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Table S1. Quantities of materials used for Ca,LaHf;Al;0,:xCr**" (x = 0.003-0.05)

x (mmol)  CaCO;(g)  LayOs(g) HfO, (g) AlLO; (g) CrO, (g)

0.003 0.2 0.1629 0.4197 0.1529 0.0002
0.004 0.2 0.1629 0.4192 0.1529 0.0003
0.005 0.2 0.1629 0.4188 0.1529 0.0004
0.01 0.2 0.1629 0.4168 0.1529 0.0008
0.015 0.2 0.1629 0.4147 0.1529 0.0011
0.02 0.2 0.1629 0.4127 0.1529 0.0015
0.03 0.2 0.1629 0.4084 0.1529 0.0022
0.04 0.2 0.1629 0.4041 0.1529 0.003
0.05 0.2 0.1629 0.3999 0.1529 0.0037

samples.



Table S2. Quantities of materials used for Ca,LaHf;Al130,:0.01Cr3"yYb3*" (y =
0.003-0.05) samples.

x (mmol)  CaCO;  LayO;(g) HfO,(g) ALOs;(g) CrO.(g) Yby0s(g)
(2)

0.003 0.1996 0.1629 0.4168 0.1529 0.0022  0.0006
0.004 0.1994 0.1629 0.4168 0.1529 0.0022  0.0008
0.005 0.1992 0.1629 0.4168 0.1529 0.0022  0.001

0.01 0.1982 0.1629 0.4168 0.1529 0.0022  0.002
0.015 0.1972 0.1629 0.4168 0.1529 0.0022  0.003
0.02 0.1962 0.1629 0.4168 0.1529 0.0022  0.004
0.03 0.1942 0.1629 0.4168 0.1529 0.0022  0.006
0.04 0.1922 0.1629 0.4168 0.1529 0.0022  0.008

0.05 0.1902 0.1629 0.4168 0.1529 0.0022  0.01




Table S3. Crystallographic data for Ca,LaHf,Al;0,, and Ca,GdZr,Al;O15.

Formula Ca,LaHf,Al301, Ca,GdZr,Al;04,
symmetry Cubic Cubic
space group la-3d la-3d
a/A 12.604 12.5057
V/A3 2002.8 1955.79
4 8 8
Ryyp (%) 4.3

R, (%) 5.6




Table S4. Variation of the average Hf-O bond lengths.

Cr3* concentration (mmol) Hf-O Bond Distances (A)
0.003 1.939
0.004 1.942
0.005 1.946
0.01 1.952
0.015 1.961
0.02 1.970
0.03 1.976
0.04 1.983

0.05 1.990




Table S5. Energy transfer efficiencies and IQE as a function of the concentration.

x (M%) IQE (xCr*)(%) IQE (0.01Cr**yYb*")(%)

0.003 2 17 6
0.004 6 18 9
0.005 9 20 11

0.01 16 33 11

0.015 33 23 13

0.02 36 24 14

0.03 40 22 14

0.04 46 23 17

0.05 39 21 16
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Figure S1. (a-c) XRD patterns of Ca,LaHf,Al;0;,:xCr3*, Ca,LaHf,Al;01,:yYb3" and
Ca,LaHf,Al301,:0.01Cr?*,yYb**. (d) XRD Rietveld refinements of the host.



Figure S2. Structure diagram of Ca,GdZr,Al;0;, compound, and coordination
environment of (Al/Zr/Gd/Ca) atoms.



(a) [cazp (b) (¢) [ras

o~ ~— o~

wn 72 )

[~ [~ [~

= S S

w wn -2}

< £ £

2 2 2

= s =

— ol ]

340 3-;5 3.%0 3!‘55 3‘60 570 5"75 Sél) 5&5 S‘I)I] 5“)5 ﬁllll] 820 81‘,5 SCIGU EéS Sf‘l[l 8:15 8:"\0 8%5 8!‘30 865 8"/0 875
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

(d) [nrar (e) [arzp (fy [vo4a

) @ 7

= =~ o

< = <

w w wn

= = £

& & ]

= = =

! o} e

1‘0 1‘5 2’0 Z‘S 7‘1] 7’5 8’0 S‘S 1 ?IGS 1 ll)(l 1 ‘i'S 2 IINJ
Binding Energy (eV) Binding Energy (eV Binding Energy (eV)

Figure S3. (a-f) Ca 2p, Cr 2p, La 3d, Hf 4f, Al 2p and Yb 4d XPS of
Ca,LaHf,Al301,:0.01Cr?*%,0.01Yb3" sample.



500 nm

Figure S4. SEM image and mapping images of a Ca,LaHf;Al30,,:0.01Cr3",0.01Yb**
sample, and Ca, La, Hf, Al, O, Cr and Yb elemental mapping images of
CE[QLa.nyAl:;O]2:0.01(:1'3+,0.01Yb3+ sample.
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Figure S5. Relationship of (ahv)?> versus photon energy /v in the Ca,LaHf;Al;0:,
sample.
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Figure S6. PL spectra of Ca,LaHf,Al;01,:xCr3* (Ao, = 460 nm).
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Figure S7. The Rietveld refinement fit of the XRD patterns of (a-f)
Ca,LaHf,Al30,,:xCr?" by using the GSAS program.



