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Indirect evidence of Bi3+ valence change and dual role of Bi3+ in trapping 
electrons and holes for multimode X-ray imaging, anti-counterfeiting, and 
non-real-time force sensing 

Tianshuai Lyu a,*, Pieter Dorenbos b, Zhanhua Wei a,* 

a Xiamen Key Laboratory of Optoelectronic Materials and Advanced Manufacturing, Institute of Luminescent Materials and Information Displays, College of Materials 
Science and Engineering, Huaqiao University, Xiamen 361021, China 
b Department of Radiation Science and Technology, Faculty of Applied Sciences, Section Luminescence Materials, Delft University of Technology, Mekelweg 15, Delft 
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A B S T R A C T   

Discovering bismuth based smart materials that can respond to thermal, mechanical, and wide range X-ray to 
infrared photon excitation remains a challenge. Such materials have various uses like in advanced information 
encryption. In this work, valence state change between Bi2+, Bi3+, and Bi4+, and the dual role of Bi3+ in trapping 
electrons and holes have been studied in Bi3+ or/and Ln3+ (Ln=Tb or Pr) doped LiScGeO4 family of compounds 
by vacuum referred binding energy (VRBE) diagram construction, thermoluminescence, and spectroscopy. 
Electron release from Bi2+ has been evidenced. It can be used to experimentally determine the VRBE in the Bi2+
2P1/2 ground state and to realize Bi3+ negative quenching luminescence. Particularly, a new force induced charge 
carrier storage phenomenon has been discovered for non-real-time force recording. Wide range of emission 
tailorable afterglow, unique Bi3+ ultraviolet-A, white, and infrared afterglow have been demonstrated by using 
Bi3+ as a hole trapping and recombination center and using energy transfer processes from Bi3+ to Tb3+, Pr3+, 
Dy3+, or Cr3+. Proof-of-concept advanced anti-counterfeiting, information encryption, and X-ray imaging will be 
demonstrated. This work not only develops smart storage phosphors, but more importantly unravels the valence 
change between Bi2+, Bi3+, or Bi4+ and how it can affect the trapping and release of charge carriers with thermal, 
optical, or mechanical excitation. This work therefore can promote the discovery and development of Bi3+ based 
smart materials for various applications.   

1. Introduction 

A mechanoluminescence (ML) material is known as an inorganic 
compound which instantaneously emits photons during mechanical 
excitation [1–6]. Because of this feature, it has promising use in various 
fields [7–10], for instance in remote compression force distribution 
sensing [11], advanced anti-counterfeiting optical system [12], and 
structure damage inspection [13]. The best known ML materials are ZnS: 
Cu+, Mn2+ [14] and SrAl2O4:Eu2+ [15]. For ML materials based appli
cations, an expensive photomultiplier or complementary metal oxide 
semiconductor (CMOS) based light detector or camera has to be 
constantly used [16]. It is challenging to realize ML imaging since a 
mechanoluminescence process is generally transient and ML intensity is 
weak [17]. Particularly, a CMOS based flat panel detector has to be 

placed underneath a ML film for near-distance ML imaging [18]. The 
expensive panel detector can be easily damaged during mechanical 
excitation. 

A new force induced charge carrier storage (FICS) phenomenon can 
be used for non-real-time force sensing and storage [19]. The FICS 
phenomenon was studied in Ref. [20]. It shows unique use to record an 
accidental moment like collision recording during vehicle accidents 
when mechanical excitation is transiently and randomly occurring. Few 
compounds are found to have the FICS phenomenon. In Ref. [20], ZnS: 
Cu+ and (Ba, Sr)Si2O2N2:Ln2+, Dy3+ (Ln=Eu or Yb) with thermolumi
nescence (TL) glow bands in the temperature range from 280 to 600 K 
are reported. The trapping and de-trapping processes are not fully clear. 
For example, the effect of optical stimulation on the stored charge car
riers by mechanical grinding is not known. Since the TL glow band is 
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close to room temperature (RT), the stored charge carriers generated 
during mechanical grinding rapidly fade at RT, leading to the loss of 
stored force information. Currently, it is unclear how to discover new 
compounds with the FICS phenomenon. The development of new al
ternatives then remains a challenge. 

An afterglow or storage phosphor is known as an inorganic com
pound which stores free electrons and holes in traps after being irradi
ated by ionizing radiation like X-ray or γ-ray [21,22]. It has promising 
use in various fields like X-ray computed tomography (CT) [23], 
advanced anti-counterfeiting [24], dental radiographic imaging [25], 
advanced information encryption, and smart display [26]. The trapping 
and release processes of electrons and holes are crucial to understand 
how an afterglow or storage phosphor works [27]. Generally, there are 
many defects in compounds, which may act as electron or hole capturing 
centers [28]. Their energy level locations are often unknown. The 
transport processes of charge carriers are then difficult to discuss, 
resulting in a poor understanding of afterglow and storage phosphors 
[29–33]. This issue can be dealt with for lanthanide dopants with the 
chemical shift model that was developed in 2012 [34,35]. An improved 
version of the model was presented in Ref. [36]. It allows one to accu
rately determine vacuum referred binding energies (VRBEs) in the en
ergy levels of different lanthanides in compounds like in Fig. 1 published 
in Ref. [37]. 

A short summary of white afterglow inorganic phosphors is provided 
in Table S1. There are rare reports on white and ultraviolet-A (315–400 
nm) afterglow phosphors [38]. Ultraviolet-A afterglow has various uses 
like in photodynamic therapy and energy-saving catalysis [39]. White 
afterglow emission matches with the eye sensitivities of cone and rod 
retina cells. It means that the color of an object can be correctly emerged 
in the dark by using the white afterglow as an illumination source. This 
is a unique feature for developing illumination applications. There is 
interest to develop new white and ultraviolet-A afterglow phosphors. 

