovalent LisNasAlLF, 28.7 47.1 13.5 17,18
K;ScF, 67.18 / / 19
K,;LiGaFg 20 / / 20
Cs,KScFg 58.8 / / 21
K,;NaScFg 70.3 18.2 12.8 22
Rb,NaScFg 54.98 18.88 10.38 23
Cs,NaScFg 51.99 20.81 10.82 23
KsInsFi4 25.53 / 24
Cs;NaAlFg 37.2 59 21.95 25
Cs,NaGaFg:Mn*, Li* 84.01 40 33.61 26
K,NaAlFg:Mn*", Mg?* 65.4 60.5 39.6 27
Rb,NaAlFg 59.2 28
K,Lip95Nag gsAlFg 8.5 / / 29
K,LipoNag AlFg 29.1 / / 29
K,LipgNag,AlFg 11.5 / / 29
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K,Lig7Nag3AlFg 8.9 / / 29
[C(NH,)s]5AIF, 278 | 231 6.4 30
K,NbF, 93.5 28.0 26.2 31
CsPF¢ 55.7 90.6 50.4 32
RbPF¢ / / 29.4 32
KPF¢ / / 18.3 32
Na,NbOF;5 67.6 254 17.17 33
K3HF,NbOF;5 73.28 49.68 36.4 34
Na,WO,F, 76.64 / / 35
K3TaO,F, 23.4 / / 36
BaNbF; 5(OH), 5 2 / / 37
Cs,NbOF;5 63.4 334 21.2 38
Cs;MoO,F, 77.31 / / 39
CsMoO,F; 54 / / 40
Cs3V,0,F, 14 / / 41
(NC4H,),WO,F, 94.4 65.0 61.3 42
(NC4H,2),M0O,F, 893 | 640 | 57.1 42
Rb,NaAlF4: Mn*", Mg>* | 77.14 66.0 50.91 | This work
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Table S7. Doping Models and Formation Energy (E)) of Mn*" Doped and Mn*", Mg?*
Co-Doped RNAF.

Model  Substitution ~ Vacancy  E,eV E,/eV EjeV

M1 Mny, -396.70678  -396.1 4.5827
M2 Mny, Vb -392.11616  -396.1 8.2386
M3 Mny, VNa -391.94377  -396.1 8.0476

M4 Mny + Mgy -392.31967 -396.1 6.7383
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Table S8. Performance of the red LEDs based on RNAFM-P, RNAFM-C and
RNAFMM-C at different forward currents, respectively.

Current (mA) Samples LE (Im/W) T(K)
20 RNAFM-P 92.42 7273
20 RNAFM-C 104.26 6408
20 RNAFMM-C 118.48 7122
40 RNAFM-P 91.52 7425
40 RNAFM-C 102.63 6615
40 RNAFMM-C 117.35 7196
60 RNAFM-P 89.38 7598
60 RNAFM-C 99.21 6911
60 RNAFMM-C 114.29 7294
80 RNAFM-P 87.33 7765
80 RNAFM-C 95.92 7115
80 RNAFMM-C 112.56 7428
100 RNAFM-P 85.38 7925
100 RNAFM-C 93.70 7652
100 RNAFMM-C 108.96 7568
120 RNAFM-P 82.33 8138
120 RNAFM-C 90.66 8056
120 RNAFMM-C 107.24 7758
140 RNAFM-P 81.15 8292
140 RNAFM-C 87.97 8513

140 RNAFMM-C 104.25 7968
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Free energy change, AG

Particle radius (r)

Figure S1. Schematic illustration of the Gibbs free energy change as a function of

particle radius for homogeneous nucleation.
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Figure S2. SEM image of a typical octahedron nanostructure with the [001] zone

direction and {111} surfaces.
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and EQE of the above three samples (d).
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Figure S7. The QE of the different doping concentrations for Mn** for RNAFM-P
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Figure S8. The absorbance spectra of the RNAFM-P-2, RNAFM-C-2 and

RNAFMM-C.

22



Figure S9. The 2 x 2 x 1 supercell of RNAF.
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Figure S10. The possible structure of KNAF in 2 x 2 x 1 supercell viewing along
(001) direction. M1: Mn3" substitutes the crystallographic position of AI3* (Mny)).

There is the valance state change of Mn*"; M2: A Mn*" substitution of AI** in

octahedral crystallographic position (M 1) and a 12 coordinated Rb" vacancy (VRb)

defect to balance the valence state. M3: A Mn*" substitution of AI3* in octahedral

crystallographic position (M "al) and a Na* vacancy (M "'Na) defect in octahedron

position. M4: Mn*" substitutes the crystallographic position of Al**, and Mg?*

substitutes A’ adjacent to Mn*", M1y and M9ai form a valence equilibrium, and there

is no vacancy defect in the theoretical structure.
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Figure S11. (a) The photographs of the RNAFM-P, RNAFM-C, and RNAFMM-C
phosphors at high-temperature and high-humidity for 0-7 hours. (b) Relative PL
intensity of the RNAFM-P, RNAFM-C, and RNAFMM-C at high-temperature and
high-humidity for 0-7 hours.
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Figure S12. High solution XPS spectra of the RNAFM-P, RNAFM-C, and
RNAFMM-C phosphors.
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Figure S13. The temperature-dependent (a) PL spectra, (b) integrated PL intensity

and (c) PL decay curves of RNAFMM-C crystals at a range of 80 to 300K. (d) The

temperature-dependent PL decay curves of RNAFMM-C crystals at a range of 25

to 250°C.
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Figure S14. EL spectra of w-LEDs II-1V fabricated using (a) RNAFM-P, (b)
RNAFM-C, and (¢) KSFM after filtering. (d) CIE color gamut of w-LEDs and NTSC
standard.
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Figure S15. EL spectra of w-LED fabricated using commercial Y3A501, (YAG):Ce3*
phosphors.
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