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ABSTRACT

Discovering energy storage materials with rationally controlled trapping and de-trapping of electrons and holes upon x-rays, UV-light, or
mechanical force stimulation is challenging. Such materials enable promising applications in various fields, for instance in multimode anti-
counterfeiting, x-ray imaging, and non-real-time force recording. In this work, photoluminescence spectroscopy, the refined chemical shift
model, and thermoluminescence studies will be combined to establish the vacuum referred binding energy (VRBE) diagrams for the
LiSc1�xLuxGeO4 family of compounds containing the energy level locations of Bi2þ, Bi3þ, and the lanthanides. The established VRBE dia-
grams are used to rationally develop Bi3þ and lanthanides doped LiSc1�xLuxGeO4 storage phosphors and to understand trapping and de-
trapping processes of charge carriers with various physical excitation means. The thermoluminescence intensity of x-ray irradiated
LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ is about two times higher than that of the state-of-the-art x-ray storage phosphor BaFBr(I):Eu2þ.
Particularly, a force induced charge carrier storage phenomenon appears in Eu3þ co-doped LiSc1�xLuxGeO4. Proof-of-concept non-real-time
force recording, anti-counterfeiting, and x-ray imaging applications will be demonstrated. This work not only deepens our understanding of
the capturing and de-trapping processes of electrons and holes with various physical excitation sources, but can also trigger scientists to ratio-
nally discover new storage phosphors by exploiting the VRBEs of bismuth and lanthanide levels.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0175390

I. INTRODUCTION

A storage phosphor is known as a material which can store free
electrons and holes in deep traps during exposure to ultraviolet light1

or ionizing radiation like x-rays, b-ray, or gamma rays.2 It has been
utilized for various applications,3 for example, in the structural inspec-
tion of curved objects like in dental imaging, dosimetry for radiation
dose measurement,4 and x-ray computed tomography (CT).5,6 BaFBr
(I):Eu2þ is the state-of-the-art x-ray storage phosphor.7 However, it
can absorb water from air gradually leading to loss of the charge carrier
storage capacity. New alternatives with good chemical stability and
high charge carrier storage capacity are then required.

Mechanoluminescence (ML) compounds are known as materials
that show instantaneous light emission during mechanical force excita-
tion.8 They have promising utilization for various fields,9,10 for

instance, in optical sensors for human–computer interaction, wearable
sport light sources, visualization of compression force distribution,11

and structure damage inspection.12 However, the photon emissions
from ML materials are required to be constantly detected by using
expensive photomultipliers or metal oxide semiconductor (CMOS)
light sensors. For near-distance ML imaging, the CMOS sensor can be
easily damaged when it is closely placed underneath the ML material
based film.13 Although different compounds have been explored for
mechanoluminescence, ZnS:Cuþ,Mn2þ is still the state-of-the-art
mechanoluminescence compound.

Recently, a non-real-time force sensing technique has become a
promising alternative for stress recording. This technique is based on
force induced charge carrier storage.14 It has potential utilization in
various applications, for example, in the recording of the collision trace
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in vehicle accidents where the mechanical excitation happens ran-
domly and suddenly. Unfortunately, the force induced charge carrier
storage phenomenon is rarely discussed in the literature. Few examples
are Ga3þ or Ge4þ doped LiTaO3:0.005Bi

3þ, 0.006Tb3þ in Ref. 15, and
Eu2þ or Yb2þ doped BaSi2O2N2:Dy

3þ in Ref. 16. Part of their thermo-
luminescence (TL) glow curves are close to room temperature (RT),
which means that stored information will slowly fade. Therefore, there
is great interest to discover new materials where force induced charge
carrier can be stored in deep traps.

The capturing and release processes of free charge carriers are of
interest to unravel the mechanism of storage phosphors and to rationally
develop compounds with suitable charge carrier trapping depth for dif-
ferent applications.17 One then requires knowledge on the energy level
locations of charge carrier trapping centers with respect to that of the
conduction band (CB) bottom and the valence band (VB) top.18 It is
not until 2012 that a vacuum referred binding energy (VRBE) diagram
can be constructed by using the chemical shift model.19 It enables to
determine the electron binding at different lanthanide charge carrier
capturing centers, CB bottom, and VB top in different compounds with
respect to the same vacuum level.20 A refinement to the chemical shift
model was proposed in Ref. 21 to establish more accurate VRBE dia-
grams. Like lanthanides, Bi3þ and Bi2þ can also act as good charge car-
rier trapping centers.22,23 However, the VRBE diagrams containing the
energy levels of Bi3þ and Bi2þ are rarely reported. It is then challenging
to discuss the trapping and release processes of bismuth or/and lantha-
nide doped compounds. For example, ultraviolet-A (UVA) persistent
luminescence emerges in Bi3þ doped LiScGeO4 irradiated by 254nm
UV-light.24 However, the nature of trapping and de-trapping of elec-
trons and holes is not fully clear.

In this work, photoluminescence spectroscopy, the refined chemi-
cal shift model, and thermoluminescence will be combined to establish
the vacuum referred binding energy (VRBE) diagrams for the
LiScGeO4, LiSc0.25Lu0.75GeO4, and LiLuGeO4 family of compounds in
Figs. 1, S1, and S2. The photoluminescence emission (PL) and excita-
tion (PLE) spectra of undoped, Eu3þ, Bi3þ, Tb3þ, or Pr3þ single doped

LiScGeO4 and LiSc0.25Lu0.75GeO4 will first be studied at 10K or RT.
The results will be utilized to construct the VRBE diagrams. The
VRBEs in the ground and excited states of Bi3þ, Bi2þ, trivalent, and
divalent lanthanides will be discussed.

Guided by the established VRBE diagrams in Figs. 1, S1, and S2,
we will demonstrate how a deeper understanding of the trapping and
de-trapping processes of charge carriers with various physical excita-
tions will be realized for the rational exploration of storage phosphors
for various applications. As a demonstration, Bi3þ or/and Ln3þ

(Ln¼Tb, Pr, or Eu) doped LiSc1�xLuxGeO4 will be systematically
studied. It will be evidenced that Eu3þ works as a �1.0 eV deep elec-
tron capturing, while Bi3þ, Tb3þ, or Pr3þ work as about 1.5, 2, or 2 eV
deep hole capturing and recombination centers in LiScGeO4. The
Eu3þ electron trapping depth can be engineered by adjusting x in
LiSc1�xLuxGeO4:0.001Bi

3þ,0.001Eu3þ and LiSc1�xLuxGeO4: 0.005Tb
3þ,

0.001Eu3þ, leading to conduction band engineering. The integrated TL
intensity of the optimized LiSc0.25Lu0.75GeO4: 0.001Bi

3þ,0.001Eu3þ irra-
diated by x-rays is about two times higher than that of the state-of-the-
art x-ray storage phosphor BaFBr(I):Eu2þ. Particularly, a force induced
charge carrier storage phenomenon appears in the Bi3þ,Eu3þ- and
Tb3þ,Eu3þ-codoped LiSc1�xLuxGeO4 (x¼ 0–1) compounds. The effect
of mechanical or optical stimulation on the capturing and release pro-
cesses of charge carriers will be discussed.

Proof-of-concept non-real-time force recording, anti-
counterfeiting, and x-ray imaging applications will be demonstrated by
utilizing the developed LiSc1�xLuxGeO4 storage phosphors. During
exposure to high energy x-ray or ultraviolet light like 254nm, energy
storage occurs by means of trapping of charge carriers. The created
free electron is trapped by Eu3þ to form Eu2þ, and the free holes are
captured by Bi3þ, Tb3þ, or Pr3þ to form Bi4þ, Tb4þ, or Pr4þ. De-
trapping of stored electrons at Eu2þ and holes at Bi4þ, Tb4þ, and Pr4þ

can be realized by an optically stimulated luminescence process with a
wide range 365–850 nm light stimulation.

This work not only deepens our understanding of the capturing
and de-trapping processes with various physical excitations but also

FIG. 1. Vacuum referred binding energy
(VRBE) diagram for LiScGeO4 with the
energy level locations of Bi3þ, Bi2þ, differ-
ent divalent, and trivalent lanthanides.
Experimentally observed transitions have
been denoted by arrows. FS denotes
traps for force induced charge carrier stor-
age. The binding energies at the conduc-
tion band (CB) bottom and host exciton
have been denoted by Ec and Ex,
respectively.
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develops excellent storage phosphors with high charge carrier storage
capacity and good chemical stability. This work then can trigger more
scientists to rationally develop new storage phosphors by constructing
and using the VRBEs in bismuth and lanthanide energy level locations
in different compounds.

