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LiTaO3:Bi3+,Tb3+,Ga3+,Ge4+: A Smart Perovskite with High 
Charge Carrier Storage Capacity for X-Ray Imaging, Stress 
Sensing, and Non-Real-Time Recording

Tianshuai Lyu,* Pieter Dorenbos, Puxian Xiong,* and Zhanhua Wei*

Developing X-ray or UV-light charged storage and mechanoluminescence (ML) 
materials with high charge carrier storage capacity is challenging. Such mate-
rials have promising utilization in developing new applications, for example, 
in flexible X-ray imaging, stress sensing, or non-real-time recording. Herein, 
the study reports on such materials; Bi3+, Tb3+, Ga3+, or Ge4+ doped LiTaO3 
perovskite storage and ML phosphors. Their photoluminescence, thermolumi-
nescence (TL), and ML properties are studied. The charge carrier trapping and 
release processes in the Bi3+, Tb3+, Ga3+, or Ge4+ doped LiTaO3 are explained 
by using the constructed vacuum referred binding energy diagram of LiTaO3 
including the energy level locations of unintended defects, Tb3+, Bi3+, and Bi2+. 
The ratio of the TL intensity after X-ray charging of the optimized  
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+, or LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ 
to that of the state-of-the-art BaFBr(I):Eu2+ is ≈1.2 and 2.7, respectively. 
Force induced charge carrier storage phenomena is studied in the Tb3+,  
Bi3+, Ga3+, or Ge4+ doped LiTaO3. Proof-of-concept compression force distribu-
tion sensing and X-ray imaging is demonstrated by using optimized  
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ dispersed in a hard epoxy resin disc and 
in a silicone gel film. Proof-of-concept color-tailorable ML for anti-counter-
feiting is demonstrated by admixing commercial ZnS:Cu+,Mn2+ with optimized 
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ in an epoxy resin disc.

DOI: 10.1002/adfm.202206024

fracturing.[1] Many inorganic and organic 
compounds, like polymer organic crystals, 
sugar, and alkali halide crystals, show ML 
when atomic or chemical bonds are sud-
denly fractured.[2] It means that the com-
pound crystal structures are physically 
damaged and the ML cannot be observed 
repeatedly. This feature limits their utiliza-
tion in stress sensing-based applications. 
ML may also appear in a compound with 
elastic deformation during compression 
force application.[3] The crystal structure 
is not damaged, and reproducible ML can 
be observed upon repeating compression 
force cycles. If the ML intensity linearly 
increases with increasing the compres-
sion force, then stress distribution sensing 
application is to be expected. Compounds 
with intense and reproducible ML were not 
developed prior to the 21st century. It was 
not until 1996 that intense and reproduc-
ible ML was reported in ZnS:Mn2+[4] and 
SrAl2O4:Eu2+[5] which have been utilized 
to demonstrate promising application in 
force distribution sensing. However, both 
ZnS:Mn2+ and SrAl2O4:Eu2+ are hygro-

scopic. Their ML intensities will greatly decrease after expo-
sure to water. There is an ongoing research to develop more 
intense and stable ML materials. During the past two decades, 
different inorganic compounds, like LiNbO3,[6] Li1-xNaxNbO3,[7] 
AZnOS (A = Ca, Sr, Ba),[8] (Ca1-xSrx)8Mg3Al2Si7O28,[9] LiGa5O8,[10] 
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1. Introduction

Mechanoluminescence (ML) is known as a photon emission 
phenomenon from a material during mechanical force appli-
cation, like grinding, compression, friction, scratching, or 
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KZn(PO3)3,[11] NaCa2GeO4F,[12] MgF2,[13] or RE2O2S:Ln3+ (RE = Y, 
Lu, La, Gd)[14] were explored. Compared with traditional phos-
phors, the numbers of compounds that can show repeatable 
ML are still very limited. Unfortunately, the ZnS:Mn2+ and 
SrAl2O4:Eu2+ are still the state-of-the-art ML phosphors. One 
reason is that many compounds were studied by a trial-and-
error approach only for force sensing-based applications.[15] 
Another reason is that the energy level locations of defects in 
different compounds are often not known, and then the mecha-
nism behind charge carrier capturing and release processes 
associated with ML cannot be revealed. Since the ML mecha-
nism remains unknown, rational exploration and optimization 
of ML materials is still challenging.

Although intense and repeatable ML compounds have prom-
ising utilization in developing new generation tactile sensors, 
rapid light emission from a ML compound when compression 
force is applied needs to be constantly measured by using an 
expensive photodetector, like photomultiplier tubes. This feature 
then limits the application to real-time compression force distri-
bution sensing. In ref. [16], a new force-induced charge carrier 
storage phenomenon was observed in Eu2+, Dy3+, or Yb3+ doped 
MSi2O2N2 (M = Ba, Sr) afterglow phosphors with traps. Prom-
ising applications in non-real-time recording of hand writing 
and vehicle collision traces were demonstrated by using a com-
posite film with BaSi2O2N2:Eu2+,Dy3+ dispersed in silica gel. To 
the best of our knowledge, rare reports are published to discuss 
the force-induced charge carrier storage phenomenon.[17]

An afterglow or storage phosphor is a compound that can cap-
ture and temporarily store the free electrons and holes in defects-
based traps during ionization radiation or high-energy photon 
excitation, like X-ray, gamma ray, or 254  nm UV-light.[18] The 
properties of the electron–hole recombination and luminescence 
centers determine the emission wavelength and decay time in a 
compound.[18a,19] The duration of the charge carriers in traps is 
determined by their trapping depths and the distribution in the 
compound lattices.[20] The energy level locations of charge carrier 
trapping centers are important to discuss and for rational design 
of new afterglow and storage phosphors.[21] In 2012, the chemical 
shift model was developed in ref. [22] to construct a so-called 
vacuum referred binding energy (VRBE) diagram. Such VRBE 
diagram enables one to compare the binding energies at the con-
duction band bottom, valence band top, or different defects in 
various compounds with a common reference energy.[23]

