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VRBE and HRBE schemes of lanthanides: design of
dual-luminescence-center long persistent
luminescence phosphors with Pr** or/and Tb>*
doping in MgzY,GezO,, garnet with high storage
capacity for anti-counterfeiting, information
storage, and X-ray imaging¥
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The development of X-ray charged long persistent luminescence (LPL) phosphors with excellent storage
capacity remains a significant challenge. These phosphors have multifunctional applications in white
light-emitting diodes (w-LEDs), multi-mode anti-counterfeiting, information storage, and X-ray imaging.
Herein, by combining the refined chemical shift model, optical spectroscopy, and thermoluminescence
(TL) curves, the host-referred and vacuum-referred binding energy (HRBE and VRBE) schemes about
MgsY>GesO1o:Ln*H(MYGO:Ln, Ln = Pr or/and Tb) phosphors are constructed and validated. MYGO:Pr,Tb
avoids the re-absorption issue in the blue light region and agrees well with blue phosphors for w-LED
applications. MYGO:Pr, Tb Charged with X-rays (Xc), the TL intensity ratios to commercial SrAl,O4:Eu®",
Dy>*/BaFBr():Eu* are 1.517 and 1.435, respectively, and 50% of the carriers remain for over 1000 h.
Finally, the MYGO series phosphors are successfully applied in multi-mode anti-counterfeiting, infor-
mation storage, and X-ray imaging.
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1. Introduction

Since the discovery of X-rays, they have played a central role in
various aspects of human life. In particular, X-ray indirect
detection has found widespread applications in medical
imaging, industrial machinery nondestructive testing, civil
aviation security inspections, and nuclear physics
engineering." ™" The key to X-ray indirect detection lies in the
ability of imaging materials to absorb X-rays and convert them
into visible luminescence signals.''™** Halide chalcogenide
scintillators, as conventional X-ray imaging materials, offer
high light yield but are often complex to synthesize, produce
significant pollutants, and suffer from poor stability due to
decomposition caused by water, air, or ionizing radiation.'”*
These limitations have hindered their broader commercial
applications. Long persistent luminescence (LPL) storage
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materials have emerged as a promising alternative, offering
advantages such as ease of synthesis, environmental friendli-
ness, and high stability. These materials overcome the draw-
backs of traditional halide chalcogenide scintillators and are
being increasingly used to meet societal demands for efficient
information storage.>”>° Additionally, LPL materials play an
important role in multi-mode anti-counterfeiting, battery-free
radiation dose measurement, X-ray imaging, and high-capacity
Storage.23,25,26,30—34

Luminescence centers are a key component of phosphors,
determining their emission range.****?® To date, green LPL
phosphors such as SrAl,O4:Eu®",Dy*" and BaFBr(1):Eu”**, where
a single lanthanide ion serves as the luminescence center,
remain the benchmark for LPL and storage materials.
However, red and yellow phosphors are relatively scarce.>>2*3°
Moreover, conventional yellow phosphors suffer from re-
absorption in the blue light region and lack red spectral com-
ponents, resulting in low color rendering and uneven white
light tones in novel lighting applications such as w-LEDs.*®
Dual-luminescence-center yellow LPL materials can overcome
these issues, enabling proportional chemical sensing, multi-
color displays, and imaging, thereby advancing complex anti-
counterfeiting technologies. These characteristics make the
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development of dual-luminescence-center LPL materials a
reasonable strategy for encryption of military information and
multi-mode anti-counterfeiting applications.

Traps are another crucial component of phosphors, as their
concentration and depth significantly influence LPL and
storage properties.”’”?*3” While the LPL mechanism remains
insufficiently understood, accurate methods for predicting
trap depths are in high demand.>® The host-referred and
vacuum-referred binding energy (HRBE and VRBE) schemes,
based on Dorenbos’ theory, enable the determination of
energy levels for divalent and trivalent lanthanide ions and the
prediction of trap depths.*®*° Efficient LPL and storage phos-
phor design can be achieved by adjusting the type and concen-
tration of lanthanide ions to regulate the trap depth and
carrier distribution.>® However, HRBE and VRBE schemes have
thus far been applied to only a limited number of materials.>

This study focuses on the development of dual-lumine-
scence-center yellow LPL materials for X-ray imaging and anti-
counterfeiting applications. In 2020, Jiang et al. first reported
a Mg,;Y,Ge;04,:Ce** (MYGO:Ce) garnet phosphor and achieved
red-shifted Ce** emission by substituting Ge*" with Si'* to
enlarge the host bandgap.*' Subsequent studies by Liao et al.,
Hou et al., and Meng et al. introduced various dopants such as
Eu®*, Ce**, and Bi*", enhancing properties like thermal stabi-
lity, tunable luminescence, and extended LPL durations.*>™**
Recently, Krieke et al. reported MYGO:Tb**, a garnet LPL phos-
phor with bright blue-green tunable luminescence.*” These
findings suggest that the MYGO host has the potential for
achieving dual-luminescence-center LPL materials with multi-
functional applications. In this work, we successfully con-
structed the HRBE and VRBE schemes for MYGO, predicting
trap depths of 1.68 eV and 1.86 eV for Pr** and Tb*", respect-
ively. These depths meet the requirements for high-capacity
information storage, which typically requires trap depths
greater than 1.00 eV. This study provides valuable insights for
advancing the development of multi-mode optical anti-coun-
terfeiting materials and information encryption technologies.
Regarding the LPL performance of MYGO:Ln (MYGO:Pr,
MYGO:Tb, and MYGO:Pr,Tb), the z,, 7, and 7. values under
254 nm ultraviolet (UV) lamp charging (U.) were approximately
405, 179, and 48 min, respectively. Additionally, the initial LPL
intensities for all three types exceeded 100 med m™>. MYGO:Pr
(7p = 405 min) demonstrated a significant advantage among
lanthanide-activated red LPL materials. As a dual-lumine-
scence-center system, Pr’* and Tb*" produced distinct emis-
sion responses, enabling MYGO:Pr,Tb to exhibit yellow LPL
under U.. This exceptional performance highlights its poten-
tial for multi-level anti-counterfeiting applications. Regarding
the storage performance of MYGO:Ln, the experimental trap
depths of Pr** and Tb*", derived from the thermoluminescence
(TL) curves of MYGO:Pr,Tb under X-ray charging (X.), were
measured as 1.684 and 1.867 eV, respectively. These values
align well with the predictions from the HRBE and VRBE
schemes. Additionally, the X. TL curves indicated that 49% of
the carriers stored in MYGO:Pr,Tb remained intact after
1000 h. When compared to commercial phosphors SrAl,O,:
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Eu®*,Dy**/BaFBr(1):Eu**, the TL intensity ratios (r4/r4, ,/rs, and
r3/1e) for MYGO:Pr, MYGO:Tb, and MYGO:Pr,Tb were higher,
with values of 1.298/1.228, 0.504/0.477, and 1.517/1.435,
respectively. These results further emphasize the superior
storage performance of MYGO:Ln phosphors. The LPL mecha-
nism model elucidated the storage and release processes of
carriers, identified defect types and trap depths, and detailed
the energy level transitions and emission processes of the
dual-luminescence centers, Pr’* and Tb*". Through compre-
hensive analyses of photoluminescence (PL), LPL, TL, and
thermally stimulated luminescence (TSL) properties of MYGO:
Pr, MYGO:Tb, and MYGO:Pr,Tb (MYGO:Ln), the multifunc-
tional applications of deep-trap LPL phosphors in multi-mode
anti-counterfeiting, information storage, and X-ray imaging
have been realized. This study provides a robust theoretical
foundation and experimental framework for further prediction
and validation of energy levels in lanthanide-doped garnets. It
also offers a theoretical perspective for the rational design of
novel LPL and storage phosphors.

