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Vacuum-Referred Binding Energies of Bismuth and
Lanthanide Levels in LiTaO; Perovskite: Toward Designing
Energy Storage Phosphor for Anti-Counterfeiting, X-Ray
Imaging, and Mechanoluminescence

Tianshuai Lyu* and Pieter Dorenbos

Discovering UV-light or X-ray charged afterglow and storage phosphors with
high charge carrier storage capacity remains challenging. Herein, a method is
proposed by combining vacuum referred binding energy (VRBE) diagram
construction and optimization of dopants’ concentration and compound
synthesis. The refined chemical shift model, optical spectroscopy, and
thermoluminescence will be combined to construct the VRBE diagram of
LiTaO; with the lanthanide and bismuth charge transition levels. Based on the
constructed VRBE diagram of LiTaO;, Bi**, and/or Ln** (Ln = Tb or Pr) doped
LiTaO; will be studied. By combining Bi** with Tb**, Pr**, or Bi** itself, Bi**
emerges to act as a ~0.62 eV deep electron trap, while Tb**, Pr3*, or Bi3* acts
as about 1.5 eV deep hole capturing and recombination centres. The VRBE in
the Bi** P, , ground state will be derived by thermoluminescence study.
Proof-of-concept X-ray imaging, compression force distribution monitoring,
and color-tailoring for anti-counterfeiting will be demonstrated by using the are  still
developed Bi** and/or Ln** doped LiTaO;. This work promotes the
understanding of trap level locations and on the trapping and release
processes of charge carriers in Bi** and/or lanthanides doped inorganic
compounds for rational design of new afterglow and storage phosphors.

1. Introduction

Persistent luminescence (afterglow) and storage phosphors are
inorganic compounds which trap charge carriers in host de-
fect traps after charging by high energy photons or ionizing
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radiation like y-rays, X-rays, 254 nm UV-
light, electrons, or f-rays.'!Continuous
photon emission from minutes to hours
appears in afterglow phosphors after
stopping excitation.’l Intense opti-
cally stimulated emission emerges in
storage phosphors when the stored
charge carriers are liberated by op-
tical stimulation.®] Because of these
features, afterglow and storage phos-
phors have applications in computed
radiography (CR),[*l battery-free light
dosimeter,!’] anti-counterfeiting,!°!
and Dbio-imaging.['?l Although many
compounds have been tried, the state-of-
the-art afterglow and storage phosphors
SrAl,O,:Eu**,Dy*3»71  and
BaFBr(I):Eu**.%¥) One reason for a lim-
ited progress is that a compound often
has many intrinsic defects and the charge
carrier capturing and release processes
are difficult to discuss and are often not
clear. Another reason is that many com-
pounds were explored in a trial and error
method instead of by a deep and systemic study. There is a
demand to develop a general method that can guide us to ra-
tional design and explore afterglow or storage phosphors more
efficiently.[228]

Generally, an afterglow or storage phosphor contains a com-
pound host lattice, an electron trapping center, a hole trapping
center, and the recombination center. The recombination cen-
ter can be the electron or hole trapping center, which deter-
mines the emission wavelength from deep UV-C to infrared like
1.06 um.[2>%1 The electron and hole capturing centers can be host-
related intrinsic defect(s) or deliberately doped dopant(s). The du-
ration time of charge carriers captured at traps is determined
by the trapping depths of the charge carriers and their distri-
bution at the crystal host lattice.?) In an afterglow phosphor a
“~0.7 eV deep charge carrier capturing center is required to yield
thermally stimulated emission at room temperature (RT).'*/ In a
storage phosphor a >~1.0 eV deep charge carrier capturing cen-
ter is required to avoid the liberation of charge carriers at RT. If
scientists can rational design and adjust the trapping depths of
charge carriers in inorganic compounds, more efficient explo-
ration and development of afterglow or storage phosphors be-
comes possible.!%]

© 2022 Wiley-VCH GmbH
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The chemical shift model was established in 2012 to construct
a so-called vacuum referred binding energy (VRBE) diagram for
lanthanides doped inorganic compounds.['") One then can com-
pare the electron binding at the conduction band (CB) bottom,
the valence band (VB) maximum, or in the ground states of triva-
lent and divalent lanthanides in various crystals with respect to
an identical energy, i.e., the vacuum level.l'?] The chemical shift
model was recently revised and updated,['*] which then makes
the constructed VRBE more accurate to predict the level loca-
tions of lanthanides in inorganic compounds. Note that the Ln**
ground state level location in a VRBE diagram has the same
meaning as the Ln**/** charge transition level. The similar ap-
plies to Ln3*, Bi**, and Bi**. Bi** and Bi?** ions with the 6s?
and 6s26p electron configurations have been largely explored as
dopants in many inorganic compounds for phosphor based light-
ing. Compared with Eu?* as a dopant, the Bi** or Bi?* based
afterglow and storage phosphors are rarely reported.'*] Awater
et al. studied the spectroscopic data of Bi** in 117 inorganic com-
pounds in ref. [15] where the VRBEs in the ground and excited
states of Bi** were roughly determined and analyzed. Awater et al.
also studied and roughly estimated the VRBEs in Bi** ground
states in 15 compounds in ref. [16]. However, to the best of our
knowledge, the VRBE diagram containing the level locations of
lanthanides together with those of Bi** and Bi** are rarely re-
ported and experimentally verified. This also means that it is in-
teresting to use the VRBE diagram to explore new Bi** and/or
lanthanides based afterglow and storage phosphors.

