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ABSTRACT

Discovering light dosimeters that can function effectively from liquid nitrogen temperature to 700 K presents significant challenges. Such
dosimeters facilitate a range of cutting-edge applications, including anti-counterfeiting measures at low temperature for cryo-preservation. To
facilitate such discovery, stacked vacuum referred binding energy diagrams for the LiYGeO, cluster of crystals have been first constructed.
They offer a robust method for controlling both electron and hole trapping depth in the LiYGeO, cluster of crystals. Wide temperature
shifting of Bi*" and Eu®" thermoluminescence (TL) glow bands emerges from 200 to 500K for LiY,Lu, GeO40.01Bi*" and
LiY,Lu, ,GeO,:0.01Bi’*, 0.001Eu>*, by changing x, facilitating conduction band tailoring. Wide temperature shifting of Bi** TL glow bands
emerges from 300 to 700K for LiYGe,Si; ,0,4:0.01Bi**, by tuning z, facilitating valence band tailoring. TL glow band peaks near 135, 185,
232,and 311 K emerge in Li;Na, ,YGeO,: 0.001Bi’". Particularly, the discovered Bi** or/and lanthanide modified LiYGeO, cluster of crystals
exhibit superior charge carrier storage capacity and minimal TL fading properties. For instance, the ratio of TL intensity of the optimized
LiYGeg 75Si0.2504:0.001Bi>™ to that of industrial BaFBr(I):Eu*" is as high as ~4. Interestingly, imaging of intense optically driven Bi*"
ultraviolet-A (UVA) luminescence has been validated in 254 nm energized LiYy»5Lug 75Ge0,:0.01Bi* " with a 100 lux white LED illumination.
Together with Zn$:Mn*", LiTaO3:Bi*", Sm>*, and Cs,ZrCls:Sb>* perovskites, the realization of wide range liquid nitrogen temperature to
700K Bi’* thermoluminescence in Bi** or/and lanthanide modified LiYGeO, cluster of crystals with superior charge carrier storage capacity
offers promising use for versatile anti-counterfeiting, information storage, and delayed x-ray imaging purposes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0224280
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I. INTRODUCTION

A persistent luminescence or radiographic phosphor is known as
an energy storage dosimeter, which stores free electrons and holes in
traps after being subjected to excitation sources like x-ray, ff-ray, y-ray,
or high energy ultraviolet light in the dark." The electrons or holes pre-
served in traps can be discharged at later times to produce photon emis-
sion upon optical,z’3 thermal,"” or mechanical stimulation.”® Such
energy conservation materials then serve various purposes, for instance,

in dosimetry,” information storage,'’ anti-counterfeiting,” temperature
sensing,'’ x-ray computed radiography (CR),'*"” and force sensing.”"*
However, most energy conservation phosphors are analyzed at room
temperature (RT)™'>'* or well above RT."” Very rare reports are pub-
lished that discuss the properties of persistent luminescence or radio-
graphic phosphors that can be conducted in the low temperature range
from 100 to 300 K. Recently, a Ge, Er, or Ce co-doped BaSiZOZNZ:Eu2+
energy storage material was reported in Refl8. Interesting Eu*"
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mechanoluminescence and persistent luminescence features are
observed at 77 K. Possibly intrinsic defects behave as charge carrier cap-
turing centers in those materials. However, the energy level locations of
these intrinsic defects remain unidentified. The nature of charge carrier
capture and discharge processes remains partially unclear. Scientific dis-
covery of such energy storage materials performed at low temperatures
then is a crucial scientific question but still remains a challenge.

Bismuth is an interesting element, which has a [Xe]4f'*5d'°6s*6p>
electronic configuration.'” Bismuth with different valence states can be
formed by losing electrons from the outermost shell.”” The most inter-
esting valence states are Bi*" (6p"), Bi** (65?), and Bi'" (6s'). Bi*T is
often doped to crystals to obtain photoluminescent phosphors for white
light-emitting diode (WLED) purposes.'™' Interest in energy storage
materials modified with Bi has increased during the past years.
However, charge carrier trapping and liberation processes in energy
storage materials modified with Bi frequently lack of larity.”” One ratio-
nale is that bismuth has many valence states with complicated electronic
transitions. The energy level locations in crystals frequently remain
unidentified. It becomes problematic to realize a convincing understand-
ing of how electrons or holes are confined or discharged in traps with
various excitation sources in Bi?", Bi’*, or/and Bi*" modified crys'[als.23
In 2012, a chemical shift model was proposed in Ref. 24 to establish a
vacuum referred binding energy (VRBE) diagram for lanthanides modi-
fied inorganic crystals. It facilitates a good discussion on charge carrier
capture and discharge processes between lanthanides.

More than 300 h Bi®* persistent luminescence has been claimed
in LiYGeO4Bi’" after exposure to 254nm ultraviolet light at room
temperature (RT).”” Unique ultraviolet Bi>* A-band mechanolumines-
cence emerges in LiYGeO,:Bi* " after exposure to compression force at
RT.”® This implies that Bi*" modified LiYGeQy is an interesting crys-
tal. However, the storage properties of LiYGeO,:Bi’ " below RT remain
unknown. Furthermore, the VRBE diagram with the energy level loca-
tions of Bi", Bi>", and Bi*" has not been disclosed yet. This conveys
that a convincing understanding of charge carrier capturing and dis-
charge processes is not reached. Particularly, an idea about the realiza-
tion of liquid nitrogen temperature to 700 K Bi** thermoluminescence
has not been proposed by applying electron discharge from Bi** or
hole discharge from Bi*" in LiYGeO, cluster of crystals.

Discovering light dosimeters”” that can work from liquid nitro-
gen temperature to 700 K is challenging. Such dosimeters facilitate var-
ious cutting-edge applications, such as anti-counterfeiting measures at
low temperature for cryo-preservation.”**’ In this work, to facilitate
such discovery, photoluminescence excitation and emission spectra for
undoped host, Tb>*, Pr’*, Eu’*, or Bi’" single modified LiYGeO,
have been first analyzed from deep ultraviolet to visible range at 10K
or RT. Outcomes have been adopted to create a vacuum referred bind-
ing energy (VRBE) diagram comprising the energy level locations of
excited and ground states of Bi’" and different lanthanides for
LiYGeOj as exhibited in Fig. 1(a). The VRBE in the Bi** ?P, ), ground
state will be experimentally deduced to be ~—3.46 €V in LiYGeO, by
TL study. Stacked VRBE diagrams for LiYGeO, cluster of crystals will
then be constructed as shown in Fig. 1(b). They provide a powerful
method to guide tailoring of both electron and hole trapping depth in
the LiYGeOy cluster of crystals. As depicted in Fig. 1(c), mechanisms
on how electrons or holes are confined or discharged have been unrav-
eled by combining VRBE diagrams with detailed spectroscopy and
thermoluminescence studies.
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Figure 1(d) illustrates that a recyclable light dosimeter is designed
by using wide range liquid nitrogen temperature to 700K Bi** ther-
moluminescence in the Bi’* or/and lanthanides modified LiYGeO,
cluster of crystals with outstanding charge carrier storage capacity.
Such dosimeters have been exploited for potential implementation for
versatile anti-counterfeiting, information storage, and x-ray imaging
purposes. This work not only initiates how to scientifically realize wide
range liquid nitrogen temperature to 700 K Bi*" thermoluminescence,
but more crucially can encourage chemists to discover new light dos-
imeters by creating and applying VRBE diagrams with energy level
location of Bi*", Bi**, and various lanthanides for inorganic crystals.

Il. RESULTS

A. X-ray diffraction patterns and photoluminescence
spectroscopy for VRBE diagram establishment

Figures 2(a) and 2(b) present x-ray diffraction (XRD) patterns for
the prepared LiY,Lu.,GeOy: 0.01Bi*", 0.001Ew®" (x = 0-1) crystals.
Compared with the LiYGeO, reference card (No. 314874), XRD peaks
gradually shift toward a lower 2-theta angle with increasing x. This
implies that the cell volume is slightly increased when the smaller Lu>*
site is partly occupied by Y*' ions. New solid solutions emerge in
LiY,Lu; ,GeO40.01Bi*", 0.001Euw®>" when 0O<x<1. The similar
applies for the Li;Na, ,YGeO:0.001Bi** (y = 0-1) in Fig. S2.

Figure 2(c) shows the XRD patterns for the fabricated LiYGe,Si; ,
040.01Bi*" with different concentrations of Ge*". Compared with the
LiYSiO, reference card (No. 314868), XRD peaks slightly shift toward a
smaller 2-theta angle with rising z. This is because the cell volume is
slightly increased when the Si** site is occupied by the larger Ge*" cati-
ons. New solid solutions are created in LiYGe,Si; ,04:0.01Bi>" when
0<z<L

To set up a vacuum referred binding energy (VRBE) diagram for
LiYGeO,, optical properties of undoped, Bi*", or lanthanides modified
LiYGeOy crystals have been first assessed. Figures 3(a) and 3(b) pre-
sent photoluminescence excitation (PLE) and emission (PL) spectra
for undoped, 0.5% Eu’" or 1% Bi*" modified LiYGeO, quantified at
10K.

Upon 194nm excitation, the emission spectrum of undoped
LiYGeO, comprises two broad emission bands peaked near 303 and
446 nm in Fig. 3(b). They will be assigned to recombination emissions
from exciton and defect(s), respectively. Monitored at the strongest
emission at 303 nm, a strong excitation band peaked at ~194 nm and
a narrow band peaked at ~162nm are found in the excitation spec-
trum of the undoped LiYGeO, in Fig. 3(a). They will be attributed to
host exciton creation in LiYGeO, and an artifact. The 162 nm artifact
arises because the deuterium lamp excitation spectrum exhibits a
strong peak at 162 nm that could not be fully corrected.