Doping of bismuth into inorganic compounds appears an interesting 
strategy to discover new luminescent, storage, and mechanolumi
nescence materials [40–43], for example in Cs2Ag0.6Na0.4InCl6: Cr3+, 
Bi3+ [44], Bi1.5ZnNb1.5O7 [45], LiScGeO4:Bi3+ [46], Sr3Sc2Ge3O12:Bi3+

[47], and Ca1-xBaxZnOS:Bi3+ [48]. Bismuth has different valence states 
like Bi2+ and Bi3+ which show many electronic transitions [49]. It is 
often difficult to assign excitation bands. VRBE diagrams containing the 

energy level locations of Bi2+ and Bi3+ are rarely reported until now. 
Deep and convincing understanding on luminescence mechanism, 
trapping, and de-trapping processes of electrons and holes still remains a 
challenge. Particularly, the valence state change between Bi2+, Bi3+, or 
Bi4+ is still not fully clear. More than 120 h ultraviolet-A persistent 
luminescence was claimed in Bi3+ doped LiScGeO4 after 254 nm 
UV-light charging [46,50]. It means that LiScGeO4 with many defect(s) 
is a promising compound to develop new afterglow or storage phos
phors. However, the nature of defects in Bi3+ doped LiScGeO4 still re
mains unknown. To solve this problem, photoluminescence excitation 
and emission spectra of Bi3+, Tb3+, or Pr3+-doped LiScGeO4 and of the 
undoped host were investigated at 10 K in a recent case study in 
Ref. [37]. Results are utilized to establish the VRBE diagram of LiScGeO4 
including the energy level locations of Bi3+ and different lanthanides. It 
is partly shown in Fig. 1. Based on this VRBE diagram, Eu3+ was evi
denced as a shallow electron trap and Bi3+, Pr3+, and Tb3+ co-dopants 
acted as stable hole traps in LiScGeO4. Good charge storage properties 
were demonstrated where upon recombination the electron liberated 
from Eu2+ transports via the conduction band to recombine with either 
Bi4+, Pr4+, or Tb4+ to generate Bi3+, Pr3+, or Tb3+ recombination 
emission. In the VRBE diagram in Fig. 1, Bi3+ is predicted to act as a 0.74 
±0.5 eV shallow electron trapping center. However, the real VRBE in the 
Bi2+ 2P1/2 ground state in LiScGeO4 remains unknown. Particularly, how 
to engineer Bi2+ electron trapping depth in Bi3+ doped LiScGeO4 for 
developing new afterglow and storage phosphors is still not known. The 
same applies to Bi3+ doped LiTaO3 [51]. LiScGeO4 and LiLuGeO4 have 
the same crystal structure but with slightly different VRBE in the con
duction band. A thermoluminescence study of Bi3+ doped LiSc1-xLux

GeO4 solid solutions will be helpful to determine the VRBE in the 
Bi2+ 2P1/2 ground state. Moreover, the valence state change between 
Bi2+, Bi3+, or Bi4+ is not evidenced and the FICS phenomenon has not 
yet been reported in Bi3+ or/and Ln3+ (Ln=Tb or Pr) doped LiScGeO4 
family of compounds. 

In this work, the valence state change between Bi2+, Bi3+, and Bi4+

after illumination by 254 nm or 365 nm of different duration has been 
evidenced in the LiScGeO4 family of compounds by utilizing the VRBE 
diagram, thermoluminescence, and spectroscopy. Electron liberation 
from Bi2+ to recombine with holes captured at Bi4+, Tb4+, or Pr4+ has 
been demonstrated in Bi3+ or/and Ln3+ doped LiScGeO4 and LiLuGeO4. 

Fig. 1. Vacuum referred binding energy (VRBE) diagram for the LiScGeO4 compound. The VRBE level locations of Bi2+, Bi3+, and different lanthanides are provided. 
A comparison of the VRBE in the predicted and experimentally deduced Bi2+ 2P1/2 ground state is shown. 
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Based on this result, the VRBE in the Bi2+ 2P1/2 ground state has been 
experimentally determined to be ~− 3.35 eV for LiScGeO4 and LiLu
GeO4. Proof-of-concept Bi3+ negative quenching luminescence has been 
demonstrated by using electron liberation from Bi2+. 

Particularly, a new force induced charge carrier storage (FICS) 
phenomenon has been demonstrated in Bi3+ or/and Ln3+ doped LiSc
GeO4 family of compounds. The stored charge carriers created by the 
FICS effect can be liberated by wide range of 365 to 656 nm laser. The 
FICS effect has promising use in non-real-time force storage and sensing 
application. To develop emission-tailorable phosphors with unique 
white and infrared afterglow for anti-counterfeiting application, Dy3+

and Cr3+ are co-doped with Bi3+ by exploiting energy transfer processes. 
Wide range of emission tailorable afterglow, unique Bi3+ UVA after
glow, and white afterglow have been demonstrated by using Bi3+ as a 
hole trapping, recombination center, and energy transfer processes from 
Bi3+ to Tb3+, Pr3+, Dy3+, or Cr3+. Proof-of-concept advanced anti- 
counterfeiting, information encryption, and X-ray imaging have been 
demonstrated by using the developed Bi3+ or/and Ln3+ doped LiScGeO4 
family of compounds. This work not only reports smart storage phos
phors, but more importantly unravels the valence change between Bi2+, 
Bi3+, or Bi4+ and how it can affect the trapping and release of charge 
carriers with thermal, optical, or mechanical excitation. This work 
therefore can promote the discovery and development of Bi3+ based 
smart materials for various applications. 