LiTaO, has a perovskite structure and crystallizes in a trigo-
nal phase with R3c space group at room temperature. Because
of a high density of about 7.45 g cm™>, it has a high absorp-
tion coefficient of X-rays. This means that LiTaO, may be a good
host to explore X-ray charged afterglow or storage phosphors.
In 1996, emission and X-ray charged storage properties of Tb**
doped LiTaO; was studied in ref. [17] where it remained unclear
whether Tb** acts as a hole trapping center or not. In 2020, Hu
et al. reported the persistent luminescence properties of Bi**
doped LiTaO, after 254 nm UV-light charging in ref. [18] where
whether Bi** acting as a charge carrier capturing center or not is
not clear. In 2022, Li et al. reported the mechanoluminescence
properties of Pr**,Ca**/Si** co-doped LiTaO; in ref. [19] where
whether Pr** acting as a hole capturing center or not is not clear.
Very recently, we observed nice photochromism phenomenon in
Bi**,Dy**-doped LiTaO; in ref. [20] where charge carrier trapping
and de-trapping processes are not fully clear. The VRBE diagram
construction of LiTaO; will help us to identify and discuss the
charge carrier trapping and release processes in LiTaO,. To the
best of our knowledge, the VRBE diagram of LiTaO; including
the level locations of lanthanides, Bi**, and Bi?** is not reported
yet. The Bi** and/or Ln** (Ln = Tb, Pr, or Eu) doped LiTaO; com-
pounds are not systematically studied for 254 nm UV-light or
X-ray charged afterglow or storage phosphor applications. The
mechanoluminescence is also not reported in the Bi**,Pr**-co-
doped LiTaO;.

The objective of this work is to demonstrate how to develop
afterglow and storage phosphors by combining vacuum referred
binding energy (VRBE) diagram construction and optimization
of dopants’ concentration and compound synthesis. The refined
chemical shift model, optical spectroscopy, and thermolumines-
cence will be combined to construct the VRBE diagram of LiTaO,
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as shown in Figure 1, which works as a basis for our study. The
VRBEs in the Bi**'S, ground state and in the Bi** *P, , ground
state will be determined by spectroscopy and thermolumines-
cence study. The trapping and release processes of charge car-
riers in Bi** and/or Ln** doped LiTaO; will be studied by both
the optical and mechanical stimulation. Proof-of-concept X-ray
imaging, compression force distribution monitoring, and color-
tailoring for anti-counterfeiting will be demonstrated by using
the developed Bi** and/or Ln** doped LiTaO,. This work pro-
motes our understanding of trap level locations and on the trap-
ping and release processes of charge carriers in Bi** and/or lan-
thanides doped inorganic compounds for rational design of new
afterglow and storage phosphors.

2. Results

2.1. Photoluminescence Spectroscopy for VRBE Construction

Figure 2a,b shows the PLE and PL spectra of the undoped LiTaO,
host, and Eu**" or Bi** doped LiTaO, at RT. A broad excitation
band peaked at ~271.5 nm appears in the PLE spectrum of
LiTa0,:0.005Eu**, which will be assigned to electron transfer
from the valence band to Eu** or the VB—Eu’* charge transfer
(CT) band. Upon 230 nm excitation, the undoped LiTaO, host
shows several emission bands in the spectral range between 300
and 650 nm. An excitation band peaked at 226.5 nm (5.47 eV)
appears in the excitation spectrum of the LiTaO, host when 375,
467,555, or 590 nm emission was monitored as in Figure 2a and
Figure S3 (Supporting Information), which will be assigned to
host exciton creation at room temperature. Upon 300 nm exci-
tation, LiTa0,:0.005Bi** shows a broad emission band peaked at
440 nm (2.82 eV) in Figure 2b. Like in ref. [20], it is attributed to
Bi** D-band emission. The excitation spectrum (A,,,, = 437 nm)
of LiTa05:0.005Bi** in Figure 2a shows an excitation band peaked
at 253 nm and a broad band peaked at ~#299.5 nm.

To further unravel the Bi** luminescence in LiTaO;, the PLE
and PL spectra of LiTa0,:0.005Bi** were measured at 10 K and
shown in Figure 2¢,d. Similar to Figure 2b, LiTa0,:0.005Bi**
shows a broad D-band emission peaked at 440 nm upon 301 nm
excitation in Figure 2d. The excitation spectrum (4., = 440 nm)
in Figure 2c shows a weak excitation band at ~218 nm, a shoul-
der band at ~#260 nm, and an asymmetric band at ~#301 nm. The
301 nm band will be assigned to a combined contribution from
the Bi** D-band and A-band.

Figure 2e and Figure S4 (Supporting Information) show the
PLE and PL spectra of LiTa0,:0.01Tb** recorded at RT. The
RT excitation spectrum shows a broad excitation band peaked
near 290 nm. Figure 2f shows the PLE and PL spectra of
LiTa0,:0.005Tb** measured at 10 K. A broad excitation band
peaked at ~285 nm appears. Other than Nikl et al. who assigned
the band to Tb** 4f—5d transition in ref. [17], we will assign it to
the Intervalence Charge Transfer Band (IVCT) induced by elec-
tron transfer from the 4f ground of Tb** to the conduction band
(CB), i.e., IVCT Tb** - CB.[??] Such assignment agrees well with
the VRBE diagram of Figure 1.

