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Keywords:

Eu®" as a good electron trap

VRBE diagram

LiTaO3:Ln®",Eu®" (Ln=Tb or Pr) perovskite
Designing storage phosphors

Multimode anti-counterfeiting

Flexible X-ray imaging

Developing X-ray charged dosimeters with excellent charge carrier storage capacity and stability is challenging.
Such energy storage dosimeters have fascinating use in developing novel applications, for instance, in radiation
detection, advanced multimode anti-counterfeiting, and flexible X-ray imaging of curved objects. Herein, novel
LiTaO3:Ln®**,Eu®t (Ln = Tb or Pr) perovskite dosimeters are reported by combining the vacuum referred binding
energy (VRBE) diagram of LiTaO3 and the optimization of dopant’s concentration and compound synthesis
condition. Based on the VRBE diagram prediction, charge carrier capturing and de-trapping processes in Eu>*
and/or Ln®* (Ln = Tb or Pr) doped LiTaO3 will be studied to unravel the role of Eu®* as a good electron trapping
centre and to discover a record storage phosphor. The ratios of the thermoluminescence intensity of the opti-
mized LiTa03:0.005Tb%",0.001Eu®" to that of the state-of-the-art BaFBr(I):Eu®*, Al;03:C, or NaLuF4Tb%" are
5.2, 8.8, or 2.8, respectively. The charge carriers can be stored more than 1000 h in
LiTa03:0.005Tb>*,0.001Eu®*. Proof-of-concept anti-counterfeiting application will be demonstrated by
combining the colour-tailorable photoluminescence, afterglow, thermally, or optically stimulated luminescence
in LiTa03:0.005Tb>*,xEu>" and LiTa03:0.005Pr>",0.001Eu*. Multimode anti-counterfeiting application will be
proposed by combining a high absolute X-ray scintillation light yield of 19000 + 1800 ph/MeV of
LiTa03:0.005Tb>*,0.001Eu>". Proof-of-concept flexible X-ray imaging application will be demonstrated by using
the optimized LiTa03:0.005Tb>", 0.001Eu" dispersed in a silicone gel film.

1. Introduction

X-ray flat-panel detector arrays have promising use in various ap-
plications, like in X-ray imaging for medical diagnostics [1-3], academic
research [4-6], and non-destructive inspection [7-9]. In a general X-ray
detector, X-ray energy is measured by the converted charge carriers
directly detected by pixelated thin-film phototransistor (TFT) arrays or
indirectly detected by a sheet of a scintillator crystal plate, like CsL:Tl,
combined with TFT arrays [2,10,11]. Generally, thin-film photo-
transistors (TFTs) are deposited on an ITO glass substrate. To realize flat-
panel X-ray imaging, large area thin-film phototransistor (TFT) arrays
are also required to be integrated with a sheet of a scintillator crystal
plate [12,13]. Both the thin layer of a scintillator plate and the glass
substrate in a TFT array are not bendable. It is then challenging to realize
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X-ray imaging for curved or irregular objects by using bendable systems
[14]. The pixelated thin-film phototransistor arrays and scintillator
crystal plate are expensive because of the difficulty in their synthesis and
further assembly. There is therefore a demand of new X-ray detectors for
irregular objects X-ray imaging [15].

Halide perovskite scintillators [16,17], like CspAgBiBre [18],
RbyCuBr3 [19], and the CsPbX3 (X = Cl, Br, and I) nanocrystals com-
bined with the 2,5-diphenyloxazole (PPO) organic liquid [20], have
been explored as scintillators for traditional X-ray [21], proton, or y-ray
imaging applications [22]. These perovskite scintillators have excellent
light yield upon high energy radiation excitation, like X-ray or y-ray.
However, the synthesis of these halide perovskite nanocrystals produce
a lot of toxic solvent solution which is expensive and time-consuming to
deal with. Halide perovskite scintillators are generally hygroscopic.

E-mail addresses: 1v_tianshuai@126.com, lv_tianshuai@hqu.edu.cn (T. Lyu), weizhanhua@hqu.edu.cn (Z. Wei).

https://doi.org/10.1016/j.cej.2023.141685

Received 4 November 2022; Received in revised form 24 January 2023; Accepted 31 January 2023

Available online 2 February 2023
1385-8947/© 2023 Elsevier B.V. All rights reserved.


mailto:lv_tianshuai@126.com
mailto:lv_tianshuai@hqu.edu.cn
mailto:weizhanhua@hqu.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.141685
https://doi.org/10.1016/j.cej.2023.141685
https://doi.org/10.1016/j.cej.2023.141685
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.141685&domain=pdf

T. Lyu et al.

Nitrogen filled glove box need to be carefully utilized during their
synthesis processes. Particularly, the synthesized halide perovskite
scintillators will decompose after exposure to water, air, or highly
intense photon or ionizing radiation [3,23]. Their optical properties, like
light yield, then deteriorate rapidly, limiting their commercial applica-
tions. This triggered our interest to develop novel perovskite phosphors
with good optical properties and stability.

An afterglow or storage phosphor is an inorganic compound which
can capture free electrons and holes in defects based traps during
exposure to ionizing radiation like X-ray [24-27]. The stored electrons
and holes can later be liberated via thermal or optical stimulation to
yield light emission [28,29]. Because of this feature, storage phosphor
has been utilized in various applications, for example, in light dosimeter
for ultraviolet to infrared light detection [30], digital dental radio-
graphic imaging setup [31,32], and X-ray computed tomography [24].
To date, BaFBr(I):Eu®" is still the state-of-the-art X-ray storage phosphor
[33]. However, the BaFBr(I):Eu®" is hygroscopic. This is an on-going
research to exploit new alternatives [26,34,35].

In ref. [14], a NaLuF4:Tb(15 mol%)@NaYF, afterglow nanocrystal
was reported. A sheet of flexible polymer plate was made by admixing
the NaLuF4:Tb(15 mol%)@NaYF4 nanocrystals with the poly-
dimethylsiloxane (PDMS) gel, which was tentatively utilized for
demonstration of X-ray imaging of a curved circuit board. To realize
commercially medical or industrial applications, several problems are
required to be solved. Like halide perovskites and BaFBr(I):Eu“, the
NaLuF4:Tb(15 mol%)@NaYF, afterglow phosphor is hygroscopic, then
limiting its durability. Since only a small amount of NaLuF4:Tb(15 mol
%)@NaYF, afterglow phosphor (~2% by weight) was dispersed in the
polydimethylsiloxane gel based plate, there is room to increase the X-ray
detection sensitivity of the plate by improving the charge carrier storage
capacity of the utilized afterglow phosphor. More fundamentally, the
defect(s) type and the charge carrier trapping and de-trapping processes
in NaLuF4:Tb(15 mol%) still remain unclear. Possibly, host unintended
defects act as the electron trapping centre and then it is challenging to
rationally improve its charge carrier storage capacity. To the best of our
knowledge, reports on designing afterglow or storage phosphors for
flexible X-ray imaging application are rare.

