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Table S1. Cr3* activated afterglow phosphors.

Afterglow Band/  Excitation Band / peak  Afterglow
Host Material Activator Co-dopant Reference
[Peak] (nm) (nm) Duration
Y3S¢,Gaz0p, Ce¥* Cr3* [500] (Green) [400] (UV-VIS) [l.5h]R 1,2
La3GasGeOy4 Cr3* - [700-1300] (NIR) [240-480] (UV) [8h]R 3,6
Zn3;Ga,Ge, 049 Cr3* - [650-1000] (NIR) [300-600] (UV-VIS) [360 h] R 7.8
LiGasOg Cr3* - [600-850] (NIR) [250-350] (UV) [1000 h] R 9-11
SrGa,04 Cr3* - [850-950] (NIR) [254] (UV) [2h]R 12
MgGa,0, Cr3* - [650-770] (NIR) X-ray (HR) [30h] R 13
Zn3Ga,SnOg Cr3* - [650-1000] (NIR) [300-600] (UV-VIS) [300 h] R 14
ZnGay04 Cr3* - [600-800] (NIR) [250-600] (UV-VIS) [Sh]R 3,15-20
Ca3Ga,Ge;01 Cr3* Yb3*, Tm3* [650-850] (NIR) [250-400] (UV-VIS) [2.0h] R 21,22
La;GaGesO 6 Cr3* - [650-750] (NIR) [310-570] (UV-VIS) [0.5h] R 23
BaLu,Al,Ga,SiO), Cr3* Tb3* [700] (NIR) [440-600] (VIS) [24h] R 24
Gd;AlsGa, 0y, Cr3* Eu3* [690-720] (NIR) [250-620] (UV-VIS) [Th]R 25
Cay4ZnGa o035 Cr3* - [650-750] (NIR) [250-540] (UV-VIS) [3h]R 26
B-Ga,03 Cr3* - [650-850] (NIR) [280-360] (UV) [4h]R 27




Fig. S1. SEM images of ZG0:0.5%Cr**,0.5%Bi*" phosphor.
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Fig. S2. Temperature-dependent PL properties and their CIE chromaticity coordinate
of ZG0:0.5%Cr**,0.5%M3" (M = Bi, Tb) and ZG0O:0.5%Cr*" phosphors under 310 nm
UV light excitation. (a) ZG0:0.5%Cr**,0.5%Bi**, (b) ZG0:0.5%Cr**,0.5%Tb*", (c)
7G0:0.5%Cr**. The CIE chromaticity coordinate insets of (a—c) indicate the evolution

trend of emission color as a function of temperature.
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Fig. S3. The relative PersL intensity and FWHM? of the PersL peaks for
7G0:0.5%Cr?**,0.5%M3" (M = Bi, Tb) and ZG0:0.5%Cr** phosphors as a function of

temperature (the data are from Fig. 3c-e).
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Fig. S4. Temperature-dependent TL curves and dynamic PL response of
7G0:0.5%Cr?**,0.5%M3" (M = Bi, Tb) and ZGO:0.5%Cr3" phosphors. (a-¢) TL Tstop
curves measured by charging the sample at the heating temperature, turning off the light
source, allowing the trap energy levels of the system to relax and recover to RT, and
then starting the TL measurement (Tsrop at 20 °C, 50 °C, 80 °C, and 120 °C). (d-f) TL
curves acquired by charging the sample at the heating temperature, then turning off the
light source and initiating the test from the heating temperature (Tse at 20 °C, 50 °C,
80 °C, and 120 °C). (g-1) Dynamic PL process under alternating irradiation of 310 nm
and 548 nm light. Prior to TL measurements, the samples were charged with 310 nm
UV light for 5 minutes. The monitoring wavelength was fixed at 714 nm for all

measurements.
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Fig. S5. Temperature-dependent PersL decay curves of ZG0:0.5% Cr3*, 0.5% M3** (M
= Bi, Tb) and ZG0:0.5%Cr*" phosphors. (a,d) ZGO: 0.5%Cr**,0.5%Bi*". (b,e) ZGO:
0.5%Cr3*,0.5%Tb**. (¢,f) ZGO: 0.5%Cr3". Prior to measuring the PersL decay curves,

all phosphors were pre-irradiated with 310 nm UV light for 5 min.