Figure 2g and Figure S5 (Supporting Information) show the
PLE and PL spectra of LiTaO;:0.01Pr** measured at RT. The
RT excitation spectrum shows a broad excitation band peaked
at 295 nm. Figure 2h shows the PLE and PL spectra of

© 2022 Wiley-VCH GmbH
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Figure 1. Vacuum referred binding energy (VRBE) diagram of LiTaOs. The energy level locations of lanthanides, Bi®*, and Bi** are shown. The experi-
mentally observed transitions are illustrated by solid arrows.
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Figure 2. PLE and PL spectra of a,b) LiTaO; host, Eu* or Bi** doped LiTaO; recorded at RT, c,d) Bi** doped LiTaO; recorded at 10 K, Tb3* or Pr3*
doped LiTaO; recorded at e,f) RT and g,h) 10 K, i) LiTaO; host recorded at 10 K, and j) LiTaO5:0.005Bi**,0.005Pr3* recorded at RT. The insets are the
photographs of Bi** and/or lanthanides doped LiTaO; under Hg lamp (254 nm UV-light) illumination at RT.
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Figure 2. Continued

LiTa0,:0.005Pr** measured at 10 K. Similar to Figure 2g, a broad
excitation band peaked at 292 nm and several line excitation
bands in 450-550 nm appear (A, = 616.4 nm). The line excita-
tion bands are assigned to the Pr*+ 4f—4f transitions. The excita-
tion spectrum in the spectral range between 200 and 400 nm for
Tb** in Figure 2e,fis very similar to that for Pr** in Figure 2g,h.
The broad excitation band peaked at 292 nm in Figure 2g,h was
also observed by Qiu et al. in ref. [19b] and will be assigned to the
Pr**—CB IVCT.

Figure 2i shows the PLE and PL spectra of the undoped LiTaO,
host measured at 10 K. Four excitation bands peaked at 223.5,
253.5, 295, and 366 nm appear (4., = 452 nm). The 223.5 nm
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(5.55 eV) band will be assigned to host exciton creation at 10 K.
The value was used in the VRBE diagram of Figure 1. An emis-
sion band peaked at 452 or 480 nm emerges in the spectral range
from 300 to 750 nm upon 223.5 or 253.5 nm excitation at 10 K.

Figure 2j shows the PLE and PL spectra of
LiTa0,:0.005Bi**,0.005Pr** recorded at RT. Similar to the
PLE spectrum (4., = 437 nm) of LiTa0;:0.005Bi** in Figure 2a,
an excitation band peaked at 248 nm and a broad and asymmetric
excitation band peaked at ~#299 nm appear (4., = 614 nm). Upon
290 nm excitation, a broad emission band peaked at 441 nm
due to Bi** D-band emission and few characteristic Pr’* 4f—4f
emission peaks appear.
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Figure 3. 2D contour plots of afterglow spectra as a function of time after exposure to 254 nm UV-light for a) LiTaO;:0.01Tb3* and b)
LiTaO;:0.005Bi**,0.001Pr**. c) Above RT TLEM plot recorded at f = 2 K s™! and d) above 100 K TLEM plot recorded at # = 0.2 K s~ for LiTaOs:
0.005Bi* after exposure to X-rays. The insets in (a) until (c) show the afterglow photographs of the Bi** and/or Ln>** (Ln = Tb or Pr) doped LiTaOy after

254 nm UV-light charging.

2.2. Evidencing the Electron Liberation Process from Bi**

To identify the recombination center, RT isothermal decay
spectra and thermoluminescence emission (TLEM) spectra
were measured. Figure 3a,b shows the RT isothermal de-
cay spectra as a function of time for LiTaO;:0.01Tb** and
LiTa0;:0.005Bi*+,0.001Pr** after 254 nm UV-light charging.
Tb** and Pr** ions appear to act as the recombination centers.
Figure 3c shows the above 300 K TLEM spectra recorded at a heat-
ing rate () of 2 Ks7! of LiTa0;:0.005Bi** after exposure to X-rays.
A TL glow curve peaked at 336 K with broad D-band emission in
the spectral range from 350 to 700 nm is observed. Figure 3d
shows the above 100 K TLEM spectra recorded at f# = 0.2 K s~}
of LiTaO, after X-ray charging. A TL glow curve peaked at 273 K
with typical Bi** D-band emission appears.

To study the electron release process from Bi?*, low-
temperature TL glow curves were measured. Figure 4 shows
the above 100 K TL glow curves of Bi** and/or Ln** (Ln = Tb
or Pr) doped LiTaO; samples after exposure to X-rays at 93 K
with a duration of 300 s. The ratios of the integrated TL in-
tensity from 100 to 450 K of Bi** and/or Ln** doped LiTaO,
to that of LiTa0;:0.005Bi*" are listed in the legend of Fig-
ure 4. All samples share a common TL glow peak near 164 K,
which will be assigned to host-related intrinsic defect(s) in
LiTaO;. Compared with LiTaO;:0.005Tb**, the Bi** co-doping in
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compared with LiTa0,:0.005Bi*
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Figure 4. Above 100 K TL glow curves for Bi** and/or Ln>** doped LiTaO4
after X-ray charging at ~93 K. The Tb3*, Pr*, or Bi** emissions were mon-
itored and the used heating rate was 1Ks™!
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Figure 5. a,b) RT isothermal decay curves of Bi** and/or Ln3* doped LiTaO; after exposure to 254 nm UV-light and fading of TL glow curves of c)
LiTa0;:0.005Bi**, 0.001Pr3* and d) LiTa0O5:0.005Bi3*. e) RT iso-thermal decay curves of LiTaO;:0.005Bi3*,0.001Pr** and LiTa05:0.005Bi3*,0.005Tb3*
after exposure to X-rays. f) TL glow curves of LiTaO5:0.005Bi>* after exposure to X-rays with different duration. The inset in (f) shows the integrated TL
intensities between 303 and 650 K as a function of X-ray exposure time. The insets in (a) and (b) show the afterglow photographs of Bi** and/or Ln3*

doped LiTaO; after 254 nm UV-light charging.