An afterglow or storage phosphor is generally constituted of a com-
pound host lattice, charge carrier capturing centres, and the recombi-
nation centres [36]. The trapping depths of the electron and hole
capturing centres and their atomic distribution within the compound
crystal determine the duration that the charge carriers are trapped in
traps [26]. For afterglow phosphor, about 0.6 eV deep trapping depth is
required. For storage phosphor, larger than ~ 0.8 eV deep trapping
depth is needed in order to prevent thermal fading of stored charge
carriers from traps at room temperature (RT). To rationally develop an
afterglow or storage phosphor, knowledge on the energy level locations
of electron and hole capturing centres in a compound is crucial to design
trapping depths [37]. In ref. [38], a chemical shift model has been
developed in 2012 to construct a vacuum referred binding energy
(VRBE) diagram for lanthanide doped inorganic compounds. In a VRBE
diagram, the binding energy of an electron in different impurity states
can be compared with respect to a common reference energy
[25,39-41].

Like LiNbO3 and NaTaOQgs, lithium tantalate (LiTaOs) is a perovskite
compound with a R3c crystal space group. LiTaO3 crystal combines good
chemical stability, special electro-optical, and piezoelectric properties,
which allow it to have many applications, like in photocatalysts [42],
lithium-ion batteries [43], and optical waveguide [44]. Particularly,
LiTaOs3 has a very high density (about 7.5 g/cm®) which is even higher
than that of BaFBr (about 5 g/cmB) [24]. It then has a high absorption
coefficient of X-rays which is a necessity for a promising compound.

In ref. [45], a photochromic phenomenon was observed in LiTaO3:
Bi*,Dy>" persistent luminescence phosphor. In ref. [46], a mechano-
luminescence phenomenon was observed in LiTaO4:Bi®*, Tb3",Ga%*,
Ge** afterglow phosphor. However, both the LiTaOs:Bi**,Dy>* and
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LiTaO4:Bi®*,Tb3*,Ga*,Ge** compounds were developed by a trial-and-
error method and the charge carrier trapping processes are not fully
clear. To address this issue, spectroscopic and thermoluminescence
properties of lanthanides and bismuth doped LiTaOs3 perovskite were
carefully studied to establish the so-called vacuum referred binding
energy (VRBE) diagram of LiTaOs in ref. [47] which has been repro-
duced in Fig. 1(a). However, it has not been fully utilized to explore X-
ray charged storage phosphor for flexible X-ray imaging of curved ob-
jects. Particularly, it still remains unknown whether Eu®" can really
work as a good electron capturing centre or not in LiTaOs. In ref. [47],
the charge carrier trapping properties of Bi>" was studied and it was
found that its electron trapping depth was too shallow for stable electron
storage. The VRBE diagram in Fig. 1(a) predicts that Eu>* provides a 0.5
eV deeper trap. This was the motivation to combine the potential ~ 1.1
eV deep electron trapping Eu®t with the ~ 1.5 eV deep hole trapping
defect Pr®* or Tb®" in LiTaOs in this work.

We will demonstrate that Eu®* indeed acts as a deeper electron
trapping centre than Bi®* for designing good storage phosphor. The ratios
denoted as (r1; r2; r3) of the integrated thermoluminescence (TL) in-
tensity of the optimized LiTa0O5:0.005Tb>",0.001Eu" to that of the state-
of-the-art (r1) BaFBr(I):Eu2+, (r2) Al,03:C, or (r3) NaLuF4:Tb3+ are 5.2,
8.8, or 2.8, respectively. The charge carriers can be stored more than
1000 h in LiTa03:0.005Tb%*,0.001Eu>". The storage capacity after X-ray
charging in the rationally designed LiTa03:0.005Tb>*,0.001Eu>" are
much higher than that in previously reported LiTaO3:Bi>",Dy>*, LiTaO3:
Bi®*, and LiTaOg:Bi®*, Tb®* storage phosphors developed by a trial-and-
error approach. LiTaOs is an oxide based compound which is synthesized
at high temperature (1200 °C). It then has better chemical stability
compared with halide compounds which are hygroscopic, for instance,
the BaFBr. We will demonstrate that the synthesized
LiTa03:0.005Tb%",0.001Eu®* storage phosphor indeed has good chem-
ical stability during exposure to water.

We will further demonstrate that the charge carriers stored in
LiTa03:0.005Tb3*,0.001Eu>* can be efficiently liberated by a wide range
energy photon stimulation from 365 nm UV-light (3.4 eV) to 905 nm
infrared laser (1.4 eV). Proof-of-concept anti-counterfeiting application
will be demonstrated by combining the colour-tailorable photo-
luminescence, afterglow, thermally, or optically stimulated lumines-
cence in LiTa03:0.005Tb%",xEu®* and LiTa0s5:0.005Pr>*,0.001Eu®*.
Advanced multimode anti-counterfeiting applications will be proposed
by combining a high absolute X-ray scintillation light yield of 19000 +
1800 ph/MeV of LiTa03:0.005Tb3*,0.001Eu>*. Proof-of-concept flexible
X-ray imaging application will be demonstrated by using the optimized
LiTa03:0.005Tb3*,0.001Eu>" based silicone gel film as shown in Fig. 1
(b), which is not reported in our previous studies.

2. Experimental

The utilized LioCO3 (99.99 %) was purchased from Shanghai Macklin
Biochemical company. Other starting chemicals including the BaF,
crystal powder with a high purity of 99.99 % were bought from
Shanghai Aladdin chemical company. Compounds were synthesized by
employing a typical high-temperature solid-state reaction technique.
The appropriate stoichiometric mixture of BipO3 (99.99 %), PrgO1;
(99.99 %), Tb407 (99.99 %), Eups03 (99.99 %), LioCO3 (99.99 %), and
Tag05 (99.99 %) was carefully weighted based on the designed com-
pound compositions. The mixture was then homogeneously mixed in an
agate mortar with a pestle and acetone solution for ~20 min in a fume
hood. The well mixed powder mixture was then placed in a covered
corundum crucible, which was kept first at 800 °C for 2 h and then at
1200 °C for 6 h under ambient atmosphere. A heating rate of 5 °C per
minute was utilized for the tube furnace. After that, the prepared LiTaOg
compounds were cooled to room temperature (RT), which were then
ground and mixed well prior to further measurements. To optimize the
thermoluminescence intensity of LiTa03:0.005Tb3*, 0.001Eu>*, it was
synthesized at 1250 °C with a duration of 6 h and the utilized heating
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Fig. 1. (a) Vacuum referred binding energy (VRBE) diagram of LiTaOs. The VRBEs in the ground states of Bi>", divalent, and trivalent lanthanides are shown. Charge
carrier trapping and release processes denoted by red arrows will be explained in the text. (b1) until (b6) Illustration on how to realize flexible X-ray imaging
application by utilizing the LiTa0O3:0.005Tb%",0.001Eu" dispersed in a silicone gel film. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

rate for the tube furnace is 3 °C per minute. To demonstrate flexible X-
ray imaging application as shown in Fig. 1(b), the optimized
LiTa03:0.005Tb3*,0.001Eu®* powder phosphor was first sieved by a
300 mesh screen. About 0.65 g sieved phosphor was dispersed in 4.40 g
silicone gel (Sylgard 184, Dow Corning) to synthesize a highly elastic
film with a diameter of ~ 7 cm. The film was kept at about 75 °C for
about 4 h in vacuum. For the afterglow and X-ray imaging photographs,
an iPhone 12Pro or a digital Nikon D850 camera was utilized.