Similar to LiNbO3, lithium tantalate (LiTaO3) has a perovskite 
crystal structure. It crystallizes in a trigonal phase with an R3c 
space group at room temperature. LiTaO3 perovskite combines 
special piezoelectric, pyroelectric, and optical properties,[24] 
resulting in promising utilization in piezoelectric sensors, 
nonlinear optics, and pyroelectric nuclear fusion. Since LiTaO3 
perovskite has a high density of ≈7.46 g cm−3, it has a high X-ray 
absorption coefficient. LiTaO3 is, therefore, a good compound 
to exploit X-ray charged afterglow and storage phosphors. Tb3+ 
or Pr3+ doped LiTaO3 were studied in ref. [25], where the charge 
carrier capturing and release processes remained unclear. Bi3+ 
doped LiTaO3 was studied in ref. [26], where it remained unclear 
whether Bi3+ acts as an electron or hole capturing and recombi-
nation center or not. In our previous work in ref. [17], the VRBE 
diagram of LiTaO3 containing the energy level locations of Bi3+, 
Bi2+, and different lanthanides has been constructed that was 

used to address above unclear mechanisms. However, it has not 
been fully utilized to exploit ML, afterglow, or storage phosphor. 
To the best of our knowledge, the force-induced charge carrier 
storage phenomenon is not reported in the Tb3+ or/and Bi3+ 
doped LiTaO3 perovskite yet.
Figure  1a shows the VRBE diagram of LiTaO3 perovskite 

including the energy level locations of unintended defects, Tb3+, 
Bi3+, and Bi2+ as was established in ref. [17]. Generally, Bi3+ has 
a dual role. It could act both as an electron and as a hole cap-
turing center in an inorganic compound.[18c] In Figure  1a, the 
Bi2+2P1/2 ground state is below the conduction band bottom. 
Bi3+ can capture an electron from the conduction band, forming 
Bi2+ in its ground state. Bi3+ then acts as an electron trap.[20a,27] 
The Bi3+1S0 ground state is above the valence band top. Bi3+ can 
capture a hole from the valence band, forming Bi4+ in a meta-
stable state. Bi3+ then acts as a hole trapping center.[18b,28]

Figure  1a predicts that Bi3+ acts as an electron capturing 
center, while Tb3+ and Bi3+ act as the hole capturing and 
recombination centers. Based on this prediction, Tb3+ or/and 
Bi3+ doped LiTaO3 storage phosphors were synthesized and 
analyzed (see Figures  S4–S7, Supporting Information). Their 
TL glow curves after 254  nm UV-light or X-ray charging are 
shown in Figure  1b,c. However, their ML properties remain 
unknown. In this work, the ML properties of Tb3+ or/and Bi3+ 
doped LiTaO3 will be studied. Ga3+ or Ge4+ was co-doped in 
LiTaO3:Bi3+,Tb3+ by a trial-and-error approach to improve the 
thermoluminescence (TL) and ML properties. Bi3+, Tb3+, Ga3+, 
or Ge4+ doped LiTaO3 perovskite storage, and ML phosphors 
with high charge carrier storage capacity were developed. The 
charge carrier trapping and release processes in the Bi3+, Tb3+, 
Ga3+, or Ge4+ doped LiTaO3 will be explained by using the con-
structed VRBE diagram including the energy level locations of 
unintended defects, Tb3+, Bi3+, and Bi2+. The ratio of the inte-
grated TL intensity after X-ray charging of the optimized LiTa
O3:0.005Bi3+,0.006Tb3+,0.05Ga3+ or LiTaO3:0.005Bi3+,0.006Tb3+, 
0.05Ge4+ to that of the commercial BaFBr(I):Eu2+ is ≈1.2 and 
2.7, respectively. More than 40 h Tb3+ afterglow is measurable in 
the optimized LiTaO3:0.005Bi3+,0.001Tb3+ and LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ after X-ray or 254  nm UV-light charging. 
Force induced charge carrier storage and ML phenomena will 
be studied in the Tb3+, Bi3+, Ga3+, or Ge4+ doped LiTaO3. We 
will demonstrate that the ML process is related to the release of 
the stored charge carriers when compression force is applied. 
Proof-of-concept compression force distribution sensing 
and X-ray imaging will be demonstrated by using optimized  
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ dispersed in a hard epoxy 
resin disc and in a silicone gel film. Proof-of-concept color-
tailorable ML for anti-counterfeiting will be demonstrated 
by admixing commercial ZnS:Cu+,Mn2+ with optimized  
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ in an epoxy resin disc.

2. Results

2.1. Charge Carrier Trapping and Release Processes in Bi3+, Tb3+, 
Ga3+, or Ge4+ Doped LiTaO3 Perovskite

Figure  2a shows the TL glow curves of Ga3+ or Ge4+ co-
doped LiTaO3:0.005Bi3+,0.006Tb3+ after X-ray charging. The 
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LiTaO3:0.005Bi3+,0.006Tb3+ in Figure  2a was newly synthe-
sized and its TL intensity is about a factor of two lower than 
that in Figure  1c. The ratios (r1; r2) of the integrated TL 
intensities between 303 and 700  K of the Ga3+ or Ge4+ co-
doped LiTaO3:0.005Bi3+,0.006Tb3+ to that of the state-of-the-
art BaFBr(I):Eu2+ (r1) and Al2O3:C chip (r2) are provided 
in the legend of Figure  2a. Compared with non co-doped  
LiTaO3:0.005Bi3+,0.006Tb3+, the integrated TL intensity 
increases ≈9 or 13 times after co-doping of Ge4+ or Ga3+. The 
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ and LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ share common TL glow peaks near ≈322, 
≈382, ≈416, and ≈443 K, which are related to unintended elec-
tron trapping centres. Their trapping depths can be estimated 
and shown in the legend of Figure 2a by utilizing Equation S1 
(Supporting Information) with the Tm values, β =  1 K s−1, and 
the frequency factor of 1.07 × 109 s−1.

Figure 2b shows the TL glow curves of Ga3+ or Ge4+ co-doped 
LiTaO3:0.005Bi3+,0.006Tb3+ after 254  nm UV-light charging. 

The ratios (r1) of the integrated TL intensities between 303 and 
700 K of the Ga3+ or Ge4+ co-doped LiTaO3:0.005Bi3+,0.006Tb3+ 
to that of LiTaO3:0.005Bi3+,0.006Tb3+ are shown in the legend 
of Figure  2b. Compared with LiTaO3:0.005Bi3+,0.006Tb3+, 
the integrated TL intensity increases ≈3 times with the co-
doping of Ga3+ or Ge4+. Intense Tb3+ 4f→4f afterglow appears 
in LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ and LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ in the dark after 254 nm UV-light charging 
(see Figure S9, Supporting Information).