II. RESULTS
A. Photoluminescence spectroscopy for VRBE diagram
construction

To construct the vacuum-referred binding energy (VRBE) dia-
grams for the LiSc1�xLuxGeO4 family of compounds, the U-value
(energy difference between the Eu2þ and Eu3þ ground states), energy of
host exciton creation (Eex), energy for charge transfer (CT) from valence
band (VB) to Eu3þ (VB!Eu3þ CT), and energy for charge transfer
from Bi3þ to conduction band are needed. The U-value can be estimated
with the methods in Ref. 25 from which U(LiScGeO4)¼ 6.90 eV and
U(LiLuGeO4)¼ 6.95 eV are estimated. Photoluminescence excita-
tion (PLE) and emission (PL) spectra for the undoped, Bi3þ, or lan-
thanide Ln3þ (Ln¼Eu, Pr, or Tb) single doped LiScGeO4 and
LiSc0.25Lu0.75GeO4 solid solution are needed.

Figure 2(a) shows the PLE and PL spectra for the undoped
LiScGeO4 host at 10K. Upon a 191 nm excitation, a broad self-trapped
exciton emission band located at �501nm with a weak shoulder band
at �329 nm appears. Monitored at 501 nm, a strong excitation band
located at�190.5nm emerges, which will be assigned to the LiScGeO4

host exciton creation (Eex¼ 6.52 eV).
Figure 2(b) shows the PLE (kem¼ 612nm) and PL (kex¼ 223nm)

spectra of LiScGeO4:0.01Eu
3þ recorded at room temperature (RT).

Upon a 223nm excitation, line emission bands emerge in the spectral
range from 550 to 700nm because of the typical
5D0 ! 7Fj (j¼ 0–4) transitions of Eu3þ. Monitored at 612nm, the exci-
tation spectrum is composed of an excitation band peaked at �223nm
and several line excitation bands in the spectral range from �280 to
�400nm, which are assigned to characteristic Eu3þ 4f! 4f transitions.
The 223nm excitation band will be associated with the charge transfer
(CT) from the valence band (VB) to Eu3þ, i.e., O2� ! Eu3þ CT.26

Fig. 2(c) further shows the PLE (kem¼ 612.2nm) and PL (kex¼ 217nm)
spectra of LiScGeO4:0.005Eu

3þ recorded in the spectral range from 125
to 700nm at 10K. An excitation band peaked near 217nm is observed.
We have used 5.6 eV for the CT-band energy in Fig. 1.

Figure 2(b) also shows the PLE (kem¼ 355 nm) and PL
(kex¼ 297nm) spectra of LiScGeO4:0.005Bi

3þ recorded at RT.
Different from that in Ref. 24, a new excitation band peaked at
�230nm is observed. To further unravel the nature of Bi3þ lumines-
cence, the photoluminescence emission and excitation spectra were
measured in the spectral range from 125 to 550nm at 10K as shown
in Fig. 2(d). Monitored at 355 or 385nm, the excitation spectrum
shares five excitation bands peaked at �169, 196.6, 231.9, 297.6, and
308nm. Like in Ref. 27, the low-energy excitation bands peaked
at 297.6 and 308nm will be assigned to the Bi3þ Jahn–Teller split
1S0 ! 3P1 transition, i.e., Bi

3þ A-band. The excitation band located at
231.9 nm (5.35 eV) will be assigned in Sec. III to the charge transfer
from Bi3þ to the conduction band of LiScGeO4, i.e., the Bi3þ D-
band.22 The excitation band located at 196.6 nm will be attributed to
the Bi3þ 1S0 ! 1P1 transition, i.e., the Bi3þ C-band. The excitation
band located at �169 nm will remain unassigned. Upon 232.6 or
290nm excitation, an emission band peaked at �359nm with a full

width at half maximum (FWHM) of 34 nm appears, which is attrib-
uted to the typical Bi3þ 3P1 ! 1S0 transition. The data were used to
draw the Bi3þ levels and the observed transitions in the bandgap of
LiScGeO4 in Fig. 1.

Figure 2(e) shows the PLE and PL spectra of LiScGeO4:0.005Pr
3þ

at 10K. Upon 190nm excitation, not only the broad host exciton emis-
sion band peaked near 501 nm but also the typical Pr3þ 4f! 4f emis-
sions are observed. Monitored at 602 nm, the excitation spectrum is
composed of three excitation bands located at 190, 240, and 259 nm.
The 190 nm excitation band is also observed for the undoped host in
Fig. 2(a) and therefore is attributed to the host exciton creation (Eex).
The two excitation bands located at �259 nm (4.79 eV) and �240nm
(5.17 eV) will be attributed to the first and second Pr3þ 4f! 5d transi-
tions. Based on the VRBE diagram, we expect the direct excitation
from Pr3þ to the conduction band (CB), or the Intervalence Charge
Transfer band (IVCT), near 4.7 eV or 263 nm. It is probably hidden
underneath the more intense 5d1 band.

Figure 2(f) shows the PLE and PL spectra of LiScGeO4:0.005Tb
3þ

at 10K. Upon a 193nm excitation, both the broad exciton emission
band and the characteristic Tb3þ 5D4! 7Fj line emissions appear. Upon
a 250nm excitation, the exciton emission is absent and only the typical
Tb3þ 5D4 ! 7Fj emissions emerge. Monitored at 551nm, the excitation
spectrum is composed of six excitation bands located at �167.5, 192,
232, 250, 268.5, and 300nm. The excitation band peaked at �167.5nm
is of unknown origin and also observed for LiScGeO4:0.005Bi

3þ in
Fig. 2(d). Like in Figs. 2(a) and 2(e), the excitation band located at
�192nm (6.46 eV) is attributed to the host exciton creation (Eex). The
excitation bands peaked at 300nm (4.13 eV) and 250nm (4.96 eV) will
be assigned to the first spin forbidden and spin allowed 4f ! 5d transi-
tions. The excitation band peaked at 232nm (5.35 eV) will be tentatively
assigned to the second spin allowed 4f ! 5d transition. The excitation
band peaked near 268.5nm (4.62 eV) will be tentatively assigned to the
intervalence charge transfer (IVCT) from the Tb3þ ground state to the
conduction band (CB), i.e., Tb3þ!CB IVCT.

B. Identifying recombination, luminescence centers,
and trapping processes of charge carriers in LiScGeO4

To unravel recombination and trapping processes of charge car-
riers, Bi3þ or/and lanthanides Ln3þ (Ln¼Tb, Eu, or Pr) doped
LiScGeO4 storage phosphors were first studied. Figures 3(a) and 3(b)
show the room temperature (RT) isothermal decay spectra of
LiScGeO4:0.005Tb

3þ and LiScGeO4:0.005Tb
3þ,0.001Eu3þ after being

illuminated by 254 nm UV-light for 60 s. Tb3þ appears as the recombi-
nation and luminescence center. Figures 3(c) and 3(d) present the RT
isothermal decay spectra for LiScGeO4:0.005Pr

3þ and LiScGeO4:
0.005Pr3þ,0.001Eu3þ after 254nm UV-light charging for 60 s. Pr3þ

with the typical 4f ! 4f emissions emerges as the recombination and
luminescence center. Figure 3(e) shows the RT isothermal decay spec-
tra for LiScGeO4:0.003Bi

3þ charged by 254nm UV-light with a dura-
tion of 60 s. Bi3þ with the A-band (3P1 ! 1S0) emission works as the
recombination and emission center. Figure 3(f) shows the RT isother-
mal decay spectra of LiScGeO4:0.003Bi

3þ,0.001Eu3þ after being illumi-
nated by 254nm UV-light for 60 s. The Bi3þ A-band and
characteristic Eu3þ 5D0 ! 7Fj (j¼ 0–6) emissions are observed. Bi3þ

appears as the recombination and emission center. Possibly, the Eu3þ

emissions are realized by an energy transfer process from Bi3þ to
Eu3þ, which is partly evidenced by the PLE (kem¼ 612 and 360nm)
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and PL (kex¼ 298nm) spectra of LiScGeO4:0.003Bi
3þ, 0.001Eu3þ as

shown in Fig. S6(c).
Figure 3(g) compares the thermoluminescence excitation (TLE)

plot recorded at RT with the photoluminescence excitation (PLE)

spectrum (kem¼ 355nm) of LiScGeO4:0.003Bi
3þ at 10K. The traps in

LiScGeO4:0.003Bi
3þ can be filled via the Bi3þ D-band excitation and

not via the Bi3þ A-band excitation despite its intense excitation inten-
sity. Figure 3(h) compares the TLE plot with the PLE spectrum

FIG. 2. (a)–(f) Photoluminescence excitation (PLE) and emission (PL) spectra for undoped, Eu3þ, Bi3þ, Pr3þ, or Tb3þ single doped LiScGeO4 measured at room temperature
(RT) or 10 K. The insets show the photographs of the synthesized phosphors under daylight or upon a Hg lamp (254 nm) UV-light illumination in the dark. These PLE and PL
spectra were normalized for better comparison. The compound compositions, monitored excitation, emission wavelengths, and experimentally observed transitions with possible
assignments have been specifically denoted in panels (a)–(f).
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(kem¼ 602nm) of LiScGeO4:0.005Pr
3þ at 10K. The traps in

LiScGeO4:0.005Pr
3þ can be charged via the Pr3þ 4f ! 5d and the

Pr3þ ! CB IVCT excitation. Figure 3(i) compares the TLE plot with
the PLE spectrum (kem¼ 551nm) of LiScGeO4:0.005Tb

3þ at 10K.
The traps in LiScGeO4:0.005Tb

3þ can be filled through the Tb3þ

!CB IVCT and the excitation from Tb3þ ground state to its excited
5d states.