All prepared compounds were first identified by utilizing a Japan
Rigaku Smar/SmartLa X-ray diffraction facility. It is equipped with an X-
ray tube worked at 40 kV and 30 mA. The scanning electron microscope
(SEM) photographs and energy dispersive X-ray spectroscopy (EDX)

measurements for the as-synthesized LiTaO3 were recorded with a Japan
JEOL JSM-7610FPlus electron microscope. Transmission electron mi-
croscope (TEM) photographs were recorded by a FEI/ Talos F200X G2
(Enfinium SE 976). X-ray excited emission spectra of
LiTa03:0.005Tb3*,0.001Eu* and BaF, crystal powder were measured
by an Edinburgh FS5 spectrofluorometer (Edinburgh Instruments Ltd.).
It contains an X-ray tube (AMPTEK Ltd.), which were operated at 50 KV
and 70 pA. LiTa03:0.005Tb",0.001Eu®" or BaF, was pressed into a pill
with 0.6 cm diameter and 3 mm thickness and the entire surface was
irradiated by the X-rays. The measured X-ray excited emission spectra
were corrected by the detection sensitivity of emission light and X-ray
excitation time. A FLS920 fluorescence spectrometer (Edinburgh
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Instruments Ltd.) has been utilized to measure the room temperature
(RT) photoluminescence excitation (PLE) spectra, emission spectra (PL),
RT (~298 K) isothermal decay curves, and afterglow spectra after Hg
lamp (254 nm UV-light) charging in the dark. We have corrected the
recorded PLE spectra by using the wavelength-dependent excitation
intensity of the used xenon lamp in the FLS920 facility.

X-ray excited integrated emission intensity from about 250 to 700
nm as a function of time, above 100 K or 300 K thermoluminescence (TL)
emission (TLEM) spectra, TL glow curves, and RT isothermal decay
curves after X-ray or 254 nm UV-light charging were recorded with a
facility. It contains a QE65Pro spectrometer (Ocean Optics Ltd.), a
TUB00083-2 X-ray tube (MOXTEK, Ltd.), a thermostat operated in the
temperature range between 100 and 600 K, a thermostat operated in the
temperature range between 300 and 773 K, a SCHOTT BG-39 filter, a Hg
lamp (254 nm UV-light), and a Hamamatsu R928P photomultiplier tube.
For optically stimulated luminescence study, we employed different
energy stimulation light source, like 850 nm (1.5 eV) infrared laser, 656
nm (1.9 eV) red laser, a commercial white light-emitting-diode (WLED,
52 mW/cmz), a 396 nm (3.1 V) light-emitting diode (LED), and a 365
nm (3.4 eV) ultraviolet lamp. Prior to all measurements, all compounds
were placed in a nitrogen atmosphere and then kept at 450 °C with a
duration of 120 s to remove stored charge carriers from all traps in the
dark. After that, the samples were cooled to 100 K for above 100 K TL
measurements or cooled to room temperature (RT, ~298 K) for above
RT TL measurements. Traditional TL glow curves were corrected by both
the sample mass and the X-ray or 254 nm UV-light charging time.

To unravel charge carrier trapping and liberation processes, we
measured thermoluminescence excitation (TLE) curves [34,48,49] for
LiTa05:0.005Tb>",0.001Eu®" and LiTa03:0.005Pr>",0.001Eu®" by uti-
lizing the FLS920 fluorescence spectrometer (Edinburgh Instruments
Ltd.) equipped with a single-grating excitation monochromator and a
450 W xenon arc lamp. Afterglow phosphor was first charged by
different energy photons in the spectral range between 200 nm (6.2 eV)
and 400 nm (3.1 eV) for 60 s and then RT isothermal decay curves were
recorded during 60 s. The monitored wavelength is Aey, = 544 nm for
LiTa03:0.005Tb%*,0.001Eu®>* and Aem = 614 nm for
LiTa03:0.005Pr>",0.001Eu®". A so-called TL excitation curve was con-
structed by plotting the corrected room temperature integrated decay
intensity as a function of excitation wavelength in the range between
200 and 400 nm.

3. Results

3.1. Photoluminescence, X-ray excited emission, and afterglow properties
in LiTaO5:Ln®*,Eu®* (Ln = Tb or Pr)

Fig. 2(a) and Fig. S4 show the PLE (A, = 614 or 623 nm) and PL (Aey
= 272 or 300 nm) spectra of LiTa03:0.005Pr>",0.001Eu>". Like in our
previous study in ref. [47], the excitation band peaked at about 267 nm
is attributed to electron transfer from the LiTaOs valence band (VB) top
to Eu®", i.e., VB - Eu* charge transfer (CT) [50]. The broad excitation
band peaked at ~288 nm is attributed to the Intervalence Charge
Transfer Band (IVCT) because of electron transfer from the Pr3t 4f
ground state to the LiTaO3 conduction band (CB) bottom, i.e., Pr’*>CB
IVCT [47]. The line excitation bands in the spectral range from 350 to
550 nm are due to characteristic 4f — 4f transitions of Eu®* and Pr*.
Upon 272 or 300 nm excitation, characteristic 4f — 4f emissions of Pr®*
and Eu®" appear (Fig. 54). More than 50 min of Pr’" 4f — 4f afterglow is
measurable after 254 nm UV-light charging (Fig. S6).

Fig. 2(b) shows the PLE (Aeyy = 544 or 623 nm) and PL (Aex = 269 or
285 nm) spectra of LiTa03:0.005Tb>*,0.001Eu®". Based on the study in
ref. [47], the excitation band peaked at ~ 231 nm in Fig. 2(a) and at ~
226 nm in Fig. 2(b) is attributed to the LiTaO3 host exciton creation (E*)
at RT. A common excitation band peaked at ~ 249 nm appears in Fig. 2
(b), which was also observed in LiTaO3 host, Bi®" and/or lanthanides
doped LiTaO3 compounds in ref. [47]. It is therefore attributed to host-
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related intrinsic defect(s). The excitation band peaked at ~ 268 nm is
attributed to the VB — Eu®" charge transfer band and the broad exci-
tation band peaked at ~ 285 nm is attributed to Tb3*—CB IVCT. The line
excitation bands in the spectral range from 350 to 400 nm are due to the
Eu™ 4f — 4f transitions. Upon 254 nm excitation,
LiTa03:0.005Tb",0.001Eu®" shows intense Tb*' °Dy~"F; (j=0-6)
emissions (Fig. 2(b)). The optical properties of LiTa03:0.005Tb%",xEu®*
were further studied in Figs. S8-S11.