Table S2. Temperature-dependent PersL lifetime of ZGO:0.5% Cr3*, 0.5% M3* (M =

Bi, Tb) and ZG0:0.5%Cr*" phosphors. (the data are from Figs. 3g-i).

Parameter Temperature A, A As 71 T T3
sample (°C) (*107)  (*107) (*107) (s) (s) (s)
20 1.407 1.831 1.103 9.029 38.889 187.321
) 50 5.502 4844 1.635 5.133 24.169 127.373
ZGO:Cr3* Bi?*
80 3490 2486 0.688 6.346 25907 131.389
120 1.694 1343 0326 4349 18.565 101.160
20 1.362 1.637 0918 8340 36.254 178.509
50 3.615 3.028 1.040| 6.462 27.101 135.013
ZGO:Cr3", Tb3"
80 4.406 2.729 0.703] 3.963 17.030 98.643
120 1.655 1228 0.245 2970 14479 91.101
20 0.023 1.072 0495 [7.311 | 37.795 209.478
50 0.023 7.245 0210 B4.157| 35.160 563.029
ZGO:Cr3*
80 0.080 9.203 0319 P1.780( 21.780 235.414

120 1.682 0.753 0.239 18.278 18.290 108.400
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Fig. S6. PSL and TSL properties of ZG0:0.5%Cr**,0.5%M3" (M = Bi, Tb) and
7G0:0.5%Cr?*. (a—) PSL decay curves recorded under repeated infrared laser
stimulation (808 and 980 nm, 0.25 W, 30 s on/off cycles) after pre-irradiation with 310
nm excitation. (d—f) TSL glow curves measured after 365 nm UV pre-irradiation for 5
min. Natural decay processes are also shown for comparison. The emission was
monitored at 714 nm, and characteristic temperature regions of trap release are

indicated.
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Fig. S7. PL and PersL spectra of ZGO:0.5%Cr**,0.5%M?3" (M = Bi, Tb) under different
excitation conditions. (a) ZGO:0.5%Cr*",0.5%Bi**; (b) ZG0:0.5%Cr3",0.5%Tb3*. The
spectra include PL measured under continuous 310 nm excitation and 980 nm infrared
stimulation, and PersL recorded after charging with 254 nm or 310 nm UV irradiation.

All characteristic emissions are assigned to Cr3* centers.
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Fig. S8. Defect formation energies, band structures and PDOS of ZGO. (a) Relative
formation energies of intrinsic defects (Vz,, Vga, Vo), anti-site defects (Zng,/Gay,), and
doping defects (i.e., Crga, Big,, Tbga) calculated using the PBE functional. (b) Band
structure and projected density of states (PDOS) of pristine ZGO.
The formation energies of all the possible doping defects were calculated using the
following equation:?®
Eftorm = Edoped — Epure — NEdopant T MEq0m (D
where Egoped and Epy. are the total energies of the doped and undoped samples,
respectively. Egopant and Eyom represent isolated atomic energies of the dopant atom and
the atom replaced dopant; n and m stand for the number of the dopants (Bi/Tb/Cr) and

the Ga atoms replaced by Bi/Tb/Cr, respectively.



Table S3. Total energies and relative substitution energies of pristine, intrinsic-defect,
anti-site-defect, and doped ZGO conventional unit cell calculated using the PBE

functional.