C. Evidencing Eu31 as a deep electron trap and Bi31

and Tb31 as hole trapping and recombination centers
in LiSc12xLuxGeO4

Figure 1 predicts that Eu3þ works as an about 1.25 eV deep elec-
tron trapping center, Tb3þ, Pr3þ, and Bi3þ, respectively, work as about
2.15, 2.19, or 1.5 eV deep hole trapping centers in LiScGeO4. A

combination of Eu3þ with Tb3þ, Pr3þ, or Bi3þ may then lead to good
LiScGeO4 storage phosphor properties. To verify this prediction, Bi3þ

or/and lanthanides Ln3þ (Ln¼Tb, Pr, or Eu) doped LiScGeO4 com-
pounds were synthesized. Their TL glow curves were recorded at a
heating rate (b) of 1K/s after exposure to x-rays and are shown in
Fig. 4(a). Compared with Bi3þ single doped LiScGeO4:0.003Bi

3þ or
Pr3þ single doped LiScGeO4:0.005Pr

3þ, a new TL glow band peaked
near 461K appears in the temperature range from �350 to �550K.
As illustrated in the inset of Fig. 4(a), it will be attributed to the elec-
tron liberation from Eu2þ during thermal stimulation and recombina-
tion with the holes captured at Bi4þ, Tb4þ, or Pr4þ, generating
characteristic Bi3þ 3P1 ! 1S0, Tb

3þ, and Pr3þ 4f ! 4f emissions. The
ratios named as (n1; n2) of the integrated TL intensities from 303 to
650K for the Bi3þ or/and lanthanides doped LiScGeO4 compounds to
that of the state-of-the-art storage phosphors BaFBr(I):Eu2þ (n1) or

FIG. 3. Room temperature (298 K) isothermal decay spectra as a function of time after a 254 nm UV-light charging for (a) LiScGeO4:0.005Tb
3þ, (b) LiScGeO4:

0.005Tb3þ,0.001Eu3þ, (c) LiScGeO4:0.005Pr
3þ, (d) LiScGeO4:0.005Pr

3þ,0.001Eu3þ, (e) LiScGeO4:0.003Bi
3þ, and (f) LiScGeO4:0.003Bi

3þ,0.001Eu3þ. A comparison of ther-
moluminescence excitation (TLE) and photoluminescence excitation (PLE) spectra for (g) LiScGeO4:0.003Bi

3þ, (h) LiScGeO4:0.005Pr
3þ, and (i) LiScGeO4:0.005Tb

3þ. The
insets in (a)–(f) show the afterglow photographs after 254 nm UV-light charging.
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FIG. 4. TL glow curves recorded at a heating of 1 K/s for x-ray or 254 nm UV-light irradiated (a) Bi3þ or/and lanthanides doped LiScGeO4, (b) LiSc1�xLuxGeO4:
0.005Tb3þ,0.001Eu3þ, and (c) Bi3þ or/and lanthanides doped LiLuGeO4. (e) Variable heating rate plots and (f) RT isothermal decay curves after x-ray illumination for
LiSc1�xLuxGeO4:0.001Bi

3þ,0.001Eu3þ (x¼ 0–1). The insets in (a) and (d) show the afterglow photographs after 254 nm UV-light illumination in the dark.
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Al2O3:C chip (n2) are provided in Table S1 and they are substantially
lower than 1.

To further evidence that Eu3þ acts as a deep electron trapping
center, Eu3þ co-doped LiSc1�xLuxGeO4 solid solutions were synthe-
sized. Figure 4(b) first shows the TL glow curves of LiSc1�xLuxGeO4:
0.005Tb3þ, 0.001Eu3þ after being illuminated by 254 nm UV-light
where Tb3þ acts as the recombination and luminescence center.
With increasing x, the Eu2þ TL band gradually shifts from 466 K
for x¼ 0 to 425 K for x¼ 1. The same applies to Bi3þ,Eu3þ-
codoped LiSc1�xLuxGeO4 in Fig. S10. The systematic shifting of
the Eu2þ TL glow band toward a lower temperature will be
assigned to decreased activation energy for electron liberation
from Eu2þ because of conduction band lowering with rising x in
LiSc1�xLuxGeO4.

Figure 4(c) compares the TL glow curves measured at b¼ 1K/s
for Bi3þ or/and lanthanides doped LiLuGeO4 after exposure to 254nm
UV-light in the dark. Compared with LiLuGeO4:0.005Tb

3þ, LiLuGeO4:
0.005Bi3þ, or LiLuGeO4:0.005Pr

3þ, a new and common TL glow band
peaked near 417K emerges in the temperature range from �375 to
�475K for the Eu3þ co-doped samples. Like in Fig. 4(a), it is attributed
to the electron release from Eu2þ and recombination with the holes
trapped at Bi4þ, Pr4þ, and Tb4þ.

To determine the trapping depths, the TL glow curves for x-ray
irradiated LiSc1�xLuxGeO4:0.001Bi

3þ,0.001Eu3þ were recorded at dif-
ferent heating rates and are shown in Fig. S18. Assuming that a first-
order thermoluminescence recombination kinetics applies, one can
estimate the trapping depth by utilizing a variable heating rate plot
with the following formula:28

ln
Tm

2

b

� �
¼ E

kTm
þ ln

E
ks

� �
; (1)

in which E means the trapping depth, s denotes the frequency factor
(s�1), b denotes the utilized heating rate, k is the Boltzmann constant,
and Tm is the temperature (K) at the maximum of the TL glow peak.
Figure 4(e) presents the variable heating rate plots of the Eu2þ TL glow
bands for LiSc1�xLuxGeO4:0.001Bi

3þ, 0.001Eu3þ. The trapping depths
can be deduced from the slopes of the linear fitting equations, and the
frequency factors can be derived from the intercepts with the relation
of ln(E/ks). These obtained values are provided in the legend of
Fig. 4(e) and Table S2.

Figure 4(f) shows RT isothermal decay curves of LiSc1�xLuxGeO4:
0.001Bi3þ,0.001Eu3þ after x-ray charging with a duration of 300 s.
With increasing x, increased afterglow intensity appears. The same
applies to LiLuGeO4:0.005Tb

3þ,0.001Eu3þ in Fig. S11. More than
3 h Tb3þ 5D4 ! 7Fj or Bi3þ A-band afterglow can be detected in
x-ray charged LiLuGeO4:0.005Tb

3þ,0.001Eu3þ and LiLuGeO4:
0.001Bi3þ,0.001Eu3þ.

D. Evaluating LiSc12xLuxGeO4:M
31,Eu31 (M5Bi or Tb)

as dosimeters for radiation detection

The developed LiSc1�xLuxGeO4:M
3þ,Eu3þ (M¼Bi or Tb) stor-

age phosphors have been evaluated as ionizing radiation dosimeters.
Figure 5(a) presents the TL glow curves of LiScGeO4:

0.005Tb3þ,0.001Eu3þ irradiated by x-rays with different durations
from 30 to 600 s. The integrated TL intensities as a function of x-ray
exposure time are provided in the inset of Fig. 5(a). The same

applies to LiScGeO4:0.001Bi
3þ,0.001Eu3þ and LiLuGeO4:0.001Bi

3þ,
0.001Eu3þ as given in Fig. S19.