Fig. 2(c) shows the X-ray excited emission spectra of
LiTa05:0.005Tb%*,0.001Eu®* and BaF, measured at RT. BaF, is a well-
known scintillating material that shows a broad self-trapped-exciton
emission band peaked at ~ 314 nm upon X-ray excitation and has an
absolute scintillation light yield of about 10000 ph/MeV (photons
yielded per 10° eV of absorbed X-ray energy)[51-53]. BaF, was there-
fore utilized as a reference to estimate the absolute X-ray excited
emission intensity for LiTaOz:0.005Tb>*,0.001Eu®*. The emission
spectrum of LiTa05:0.005Tb%",0.001Eu®* upon X-ray excitation is
composed of b3+ 5D4—>7Fj transitions in Fig. 2(c), which is consistent
with that upon ultraviolet light excitation in Fig. 2(b). The absolute
scintillation light yield of LiTa03:0.005Tb3*,0.001Eu®* was calculated
to be about 19000 + 1800 ph/MeV by using the ratio of its integrated
emission intensity from 200 to 800 nm to that of the BaF; (10000 ph/
MeV) reference.

The absolute scintillation light yield of LiTa03:0.005Tb>*,0.001Eu>"
is about 0.5 and 2.3 times higher than that of the commercial scintil-
lators Nal:T1 (38000 ph/MeV) and BisGe30;2 (8200 ph/MeV) [52,54].

Fig. 2(d) shows the 2D contour plot of room temperature isothermal
afterglow spectra for LiTa0O3:0.005Tb%",0.001Eu®" after 254 nm UV-
light charging. The afterglow spectrum is composed of characteristic
b3 5D4—>7Fj emissions, indicating that Tb3" is the recombination and
luminescence centre. More than 35 min of Th* 5D4—>7Fj afterglow is
measurable.

To understand electron and hole capturing and release processes,
thermoluminescence excitation (TLE) plots of Eu®* and Ln®* (Ln = Tbor
Pr) doped LiTaO3 were recorded. Fig. 2(e) and (f) show the room tem-
perature isothermal decay curves of LiTa03:0.005Tb%*,0.001Eu®" and
LiTa03:0.005Pr>",0.001Eu" after different energy photon charging in
the dark. Fig. 2(g) and (h) compare the thermoluminescence excitation
(TLE) plots with the photoluminescence excitation spectra of
LiTa03:0.01 Tb>", LiTa03:0.005Eu®", or LiTa03:0.01Pr>". The
LiTa03:0.005Tb3*, 0.001Eu®" and LiTa03:0.005Pr>*,0.001Eu" after-
glow phosphors emerge to be filled by optical excitation of the intrinsic
defect(s), Tb>* -CB IVCT, or Pr*— CB IVCT. Note that the Eu®* charge
transfer band does not appear in the charging spectra indicating that VB
hole generation is not involved in the charging process.

3.2. Eu®" acts as an electron trap for designing LiTaOzLn>",Eu®" (Ln =
Tb or Pr) storage phosphor

To unravel the nature of the recombination and luminescence centre
during TL read-out, thermoluminescence emission (TLEM) spectra were
recorded for Ln®*,Eu®*-codoped LiTaO3 (Ln = Pr or Tb). Fig. 3(a) shows
the 2D contour plot of above 100 K TLEM spectra of
LiTa05:0.005Pr>*,0.001Eu®t measured at p = 2 K/s after X-ray
charging. Characteristic Pr>" 4f — 4f emissions from visible to near
infrared (450 nm until 950 nm) with a main TL glow band peaked at ~
361 K emerge. Since no obvious TL glow peaks appear below 300 K in
Fig. 3(a), TLEM spectra for LiTaOs3:0.005Tb>%,0.001Eu®>" were
measured above 300 K. Fig. 3(b) shows the 2D contour plot of above
300 K TLEM spectra of LiTaO3:0.005Tb%*,0.001Eu®* recorded at a
heating rate of 1.2 K/s after X-ray charging. Characteristic Tb>* °D, —
7Fj emissions with a broad TL glow band peaked at about 352 K and
extending from 300 to 500 K appear.

Fig. 3(c) compares the above 305 K TL glow curves of Ln®* or/and
Eu®" (Ln = Tb or Pr) doped LiTaO3 measured at a heating rate of 1 K/s
after X-ray charging. Compared with LiTa03:0.005Pr>" in Fig. 3(c1) or
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LiTa03:O.005Tb3+ in Fig. 3(c3), a new common thermoluminescence
glow band peaked at ~ 347 K appears in LiTa03:0.005Pr>*,0.001Eu®" in
Fig. 3(c2) and LiTa03:0.005Tb%*,0.001Eu>" in Fig. 3(c4) where Pr** or
Tb3" acts as the recombination and luminescence centre. It will be
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assigned to electron liberation from Eu?" to recombine with holes
, yielding typical emissions of Pr** or Tb**
during TL read-out. In Fig. 3(c1), two TL glow bands peaked at about
397 and 468 K appear in LiTa03:0.005Pr>*. They also emerge in

Fig. 2. PLE and PL spectra of (a)
LiTa05:0.005Pr>*,0.001Eu®" and (b)
LiTa03:0.005Tb%*,0.001Eu®". (¢) X-
ray excited emission spectra of LiTaO3:
0.005Tb>*,0.001Eu®* and the com-
mercial BaF,. (d) RT isothermal after-
glow spectra of LiTaO3:0.005Tb%",
0.001Eu®" after 254 nm UV-light
charging. RT isothermal decay curves
of (e) LiTa03:0.005Tb*",0.001Eu>"
and (f) LiTa05:0.005Pr>*, 0.001Eu®*
after different energy photon excita-
tion for 60 s. (g) and (h) A comparison
of thermoluminescence excitation
(TLE) with the photo-
luminescence excitation spectra of
Tb%*, Eu®", or Pr®* doped LiTaOs.

curves
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LiTa03:0.005Pr>",0.001Eu>" in Fig. 3(c2). In Fig. 3(c3), two broad TL
glow bands peaked at about 397 and 447 K emerge in
LiTa05:0.005Tb>". The two TL peaks also appear in
LiTa03:0.005Tb%*,0.001Eu" in Fig. 3(c4). The 397, 447, and 468 K will
be then assigned to host-related intrinsic electron trapping centres.
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3.3. Eu®" acts as an excellent electron trap for obtaining high charge
carrier storage capacity in LiTaO3:0.005Tb>", xEu>*

The effect of Eu®" concentration on the charge carrier storage ca-
pacity was studied in LiTa03:0.005Tb>*,xEu*. Fig. 4(al) shows the TL
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3+ 5 7 3 2+ S o 35
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Fig. 3. (a) Above 100 K TLEM spectra of LiTa03:0.005Pr3+,0.001Eu3+ and (b) above 300 K TLEM spectra of LiTaO3:0.005Tb3’+,0.001Eu34r after X-ray charging. (c1)
until (c4) TL glow curves of Ln®** or/and Eu®>* (Ln = Tb or Pr) doped LiTaO3 charged by X-rays. The ratios of TL intensities of Tb®*, Pr®*, or Eu>* co-doped LiTaO3 to
that of the commercial BaFBr(I):Eu”, Al,03:C chip, or SrA1204:Eu2+,Dy3‘ are shown in the legend in panel (c). The Pr* emissions in (c1) and (c2) and the Tb3*

emissions in (c3) and (c4) were monitored during TL-readout.
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glow curves of LiTa03:0.005Tb>",xEu®" (x = 0.0005 until 0.006) after
254 nm UV-light charging. A TL glow band peaked at about 350 K ap-
pears. Its integrated TL intensity from 303 to 700 K gradually decreases
from x = 0.0005 until x = 0.006. Fig. 4(b) shows the TL glow curves of
LiTa03:0.005Tb3* xEu3" after X-ray charging. The ratios (r1; r2; r3) of
integrated TL intensity of LiTaO3:0.005Tb%",xEu" to that of the com-
mercial (r1) BaFBr(I):Eu®", (r2) Al,05:C chip, or (r3) SrAl,O4Eu??,
Dy>*, are shown in the legends of Fig. 4(al) and 4(b), respectively. A TL
glow band peaked at about 346 K emerges. Its integrated TL intensity
increases from x = 0.0005 to x = 0.001, and then rapidly decreases with
further increasing x.