Material Pristine Vo VGa Vo Zng,/Gag, Crga Big, Tbga

Total Energy (eV) -317.81 -309.80 -305.42 -308.12 -317.01 -315.07 -321.40 -329.29
Etorm (€V) 6.75 9.48 5.39 0.80 0.02 0.62 -3.69
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Fig. S9. Normalized TL curves of ZGO:0.5%Cr** charging at 254 nm, 310 nm UV light
and X-rays. Note that TL curves acquired at 2 days after X-ray irradiation and the

residual TL curves obtained after 30 s of charging.
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Fig. S10. Calculated formation energies of intrinsic oxygen vacancies and dopants in
different valence states versus the Fermi level. The VBM is taken as the reference. (a)
Vo in charge states 0, +1, and +2; (b) Big, in charge states +2, +3, and +4; (¢) Tbg, in
charge states +3 and +4; (d) Crg, in charge states +3 and +4. Note that formation
energies were calculated following the standard charged-defect formalism, with the

chemical potentials of constituent elements. The Fermi level range is constrained by

the band gap of ZGO.

Fermi level (eV)

The formation energies of defects are calculated by the following formula:

Ep(M?*%) = E9(M) - E(ZGO) = py + g, + qef

where £ (ZGO) and E%(M) are the total energies of ZGO without and with defects, M
(M = Cr, Bi or Tb), ¥ and H¢a are the chemical potentials of the bulk M and Ga, q is

the net charge of the defective system, and ¢ + x is the valence state of the M ion. In




the case of a neutral system, the M ion should be in the 3+ state since it replaces the
Ga’" ion in our structural model. When x electrons are added to the system, the net
charge of the system (q) is —x, and the valence state of the M ion becomes 3 + x. ¢f'is
the chemical potential of an electron, which is equivalent to the Fermi level. The results
presented in Fig. S10 illustrate the thermodynamic stability of different charge states
under varying Fermi levels, thereby providing key insights into defect energetics and

potential charge compensation mechanisms in doped ZGO systems.
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Fig. S11. Direction dependent 3D and 2D views of E, G and v for ZGO:Bi*" and

ZGO:Tb*'. (a,c) 3D and 2D views in ZGO:Bi**. (b,d) 3D and 2D views in ZGO:Tb3".



Table S4. The Maximum and minimum elastic modulus and their ratio in different
planes of pure ZGO (denoted as ZGO), ZGO:Bi** (denoted as Big,), ZGO:Cr3* (denoted

as Crg,) and ZGO:Tb?* (denoted as Tbg,).

Eax Eoin ratio Grnax Grin ratio  Vpa Vinin ratio

ZGO (100) 290.83 25293 1.15 12265 9790 125 034 0.19 1.79
(010) 290.83 25293 1.15 12265 9790 125 034 0.19 1.79
(001) 290.83 25293 1.15 12265 9790 125 034 019 1.79
(011) 306.12 25293 1.21 12265 9790 125 034 0.19 1.79
(101) 306.12 25293 1.21 12265 9790 125 034 0.19 1.79
(110) 306.12 25293 1.21 12265 9790 125 034 0.19 1.79
(111) 290.83 290.83 1.00 122.65 9790 125 034 0.19 1.79
whole 306.10 25293 121 122.65 97091 125 034 019 1.79
Big.  (100) 304.01 281.40 1.08 121.03 11266 1.07 029 0.23 1.26
(010) 303.01 281.40 1.08 121.03 112.67 1.07 029 0.23 1.26
(001) 298.42 29842 1.00 121.03 119.64 1.01 029 0.23 1.26

(011) 303.88 29842 1.02 121.03 112.67 1.07 029 0.23 1.26
(101) 303.69 29834 1.02 12098 112.67 1.07 029 0.23 1.26
(110) 303.72 29840 1.08 12097 112.67 1.07 029 0.23 1.26
(111) 302.41 297.20 1.02 121.03 112.66 1.07 029 0.23 1.26
whole 304.00 281.40 1.08 121.03 11266 1.07 029 0.23 1.26