2. Results and discussion
XRD and DRS of MYGO

Mg,;Y,Ge;0;, (MYGO) is a unique garnet due to its multiple
cationic lattice sites and structural properties that allow mul-
tiple cations to occupy the same lattice site. This characteristic
facilitates the formation of a distorted lattice environment and
complex traps.*>*® For A;B,C;0;, garnets, there are three dis-
tinct cationic sites: the dodecahedral A site with a coordination
number (CN) of 8, the octahedral B site (CN = 6), and the tetra-
hedral C site (CN = 4).*” The ionic distribution in these sites is
primarily determined by the relative size of the ions: larger
cations occupy the A site, medium-sized cations are located in
the B site, and smaller cations reside in the C site. However,
MYGO belongs to a group called inverse garnets, analogous to
inverse spinels.*® The XRD patterns of MYGO:Ln are shown in
Fig. 1(a) and Fig. S1.f The recorded patterns align well with
the standard reference card for MYGO (no. AMCSD#0016886),
confirming that all MYGO:Ln samples are single phase.*®*’.
As shown in Fig. 1(a), the slightly leftward shift of the XRD
peaks (26 values) with increasing concentrations of Pr** and/or
Tb*" is attributed to their larger ionic radii (Pr’*: 1.126 A, Tb>":
1.040 A) compared to Y*' (1.019 A) for CN = 8. This shift indi-
cates lattice expansion in the garnet structure.>*>®*> The
structural model of MYGO is presented in Fig. 1(b). In the
MYGO structure, Mg>"* (0.89 A) shares the dodecahedral A posi-
tion with Y** despite their significant differences in ionic
radii. Consequently, the chemical formula can be expressed as
(Y,Mg)Mg,Ge;0,.* This substitution distorts the local
environment, promoting the formation of cationic and anionic
vacancies, which enhance luminescence properties.
Considering the similarity in ionic radii and coordination
numbers, it is reasonable for lanthanide ions (Ln) to occupy
the Y*" site (Y/MgOs dodecahedron) as luminescence
centers.* To further investigate the crystal structure, XRD pat-
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Fig. 1
Crystallographic structure of the MYGO host. [Y/MgOg] dodecahedron, [M

Photon Energy (eV)

(@) X-ray diffraction patterns of the as-synthesized MYGO:Ln and detailed X-ray diffraction patterns from 32.25° to 33.25°. (b)

gOel octahedra and [GeO,] tetrahedra are shown. (c and d) Rietveld refine-

ment performed on the XRD data of the MYGO host (c) and MYGO:Pr,Tb (d). (e and f) DRS of the MYGO host (e) and MYGO:Pr,Tb (f).

terns were analyzed using Rietveld refinement, as shown in
Fig. 1(c and d), Fig. S2a, b, and Table S2.f The refinement
results show good convergence, with y* values of 2.26 (host),
2.08 (Pr), 2.17 (Tb), and 1.93 (Pr,Tb), respectively. These results
confirm that the crystal system of MYGO:Ln is an inverse-
garnet-type cubic structure, based on the Ia3d (230) space
group.

To investigate the absorption properties of the host, the
ultraviolet-visible diffuse reflectance spectra (UVV-DRS) at
room temperature (RT) are presented in the inset of Fig. 1(e).
According to the Mott and Davis theory, the fundamental
absorption threshold (Eg,) values of the samples were calcu-
lated as 5.626 (host) 5.888 (Pr), 5.849 (Tb) and 5.855 (Pr and
Tb) eV, as shown in Fig. 1(e, f) and Fig. S2¢, d.t>**®**° Due to
the relatively coarse DRS data for the host, the Eg, value of
5.626 eV calculated by extrapolation from eqn (S1) and (2)}
may not be entirely accurate. This is corroborated by the
smoother DRS curves of MYGO:Ln, which provide more
reliable results. The UVV-DRS and absorption curves (inset of
Fig. S2cf) reveal that an absorption band with a peak at
217 nm (5.714 eV) is present in both MYGO:Ln and the host.
This band is attributed to the fundamental absorption
threshold of the host. Based on this common feature, the E,
value of the host was corrected to 5.714 eV, providing a more
reasonable and accurate estimate. Notably, the absorption
edge was found to be blue-shifted, and the detailed calcu-
lations and underlying reasons for this blue shift are explained
in Fig. S2t1 in the discussion section. The SEM images of
MYGO:Ln (Fig. S3a-df) show that the samples consist of

This journal is © the Partner Organisations 2025

spherical particles with sizes ranging from approximately
0.3 pm to 5 pm. The EDS analysis (Fig. S3e-ht) confirms that
Ln*" ions are effectively doped into the MYGO lattice.