(81 ) Charged by Hg lamp (254 nm) at ~303 K
18 Compared with BaFBr(l):Eu*

n 350K —— LiTa0,:0.005Th*",0.0005Eu*" (42)

164 — o4 —e— LiTa0,:0.005Tb*,0.001Eu*" (37)
Eu § —&— LiTa0,:0.005Th**,0.002Eu™ (10)

14 4 —o— LiTa0,:0.005Tb*,0.004Eu* (6)

124 § —— LiTa0,:0.005Tb*,0.006Eu™ (2)

§—o— BaFBr(I):Eu™

B=1K/s

TL intensity (10°.counts.s™.g

al1)

303 350 400 450 500 550 600§

Temperature (K)

'254nm UV

(C) Charged by X-ray (30KV,50uA,1.5W) at ~303 K =1 K/s
Compared with BaFBr(l):Eu®", Al,0 :C, SrAl,0,:Eu*",Dy*"

346K (0.8eV) —o— LiTa0,:0.005Bi* (1.8;3;1.9)
i —— LiTa0,:0.005Tb™ (2.3;3.9;2.3)

—e— LiTa0,:0.005Tb*,0.001Eu*™

(3.5;5.8;3.5)
408K
0.946V) —o— NaLuF,:Th*(1.9;3.2;1.9)
64 L > 45K parrEs
'3 1‘.03eV+A|203:C chip
=3 —s— SrAL,0,:Eu*,Dy*
al | Oy

i ald\koii.205

0.005Tb™,
0.001Eu>"

0l ‘ ,
305 350 400 450 500 550 600 650 700

Temperature (K)

/70.005Tbi50'002Eu™
a10)

Tb*,0.004Eu™

I UVoff5s N
[l LiT305:0.005Tb*",0.006Eu""

Chemical Engineering Journal 461 (2023) 141685

Fig. 4(c) compares the TL glow curves of Bi>*, Tb®* doped, and Tb>*
plus Eu®" doped LiTaOs after X-ray charging. We obtained and used the
optimized afterglow NaLuF4Tb>"(15 mol%) @NaYF, nanocrystals,
abbreviated as NaLuF4:Tb3+, as synthesized by the authors in ref. [14]
for comparison study. The ratios (r1; r2; r3) of the integrated TL in-
tensity from 305 to 700 K of the Bi** and/or Ln®* (Ln = Tb or Eu) doped
LiTaO3 and the NaLuF4:Tb3+ to that of the commercial (r1) BaFBr(I):
Eu?®, (r2) Aly0s5:C chip, (r3) SrAlyO4Eu®t,Dy>", respectively, are
shown in the legend of Fig. 4(c). Compared with LiTa03:0.005Bi3+,
SrAl,04Eu?t,Dy>", or  NaLuF4Tb®t  afterglow  phosphor,
LiTa05:0.005Tb%",0.001Eu®" shows less intense TL intensity at 305 K. It

m Charged by X-ray (30KV,50uA,1.5W) at ~303 K
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Fig. 4. TL glow curves of LiTaO;;:0.005"I'b3+,xEu3+ charged by (al) 254 nm UV-light or (b) X-rays. Photographs for LiTa03:0.005Tb3+,xEu3+ ((a2) until (a6)) upon or
((@7) until (al1)) after 254 nm UV-light illumination. (¢) TL glow curves for Bi®* and/or Ln®* (Ln = Eu, Tb, or Pr) doped LiTaO3 charged by X-rays. (d) A variable
heating rate plot for LiTa03:0.005Tb>*,0.001Eu*. (e) Fading of TL glow curves of LiTa0O3:0.005Tb>",0.001Eu>" after X-ray charging and with different delay time
from 0 until 1000 h. The ratios (r1; r2; r3) of integrated TL intensities from 303 to 700 K of Bi®* and/or Ln®* doped LiTaOs3 to that of the commercial (r1) BaFBr(I):
Eu?", (12) Al,05:C chip, or (r3) SrAl,04:Eu®",Dy>* are shown in the legends in panels (al), (b), and (c), respectively.
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) Charged by 1800s X-ray (30KV,50uA,1.5W) at ~303 K
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Fig. 5. (a) 3hand (b) 40 h RT isothermal decay curves of Eu®>* and/or Ln®*" (Ln = Tb or Pr) doped LiTaOs after X-ray charging. The afterglow intensities in panels (a)
and (b) were corrected by sample mass and X-ray charging time. The inset in panel (b) shows an afterglow photograph of LiTa03:0.005Tb**,0.001Eu®" recorded at

25 s after 254 nm UV-light charging.

means that LiTaO3:0.005Tb%",0.001Eu®" has less intense initial after-
glow at about RT, as demonstrated by the afterglow photographs in the
insets of Fig.  4(c). Since the rationally  designed
LiTa03:0.005Tb®*,0.001Eu®" has excellent charge carrier storage ca-
pacity, it has been studied further in detail.

We estimate the trapping depths for LiTa03:0.005Tb%",0.001Eu>" by
utilizing a typical variable heating rate plot as shown in Fig. 4(d) and the
following equation [26,55-58]:

Ti E E
In (?) = +1In (g> @
where f§ denotes the used heating rate, E means the trapping depth, Ty, is
the temperature of a TL glow peak maximum, s means the frequency
factor, and k is the well-known Boltzmann constant (8.62 x 10 eV/K).
The fitting of results in Fig. 4(d) provides a frequency factor of s = 2.50
x 10% s7! and an electron capturing depth of 0.80 eV for the 346 K TL
glow peak of LiTa03:0.005Tb>",0.001Eu" in Fig. 4(c). The electron
trap depths of other thermoluminescence glow peaks were estimated
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Fig. 6. TL glow curves for LiTaO3:0.005Tb%",0.001Eu>* measured at p = 1 K/s
after 254 nm UV-light charging and then followed by a TL glow peak cleaning
at Teean for 50 s.

and provided in the legend of Fig. 3(c) and Fig. 4(c) by utilizing Eq. (1)
with s = 2.50 x 101071, B =1 K/s, and the observed Ty, values.