2. Experimental 

The starting Li2CO3 material with a high purity of 4 N (99.99%) was 
bought from the Shanghai Makclin Biochemical company. The other 
starting materials (99.99%) were purchased from the Shanghai Aladdin 
Biochemical Technology company. Bi3+, Cr3+, and different lanthanides 
doped LiSc1-xLuxGeO4 (x = 0 until 1) compounds were synthesized with 
a high temperature solid-state reaction method. Li+ partly volatilizes at 
high temperature during synthesis. More than 10% Li+ above its stoi
chiometric ratio in LiSc1-xLuxGeO4 was then utilized. The masses of the 
utilized dopants have been determined by molar ratios of dopants to a 
compound host composition. Based on the compound compositions like 
LiSc0.25Lu0.75GeO4:0.005Bi3+, appropriate chemicals of Li2CO3 
(99.99%), Sc2O3 (99.99%), Lu2O3 (99.99%), GeO2 (99.99%), Bi2O3 
(99.99%), Cr2O3 (99.99%), Pr6O11 (99.99%), Tb4O7 (99.99%), Dy2O3 
(99.99%), or CeF3 (99.99%) were weighted and then well mixed in an 
agate mortar with the help of a pestle and ethanol solution. The milled 
chemicals were placed in a covered corundum crucible. They were kept 
first at 800 ◦C for 2 h and then at 1150 ◦C for 10 h in a tube furnace under 
ambient atmosphere. A heating rate of 3 ◦C/min was used for the tube 
furnace. After cooling to RT (~298 K), the synthesized compounds were 
ground prior to further measurements. To explore anti-counterfeiting 
application, LiTaO3:0.005Bi3+, 0.002Dy3+ with afterglow and photo
chromic features and Cs2ZrCl6:0.01Sb3+ perovskite crystals with intense 
photoluminescence upon 254 or 365 nm excitation have been synthe
sized by the methods in Refs. [52,53]. 

The structures of the synthesized LiSc1-xLuxGeO4 compounds were 
first identified with a Japan Rigaku SmartLa X-ray diffraction setup. 
Transmission electron microscope (TEM) photograph and energy 
dispersive X-ray (EDX) mapping were recorded by a FEI Talos F200X G2 
(Enfinium SE 976) facility. X-ray excited emission spectra as a function 
of time at 100 K were measured by a setup which consists of a cryostat, a 
QE65000 spectrometer (Ocean Optics), and a MOXTEK TUB00083–2 X- 
ray tube that is operated at 45 kV, 70 μA, and 3.15 W. For X-ray excited 
scintillation light yield comparison, X-ray excited emission spectra at RT 
were recorded by a Edinburgh FLS980 spectrometer together with a 
TUB00154–9I-W06 X-ray tube (MOXTEK, Ltd.) which is operated at 60 
kV, 200 μA, and 12 W. The photoluminescence excitation (PLE) spec
trum (λem=358 nm) of LiSc0.25Lu0.75GeO4:0.005Bi3+ at 10 K and pho
toluminescence emission (PL) spectra of LiScGeO4:0.005Bi3+ in the 
temperature range from 10 to 310 K were measured with the 4B8 VUV 

spectroscopy station at Beijing Synchrotron Radiation Facility (BSRF). 
Above 200 nm PLE and PL spectra, fluorescence decay curves, and 

RT isothermal decay spectra or curves after a Hg lamp (254 nm UV-light) 
or different energy photon illumination were measured in the dark by a 
Edinburgh FLS1000 spectrometer. The PLE spectra were corrected by 
wavelength dependent intensities of the used xenon lamp. The PL 
spectra were corrected by the wavelength dependent detection quantum 
efficiencies of the utilized photomultipliers in the FLS1000 spectrom
eter. Thermoluminescence (TL) emission (TLEM) spectra, TL glow 
curves, RT isothermal decay curves, optically stimulated luminescence, 
and X-ray excited integrated emission intensities from ~300 to 750 nm 
were measured by a setup. It combines a cryostat operated in the tem
perature range from 100 to 600 K, a heater operated in the temperature 
range from RT (~298 K) to 773 K, a Hamamatsu R928P photomultiplier 
(PMT), a shutter, a Hg lamp (254 nm UV-light, ~300 μW/cm2), a 365 
nm UV-lamp (~400 μW/cm2), a commercial white light-emitting diode 
(WLED) lamp (~60 mW/cm2), a 656 nm laser emitting diode (~8 mW/ 
cm2), and a MOXTEK TUB00083–2 X-ray tube. The dose rate of the X-ray 
tube operated at 30 kV, 50 μA, and 1.5 W is ~0.5 Gy/min. For above RT 
TL comparison, the X-ray exposure duration is fixed at 200 s and a 
constant sample mass of ~0.0300 g has been used for all samples. Prior 
to TL measurements, samples have been heated to 723 K at a heating 
rate of 1 K/s and then kept at 723 K for 180 s in order to release 
randomly stored charge carriers in traps. The above RT TL intensities are 
comparable since they are recorded by a same setup with a same 
configuration. 

3. Results 

3.1. Demonstrating Bi3+ valence state change with spectroscopy in Bi3+

co-doped LiSc1-xLuxGeO4 

Fig. 2(a) presents the X-ray diffraction (XRD) patterns for the syn
thesized Bi3+ or/and lanthanides doped LiScGeO4. All the prepared 
compounds are of single phase since their XRD patterns are consistent 
with the LiScGeO4 reference card (PDF#78–1327). The similar applies 
to Bi3+ or/and lanthanides doped LiLuGeO4 in Fig. S2. 

In Ref. [37], we studied Eu3+ doping acting as shallow e-trap and 
with Bi3+, Tb3+, or Pr3+ as deep hole traps. In this work, we focus on 
Bi3+ as shallow e-trap co-doped with Tb3+ or Pr3+ as deep hole traps 
where Bi3+ can also act as deep hole trap. In addition, Dy3+ or Cr3+ was 
used as co-dopants with the aim to change the emission color by 
exploiting energy transfer processes with Bi3+. 

To unravel the luminescence nature, Bi3+, Cr3+, and/or lanthanides 
doped LiSc1-xLuxGeO4 family of compounds are first studied. Fig. 2(b) 
shows the continuous X-ray excited emission spectra of LiScGeO4: 
0.003Bi3+ as a function of time at 100 K. 100 K was selected because the 
nature of emissions can be better distinguished at 100 K compared with at 
RT. The emission spectrum is composed of a weak Bi3+ 3P1→1S0 emission 
band peaked at ~362 nm and a broad emission band peaked at ~540 nm 
attributed to the intense host exciton emission (Eex) [37]. Fig. 2(c) pre
sents the continuous X-ray excited emission spectra of LiScGeO4: 
0.005Pr3+ at 100 K. The emission spectrum shows the host exciton 
emission (Eex) and the typical Pr3+ 4f→4f emission lines. Fig. 2(d) shows 
the X-ray excited emission spectra of LiSc0.25Lu0.75GeO4:0.005Bi3+, 
0.002Tb3+, 0.004Pr3+ as a function of time at 100 K. The emission 
spectrum shows the host exciton emission (Eex), the Bi3+ 3P1→1S0, and 
characteristic 4f→4f emission lines of both Tb3+ and Pr3+. 