Upon 232nm excitation, LiYGeO4:0.005Eu>" exhibits typical
Eu’" *Dy—F; emissions in the spectral range from 500 to 700 nm in
Fig. 3(b). Monitored at 612nm, a broad excitation band that peaks
near 232nm is observed in Fig. 3(a), which compares well with the
value tabulated in Ref. 30. It has been assigned to charge transfer (CT)
from valence band (VB) to Eu*™, i.e., VB — Eu®>" CT.”

Upon 230 nm excitation, LiYGeQ,:0.01Bi*" exhibits a strong and
narrow emission band peaked near 363 nm at 10K in Fig. 3(b). The
full-width at half-maximum (FWHM) for this emission band is
~29nm. 95% emission emerges in the ultraviolet-A (UVA) range
from 315 to 400 nm. Like in Ref. 32, the emission band is attributed to
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FIG. 1. (a) and (b) Vacuum referred binding energy (VRBE) diagrams for LiYGeOQ, cluster of crystals. The energy level locations of Bi**, Bi2™, or different lanthanides are
exhibited. Experimentally found transitions are also displayed in (a). (c) lllustration of the valence change between Bi**, Bi**, and Bi**. (d) lllustration of a recyclable light
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FIG. 3. Photoluminescence excitation (PLE) and emission spectra (PL) for (a) until (d) undoped, Eu**, Pr**, Tb%*, or Bi** single doped LiYGeO, at 10K, (e) and (f)
Li)Na1.,YGe0,:0.001 Bi** at RT, (g) and (h) LiY,Lu,Ge0,:0.01Bi** at 10K, and (i) until () 2D contour plots of PL spectra and integrated PL intensities as a function of temper-

ature upon excitation at 230 or 292 nm.

Bi** P, —'S, transition. The absolute light yield of LiYGeO,:
0.01Bi*" in the visible range is about 0.10 and 0.02 cd/cm® in the dark
upon and after illumination of a Hg lamp for 60 s. Different from that
in Ref. 25, a new and complete excitation spectrum (Aep, =363 nm)
was observed for LiYGeO,0.01Bi*" in the spectral range from 145 to
350nm at 10K in Fig. 3(a). The excitation spectrum comprises

excitation bands peaked near 202, 230, 297, and 308 nm. Unlike in Ref.
25, the excitation band peaked at 230 nm is not assigned to intrinsic
absorption of LiYGeO, host, but it will be associated with charge trans-
fer from Bi*" 'S, ground state to the conduction band, ie, Bi’*
D-band.” The excitation band peaked at ~202 nm will be assigned to
Bi**+ S, — 'P, transition, ie., Bi** C-band. The low energy two
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excitation bands peaked near 297 and 308 nm have been assigned to
Bi** Jahn-Teller split 'S, — *P; transition.™

To further recheck the created VRBE diagram for LiYGeO,, pr3t
or Tb>" single modified LiYGeO, has been assessed. The excitation
spectrum (Aem, = 605nm) of LiYGeO,0.01Pr>" observed at 10K in
Fig. 3(c) comprises four excitation bands peaked near 255.5, 237, 195,
and 162 nm. They have been associated with Sec. I1I to intervalence
charge transfer (IVCT) from Pt 4f ground state to conduction band
of LiYGeO, that overlaps with the first 4f — 5d excitation band of
Pr’*, the second Pr** 4f — 5d transition, host exciton creation, and an
artifact by the deuterium lamp correction, respectively.

Figure 3(d) shows the an excitation spectrum (Zem,=548) of
LiYGeO,:0.01Tb*" at RT. Like in Figs. 3(a) and 3(c), an excitation
band peaked near 162 nm is also found, which is attributed to the pres-
ence of artifact because of deuterium lamp correction. Unstructured
excitation shoulder peaked near 195nm emerges, which is related to
host exciton creation. The low-energy excitation bands peaked near
232, 249, and 296 nm are associated with Tb>" 4f — 5d transitions.
The excitation band peaked near 265nm will be associated with
Tb*>" — CB IVCT. The weak and sharp excitation bands peaked near
~320 and ~379 nm are assigned to typical Th>" 4f — 4f transitions.

To elucidate the nature of Bi*" luminescence, Bi>* single modi-
fied LiYGeO, cluster of crystals has been assessed. Figures 3(e) and
3(f) show PLE (A¢m, = 410, 400, 390, or 360 nm) and PL (/. = 232 nm)
spectra for Linal,yYGeO4:O.001Bi3 + (y=0-1) crystals. With increas-
ing y, the Bi’" A-, C-, and D-excitation bands remain still, while the
Bi’" °P, — 'S, emission band gradually shifts from ~394 to ~360 nm.

Figures 3(g) and 3(h) show the PLE (e =363nm) and PL
(Aex=230nm) spectra for LiY,Lu, ,GeO,0.01B*" (x=0-1) at 10K.
With increasing x, the Bi** A-, C-, and D-excitation bands remain steady,
while the Bi*" emission A-band slightly shifts from 361 to 364 nm.

Figures 3(i) and 3(j) show the 2D contour plots of temperature
dependent photoluminescence (PL) emission spectra of LiYGeO,:
0.01Bi*™ and LiY, »5Lug 75GeO,:0.01Bi> ™ upon 230 nm excitation. The
integrated PL intensities as a function of temperature for LiYGeO,:
0.01Bi*" and LiY,,sLug 75GeO,4:0.01Bi> " upon 230 or 292 nm excita-
tion are shown in Figs. 3(k) and 3(l). With increasing temperature,
negative thermal quenching phenomenon is found. The same applies
for other LiYGeOj cluster of crystals as shown in Figs. S6-S10.

B. Analyzing recombination and luminescence centers
in Bi** or/and lanthanides modified LiYGeO, cluster of
crystals

To analyze recombination and luminescence centers, Figs. 4 and
S11 show the thermoluminescence emission (TLEM) spectra at
B=1K/s for Bi’" or/and lanthanides modified LiYGeO, cluster of
crystals after being energized by y-rays. Figure 4(a) first shows the
TLEM spectra for y-ray energized LiYGeO0.01Bi>". TL glow bands
peaked near 384 and 436K with typical Bi’* *P; — 'S, emission
emerge. They have been related to electron bonding defects. Bi>*
behaves as a recombination and luminescence center in
LigsNagsYGeO,: 0.001Bi*" in Fig. 4(b) and LiLuGeO,:0.01Bi*" in
Fig. 4(c). The same applies to other Bi** co-doped LiYGeO, cluster of
crystals as shown in Figs. 4 and S11.

Figure 4(d) shows the TLEM spectra for LiYq7sLlugos
GeO4:0.01B*". TL glow bands peaked near 382, 442, and 538 K with
Bi’* *P, — 'S, emission are observed. They will be assigned to electron
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discharge from electron capturing defects and recombination with the
hole kept at Bi*". Figure 4(e) shows the TLEM spectra for
LiYo7sLug5Ge0,:0.01Bi>™, 0.001Eu®>". Both Bi*™ °P, — 'S, and Eu®>™
°Dy—F; emissions are found. Bi** emission is about 62 times stronger
than that of Eu’". Different than that in Fig. 4(d), only a TL glow band
peaked at 464 K is found in Fig. 4(e). It will be attributed to electron
discharge from Eu*" and recombination with the hole confined
at Bi*". Eu’* °D, — F; emissions are achieved via an energy transfer
process of Bi** — Eu’*.

To further confirm whether Eu’* behaves as an electron bonding
center, Figs. 4(f) and 4(g) compare the TLEM spectra of
LiYGeO,:0.005Pr>", 0.001Eu’", and LiYGeO4:0.005Tb*", 0.001Eu>"
after being energized by y-rays in the dark. A common TL glow band
peaked near 492 K but with characteristic Pr’* or Tb>" 4f — 4f emis-
sions is found. It will be associated with electron discharge from Eu**
to recombine with the hole preserved at Pr*t or Tb*, contributing to
typical Pr*" or Tb>" 4f — 4f transitions.

Figure 4(h) shows the TLEM spectra for LiYGeq 5Sig 504:0.01Bi>*
after being subjected to gamma rays. Compared with LiYGeOy:
0.01Bi** in Fig, 4(a), typical Bi*" *P; — 'S, emission but with a single
TL glow band peaked at about 467 K is found. Herein, it is defined as
the Bi** TL glow band. It will be assigned in Sec. III to hole discharge
from Bi*" to recombine with the electron preserved at Bi*", facilitating
typical Bi** *P; — 'S, emission. With increasing Si*" concentration, a
higher temperature Bi*" TL glow band peaked near 515K is found in
the temperature range from 400 to 650K in LiYGeg 25510 7504:0.01B> "
as shown in Fig. 4(]). It has been related to increased Bi*" hole bonding
depth with increased Si** content.

C. Proving electron discharge from Bi?* and Eu?* in
LiYGeO, cluster of crystals

To elucidate charge carrier trapping and discharge processes,
Bi*" or/and lanthanides modified LiYGeO, cluster of crystals have
been carefully assessed. Figure 5(a) first shows the above 100K TL
glow curves at f=1K/s for LiY,Lu, ,GeO,0.01Bi*" (x=0-1) after
being subjected to ff-rays at 100K. For x=0, a TL glow band peaked
near 254K emerges. Herein, it is defined as a Bi*" TL glow band. It
will be ascribed to electron discharge from Bi** to recombine with the
hole preserved at Bi*", facilitating Bi*" P, — 'S, emission.
Particularly, with increasing x, the Bi** TL glow band gradually shifts
from 254 to 321K in LiY,Lu; 4GeO,:0.01Bi*". It will be ascribed to
slightly increased Bi*" electron trapping depth because of slight rising
of the VRBE at the conduction band bottom of LiY Lu; (GeOy:
0.01Bi>" when x increases.