HRBE and VRBE schemes in MYGO

To analyze the trapping and releasing processes of charge car-
riers, the VRBE and HRBE schemes in MYGO have been con-
structed and exploited. A unique feature of the VRBE and
HRBE schemes is their ability to compare the binding energy
of electrons in the conduction band (CB), valence band (VB),
or 4f ground states (GS) of lanthanides across various com-
pounds using a common energy reference.”*>® The Eg, of
MYGO is 5.714 eV. The band gap, influenced by electron-hole
binding energy and temperature, is approximately calculated
using Formula (1) as a rule of thumb:***°

Eey = Egy + 0.008(Eey)” (1)

where E is the band gap energy. Correcting E¢c by including
the electron-hole binding energy (0.008E.,) gives a value of
6.00 eV. Fig. 2(a) and Fig. S2et display the PLE and PL spectra,
along with the PL process of MYGO:Ce. Two broad excitation
bands (dem, = 537 nm) at 321 nm and 440 nm, along with an
emission band (lex = 321 nm) at 537 nm, are observed in
Fig. 2(a). The schematic energy level structure of a free gaseous
Ce*" ion is shown in Fig. S2e,7 illustrating the Ce** ion at the
Y?* site in MYGO:Ce.”" The Ce*" emission arises from tran-
sitions between the lowest 5d excited state and the *Fs/, and
’F,;, GS. The PLE spectrum in Fig. 2(d) is decomposed via

Inorg. Chem. Front., 2025, 12, 3637-3652 | 3639
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Fig. 2 (a) The PLE (lem = 537 nm) and PL (lex = 321 nm) spectra of the MYGO:Ce material. (b and c) The PLE (b) and PL (c) spectra of the phosphors
MYGO:Pr/Eu/Tb. (d) The PLE (em = 537 nm) spectrum and the five fitted excitation bands at 300.0, 319.0, 335.8, 426.6 and 458.4 nm (4.13, 3.91,
3.70, 2.96, and 2.71 eV), respectively. (€) The HRBE and VRBE schemes in the MYGO system.

Gaussian fitting into five excitation bands at 300.0, 319.0,
335.8, 426.6, and 458.4 nm (4.13, 3.89, 3.69, 2.91, and 2.71 eV,
respectively). The fit parameters for the PLE spectrum of
MYGO:Ce confirm reliable results (Table S3). The PLE and PL
spectra of MYGO:Eu/Pr/Tb are shown in Fig. 2(b and c). The
spectrum of MYGO:Eu clearly shows the Eu** charge-transfer
band (CTS) at 4.66 eV (266 nm). The electron transition from
the 4f GS of Pr’* or Tb*" to the conduction band bottom is
termed intervalence charge transfer (IVCT). For MYGO:Pr, the
Pr** IVCT band is located at 4.32 eV (286 nm). The empirical

formulas (2) and (3) proposed by Dorenbos are as
follows:**>1~>3

U(6,4) = 5.44 + 2.834 exp(—¢./2.2) (2)

Es(7,24,A) = —24.92 + [18.05 — U(6,4)] 3)

x [0.777 — 0.0353 x U(6,A)] "
where U(6, A) represents the Coulomb repulsive force of Eu®"/
Eu?"; ¢. is the difference between the average excitation energy
and that of free gaseous Ce*" (6.35 eV); E4 (7, 2+, 4) is the
energy of the Eu** 4f GS in the VRBE column. Based on the
PLE spectrum of MYGO:Ce and Dorenbos theory, the average
energy of Ce®" 5d states and the Ce®" 4f-5d transition energy

3640 | /norg. Chem. Front.,, 2025, 12, 3637-3652

(Etq1) are calculated as 3.47 eV and 2.71 eV, respectively. Thus,
& is calculated to be 2.88 eV. Finally, U(6, A) and E4 (7, 2+, A),
calculated using formulas (2) and (3), are 6.21 eV and —3.71
eV, respectively. The original data based on Dorenbos theory
are provided in Table S4.1 Collectively, the HRBE and VRBE
schemes shown in Fig. 3(e) provide critical insights into the
energy levels of lanthanides in MYGO and predict the trap
depths of Pr’* and Tb** as 1.68 eV and 1.86 €V, respectively.

PL and RL in MYGO:Ln

As shown in Fig. 3(a and b), the PLE and PL spectra of MYGO:
Pr,Tb were recorded at RT to analyze the optical transition pro-
cesses of the ions.*® In Fig. 3(a), the PLE spectrum monitored
at 610 nm shows an excitation band at ~287 nm attributed to
IVCT: Pr** — CB, while the 370-400 nm band is hypothesized
to originate from host intrinsic defects. The PLE spectrum
monitored at 544 nm shows two excitation bands at %276 nm
and 320 nm, along with weaker bands in the 350-390 nm
range. The strongest excitation band at 276 nm is attributed to
IVCT: Tb®" — CB. The most intense excitation band peaked at
276 nm is associated with IVCT: Tb** — CB. This assignment
(IVCT: Pr**/Tb** — CB) agrees well with the HRBE and VRBE
schemes in Fig. 2(e). The excitation band at 320 nm in the

This journal is © the Partner Organisations 2025
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Fig. 3 (a and b) The PLE (a) and PL (b) spectra of the MYGO:Pr,Tb phosphor monitored at 543/610 nm and 276/286 nm, respectively. (c) The
Commission International de I'Eclairage (CIE) color coordinates of MYGO:Ln at different wavelengths of UV irradiation. (d—f) The X-ray RL spectra
(U/l = 23 kV, 50 pA) of the samples MYGO:Pr (d), MYGO:Tb (e) and MYGO:Pr,Tb.

investigated host remains ambiguous, potentially arising from
the f-d transitions of Tb®" in a distorted environment or point
defects in the material. Excitation bands in the 350-390 nm
range are attributed to the spin-forbidden f-f transitions of
Tb**. In Fig. 3(b), excitation at 287 nm (Pr** emissions) reveals
several Pr’" 4f-4f transition peaks at 487, 532, 564, 610, 622,
660, 711, and 739 nm, corresponding to transitions *P, — *Hy,
3p, - *H;, °P, — °Hs, 'D, — *H,, °P, — *Hy, °Py — °F,, °Py —
*F;, and *P, — ’F,, respectively. For excitation at 276 nm (Tb>"
emissions), the bands correspond to °D; — “F5 (417 nm), °D;
— ’F, (438 nm), °D, — "F¢ (488 nm), °D, — 'F5 (544 nm), °D,
— ’F, (584 nm), and °D, — “F; (619 nm). Fig. 3(b) shows that
partial overlap of excitation bands results in PL spectra of co-
doped MYGO:Pr,Tb displaying characteristic emission peaks
of both Pr** and Tb*'. This indicates that co-doping does not
cause fluorescence quenching and achieves dual-lumine-
scence-center emissions. To better evaluate luminescence pro-
perties, the PL quantum yields (PLQYs) of MYGO:Ln were
measured. Fig. S5 shows that the PLQYs of MYGO:Pr, MYGO:
Tb, and MYGO:Pr,Tb are 68.2%, 88.8%, and 71.1%, respect-
ively, indicating that the PL properties of MYGO:Ln are influ-
enced by the type of doping ion. The highest PLQY of 90.4% is
achieved with Tb®" doping, confirming the excellent PL pro-