Fig. 4(e) shows the TL glow curves of LiTa05:0.005Tb%",0.001Eu®*
after X-ray charging and then followed by fading in the dark with
different duration from 0 until 1000 h. The TL glow band peaked at ~
346 K gradually decreases with increasing fading time. The ratios of the
integrated TL intensity with different duration fading to that of without
fading are shown as the percentage values in the legend of Fig. 4(e).
After 60 s, 1000 s, or 1000 h fading, the integrated TL intensity of
LiTa03:0.005Tb>",0.001Eu®" remains 93 %, 71 %, or 32 %. The similar
applied to LiTa03:0.005Pr**,0.001Eu®" in Fig. $20.

Fig. 5(a) shows the RT isothermal decay curves of Ln>* doped LiTaOs
after 600 s X-ray charging. Compared with SrAl,04:Eu®",Dy%", the
optimized LiTa03:0.005Tb3*,0.001Eu" shows less intense initial
afterglow intensity. Fig. 5(b) shows that more than 40 h Tb>" °D4—"F;
afterglow can be measurable in LiTa03:0.005Tb%",0.001Eu>" after
1800 s X-ray charging.
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Fig. 7. TL glow curves of LiTa05:0.005Tb>",0.001Eu®" charged by X-rays with
different duration. The inset shows the integrated TL intensities between 305
and 623 K as a function of X-ray exposure time.
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Fig. 8. TL glow curves of LiTa03:0.005Tb>*,0.001Eu>" charged by 254 nm UV-light and then followed by (a) different energy photon stimulation and (b) WLED
stimulation with different duration time. (c) RT isothermal decay curves after X-ray charging and then followed by 850 nm stimulation for 120 s. (d1) until (d6)
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properties in LiTa05:0.005Tb>",0.001Eu®*.

4. Discussion: Unraveling Eu®t as a deep electron trap

The VRBE diagram of LiTaOg in Fig. 1(a) predicts that Bi®* or Eu®*
act as ~ 0.6 or ~ 1.1 eV deep electron traps, while Tb>" or Pr®* acts as
~ 1.4 or ~ 1.5 eV deep hole traps. In ref. [47], the dual role of Bi®T in
capturing electrons and holes was studied in bismuth doped LiTaOs. As
demonstrated in Fig. 4 in ref. [47], electron liberation from Bi%* and
recombination with the hole trapped at Bi** leads to the Bi®** emission
with a TL glow peak at about 283 K. Its estimated electron trap depth is
~ 0.65 eV. Apparently, the Bi®" electron trap depth (~0.65 eV) is not
deep enough to design a stable storage phosphor which is operated at
room temperature. The predicted electron capturing depth of Eu®" is
about 0.5 eV deeper than that of Bi**. A TL glow peak with a higher
temperature is then to be expected by using the Eu>" asa ~ 1.1 eV deep
electron trapping centre and the Tb®* and Pr®* as the hole trapping
centres.

Compared with Ln®* single doped LiTaO3 as shown in Fig. 3(c1) and
(c3), a new and common TL glow peak at ~ 347 K appears in
LiTa03:0.005Pr>*,0.001Eu®" in Fig. 3(c2) and
LiTa05:0.005Tb>",0.001Eu®" in Fig. 3(c4). The trap depth of the TL
glow peak at ~ 347 K in Fig. 3(c2) and (c4) was roughly estimated to be
~ 0.81 eV by using a variable heating rate plot method (Fig. 4(d)). The
determined Eu®* electron trap depth (~0.81 eV) is about 0.3 eV lower
than that of the predicted Eu®* electron trapping depth (~1.1 eV) from
the VRBE diagram in Fig. 1(a). Herein, the 347 K TL glow peak was
analyzed by assuming a first-order TL-recombination kinetics and that
there was no trap depth distribution in LiTa03:0.005Tb%*,0.001Eu®*.
Such a situation is not realistic in a real phosphor compound and the
reported trapping depth energy (~0.81 eV) and the frequency factors of
s = 2.50 x 10 571 should be treated as indicative.

To better unravel the nature of the Eu®* electron trap in LiTaOs, a TL
glow peak cleaning method was utilized for
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Fig. 9. (a) TL glow curve of LiTa03:0.005Tb*,0.001Eu>* after exposure to water for 1 h and then followed by 254 nm UV-light charging. (b) TL glow curves for the
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infrared laser stimulation from 60 to 180 s. (d1) until (d6) Information display of “7”, “0”, and “a point” by liberating the stored charge carriers by 656 nm laser

stimulation and using the thermally stimulated Pr>" 4f — 4f emissions at ~350

LiTa03:0.005Tb3*,0.001Eu*. As shown in Fig. 6, with increasing Tejean
from 313 to 373 K, the TL glow peak gradually shifts from 346 to 401 K
and the TL also gradually decreases, indicating that there is a trap depth
distribution. It means that the charge carriers stored in less deep traps
are liberated at Tjean and the charge carriers stored in deep traps still
remain[58,59]. The Eu®" electron trapping depth has then been deter-
mined to be in the range from ~0.82 to ~0.95 eV by the initial rise
analysis plots (Fig. S16). Considering the error margins of trap depths
determined by a thermoluminescence study or by a VRBE diagram
prediction[27,28], the experimentally derived Eu®" electron trapping
depth is consistent with that (~1.1 eV) predicted by the VRBE diagram
in Fig. 1(a). We therefore assign the 347 K TL glow peak in Fig. 3(c2) and
(c4) to electron liberation from Eu®" and recombination with holes
trapped at pr'*t or Tb* to generate characteristic Pret or Tb® 4f — 4f
emissions during thermoluminescence readout.

Based on the above discussion, charge carriers trapping and release

K.

10

processes are demonstrated in the VRBE diagram in Fig. 1(a). During X-
ray exposure, free electrons and holes are created. The free holes migrate
in the valence band to be captured by Pr®* or Tb>* to form Pr** or Tb**
(arrows 1 and 2). The free electrons are captured by Eu®* or Bi>* to form
Eu?" or Bi%* (arrows 3 and 5). Since the trap depths of the Bi>" and Eu®*
electron trapping centres are less deep than that of Pr** and Tb%" hole
trapping centres in LiTaOs, less activation energy is required to liberate
the electrons stored at Bi>* and Eu*. The electrons captured at Bi2* or
Eu®" will be liberated at a lower temperature at about 283 K or 347 K
(arrows 6 and 4) to recombine with the holes trapped at pr*t or Tb4+,
yielding typical Pr>* or Tb®* 4f — 4f emissions during TL-readout.
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Fig. 10. Proof-of-concept plane X-ray imaging by using the optimized LiTa03:0.005Tb>", 0.001Eu>*-based silicone gel film 1. (al) and (a2) Uniform afterglow from
the 254 nm UV-light charged film 1. (a3) and (a4) An X-ray imaging photograph for a large electronic connector. (a5) and (a6) X-ray imaging resolution deter-

mination by using a standard Pb-based test plate.