Figure 5(b) shows the above 100K TL glow curves observed at
B =1K/s for Li)Na, ,YGeO0.001Bi’" after being subjected to -rays
at 100 K. For LiYGeO,:0.001Bi*" (y=1), a TL glow band peaked near
324K is found, which is the same as the Bi** TL glow band in
LiYGeO,:0.01Bi*" in Fig. 5(a). With decreasing y from 1 to 0, the Bi**
TL glow band slightly shifts from 324K for y=1-311K for y=0 in
Fig. 5(b). This will be due to slightly decreased Bi*" electron capturing
depth as a result of slight lowering of the VRBE at the conduction
band bottom of Linal_yYGeO4:0.001Bi3+.

Bi*" can confine an electron and also capture a hole in crystals.
To verify whether Bi*" behaves as a hole trapping and recombination
center, Bi*" and Eu’" co-doped LiY,Lu,GeO, crystals have been
assessed. Figure 5(c) shows the above 300K TL glow curves of
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FIG. 4. Thermoluminescence emission (TLEM) plots for (a) until (I) Bi** or/and Ln®*

1Kis after being energized by y-rays.

LiY,Lu,GeO,:0.01Bi*", 0.001Eu”" (x=0-1) after being subjected to
f-rays at 300K in the dark. For x=0, a TL glow band peaked near
417 K is observed. It will be defined as the Eu*" TL band and assigned
to electron discharge from Eu*" to recombine with the hole preserved
at Bi*" to create Bi’" °P; — 'S, luminescence, which is depicted in the
legend of Fig. 5(c). Particularly, with increasing x, the Eu*" TL band
gradually shifts from 417K for x=0 to 473K for x=1. Like in
Fig. 5(a), it will be ascribed to increased Eu®' electron trap depth
owing to the rise of VRBE at the conduction band bottom of
LiY,Lu,GeO,:0.01Bi*", 0.001Eu>" with increasing x in Fig. 1(b).

Assuming that a TL glow band is realized through a first-order
recombination kinetics, one can roughly assess trapping parameters by
using a variable heating rate plot with the following equation:*

T2\ E E
()~ ) v

Wavelength (nm) &

Temperature (K)

Wavelength (nm) enHro®g

(Ln=Eu, Pr, or Tb) modified LiYGeO, cluster of crystals measured at a heating rate of

where E implies the trapping depth (eV), T, is the temperature at the
maximum of a TL glow peak (K), 5 is the adopted heating rate (K/s), k
denotes Boltzmann constant (eV/K), and s implies the frequency factor
(s™") for the assessed crystal. Figure 5(d) shows the variable heating
rate plots of LiY,Lu,GeO4:0.01Bi*", 0.001Eu’*. The determined trap-
ping depths and frequency factors are presented in the legend of
Fig. 5(d).

To understand how charge carriers are confined, thermolumines-
cence excitation (TLE) spectra were quantified for Bi** or/and lantha-
nides modified LiYGeOy, cluster of crystals.”’ Figures 5(e)-5(h) show
the 2D contour plots of TLE spectra of LiYGeO0.01Bi*,
LiYGeO,:0.01Bi>", 0.001Eu®>", LiYGeO,:0.005Tb>", 0.001Eu’", and
LiYGeO4:O.OOSPr3+, 0.001Eu”>". The similar 2D contour plots for
other LiYGeO, cluster of crystals are shown in Figs. $13-S15. For Bi* "
co-doped samples, traps can be filled through the Bi*" D-band excita-
tion. For Tb>" or Pr** co-doped samples, traps can be filled via the
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FIG. 5. TL glow curves observed at § = 1 Ks for (a) LiY,Lu;.xGeO4:0.01B* (x=0-1), (b) Li,Nay.,YGeOy: 0.001B* (y = 0-1), (c) LiY,Lus,Ge0,:0.01Bi**, 0.001Eu*". and
(d) Variable heating rate plots for LiYyLu;,GeO4:0. 01B|3+ 0.001Eu®*. (e)~(h) 2D contour plots of thermoluminescence excitation spectra observed at =5 K/s for Bi** orfand

Ln** modified LiYGeO, after being irradiated by different energy photons.

Tb>* 4f — 5d, Tb>™ — CB IVCT, Pr*" 4f—5d, and Pr’™ — CB IVCT
excitations.

D. Scientific design of Bi** persistent luminescence
and radiographic phosphors by tailoring electron
discharge from Bi?** and Eu®" in LiYGeO, cluster of
crystals

The strategy by tailoring electron discharge from Bi** or Eu*"
has been exploited in the LiYGeO, cluster of crystals for discovering
Bi’" based persistent luminescence and radiographic phosphors.
Figure 6(a) presents above 300K TL glow curves of Li;Na; ,YGeOy:
0.001B>" (y=0-1) after beta irradiation at 300K in the dark. The
integrated TL intensity from 300 to 723 K of Li,Na, ;YGeO,:0.001Bi**
to that of the industrial SrALOgzEu®", Dy’*, BaFBr(I):Eu®", or
Sr,MgSi,O,:Eu*", Dy’" is presented in the legend of Fig. 6(a), respec-
tively. LijNa, ,YGeO40.001Bi’* crystals have outstanding charge

carrier storage capacity. A strong TL glow band peaked near 333K
emerges. The close proximity to room temperature implies that intense

* persistent luminescence is expected at RT. This is proved by the
persistent luminescence photographs in Fig. 6(b) and more than 2h
RT isothermal decay curves of Linal,yYGeO4:O.001Bi3+ after being
energized by beta irradiation in Fig. 6(c).

Figure 6(d) shows the above 100 K TL glow curves of LiY,Lu, «
GeO40.01Bi*" after being irradiated by beta irradiation at 100K. For
x=0.5-1, the Bi*" TL glow band covers the temperature range from
300 to 350 K. This implies that recombination of electrons thermally
discharged from Bi*" at RT with the holes preserved at Bi*" will yield
Bi*" °P; — 'S, persistent luminescence. This is proved by RT TL fad-
ing properties in Fig. 6(e) and more than 2 h RT isothermal Bi’* decay
curves of LiY,Lu, .GeO,0.01B*" in Fig. 6(f).

The x=0.75 sample has relatively strong initial Bi*" *P, — 'S,
persistent luminescence intensity after being energized by f-ray irradi-
ation at RT in the dark in Fig. 6(f). We therefore analyze it further.
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FIG. 6. (a) Above 300K TL glow curves at f=1K/s, (b) afterglow photographs, and (c) RT isothermal decay curves after f-ray charging for Lina1_yYGeO4:O.OO1Bi3+. (d)
Above 100K TL glow curves at f=1Ki/s, (e) TL fading properties, (f) RT isothermal decay curves after -ray charging, and RT isothermal decay curves after f-ray charging

for LiY,Lu.Ge0:0.01B%*

. (9) Above 300K TL glow curves at f=1KIs, (h) (i) RT isothermal decay curves, and (j) TL fading properties after exposure to f-rays for

LiYo 75LUg 25G€0,: mBi®™. The Bi®* emission was monitored. A SEM i image of LiYg 75LUg 25Ge0,:0.004Bi’" is shown in (i).

Figure 6(g) presents above 300K TL glow curves of optimized
LiYy 7sLug »5GeOmBi* ™ (x = 0.0005-0.006) fabricated at 1200 °C for
24h after being irradiated by f-rays. The ratios of the integrated TL
intensity of LiYo7sLug,5GeOy;mBi®™ to that of BaFBr(I):Eu®" or
SrALOEu*", Dy3+ are presented in the legend of Fig. 6(g). LiYq 5
Lug»5GeO,4:0.004Bi* " has the highest charge carrier storage capacity.
Figure 6(h) shows RT isothermal decay curves of
LiYo 7sLug »5GeO,mBi* ™ after being energized by f-rays. More than
10h B** *P,—'S, persistent luminescence is recordable in all
LiYo 75Lug ,5GeOmBi*+ samples. For the m = 0.004 sample, the Bi*"
persistent luminescence intensity is about 87% at t=0.01 h and
~100% at t = 0.6 h of the industrial SrALO:Eu*", Dy*". This implies
that in terms of persistent luminescence intensity and duration, the
material is about the same as that of the most successful industrial per-
sistent luminescence phosphor SrALO,:Eu”", Dy**. The crucial differ-
ence is the emission. SrALO,Eu”", Dy*" emits in the green where eye

sensitivity is maximum. The m = 0.004 sample emits in the UVA and
blue range from 300 to 500 nm. Particularly, Fig. 6(i) further proves
that more than 50 h Bi** °P, — 'S, persistent luminescence is measur-
able in the best LiYy,sLug,5GeO,4:0.004Bi*" after f-ray irradiation.
Such long Bi*" A-band persistent luminescence is attributed to gradual
thermal discharge of electrons from Bi**, which is indicated by the TL
glow curves with different fading times in Fig. 6(j).

For use in radiographic phosphor technology, deep traps
(>~0.9¢eV) are required to prevent rapid fading of preserved informa-
tion at RT. Bi** and Eu’" are therefore co-doped into the LiYGeO,
cluster of crystals to discover radiographic phosphors. Figure 7(a)
shows TL glow curves at f =1K/s of fi-ray energized LiY,Lu; yGeOy:
0.01Bi**, 0.001Eu®". The ratios of integrated TL intensity from 300 to
723K of LiY,Lu, ,GeOy: 0.01Bi**, 0.001Eu’" to that of the industrial
BaFBr(I):Eu*" radiographic phosphor are presented in the legend of
Fig. 7(a). All crystals offer good charge carrier storage capacity. The
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FIG. 7. (a)-(e) TL glow curves collected at f=1Ki/s, RT isothermal decay curves, and TL fading properties after being irradiated by f-rays in the dark for LiY,Lu.
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Stability test of TL glow curves after f-ray charging for a typical LiYq sLug 5Ge04:0.001 Bi®*, 0.001Eu®*.