This journal is © the Partner Organisations 2025

perties of MYGO:Tb. Fig. 3(a and b) and Fig. S51 show that the
yellow MYGO:Pr,Tb phosphors have PL peaks between 450 nm
and 800 nm, with an excitation range below 450 nm, effectively
restricting blue light re-absorption. MYGO:Pr,Tb is well
matched to blue phosphors excitable by near-UV chips and
can be integrated into w-LEDs. Fig. 3(c) presents the CIE color
coordinates of the MYGO series at (0.63, 0.37), (0.54, 0.37),
(0.47, 0.41), (0.44, 0.42), (0.38, 0.55), and (0.29, 0.50), respect-
ively. This clearly indicates that different PL colors arise from
distinct luminescence centers. To assess the feasibility of
applying the MYGO series to X-ray multifunctional fields, X-ray
RL spectra were recorded. As shown in Fig. 3(d-f), the radiolu-
minescence (RL) spectra of MYGO:Pr (d), MYGO:Tb (e), and
MYGO:Pr, Tb (f) closely resemble their respective PL spectra
(Fig. S41). These results demonstrate that MYGO:Ln can be
excited by X-rays, with the RL performance closely linked to
the luminescence center ions.

LPL processes in MYGO:Ln

To identify the recombination centers and clarify the LPL
decay processes, RT LPL decay spectra were recorded after
U,..”? Fig. 4(a—c) show 2D contour plots of MYGO:Pr (a), MYGO:
Tb (b), and MYGO:Pr,Tb (c) for durations of 120, 60, and

Inorg. Chem. Front,, 2025, 12, 3637-3652 | 3641
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15 min, respectively. The LPL spectra of MYGO:Pr and MYGO:
Tb, ranging from 400 to 800 nm, exhibit similar trends, with
the LPL intensity decreasing over time. For MYGO:Pr,Tb, the
LPL decay spectra, resembling the PL spectra, primarily
consist of Pr**: *Py, — *H,, *He and Tb*": °D3, °D, — F, tran-
sitions. In Fig. 4(a), the LPL decay curves for Pr’*: *p, — *H,,
*He emissions at 487 and 610 nm exhibit a rapid initial
decay within 20 min, followed by a slower decrease. In
Fig. 4(b), the LPL decay curves for Tb*": °D, — “F5 emission
(dem = 543 nm) show low initial intensity and rapid decay. In
Fig. 4(c), the decay curves at 487, 543, and 610 nm for
MYGO:Pr,Tb indicate that Pr** has a higher LPL intensity
than Tb*", and both ions serve as LPL and recombination
centers. As shown in Fig. 3(d), the initial intensity after U,
exceeded 100 mecd m™2, and the Tpy T, and 7. values were
approximately 405, 179, and 48 min, respectively, demon-
strating excellent luminescence performance for MYGO:Ln.
To study electron and hole trapping and release processes,
RT isothermal LPLE spectra of MYGO:Pr,Tb (monitored at
487, 543, and 610 nm) were recorded after 200-400 nm
photon charging, as shown in Fig. 4(e-g). In Fig. 4(h), the
LPLE plots of MYGO:Pr,Tb are similar to the PLE spectra but
exhibit a blue shift. This indicates that the LPL of MYGO:Pr,
Tb phosphors is driven by IVCT: Pr**/Tb*" — CB. Notably,
no intrinsic defect bands appear in the LPLE spectra, indi-
cating that intrinsic defect generation is not involved in the
LPL processes.

PSL processes in MYGO:Ln

Photo-stimulated luminescence (PSL) is a phenomenon where
low-energy light stimulates materials excited by high-energy
light to emit luminescence.”” It is widely applied in advanced
optical storage technologies. Some charge carriers trapped in
the material cannot be activated at RT. Stored carriers can be
released through low-energy photo-stimulation. Deep traps in
PSL materials prevent information loss. In other words, PSL
phenomena can qualitatively predict information storage pro-
perties. Therefore, MYGO:Pr,Tb was investigated as a PSL
research object to explore the possibility of containing inde-
pendent deep traps, as shown in Fig. 5(a-d). Real-time PSL
curves were recorded after U.. The 808 nm and 980 nm NIR
lasers were alternately turned “on” and “off” every 30 s for
30 min, causing alternating jumps and drops in PSL intensity.
This indicates that electrons in deep traps cannot be fully
cleared by thermal perturbation at RT but are effectively
excited by NIR stimulation. For MYGO:Pr,Tb, the 808 nm and
980 nm NIR PSL (PSL-808, PSL-980) enable partially responsive
optical information readout with a high response rate. These
results suggest that MYGO:Pr,Tb can enable multi-mode anti-
counterfeiting applications, including PL, LPL, and NIR PSL.
As shown in Fig. 5(e), the X-ray storage performance of MYGO
was quantified by comparing the TL curves of MYGO:Ln with
commercial phosphors SrAl,0,:Eu*",Dy*" and BaFBr(i):Eu**
after X.. For MYGO:Ln, the peak temperature of the TL band
(Twm) shifted to higher values, with TL intensity ratios of 1.298/
1.228 (ry/14), 0.504/0.477 (r,/r5), and 1.517/1.435 (r3/r), respect-
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ively. To explore anti-counterfeiting applications, TL curves
(X.) of MYGO:Pr,Tb with varying durations were analyzed. As
shown in Fig. 5(f), the TL intensity increased with X. time,
and TL peaks shifted to the right. The inset of Fig. 5(f) shows
that the integrated TL intensity fits the equation TL x 1078 =
2.002 x t — 0.422 (R®> = 0.9996), where t represents the
X-ray charging time. This suggests that MYGO:Pr,Tb storage
phosphors are promising candidates for X-ray detection
dosimeters.