5. Exploring multimode applications

5.1. Exploring anti-counterfeiting application by using Eu>* as a deep
electron trap and the developed LiTaOs:Ln®>*,Eu®* (Ln = Tb or Pr) storage
phosphors

To explore anti-counterfeiting application, the synthesized
LiTa05:0.005Ln>*,0.001Eu®" (Ln = Tb or Pr) storage phosphors were
further studied. Fig. 7 and Fig. S17 show the TL glow curves of
LiTa05:0.005Tb%",0.001Eu®" charged by X-rays or 254 nm UV-light
with different duration. As shown in the inset in Fig. 7, the integrated
TL intensity can be fitted by TL = 812905 x t-1.09 x 107 (R? = 0.9997),
where t means the X-ray exposure time. The similar applied to
LiTa03:0.005Pr>*,0.001Eu"  (Fig. S18). It means that
LiTa03:0.005Tb3*,0.001Eu* and LiTa03:0.005Pr>",0.001Eu" storage
phosphors have potential utilization as dosimeters for X-ray detection.

Fig. 8(a)-(b) and S19(a)-19(b) show the TL glow curves of
LiTa05:0.005Tb%",0.001Eu®" first charged by 254 nm UV-light and then
followed by different energy photon stimulation. The ratios of the in-
tegrated TL glow intensity from 303 to 623 K with additional optical
stimulation to that of with no additional stimulation are provided as
percentage values in the legends of Fig. 8(a)-(b) and S19(a)-19(b). After
1 s or 25 s WLED stimulation (52 mW/cmZ), about 42 % or 90 % of the
stored charge carriers in LiTa03:0.005Tb%*,0.001Eu* in Fig. 8(b) has
been released, respectively.

Fig. 8(cl) shows the RT isothermal decay curve of
LiTa03:0.005Tb%*,0.001Eu®" after X-ray charging and then with 850
nm infrared laser stimulation from 60 s until 180 s in the dark.
Compared with that with no 850 nm laser stimulation in Fig. 8(c2),
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about 8.5 times stronger 850 nm optically stimulated initial Tb%*
5D4—>7Fj (j = 0-6) emissions appear in Fig. 8(cl) when the 850 nm
infrared light is switched on.

Fig. 8(a) shows that 10 s 656 nm red laser stimulation liberates about
27 % of stored charge carriers in LiTaO3:0.005Tb3*,0.001Eu®*. Weak
afterglow is to be expected in the phosphor area stimulated by the 656
nm red laser. This property has been exploited to show the text of “I”,
“L”, and “Y” in the dark as demonstrated in Fig. 8(d1) until (d5) by
combining with the afterglow from the 254 nm UV-light charged
LiTa05:0.005Tb%",0.001Eu®" based film. Fig. 8(d6) shows the afterglow
text of “I” together with an array of relatively intense green points. There
is a light detection and ranging system (LiDAR) in an iPhone 12Pro,
which can emit 905 nm infrared laser photons. The display of the array is
then realized by the 905 nm infrared laser stimulated Tb3* 5D4—>7Fj
emissions from LiTa03:0.005Tb**,0.001Eu®".

The chemical stability of a storage phosphor is important for appli-
cation. As shown in the inset of Fig. 9(a), the synthesized
LiTa03:0.005Tb3",0.001Eu* was exposed to water for 1 h. Fig. 9(a)
shows the TL glow curves of LiTa03:0.005Tb%*,0.001Eu®* without and
with exposure to water. The integrated TL intensity remains about 85 %
after exposure to water with a duration of 1 h, indicating a good
chemical stability of LiTaO3:0.005Tb>",0.001Eu>".

High charge carrier storage capacity is also important for applica-
tion. Fig. 9(b) shows the TL glow curve of the optimized
LiTa03:0.005Tb3+,0.001Eu3Jr after X-ray charging. The ratios (r1; r2;
r3) of the integrated TL intensity of the optimized
LiTa03:0.005Tb%*,0.001Eu®" to that of the state-of-the-art BaFBr(I):
Eu?t (r1), Al,03:C chip (r2), or NaLuF4:Tb3+ (r3), respectively, are given
in the legend of Fig. 9(b).
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Flexible X-ray imaging for curved objects

Fig. 11. Proof-of-concept flexible X-ray imaging by employing the optimized LiTa0s:0.005Tb>", 0.001Eu>" based flexible silicone gel film 2. (al) until (a3)
Demonstration of conventional X-ray imaging for a bended double-faced circuit board by using film 2 as a dosimeter. (b1) until (b3) Demonstration of flexible X-ray

imaging by placing the bended film 2 underneath the bended circuit board.

Colour-tailorable afterglow from green to red for anti-counterfeiting
application was exploited in LiTa03:0.005Pr>*,0.001Eu®>" where Eu®*
acts as an electron trapping centre, while Pr>+ acts as the hole capturing
and recombination centre. Compared with that with no 656 nm stimu-
lation in Fig. 9(c2), about 22 times stronger initial Pr3t 4f - 4f emis-
sions emerge when the 850 nm laser is switched on in Fig. 9(c1). Similar
to that in Fig. 8(a) and (b), the stored charge carriers in deep traps in
LiTa05:0.005Pr>*,0.001Eu" are liberated during the optical stimula-
tion and weaker thermoluminescence glow intensity is then to be ex-
pected in the phosphor area with optical stimulation. Fig. 9(d3)
demonstrates that the phosphor film was stimulated by 656 nm laser
with different logos. After stimulation, the phosphor film was stored in
the dark for 1 h. The stored information of “7”, “0”, and “a point” in the
phosphor film is not visible during daylight, but is visible when the film
was then kept at about 350 K in the dark as shown in Fig. 9(d4) until (d6)
because of the thermally stimulated Pr®" 4f — 4f emissions from the
phosphor area where the charge carrier stored in deep traps were not
liberated by 656 nm laser stimulation.

5.2. Exploring flexible X-ray imaging by using Eu>" as a deep electron
trap and the optimized LiTaO5:0.005Tb%*, 0.001Eu>" storage phosphor

The optimized LiTa03:0.005Tb%*,0.001Eu®" storage phosphor was
dispersed in silicone gel to synthesize a flexible X-ray imaging film 1 as
shown in Fig. 10(al). The surface of the film 1 was smooth. After 254 nm
UV-light charging, a uniform green afterglow film is visible in the dark
as shown in Fig. 10(a2) because of the thermally stimulated Tbh3*
5D4—>7Fj (j = 0-6) emissions at RT. High resolution X-ray imaging
photographs for a large electronic connector in Fig. 10(a3) and 10(a4),
and for other objects in Fig. S21(d1) until (e5) can be obtained by using
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the X-ray charged film 1. A high X-ray imaging resolution of about 20
line pairs/mm (lp/mm) was realized as demonstrated in Fig. 10(a5) and
(ab).