To further optimize the charge carrier storage capacity in LiTa
O3:0.005Bi3+,0.006Tb3+,0.05Ge4+, it was synthesized at a higher 
temperature of 1275  °C with a duration of 6  h. Figure  2c shows 
the TL glow curve of the optimized LiTaO3:0.005Bi3+,0.006Tb3+, 
0.05Ge4+ after 200  s X-ray charging. TL glow peaks at ≈328, 
≈398, and ≈446 K appear at β =  1 K  s−1. The ratios (r1; r2; r3) of 
the integrated TL intensity from 303 to 700 K of LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ to that of the state-of-the-art (r1) BaFBr(I):Eu2+, 
(r2) Al2O3:C chip, and the (r3) optimized NaLuF4:Tb3+ from  

Figure 1. a) Vacuum referred binding energy (VRBE) diagram for LiTaO3 containing the energy level locations of unintended defects, Tb3+, Bi3+, and 
Bi2+. TL glow curves of LiTaO3:0.005Bi3+,xTb3+ after b) 254 nm UV-light or c) X-ray charging. The trapping and release processes in (a) are denoted 
by solid arrows (1a until 3c), which will be explained in the text. The ratios denoted as (r1; r2) of integrated TL intensities from 303 to 723 K of 
LiTaO3:0.005Bi3+,xTb3+ to that of (r1) the commercial BaFBr(I):Eu2+ or (r2) Al2O3:C chip are shown in the legend in (b) and (c). The inset in (b) shows 
the afterglow photograph of LiTaO3:0.005Bi3+,0.001Tb3+ after 254 nm UV-light charging. The inset in (c) shows compression force distribution sensing 
by using the LiTaO3:0.01Tb3+ dispersed in a hard epoxy resin disc.

Adv. Funct. Mater. 2022, 2206024
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the authors in ref. [30] are determined to be 2.7, 4.5, and 1.4, 
respectively.

Figure 2d shows the TL glow curves of the optimized LiTaO3: 
0.005Bi3+,0.006Tb3+,0.05Ge4+ after X-ray charging with a dura-
tion from 30 until 600  s at ≈303  K. The integrated TL inten-
sity from 303 to 600 K as a function of X-ray charging time is 
shown in the inset of Figure 2d, which can be fitted by a linear 
fitting formula of TL  =  523  913  ×  t  +  1.42  ×  106. The same 
applies to LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ in Figure  S14b 
(Supporting Information). It means that the optimized LiTaO
3:0.005Bi3+,0.006Tb3+,0.05Ge4+ and LiTaO3:0.005Bi3+,0.006Tb3+, 
0.05Ga3+ can be used as potential dosimeters for X-ray detection.

Figure  2e shows the TL glow curves of LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ charged first by a Hg lamp (254 nm UV-light) 
and then followed by WLED stimulation with a duration from 1 
until 300 s. The integrated TL intensities from 303 to 600 K by 
WLED stimulation to that of without stimulation are shown as 
a percentage value in the legend of Figure 2e. 1s or 300s WLED 
stimulation (52 mW cm−2) liberates ≈13% or ≈90% of the stored 
electrons and holes, respectively. The same applies to LiTaO3:
0.005Bi3+,0.006Tb3+,0.05Ga3+ in Figure  S16f (Supporting Infor-
mation). The TL glow peak at ≈325  K decreases in LiTaO3: 
0.005Bi3+,0.006Tb3+,0.05Ge4+ with both WLED and 656  nm 
laser stimulation (See Figure  S16d, Supporting Information). 

Figure 2. TL glow curves at β = 1 K/s of Ga3+ or Ge4+ co-doped LiTaO3:0.005Bi3+,0.006Tb3+ after a) X-ray or b) 254 nm UV-light charging. TL glow curves 
of the optimized LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ after c) 200 s X-ray charging, d) after exposure to X-ray with a duration from 30 until 600 s, and  
e) after 254 nm UV-light charging and then followed by WLED stimulation with different duration time. f) RT isothermal decay curves after X-ray 
charging and then followed by 120s 850 nm stimulation, and (g1) until (g6) information display of “T”, “L”, and “Lyu” by using the Tb3+ afterglow and 
the 656 nm laser stimulated emission behavior in the 254 nm UV-light charged LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+. The ratios of the integrated TL 
intensities of the Ga3+ or Ge4+ co-doped LiTaO3:0.005Bi3+,0.006Tb3+ to that of the state-of-the-art BaFBr(I):Eu2+, Al2O3:C chip, NaLuF4:Tb3+, or LiTaO3:
0.005Bi3+,0.006Tb3+, respectively, are shown in the legends of panels (a) to (c).
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Weaker afterglow is to be expected in the phosphor area that 
was stimulated by a WLED lamp or 656  nm red laser stimu-
lation. We utilized this phenomenon to demonstrate different 
afterglow texts of “T”, “L”, and “Lyu” in the dark in Figure 2g4 
until Figure 2g6 by a 656 nm red laser beam as illustrated in 
Figure  2g3. The same applies to LiTaO3:0.005Bi3+,0.006Tb3+  
in Figure  S17 (Supporting Information) and LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ga3+ in Figure S18 (Supporting Information).

Figure 2f1 shows the room temperature isothermal decay curve 
of LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ charged by X-ray and then 
followed by 850 nm infrared light stimulation from 60 until 180 s 
in the dark. Strong Tb3+ 4f→4f emissions emerge because the 
stored electrons and holes are quickly released during the 850 nm 
infrared laser stimulation. Note that ≈20% stronger afterglow 
appears at times after 180 s in the phosphor area that was stim-
ulated by the 850  nm infrared laser as compared to Figure  2f2 
recorded without stimulation. This is because the TL peak shifts 
slightly from ≈325 to 323 K with 850 nm stimulation, and there is 
a redistribution of charge carriers as demonstrated in Figure S16g 
(Supporting Information). Apparently in the redistribution, car-
riers from deep traps are transported to the trap responsible for 
afterglow thus enhancing afterglow with 20%.
Figure 3a shows the RT isothermal decay curves of Bi3+, Tb3+, 

Ga3+, or Ge4+ doped LiTaO3 after X-ray charging. The optimized 
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+, and LiTaO3:0.005Bi3+, 
0.001Tb3+ show strong initial afterglow intensity. More than 
40 h Tb3+ 4f→4f emissions are measurable in LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ and LiTaO3: 0.005Bi3+,0.001Tb3+ in the dark 
after 200 s X-ray charging in Figure 3b.

2.2. Force Induced Charge Carrier Trapping Processes

Figure 4a shows the TL glow curves of LiTaO3:0.005Bi3+,0.006Tb3+, 
0.05Ga3+ charged by grinding in an agate mortar with different 
durations from 0 until 600 s in the dark. TL glow peaks at ≈381, 
≈505, and ≈630 K appear. Their corresponding electron trapping 
depths are determined to be 0.77, 1.04, and 1.30  eV by using 
Equation 1 with Tm values, β  =  1  K  s−1, and s  =  1.07  ×  109  s−1, 
respectively. The integrated TL intensity between 303 and 723 K 

linearly increases with increasing grinding time from 0 to 600 s 
(see Figure S19a, Supporting Information).