Figures 5(b) and 5(c) give the TL glow curves of LiScGeO4:
0.005Tb3þ,0.001Eu3þ and LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ,
which were first irradiated by x-rays for 200 s and then with different
delay durations from 0 to 3600 s prior to TL-readout. The ratios of the
integrated TL intensities with different delay durations to that of only
with x-ray charging are listed as percentages in the legends of Figs.
5(b) and 5(c). After 1 h delay, the TL intensity remains 91% for
LiScGeO4:0.005Tb

3þ,0.001Eu3þ and 86.5% for LiSc0.25Lu0.75GeO4:
0.001Bi3þ,0.001Eu3þ. It means that the stored electrons at Eu2þ are
not rapidly released at RT and stored information fading is slow. The
same applies to other Bi3þ and/or lanthanides doped LiSc1�xLuxGeO4

storage phosphors in Fig. S20.
Figures 5(d) and 5(e) show the TL glow curves for LiScGeO4:

0.005Tb3þ,0.001Eu3þ and LiSc0.25Lu0.75GeO4:0.001Bi
3þ,0.001Eu3þ,

which were first irradiated by 254nm UV-light for 20 s and then illumi-
nated by different energy photons with tens or different durations. The
ratios of the integrated TL intensities with additional photon stimulation
to that of only with 254nm UV-light charging are displayed as percen-
tages in the legends of Figs. 5(d) and 5(e). The electrons trapped at Eu2þ

can be liberated by light stimulation in a wide range from 365nm UV-
light to 850nm infrared light. The similar applies to other Bi3þ and/or
lanthanides doped LiSc1�xLuxGeO4 as shown in Figs. S21 and S22.

Figure 5(f) gives the RT isothermal decay curves of
LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ and LiSc0.25Lu0.75GeO4:
0.005Tb3þ,0.001Eu3þ after exposure to x-rays with a duration of 260 s.
The afterglow intensities during the first 60 s are very weak. About 76
or 35 times stronger stimulated luminescence appears in Fig. 5(f) when
the 850 nm infrared laser is switched on. This feature evidence that the
electrons stored at Eu2þ are released by means of an efficient optically
stimulated luminescence process.

For application, charge carrier storage capacity is also important.
The new LiSc0.25Lu0.75GeO4: 0.001Bi

3þ,0.001Eu3þ solid solution was
therefore optimized by adjusting the synthesis condition. Figure 6(a)
compares the TL glow curves for 200 s x-ray irradiated commercial
BaFBr(I):Eu2þ, Al2O3:C chip, and the LiSc0.25Lu0.75GeO4:
0.001Bi3þ,0.001Eu3þ synthesized at 1150 �C for 6 h or 10h. The ratios
(n1; n2) of the integrated TL intensities from 303 to 650K of the syn-
thesized LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ to that of the com-
mercial BaFBr(I):Eu2þ or Al2O3:C chip are given in the legend of
Fig. 6(a). The TL intensity of the optimized LiSc0.25Lu0.75GeO4:
0.001Bi3þ,0.001Eu3þ prepared at 1150 �C for 10h is about two times
higher than that of the commercial x-ray storage phosphor BaFBr(I):
Eu2þ. It means that it has excellent charge carrier storage capacity during
x-ray exposure. In Fig. 6(a), a TL glow peak located at �361K appears
in the temperature range from 303 to 425K in the x-ray charged BaFBr
(I):Eu2þ, which is close to RT. It means that the fading of stored charge
carriers occurs in the BaFBr(I):Eu2þ by means of the Eu2þ afterglow at
RT. The Eu2þ TL glow peak is well above RT, and weak fading is
expected in the optimized LiSc0.25Lu0.75GeO4:0.001Bi

3þ, 0.001Eu3þ.
Figures 6(b) and 6(c) give the 2D contour plots of the above 100K

TL emission (TLEM) spectra for the optimized LiSc0.25Lu0.75GeO4:
0.001Bi3þ,0.001Eu3þ and LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ irra-
diated by x-rays. It appears that Bi3þ with the 3P1 ! 1S0 emission and
Tb3þ with its typical 5D4 ! 7Fj emissions act as the recombination and
emission centers during TL-readout from 100 to 600K.
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FIG. 5. (a) X-ray dose dependent TL glow curves, (b) and (c) TL fading characteristics after x-ray charging, and (d) and (e) TL glow curves first irradiated by 254 nm UV-light
for 20 s and then illuminated by different energy photon with different durations for LiScGeO4:0.005Tb

3þ,0.001Eu3þ and LiSc0.25Lu0.75GeO4:0.001Bi
3þ, 0.001Eu3þ. (f) RT

isothermal decay curves first irradiated by x-ray for 260 s and then with 850 nm infrared laser stimulation for LiSc0.25Lu0.75GeO4:0.001Bi
3þ,0.001Eu3þ and

LiSc0.25Lu0.75GeO4:0.005Tb
3þ,0.001Eu3þ.
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For practical application, stability against water is also important
for the synthesized compounds. Figure 6(d) gives the TL glow curves
of x-ray irradiated LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ without
and after exposure to water for 1 h. The TL intensity remains at
94% after 1 h of exposure to water. It means that the synthesized
LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ solid solution has excellent
stability against water exposure.

E. Evaluating LiSc12xLuxGeO4:M
31,Eu31 (M5Bi or Tb)

for non-real-time force recording

Charge carrier trapping with mechanical stimulation is interest-
ing for non-real-time force recording application, and the synthesized
LiSc1�xLuxGeO4:M

3þ,Eu3þ (M¼Bi or Tb) were therefore studied.
Figure 7(a) and S23 give the TL glow curves measured at b¼ 1K/s

for the synthesized solid solutions LiSc0.75Lu0.25GeO4:
0.005Tb3þ,0.001Eu3þ, LiSc0.5Lu0.5GeO4:0.001Bi

3þ,0.001Eu3þ, and the
optimized LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ charged only by
grinding in an agate mortar with a pestle for different durations from 0
to 600 s. A TL glow band peaked near 630K emerges in the temperature

range from �500 to �723K in Fig. 7(a). Figure 7(b) shows that TL
intensity increases linearly with increasing the grinding time in the
above three samples. The phenomenon of charge carrier storage by
mechanical excitation can be repeatedly observed in the Eu3þ co-doped
LiSc0.75Lu0.25GeO4 and LiSc0.5Lu0.5GeO4 in Fig. 7(a) and S23. It also
repeatedly appears in other LiSc1�xLuxGeO4:M

3þ,Eu3þ (M¼Bi or Tb)
storage phosphors as demonstrated in Figs. S24 and S25. The commer-
cial ZnS:Mn2þ mechanoluminescence material was also ground in an
agate mortar with a pestle for 300 s in the dark. However, thermolumi-
nescence was not detected in the ground ZnS:Mn2þ when it was heated
from 300 to�700K at a heating rate of 1K/s in the dark.

To unravel the nature of the traps for force induced charge carrier
storage, Fig. 7(c) compares the thermoluminescence glow curves
recorded at b¼ 1K/s for LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ,
which was charged by grinding for 210 s or by illumination of 254nm
UV-light for 20 s or x-rays for 200 s. Different from that by charging with
254nm UV-light or x-rays, 210 s grinding leads to a well above 426K TL
glow band peaked near 656K in the temperature range from 525 to
723K. Figure 7(d) gives the TL glow curves of
LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ charged by grinding in an agate

FIG. 6. (a) Above 303 K TL glow curves at b¼ 1 K/s for x-ray irradiated LiSc0.25Lu0.75GeO4:0.001Bi
3þ, 0.001Eu3þ synthesized at 1150 �C for 6 h or 10 h. (b) (c) Above 100 K

TL emission spectra (TLEM) recorded at b¼ 1 K/s after x-ray charging for the optimized LiSc0.25Lu0.75GeO4:0.001Bi
3þ,0.001Eu3þ and LiSc0.25Lu0.75GeO4:

0.005Tb3þ,0.001Eu3þ synthesized at 1150 �C for 10 h. (d) TL glow curves of the x-ray irradiated LiSc0.25Lu0.75GeO4:0.001Bi
3þ,0.001Eu3þ after exposure to water for 1 h.
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FIG. 7. (a) TL glow curves measured at b¼ 1 K/s and (b) a comparison of integrated TL intensities from 303 to �723 K for LiSc0.75Lu0.25GeO4:0.005Tb
3þ,0.001Eu3þ,

LiSc0.5Lu0.5GeO4:0.001Bi
3þ,0.001Eu3þ, and the optimized LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ with different grinding times in an agate mortar. (c) TL glow curves for
LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ charged by 210 s grinding, 20 s 254 nm UV-light, or 200 s x-ray illumination in the dark. (d) TL glow curves of
LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ charged by 300 s grinding and then stimulated by 365 nm UV-light for different durations. (e) Demonstration on the proof-of-concept
force distribution sensing by using the force induced charge carrier storage feature.
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mortar for 300 s and then stimulated by 365nm UV-light for different
durations from 0 to 300 s. The ratios of the integrated TL intensities from
303 to 723K by additional 365nm UV-light stimulation to that of only
with grinding for 300 s are provided as percentages in the legend of
Fig. 7(d). The amount of the stored charge carriers by mechanical stimu-
lation decreases with increasing the illumination duration of the 365nm
UV-light. The same applies to LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ

with additional WLED or a 656nm laser stimulation in Fig. S26.
Since the new TL band created by mechanical stimulation is well

above RT, the charge carriers can be stably stored in traps. It means
that the force induced charge carrier storage feature has potential use
in force distribution sensing application, which is schematically dem-
onstrated in Fig. 7(e). The wing of a plane is covered by a storage phos-
phor based coating film. Charge carriers formed by mechanical
excitation with airflow are stored in traps in storage phosphors. During
a 365nmUV-light exposure, it is expected that the stored charge carriers
are liberated from traps by optically stimulated luminescence to generate
an image to show the excitation force distribution.