Fig. 2(e) shows the photoluminescence excitation (PLE) and emission 
(PL) spectra of LiScGeO4:0.005Bi3+, 0.005Tb3+ recorded at RT. Upon 
250 or 288 nm excitation, both the Bi3+ 3P1→1S0 and the Tb3+ 5D4→7Fj 
emissions emerge. Monitored at the Bi3+ emission at 360 nm, the PLE 
spectrum is composed of the Bi3+ excitation D-band peaked at ~230 nm 
and the Jahn-Teller split Bi3+ 1S0→3P1 excitation bands peaked at about 
297 and 307 nm [54]. Monitored at the Tb3+ typical emission at 552 nm, 
not only the intrinsic Tb3+ excitation bands peaked at 250 and 266 nm 
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appear, but also both the Bi3+ excitation D-band and the A-band are 
observed. It means that there is an energy transfer process from Bi3+ to 
Tb3+ in LiScGeO4:0.005Bi3+, 0.005Tb3+. Figs. 2(f) and S23 show the 
PLE and PL spectra of LiScGeO4:0.003Bi3+, 0.005Pr3+, LiScGeO4: 
0.003Bi3+, 0.005Dy3+, and LiScGeO4:0.005Bi3+, 0.005Cr3+. Like 
LiScGeO4:0.005Bi3+, 0.005Tb3+ in Fig. 2(e), the common Bi3+ excita
tion D-band and A-band also emerge in the PLE spectra in Fig. S23 when 
the typical Dy3+ or Cr3+ emissions are monitored at 580 or 1100 nm [55, 
56]. It implies that there are energy transfer processes from Bi3+ to Dy3+

or Cr3+, respectively. 
Fig. 3(a) shows the PLE and PL spectra of LiScGeO4:0.003Bi3+. Upon 

296 nm excitation, a broad emission band peaked near 354 nm appears. 
Like in Ref. [37,50,57–59], it is attributed to the Bi3+ 3P1→1S0 transi
tion. Monitored at 360 nm, the PLE spectrum is composed of an exci
tation band peaked at ~231 nm and two excitation bands peaked at 
~296 and ~306 nm. Different than that in Ref. [50], the excitation band 
peaked at ~231 nm is newly observed, which is attributed to charge 
transfer from Bi3+ to the conduction band (CB) of LiScGeO4, i.e., the Bi3+

D-band. The excitation bands peaked at ~296 and ~306 nm are 
attributed to the Jahn-Teller split Bi3+ 1S0→3P1 excitation [60–62]. 

To unravel the luminescence nature of bismuth, Bi3+ single doped 
LiSc1-xLuxGeO4 family of compounds are studied. Fig. 3(b) and 3(c) 
present the PL (λex=290 nm) and PLE (λem=350 nm) spectra for LiSc1- 

xLuxGeO4:0.005Bi3+. With increasing x, ~5 nm blue-shift emerges in the 
Bi3+ 3P1→1S0 emission band. The Bi3+ excitation A-band remains sta
tionary, while about 4 nm red-shift appears in the Bi3+ excitation D- 
band. 

Fig. 3(d) compares the photoluminescence excitation (PLE, λem=358 
nm) spectrum at 10 K and the thermoluminescence excitation (TLE) 
curve for the LiSc0.25Lu0.75GeO4:0.005Bi3+ which is a representative 
solid solution for the prepared LiSc1-xLuxGeO4 family of compounds. It 
indicates that traps can be filled through the Bi3+ D-band excitation. 

To study the valence state change of Bi3+, PLE and PL spectra after 

254 nm UV-light illumination in the dark were recorded. Fig. 3(e) and (f) 
show the PLE spectra (λem=360 nm) for LiSc0.25Lu0.75GeO4:0.005Bi3+

and LiScGeO4:0.003Bi3+ after being illuminated by 254 nm UV-light 
with different duration. With increasing 254 nm UV-light exposure 
duration, both the intensities of the Bi3+ excitation D-band and A-band 
gradually decrease. This will be attributed to the valence state change 
from Bi3+ to Bi4+. Fig. 3(g) gives the PL spectra (λex=300 nm) of 
LiScGeO4:0.003Bi3+ after being irradiated by 254 nm UV-light with a 
duration from 0 until 300 s in the dark. The ratios of the integrated PL 
intensity from 308 to 500 nm without 254 nm UV-light illumination to 
that with 254 nm UV-light illumination are listed as percentages in the 
legend in Fig. 3(g). The integrated PL intensity gradually decreases with 
increasing 254 nm UV-light exposure time, further evidencing the 
valence state change of Bi3+→Bi4+. Fig. 3(h) shows the PL spectra 
(λex=300 nm) of LiScGeO4:0.003Bi3+ after being charged by 254 nm 
UV-light for 300 s and then illuminated by 365 nm UV-light with 
different duration from 0 until 240 s in the dark. The PL intensity can be 
recovered with 365 nm UV-light stimulation. This will be attributed to 
the valence state change of Bi4+→Bi3+ which is associated with electron 
liberation from traps upon 365 nm stimulation that recombines with 
Bi4+ to form Bi3+. 

Fig. 3(i) shows the photoluminescence decay curves (λem=360 nm) 
of LiScGeO4:0.003Bi3+ upon 310 nm excitation after being charged by 
254 nm UV-light with a duration from 0 until 600 s in the dark. The 
calculated decay time has been provided in the legend of Fig. 3(i). The 
average decay lifetime is about 4.4 μs. The charging by 254 nm illumi
nation will reduce the Bi3+ concentration but not necessarily affect the 
Bi3+ decay time. 