Figure  4b shows the TL glow curves of LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ charged by grinding in an agate mortar 
with different durations from 0 until 300 s in the dark. TL glow 
peaks at ≈362, ≈441, ≈506, and ≈617  K emerge. Their corre-
sponding electron trapping depths can be estimated to be 0.73, 
0.90, 1.04, and 1.28 eV by utilizing Equation 1 with the experi-
mentally observed Tm values, β = 1 K s−1, and s = 1.07 × 109 s−1, 
respectively. The integrated TL intensity from 303 to 723  K 
as a function of grinding time is shown in Figure  4c, which 
can be fitted by TL = 4410 ×  t + 47 948. It means that one can 
roughly estimate the amount of the force-induced charge car-
rier storage by using the equation with given time (t). The 
force-induced charge carrier storage phenomenon and a linear 
relation between the integrated TL intensity and the grinding 
time also appear in other Tb3+ or/and Bi3+ doped LiTaO3 in  
Figures S20–S24 (Supporting Information).

Figure 4d compares the TL glow curves of LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ charged by X-ray, 254  nm UV-light, or 
grinding in an agate mortar. Two new TL glow peaks at 
≈506 and 617  K appear by grinding. The similar applies to  
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ in Figure  S19b (Sup-
porting Information) and other LiTaO3:0.005Bi3+,xTb3+ in  
Figures S20c–S23c (Supporting Information).

2.3. ML and its Applications in Anti-Counterfeiting 
and Compression Force Distribution Sensing

The compression force-induced luminescence, also known as 
the ML phenomenon, was first explored in the Bi3+ and/or Tb3+ 
doped LiTaO3 compounds. The ML spectra of LiTaO3:0.005Bi3+, 
xTb3+ (x = 0.0005–0.012), and LiTaO3:0.01Tb3+ dispersed in hard 
epoxy resin discs when 1000 N compression force was applied in 
the dark are shown in Figure S25a1–6 (Supporting Information). 
Characteristic Tb3+ 4f→4f emissions appear upon compression 
force application. A 2D plot of the ML spectra in Figure S26a 
(Supporting Information) and the integrated ML intensity 
from 200 to 1000  nm as a function of Tb3+ concentration (x)  

Figure 3. a) Three and b) 40 h room temperature isothermal decay curves of the Ga3+, Ge4+, Bi3+, and/or Tb3+ doped LiTaO3 after X-ray charging. The 
emission from 350 to 750 nm was monitored. The afterglow intensities were corrected by the sample mass and radiation time. The inset in (b) shows 
the afterglow photograph of LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ after X-ray charging in the dark.
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in Figure  S26b (Supporting Information) demonstrate that  
the LiTaO3:0.005Bi3+,0.001Tb3+ has the strongest ML inten-
sity. This is consistent with the result in Figure  1b where  
LiTaO3:0.005Bi3+,0.001Tb3+ has also the strongest integrated TL 
intensity after 254 nm UV-light charging. We therefore studied 
LiTaO3:0.005Bi3+,0.001Tb3+ further.
Figure  5a shows the ML spectra of LiTaO3:0.005Bi3+, 

0.001Tb3+ as a function of compression force in the dark. To 
decrease the effect of the afterglow on the ML process, the 
254  nm UV-light charged LiTaO3:0.005Bi3+,0.001Tb3+-based 
epoxy resin disc was stored in the dark during 120  s prior to 
ML measurements. The integrated ML intensity from 200 to 
1000 nm as a function of compression force (N) is shown in the 
inset of Figure 5a, which can be fitted by ML = 5.32 × N-170.44. 
The threshold of the compression force for ML is determined 
to be ≈32  N by this linear fitting formula. The above results 
indicate that the LiTaO3:0.005Bi3+,0.001Tb3+ dispersed in a hard 
epoxy resin disc can be used as a potential sensor for force dis-
tribution sensing.

Figure 5b1–b4 demonstrates how to observe the compression 
force-induced luminescence (ML) by using the LiTaO3:0.005Bi3+, 
0.001Tb3+-based hard epoxy resin disc as an example in the 
dark. Figure  1b and its insets show that LiTaO3:0.005Bi3+, 
0.001Tb3+ has strong afterglow at RT. Such afterglow will lead to 
difficulty in observing the ML phenomenon, as demonstrated 
in Figure  5b2. There are relatively shallow traps responsible 
for the RT afterglow in LiTaO3:0.005Bi3+,0.001Tb3+, and stored  
charge carriers in both shallow and deep traps are emptied 
when 1000 N compression force is applied. With increasing the 
waiting time from 20 to 120 s at RT in Figure 5b3, most stored 
charge carriers in shallow traps are emptied by afterglow, and 
charge carriers in deep traps are remaining. Those traps are 
emptied when 2500 N compression force is applied, leading to 
ML that appears in the areas indicated by the red dotted arcs.

To unravel the ML processes, Tb3+ single doped LiTaO3 was 
studied. A LiTaO3:0.01Tb3+-based hard epoxy resin disc was first 
charged by a 15 W Hg lamp (254 nm UV-light) and then stored 
in the dark for 120  h prior to ML measurements. Figure  5c 

Figure 4. TL glow curves charged by different grinding time in an agate mortar for a) LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ and b) LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+. c) Integrated TL intensities between 303 to 723 K as a function of grinding time and d) a comparison of TL glow curves charged 
by X-ray, 254 nm UV-light, or 300s grinding time in an agate mortar. The Tb3+ 4f→4f emissions were monitored and a heating rate (β) of 1 K/s was 
used during TL measurements.
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shows that the ML phenomenon appears only when the first 
time 1000 N compression force was applied. It means that ML 
liberates the stored charge carriers from deep traps. Since the 
traps are already empty no ML was observed anymore when the 
compression force was applied a second time. Figure 5d shows 
the TL glow curves of LiTaO3:0.01Tb3+ charged first by 254 nm 
UV-light and then followed by grinding in an agate mortar with 
different durations from 0 until 600  s. The ratios of the inte-
grated TL intensities between 303 and 700 K of LiTaO3:0.01Tb3+ 
by grinding to that without grinding are shown in the legend of 
Figure 5d. The integrated TL intensity gradually decreases with 
increasing grinding time. The integrated TL remains only 3% 
after 600 s grinding.