F. Evaluating LiSc12xLuxGeO4:Tb
31,Eu31 for anti-

counterfeiting and x-ray imaging applications

The LiLuGeO4:0.005Tb
3þ,0.001Eu3þ and LiScGeO4:0.003Pr

3þ

powder phosphors are white under daylight. They can be used with

ink to print labels like a QR code on a sheet of normal white paper.
Confidential information can be hidden by means of a designed QR
code. The QR code is not visible under daylight because it is white.
The hidden confidential information can only be readout by scanning
the afterglow QR code with a smart phone in the dark. To the best of
our knowledge, white afterglow is rarely reported but it can be used as
a special illumination source to correctly show the colors of objects in
the dark. Therefore, color-tailorable and white afterglow phosphors
have unique use for anti-counterfeiting application. The above idea is
demonstrated by using the developed LiLuGeO4:0.005Tb

3þ,0.001Eu3þ

and LiScGeO4:0.003Pr
3þ storage phosphors or a mixture of both.

Since charge carriers in traps can be liberated by a wide range 365–
850 nm infrared light, a smart afterglow QR code can be designed by
selectively erasing the hidden information for advanced anti-
counterfeiting application.

The information of “Vacuum-referred binding energies of bis-
muth and lanthanide levels” was hidden by means of a QR code. The
LiLuGeO4:0.005Tb

3þ,0.001Eu3þ, LiScGeO4:0.003Pr
3þ, or a mixture of

both storage phosphors was first sifted by a 200mesh screen. The pow-
der was then homogeneously dispersed in a transparent ink solution to
print the QR code or the Einstein photograph on a sheet of paper in
Figs. 8(a1), 8(a4), 8(b1), 8(b4), and 8(c1) by using a screen printing
technique. Green QR code and Einstein photograph are visible in the
dark in Figs. 8(a3) and 8(a5) because of the RT thermally stimulated

FIG. 8. Photos on rows (a)–(c), pertain to a sheet of paper printed with a QR code or a photograph of Albert Einstein, respectively, with columns (a1), (a4), (b1), (b4), and (c1)
the appearance during daylight, columns (a2), (b2), (c2) under Hg lamp illumination, and columns (a3), (a5), (b3), (b5), and (c3) the afterglow appearance at 5 s after stopping
Hg lamp illumination. The QR code and the Einstein photograph were printed on papers by a screen printing technique with the developed LiLuGeO4:0.005Tb

3þ,0.001Eu3þ for
(a1) and (a4), the LiScGeO4:0.003Pr

3þ for (b1) and (b4), or with a mixture of both storage phosphors for (c1). (c4) The afterglow QR codes in (a3), (b3), and (c3) can be
scanned by a mobile phone to readout the hidden information.
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FIG. 9. (a)–(d) and (i1) The developed LiSc0.25Lu0.75GeO4:0.005Tb
3þ,0.001Eu3þ and LiSc0.25Lu0.75GeO4: 0.005Bi

3þ,0.001Eu3þ storage phosphors were dispersed into sili-
cone gel to produce transparent and flexible x-ray imaging films. (e)–(j4) Proof-of-concept x-ray imaging and resolution test by utilizing the produced imaging films. In panels
(e), (g), (i2), and (j2), the film was placed underneath a capsule with a hidden metal spring, a standard Pb-based x-ray imaging resolution test plate, two ball-point pens, or a
flexible electronic chip. They were perpendicularly exposed to x-rays at room temperature in the dark. After x-ray exposure, these objects were removed from the film. x-ray
imaging photographs were then obtained when the film was kept at 410, 353, or 403 K in the dark.
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Tb3þ 5D4 ! 7Fj emissions from LiLuGeO4:0.005Tb
3þ,0.001Eu3þ

charged by 254 nm UV-light. Red QR code and Einstein photograph
emerge in the dark in Figs. 8(b3) and 8(b5) due to the Pr3þ 4f ! 4f
afterglow from the 254nm UV-light charged LiScGeO4:0.003Pr

3þ. A
near white QR code appears in the dark in Fig. 8(c3) as a result of the
RT thermally stimulated 4f ! 4f emissions of both Tb3þ and Pr3þ in
LiLuGeO4:0.005Tb

3þ,0.001Eu3þ and LiScGeO4:0.003Pr
3þ. Color-

tailorable afterglow QR codes in Figs. 8(a3), 8(b3), and 8(c3) can be
scanned by a mobile phone to readout the hidden information as illus-
trated in Fig. 8(c4) in the dark.

The prepared LiSc0.25Lu0.75GeO4:0.005Tb
3þ,0.001Eu3þ solid

solution was sifted by a 300 mesh screen. It was then dispersed in a sili-
cone gel solution to make a square film with a size of �5� 5 cm2 as
shown in Fig. 9(a). Figures 9(b)–9(d) show that this film is both trans-
parent and flexible. Figure 9(e) illustrates how the produced x-ray stor-
age film can be utilized for x-ray imaging. The film was placed
underneath an object and perpendicularly exposed to x-ray irradiation.
After x-ray exposure, the object was removed and the film was kept at
�410K in the dark to obtain an x-ray imaging owing to the thermally
stimulated Tb3þ 5D4 ! 7Fj emissions from LiSc0.25Lu0.75GeO4:
0.005Tb3þ,0.001Eu3þ in the film as shown in Fig. 9(f). Figures 9(g) and
9(h) show that x-ray imaging with a high resolution of �20 lp/mm can
be realized by using this film.

To explore more advanced x-ray imaging, the LiSc0.25Lu0.75GeO4:
0.005Bi3þ,0.001Eu3þ was dispersed into silicone gel to make a flexible
film as shown in Fig. 9(i1). It was placed underneath two pens, which
were perpendicularly exposed to x-rays in the dark as illustrated in
Fig. 9(i2). The two pens were removed from the film after being irradi-
ated by x-rays. The film was then heated to about 353 and 403K to get
two x-ray imaging photographs in Figs. 9(i3) and 9(i4). One then can
clearly see the inner structures of the two pens. Note that the image
color at the film center changes from purplish red to blue with increas-
ing temperature. This is because of the increased ratio of the emission
of Bi3þ 3P1 ! 1S0 to that of Eu

3þ 4f! 4f with increasing temperature.
This temperature dependent image color property can be used as an
encryption feature for developing advanced anti-counterfeiting
application.

Figures 9(j1) and 9(j2) illustrate that the film can be bended to be
placed underneath a flexible chip. They were then vortically exposed to
x-rays. Red and blue x-ray imaging photographs appear at �353 and
�403K in Figs. 9(j3) and 9(j4) in the dark, respectively. It means that
the film has potential use in x-ray imaging for curved objects.

III. DISCUSSION
A. Vacuum referred binding energy (VRBE) diagrams
for LiLnGeO4 (Ln5Sc or Lu)

Various luminescence phenomena like thermally stimulated
afterglow and non-real-time force recording are associated with how
electrons and holes are produced, transported, stored, or recombined
during and after different types of excitations. The energy level loca-
tions of various defects, conduction band, and valence band are crucial
to unravel the luminescence and charge carrier storage mechanisms.
Based on a systematic spectroscopy and thermoluminescence study,
the vacuum referred binding energy (VRBE) diagrams for LiLnGeO4

(Ln¼ Sc or Lu) will first be constructed. They are then exploited to
explain luminescence phenomena and to develop smart storage phos-
phors for various applications.