Crg.  (100) 428.09 302.76 1.41 209.61 12858 1.63 0.63 -0.06 -10.5
(010) 428.02 304.20 1.41 209.60 12858 1.63 063 -0.06 -10.5
(001) 428.02 428.02 1.00 132.02 12858 1.03 063 -0.06 -10.5
(011) 428.02 303.71 141 209.61 12858 1.63 0.63 -0.06 -10.5
(101) 428.09 304.80 1.40 209.61 129.07 1.62 063 -0.06 -10.5
(110) 428.06 303.18 1.41 209.61 128.79 1.63 0.63 -0.06 -10.5
(111) 428.06 302.86 1.41 209.61 128.76 1.63 0.63 -0.06 -10.5
whole 428.02 30296 141 209.56 128.58 1.63 0.63 -0.05 -10.5
Tbg. (100) 304.66 277.51 1.10 121.50 111.51 1.09 030 0.23 1.30
(010) 304.08 277.51 1.10 12150 111.51 1.09 030 0.23 1.30
(001) 297.89 297.89 1.00 121.50 120.52 1.01 030 0.23 1.30
(011) 304.55 29789 1.02 12150 111.51 1.09 030 0.23 1.30
(101) 30447 29787 1.02 12148 111.51 1.09 030 0.23 1.30
(110) 30449 277.51 1.10 12147 111,51 1.09 030 0.23 1.30
(111) 303.70 296.83 1.02 121.50 111.51 1.09 030 0.23 1.30
whole 304.60 277.51 1.10 121.50 111.51 1.09 030 0.23 1.30




Table S5. The elastic constants C;; (GPa) and B, G, E, and v (GPa), H, Zener ratio (A)
and AY for four models including pure ZGO (denoted as ZGO), ZGO:Bi**(denoted as

Biga,), ZGO:Cr** (denoted as Crg,) and ZGO:Tb3" (denoted as Tbgy,).

Name C11 C12 C13 C14 C33 C44 C6() B G E B/G v H A AY

ZGO 333 137 123 202 112 284 181 027 1272 125 0.06
Big, 369 127 137  -049 358 120 121 211 118 299 178 026 1345 099 0.01
Crga 716 453 -62 -123 374 129 132 236 161 393 147 022 2167 098 147
Tbga 367 124 137 -029 354 121 121 209 118 299 177 026 13.66 1.00 0.01
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Fig. S12. The electron bandgap structures of pure ZGO and doped ZGO after applying
uniaxial strain along the c direction. (a) Electron bandgap structure of pure ZGO; (b)
Electron bandgap structure of pure ZGO under uniaxial strain along the ¢ direction; (¢)
Electron bandgap structure of ZGO:Cr3* under uniaxial strain along the ¢ direction; (d)
Electron bandgap structure of ZGO:Bi*" under uniaxial strain along the ¢ direction. The
orange line in (b—d) represents the Fermi level, the spheres in (c) and (d) indicate the
impurity bands, and the curves are the fitted curves of the impurity bands, green and

blue squares represent the CB and VB, respectively.
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Fig. S13. The band structures and PDOS of pure ZGO under uniaxial strain along the

to 13% with an interval of 1%.

c-axis. (a—n) correspond to strain levels from 0%
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Fig. S14. The band structures and PDOS of ZGO:Cr?** under uniaxial strain along the

c-axis. (a—m) correspond to strain levels from 0% to 12% with an interval of 1%.
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Fig. S16. Phonon spectra characterizing the stability of pure ZGO and doped ZGO
under uniaxial strain along the c-axis. (a, b) Phonon spectra of pure ZGO under 13%
and 14% uniaxial strains along the c-axis, respectively; (c, d) phonon spectra of
ZGO:Bi*" under 10% and 11% uniaxial strains along the c-axis, respectively; (e, f)
phonon spectra of ZGO:Cr3" under 13% and 14% uniaxial strains along the c-axis,

respectively; (g) phonon spectra of ZGO:Tb*" under 1% uniaxial strain along the c-axis.
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