0.001Eu’" after being subjected to f-rays in the dark. The Eu*" TL

Eu*" TL glow band shifts from 417K for x=0 to 473K for x=1.
glow band shifts from 434 to 490K with increasing x. Compared with

Figure 7(b) shows RT isothermal decay curves of LiYLu; GeOy:

Z¥:2€:01 $20T 19qWBAON G|

0.01Bi*", 0.001Eu’" after being energized by ff-rays. The Bi’* persis-
tent luminescence intensities from  LiY,Lu,  GeO,:0.01Bi*T,
0.001Eu®>" are much weaker compared with the industrial SrALO,:
Eu’", Dy*" persistent luminescence phosphor. Figure 7(c) shows TL
fading properties of LiY,Lu, ,GeO.0.01Bi>", 0.001Eu>" with different
delay time prior to TL-readout after being energized by f-rays in the
dark. The ratios of the integrated TL intensity without delay time to
that with 2 h delay are labeled as percentages in the legend of Fig. 7(c).
About 20% of the preserved electrons at Eu”" are discharged during
the 2 h delay time.

To discover more stable radiographic phosphor at RT, the effect
of Bi** concentration on the discharge process of preserved electrons
at Eu®" is further analyzed in Figs. 7(d), 7(e), and S20. Figure 7(d)
shows TL glow curves at f=1K/s for LiY,Lu; GeO40.001Bi* ™,

the TL curves in Figs. 7(a), 7(d), and S20(a), the decrease in Bi** con-
centration from 0.01 to 0.001 contributes to about 20K shifting of the
Eu”" TL glow band toward higher temperature. This implies that the
electrons preserved at Eu>" are becoming more thermally stable with
decrease in the added Bi** concentration. This is proved by the TL
fading properties as shown in Figs. 7(c), 7(e), and S20(b). For LiY,Lu;
GeO4:0.001Bi*", 0.001Eu’" with 2 h delay time after ff-ray charging,
all TL intensities remain above 91%, which is about 4% higher than
that of the industrial BaFBr(I):Eu”". Particularly, the TL intensity
remains 99% for x = 0.25 after 2 h delay.

The discovered Bi* " or/and Eu®" modified LiY,Lu; ;GeO, crys-
tals are further assessed as dosimeters for radiation detection. Figure
7(f) shows the TL glow curves quantified at f=1K/s for a typical
LiY, sLug sGeO4:0.01B* ", 0.01Eu®" after being irradiated by f-rays
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with different durations from 30 until 600s in the dark. As shown in
the inset of Fig. 7(f), the integrated TL intensity from 300 to 723 K line-
arly increases with increasing f-ray exposure duration. The similar
applies to other LiY,Lu;_,GeOy, in Fig. S21. This implies that the Bi®*
or/and Eu’* modified LiY,Lu, ,GeO, can behave as potential dosime-
ters for radiation detection.

The readout of preserved charge carriers in traps by optically trig-
gered luminescence is crucial for dosimeters.” The discovered
LiYGeO, cluster of crystals are further analyzed with optical illumina-
tion in Figs. 7(g), S22, and S23. Figure 7(g) presents TL glow curves
observed at f=5K/s of a typical LiY, sLug sGeO4:0.001Bi*",
0.001Eu®" sample with 10s of 475nm light illumination after being
energized by f-rays for 60s. The preserved charge carriers discharge
~73% with 10s of 475 nm stimulation. Particularly, the amount of dis-
charged electrons preserved at Eu’' in LiY,sLugsGeO4:0.001Bi°,
0.001Eu’" with 10s of 475 nm stimulation is about 1.3 times higher
compared with that of industrial BaFBr(I):Ew’" in Fig. S23(h).
Moreover, the electrons preserved at Eu*" can be fully discharged with
300s of 475 nm stimulation in LiY »sLug 75GeO,4:0.005Bi°™, 0.001Eu’"
in Fig. S23(d).

The stability of readout of preserved charge carriers in traps is
vital for application. Figure 7(h) suggests that a TL glow curve was
repeatedly quantified for a typical LiY, sLug 5GeO40.001Bi*T,
0.001Eu®" after being energized by f-rays for 10s. The integrated TL
intensity as a function of cyclic number is labeled in Fig. 7(k). An out-
standing repeatability of TL-readout is found.

E. Scientific design of Bi** radiographic phosphors
by tailoring hole discharge from Bi** in LiYGeO,
cluster of crystals

To explore the development of radiographic phosphors by using
hole discharge from Bi*", Bi** modified LiYGe,Si;_,O, crystals were
analyzed. Figures 8(a) and S24 show normalized and unnormalized TL
glow curves observed at f=1K/s for LiYGe,Si; ,0,:0.01Bi* " after
being subjected to -rays in the dark. The ratios of integrated TL inten-
sities of LiYGe,Si; ,0,:0.01Bi*" to that of the industrial BaFBr(I):Eu*"
are presented in the legend of Fig. 8(a). For z=0, a TL glow band
peaked near 524K emerges. Herein, it is abbreviated as a Bi*" TL
band. It will be attributed to thermally triggered hole discharge from
Bi'" to recombine with the electron preserved at Bi*' to yield Bi**
P, — 'S, luminescence. The Bi*" TL glow band gradually shifts from
524K for z= 0 toward 396 K for z = 0.75. Such 128 K TL band shifting
toward a lower temperature will be assigned to decreased Bi*" hole
trapping depth. For z= 1, the VB-bottom rises slightly and the CB has
lowered quite a lot such that the e-trap depth on Bi*" becomes smaller
than the h-trap depth on Bi*" in Fig. 1(b). The TL glow band peaked
at 339 K will then be assigned to electron discharge from Bi*".

Figure 8(b) presents RT isothermal decay curves for LiYGe,Si; ,O4:
0.01Bi*" after f-ray charging. With increasing z from 0 to 1, the
Bi** initial °P; — 'S, persistent luminescence increases. Figure 8(c)
further gives the TL fading properties of LiYGe,Si; ,04:0.01B*"
with different delay times prior to TL-readout after being energized
by p-rays in the dark. The hole preserved at Bi*" is more thermally
unstable to be discharged. This is consistent with the Bi*" TL glow
band shifting toward a lower temperature in Fig. 8(a) and the
increased Bi’" initial *P;—'S, persistent luminescence in Fig. 8(b)
with increasing z.

pubs.aip.org/aip/are

To determine trapping parameters, Fig. 8(d) presents variable
heating rate plots for LiYGe,Si; Oy 0.01B>™ after f-ray exposure.
The obtained trapping depths and frequency factors are presented in
the legend of Fig. 8(d). The Bi*' hole trapping depth decreases from
~1.35eV for z=0to ~0.83 eV for z=0.75.

The effect of Bi** concentration on charge carrier storage capac-
ity has been analyzed to obtain better radiographic phosphors. Figure
8(e) shows TL glow curves of ff-ray irradiated LiYGe,Si;_,04:0.001Bi*"
fabricated at 1200 °C for 24 h. The ratios of integrated TL intensities of
LiYGe,Si; ,0,:0.001Bi>" to that of state-of-the-art BaFBr(I):Eu*" or
SrALO.Eu*", Dy’ are given in the legend of Fig. 8(e), respectively.

For z=0.75, good charge carrier storage capacity emerges in
Fig. 8(e). The LiYGeg 75512504 composition is therefore analyzed fur-
ther. Figure 8(f) gives TL glow curves at f =1K/s for -ray energized
LiYGey 75Sip »504nBi> " (n = 0.0005-0.006) crystals fabricated at
1250°C for 24h. The ratios of integrated TL intensities of
LiYGey 75Si 250,:nBi> T to that of industrial BaFBr(I):Eu*" or SrAL Oy
Eu®T, Dy3 * have been given in the legend of Fig. 8(f). A record ratio of
~4 emerges for the optimized LiYGeg 5Si0,2504:0.001Bi* .

The optimized LiYGey 559 250,4:0.001Bi> " has been assessed as a
dosimeter. Figure 8(g) compares TL fading properties for
LiYGey 559 250,.:nBi>" with different delay time prior to TL-readout
after being subjected to f-rays in the dark. The ratios of the integrated
TL intensities with 2 h delay to that with no delay are given as percen-
tages in the legend of Fig. 8(g). For n =0.0005-0.004, the ratio is about
92%, which is about 8% higher than that of BaFBr(I):Eu*". It suggests
that the holes preserved at Bi*" are very thermally stable. This is
proved by the TL fading curves of the optimized LiYGey;5Sip2504:
0.001Bi*" in Fig. 8(h).

Figure 8(i) presents TL glow curves at # = 5K/s of the optimized
LiYGey 75Si92504:0.001B* " after ff-ray exposure and then irradiation
by 475 nm light with different duration from 0 to 300s in the dark.
The ratios of the integrated TL intensities with 475 nm stimulation to
that obtained without 475 nm stimulation are presented as percentages
in the legend of Fig. 8(i). For 10s of 475 nm stimulation, the amount
of discharged charge carriers in LiYGey 75510 2504:0.001Bi> " is about
2.5 times higher compared with that of industrial BaFBr(l):Eu*". With
increase in the stimulation duration to 300s, the holes preserved at
Bi*" can be fully discharged.

To understand how holes are confined at Bi*", thermolumines-
cence excitation (TLE) spectra were observed for LiYGe,Si; Oy
0.01Bi**, which are shown in Figs. 8(j), 8(k), and S25. Figure 8(I) com-
pares the TLE plots of LiYGe,Si; ,0,4:0.01Bi*" with the photolumines-
cence excitation (TLE) spectrum (deym,=360nm) of the z=0.75
sample. The traps in LiYGe,Si; ,04:0.01Bi>" can be filled via Bi*"
D-band excitation instead of the A-band excitation.