LiTa0,:0.005Bi**,0.005Tb** induces a new and intense TL glow
peak near 272 K where Tb*" is the recombination and lumi-
nescence center. Compared with LiTa0,:0.005Pr**, the Bi** co-
doping also induces a same TL peak near 272 K where Pr** is
the recombination and luminescence center. TL glow peaks near
283 and 342 K appear in LiTa0;:0.005Bi** in Figure 4 where
the Bi** is the recombination and luminescence center. Con-
sidering the trap depth distribution in LiTa0,:0.005Bi** (Figure
S16, Supporting Information), the TL glow peak near 342 K of
LiTa0,:0.005Bi** in Figure 4 is consistent with that observed in
the temperature from 303 to ~400 K in Figure S6¢6,d6. The TL
peak near 283 K of LiTa0;:0.005Bi** in Figure 4 is close to the
new 272 K TL peak as observed in LiTa0,:0.005Bi**,0.005Tb**
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and LiTa0,:0.005Bi*+,0.005Pr>*. The trap depths of the 272 and
283 K TL glow peaks were estimated to be 0.62 and 0.65 eV,
as also indicated in Figure 4, by using Equation (S1) (Support-
ing Information) with T, s =3 x 10 s7!, and g =1 K s7%.
Both the 272 and 283 K TL glow peaks will be discussed
and assigned to the thermally stimulated electron liberation
from Bi** and recombination with holes captured at Bi*t,
Pr*t, or Tb*", leading to characteristic Bi** D-band, Pr**, or
Tb** 4f—4f emissions as illustrated in the inset of Figure 4.

Figure 5a shows the RT isothermal decay curves of Bi** and or
Ln?** (Ln = Tb or Pr) doped LiTaO; after 254 nm UV-light charg-
ing. More than 3 h afterglow is measurable in all Bi** and/or Ln**
doped LiTaO;. Compared with Tb** or Pr** single doped LiTaO,,
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the Bi** co-doping greatly increases the afterglow intensity
in LiTa0,:0.005Bi**,0.005Pr** and LiTa0,:0.005Bi**,0.005Tb**.
Figure 5b shows that more than 40 h afterglow is measurable
in LiTa0,:0.005Bi**, LiTa0,:0.005Bi**,0.005Tb**, and the opti-
mized LiTa0,:0.005Bi**,0.001Pr** after 254 nm UV-light charg-
ing.

Figure 5cd shows the TL glow curves of
LiTa0,:0.005Bi**,0.001Pr**  and  LiTa0;:0.005Bi**  after
254 nm UV-light charging followed by 12 or 8 h delay prior
to TL readout. 78% or 97% of stored charge carriers in
LiTa0,:0.005Bi**,0.001Pr** or LiTa0,:0.005Bi** have been
liberated at RT during 12 or 8 h delay time after 254 nm UV-light
charging. Figure 5e shows the RT isothermal decay curves of
LiTa0,:0.005Bi*+,0.001Pr** and LiTa0;:0.005Bi**,0.005Tb**
after X-ray charging. About 2.5 or 20 h afterglow is measurable
in LiTa0,:0.005Bi**,0.001Pr** and LiTa0,:0.005Bi*+,0.005Tb3*.

Figure 5f shows the TL glow curves of LiTa0,:0.005Bi** after
X-ray charging with a duration from 50 to 600 s. The integrated
TL intensity from 303 to 650 K as shown in the inset of Figure 5f,
appears to increase with increasing X-ray charging time. Longer
afterglow time is expected in Figure 5e by increasing X-ray expo-
sure time. Possibly the developed LiTa0;:0.005Bi** can be used
as a dosimeter for X-ray detection.

To unravel charge carrier trapping processes, TL excitation
(TLE) plots for Bi** and/or Ln** (Ln = Tb or Pr) doped LiTaO,
were measured. Figure 6a shows the RT isothermal decay curves
of LiTa0,:0.005Bi** charged by different energy photon. The TLE
plots for other Bi** and/or Ln** doped LiTaO, can be found in
Figures S8, S12, and S19 (Supporting Information). Figure 6b—e
compare the TLE plots with the PLE spectra of Bi** and/or Ln**
doped LiTaO;. The phosphors appear to be charged through the
host related intrinsic defect(s), Bi** D-, and A-band, or Ln**—-CB
IVCT (Ln = Tb or Pr) optical excitation.

2.3. Designing Afterglow Phosphors for Anti-Counterfeiting,
Mechanoluminescence, and X-Ray Imaging Applications

Charge carrier release processes were studied in Bi** and/or
Ln** doped LiTaO; for developing new phosphors for anti-
counterfeiting, mechanoluminescence, or X-ray imaging applica-
tions. Figure 7a,b shows the TL glow curves of LiTa0;:0.005Bi**
after 254 nm UV-light or X-rays charging followed by different
energy photon stimulation. The ratios of the integrated TL in-
tensities from 303 to 600 K with additional optical stimulation
to that only with 254 nm UV-light or X-ray charging are listed
in the legend of Figure 7ab,e. The stored charge carriers in
LiTa0,:0.005Bi** appear to be efficiently released by wide range
energy photon stimulation from 365 nm UV-light to 850 nm in-
frared laser. The same applies to LiTa0,:0.005Bi**,0.005Pr** in
Figure 7e. Figure 7c1 shows the RT isothermal decay curves of
LiTa0,:0.005Bi** after X-ray charging and with a 850 nm laser
stimulation from 60 to 180 s. Intense 850 nm stimulated emis-
sion appears when the stored charge carriers are rapidly liber-
ated and weaker afterglow emerges in the 850 nm infrared light
stimulated phosphor area. This phenomenon was used to show
an afterglow symbol “O” with a 656 nm red laser stimulation as
shown in Figure 7d4.
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Figure 7f shows the TL glow curves of
LiTa0,:0.005Bi**,0.005Pr** after first 254 nm UV-light charging
and then ground in agate mortar with a duration from 0 until
300 s. The ratios of the integrated TL intensities from 303 to
600 K with grinding in agate mortar to that only with 254 nm
UV-light charging are shown in the legend of Figure 7f. The
stored charge carriers are gradually liberated with increasing
grinding time from 0 to 300 s. Note that a weak new TL glow
peak at ~#498 K appears with grinding in Figure 7f.