Fig. 11(al) shows a bended double-faced circuit board. The film 2
was placed underneath the bottom of the double-faced circuit board
which was horizontally exposed to X-rays. Two X-ray imaging photo-
graphs were obtained because of the thermally stimulated Tb>* 5D4—>7Fj
emissions from the optimized LiTaO3:0.005Tb%*,0.001Eu®" at RT in
Fig. 11(a2) and at about 390 K in Fig. 11(a3). Fig. 11(a2) and (a3) show
that the information of both the sides of the bended circuit board stored
in the film 2 is overlapped, demonstrating the difficulty in imaging of
bended objects by using traditional panel X-ray detector or dosimeter.
To solve this issue, the durability and flexibility of the optimized
LiTa03:0.005Tb>*,0.001Eu®" based silicone gel X-ray imaging film 2
was utilized. Fig. 11(b1) shows that the film 2 can be well bended which
can be well placed inside and underneath the bended end-to-end circuit
board. After X-ray exposure, the information of the bended circuit board
can be read-out by the X-ray imaging photographs as demonstrated in
Fig. 11(b2) and (b3).

5.3. Discussion: Multimode anti-counterfeiting and flexible X-ray imaging
application exploration

Colour-tailorable photoluminescence, afterglow, and thermally
stimulated luminescence are explored for multimode anti-counterfeiting
application. As shown in the photographs upon 254 nm UV-light illu-
mination in Fig. 4(a2) until Fig. 4(a6), the photoluminescence colour
can be tailored from green to red by increasing the doped Eu®" con-
centration in LiTa03:0.005Tb*",xEu*" (x = 0.0005 until 0.006). This is
because that more Eu®" can give more intense characteristic red Eu®* 4f
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— 4f emissions via the VB — Eu' charge transfer (CT) excitation
(Fig. $8). Compared with LiTa0O5:0.005Tb%",0.0005Eu®", about 3.5
times stronger VB Eu3™ CT excitation appears in
LiTa05:0.005Tb%",0.006Eu®" (Fig. S9). For the afterglow photographs
as shown in Fig. 4(a7) until Fig. 4(all) after 254 nm UV-light charging,
green afterglow appears in the dark. This is because that Tb>* acts as the
main thermally stimulated recombination centre and that the role of
Eu>t is to mainly act as an electron trapping centre in
LiT303ZO.005Tb3+,XEU3+ as evidenced in Fig. 3, Fig. 4(al), and Fig. 4(b).

Fig. 1(b), Fig. 10, and Fig. 11 demonstrate how to realize X-ray im-
aging of a curved object by utilizing the flexibility and the high storage
capacity of the charge carriers of the optimized
LiTa03:0.005Tb3*,0.001Eu* based flexible silicone gel film. Fig. 4(e)
shows that the integrated TL intensity of LiTa03:0.005Tb%",0.001Eu®"
remains 93 %, 71 %, and 32 % after 60's, 1000 s, or 1000 h, respectively.
It means that the charge carriers can be stably stored in the
LiTa03:0.005Tb3*, 0.001Eu>*. Fig. 7 and Fig. S18 shows that the inte-
grated TL intensity linearly increases with increasing the X-ray exposure
time, indicating the potential use of the LiTaO3:0.005Ln%",0.001Eu®"
(Ln = Tb or Pr) as dosimeters for X-ray detection. Fig. 9(a) shows that
the TL intensity remains about 85 % after exposure to water for 1 h,
implying that the LiTaO3:0.005Tb>",0.001Eu®" is chemically stable.
The ratios (rl; r2; r3) of the integrated TL intensity of the optimized
LiTa03:0.005Tb3*,0.001Eu" to that of the state-of-the-art (r1) BaFBr
(D):Eu?*, (r2) AlyO5:C, or (r3) NaLuF4Tb>" are 5.2, 8.8, or 2.8, respec-
tively, as shown in Fig. 9(b). It means that the optimized
LiTa05:0.005Tb>",0.001Eu®" has excellent charge carrier storage ca-
pacity. Different than NaLuF4:Tb%" in ref. [14], the stored charge car-
riers in LiTa03:0.005Ln%",0.001Eu®* (Ln = Tb or Pr) can be efficiently
liberated by a wide range energy photon stimulation from 365 nm UV-
light to 850 nm infrared light as evidenced in Fig. 8. It means that X-ray
imaging of a curved object is then to be expected by optically stimulated
luminescence instead of by thermal stimulation of stored charge carriers
in a storage phosphor based X-ray imaging plate [24,60-62].

—

6. Conclusions

In this work, novel LiTaO3:Ln®>",Eu* (Ln = Tb or Pr) storage phos-
phors are reported for multimode anti-counterfeiting and flexible X-ray
imaging applications by combining the vacuum referred binding energy
(VRBE) diagram of LiTaO3 and the optimization of dopant’s concen-
tration and compound synthesis condition. Based on the prediction by
the VRBE diagram of LiTaOj3 in Fig. 1(a), compared with Bi®**, Eu®* has
been selected as a ~0.5 eV deeper electron capturing centre for more
stable electron storage at room temperature. By combining Eu®t with
Ln®* (Ln = Tb or Pr), new LiTa05:0.005Ln>*,0.001Eu" storage phos-
phors were developed. Herein, Eu®* appears to act as a less deep elec-
tron trapping centre, while Tb®* and Pr3* act as deep hole trapping and
recombination centres in LiTaOs. During TL-readout at ~ 347 K, the
electrons stored at Eu?" are liberated to recombine with the holes
trapped at Tb*" or Pr*", yielding characteristic Tb3* or Pr2* 4f — 4f
emissions. The charge carrier storage capacity in LiTaO3:0.005Tb%",
xEu®* can be optimized by changing Eu>" concentration and compound
synthesis temperature. The ratios named as (r1; r2; r3) of the integrated
TL intensity of the optimized LiTa05:0.005Tb*,0.001Eu>" to that of the
state-of-the-art (r1) BaFBr(I):Eu®", (r2) Al,05:C, or (r3) NaLuF4:Tb>* are
5.2, 8.8, or 2.8, respectively. More than 40 h Tb3* 4f — 4f afterglow can
be measurable in the LiTa03:0.005Tb>*,0.001Eu>* charged by X-rays.
The charge carriers can be stored more than 1000 h in
LiTa03:0.005Tb3*,0.001Eu®>*. The charge carriers stored in
LiTa05:0.005Tb%",0.001Eu®" can be released by a wide range energy
photon stimulation from 365 nm UV-light (3.4 eV) to 905 nm infrared
light (1.4 eV). Proof-of-concept anti-counterfeiting application was
demonstrated by combining the colour-tailorable photoluminescence,
afterglow, thermally, or optically stimulated luminescence in
LiTa03:0.005Tb*" xEu®* and LiTa03:0.005Pr>*,0.001Eu>".
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LiTa03:0.005Tb3*,0.001Eu®* has a high absolute scintillation light
yield of 19000 + 1800 ph/MeV. The above optical features are helpful
for developing advanced multimode anti-counterfeiting applications.
Proof-of-concept flexible X-ray imaging application was demonstrated
by using the optimized LiTa03:0.005Tb>*,0.001Eu®" based silicone gel
film. This work not only reports promising LiTaO3:0.005Ln>",0.001Eu*
(Ln = Tb or Pr) perovskite storage phosphors with excellent charge
carrier storage capacity and stability, but also deep our understanding of
trap level locations and on the trapping and liberation processes of
charge carriers in inorganic compounds.
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