F. Evaluating the discovered Bi** radiographic
phosphors for anti-counterfeiting and information
storage purposes

Figures 9(al) and 9(a2) illustrate how to make a semitransparent
flexible film with a diameter of ~6 cm by dispersing phosphors in sili-
cone gel. Herein, it is referred to as film A. Different than a traditional
film with only one phosphor composition, film A is unique for multi-
mode purposes because the top and bottom layers are dispersed with
LiYo,5Lug 75GeO4:0.01Bi*" and LiTa05:0.006Bi>", 0.002Sm>" perov-
skite.”” LiTaO3:0.006Bi3+, 0.002Sm>" was selected because it exhibits
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FIG. 8. (a) Normalized TL glow curves at = 1KIs, (b) RT isothermal decay curves, (c) TL fading properties, and (d) variable heating rate plots for LiYGe,Si;,04:0.01Bi**
after S-ray charging. (e)—(i) TL glow curves at = 1Ki/s, TL fading properties, and TL glow curves at = 5K/s with 475nm stimulation for LiYGe,Si;,0,:0.001Bi** and
LiYGey 75i0.2504nBi* ™ (n = 0-0.006) after being energized by S-rays. (j) (kz, and (I) Thermoluminescence excitation (TLE) curves for LiYGe,Sis,0,:0.01Bi**. The photolumi-
nescence excitation spectrum (PLE, Zem = 360 nm) for LiYGe,Sis.,04:0.01Bi** (z= 0.75) is also shown in (l).

intense persistent luminescence and fast photochromic feature upon A-band emission was monitored during TL-readout. Four TL glow
254 nm illumination for information storage.”® Figure 9(b1) presents a bands peaked near 172, 269, 332, and 375K are found. Film A then
TL glow curve quantified at a heating rate of 1K/s for can be adopted to sense whether the phosphor has been exposed to
LiYy 25Lug 75GeO4:0.01Bi* " after p-ray exposure at 100K. The Bi*" temperatures in the range from 100 to 450 K for cryo-preservation.29‘39
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FIG. 9. Proof-of-concept purposes of sensing ultralow temperature and information encryption by employlng a smart label. (a1) and (a2) lllustration of how the flexible label is

constructed by using two silicone gel layers dispersed with LiYg o5Lug 75Ge04:0. 01Bi®* or LiTa05:0.006BIi

+0.002Sm>* perovskite, respectively. (b1)-b6) lilustration of the

realization of sensing ultralow temperature and information encryption. (c1)-c3) lllustration of high resolution x- ray imaging for chicken claws with the smart label.

For example, a film A that has been energized can be used as a smart
label to be positioned on a surface of a bottle like in Fig. 9(a2). The bot-
tle contains vaccines or biological samples that should always be kept
at ultralow temperatures like —70 °C. If the temperature of the bottle
is accidentally increased to room temperature, charge carriers in traps
will be discharged to give Bi** A-band persistent luminescence from
LiY(,5Lug75GeO,4:0.01B* . One then cannot observe the TL glow
curves below RT anymore. This implies that the vaccines or biological
samples in the bottle are possibly damaged. This indicates that
LiYy,sLug 75GeO40.01Bi*" has potential use in sensing whether the
phosphor has been heated to some specific temperature in the past for
anti-counterfeiting purposes.

Figure 9(b2) shows a red persistent luminescence photograph of
film A, which is observed at 10s after being irradiated by 254 nm ultra-
violet light for 30s in the dark at RT. Its persistent luminescence spec-
trum is shown in Fig. 9(b3). The persistent luminescence spectrum is
composed of the Bi’* A-band emission from LiYq,sLug;5GeOy:
0.01Bi*" from layer A of the film together with the Bi’" 460 nm

emission and Sm>" 4f—4f emissions from LiTaO3:0.006Bi3 "
0.002Sm>" perovskite in layer B of the film. The Bi** A-band persistent
luminescence from LiYy,sLug75GeO:0.01B> " is mainly located below
400 nm in the special ultraviolet-A (UVA) range from 314 to 400 nm. It
can only be detected by a spectrometer and not by the naked eye. This
concealment feature can be adopted in anti-counterfeiting applications.
The persistent luminescence spectrum in the visible range in Fig. 9(b3)
is mainly constituted of Sm’" 4f— 4f emissions from the
LiTa03:0.006Bi**, 0.002Sm>" perovskite. The persistent luminescence
film A then emerges as a red disk in Fig. 9(b2), which can be easily
observed by the naked eye in the dark. By combining LiY(,sLug 75GeOy:
0.01B*" with UVA persistent luminescence and LiTaO3:0.006Bi>",
0.002Sm’* with efficient optically triggered luminescence in Figs. 9(b4)
and 9(b5), fast photochromic feature in Fig. 9(b6), and x-ray induced
charge carrier storage in Figs. 9(c1)-9(c3), film A can be potentially used
for advanced anti-counterfeiting purposes.

To discover a smart film for multimode applications, a multifunc-
tional film with three layers has been explored. Figure 10(al) illustrates
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A smart label for anti-counterfeiting and X-ray imaging applications
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FIG. 10. Proof-of-concept purposes of anti-counterfeiting and x-ray imaging by utilizing a smart label. (a1) and (a2) lllustration of how the smart label is designed by creating
three silicone gel layers dispersed with LiYGeg75Si0.2504:0.01Bi*", industrial ZnS:Mn?*, or Cs,ZrCls:0.0058b°" perovskite, respectively. (b1)-(b4) llustration of anti-
counterfeiting application with multimode luminescence. (c1)-c6) lllustration of high resolution x-ray imaging for a pen and dried fishes by employing the smart label.

how such a film is constituted by dispersing LiYGeg75Sig2504:
0.01Bi’>*, industrial ZnS:Mn>",** and CSZZrCLs:O.OOSSb3 ‘ perovskite

in three layers with silicone gel, respectively. ZnS:Mn*" is the state-of-
the-art mechanoluminescence (ML) material. It gives bright mechano-
luminescence upon weak mechanical stimulation. Cs,Z1Clg:0.0058b> "
perovskite was selected because it emits bright blue or yellow emission
upon 254 or 365nm illumination in the dark. Herein, the film is

named as a film B. It is flexible to be positioned on a curved surface of
a bottle as shown in . Upon mechanical excitation, Mn??
*T, — %A, mechanoluminescence emerges in film B in

This implies that film B can be potentially adopted for force sensmg
Upon 254 nm ultraviolet light excitation, film B emits bright cyan light
in the dark in . This is because of exciton emission from
Cs,ZrClg host.”” Like 254 nm excitation, x-ray excitation can also
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trigger out such exciton emission from Cs,ZrClg host, which can be
adopted for direct x-ray imaging purposes.”’ Different than that by
254nm excitation, 365 nm ultraviolet light excitation induces bright
yellow light in the dark in Fig. 10(b3). This is assigned to Sb>" related
emission from Cs,ZrCls:0.0055b 741, Figure 10(b4) shows that a ther-
mally triggered emission text of “Lyu” is realized in film B kept at
~350K after first being energized by 254 nm ultraviolet light and then
selectively irradiated by 656nm red laser beam in the dark. The
appearance of emission is due to the ~350K thermally triggered Bi’*
*P, — 'S, luminescence from LiYGey 75Sig2504:0.01Bi° . A combina-
tion of ML from ZnS:Mn>*, color-tailorable emission from
Cs,Z1Cls:0.0055b°* perovskite, and smart realization of thermally trig-
gered emission texts from LiYGey75Sip2504:0.01Bi°" with 656 nm
laser stimulation has potential applications for advanced anti-
counterfeiting purposes.

Figures 10(c1)-10(c3) show film B positioned underneath a ball-
point, two dried fishes, or a lead-based resolution test plate for x-ray
imaging, respectively. They are exposed to x rays at a perpendicular
angle in the dark. After exposure to x rays, the ballpoint, two dried
fishes, and test plate are extracted from film B. X ray imaging photo-
graphs of the ballpoint and two dried fishes are shown in Figs. 10(c4)
and 10(c5) when the film is kept at ~373 K in the dark. This is attrib-
uted to the thermally triggered Bi** *P;—'S, luminescence from
LiYGeg 75Si925040.01Bi* in the visible range. Figure 10(c6) shows
that a high-resolution x-ray image can be achieved.

To create a smart label for anti-counterfeiting purposes,
LiYosLug 75GeO,:0.01Bi*" has been further explored. As shown in
Fig. S28, its Bi’" ultraviolet-A (UVA) persistent luminescence at RT
can be imaged for 10 min by using a corona camera (WNZW-01). The
absolute light yield of the persistent luminescence in the visible range
of LiYy 25Lug 75GeO4:0.01Bi> T after exposure to a Hg lamp for five min
is about 0.08 cd/m®. To demonstrate special optically triggered Bi’*
UVA emission, LiYy,sLug75GeOy: 0.01Bi*" was first energized by

ROV A aftergiow imaging with white-LED iUMIRSHON]
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254 nm ultraviolet light for 300s and then irradiated by a 100 lux white
LED. As shown in Fig. 11, the optically triggered Bi*" UVA emission
from LiY»sLug,5Ge0,:0.01Bi* " with white LED illumination can be
imaged for more than 22 min. It is ~2 times higher compared with
that obtained without white LED illumination. The intense optically
triggered Bi’" UVA luminescence then has promising use for develop-
ing smart labels for anti-counterfeiting purposes.