Figure 7gl shows the TL glow curve of
LiTa0,:0.005Bi**,0.005Pr** charged only by 600 s grinding
in agate mortar. Compared with X-ray or 254 nm UV-light
charging in Figure 7g2,g3, two new TL glow peaks near 504 and
588 K appear after 600 s grinding.

Figure 8a compares the 1000 N compression force induced
emission spectra, also known as mechanoluminescence (ML)
spectra, of LiTaO;:0.01Pr** and LiTa0,:0.005Bi**,0.005Pr**
based cylinders. Characteristic Pr** 4f—4f emissions
appear in the spectral range from 300 to 1000 nm in
LiTa0,:0.005Bi**,0.005Pr**. Figure 8b shows the ML spec-
tra of LiTa0,:0.005Bi** yPr** (y = 0.0005-0.012) based cylinders
upon 1000 N compression force. The integrated ML intensities
from 300 to 1000 nm are shown in the inset of Figure 8b. The
y = 0.006 sample shows the strongest ML intensity. Figure 8c
shows the ML photographs of y = 0.006 sample during 0 until
2000 N compression force loading in the dark.

Proof-of-concept colour tailoring for anti-counterfeiting appli-
cation was explored by using the Bi** and/or Ln** (Ln = Tb or
Pr) doped LiTaO,. Figure 9al-a4, Figures S18 and S21 (Sup-
porting Information) show that the afterglow colour can be ad-
justed from red to yellow by increasing the Pr** concentration (y)
from 0.001 to 0.012 in LiTa0,:0.005Bi**,yPr**. Figure 9b2 shows
that a red afterglow text of “Bi**” appears in the dark by using
the LiTa0,:0.005Bi**,0.001Pr** afterglow phosphor based film in
Figure 9b1. The brightness of the afterglow “Bi**” text can be
rapidly reduced by 2 s WLED stimulation as demonstrated in
Figure 9b3,b4. The green or cyan afterglow from the 254 nm
UV-light charged LiTa0,:0.005Bi*+,0.005Tb*" in Figure 9¢2 or
LiTa05;:0.005Bi** in Figure 9d2 can be used as a backlight to dis-
play a QR code in Figure 9¢3,d3 in the dark. The QR code can be
scanned by a mobile phone to read out the hidden information
of “Dr. Tianshuai Lyu for afterglow, storage, and mechanolumi-
nescence research” in Figure 9d4.

The optimized LiTa0,:0.005Bi** afterglow phosphor was dis-
persed in silicone gel to make a film 1 as shown in Figure 10al
for X-ray imaging. A bright cyan afterglow film 1 appears in the
dark after 254 nm UV-light charging in Figure 10a2. Figure 10a3
illustrates that the synthesized afterglow film 1 is flexible by hand
bending. A metal spring was placed inside a plastic capsule. The
metal spring is not visible during daylight since the plastic cap-
sule is not transparent. The film 1 was placed underneath the
plastic capsule as illustrated in Figure 10bl, which was then
charged by X-rays at RT. Two X-ray imaging photographs appear
in the dark by the thermally stimulated Bi** emission from the
optimized LiTa0,:0.005Bi** at RT (Figure 10b2) and at 340 K (Fig-
ure 10b3). The inset in Figure 10b3 shows the TL glow curves at
B =1Ks! for the optimized LiTa0,:0.005Bi** and the state-of-
the-art BaFBr(I):Eu?* after X-ray charging. The ratio of the inte-
grated TL intensity from 300 to 700 K of LiTa0,:0.005Bi** to that

© 2022 Wiley-VCH GmbH
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Figure 6. a) 2D contour plot of RT isothermal decay curves of LiTaO5:0.005Bi** after exposure to different energy photon charging in the range between
200 and 400 nm. b—e) A comparison of the photoluminescence excitation spectra (PLE) and the thermoluminescence excitation (TLE) plots for Bi**
and/or Ln3* (Ln = Tb or Pr) doped LiTaOs. The legends provide the monitored emission wavelengths for the PLE spectra.

of BaFBr(I):Eu?" is about 2. The X-ray imaging resolution has
been determined to be about 20 Ip mm™"! for a LiTa05:0.005Bi**
based silicone gel film as shown in Figure S26 (Supporting Infor-
mation).

3. Discussion

3.1. Vacuum Referred Binding Energy (VRBE) Diagram of LiTaO,

To analyze the trapping and release processes of charge carriers
in LiTaO, perovskite, the VRBE diagram of LiTaO, will be first
constructed and exploited. The VRBE of an electron denotes the
energy required to extract that electron from a system, like the 4f
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ground state level of lanthanides in a compound, to the vacuum.
The energy at rest in vacuum is then referred to as the zero point
energy.['12%] A unique feature of the VRBE diagram is that the
binding energy of an electron in a system like the conduction
band (CB) bottom, valence band (VB) top, or 4f ground states of
lanthanides can be compared in various compounds with respect
to an identical energy reference.['%23]

Figure 2a and Figure S3 (Supporting Information) shows that
all the monitored emissions from 375 to 590 nm share a com-
mon excitation band peaked at #226.5 nm in the RT PLE spectra
of the undoped LiTaO, host. A similar excitation band peaked
at 223.5 nm appears in the 10 K PLE spectrum (4,,,, = 452 nm)
of the LiTaO; host. The excitation band peaked at ~223.5 nm

© 2022 Wiley-VCH GmbH
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(5.55 eV) is therefore assigned to the host exciton creation. The
excitation band (4., = 623 nm) peaked at ~271.5 (4.57 V) nm in
the PLE spectrum of LiTa0;:0.005Eu** in Figure 2a is consistent
with that observed in ref. [24], which is then assigned to the O%~ to
Eu’* charge transfer (CT) band. The energy for electron transfer
from the 4f ground states of Ln** (Ln = Tb or Pr) to the conduc-
tion band bottom was exploited to check the VRBE diagram of
LiTaO;. This transition is called the intervalence charge transfer
(IVCT),122%] and it often appears in compounds where the con-