TL curves and trap depths of MYGO:Ln

To determine the trap depths of MYGO:Ln and validate the
VRBE and HRBE models, we systematically studied and
recorded their TL curves. Fig. 6(a-c) show the TL curves of
MYGO:Ln (310-650 K) after X, at heating rates (f) ranging
from 0.3 to 1.5 K s™'. As f increased, the TL intensity (I1)
of MYGO:Ln strengthened, and T, shifted to higher temp-
eratures. To analyze the recombination and luminescence
centers during TL decay, TL curves of MYGO:Ln at f =1 K
s~! in Fig. 6(d) were Gaussian fitted and compared. The
fitting parameters for TL curves are listed in Tables S5-7.F
In Fig. 6(d1) and (d3), T, for MYGO:Tb (T,-Tb) is higher
than that for MYGO:Pr (T,-Pr). In Fig. 6(d3), Iy, for MYGO:
Pr (Iy;-Pr) is approximately 2.5 times that of MYGO:Tb (Iy-
Tb). These bands are speculated to originate from unknown
intrinsic defects, impurities, or Ln**. To better understand
the type and depth of traps, Gaussian-fitted curves of
MYGO:Ln in Fig. 6(d) and Fig. S6-8f were analyzed. TL
curves of MYGO:Pr [Fig. 6(d3), Fig. S6t] and MYGO:Tb
[Fig. 6(d1), Fig. S7t] each contain four fitted TL peaks.
Fitted TL bands 1-3 of MYGO:Pr and MYGO:Tb share
similar shapes and T, values (~380, 420, and 490 K).
Therefore, The TL fitted curves of MYGO:Pr and MYGO:Tb
are divided into two parts: low-temperature bands 1-3
(bands H) and high-temperature bands 4 (band P, Ty, =
549 K in MYGO:Pr) and 5 (band T, T, = 569 K in MYGO:Tb).
Bands H, P and T correspond to host-induced traps (intrin-
sic defects), Pr**-induced defects, and Tb**-induced defects,
respectively. For MYGO:Pr,Tb, five TL fitted peaks are shown
in Fig. 6(d2) and Fig. S8.1 The low-temperature bands 1-3
(T ~ 382 K, 427 K, 489 K) are similar to the bands H of
MYGO:Pr and MYGO:Tb, while the high-temperature bands
4 (T ~ 543 K) and 5 (T, ~ 581 K) resemble band P (T, ~
549 K) of MYGO:Pr and band T (T, ~ 569 K) of MYGO:Tb,
respectively. Thus, the Gaussian-fitted TL curves of MYGO:
Pr,Tb can be divided into three parts: bands H (1-3), band P
(4), and band T (5). Therefore, the TL curves of MYGO:Ln
comprise bands H, P, and T, corresponding to host intrinsic
defects, Pr’" traps, and Tb*" traps, respectively. Fig. 6(e-h)
display TL bands P for MYGO:Pr, bands T for MYGO:Tb,
and bands P and T (P, T.) for MYGO:Pr,Tb after X.. Source
data are provided in Fig. S6-8.f Finally, trap depths were
estimated using formula (4) and the variable f rate profiles
of TL bands P, T, P. and T. in Fig. 6(e-h):

PE/(kgTm?) = s x exp(—E/kpTm) (4)
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Fig. 4 (a—c) The RT isothermal LPL spectra of the materials MYGO:Pr (a), MYGO:Tb (b), and MYGO:Pr,Tb (c) after 254 nm UV lamp charging for
10 min. (d) The LPL decay curves of MYGO:Ln after charging with a 254 nm UV lamp for 10 min. (e—g) The RT isothermal decay curves of MYGO:Pr,
Tb monitored at 487 (e), 543 (f), and 610 (g) nm after different energy photon excitation for 10 min. (h) The comparison of LPL excitation (LPLE)
curves with the PLE spectra of MYGO:Pr,Tb.
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Fig. 5 (a—d) After the recharged MYGO:Pr,Tb decayed in the dark, PSL cycle decay curves monitored at 610 nm (a) and 487 nm (b) under an
808 nm NIR laser and at 610 nm (c) and 487 nm (d) under a 980 nm NIR laser were recorded in pulsed mode (repeating ON and OFF in every 30 s) at
RT. (e) The comparison of TL curves for MYGO:Ln and commercial phosphors SrAlL,O4:Eu®*,Dy**/BaFBr(1):Eu** charged by X-rays for 2 min. (f) The
TL curves of MYGO:Pr, Tb charged by X-rays for different durations. The inset shows the integrated TL intensities between 310 and 650 K as a func-

tion of X-ray exposure time.

Here, # (K s') is the heating rate, E (eV) is the trap depth, kg
is the Boltzmann constant, Ty, (K) is the TL peak temperature,
and s (s7') is the frequency factor. By plotting In (7,”) against 1/
(kg x Tp), straight lines representing trap depths E (slopes) and
frequency factors s are shown in Fig. 6(j) and Table S9.1 In
Fig. 6(j), fitted lines from the same traps are parallel and exhibit
consistent trap depths E. Trap depths E for bands P, T, P. and T.
are calculated as 1.668, 1.684, 1.867, and 1.798 eV, respectively.
Based on Fig. 6, Tb** co-doping generates new hole traps
and increases trap depths, while Pr’* co-doping enhances
the TL intensity via Coulomb interactions. Altogether, Pr**
and Tb*" co-doping improves the luminescence perform-
ance through higher TL intensity and greater trap depths.
Notably, the trap depths agree well with the energy differ-
ences between 4f-Pr**/Tb** and the VB top in the VRBE and
HRBE schemes. Consequently, we identified a trap depth
engineering strategy for MYGO and successfully developed
novel deep-trap LPL and X-ray storage materials.

Charge carrier trapping and release processes in MYGO garnet

Higher initial storage capacity and lower release rates are critical
for superior storage material performance. The integral area per-