11l. DISCUSSION

A. Vacuum referred binding energy (VRBE) diagram
with level locations of lanthanides in LiYGeO,,

Scientific control of trapping and discharge processes of electrons
and holes in traps in inorganic crystals is crucial but challenging for
discovering good persistent luminescence and radiographic phosphors.
There are ongoing arguments on this issue. In Ref. 44, a synergistic
defect tailoring strategy is proposed for systematic tuning of persistent
luminescence in CaZnOS modified with lanthanides, Cu*, Pb*",
Mn®t, Sb>F, or Bi®*. In Ref, 45, persistent luminescence is reported in
NaYF, modified with different lanthanides after being subjected to x
rays. However, whether lanthanides, Cu™, Pb**, Mn*", Sb>", or Bi’*
can behave as electron or hole trapping centers is not known. The trap-
ping and discharge processes of electrons and holes in traps then are
not fully clear. Herein, we propose that an understanding of the trap-
ping and discharge processes can be realized by constructing vacuum
referred binding energy (VRBE) diagrams for LiYGeOy, cluster of crys-
tals using data from detailed spectroscopy and thermoluminescence
studies.”""

With a U value of 6.90eV and the determined values for host
exciton (E%), VB—Eu*" CT (EY), Pr*—CB IVCT, and
Tb*"—CB IVCT, a vacuum referred binding energy diagram for
LiYGeO, is constructed and shown in Fig. 1(a). It comprises energy
level locations of different divalent and trivalent lanthanides. Note that
the values for the IVCT energies, the Eu®" CT-energy, and the host

Optically stimulated Bi** UVA emission

Indoor 100 lux white LED illumination 30s

1

The emission of UVA is continuous

3 min

10 min

15 min

22 min

FIG. 11. Imaging for ultraviolet-A (UVA) emission from LiY, osLuo 75G€04:0.01Bi* after being energized by a Hg lamp (254 nm ultraviolet light) and then irradiated by a 100 lux

white LED.
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bandgap energy are mutually consistent with the VRBE diagram. It
will serve as a useful tool to explain and even to scientifically design
confining and discharge processes of charge carriers in lanthanides
modified LiYGeO,.

To exploit more experimental data for establishing the VRBE dia-
gram, data on electron transfer from the 4f ground states of Tb>" and
Pr’* to the conduction band (CB) bottom have been adopted.
Generally, such electron transition is referred to as intervalence charge
transfer (IVCT)."” Such IVCT transition often is found when lowest
excited 5d states of Tb>" and Pr’* are positioned within the conduc-
tion band, like in CdGeO;** YInGe,O, "’ and Ca,Nb,0,.”" For a
radiographic phosphor, electron capturing traps can be filled by free
electrons created via Tb>" — CB or Pr’" — CB IVCT excitation.
Another deployment of the IVCT transition is that its energy gives
information about energy level locations of 4f ground states of Tb>*
and Pr’" with respect to the CB-bottom. In Ref. 51, data on IVCT
transitions are collected and compiled for 27 inorganic crystals. The
energy of Tb>* — CB IVCT is often close to that of Pr** — CB IVCT.

The excitation spectrum (Ae,,, = 605 nm) of LiYGeO,:0.01Pr* " at
10K is shown in Fig. 3(c). Two excitation bands peaked near 237 and
255.5 nm are found. The thermoluminescence excitation (TLE) spectra
of P’ co-doped LiYGeO,:0.005Pr*", 0.001Eu®" in Fig. 5(h) prove
that the Eu’" electron trapping center can be filled by free electrons
yielded through excitation of the two bands peaked near 237 and
~255.5nm. The lowest energy excitation band peaked near 255.5 nm
is therefore attributed to Pr’" —CB IVCT. The higher energy excita-
tion band peaked near 237 nm is assigned to the second Pr** 4f — 5d
transition.

The excitation spectrum (Aey, = 548 nm) of LiYGeO,:0.01Tb*" is
shown in Fig. 3(d). The weak excitation peaks in the range from 310 to
~400 nm are ascribed to characteristic Tb>* 4f — 4f transitions. The
thermoluminescence excitation (TLE) spectra of Tb*" co-doped
LiYGeO,:0.005Tb>*, 0.001Eu>" in Fig. 5(g) prove that the Eu*" elec-
tron trap center can be energized by free electrons created via two exci-
tation bands peaked near 245 and 260 nm. The low energy excitation
shoulder band peaked near 265 nm (4.68 ¢V) in Fig. 3(d) is close to the
Pr’* — CB IVCT band peaked near 255.5nm in Fig. 3(c), which is
then assigned to the Tb>"—CB IVCT band. The higher energy excita-
tion bands peaked near 232 and 249 nm are assigned to spin allowed
electron transitions from the Tb>" 4f ground state to its first two
excited 5d states. The weak band at 296 nm is then attributed to the
first spin-forbidden 4f— 5d transition. The energy difference of
0.79 eV with the 249 nm band corresponds with the expected exchange
splitting between the first spin allowed and first spin forbidden 4f — 5d
transition. Based on the first 5d, band of Tb>", the first 5d band of
Pr’* is at 255nm and that is precisely underneath the CT-band in
Fig. 3(c). The band at 237 nm in the Pr’* PLE spectrum in Fig. 3(c)
must then be the transition to the second 5d band of Pr**.

B. VRBE at Bi** ground and excited states in LiYGeO,

In Ref. 52, energies of the Bi**** and Bi’*/*" charge transition
levels in LiYGeO, were computed by employing the first principles
approach. The computed ground states of Bi** and Bi*" are about
2.16 and 5.98 eV above the valence band top, respectively. This implies
that the calculated Bi®* 'S, ground state level is about 0.83 eV higher
compared with that in the vacuum referred binding energy (VRBE)
diagram as shown in Fig. 1(a). The calculated Bi*" %Py, ground state
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level is consistent compared with that in our VRBE in Fig. 1(a).
However, no experimental evidence has been reported on VRBEs in
the Bi*" and Bi*" ground state levels in LiYGeO, yet.

Figure 3(a) shows the excitation spectrum (Zem=363nm) of
LiYGeO,0.01Bi>" at 10K. In Ref. 53, energies of Bi’" excitation A-
band (E,) and C-band (Eg;c) are compiled, which can be related by
utilizing the following formula:™

Epic = 3.236 + 2.290 x (Ey — 2.972)"%. @)

Using Eq. (2) with the energy of the Bi** 'Sy — P, band peaked
around 297 and 308 nm for LiYGeO,:0.01Bi*" at 10K in Fig. 3(a), the
energy of the Bi*" 'S, — 'P, C-band peak (Eg;c) can be calculated to
lie in the range from ~5.92eV (209 nm) to ~5.63 eV (220 nm). This
predicted Bi** C-band is close to the excitation band peaked near
202 nm in Fig. 3(a). We therefore assign that band to the Bi*" excita-
tion C-band, i.e, Bi’* 'Sy — 'P; transition. The slightly lower energy
excitation band peaked at ~230nm (5.39 eV) is then ascribed to the
Bi®t excitation D-band, i.e., an electron transfer band from the Bi*"
'S, ground state to the conduction band bottom of LiYGeO,.”* This
assignment implies that electron trapping centers can be filled by the
free electrons produced via Bi*" D-band excitation. This prediction is
proved by the thermoluminescence excitation (TLE) spectra for Bi®*
modified LiYGeO4:0.01B*" in Fig. 5(e) and LiYGeO4:0.01Bi**,
0.001Eu®" in Fig. 5(f). During Bi** D-band excitation, Bi*" is formed
from Bi*" when an electron is excited from the Bi** 'S, ground state
to the conduction band of LiYGeO,. The free electrons freely migrate
in the conduction band. Part of the free electrons can be confined by
intrinsic electron trapping centers associated with TL glow bands
peaked near 370, 403, 466, and 565K for LiYGeO4:O.01Bi3+ in
Fig. 5(e). Part of the free electrons can be confined by a Eu’* electron
capturing center associated with a TL glow band peaked around 506 K
for LiYGeO,:0.01Bi*™, 0.001Eu>" in F ig. 5(f). Part of the free electrons
can be confined by Bi®t to form Bi2", which is associated with the
Bi*" TL glow band in Figs. 5(a) and 5(b).

Subtracting the energy value of the Bi*" D-band peak (5.39eV)
from the value of VRBE at the conduction band bottom, the VRBE in
the 'S, ground state of Bi*" has been deduced to be ~-8.0¢€V. It is
about 0.83 eV lower than that computed by first principles in Ref. 52.
It agrees with the statistical result in Ref. 33 where the VRBEs in the
Bi>™ 'S, ground state are found to range from —5 to —10 eV for differ-
ent types of oxide based inorganic crystals. Based on the experimen-
tally obtained VRBE in the B’ S, ground state level (~—8.0eV) and
energies of the Bi’* excitation A-band and C-band for LiYGeOy:
0.01Bi>* at 10 K in Fig. 3(a), the VRBEs in the Bi>" *P; and 'P, excited
states can then be deduced. Figure 1(a) shows a full picture with Bi**
ground and excited state levels in LiYGeO, together with the experi-
mentally observed transitions.

Figures 3(e) and 3(f) show the excitation and emission spectra for
Linal,yYGeO4:0.001Bi3+. With increasing vy, the Bi®t excitation A-,
C-, and D-bands remain stationary, while the Bi*+ 3P1 — 18, emission
A-band gradually shifts from 394nm for y=0 to 360 nm for y=1
upon 232 nm excitation. This implies that a weaker host lattice relaxa-
tion emerges with increase in the composition ratio of Li* to Na*,
contributing to creation of higher energy emission photons. Figures
3(g) and 3(h) show the excitation (Aey, =363nm) and emission
(Aex=230nm) spectra of LiY,Lu, ,GeO40.01Bi®" solid solutions.
They share almost the same Bi®t A-, C-, and D-excitation bands in
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Fig. 3(g). The Bi** *P; — 'S, emission A-band only slightly shifts from
361 nm for x =0 to 364 nm for x = 1. The above results elucidate that
these fabricated LiY,Lu; ,GeO,:0.01Bi>" solid solutions have a very
similar structure, resulting in the same nephelauxetic effect on the
nature of Bi®* luminescence.