UV-light.

duction band bottom is lower than the lowest 5d levels of Ln**
(Ln = Tb or Pr), like in NaYGeO,, NaLuGeO,,!*?2 or LuNbO,.[2¢]
IVCT from the Ln** (Ln = Tb or Pr) not only provides informa-
tion about the positions of the Ln3* 4f ground states with respect
to the CB-bottom, but also indicates that the Ln**-doped LiTaO,
afterglow phosphors can be charged via the IVCT excitation. Fig-
ure 2e~h shows the PLE spectra of the Tb** or Pr** doped LiTaO,
recorded at RT or 10 K. Two broad excitation bands peaked at
~290 nm (4.28 eV) in Figure 2e,f and near 293 nm (4.23 eV)
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in Figure 2g,h were observed. Figure 6¢,d demonstrates that the
LiTa0;:0.01Tb*" and LiTa0,:0.01Pr** afterglow phosphors can
be charged through the two broad excitation bands near 293 nm.
It means that free mobile electrons are formed in the conduction
band of LiTaO, through the Ln**—CB IVCT excitation (Ln = Tb
or Pr), which then fill the traps in Ln**-doped LiTaO;. The broad
excitation band peaked at #293 nm was therefore assigned to the
intervalence charge transfer (IVCT) from the Ln** (Ln =Tb or Pr)
ground state to the conduction band bottom of LiTaO,. For the
VRBE construction, an U parameter is required, which is equal
to the ground state energy difference between Eu** and Eu?+.1!]
Herein, the U-value for LiTaO; was estimated to be ~6.65 eV
by using the weighted average electronegativity of the cations
in LiTaO;. With the above values for U, E%, E¢T, Pr(IVCT), and
Tb(IVCT) a consistent VRBE diagram for LiTaO, containing the
energy level locations of lanthanides is obtained as shown in Fig-
ure 1 by using the refined chemical shift model.*>%”]

3.2. VRBE at Bi** 'S, Ground State in LiTaO,

Figure 2c,d shows the PLE and PL spectra of LiTa0,:0.005Bi**
recorded at 10 K. The PLE spectrum (4., = 440 nm) in Fig-
ure 2c shows a weak excitation band at 218 nm, a shoulder band
at ~260 nm, and an asymmetric band at 300 nm. The excita-
tion band peaked at 260 nm in Figure 2c also appears in LiTaO,
host in Figure 2i, which is then assigned to host-related intrinsic
defect(s) in LiTaO,. Considering that the excitation band peaked
at 300 nm (4.13 eV) in Figure 2c is broad and the traps can be
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filled through the optical excitation in this band in Figure 6b,e, it
has been assigned to the Bi** D-band. Possibly the Bi** A-band is
located somewhere underneath the Bi** D-band as illustrated in
Figure 2c. Considering the large Stokes shift in Figure 2a,b and
broad emission band nature of LiTa0,:0.005Bi**, the broad emis-
sion band with a maximum at 440 nm (2.82 eV) in the spectral
range from 300 to 700 nm is attributed to the Bi** D-band lumi-
nescence. The VRBE in the Bi** 'S, ground state in LiTaO; was
derived to be ~#—6.95 eV by using the energy of the Bi** D-band
as shown in Figure 1. The VRBE of the Bi** 'S, ground state in
LiTaO, is consistent with the statistic results reported in ref. [15]
where, with increasing U value, the 'S, VRBE decreases from
about —5 to —10 eV.

3.3. Electron Release from Bi** to Deduce VRBE at Bi** ?P, , in
LiTaO,

The VRBE in the Bi?*2P,,, ground state in 15 inorganic com-
pounds was analyzed in ref. [16], and falls in the range from
about —3.0 to 4.0 eV.I)] To establish the VRBE in the Bi***P, ,
ground state in LiTaO,, a thermoluminescence study has been
carried out in Figures 3, 4, and 6. Assuming a Bi** VRBE of
—3.54+/-0.5 eV, Figure 1 predicts that Bi** can act as an about
0.83 + 0.5 eV deep electron trap, while Bi**, Tb**, and Pr3*
will act as ~1.52, 1.34, and 1.43 eV deep hole capturing centers
in LiTaO,. Figure 4 shows the above 100 K TL glow curves of
Bi** and/Ln** (Ln = Tb or Pr) doped LiTaO, after X-ray charg-
ing. Compared with Ln** single doped LiTaO;, a new TL glow
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peak near 272-283 K emerges in LiTa0,:0.005Bi**,0.005Tb**,
LiTa0,:0.005Bi*+,0.005Pr**, and LiTa0,;:0.005Bi** where the
Tb**, Pr’*, and Bi** act as the hole capturing and recombination
centers in LiTa0,. Its trapping depth is determined to be about
0.62 eV by using Equation (S1) (Supporting Information), which
is consistent with the predicted 0.83 + 0.5 eV for the Bi** elec-
tron trap. We then assign the 272-283 K TL glow peak to electron
release from Bi** and recombination with holes trapped at Bi**,
Tb**, or Pr**, leading to Bi** D-band emission and characteris-
tic 4f—>4f emissions of Tb** or Pr**. Based on the derived Bi**
electron trapping depth, the VRBE in the Bi** P, , ground state
is experimentally determined to be about —3.29 eV.[!® The above
RT TL glow peaks in Bi** and/or Ln** (Ln = Tb or Pr) doped
LiTaO, in Figure S6¢,d are then assigned to the host-related in-
trinsic defects.