Fig. 3(j) shows a 2D contour plot of temperature dependent photo
luminescence spectra from 10 to 310 K for LiScGeO4:0.05Bi3+ upon the 
Bi3+ D-band (λex=232.6 nm) excitation. Their integrated PL intensity as 
a function of temperature is shown in Fig. 3(k). It first decreases from 10 
to ~150 K, then increases from ~150 to ~260 K, and finally decreases 

Fig. 2. (a) XRD patterns, (b)–(d) X-ray excited emission spectra as a function of time at 100 K, and (e), (f) photoluminescence excitation (PLE) and emission (PL) 
spectra for LiScGeO4 doped with Bi3+, Tb3+, or Pr3+. 
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Fig. 3. PLE and PL spectra for (a) LiScGeO4:0.003Bi3+ and (b), (c) LiSc1-xLuxGeO4:0.005Bi3+. (d) A comparison of photoluminescence excitation (PLE) spectrum 
(λem=358 nm) at 10 K and thermoluminescence excitation (TLE) spectrum for LiSc0.25Lu0.75GeO4:0.005Bi3+. (e) PLE spectra of LiSc0.25Lu0.75GeO4:0.005Bi3+ after 
being illuminated by a Hg lamp. (f) PLE (λem=360 nm) and (g) PL spectra (λex=300 nm) for LiScGeO4:0.003Bi3+ after being illuminated by 254 nm UV-light with 
different duration. (h) PL spectra of LiScGeO4:0.003Bi3+ after being illuminated first by 300 s 254 nm UV-light and then with 365 nm UV-light for different duration. 
(i) Decay curves of LiScGeO4:0.003Bi3+ after being illuminated by 254 nm UV-light. (j) PL spectra (λex=232.6 nm) and (k) integrated PL intensities as a function of 
temperature from 10 to 310 K for LiScGeO4:0.005Bi3+. 
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from ~260 to ~310 K. The PL increase between ~150 and 310 K will be 
attributed to the electron release from Bi2+ and recombination with the 
holes stored at Bi4+, yielding enhancement of Bi3+ A-band emission. 

3.2. Demonstrating Bi3+ as a deep hole trapping and recombination center 
for color-tailorable persistent luminescence 

In Ref. [37], Bi3+, Pr3+, and Tb3+ all provide deep hole traps, but 
Bi3+ can also act as a 0.74±0.5 eV shallow electron trap based on the 
prediction of VRBE diagram in Fig. 1. In the discussion part, we will 
discuss the mechanism where an electron is released from Bi2+ to 
recombine with Bi4+, Pr4+, Tb4+. To develop emission-tailorable phos
phors with unique white and infrared afterglow for anti-counterfeiting 
application, Dy3+ and Cr3+ are co-doped with Bi3+ by exploiting en
ergy transfer processes. Fig. 4(a) presents the RT isothermal decay 
spectra of LiScGeO4:0.003Bi3+ after being irradiated by 254 nm UV-light 
(~300 μW/cm2) for 60 s. More than 0.5 h Bi3+ 3P1→1S0 (UVA) afterglow 
can be detected. The same applies to the LiSc0.25Lu0.75GeO4:0.005Bi3+

in Fig. S3. Fig. 4(b) until 4(d) give the RT isothermal decay spectra for 
LiScGeO4:0.005Bi3+, 0.005Tb3+, LiScGeO4:0.003Bi3+, 0.005Pr3+, and 
LiScGeO4:0.003Bi3+, 0.005Dy3+ after being charged by 254 nm UV-light 
for 60 s. Besides observing the Bi3+ A-band afterglow, Tb3+, Pr3+, or 
Dy3+ 4f→4f afterglow can be detected. The color coordinates of the 
afterglow spectra recorded at 5 s after 254 nm UV-light charging is 
provided in Fig. 4(i). Fig. 4(h) shows a RT isothermal decay spectrum for 
LiScGeO4:0.005Bi3+, 0.005Cr3+ after being illuminated by 254 nm 
UV-light for 240 s in the dark. The Cr3+ 4T2→4A2 afterglow can be 
observed because of the energy transfer process from Bi3+ to Cr3+ as 
demonstrated in Fig. S23(b). 

Since the Tb3+ 4f→4f afterglow covers the spectral range from 400 to 
575 nm and the Pr3+ 4f→4f afterglow covers the spectral range from 590 
to 700 nm, white afterglow may be realized through adjusting the 
concentration of Bi3+, Tb3+, or Pr3+. Fig. 4(e) and 4(f) show the RT 
isothermal decay spectra of Bi3+, Tb3+, and Pr3+-codoped 
LiSc0.25Lu0.75GeO4 afterglow phosphors after being charged by 254 nm 
UV-light. More than 0.5 h white afterglow with a color coordinate of 

Fig. 4. (a) until (h) Room temperature (RT) isothermal afterglow spectra, (g) afterglow photographs, and (i) afterglow color coordinates for LiScGeO4 and 
LiSc0.25Lu0.75GeO4 doped with Bi3+, Cr3+, or different lanthanides after being illuminated by 254 nm UV-light in the dark. (j) TL glow curves of LiSc0.25Lu0.75GeO4: 
0.005Pr3+ and LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 0.004Pr3+ after being irradiated by 254 nm UV-light for 20 s. The TL intensities have been corrected by the 
sample mass and the irradiation time. The emissions of Bi3+, Tb3+, and Pr3+ in the wavelength range from 300 to 750 nm was monitored during TL-readout. 
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(0.34, 0.35) can be measurable in LiSc0.25Lu0.75GeO4: 0.005Bi3+, 
0.002Tb3+, 0.004Pr3+. 

Fig. 4(j) compares the TL glow curves at β=1 K/s for 
LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 0.004Pr3+ and LiSc0.25Lu0.75 
GeO4:0.005Pr3+ after being irradiated by 254 nm UV-light for 20 s. 
Stronger TL intensity at 320 K appears in LiSc0.25Lu0.75GeO4:0.005Bi3+, 
0.002Tb3+, 0.004Pr3+. 