C. VRBE at Bi** 2Py, ground state in LiYGeO, deduced
by electron discharge from Bi?*

The above 100K TL glow curve observed at ff=1K/s for
LiYGeO,:0.01Bi*" after being energized by fS-rays at 100 K is shown in
Fig. 5(a). An intense TL glow band peaked near 321K is found, which
is assigned to the Bi*" electron trapping center. Using Eq. (1) with
Tm=321K, f=1K/s,and s=4.15 x 10'" s, the Bi*" electron trap-
ping depth has been calculated to be ~0.81 eV. Subtracting the energy
of this electron trapping depth from the VRBE in the CB-bottom, the
VRBE in the Bi*" P, , ground state in LiYGeO, has been determined
to be ~—3.46¢eV. This value compares very well with the findings in
Ref. 55. During exposure to ff-rays at 100K, a part of Bi°" can confine
holes from valence band to form Bi**. A part of Bi’" can trap elec-
trons from conduction band to form Bi*". Since the Bi*" electron
trapping depth of ~0.81 eV is lesser than the Bi** hole trapping depth
of ~1.40eV, the electron preserved at Bi*" can be discharged at a
lower temperature compared with the hole preserved at Bi*". During
TL-readout, the electrons are discharged from Bi?* to recombine with
the holes confined at Bi*' to yield Bi’" typical *P, —'S,
luminescence.

D. Tailoring electron discharge from Bi** and Eu?*
toward light dosimeters

Figure 1(a) predicts that Bi*" and Eu®" serve as about 0.81 and
1.3 eV deep electron trapping centers, while Bi*" serves as an ~1.4 eV
deep hole trapping center in LiYGeO,. Combining Bi*" with Bi*" or
Eu’", electrons confined at Bi*" or Eu*" will be discharged at a lower
temperature than holes confined at Bi*". Figure 1(b) illustrates that
the VRBE in the CB-bottom of LiLuGeQ, is about ~0.1 eV lower than
that of LiYGeOy,. This implies that the electron trapping depths of Bi**
and Eu®" can be engineered in LiY,Lu, (GeO, by tailoring X, contrib-
uting to conduction band tailoring. This prediction is verified by the
TL glow curves of LiY,Lu; ,GeO40.01Bi*" in Fig. 5(2) and LiY,Lu,
GeO40.01B*", 0.001Eu’" in Fig. 5(c). With increasing x, 60-70 K
shifting toward a higher temperature of the Bi** and Eu®* TL glow
bands is found. This is ascribed to the increased ~0.19 eV activation
energy determined in Fig. 5(d) for electron discharge from Bi*" and
Eu”" because of the rising of conduction band with increasing x as
shown in Fig. 1(b).

Figure 1(a) also predicts that Pr** and Tb*" serve as about 2 eV
deep hole trapping centers in LiYGeO,. Similar to LiYGeO,:0.01Bi’,
0.001Eu®", combining Eu*" with Pr*" or Tb*", electrons preserved at
Eu*" will be discharged earlier than holes confined at Pr*" or Tb*" in
LiYGeO,. To prove this, Fig. S12(b) compares the TL glow curves of
Bi** or/and Ln*" (Ln=Tb, Pr, or Eu) modified LiYGeO,. Compared
with Bi**, Tb**, or Pt single modified LiYGeO,, a common TL
glow band peaked near 488K is found in Eu’" co-doped
LiYGeO,:0.001Bi*", 0.001Eu®", LiYGeO,:0.005Pr>", 0.001Eu>", and
LiYGeO4:0.005Tb3+, 0.001E0>". During TL-readout, the electrons
bonded at Eu®" are discharged earlier to combine with holes confined
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at Bi*", Pr° ", or Tb*", facilitating typical Bi*t 3P1—>180, Pt or TH>F
4f — 4f emissions as shown in Figs. 4(e)-4(g).

Figures 7(a) and 7(d) compare the TL glow curves at f=1K/s
for f-ray energized LiY,Lu, .GeO40.01B>", 0.001Eu>" and LiY,Lu,
GeO,0.001Bi°*, 0.001Eu’". Decreasing the Bi*" concentration from
1% to 0.1% contributes to ~17 K shifting of the Eu>" TL glow band
toward a higher temperature. Potentially, the energy barrier between
Bi*" and Eu’" is increased when Bi*" is positioned farther away from
Eu’". A higher activation energy is then required to discharge the elec-
trons confined at Eu*" to recombine with the holes bonded at Bi*" to
create Bi** *P; — 'S, transition. This implies that the electrons pre-
served at Eu’" are more thermally stable at RT in lower Bi*" concen-
tration modified LiY,Lu;GeOgBi*", 0.001Eu”" crystals. This is
proved by the TL fading properties in Figs. 7(c), 7(e), and S20(b).

E. Tailoring hole discharge from Bi** toward light
dosimeters

Compared with LiYGeO,, the stacked VRBE diagram in Fig. 1(b)
shows that about 1.2 eV rising of the conduction band bottom is found
in LiYSiO,. This implies that the Bi*" electron trap depth will be
increased by ~1.2 eV when LiYGeO, is reconfigured by LiYSiO,. For
LiYSiO,, Bi*" serves as a ~2.1¢eV deep electron trap and Bi*" serves
as a ~2.0 eV deep hole trap. For LiYGeO,, Bi*" behaves as a ~0.81 eV
deep electron trap and Bi*" behaves as a ~1.4 eV deep trapping center.
This implies that the Bi*" hole trap depth will be decreased by
~0.6 eV when LiYSiO, is reconfigured by LiYGeO,. Figure 8(a) shows
the TL glow curves for ff-ray irradiated LiYGe,Si; ,04:0.01Bi*". With
increasing z, a nice TL glow band shifts from 524K (1.35eV) for z=0
to 396K (0.83¢eV) for z=0.75. The establishment of the VRBE dia-
gram does not take into account the lattice relaxation that may shift
energies perhaps by 0.5 eV. Furthermore, with increase in temperature
the bandgap lowers, and that will affect also trapping depths. At the
temperature of TL-peak, the bandgap is smaller than the value at 10K.
Considering these factors, the TL glow bands for z=0-0.75 are
assigned to hole discharge from Bi*" to recombine with the electrons
bonded at Bi*" to create the Bi** A-band emission. The 128 K shifting
of the Bi** TL glow band toward a lower temperature is associated
with decreased activation energy for hole discharge from Bi*" owing
to the VB-top rising as proved in Fig. 1(b). For z=1, ie,
LiYGeO,0.01Bi*", an intense TL glow band peaked near 339K is
seen, which has been ascribed to electron discharge from BiZt to
recombine with the holes confined at Bi*" to create Bi** *P,—'S,
luminescence as analyzed in Fig. 5(a).

F. Liquid nitrogen temperature to 700 K Bi**
thermoluminescence for versatile anti-counterfeiting,
information storage, and x-ray imaging purposes

Typically, radiographic phosphors are created by a trial-and-error
approach. Properties of radiographic phosphors are often reported
above room temperature.””® Reports are infrequently published to dis-
cuss trapping and discharge processes of charge carriers below room
temperature in radiographic phosphors.'® Herein, a new idea is pro-
posed to realize light dosimeters that function over a wide temperature
range from liquid nitrogen temperature to 700K as depicted in
Fig. 1(c). TL glow bands peaked near 135, 185, 232, and 311 K with
Bi’" A-band emission are found in Li;Na; ,YGeO,:0.001Bi’*" by
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combining intrinsic defects and Bi*" electron trapping centers with
Bi*" as a hole trap in Fig. 5(b). Wide temperature shifting of Bi*" and
Eu”" TL glow bands in the temperature range from 200 to 500K is
found in LiY,Lu;  GeO,0.01Bi*" and LiY,Lu, GeO,:0.01Bi*T,
0.001Eu’" owing to conduction band tailoring by adjusting x as shown
in Figs. 5(a) and 5(c). Herein, Bi*" is testified as a deep hole trap, while
Bi*" and Eu*" are found to behave as less deep electron traps in
LiY,Lu; ,GeO,4. Wide temperature shifting of Bi*" TL glow bands in
the temperature range from 300 to 700K is discovered in LiYGe,Si;,
040.01Bi*" (z=0-0.75) due to valence band tailoring by altering z as
shown in Fig. 8(a). Together with ZnS:Mn>", LiTaO3:Bi3+, Sm>*, and
Cs,ZrClg:Sb>" perovskites, the realization of wide range liquid nitro-
gen temperature to 700 K Bi* thermoluminescence in the discovered
Bi*" or/and lanthanide modified LiYGeO, cluster of crystals as dis-
cussed in Figs. 6-8 has potential applications for anti-counterfeiting,
information storage, and x-ray imaging purposes as shown in Figs. 9
and 10. Compared with a scintillation crystal based x-ray imaging
technique, a radiographic phosphor based x-ray imaging technique is
cheap and also offers special delayed thermally and optically triggered
luminescence features for various cutting-edge uses, such as delayed
three-dimensional or flexible x-ray imaging for identifying curved
substances.

IV. CONCLUSIONS

In this work, a new idea on wide range liquid nitrogen tempera-
ture to 700 K Bi** thermoluminescence has been proposed to discover
light dosimeters for use in anti-counterfeiting, information storage,
and x-ray imaging purposes. To achieve this goal, tailoring of both
electron and hole trapping depths has been exploited in LiYGeOy, clus-
ter of crystals by the choice of Bi** or/and lanthanides doping or solid
solution composition optimization. Mechanisms on how electrons or
holes are confined or discharged have been unraveled by combining
vacuum referred binding energy (VRBE) diagrams with detailed spec-
troscopy and thermoluminescence studies. Photoluminescence excita-
tion and emission spectra for undoped host, T, P, Eu®', or Bi®H
single modified LiYGeO, have been first examined in the deep ultravi-
olet and visible range quantified at 10K or RT. The outcomes have
been used to create the VRBE diagram comprising the energy levels of
excited and ground states of Bi’" and different lanthanides for
LiYGeO,. The VRBE in the Bi** P, , ground state was experimentally
found to be ~—3.46 €V in LiYGeO,.