A LiTaO3:0.01Tb3+ based disc was first charged by a 15  W 
Hg lamp (254 nm UV-light) and then stored in the dark during 
300  s prior to ML measurements. Compression force was 
applied to the disc from 0 to 1000 N for a few seconds in the 
dark and kept at 1000  N for ≈1  s for ML spectrum recording. 
We call this process as process 1. The disc was not re-charged 
by 254 nm UV-light and after ≈5 s, process 1 was repeated four 
times. Figure 5e shows the sequence of ML spectra where the 
integrated ML intensity decreases gradually to about zero with 
each following compression force. The ML intensity can be 
recovered to its maximum value by re-charging with a Hg lamp 
illumination. In Figure 5c, ML appears in LiTaO3:0.01Tb3+-based 
disc only when first time compression force is applied. This is 
because a large part of stored charge carriers in LiTaO3:0.01Tb3+ 
was faded at RT during 120 h after 254 nm UV-light charging in 
the dark. The above results demonstrate that the ML phenom-
enon is controlled by the amount of the stored charge carriers 
in LiTaO3:0.01Tb3+ during 254 nm UV-light charging.

To get more intense ML intensity for advanced applications, 
co-doping of Ga3+ or Ge4+ in LiTaO3:0.005Bi3+,0.006Tb3+ was 
exploited. Figure 6a shows the ML spectra of the Ga3+ or Ge4+ 
co-doped LiTaO3:0.005Bi3+,0.006Tb3+ and the LiTaO3:0.005Bi3+, 
0.001Tb3+-based discs when 1000  N compression force was 
applied in the dark. The integrated ML intensities from 300 to 
1000  nm as a function of compound composition are shown 
in Figure  6b. LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ has the 
strongest integrated ML intensity. This is consistent with 
the TL result in Figure  2b where LiTaO3:0.005Bi3+,0.006Tb3+, 
0.05Ga3+ has also the strongest integrated TL intensity after 
254  nm UV-light charging. To obtain even stronger ML inten-
sity, LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ was synthesized at 
1275 °C with a duration of 6 h. Figure 6c shows that compared 
with the LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+-based epoxy resin 
disc, a 2.1 times stronger Tb3+ 4f→4f ML intensity appears when 
1000 N compression force was applied. This is consistent with 
the TL result in Figure 2c where the optimized LiTaO3:0.005Bi3+, 
0.006Tb3+, 0.05Ge4+ has a high charge carrier storage capacity.
Figure  7a shows the ML spectra of LiTaO3:0.005Bi3+, 

0.006Tb3+,0.05Ga3+ based disc as a function of compression 

force (N) in the dark. The integrated ML intensities between 
300 and 1000  nm as a function of compression force are 
shown in the inset of Figure  7a, which can be fitted by 
ML  =  0.83  ×  N-76.61. The minimum value of the observable 
compression force by the ML phenomenon is determined to be 
≈92 N by this linear relation. The linearly increasing ML inten-
sity has been utilized to detect the compression force distribu-
tion for the LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ based disc as 
demonstrated in Figure 7b.

Figure  7c shows the ML spectra of LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ga3+-based disc charged first by 254 nm UV-light 
illumination and then followed by a sequence of 1000 N com-
pression force applications. The integrated ML intensity gradu-
ally decreases. The maximum ML intensity can be recovered by 
re-charging with a Hg lamp (254 nm UV-light).

To explore color-tailorable ML for anti-counterfeiting  
application, a disc mechanical force sensor with a thick-
ness of ≈0.6  cm and a diameter of ≈2.5  cm was fabricated by  
combining the epoxy resin, the optimized LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+, and commercial ZnS:Cu+,Mn2+. The struc-
ture of the sensor is illustrated in Figure  7d where both the  
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ and ZnS:Cu+,Mn2+ 
phosphors are uniformly dispersed inside the sensor. The 
ZnS:Cu+,Mn2+ is a good ML phosphor that can give intense 
orange emission when weak compression force is applied.[1a,31] 
The optimized LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ phosphor 
can give intense Tb3+ 4f→4f emissions when relatively large 
compression force is applied. Proof-of-concept color-tailorable 
recording of a hand writing trace for anti-counterfeiting appli-
cation is demonstrated in Figure  7e,f. In Figure  7e, the text 
“bbQ” was written on the disc mechanical force sensor by using 
a metal pen with weak compression force, yielding orange ML 
dominantly from ZnS:Cu+,Mn2+. In Figure  7f, the letter “b” 
was written on the disc mechanical force sensor by utilizing 
a glass pen with weak and strong compression forces, leading 
to orange ML from ZnS:Cu+,Mn2+ and green ML from LiTaO3: 
0.005Bi3+,0.006Tb3+,0.05Ge4+.

2.4. Exploring X-Ray Imaging Application with the Optimized 
LiTaO3:0.005Bi3+,0.006 Tb3+,0.05Ga3+ Storage Phosphor

A flexible film, called film X, with a diameter of ≈6  cm was 
synthesized by dispersing the optimized LiTaO3:0.005Bi3+, 
0.006Tb3+, 0.05Ga3+ storage phosphor in silicone gel as shown 
in Figure  8a(1). The film X was placed underneath three big 
wire connectors in Figure  8a(2). After exposure to X-rays, the 
wire connectors were removed. The X-ray charged film X was 
then heated to ≈330  K to obtain the X-ray imaging photo-
graph in Figure  8a(3) by using the thermally stimulated Tb3+ 
4f→4f emissions from LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ 
in the dark. To verify the resolution of the X-ray imaging, the 

Figure 5. a) Mechanoluminescence (ML) spectra as a function of compression force and b1–b4) demonstration of the compression force induced 
luminescence from the 254 nm UV-light charged LiTaO3:0.005Bi3+,0.001Tb3+ dispersed in a hard epoxy resin disc. c) ML spectra of LiTaO3:0.01Tb3+ 
based disc charged first by 254 nm UV-light, faded in dark for 5 days, and then stimulated by applying 1000 N compression force, d) TL glow curves 
of LiTaO3:0.01Tb3+ first charged by 254 nm UV-light and then followed by different grinding time in an agate mortar, e) repeatability test of ML spectra 
when 1000 N compression force was applied repeatedly for the LiTaO3:0.01Tb3+ based disc after 254 nm UV-light charging. The inset in (a) shows the 
integrated ML intensities from 300 to 1000 nm as a function of compression force.
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film X was placed underneath a Pb-based resolution test plate 
as demonstrated in Figure  8b(1), which was then exposed to 
X-rays. The test plate was first removed after X-ray charging 
and the film X was then heated to ≈330  K in the dark to get 
the X-ray imaging photograph in Figure 8b(2). A resolution of 
about 5 line pairs  mm−1 (lp  mm−1) was obtained as shown in 
Figure 8b(3).