Monitored at typical Eu3þ emission at 612nm, an excitation
band peaked at �223 nm appears in the PLE spectrum of LiScGeO4:
0.01Eu3þ in Fig. 2(b). A similar band also emerges in LiScGeO4:
0.005Eu3þ at 10K in Fig. 2(c) and in LiSc0.25Lu0.75GeO4:0.005Eu

3þ at
10K in Fig. S7(b). The excitation band is then attributed to the charge
transfer (CT) from the valence band to Eu3þ, i.e., O2� ! Eu3þ CT.29

An excitation band peaked at �190.5nm appears in the PLE spectrum
(kem¼ 501nm) of undoped LiScGeO4 in Fig. 2(a). It is also observed in
LiScGeO4:0.005Pr

3þ at 10K in Fig. 2(e) and in LiScGeO4:0.005Tb
3þ at

10K in Fig. 2(f). A similar and common excitation band peaked at
�197nm appears in the PLE spectra of the undoped LiSc0.25Lu0.75GeO4

in Fig. S7(a) and in Pr3þ or Tb3þ doped LiSc0.25Lu0.75GeO4 at 10K in
Figs. S7(f) and S7(g). Upon excitation at �190 or �197nm, a broad
band emission feature appears in the undoped, Tb3þ, or Pr3þ single
doped LiScGeO4 in Figs. 2(a), 2(e), and 2(f) and in LiSc0.25Lu0.75GeO4

compounds at 10K in Figs. S7(a), S7(f), and S7(g). This verifies the
nature of exciton emission. The common excitation band peaked at
�190.5nm (6.50 eV) or �197nm (6.30 eV) is therefore assigned to the
host exciton creation (Eex) for LiScGeO4 or LiSc0.25Lu0.75GeO4, respec-
tively. An excitation band located near 169nm is observed in the PLE
spectrum (kem¼ 355 or 385nm) of LiScGeO4:0.005Bi

3þ at 10K in
Fig. 2(d). A similar excitation band peaked near 170nm also appears in
LiScGeO4:0.005Tb

3þ in Fig. 2(f), LiSc0.25Lu0.75GeO4:0.005Bi
3þ in Fig. S7

(c), and LiSc0.25Lu0.75GeO4: 0.005Tb
3þ at 10K in Fig. S7(g). The origin

of these excitation bands is unclear.
To further confirm the VRBE diagram, the electron transfer from

the Tb3þ or Pr3þ 4f ground states to the conduction band (CB) bottom
has been studied. Generally, it is known as an intervalence charge
transfer process.30 This type of charge transfer can be observed in
materials when the energy level of the CB bottom is below that of the
lowest 5d states of Tb3þ and Pr3þ, for instance, in LiTaO3, NaLuGeO4,
CdGeO3,

31 BaWO4,
32 and GdVO4.

33 Once the energy level location of
the conduction band bottom is known, one can deduce the energy level
locations of Tb3þ and Pr3þ 4f ground states with respect to the CB by
using the IVCT energies and vice versa. Since electrons are transferred
from the Tb3þ and Pr3þ 4f ground states to the conduction band bot-
tom and thereafter can be captured by traps, storage phosphor charg-
ing via the Tb3þ or Pr3þ IVCT excitation is then expected. Figures 2(e)
and 2(f) show the PLE spectra of LiScGeO4:0.005Pr

3þ and
LiScGeO4:0.005Tb

3þ measured at 10K. The excitation bands peaked
at 259 nm in Fig. 2(e) and at 250nm in Fig. 2(f) are relatively broad.
Figures 3(h) and 3(i) further demonstrate that traps can be filled by
the excitation into these two bands.

The strongest excitation bands of Tb3þ are always from the spin
allowed 4f ! 5d transitions. For silicate and germanate compounds,
each spin allowed band is accompanied by a much weaker spin forbid-
den transition at �0.8 eV lower energy. This all suggests that the weak
excitation band peaked at 300 nm (4.13 eV) in Fig. 2(f) is the first spin
forbidden transition to the lowest crystal field split 5d state. The first
spin allowed band is then expected at about 0.8 eV higher energy or
around 252nm. Therefore, we assign the 250nm (4.96 eV) band to the
first spin allowed transition. The higher energy excitation band peaked
near 232 nm (5.34 eV) is then most likely the second spin allowed 4f
! 5d band that should be accompanied by the second spin forbidden
transition at 0.83 eV lower energy or 4.51 eV (275nm). This is proba-
bly too weak to appear in Fig. 2(f). The band peaked at 268.5 nm
(4.62 eV) is then most likely the Tb3þ!CB IVCT band with intensity
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in between that of the first spin allowed and first spin forbidden 4f
! 5d bands. This assignment is analogous to the one made for
NaLuGeO4:0.005Tb

3þ in Fig. 4(d) in Ref. 34.
We next inspect the excitation bands peaked at 240nm (5.17 eV)

and 259nm (4.79 eV) for LiScGeO4:0.005Pr
3þ in Fig. 2(e). On average,

the first 4f! 5d transition in Pr3þ is at�0.13 eV lower energy than in
Tb3þ. With the assignments for Tb3þ above, one then expects that the
first and second 4f! 5d transitions for Pr3þ are at�4.83 eV (257 nm)
and �5.21 eV (238nm), respectively. This then suggests that the exci-
tation band peaked at�259 nm (4.79 eV) is the first 4f! 5d transition
and the excitation band peaked at �240 nm (5.17 eV) is the second 4f
! 5d transition. The Pr3þ!CB IVCT band is expected at similar
energy as for Tb3þ ! CB IVCT band (4.62 eV), which is then hidden
under the more intense 4f ! 5d bands of Pr3þ. Unfortunately, the 4f
! 5d and IVCT band energies are quite close and one should there-
fore regard the assignments as tentative. The ionic radii of Liþ

(CN¼ 6), Sc3þ (CN¼ 6), Tb3þ (CN¼ 6), Pr3þ (CN¼ 6), Eu3þ

(CN¼ 6), Bi3þ (CN¼ 6), and Ge4þ (CN¼ 4) are 0.76, 0.75, 0.92, 0.99,
0.95, 1.03, and 0.39 Å, respectively. Another complicating factor is the
almost similar ionic radius of Liþ and Sc3þ that creates various possible
defect structures. Tb3þ often occupies a Sc3þ site but may also occupy a
Liþ site, which is then charge compensated by Liþ on a nearby Sc3þ site
(so-called anti-site occupation). The same applies to Pr3þ, Eu3þ, and
Bi3þ.

With the estimated U parameters of 6.90 and 6.94 eV, and the
above determined transition energies for host exciton creation (Eex),
O2� ! Eu3þ CT (ECT), and IVCT from Tb3þ or Pr3þ to the CB bot-
tom, the VRBE diagrams of LiScGeO4 and LiSc0.25Lu0.75GeO4 with the
energy level locations of various divalent and trivalent lanthanide lan-
thanides were constructed as shown in Fig. 1 and S1. For comparison,
the revised VRBE diagram for LiLuGeO4 is shown in Fig. S2 by utiliz-
ing improved VRBE parameters in Ref. 21. Although it differs only a
few 0.1 eV from that of LiScGeO4, it is still of relevance for the location
of TL glow peaks.

B. VRBE at Bi31 1S0 and Bi21 2P1/2 in LiScGeO4

and LiSc0.25Lu0.75GeO4

Figure 2(d) shows the photoluminescence excitation spectrum of
LiScGeO4:0.005Bi

3þ at 10K. In Ref. 35, the following empirical rela-
tion between the energy of the Bi3þ 1S0 ! 3P1 (A-band) transition
(EA) and the

1S0! 1P1 transition (EBiC) was established as follows:

EBiC ¼ 3:236þ 2:290� ðEA � 2:972Þ0:856: (2)

Using Eq. (2) and the Bi3þ 1S0 ! 3P1 transition (EA) at 297.6 and
308nm for LiScGeO4:0.005Bi

3þ, the Bi3þ 1S0 ! 1P1 (EBiC) is to be
expected near 5.90 eV (210 nm) and 5.63 eV (220nm). The same
applies to LiSc0.25Lu0.75GeO4:0.005Bi

3þ at 10K in Fig. S7(c). The
experimentally detected high energy excitation bands peaked near
197nm in Fig. 2(d) and near 202 nm in Fig. S7(c) are close to the above
predicted Bi3þ 1S0 ! 1P1 transition energy values. They are then
ascribed to the Bi3þ 1S0 ! 1P1 transition, i.e., Bi3þ C-band.36 The
slightly lower energy but broader excitation band peaked at
�231.9 nm in Figs. 2(d) and S7(c) is then assigned to the electron
transfer from the Bi3þ 1S0 ground state to the conduction band bot-
tom, i.e., the Bi3þ D-band.22,37 Generally, traps in persistent lumines-
cence or storage phosphors can be filled by the Bi3þ D-band

excitation. This feature is consistent with the thermoluminescence
excitation plot of LiScGeO4:0.003Bi