3.4. Bi** and/or Ln** Doped LiTaO, for Anti-Counterfeiting,
X-Ray Imaging, and Mechanoluminescence

Figure 5¢,d, and Figure S20 (Supporting Information) show that
intense TL glow peak near RT appears in Bi** and/or Ln**
(Ln = Tb or Pr) doped LiTaO;. Figure 4 shows that the Bi** TL
glow band near 283 K is broad in the range from 250 to 325 K
in Bi**-doped LiTaO;. Also considering that there is a trap depth
distribution in LiTa05:0.005Bi** as demonstrated in Figure S16
(Supporting Information), electron release from Bi** can partly
contribute to the RT isothermal afterglow in Figure 5a,b,e af-
ter 254 nm UV-light or X-ray charging. By combining Bi** and
host-related intrinsic defects as electron traps with Bi** and Ln3*
(Ln = Tb or Pr) as hole traps, color-tailorable afterglow for anti-
counterfeiting application appears in Bi** and/or Ln** doped
LiTaO; as demonstrated in Figure 9 and Figure S25 (Supporting
Information). The integrated TL intensity of the LiTa0,:0.005Bi**
has been optimized for X-ray imaging as demonstrated in Fig-
ure 10, which is about 2 times higher than that of the com-
mercial BaFBr(I):Eu’* after X-ray charging. Figure 7a—e demon-
strate that the stored charge carriers in LiTa0,:0.005Bi** and
LiTa0,:0.005Bi**,0.006Pr** can be liberated by optical stimula-
tion from 365 nm UV (3.40 eV) to 850 nm (1.46 eV) infrared laser.
One may further develop the readout of an X-ray imaging photo-
graph by optical stimulated luminescence instead of by heating
the X-ray charged storage phosphor based film.

Figure 8c1-c5 shows that the compression force distribution
monitoring was achieved by using the mechanoluminescence
from the LiTa0,:0.005Bi**,0.006Pr** based cylinder. Figure 7f
shows the TL glow curves of LiTa0,:0.005Bi**,0.005Pr** after
254 nm UV-light charging followed by 0 until 300 s grinding
in agate mortar. The TL glow peaks from 326 to 467 K grad-
ually decrease with increasing grinding time from 0 to 300 s.
It indicates that the mechanoluminescence is related to the lib-
erated charge carriers in LiTa0;:0.005Bi**,0.005Pr** after force
loading. Figure 7f also shows that a new TL glow peak at 498 K
appears in LiTa0;:0.005Bi**,0.005Pr** after grinding. Figure 7g
further demonstrates that two new TL glow peaks at 504 and
588 K appear in LiTa0O;:0.005Bi**, 0.005Pr** after only 600 s
grinding in agate mortar. It means that there is a force induced
storage of charge carrier in LiTa0;:0.005Bi**,0.005Pr**, which
possibly can be used for stress recording.[®! At this stage, it
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is difficult to unravel the formation of free charge carriers in
LiTa0,:0.005Bi**+,0.005Pr** during grinding. Possibly free elec-
trons and holes are yielded by a piezoelectricity or triboelec-
tricity related excitation process during grinding.*%l A part of
the free charge carriers are captured by intrinsic defects based
traps. During TL-readout, liberation of these stored charge car-
riers then leads to TL glow peaks at ~498 and ~588 K in
Figure 7f,g1.

4, Conclusions

A principle to design, synthesize, and optimize persistent lumi-
nescence and storage phosphors for anti-counterfeiting, X-ray
imaging, and mechanoluminescence was explored by using vac-
uum referred binding energy (VRBE) diagram construction and
optimization of dopants’ concentration and compound synthe-
sis. We have first combined the refined chemical shift model,
optical spectroscopy, and thermoluminescence study to establish
the VRBE diagram for LiTaO;. The photoluminescence excitation
and emission spectra of LiTaO, host, Eu**, Tb**, Pr’*, or Bi**
doped LiTaO, were studied at RT or 10 K. This was utilized to con-
struct the VRBE diagram of LiTaO, containing the level locations
of lanthanides and Bi**. The VRBE in the Bi** 1S ground state
was derived to be #—6.95. The constructed VRBE diagram helps
us to deeply understand the charge carrier trapping and release
processes and to discover new afterglow or storage phosphors.
As a demonstration, Bi** and/or Ln** (Ln = Tb or Pr) doped
LiTaO, were studied. By combining Bi** with Tb**, Pr*+, or Bi**
itself, Bi** appears to act a ~#0.62 eV deep electron trapping cen-
ter, while Tb**, Pr3*, or Bi** act as about 1.5 eV deep hole trap-
ping and recombination centers. Upon heating at about 272 K,
the electrons are liberated from Bi** to recombine with holes
trapped at Bi**, Tb**, or Pr**, leading to Bi** D-band and typi-
cal 4f—4f emissions of Tb’* or Pr’*. The VRBE in the Bi***P, ,
ground state is then experimentally determined to be ~3.29 eV.
Host-related intrinsic defects are also important for the above
RT TL glow curves of Bi** and/or Ln*" (Ln = Tb or Pr) doped
LiTaO,. The integrated TL intensities between 303 and 650 K
of optimized LiTa0,:0.005Bi**,0.005Tb** and LiTa0,:0.005Bi**
is about 0.6 and 2 times higher than that of the commercial
BaFBr(I):Eu?* after X-ray charging. More than 40 h Bi**, Tb**, or
Pr3+ afterglow is measureable in the optimized LiTa0,:0.005Bi**,
LiTa0,:0.005Bi**+,0.005Tb*", and LiTa0,:0.005Bi*+,0.001Pr** af-
ter 254 nm UV-light charging. The stored charge carriers in
Bi** and/or Ln** doped LiTaO; can be liberated by optical stim-
ulation from 365 nm UV-light to 850 nm infrared laser and
also by mechanical stimulation. Particularly, force induced stor-
age of charge carriers appears in LiTa0;:0.005Bi**,0.005Pr>+.
Proof-of-concept X-ray imaging, compression force distribu-
tion monitoring, and color-tailoring for anti-counterfeiting were
demonstrated in the developed Bi** and/or Ln** doped LiTaO;.
This work not only reports 254 nm UV-light or X-ray charged
Bi** and/or Ln** doped LiTaO, phosphors with good charge
carrier storage, but also promotes our understanding of trap
level locations and on the trapping and release processes of
charge carriers in Bi** and/or lanthanides doped inorganic
compounds for rational design of new afterglow and storage
phosphors.
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5. Experimental Section