3. Discussion

3.1. Charge Carrier Trapping and Release Processes

The vacuum referred binding energy (VRBE) diagram of LiTaO3 
containing the ground state energy level locations of Bi2+, Bi3+, 
and Tb3+ in Figure  1a shows that Tb3+ and Bi3+ act as ≈1.4 

Figure 6. a) Mechanoluminescence (ML) and b) integrated ML intensities between 300 and 1000 nm for the Ga3+, Ge4+, Bi3+, and/or Tb3+ doped LiTaO3 dis-
persed in hard epoxy resin discs. c) A comparison of the ML spectra of the optimized LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ and LiTaO3:0.005Bi3+,0.006 Tb3+, 
0.05Ga3+ based discs. The used comparison force was 1000 N.
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and ≈1.52  eV deep hole capturing centers. The RT isothermal 
afterglow spectra of LiTaO3:0.005Bi3+,xTb3+ (x  =  0.0005–0.012) 
and LiTaO3:0.01Tb3+ in Figure  S4b,c (Supporting Informa-
tion) show that the recombination luminescence comes from 
the  characteristic Tb3+ 4f→4f emissions. Figure  1a shows that 
during X-ray or 254  nm UV-light charging, Bi3+ can act as an 
≈0.62  eV deep electron capturing center, denoted as trap I, to 
form Bi2+ as illustrated by arrow 2a. The electron release pro-
cess from Bi2+, as illustrated by arrow 3a, was studied in Bi3+ 
and/or Ln3+ (Ln = Tb or Pr) doped LiTaO3 in Figure 4 in ref. [17] 
where a TL glow peaked at ≈283 K and extending from 225 to 

≈320 K appears. This means that electron liberation from Bi2+ 
and recombination with the hole captured at the Tb4+ ion will 
partly contribute to the TL glow peak near 315 K in Figure 1b,c. 
Figure  1c and Figure  S13b (Supporting Information) show 
that common TL glow peaks at ≈322, ≈400, and ≈467 K appear 
in all the LiTaO3:0.005Bi3+,xTb3+ (x  =  0.0005–0.012) and the 
LiTaO3:yTb3+ (y  =  0.001–0.015) samples after X-ray charging. 
Similar TL glow peaks appear in the LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ga3+ and LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ 
in Figure 2a,c. We therefore assign the TL glow peaks at ≈322 
(0.65 eV), ≈400 (0.81  eV), and ≈467 K (0.96 eV) to unintended 

Figure 7. a) Mechanoluminescence (ML) spectra as a function of compression force, b) demonstration of compression force distribution monitoring, 
and c) repeatability test of ML spectra for the optimized LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ dispersed in a hard epoxy resin disc after 254 nm UV-light 
charging. d–f) Proof-of-concept color-tailorable recording of a hand writing trace for anti-counterfeiting application by using different color MLs from 
the LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ and commercial ZnS:Cu+,Mn2+ dispersed in a hard epoxy resin disc.
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defects that act as the electron capturing centers. Their level 
locations are illustrated in the VRBE diagram of LiTaO3 in 
Figure 1a. They are collectively denoted as traps II in Figure 1a. 
The presence of the trap depths II distribution was further evi-
denced by a TL glow peak cleaning method as demonstrated in 
Figure S31 (Supporting Information). The free electrons at the 
conduction band bottom can be captured by traps II as illus-
trated by arrow 2b during X-ray or 254  nm UV-light charging. 
Since the energy of the stimulation sources from 850  nm 
(≈1.46 eV) infrared laser to 365 nm (≈3.40 eV) UV-light is larger 
than the trapping depth of ∼0.65 until 0.96 eV, the electrons cap-
tured at traps II can be liberated, as illustrated by arrow 3b in 
Figure 1a, to recombine with the holes captured at Tb4+, yielding 
characteristic Tb3+ 4f→4f emissions. This process is verified in 
different Bi3+ and Tb3+ co-doped LiTaO3 compounds as shown 
in Figure 2e,f and Figures S16–S18 (Supporting Information).

The TL glow curves of LiTaO3:0.01Tb3+ first charged by 
254 nm UV-light and then followed by grinding with different 
durations are shown in Figure  5d. It demonstrates that the 
charge carriers stored in traps II in Figure 1a can also be liber-
ated by mechanical force stimulation. This charge carrier release 
process is further verified by the ML spectra when 1000 N com-
pression force is applied repeatedly to the LiTaO3:0.01Tb3+ based 
disc in Figure  5e and for LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+  
based disc in Figure  7c. The above results suggest that the 
ML in Bi3+, Tb3+, Ga3+, or Ge4+ doped LiTaO3 compounds in 
Figures  5–7 is related to the release process of stored charge 
carrier when compression force was applied.

Figure  4a,b shows the TL glow curves for LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ga3+, and LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ charged 
by grinding in an agate mortar. It indicates that there is a force-
induced charge carrier storage process, which is rarely reported.[16] 

The same applies to other Tb3+ or/and Bi3+ doped LiTaO3 compounds 
as verified in Figures S20–S24 (Supporting Information). The level 
locations of unintended defects, collectively denoted as traps III 
with trapping depth ranging from ≈0.73 to 1.30 eV, are illustrated in 
Figure 1a. Free charge carriers are created during grinding in an agate 
mortar, possibly by triboelectricity or piezoelectricity-induced excita-
tion processes.[2a,6,16] The free electrons at the conduction band bottom 
are captured by traps III as illustrated by arrow 2c, while the free 
holes at the valence band top can be trapped by Tb3+ forming Tb4+ 
as illustrated by the arrow 1a. Because the Tb3+ hole trapping depth 
is larger than the electron trapping depth (≈0.73 until ≈1.30 eV) in 
the unintended defects (traps III), the electrons captured at traps III 
are liberated, as illustrated by arrow 3c, to recombine with the hole 
captured at Tb4+ to generate the characteristic Tb3+ 4f→4f emissions 
during TL-readout. The commercial ZnS:Cu+,Mn2+ was charged by 
grinding in an agate mortar with 0–600 s duration. Different than 
in ref. [16], no TL signal was observed in ZnS:Cu+,Mn2+ from 303 to 
723 K. Possibly the bandgap of ZnS (≈3.6 eV) is too small and deep 
traps cannot be formed during compound synthesis.