The stacked VRBE diagrams for LiYGeOj, cluster of crystals serve
as a powerful tool to guide the realization of wide range liquid nitrogen
temperature to 700K Bi*" thermoluminescence. Wide temperature
shifting of Bi*" and Eu®" TL glow bands with Bi*™ *P; — 'S, emission
is found in the temperature range from 200 to 500K for LiY,Lu;
GeO,:0.01B’" and LiY,Lu, ,GeO4:0.01Bi>", 0.001Eu’", by altering x,
facilitating conduction band tailoring as shown in Figs. 5(a) and 5(c).
Herein, Bi*" is proved to be a deep hole trap, while Bi*" and Eu*" are
verified as less deep electron traps in LiY,Lu, (GeO,. Wide tempera-
ture shifting of Bi*" TL glow bands with Bi*" *P; — 'S emission is
obtained in the temperature range from 300 to 700K for LiYGe,Si; ,
040.01B*" (z=0-0.75), by tuning z, facilitating the tailoring of
valence band as shown in Fig. 8(a). TL glow bands peaked near 135,
185, 232, and 311 K with Bi*" °P, — 180 emission emerge in LiyNa,.
YGeO,:0.001B** by combining less deep intrinsic defects and Bi®
electron traps with Bi** as a deeper hole trap in Fig. 5(b). Particularly,
the discovered Bi*" or/and lanthanide modified LiYGeO, cluster of
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crystals offer outstanding charge carrier storage capacity and minimal
TL fading properties. For instance, the ratio of the integrated TL inten-
sity of the optimized LiYGeg 5510, 2504:0.001Bi> ™ after being subjected
to B-rays to that of industrial BaFBr(I):Eu*" is as high as ~4. It is a
recordable value for a hole discharge from Bi*' and recombination
with the electron confined at Bi*" so far.

The realization of wide range liquid nitrogen temperature to
700K Bi*" thermoluminescence in the Bi*" or/and lanthanide modi-
fied LiYGeOj cluster of crystals with outstanding charge carrier storage
capacity as analyzed in Figs. 6-8 has potential for use in anti-
counterfeiting, information storage, and x-ray imaging applications as
shown in Figs. 9 and 10. This work not only initiates how to scientifi-
cally realize wide range liquid nitrogen temperature to 700 K Bi** ther-
moluminescence, but more importantly can stimulate chemists to
discover new light dosimeters by creating and using VRBE diagrams
with energy level location of Bi?*, Bi®", and various lanthanides for
inorganic crystals.

V. EXPERIMENTAL

Crystals of LiYGeO,4 modified with lanthanides or BT, LiY,Lu,
GeO40.01Bi**, 0.001Eu’", Li,Na, ,YGeO:0.001Bi*", and LiYGe,Si, ,
04:0.01Bi*" were fabricated by a high temperature solid state reaction
technique. The concentration of the dopant (lanthanide or bismuth)
has been determined based on the molar ratio of the dopant to the
crystal host. SiO, (99.99%) was bought from Umicore. The other start-
ing chemicals were bought from Sigma-Aldrich. An excess of 10% lith-
ium above crystal proportion of Li* was used. Raw chemicals of
Li2C03 (9999%), Na2C03 (9999%), Y203 (99.99%), Lu203 (9999%),
Si0, (99.99%), GeO, (99.99%), Bi,O3 (99.999%), and other lanthanide
oxides with a high purity of 99.99% have been carefully balanced and
then thoroughly blended in an agate mortar by using acetone solution.
The mixed powder (~1g) was positioned in a covered corundum cru-
cible. It was first kept at 800 °C for 8 h and then at 1200 °C with a dura-
tion of 24 h under surrounding environment in a tube furnace. After
cooling to room temperature (RT, ~298K), the fabricated crystals
were ground to be homogeneous powders before performing optical
quantifications.

A PANalytical XPert PRO x-ray diffraction apparatus was used
to determine the structures of the fabricated crystals. The apparatus
contains an x-ray tube that functions at 45 kV and 40 mA, contributing
to Co Ku irradiation (A= 0.178 901 nm). A JEOL JSM-IT100 appara-
tus was used to take scanning electron microscope (SEM) images. The
detailed photoluminescence excitation (PLE) and emission (PL) spec-
tra were collected in the spectral range from 100 to 750 nm and in the
temperature range from 10 to ~400 K by using an apparatus compris-
ing of a deuterium lamp, a 500 W Hamamatsu xenon lamp, a photo-
multiplier (PerkinElmer MP-1993), a cryostat, and a Gemini 180
monochromator. Corrections for wavelength-dependent excitation
intensities were implemented for the PLE spectra. Corrections for
detection efficiencies of the photomultiplier at different wavelengths
were applied to the PL spectra. Powder crystals were pressed into disks
approximately 0.5cm in diameter. They were then directly subjected
to excitation light during PLE and PL quantification.

Above 298 K thermoluminescence (TL) glow curves, TL emission
(TLEM) spectra, RT isothermal decay curves, and TL excitation (TLE)
curves were acquired with a RIS® TL/OSL apparatus. It comprises of a
photomultiplier (EMI 9635QA), an industrial 475nm light-emitting
diode (~8 mW/cm?), a beta excitation source *°Sr/*°Y with a dose rate
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of about 0.7 mGy/s, and a 150 W Hamamatsu xenon arc lamp (L2273)
with a monochromator. Before TL recording, samples were kept at
~723K for a duration of ~100s to discharge randomly preserved
charge carriers in traps under nitrogen gas atmosphere. For fair TL
intensity comparison, a constant sample mass of ~0.04 g was adopted
and each sample was uniformly positioned in a metal disk with a
diameter of ~0.8cm. The quantified TL intensities have been cor-
rected by the sample mass and the beta-ray exposure time and there-
fore a notation of “s~'.g " has been used in TL spectra.

The observed TL intensities are comparable because they are
quantified by the same RIS@ TL/OSL instrument with a fixed configu-
ration. For the TLEM spectra, samples were subjected to a cobalt-60
(®*Co) gamma source to an absorbed dose of ~3.0 kGy in the dark.
For TLEM quantification, a QE65000 spectrometer (Ocean Optics)
has been used, which can rapidly track a full spectrum, but a strong
emission is required. Gamma irradiation has a very high energy. A
sample then can be energized by gamma irradiation to a high dose and
then can emit strong TL emission to be possibly detected by the
QE65000 spectrometer (Ocean Optics).

Above 100K TL (LTTL) glow curves were quantified with an
apparatus by employing liquid nitrogen as a cooling medium. The
apparatus is comprised of a cryostat, a *’St/*°Y beta excitation source
with a dose rate of about 0.4 mGy/s, a vacuum pump, and a
PerkinElmer photomultiplier (MP-1393). For LTTL quantification,
powders have been pressed into disks approximately 0.5 cm in diame-
ter. Each disk was positioned on the heater of the used cryostat by
using conductive silver paste in vacuum (10~ mbar). Before LTTL
documenting, disks were kept at 450 K for 150s to discharge randomly
confined charge carriers in traps in the dark. In this work, Bi?t, Bi*,
and Eu®" TL glow bands are abbreviated for clarity because the TL
combination is respectively ascribed to the discharge of electrons from
Bi?", the generation of holes from Bi*", and the discharge of electrons
from Eu*".

For exploring advanced information encryption applications,
multilayer flexible films like in Figs. 9(al) and 10(al) were assembled
by dispersing radiographic and luminescent phosphors into silicone
gel (Sylgard 184, Dow Corning). Phosphors were first sifted by a 200
mesh screen. For each layer, about 0.3 g sifted phosphor was dispersed
into 2.1 g silicone gel. Each layer was kept at 75°C for 4h in air. The
LiTa05:0.006Bi> ", 0.002Sm> " perovskite was fabricated by applying a
high temperature solid-state reaction method at 1200 °C for 10 h. The
industrial ZnS:Mn*" mechanoluminescence phosphor was bought
from Shanghai Keyan Phosphor. The Cs,ZrCls:0.0058b°% perovskite
was fabricated by a chemical coprecipitation method like in Refs. 41
and 42. For x-ray imaging, an x-ray TUBO00154-91-W06 tube
(MOXTEK, Ltd.) was adopted. It was used at 58kV, 190 uA, and
11 W. A Nikon D850 camera has been used to capture the x-ray imag-
ing photographs.

For thermoluminescence excitation spectra, a heating rate of
5K/s was applied because quantification can be finished in few hours.
The thermoluminescence excitation spectra in Figs. 5(e)-5(h) and
8(j)-8(1) have been corrected by wavelength-sensitive excitation inten-
sities. Beta irradiation was adopted for TL quantification because TL
intensities can be fairly compared. X-ray source was adopted for x-ray
imaging since x rays can penetrate objects. The 475 nm LED has been
adopted for optically triggered luminescence quantification. This is
because that it was installed in the RIS® TL/OSL facility and the
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illumination time can be easily controlled. It can be modified by
450 nm or 980 nm light source. Thermal quenching of Bi*" emission
has no effect on the TL glow curve of LiYGeO,:0.01Bi>" as shown in
Fig. §7.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting SEM photographs,
x-ray diffraction patterns, PLE spectra, PL spectra, thermolumines-
cence emission spectra, TL glow curves, and photographs of the pre-
pared crystals for potential utilizations.
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