3.3. Demonstrating Bi3+ as a shallow electron trapping center in LiSc1- 

xLuxGeO4 

In the VRBE diagram in Fig. 1, Bi3+ is predicted to act as a 0.74±0.5 
eV deep electron trapping center. To understand the role of Bi3+ during 
the charge carrier trapping process, a thermoluminescence study has 
been carried out for the Bi3+ doped LiSc1-xLuxGeO4 compounds. 

Fig. 5(a) presents the above 100 K thermoluminescence emission 
(TLEM) spectra measured at β=1 K/s for LiScGeO4:0.005Pr3+ after being 
irradiated by X-rays at 100 K. Two TL glow bands peaked at ~240 and 

256 K with Pr3+ typical 4f→4f emissions in the spectral range from 550 
to 950 nm are observed. They will be attributed to electron liberation 
from intrinsic defects in LiScGeO4:0.005Pr3+ and recombination with 
the hole stored at Pr4+. Fig. 5(b) shows the above 100 K TLEM spectra 
for X-ray charged LiScGeO4:0.003Bi3+. Different than that in 
LiScGeO4:0.005Pr3+, a new and strong TL glow band peaked near 268 K 
with Bi3+ typical 3P1→1S0 (A-band) emission appears in 
LiScGeO4:0.003Bi3+. Herein, the TL band peaked about 268 K is named 
the Bi2+ TL band. It will be attributed to electron release from Bi2+ and 
recombination with the hole captured at Bi4+ to yield Bi3+ 3P1→1S0 
transition. Fig. 5(c) gives the above 100 K TLEM spectra for 
LiScGeO4:0.003Bi3+, 0.005Pr3+ after being irradiated by X-rays. Similar 
to that in LiScGeO4:0.003Bi3+, a weak Bi3+ A-band emission is observed 
in Fig. 5(c). The same TL glow band peaked near 268 K with the Pr3+

typical 4f→4f emissions are observed in LiScGeO4:0.003Bi3+, 
0.005Pr3+. It will be assigned to electron release from Bi2+ and recom
bination with the hole trapped at Pr4+ to generate the Pr3+ 4f→4f 
emissions. 

Fig. 5. (a) until (c) Above 100 K thermoluminescence emission (TLEM) spectra, (d) until (g) above 100 K, and (h) above 303 K TL glow curves of Bi3+, Tb3+, Pr3+, or 
Cr3+ doped LiSc1-xLuxGeO4 (x = 0 until 1) after being irradiated by X-rays in the dark. (i) Afterglow photographs recorded at 5 s after 254 nm UV-light charging and 
(j) RT isothermal decay curves after being charged by 300 s X-rays for LiSc1-xLuxGeO4: 0.005Bi3+. The afterglow intensities in (j) are corrected by the irradiation time 
and sample mass for a fair intensity comparison. 
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Fig. 5(d) until 5(f) compare the TL glow curves of Bi3+, Cr3+, or/and 
lanthanides doped LiScGeO4 after being irradiated by X-rays at 100 K in 
the dark. A new and intense TL glow band peaked at about 260 K ap
pears in Bi3+-codoped LiScGeO4, which is consistent with the TLEM 
spectra as shown in Fig. 5(a), (c). The TL mechanisms are illustrated in 
the legends of Fig. 5(d) until (f). 

To further verify electron release from Bi2+, Fig. 5(g) compares the 
above 100 K TL glow curves recorded at β=1 K/s for LiSc1- 

xLuxGeO4:0.005Bi3+ (x = 0 until 1) after being charged by X-rays at 100 
K. With increasing x from 0 to 1, about 4 K shifting towards lower 
temperature appears in the Bi2+ TL glow band. Broadening of the Bi2+

TL glow band is observed for x = 0.25 and x = 0.75. Since the Bi2+ TL 
glow band emerges in the temperature range from 200 to 350 K, electron 
release from Bi2+ by thermal activation at RT will yield Bi3+ persistent 
luminescence. 

Fig. 5(h) gives the above 303 K TL glow curves of LiSc1- 

xLuxGeO4:0.005Bi3+ after being illuminated by X-rays in the dark at RT. 
With increasing x from 0 to 1, TL glow band shifting from 401 to 365 K 
appears. The integrated TL intensity gradually increases with increasing 
x. It then leads to gradual enhancement of the RT isothermal afterglow 
intensity with increasing x. This is evidenced by the afterglow photo
graphs in Fig. 5(i) and the decay curves in Fig. 5(j). 

Fig. 5(j) presents the RT isothermal decay curves of LiSc1- 

xLuxGeO4:0.005Bi3+ (x = 0 until 1) after being illuminated by X-rays for 
300 s in the dark. The Bi3+ afterglow intensity gradually increases with 
increasing x. Compared with the background level of the utilized pho
tomultiplier, more than 3 h Bi3+ afterglow can be recordable for x = 0 to 
x = 1. 

Fig. 6. TL glow curves recorded at β=1 K/s and afterglow photographs for (a), (b) LiScGeO4:0.003Bi3+, 0.005Ln3+ (Ln=Pr, Tb, or Dy) and (c), (d) LiScGeO4:xBi3+, 
0.005Tb3+ after 254 nm UV-light charging. (e) A variable heating rate plot, (f) TL glow curves after being irradiated by X-rays with different duration, (g) TL fading 
characteristic, (h) RT isothermal decay curves, (i) TL glow curves after being first charged by 254 nm UV-light for 20 s and then illuminated by a commercial WLED 
with different duration, (j) RT isothermal decay curves after being first charged by 20 s 254 nm UV-light and then with 850 nm infrared light stimulation, and (k) TL 
glow curve for LiScGeO4:0.003Bi3+, 0.005Tb3+ after exposure to water. 
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3.4. Developing smart storage phosphors by using Bi3+ as a hole trapping 
and recombination center 

Based on Bi3+ as a hole trapping and recombination center, a co- 
doping strategy has been explored for Bi3+ and Ln3+ (Ln=Tb, Pr, or 
Dy) doped LiSc1-xLuxGeO4 compounds to develop smart storage 
phosphors. 