3.2. Evaluating the Developed Phosphors for X-Ray Imaging, 
Stress Distribution Sensing, and Anti-Counterfeiting Applications

The ratio of the integrated TL intensity between 303 
and 700 K of the LiTaO3:0.01Tb3+ in Figure  1c, the 
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ in Figure  2a, or the opti-
mized LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ in Figure  2c after 
X-ray charging to that of the commercial BaFBr(I):Eu2+ is ≈1.6, 
1.2, and 2.7, respectively. It means that the developed phosphors 
have excellent charge carrier storage capacities during X-ray 
excitation. The integrated TL intensity linearly increases with 
increasing X-ray exposure time as demonstrated in Figure  2d 

Figure 8. Proof-of-concept information storage by using the optimized LiTaO3:0.005Bi3+,0.006 Tb3+,0.05Ga3+ based flexible silicone gel film after X-ray 
charging. An X-ray photograph of a3) an electronic plug. b1–b3) Resolution test of the used silicone gel film for X-ray imaging.
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and Figure S14b (Supporting Information), suggesting that the 
developed phosphors can be used as potential dosimeters for 
X-ray detection. The developed phosphors have good chem-
ical stability after exposure to water with a duration of 1  h in 
Figure S29 (Supporting Information). Therefore, the developed 
phosphors have potential application in X-ray imaging as dem-
onstrated in Figure 8 and Figure S30 (Supporting Information). 
The stored charge carriers in the developed phosphors can be 
efficiently liberated by a wide range energy photon stimulation 
as demonstrated in Figure  2e–g, and S16. An X-ray imaging 
photograph is to be expected by reading out the stored charge 
carriers in the phosphor-based film with photon stimulation. 
RT afterglow is related to the relatively shallow electron traps. 
TL glow curves of LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ with 
optical stimulation in Figure 2e and Figure S16d–g (Supporting 
Information) show that the TL peak at ≈325 K slightly shifts 
toward ≈323 K and the TL peak at about 397 K slightly increases 
with 850  nm stimulation. This indicates that there is a redis-
tribution of charge carriers by 850 nm stimulation. For WLED 
and 656 nm stimulation, such redistribution of charge carriers 
was not observed and the stored charge carriers from deep 
traps are mainly liberated to yield most of the emission from 
60 to 180 s as demonstrated in Figure 2f1.

In Figure 5b2,b3, afterglow and ML is not well separable in 
the LiTaO3:0.005Bi3+,0.001Tb3+ based disc. This is because it 
mainly contains shallow traps with a TL glow peak at ≈329 K, 
which leads to strong initial Tb3+ afterglow after 254  nm UV-
light charging as demonstrated in Figure  1b and its insets. In 
Figure  7b, the distinction of afterglow and ML is much better 
for the LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ based disc. The 
TL glow curves of LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ in 
Figure 2a,b show that it contains less shallow traps and more 
deep traps. When compression force is applied, the liberation 
of stored charge carriers from the deep traps then contributes 
to the dominating ML.

4. Conclusions

In this work, Bi3+, Tb3+, Ga3+, or Ge4+ doped LiTaO3 perovskite 
storage phosphors with high charge carrier storage capacity 
were developed. Based on the vacuum referred binding energy 
(VRBE) diagram of LiTaO3 containing the energy level loca-
tions of unintended defects, Tb3+, Bi2+, and Bi3+ in Figure 1a, 
the charge carrier trapping and release processes were 
explained. In LiTaO3:0.005Bi3+,xTb3+ and LiTaO3:yTb3+,Tb3+ 
acts as the hole capturing and recombination centre, while Bi3+ 
and unintended defects act as the electron trapping centers. 
Electron liberation from Bi2+ and recombination with the 
hole captured at Tb4+ partly contributes to the TL glow band 
peaked near 320 K in LiTaO3:0.005Bi3+,xTb3+ at β = 1 K/s after 
X-ray or 254 nm UV-light charging. TL glow curves peaked at 
≈322, ≈400, and ≈467 K are assigned to unintended defects II 
in Figure 1a. The amount of the unintended defects II can be 
increased by Ga3+ or Ge4+ co-doping and optimizing compound 
synthesis temperature. The ratio of the integrated TL inten-
sity after X-ray charging of the optimized LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ga3+ or LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+ 
to that of the state-of-the-art BaFBr(I):Eu2+ is ≈1.2 and 2.7, 

respectively. More than 40h Tb3+ afterglow is measurable in the 
optimized LiTaO3:0.005Bi3+,0.001Tb3+ and LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ after X-ray or 254 nm UV-light charging. A 
force-induced charge carrier storage phenomenon appears in 
the Bi3+, Tb3+, Ga3+, or Ge4+ doped LiTaO3 by grinding. A linear 
relation between the amount of stored charge carriers and the 
grinding time in an agate mortar appears. ML (ML) appears 
in Bi3+, Tb3+, Ga3+, or Ge4+ doped LiTaO3. The optimized 
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ga3+ and LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+ show both the strongest TL and ML inten-
sity. The ML process is related to the release of the stored 
charge carrier when compression force was applied. We also 
demonstrated that the stored charge carriers can be liberated 
by a wide energy range photon stimulation from 365 nm UV 
(3.40 eV) to 850 nm infrared laser (1.46 eV). Proof-of-concept 
compression force distribution sensing and X-ray imaging 
were demonstrated by using optimized LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ga3+ dispersed in a hard epoxy resin disc and 
in a silicone gel film. Proof-of-concept color-tailorable ML for 
anti-counterfeiting was demonstrated by using the commercial 
ZnS:Cu+,Mn2+ and the optimized LiTaO3:0.005Bi3+,0.006Tb3+, 
0.05Ge4+ based disc. This work not only reports Bi3+, Tb3+, 
Ga3+, or Ge4+ doped LiTaO3 perovskite with excellent charge 
carrier storage capacity, but also can accelerate the develop-
ment of new storage and ML phosphors for X-ray imaging, 
stress sensing, and non-real-time recording.