3644 | Inorg. Chem. Front, 2025, 12, 3637-3652

centage (Iyy) and Ty, of TL curves represent carrier storage
capacity and release rates. TL curves of MYGO:Ln (310-650 K)
were investigated after U, or X, for 2 min to quantify the storage
capacity in the temperature-cleaning (fgean) Or decay time (Zq)
dimensions. Fig. 7 shows that Iy, gradually decreases and Ty,
shifts to higher temperatures with increasing tcjean OF Zq. In the #4
dimension, Fig. 7(a and b) illustrate TL curve trends for MYGO:
Pr (a) and MYGO:Tb (b) as ¢4 increases (0 s-120 h) after U.. The
Iy, ratio of MYGO:Pr to MYGO:Tb at 0 s is 1.5, indicating that
MYGO:Pr has higher initial storage capacity. Compared to Tp,-Pr
(~386 K), T;y-Tb (2417 K) indicates deeper trap depths in MYGO:
Tb. In Fig. 7(a and b), MYGO:Tb retains 49% of carriers at ¢4 =
120 h, demonstrating a lower release rate and reduced RT
thermal perturbation. Fig. 7(c) shows that MYGO:Pr,Tb retains
high initial Iy, Ty, (%418 K), and 50% of carriers at ¢4 = 120 h,
combining the high storage capacity of MYGO:Pr and low release
rate of MYGO:Tb. The type of charging energy significantly
affects the storage capacity. In Fig. 7(d-f), Iy, after X. decreases
by an order of magnitude compared to U, but T, increases to
425 K (d), 483 K (e), and 493 K (f), indicating that carriers shift
to deeper traps with lower release rates. For MYGO:Pr,Tb, half of
the carriers are released after 100 h (X.) or 1000 h (U,).
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Fig. 6 (a—c) The TL curves of the materials MYGO:Pr (a), MYGO:Tb (b), and MYGO:Pr,Tb (c), charged with X-rays for 2 min, recorded at varying
heating rates (0.3 < g < 1.5 K s™%). (d) Fitting TL curves for bands H (Fit Peaks 1, 2, 3), P (Fit Peak 4), and T (Fit Peak 5) in MYGO:Tb (d1), MYGO:Pr,Tb
(d2) and MYGO:Pr (d3) at § = 1 K s%. (e—h) The TL curves of bands P (Fit Peak 4) in MYGO:Pr (e), bands T (Fit Peak 5) in MYGO:Tb (f), and Fit Peak 4
in MYGO:Pr (g) and MYGO:Pr,Tb (h) at varying heating rates (0.3 < § < 1.5 K s73). (i) The heating rate plots of MYGO:Ln. (j) The trap depth plots of

MYGO:Ln.

Therefore, Fig. 7(a-f) illustrate that Pr** and Tb®>' co- more suitable for long-term storage applications, while
doping in MYGO enhances the storage performance com- 254 nm UV is better for large-capacity storage. In the fjean
pared to single doping in the ¢4 dimension. And X-rays are dimension, storage performance was evaluated by uniformly
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(a—c) Fading of TL curves of MYGO:Pr (a), MYGO:Tb (b), and MYGO:Pr,Tb (c) after charging with a 254 nm UV lamp, with different delay

times. (d—f) Fading of TL curves of MYGO:Pr (d), MYGO:Tb (e), and MYGO:Pr,Tb (f) after charging with X-rays for 2 min, with different delay times.
(g—i) TL glow curves for MYGO:Pr (g), MYGO:Tb (h), and MYGO:Pr,Tb (i) recorded at # = 1 K s™* after charging with a 254 nm UV lamp, followed by

TL glow peak cleaning at teean for 1 min. (j—1) TL glow curves for MYGO:Pr (j), MYGO:Tb (k), and MYGO:Pr,Tb (1) recorded at § = 1 K s™* after X-ray
charging, followed by TL glow peak cleaning at t;jean for 1 min.

increasing tcjean. Fig. 7(g-1) show that Ty, shifted to higher
temperatures after X. (g-i) or U, (j-1) for MYGO:Ln. The TL
curves for t.can and ¢4 yielded similar results, showing that

3646 | /norg. Chem. Front., 2025, 12, 3637-3652

MYGO:Pr (g and j), MYGO:Tb (h and k), and MYGO:Pr,Tb (i
and 1) exhibit higher initial storage capacity, lower release
rates, or both. Fig. 7(g-i) show that after U. and increasing
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telean, carrier release is the fastest in MYGO:Pr (j) but slower
and more gradual in MYGO:Tb (h) and MYGO:Pr,Tb (i). The
initial ¢jean (Xc) was raised to 403 K. In Fig. 7(j and k), as
tclean increases from 403.5 K to 553.5 K, stored carriers are
slowly released, and T, shifts to 482 K (MYGO:Pr) or 495 K
(MYGO:Tb). For MYGO:Pr,Tb (i and 1), major carrier release
requires Ty, to exceed 518.5 K (U,) or 613.5 K (X.). Fig. 7 con-
firms that MYGO:Ln, especially MYGO:Pr,Tb, is a novel
deep-trap X-ray storage material with excellent storage
performance.

254 nm UV on

Xc for 60 s and TSL at30s

Xc for 30 s and TSL at30 s

Xc for 60 s and TSL at 60 s

m

Xc for 60sand TSL at30s
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Applications

X-ray imaging of MYGO:Ln. Fig. 8(al) shows MYGO:Pr,
MYGO:Tb, and MYGO:Pr,Tb storage phosphors dispersed in
PDMS to form films 1-3, each with a diameter of ~8 cm. No
PL is visible under daylight, as shown in Fig. 8(a1), but under
254 nm UV light, as shown in Fig. 8(a2), films 1-3 emit pink,
green, and yellow PL, respectively. For X-ray imaging, the films
were placed under four large wire connectors (Fig. S97%),
exposed to 75 W X-rays, and then heated to =400 K after
removing the connectors, emitting TSL in the dark to produce

Xc for 60 s and TSL at 30 s

Xc¢ for 60 s and TSL at 60 s

Xc for 60 s and TSL at 60 s

Fig. 8 Proof-of-concept planar X-ray imaging using MYGO-based PDMS film 1 (MYGO:Pr), film 2 (MYGO:Tb), and film 3 (MYGO:Pr,Tb). (a) The
photographs of films 1, 2, and 3 under daylight (al) and under a 254 nm UV lamp (a2). (b—d) The TSL X-ray imaging photographs of four electronic

connectors in film 1 (b), film 2 (c), and film 3 (d).

This journal is © the Partner Organisations 2025
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X-ray imaging photographs. Fig. 8(b1, b2) and (c1, c2) show
that film 1 and film 2 emit pink and green TSL, respectively,
originating from the 4f-4f transitions of Pr** and Tb**. Fig. 8
(d1-d3) reveal that film 3 emits orange TSL, combining pink
Pr** and green Tb*" emissions. Fig. 8(b1, c1 and d2) present
X-ray imaging photographs after 60 s X, and 30 s heating. The
brightness and clarity are in the order: film 3 > film 1 > film 2,
indicating that MYGO:Pr,Tb has the best X-ray imaging capa-
bility. As shown in Fig. 8(b2, c2 and d3), extending the heating
time from 30 s to 60 s reduces brightness and clarity due to
significant carrier release. X-ray imaging photographs of film 2
show poor definition due to the lowest storage capacity of
MYGO:Tb and insufficient heating temperature to reach Tj,.
Fig. 8(d1 and d2) show that for film 3, brightness and clarity
are proportional to X, time. Overall, Fig. 8 illustrates the excel-
lent X-ray imaging properties of MYGO:Ln materials, particu-
larly MYGO:Pr,Tb phosphors.