Fig. 6(a) shows the TL glow curves for LiScGeO4:0.003Bi3+ and 
LiScGeO4:0.003Bi3+, 0.005Ln3+ (Ln=Pr, Tb, or Dy) after being irradiated 
by 254 nm UV-light for 20 s. TL glow bands peaked near 325, 399, and 
481 K appear for all samples. They will be attributed to electron trapping 
defects. The Ln3+ co-doping not only leads to color tailorable afterglow in 
Fig. 6(b), but also results in stronger TL intensities in Fig. 6(a). Compared 
with the LiScGeO4:0.003Bi3+, the integrated TL intensity from 303 to 650 
K has been increased by 25 times for LiScGeO4:0.003Bi3+, 0.005Tb3+ and 
by about 5.3 times for LiScGeO4:0.003Bi3+, 0.005Dy3+. Since 
LiScGeO4:0.003Bi3+, 0.005Tb3+ has the strongest TL intensity, Bi3+, 
Tb3+-codoped LiScGeO4 has been studied further. 

Fig. 6(c) shows the TL glow curves for LiScGeO4:xBi3+, 0.005Tb3+ (x 
= 0.003 until 0.014) after being charged by 254 nm UV-light for 20 s in 
the dark. With increasing x, the intensities of TL glow bands peaked near 
323 and ~375 K gradually increase. Since these TL bands are close to 

RT, stronger afterglow appears with increasing x. This is illustrated by 
the afterglow photographs as shown in Fig. 6(d). 

Assuming that thermoluminescence is realized through a first-order 
recombination kinetics, one can estimate the electron trapping depths 
by utilizing a variable heating rate plot with the following equation 
[63–66]: 

ln
(

Tm
2

β

)

=
E

kTm
+ ln

(
E
ks

)

(1)  

where β means the used heating rate (K/s) which changes from β=0.4 K/ 
s to β=6.4 K/s in Fig. S13, Tm is the experimentally observed tempera
ture (K) of a TL glow peak at a given β, k means the Boltzmann constant, 
E is the trapping depth (eV), and s denotes the frequency factor for the 
studied compound. 

Since LiScGeO4:0.003Bi3+, 0.005Tb3+ has good charge carrier storage 
capacity, it has been further studied for developing smart storage phos
phors. Fig. 6(e) provides the variable heating rate plot of 
LiScGeO4:0.003Bi3+, 0.005Tb3+. For the TL glow peak at ~399 K in Fig. 6 
(a), a trapping depth of ~0.90 eV is determined from the slope of the 
fitted linear line through the data in Fig. 6(e). The frequency factor for 
LiScGeO4:0.003Bi3+, 0.005Tb3+ has been deduced to be s = 1.33 × 1010 s 

Fig. 7. (a) until (f) TL glow curves and integrated TL intensities as a function of grinding time for LiScGeO4:0.003Bi3+, LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 
0.004Pr3+, and LiScGeO4:0.003Bi3+, 0.005Tb3+ after being charged by grinding in an agate mortar with different time in the dark. TL glow curves measured at β=1 
K/s for LiScGeO4:0.003Bi3+, 0.005Tb3+ after first being charged by grinding and then illuminated by (g) 365 nm UV-light, (h) a 656 nm red laser beam, or (k) a 
WLED lamp with different duration in the dark. 
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− 1 from the intercept with the vertical axis. The trapping depths for 
different TL glow peaks like in Figs. 5, 6(a), (c), and 7 are then roughly 
estimated by applying Eq. (1) with β=1 K/s, s = 1.33 × 1010 s − 1, and the 
experimentally observed Tm values. 

Fig. 6(f) shows the TL glow curves recorded at β=1 K/s for 
LiScGeO4:0.003Bi3+, 0.005Tb3+ after being irradiated by X-rays with 
different duration from 30 s to 600 s in the dark. The integrated TL in
tensity from 303 to 650 K as a function of X-ray exposure duration has 
been provided in the inset of Fig. 6(f). The integrated TL intensity lin
early increases with increasing X-ray exposure time. The same applies 
for LiScGeO4:0.003Bi3+, 0.005Dy3+ in Fig. S14. This indicates that they 
can act as potential X-ray dosimeters. 

Fig. 6(g) presents the TL glow curves for LiScGeO4:0.003Bi3+, 
0.005Tb3+ after being illuminated by X-rays for 200 s and then with 
different delay time from 0 until 1 h in the dark prior to TL-readout. With 
increasing the delay time, the intensity of the TL glow band peaked near 
339 K rapidly decreases, while the intensity of the TL glow band peaked 
near 400 K slowly decreases. The TL glow band peaked near 483 K re
mains stationary. The ratios of the integrated TL intensity without delay 
to that of with different delay duration are given as percentages in the 
legend of Fig. 6(g). The TL intensity remains 80% after 1 h delay. The 
similar applies to LiScGeO4:0.003Bi3+, 0.005Dy3+ in Fig. S15. 

Fig. 6(h) presents the room temperature isothermal decay curves of 
LiScGeO4:0.003Bi3+, 0.005Tb3+ and LiSc0.25Lu0.75GeO4:0.005Bi3+, 
0.002Tb3+, 0.004Pr3+ storage phosphors after being illuminated by 254 
nm UV-light with a duration of 60 s in the dark. Compared with the 
background level of the used Hamamatsu R928P photomultiplier, more 
than 44 h green or white afterglow can be detectable in the dark. 

Fig. 6(i) gives the TL glow curves for LiScGeO4:0.003Bi3+, 0.005Tb3+

after first being charged by 254 nm UV-light for 20 s and then illumi
nated by a commercial WLED lamp (~60 mW/cm2) with different 
duration from 0 until 60 s in the dark. The intensities of the TL bands 
peaked near 330, 399, and 480 K gradually decrease with increasing 
WLED stimulation time. The similar applies for the stimulation light 
source of the 365 nm to 850 nm infrared light in other LiScGeO4 family 
of compounds as shown in Fig. S17 and S18. The ratios of the integrated 
TL intensity with only 254 nm UV-light charging to that of with addi
tional WLED illumination has been listed as percentages in the legend of 
Fig. 6(i). For 1 or 20 s WLED stimulation, about 44% or 94% stored 
charge carriers have been liberated. 