All utilized chemicals were bought from Shanghai Aladdin chemical
company and stored in a dry room. The lanthanides and/or bismuth doped
LiTaO; compounds have been prepared by a typical high-temperature
solid-state reaction technique. The appropriate stoichiometric mixture of
Ta, 05 (99.99%), Li,CO3 (99.99%), Bi, O3 (99.99%), and rare earth oxides
with a high purity of 4N (99.99%) were ground and mixed homogeneously
in an agate mortar with the help of mortar pestle and acetone for about
15 min. The well mixed powder was placed in a covered alumina crucible
and then was heated at 800 °C for 120 min and then at 1200 °C with a dura-
tion of 360 min in a tube furnace in ambient atmosphere. 3 °C min~! was
used as the heating rate for the furnace. The prepared compounds were
cooled to room temperature (RT) and then ground and mixed well again
before optical measurements. To demonstrate X-ray imaging application,
a flexible film was fabricated by dispersing the LiTaO,:0.005Bi** afterglow
phosphor in silicone gel (Sylgard 184, Dow Corning). The phosphor was
mixed well with the silicone gel and then uniformly placed on a polished
sapphire substrate. The substrate with the film was then placed in vacuum
and heated at ~70 °C with a duration of 2 h. To study mechanolumines-
cence property, a hard cylinder with a diameter of 2.5 cm was made by
dispersing ~0.8 g LiTa0;:0.005Bi3*,yPr3* phosphor in ~6.4 g epoxy resin.
The mixture was then placed in a silicone gel based mold, which was then
heated at 80 °C with a duration of 2 h in vacuum.

All prepared compounds were checked by using a Japan Rigaku
Smar/SmartLa X-ray diffraction facility equipped with an X-ray tube at
40 kV and 30 mA. The scanning electron microscope (SEM) photograph
for LiTa04:0.005Bi** afterglow phosphor was recorded by a Japan JEOL
JSM-7610FPlus electron microscope. Room temperature (RT) afterglow
spectra, RT isothermal afterglow decay curves, photoluminescence exci-
tation spectra (PLE), and emission spectra (PL) were measured by us-
ing a commercial FLS920 fluorescence spectrometer (Edinburgh Instru-
ments Ltd.). X-ray excited emission spectra, low temperature PLE, and
PL spectra at about 10 K were recorded by a FLS980 fluorescence spec-
trometer (Edinburgh Instruments Ltd.), which contains a single pho-
ton counting R928P photomultiplier (Hamamatsu Ltd.), a closed helium
cryostat, an X-ray tube, and a monochromator with a high resolution of
0.1 mm. The measured PLE spectra were corrected by the wavelength-
dependent excitation intensity of the used xenon lamp. The recorded
PL spectra were corrected by the quantum efficiency of the used photo-
multiplier. The afterglow photographs of the bismuth and/or lanthanides
doped LiTaOj; after Hg lamp (254 nm UV-light) charging were recorded
with an iPhone 13Pro. The mechanoluminescence (ML) photographs of
LiTa05:0.005Bi3*+,0.005Pr3* based cylinder with 0 until ~2000 N compres-
sion force loading were recorded by a Nikon D850 camera. The mechano-
luminescence spectra were measured by a spectrometer QE65000 (Ocean
Optics) in the range from 300 to 1000 nm. Prior to ML measurements,
the LiTaO5:0.005Bi* ,yPr3* (y = 0.0005 until 0.012) based cylinders were
placed in the dark with a duration of 3 min after Hg lamp (WFH-204BS,
Hangzhou Qiwei Instrument, Ltd.) charging.

Above 100 K thermoluminescence (TL) glow curves, TL emission
(TLEM) spectra, above RT TL glow curves, RT isothermal decay curves,
and the X-ray excited integrated emission intensities from 300 to 800 nm
as a function of time were recorded by a facility. The facility contains a
R928P photomultiplier (Hamamatsu Ltd.), a cryostat in the temperature
range between 100 and 723 K, a Hg lamp, and a 50 kV TUB00083-2 X-ray
tube (MOXTEK, Ltd.). For optically stimulated TL measurements, different
light sources of a near-infrared 850 nm laser, a red 656 nm laser, a com-
mercial White-LED (WLED), a #396 nm LED, and a 365 nm UV lamp
were used. Prior to all TL measurements, all samples have been heated to
~450 °C for 180 s to remove trapped charge carriers from traps and then
cooled to 100 K or RT. The TL glow intensities were corrected by both the
sample mass and the X-ray or 254 nm UV-light illumination time.

To study charge carrier trapping processes, the thermoluminescence
excitation (TLE) curves were measured with an Edinburgh FLS920 fluores-
cence spectrometer.[2'] The Bi3* and/or lanthanides doped LiTaO; after-
glow phosphors were first charged by different energy photon in the wave-
length range between 200 and 400 nm for 60 s, and then RT isothermal
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afterglow decay curves were recorded for 60 s by monitoring the typical
emissions of Bi*t at 437 nm, Tb3* at 544 nm, or Pr3* at 614 nm. The in-
tegrated RT isothermal afterglow intensities from 0 to 60 s were corrected
by the wavelength-dependent excitation intensities of the used xenon lamp
in FLS920 spectrometer. A so-called thermoluminescence excitation (TLE)
curve like in Figure 6 was established by displaying the corrected afterglow
intensities as a function of charging photon wavelength in the spectral
range between 200 and 400 nm.
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Supporting Information is available from the Wiley Online Library or from
the author.
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