3þ in Fig. 3(g).
Subtracting the energy values of Bi3þ D-bands from the conduc-

tion band bottom (Ec) energies, the VRBEs in the Bi3þ 1S0 ground
states are found to be �8.11 eV for LiScGeO4, �8.34 eV for
LiSc0.25Lu0.75GeO4, and �8.06 eV for LiLuGeO4. They are in agree-
ment with the result in Ref. 38 that the VRBE in the Bi3þ 1S0 ground
state appears near�8 eV for compounds with a U-value near 7.0 eV as
in LiScGeO4. The VRBEs in the Bi3þ 3P1 and

1P1 excited states can
then be determined by adding the Bi3þ A-band and C-band energies
to the VRBEs in the Bi3þ 1S0 ground states. The VRBE in the 2P1/2
ground state of Bi2þ was found in the range from �3 to �4 eV in dif-
ferent oxide compounds.39 It is assumed that the same range applies to
LiScGeO4, LiSc0.25Lu0.75GeO4, and LiLuGeO4 in this work. All the
obtained Bi3þ and Bi2þ energy level locations are drawn in the VRBE
diagrams as shown in Figs. 1, S1, and S2.

C. Rational design of storage phosphors by combining
VRBE diagrams with conduction band engineering

The VRBE diagram of LiScGeO4 in Fig. 1 predicts that Eu3þ acts
as an �1.25 eV deep electron trapping center, while the Pr3þ, Tb3þ,
and Bi3þ act as about 2.15, 2.19, and 1.5 eV deep hole capturing cen-
ters, respectively. The similar applies to LiLuGeO4 in Fig. S2. Figures 3
(a)–3(f) evidence that Pr3þ, Tb3þ, and Bi3þ indeed work as recombi-
nation and luminescence centers in LiScGeO4. Combining a less deep
Eu3þ electron trap with deep Pr3þ, Tb3þ, and Bi3þ hole traps, it is
expected that the electrons stored at Eu2þ will liberate at lower temper-
ature than the hole captured at Pr4þ, Tb4þ, or Bi4þ in LiScGeO4.
Figure 4(a) shows that a new and common TL glow band peaked at
�461K corresponding with a trapping depth of �1.07 eV indeed
appears in the Eu3þ co-doped LiScGeO4. The similar applies to Eu3þ

co-doped LiLuGeO4 in Fig. 4(c) where a new and common TL band
peaked at about 417K corresponding with a trapping depth of
�0.98 eV also emerges. We therefore attribute the new and common
TL glow band peaked at �461K for LiScGeO4 and at �417K for
LiLuGeO4 to the electron release from Eu2þ that recombines with the
holes located at Bi4þ, Pr4þ, or Tb4þ. The energy released by recombi-
nation excites Bi3þ, Pr3þ, and Tb3þ to their excited states and then
Bi3þ A-band, Pr3þ, and Tb3þ characteristic 4f ! 4f emissions are
observed during TL-readout.

The VRBE diagrams of LiScGeO4, LiSc0.25Lu0.75GeO4, and
LiLuGeO4 in Figs. 1, S1, and S2 predict that the VRBE at the conduc-
tion band bottom slightly decreases by�0.1 eV when the Sc is replaced
by Lu. Such a small difference is smaller than the accuracy of the
VRBE diagrams. Figure 4(b) and S10 demonstrate that the Eu2þ TL
glow peak shifts to 40–60K lower temperature in LiSc1�xLuxGeO4:
0.01Bi3þ,0.001Eu3þ, LiSc1�xLuxGeO4:0.001Bi

3þ,0.001Eu3þ, and
LiSc1�xLuxGeO4:0.005Tb

3þ,0.001Eu3þ when the x is increased from 0
to 1. This experimentally evidence that the Eu3þ trapping depth is
slightly decreased by 0.1 eV, which can be useful to verify the
prediction of the small Eu3þ trap depth variation from
the VRBE diagrams in Figs. 1, S1, and S2. We therefore ascribe
the TL band shifting toward 40–60 K lower temperature to the
decreased activation energy for electron liberation from Eu2þ

due to the conduction band lowering with increasing x in
LiSc1�xLuxGeO4.
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D. Evaluating non-real-time force recording
application

Figure 7(c) compares the TL glow curves of LiSc0.25Lu0.75GeO4:
0.005Tb3þ,0.001Eu3þ solid solution charged by grinding, 254 nm UV-
light, or x-rays. A new wide TL band peaked at�656K in the tempera-
ture range from �525 to 723K appears only when the compound was
mechanically ground in an agate mortar with a pestle. It indicates that
new traps were formed by mechanical grinding, which can be filled
with a part of the free charge carriers yielded by means of mechanical
excitations. The similar applies to other mechanically ground
LiSc1�xLuxGeO4 compounds in Fig. 7(a) and S23–S25 where new and
wide TL bands repeatedly appear in the temperature range from about
500 to 723K. These new TL bands are well above RT. It means that
charge carriers formed by mechanical stimulation can be stably stored
at RT. The amount of the stored charge carriers linearly increases with
increasing the grinding force duration as evidenced in Figs. 7(b), S24,
and S25(e). These results collectively imply that the developed Eu3þ

co-doped LiSc1�xLuxGeO4 compounds have potential utilization for
the non-real-time force recording application as illustrated in Fig. 7(e).

The trapping depths of these new TL bands have been roughly
determined to be in the range from 1.4 to 1.6 eV by utilizing Eq. (1),
Tm values, and the frequency factors obtained in Fig. 4(e). Using these
calculated trapping depths, the VRBEs in the energy level locations of
these traps are placed between�4.1 and �4.3 eV. They have been col-
lectively labeled as traps FS in Fig. 1. During mechanical stimulation
with grinding, free charge carriers can be generated in the
LiSc1�xLuxGeO4 compounds, possibly with a triboelectricity9,40 or pie-
zoelectricity41 excitation route. The produced electrons move freely
through the conduction band and then be captured at traps FS. The
produced holes move freely in the valence band, which can be finally
trapped by Tb3þ or Bi3þ, forming Tb4þ or Bi4þ. Figure 7(c) shows the
TL glow curves of LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ charged
first by grinding for 300 s and then stimulated by 365nm UV-light for
different durations from 0 to 300 s. The energy of 365 nm (3.40 eV)
UV-light is higher than the above calculated trapping depths. During
exposure to 365 nm UV-light or thermal stimulation during TL-
readout, the stored charge carriers formed by mechanical stimulation
can be excited to recombine and yield luminescence.

E. Evaluating anti-counterfeiting and x-ray imaging
applications

Figures 5(d), 5(e), S21, and S22 show the TL glow curves of Eu3þ

co-doped LiSc1�xLuxGeO4 irradiated first by 254 nm UV-light and
then with additional photon stimulation. The energies of the used wide
range 365nm (�3.4 eV) UV-light to 850 nm light (�1.5 eV) are higher
than that of the Eu3þ trapping depth (�1 eV) as verified in Fig. 4(e). It
means that the electrons trapped at Eu2þ can be excited to the conduc-
tion band with such photon stimulation. The excited electrons then
relax to the conduction band bottom and move to recombine with
the holes stored at Bi4þ or Tb4þ, forming optically stimulated Bi3þ 3P1
! 1S0 or Tb

3þ 5D4! 7Fj emissions like in Fig. 5(f).
Figures 5(a) and S19 evidence that the amount of stored charge

carriers at Eu2þ linearly increases with increasing the x-ray exposure
duration. Figures 5(b) and 5(c) evidence that the amount of stored
charge carriers at Eu2þ has a low fading rate. Figure 5(d)–5(f) evidence
that the stored charge carriers at Eu2þ can be released by means of

efficiently optical stimulated luminescence with a wide range 365–
850 nm infrared light. Figures 6(a) and 6(d) evidence that the opti-
mized LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ has excellent charge
carrier storage capacity and chemical stability. The emission wave-
length can be tailored from ultraviolet A (UVA) to red by selecting dif-
ferent hole trapping and luminescence centers of Bi3þ, Tb3þ, or Pr3þ

as demonstrated in Figs. 3(a)–3(f). These features collectively indicate
that the developed Eu3þ co-doped LiSc1�xLuxGeO4 storage phosphors
have potential use as smart light dosimeters for anti-counterfeiting and
x-ray imaging applications as illustrated in Figs. 8 and 9.