5. Experimental Section
All used raw chemicals were purchased from Shanghai Aladdin chemical 
company. The Tb3+ and/or Bi3+ doped LiTaO3 crystals were synthesized 
by using a high-temperature solid-state reaction method. To optimize 
compression force-induced luminescence (ML) intensities, co-doping of 
gallium, germanium, niobium, or tin in LiTaO3:0.005Bi3+,0.006Tb3+ was 
exploited. The appropriate stoichiometric mixture of Ta2O5 (99.99%), 
Bi2O3 (99.99%), Tb4O7 (99.99%), Li2CO3 (99.99%), Ga2O3 (99.99%), 
Nb2O5 (99.99%), GeO2 (99.99%), or SnO (99.99%) was weighed, ground, 
and mixed well with the help of acetone solution in an agate mortar. The 
homogeneously mixed mixture was then kept at 1250 °C for a duration 
of 6  h in a covered corundum crucible under ambient atmosphere. 
The utilized heating rate for the furnace was 3 °C min−1. After that, the 
synthesized compounds were naturally cooled to room temperature 
(RT) and then homogeneously ground for further measurements. 
Nb5+ and Sn2+ as co-dopants appeared to deteriorate TL and ML 
properties, and were not further studied. To optimize the ML intensity in  
LiTaO3:0.005Bi3+,0.006Tb3+,0.05Ge4+, it was synthesized at 1275 °C with a 
duration of 6 h. To investigate compression force-induced luminescence 
properties, ≈0.8  g afterglow phosphor like LiTaO3:0.005Bi3+,xTb3+ was 
dispersed well in ≈6.4  g epoxy resin to produce a hard disc with a 
diameter of ≈2.5 cm and a thickness of ≈0.6 cm by using a silicon gel-
based flexible mold. The mold filled with the phosphor and epoxy resin 
was kept at 80  °C in vacuum for a duration of 2.5  h. To verify proof-
of-concept X-ray imaging application, ≈0.6  g the optimized LiTaO3: 
0.005Bi3+,0.006Tb3+,0.05Ga3+ afterglow phosphor was dispersed in ≈4.0 g 
silicone gel (Sylgard 184, Dow Corning) to make a flexible film with a 
diameter of ≈6 cm on a polished sapphire substrate. The substrate was 
heated at ≈70 °C with a duration of 3 h in vacuum. The substrate was 
removed from the flexible film prior to X-ray imaging. A state-of-the-art 
ZnS:Cu+, Mn2+ phosphor was purchased from Shanghai keyan phosphor 
technology company. The ZnS:Cu+,Mn2+, optimized LiTaO3:0.005Bi3+, 
0.006Tb3+,0.05Ge4+, and epoxy resin were mixed well in a mold to make 
a hard epoxy resin disc for anti-counterfeiting application. The afterglow, 
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ML, and X-ray imaging photographs were taken by an iPhone 13Pro or 
a Nikon D850 camera in the dark. For X-ray imaging measurements, 
a TUB00154-9I-W06 tube (MOXTEK, Ltd.) was utilized. It operated at 
60 kV, 200 µA, and 12 W. The X-ray imaging films were charged by the 
X-rays with a duration of 180 s in the dark.

The phase purities of all synthesized compounds were verified with 
a Japan Rigaku Smar/SmartLa X-ray diffraction setup. It contains an 
X-ray tube that operates at 40  kV and 30  mA. The scanning electron 
microscope (SEM) and energy-dispersive X-ray spectroscopy images 
were recorded with a Japan JEOL JSM-7610FPlus electron microscope. 
Photoluminescence excitation (PLE) spectra, emission spectra (PL), 
room temperature (RT) isothermal decay spectra, and curves were 
recorded by using an FLS920 fluorescence spectrometer (Edinburgh 
Instruments Ltd.). All measured photoluminescence excitation spectra 
had been corrected by the wavelength-dependent excitation intensity of 
the utilized xenon lamp in the FLS920 spectrometer. The compression 
force-induced luminescence (ML) spectra were recorded in the dark 
with a facility, which combined a UV/near-infrared spectrometer (Ocean 
Optics, type QE65Pro) in the spectral range between 200 and 1000 nm 
and a computer program-controlled testing machine (10 kN, CMT1104, 
Zhuhai SUST Electrical Equipment Co., Ltd).[10] This facility was shown 
in Figure S32 (Supporting Information). Prior to the ML measurements, 
all prepared phosphors dispersed in hard epoxy resin discs were 
charged by a 15 W Hg lamp (254 nm UV-light) with a duration of 60 s 
and then faded in the dark with a duration of 120 s in order to decrease 
the effect of the afterglow on the ML results. The obtained ML spectra 
have been corrected by the weak afterglow background. The epoxy 
resin disc was compressed at a rate of 10 cm min−1 to quickly generate 
the maximum force of 1000 N during ≈3  s. An integrated time for the 
QE65Pro spectrometer was fixed at 0.80  s during ML measurements. 
The ML intensity decayed within few seconds when compression force 
was applied.

X-ray excited integrated emission intensities in the spectral range from 
200 to 700 nm as a function of time, above 300 K thermoluminescence 
(TL) glow curves, and room temperature isothermal decay curves 
were measured. The employed setup combined a thermostat in the 
temperature range from 300 to 773  K, a Hg lamp (254  nm UV-light), 
a voltage adjustable TUB00083-2 X-ray tube (MOXTEK, Ltd.) operated 
at 30 kV, 50 µA, and 1.5 W, a BG-39 filter (SCHOTT Ltd.), and a R928P 
photomultiplier (Japan Hamamatsu Ltd.) that could detect a photon 
energy range from 200 to 860  nm. About 0.0300  g phosphor was 
used for the above measurements. To study the charge carrier storage 
property when compression force was applied, a phosphor was charged 
by grinding in an agate mortar with different duration time in the dark 
prior to TL measurements. For the measurements of optically stimulated 
RT isothermal decay curves and TL glow curves, different energy light 
sources of a commercial white-LED (WLED), a ≈396 nm LED, a ≈365 nm 
UV lamp, 850 nm laser, and red 656 nm laser had been utilized. Prior to 
all TL measurements, all compounds were heated to ≈723 K and kept at 
that temperature for 200  s in order to remove captured electrons and 
holes from traps and then cooled to ≈298 K. The measured TL intensities 
had been corrected by the used compound mass and the charging time 
of the X-ray or 254 nm UV-light.

To verify electron and hole capturing processes, a thermoluminescence 
excitation (TLE) curve was recorded by utilizing the FLS920 fluorescence 
spectrometer.[29] Different energy photons in the spectral range from 
200 to 400  nm were utilized to charge the LiTaO3:0.005Bi3+,0.001Tb3+ 
afterglow phosphor with a duration of 60 s, and then room temperature 
isothermal decay curves (λem = 544 nm) were measured during 62 s in 
the dark. The integrated Tb3+ 544  nm RT isothermal decay intensities 
between 0 and 62 s had been corrected for the excitation intensity of the 
utilized Hamamatsu CW xenon lamp in the FLS920 spectrometer.
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