Bt W
@ @ 0emeet =000 | (b) 0.025Cr* % = 0.068 ps
-~ Aoy = 460 nm, A, = 780 nm ] hoe =460 1, Ay, = 780 nm
: -
c& 0.005Ce™ 7= 0.069 s "'_3 3
- 1 P S 460 nm, 3, = 780 nm < 0.03Cr" v = 0.045 ps
-y >} 1 k., =460 nm, & =780 nm
:‘: 0.01Cr>" ¢ =0.074 ps ~
[7ZI R = 460 nm, . =780 nm ‘7]
E = 0.04Cr* 15 = 0.031 ps
] 0.015Cr™ o+ = 0.070 ps 8 1 Ay = 460 nm, &, = 780 nm
= 3 Ky = 460 M, A, =780 nm =
s o]
0.05CH™ t* = 0,028 ps
- 0020 v =naeps| o0 i mcr N 7"7:? e
- 1 A, = 460 nm, &, = 780 nm 5 3 S
T T
0.0 0.5 1.0 0.0 0.5 1.0
Ti i
ime (ms) Time (ms)
(c) sce panzynt w—oodzm|  (d) 0.01Cr0.025Yh" o = 0.146 ps
o 1 Ay =460 nm, A, =980 nm f-.\ F A =460 nm, & =980 nn
.
= =
[3 0.01CT™0.005Y0% % = 0.045 ps &' b
= 1 A, =460 nm, &, =980 nm e’ 0.01CT,0,03¥bY ¢ = 0,147 ps
%3 ” 5y 1 Ay =460 nm, A, =980 nm
e
b 0.01CA' 0.0TYD 15 =0.052ps| et
.; 3 Ry =460 nm, A =980 nm @
: =] LO1CrH0.04Y R % = 0.192 pg|
et 8 - 7o =460 nm, &, = 980 nm
N 0.01Cr™0015YbY % = 0.055 ps =
E 1 A, =460 nm, &, = 980 nm t
a0 on 0.01CE .05V < = 0.257 ps|
) 0010 00250 T = 0,126 ps (= Dy =460 nm, &, = 980 nm
e 1 3 = 460 1m, A, = 980 nm (-
T T
L1} 1 2 0 1 2
. .
Time (ms) Time (ms)

Figure S8. (a-b) Decay time of Cr** in Ca,LaHf;Al;0,:xCr’" phosphors under
excitation at 460 nm and monitored at 780 nm. (c-d) Decay time of Yb*' in
Ca,LaHf,Al30,,:0.01Cr?**,yYb3" phosphors under excitation at 460 nm and monitored
at 980 nm.
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Figure S9. Schematic energy level diagrams of Cr3" and Yb** involved ET process.
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Figure S10. (a) Temperature-dependent PL spectra (-175~200 °C) and (b) Temperature
dependence of the normalized intensity of Ca,LaHf;Al30,,:0.01Cr*" and
CazLaHf2A13012:O.O1Cr3+,0.01Yb3*.
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Figure S11. Temperature-dependent PL spectra (-175~200 °C) and normalized results
of Ca2LaHf2Al3012:0.0 1 CI'3+,0.0 1Yb3+.
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Figure S12. The dependent-temperature XRD patterns of Ca,LaHf,Al;0;, sample.
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Figure S13. Fitting results of square of full width at half maximum (FWHM?) as a

function of 1/2kT.
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The diffraction points in the red circle in SAED image correspond to the main
diffraction lattice planes (0 2 4) and (2 3 3) of the Ca,LaHf,Al;0,; lattice, respectively,
by selecting the largest diffraction point as the diffraction center. The planes (0 2 4) and
(2 3 3) in a hexagonal system can be calculated by theoretical function.[!! The distance
between adjacent crystal fringes is measured in crystal planes (0 2 4) and (2 3 3), and
the d-spacing values are 0.2759 and 0.263 nm, respectively. The angle between the two
crystal planes can be calculated by the following correlation function:

hlhz kaZ ZIZZ
@y ®

hZ k2 ZZ hZ k2 lZ
EERIERE)

a = b =c =12.34 represent the crystal lattice parameters of Ca,LaHf,Al;0,. 4, k and /

cosQp =

are indices of crystal planes (0 2 4) and (2 3 3), respectively. The crystal planes angle
is 31° between (0 2 4) and (2 3 3) planes.

Its value is estimated through fitting the temperature-dependent full width at FWHM

FWHM = 2.36\/§1//co {coth(;;c—a;j (2)

In which £ is the Boltzmann constant,  is the phonon frequency, and

of emission peaks:[3!

e'+e”
X —X

e —e

coth(x)=

It can be converted to

FWHM’ =5.57xSx(yo) | 1+— 3)
. Yy -3 et —1
A t —=10
ccording to T
Formula (3) is transformed into
FWHM? =5.57xSx(yo) I+t//% 4)

2kT



Approximately equal to FWHM? = a+ % (5)

2kT

Where a = 5.57 x § x (yw)? and b =5.57 x S x (pw).
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