IV. CONCLUSIONS

In this work, data from photoluminescence spectroscopy and
thermoluminescence studies have been used to establish the vacuum
referred binding energy (VRBE) diagrams for LiScGeO4,
LiSc0.25Lu0.75GeO4, and LiLuGeO4 family of compounds. The photolu-
minescence emission and excitation spectra of undoped, Bi3þ, Eu3þ,
Tb3þ, or Pr3þ single doped LiScGeO4 and LiSc0.25Lu0.75GeO4 were first
studied at 10K or RT in the spectral range from 125 to 750nm. The
results were then utilized to establish the VRBE diagrams for the
LiSc1�xLuxGeO4 family of compounds, which provide the VRBEs in
the ground and excited states of Bi3þ, trivalent, and divalent lantha-
nides. The VRBEs in the Bi3þ 1S0 ground states are about�8.11 eV for
LiScGeO4, �8.34 eV for LiSc0.25Lu0.75GeO4, and �8.06 eV for
LiLuGeO4. The VRBEs in the Bi2þ 2P1 ground states were assumed
around �3.56 0.5 eV, which need to be verified further. These
obtained VRBE diagrams are helpful to understand the trapping and
de-trapping processes of charge carriers with various physical excita-
tions, which then can guide us to rationally exploit storage phosphors
for various applications.

As an example, the Bi3þ or/and Ln3þ (Ln¼Tb, Pr, or Eu) doped
LiSc1�xLuxGeO4 family of compounds were systematically investi-
gated. By combining Eu3þ with Bi3þ, Tb3þ, or Pr3þ, Eu3þ works as an
�1.0 eV deep electron capturing center, while Bi3þ, Tb3þ, or Pr3þ

work as about 1.5, 2.15, or 2.19 eV deep hole capturing and recombina-
tion centers in LiScGeO4. A common Eu2þ TL glow band peaked near
461K appears in x-ray irradiated LiScGeO4 at b¼ 1K/s. During TL-
readout, the electrons stored at Eu2þ are released to combine with the
holes stored at Bi4þ, Tb4þ, or Pr4þ, yielding characteristic Bi3þ 3P1
! 1S0, Tb

3þ, or Pr3þ 4f ! 4f transitions. The Eu3þ electron trapping
depth can be controlled by tailoring x in LiSc1�xLuxGeO4:
0.001Bi3þ,0.001Eu3þ and LiSc1�xLuxGeO4:0.005Tb

3þ,0.001Eu3þ,
resulting in conduction band engineering. The integrated TL intensity
of the optimized LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ irradiated by
x-rays is about two times higher than that of the state-of-the-art x-ray
storage phosphor BaFBr(I):Eu2þ. Particularly, a force induced
charge carrier storage phenomenon appears in Eu3þ co-doped
LiSc1�xLuxGeO4 (x¼ 0–1) compounds. The amount of stored charge
carriers by mechanical excitation linearly increases with increasing the
grinding duration. During grinding excitation, 254nm UV-light, or
x-ray charging, free charge carriers are first stored at Eu2þ or unin-
tended defects, which then can be liberated by means of an optically
stimulated luminescence process with a wide range 365–850 nm stim-
ulation. Proof-of-concept non-real-time force recording, anti-
counterfeiting, and x-ray imaging applications were proposed by utiliz-
ing the developed LiSc1�xLuxGeO4 storage phosphors. This work not
only deepens our understanding of the capturing and de-trapping pro-
cesses with various physical excitations but can also trigger scientists to
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rationally discover new storage phosphors by constructing and exploit-
ing the VRBEs in the energy level locations of bismuth and lanthanide
levels in different compounds.

V. EXPERIMENTAL

We bought the Li2CO3 (99.99%) from the Macklin Biochemical
Technology company (Shanghai, China). The other raw materials
were bought from the Aladdin Biochemical Technology company
(Shanghai, China). All the starting chemicals were stored in a dry cabi-
net and then utilized without further treatment. Bi3þ and/or lantha-
nides doped LiScGeO4, LiLuGeO4, or LiSc1�xLuxGeO4 solid solutions
were synthesized by using a high temperature solid-state reaction
method. An excess of 10% Liþ above the compound composition stoi-
chiometry has been used in order to compensate the loss of Liþ during
synthesis at high temperature. The masses of dopants were calculated
based on molar ratios between different elements in compound com-
positions like in LiSc0.25Lu0.75GeO4:0.001Bi

3þ,0.001Eu3þ. About 0.8 g
stoichiometric mixture was composed of Li2CO3 (99.99%), Sc2O3

(99.99%), Lu2O3 (99.99%), GeO2 (99.99%), Bi2O3 (99.99%), Eu2O3

(99.99%), Pr6O11 (99.99%), or Tb4O7 (99.99%). The mixture was
placed in an agate mortar and then carefully mixed with the help of a
pestle and acetone solution in a fume hood. The homogeneously
mixed powder was placed in a covered corundum crucible. It was first
kept at 800 �C for 2 h and then at 1150 �C for 6 h or 10 h under ambi-
ent atmosphere in a tube furnace. A heating rate of 3 �C/min was
employed for the furnace. Finally, the synthesized compounds were
naturally cooled down to room temperature (RT, �298K) and then
were ground prior to further measurements or treatment.

The structures of all the synthesized compounds were checked with
a Japan Rigaku SmartLa x-ray diffraction setup. Photoluminescence
emission (PL) and excitation (PLE) spectra in the spectral range from
�130 to�750nm were recorded in vacuum at 10K by using the Beijing
VUV spectroscopy station BSRF facility. The above 200nm PLE, PL,
thermoluminescence (TL) excitation (TLE), room temperature (RT) iso-
thermal afterglow, and x-ray excited emission spectra were measured by
utilizing an Edinburgh FLS980 fluorescence spectrometer. It contains a
MOXTEK TUB00154-9I-W06 x-ray tube (60 KV, 200 lA, 12W), a
450W xenon lamp, a 4W Hg lamp, and a Hamamatsu R928P
photomultiplier. The emission spectra were corrected by the wavelength
dependent quantum efficiencies of the used R928P photomultiplier.
All the obtained photoluminescence excitation spectra have been cor-
rected by the excitation intensities as a function of wavelength.
Thermoluminescence (TL), x-ray excited emission intensities as a func-
tion of time, and RT isothermal decay curves were recorded with a facil-
ity. It contains a MOXTEK TUB00083-2 x-ray tube, a 4W Hg lamp, a
red-sensitive Hamamatsu R928P photomultiplier, a heater operated in
the temperature range from 300 to �773K, a cryostat operated in the
temperature range from 100 to 600K, and an ultraviolet to infrared spec-
trometer (Ocean Optics, QE65000), and a SCHOTT BG-39 filter. For TL
measurements, a constant sample mass of�0.0300 g was used. For a fair
TL intensity comparison, a fixed dose of x-rays from the MOXTEK
TUB00083-2 x-ray tube operated at 30 KV, 50 lA, 1.5W was utilized.
The x-ray dose rate is about 0.5Gy/min. A fixed dose (�300lW/cm2) of
254nm UV-light from a 4WHg lamp was used. The TL intensities were
corrected by the sample mass and the x-ray or 254nmUV-light charging
time. The commercial reference x-ray storage phosphor BaFBr(I):Eu2þ

was purchased from the Agfa-Gevaert company.5 The state-of-the-art
Al2O3:C chip with 0.5 cm diameter and 1mm thick was bought from the

LANDAUER company. The commercial ZnS:Mn2þ mechanolumines-
cencematerial has been bought from the Shanghai Keyan phosphor tech-
nology company (https://kpt.net.cn/en/contact_en/).

To explore x-ray imaging and color-tailorable afterglow for anti-
counterfeiting applications, the synthesized powder storage phosphors
were carefully sifted by a 200 mesh screen. The sifted LiLuGeO4:
0.005Tb3þ,0.001Eu3þ and/or LiScGeO4:0.003Pr

3þ compounds were
dispersed in a transparent ink solution to print a QR code or a photo-
graph of Albert Einstein on a sheet of paper by using a typical screen
printing technique. The LiSc0.25Lu0.75GeO4:0.005Tb

3þ,0.001Eu3þ

x-ray storage phosphor was first well mixed with silicone gel solution
(Sylgard 184, Dow Corning). The mixture was then placed in a smooth
sapphire plate based mold, which was kept at 75 �C with a duration of
3 h. A nice Nikon D850 camera or an iPhone 6s Plus was utilized to
take the photographs shown in this work.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on VRBE diagrams,
XRD patterns, photoluminescence excitation (PLE) spectra, emission
(PL) spectra, afterglow decay curves, thermoluminescence (TL) glow
curves, and afterglow movies of the LiSc1�xLuxGeO4 family of
compounds.
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