Anti-counterfeiting and encryption. Fig. 9(a) displays the
type and distribution of MYGO series phosphors in the 3D-
printed digital model ‘8 8 8 8'. Under 365 nm UV irradiation,
the MYGO series phosphors emit weak PL, and the digital
model displays the original information ‘8 8 8 8 (Fig. 9(b1)).
When 254 nm UV light is turned on (Fig. 9(b2)), all MYGO
series except for MYGO:Ce emit bright PL, revealing the trans-
formed information ‘6 8 9 9’. After U, the digital model emits
LPL and is used to demonstrate encryption and anti-counter-

LPL atSs

LPL at60s 365 nm

LPL at120s
MYGO:
®&(f):Pr,Th

heated at 100 °C daylight

View Article Online
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feiting. At 5 s (Fig. 9(b3)), the LPL image displays ‘5 0 9 3’, as
all MYGO series except for MYGO:Ce and MYGO:Eu emit LPL.
Then, at 60 s (Fig. 9(b4)), due to differing LPL durations, only
MYGO:Pr,Tb has completely decayed, transforming the infor-
mation from ‘5 0 9 3’ to ‘5 0 5 1’. Finally, at 120 s (Fig. 9(b5)),
only MYGO:Pr emits visible LPL, changing the information
from ‘5051 to ‘505’ or ‘S O S'. After 24 h decay in the dark
and heating to 373 K, the information ‘5 0 9 3’ reappears
brightly and clearly (Fig. 9(b6)). This phenomenon of combin-
ing PL, LPL, and TSL to display different information has great
prospects for applications in anti-counterfeiting and advanced
displays.

Information storage. Fig. 9(c) shows 3D-printed QR code
models containing the information ‘Mg;Y,Ge;04,:Pr**, Tb*".
MYGO:Pr, MYGO:Tb, and MYGO:Pr,Tb storage phosphors
were dispersed in PDMS and incorporated into QR code
models to create QR codes 1, 2, and 3. Under 254 nm UV light,
QR codes 1, 2, and 3 emit bright pink, green, and orange PL,
as displayed in Fig. 9(d1, el and f1), respectively. These QR
codes were used to evaluate LPL properties after U.. As shown
in Fig. 9(d2, e2 and f2), LPL images at 5 s confirm that the
information ‘Mg;Y,Ge;0,,:Pr**, Tb*" is embedded in the QR
codes. In Fig. 9(d3, e3 and f3), LPL images at 120 s, 60 s,
and 30 s for QR codes 1, 2, and 3, respectively, show slight
fading. Fig. 9(d4, e4 and f4) show that after 24 h decay in the
dark and heating to 372.5 K for 30 s, carrier release is accel-

‘J‘.‘ i

LPL atSs LPL atSs LPL atSs

LPL at60 s LPL at 30 s
r— ' - r .
L 4 *

g___J‘A-t

heated at 100 °C heated at 100 °C heated at 100 °C

Fig. 9 The proof-of-concept images for anti-counterfeiting and information storage applications using the MYGO-based PDMS QR code 1 (MYGO:
Pr), QR code 2 (MYGO:Tb), and QR code 3 (MYGO:Pr,Tb). (a and b) The photographs of anti-counterfeiting features of the digital model “8 8 8 8. (c)
The QR code models in daylight. (d—f) The information storage photographs for QR code 1 (d), QR code 2 (e), and QR code 3 (f).
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Fig. 10 The schematic illustration of the LPL mechanism of the MYGO:Pr,Tb phosphor depending on the VRBE and HRBE models.

erated, producing high-brightness TSL. Notably, TSL images
are brighter and clearer than LPL images, confirming
that the MYGO:Ln series are excellent information storage
materials.

Mechanism of LPL

Above all, the possible LPL mechanism in MYGO:Ln is pro-
posed and illustrated in Fig. 10. Under 254 nm UV or X-ray
charging, electrons in the VB are excited to the CB, leaving
behind numerous holes in the VB (1). Some electrons
immediately return to the ground state, producing direct PL
from Pr’* or Tb*". Simultaneously, holes in the VB or elec-
trons in the CB are trapped by hole traps (Ln**: Pr** and/or
Tbh**) or electron traps (MYGO host), respectively (2). After the
excitation ceases, trapped electrons and holes are released
into the CB and VB, respectively, under thermal interference
at RT (LPL) or additional energy stimulation, e.g. TSL or PSL
(3). Ln®" (case 1 or 2) first attracts an electron or a hole (4)
and subsequently attracts a hole or an electron, forming an
exciton under Coulomb force. Alternatively, released electrons
and holes directly recombine to form excitons, which migrate
through the lattice and are eventually captured by Ln** (5). In
all cases, Ln*" binds to excitons, acquires their recombination
energy, and transitions to the excited state (6). After non-
radiative relaxation, LPL arises from the 4f — 4f transition
of Ln**,

3. Conclusions

In this work, Mg;Y,Ge;0;, (MYGO) series LPL materials were
synthesized using a high-temperature solid-phase method.
Combining the refined chemical shift model, optical spec-

This journal is © the Partner Organisations 2025

troscopy, and TL curves, the HRBE and VRBE schemes for
MYGO materials were constructed and validated, predicting
trap depths of Pr’* and Tb*" as 1.68 eV and 1.86 eV, respect-
ively. Experimental trap depths calculated from X, TL curves
matched the predictions. Lanthanide ions (Pr** and/or Tb>")
act as deep hole traps, while host intrinsic defects serve as
electron traps. LPL decay curves demonstrate excellent per-
formance of the MYGO series, with initial intensities exceeding
100 med m™ and Tpy T, and 7, measured as 405, 179, and
48 min, respectively. The red LPL phosphor MYGO:Pr offers a
significant advantage, as most lanthanide-activated LPL
materials last less than 6 h. As a novel yellow LPL phosphor,
MYGO:Pr, Tb emits across 400-800 nm with an excitation range
below 400 nm, addressing issues like blue light re-absorption
and insufficient red components, which affect color rendering
and white light uniformity. Regarding storage ability, 49% of
carriers in MYGO:Pr,Tb can be retained over 1000 h.

TL intensity ratios for MYGO:Pr, MYGO:Tb, and MYGO:Pr,
Tb compared to commercial SrAl,0,:Eu>",Dy*'/BaFBr(1):Eu**
are 1.298/1.228 (r4/ry), 0.504/0.477 (r,/rs), and 1.517/1.435 (r3/
T6), respectively. Based on the LPL mechanism model, the pro-
cesses of energy level transitions at the luminescence center,
as well as the storage and release of carriers, have been eluci-
dated. Finally, the MYGO series demonstrates multifunctional
applications in anti-counterfeiting, information storage, and
X-ray imaging through PL, LPL, TL, and TSL. Above all, MYGO:
Pr,Tb has the prospects of being matched well with blue phos-
phors and used for w-LED applications, and the MYGO series
can be an excellent candidate for multifunctional applications
in LPL, anti-counterfeiting, advanced displays, high-capacity
storage and X-ray imaging. This study offers a theoretical
framework and experimental methodology for designing novel
LPL and storage phosphors.
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4. Experimental section
Materials and synthesis

According to the stoichiometric ratio, the raw materials MgO
(99.99%), Y,03 (99.99%), GeO, (99.99%), Pr,O;; (99.99%),
Tb,03 (99.99%), CeO, (99.99%), and Eu,0; (99.99%) were
added to an agate mortar. Then, an appropriate amount of
absolute ethanol was poured in and the mixture was ground
for 0.5 h. The detailed compositions are listed in Table S1.f
The mixture was calcined in a high-temperature tube furnace
at 1623 K for 6 h in a muffle furnace under air, finally cooled
to room temperature (RT), and the temperature rate of rise and

fall obtained was 5 K min ™.

Device preparation

Application in information storage. Three 2D code models
(60 x 60 x 4 mm) containing the information ‘Mg;Y,Ge;0;,:
Pr**,Tb>"" were printed using the ASM 360 light-curing SLA
3D printer (manufactured by Dongguan Ansam Intelligence
Co.). 1.5 g each of MYGO:Pr, MYGO:Tb, and MYGO:Pr,Tb and
1.5 g of polydimethylsiloxane (PDMS, The Dow Chemical
Company) precursors were mixed with constant stirring in
three Petri dishes with a diameter of 80 mm. Then, the mix-
tures were poured into the QR code moulds, uniformly dis-
tributed, and baked in a vacuum oven at 343 K for 12 h.
254 nm UV light was used to energize the QR codes before
LPL experiments.

Anti-counterfeiting and encryption applications. MYGO:Ce,
MYGO:Eu, MYGO:Pr, MYGO:Tb, and MYGO:Pr,Tb were filled
into different parts of the digital model ‘8 8 8 8 printed using
a 3D printer. After exposing all the models to 254 nm UV light
for 10 min, the LPL-induced changes in character patterns on
the surface were recorded.

X-ray imaging. 3 g of MYGO:Pr, MYGO:Tb, and MYGO:Pr,
Tb storage phosphors were each dispersed in PDMS and
subsequently baked in a vacuum oven at 343 K for 12 h to
synthesize three flexible films 1-3 with a diameter of
~8 cm. Films 1-3 were placed under four large wire connec-
tors after being irradiated with an X-ray radiation source for
different times. The wire connectors were removed. The
X-ray charged films 1-3 were heated to ~400 K in the dark
using a heater, and a series of X-ray imaging photographs
were taken.

Characterization and measurements. In this work, X-ray
diffraction (XRD) measurements were performed with the fol-
lowing parameters: voltage U = 40 kV, current I = 60 mA,
CuKa (with a wavelength (1) of 1.54178 A) as the X-ray source,
a scanning step of 0.03°, and a scanning speed of 10° min™",
over a range of 10-90°. When the diffraction patterns of the
samples are refined through GSAS software, the scanning
step is adjusted to 0.01°, the scanning speed is reduced to
1.5° min~', and other parameters remain unchanged. The
surface morphology (SEM) and elemental distribution (EDS)
of the MYGO host and MYGO:Ln phosphors were measured
using a Hitachi S-4800 scanning electron microscope. UV-
visible diffuse reflectance spectra (UVV-DRS) of MYGO:Ln

3650 | /norg. Chem. Front,, 2025, 12, 3637-3652
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were recorded using a spectrophotometer (Shimadzu, SOLID
3600) equipped with a BaSO,-based integrating sphere at
room temperature (RT). The LPL decay curves were obtained
using the PR305 instrument produced by Zheda Tricolor
Instrument Co., Ltd. The light source was a 254 nm UV lamp
with an illumination of 1000 Lx, and the irradiation time was
10 min. The PL excitation (PLE), PL, LPL excitation (LPLE),
LPL spectra and photo-stimulated luminescence (PSL) spectra
were recorded using an FLS920T-VM504 vacuum UV-visible
(UVV) test system and a Flurolog-3 spectrometer system
(HORIBA JOBIN YVON). A xenon lamp was used as the light
source for the PLE and PL spectra, whereas the LPLE, LPL
and PSL spectra were recorded using only an 808 nm or
980 nm NIR laser (both 0.3 W power) source after 2 min of
U.. A miniaturized X-ray tube (Amptek) with a maximum
output of 4 W was employed as the X-ray source.
Radioluminescence (RL) was acquired with an integrating
sphere (@ = 10 cm) and a fiber-optic spectrometer (Omni-
A300i). For RL measurement under X-ray irradiation, the X-ray
tube voltage and current were kept at 23 kV and 100 pA,
respectively. The FJ427A1 microcomputer thermolumines-
cence dosimeter produced by Beijing Nuclear Instrument
Factory was used to record the TL curves. 5 mg samples were
measured within the range of 310-650 K at heating rates (f)
of 0.3, 0.6, 0.9, 1.2 and 1.5 K s~". A silver-targeted X-ray tube
with a power of 2.3 W (I = 100 pA, U = 23 kV) or a 254 nm UV
lamp was used for charging for 2 min prior to TL curve
measurement. An industrial X-ray tube operating at 75 W (U =
50 kV and I = 1.5 mA) was employed as the energy source for
X-ray imaging, with the distance between the X-ray tube and
the LPL films being about 80 mm. Prior to TL, LPL, and PSL
measurement, the samples were irradiated under a 254 nm
UV lamp for 10 min, unless stated otherwise. The power of
the 808 nm and 980 nm NIR lasers was maintained at 0.3
W. All luminescence patterns were captured using an iPhone
11, and the heating stage was used to read out the
information.
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