Fig. 6(j) compares the RT isothermal decay curves of 
LiScGeO4:0.003Bi3+, 0.005Tb3+ after being charged by 20 s 254 nm UV- 
light or/and then illuminated by 850 nm infrared light from 60 to 200 s 
in the dark. Compared with no 850 nm stimulation in Fig. 6(j2), about 
37 times stronger emission intensity emerges when the 850 nm infrared 
light is turned on in Fig. 6(j1). This is because of the electron liberation 
from traps by means of the 850 nm optically stimulated luminescence 
process. The phosphor area after being illuminated then has less intense 
afterglow. This physical feature with 656 nm laser stimulation has been 
used to smartly display an afterglow “U” letter as demonstrated in the 
inset of Fig. 6(j1). 

The stability of a storage phosphor after being exposed to water is 
crucial for practical applications. Fig. 6(k) shows the TL glow curves of 
X-ray irradiated LiScGeO4:0.003Bi3+, 0.005Tb3+ without and with 
exposure to water for a duration of 1 h. The integrated TL intensity re
mains 78% after exposure to water for 1 h. 

3.5. Evaluating potential non-real-time force sensing application with 
Bi3+ as a stable hole trap 

Trapping of free charge carriers formed by mechanical stimulation 
has been explored in Bi3+ or/ and lanthanides doped LiScGeO4 family of 
compounds for developing non-real-time force sensing application. 

Fig. 7(a) until 7(c) provide the TL glow curves obtained at β=1 K/s 
for LiScGeO4:0.003Bi3+, LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 
0.004Pr3+ solid solution, and LiScGeO4:0.003Bi3+, 0.005Tb3+ after 

being charged by means of grinding in an agate mortar with different 
duration from 0 until 600 s in the dark. TL glow bands peaked near 
610–650 K in the temperature range from 500 to 723 K are observed. 
The intensity of the TL glow band gradually increases with increasing 
the grinding time. The same applies to the LiScGeO4:0.003Bi3+, 
0.005Pr3+ and LiScGeO4:0.003Bi3+, 0.005Dy3+ in Fig. S21. This means 
that trapping of free charge carriers formed by mechanical stimulation 
can be repeatedly observed in different LiScGeO4 family of compounds. 

Fig. 7(d) and 7(e) give the integrated TL intensities as a function of 
grinding duration for LiScGeO4: 0.003Bi3+ and 
LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 0.004Pr3+ compounds. The 
integrated TL intensity linearly increases with increasing the grinding 
duration. This implies that the developed Bi3+ co-doped LiScGeO4 
family of compounds have potential utilization for non-real-time force 
sensing and storage application. 

To unravel the trapping and release of free charge carriers formed by 
mechanical stimulation, LiScGeO4: 0.003Bi3+, 0.005Tb3+ has been 
studied further. Fig. 7(f) compares the TL glow curve measured at β=1 
K/s for LiScGeO4:0.003Bi3+, 0.005Tb3+ after being charged by means of 
254 nm UV-light illumination for 20 s or by grinding in an agate mortar 
with a pestle for 5 min in the dark. Different than by 254 nm UV-light 
charging, the TL glow band peaked at ~621 K is newly observed by 
mechanical grinding. Note that this new TL band can be repeatedly 
observed in LiScGeO4:0.003Bi3+, 0.005Tb3+ with mechanical grinding. 

Fig. 7(g) until 7(k) show the TL glow curves at β=1 K/s for 
LiScGeO4:0.003Bi3+, 0.005Tb3+ after being charged by mechanical 
grinding and then followed by 365 nm, 656 nm laser, or a commercial 
WLED illumination for different duration in the dark. The ratios of the 
integrated TL intensity with only mechanical grinding to that of with 
additional optically illumination are listed as percentages in the legends 
of Fig. 7(g) until 7(k). The intensity of the TL glow band peaked at ~621 
K gradually decreases with increasing the illumination duration. 

3.6. Evaluating anti-counterfeiting and X-ray imaging applications with 
dual role of Bi3+ in trapping electrons and holes 

Based on the dual role of Bi3+ in trapping electrons and holes, the 
developed LiScGeO4 family of compounds have been further exploited 
for potential anti-counterfeiting and X-ray imaging applications. 

A smart anti-counterfeiting application is first explored by utilizing 
multimode luminescence. Fig. 8(a) shows a text of “HQU”. As illustrated 
in Fig. 8(b), it can be constituted of four special phosphors, i.e., the 
LiTaO3:0.005Bi3+, 0.002Dy3+ perovskite with photochromic and after
glow properties, Cs2ZrCl6:Sb3+ perovskite with high photoluminescence 
at both 254 and 365 nm excitation, LiScGeO4:0.003Bi3+, 0.015Tb3+

with green afterglow feature, and LiScGeO4:0.003Bi3+, 0.005Pr3+ with 
red afterglow property. 

Fig. 8(c) and 8(d) show that the LiTaO3:0.005Bi3+, 0.002Dy3+ based 
letter “H” rapidly changes from white to brownish after being illumi
nated by 254 nm UV-light for 10 s. It can repeatedly change from 
brownish to white after being illuminated by 365 nm UV-light to 850 nm 
laser beam. The feature of the rapid and reversible photochromism can 
be used as one component for smart anti-counterfeiting application. 

Fig. 8(e) and 8(f) demonstrate that the Cs2ZrCl6:Sb3+ perovskite 
based letter “Q” shows bright yellow emission upon both 254 nm and 
365 nm excitation. The LiTaO3:0.005Bi3+, 0.002Dy3+ based letter “H”, 
LiScGeO4:0.003Bi3+, 0.015Tb3+, and LiScGeO4:0.003Bi3+, 0.005Pr3+

based “U” only show cyan, green, and red emissions upon 254 nm 
excitation in the dark. The tailorable photoluminescence color upon 254 
or 365 nm excitation can be utilized as a feature for smart anti- 
counterfeiting application. 

Fig. 8(g) and 8(h) show that color tailorable afterglow letter from 
cyan “H” to green and red “U” appears in the dark after being irradiated 
by 254 nm UV-light for 80 s. The afterglow is obtained because of the RT 
thermally stimulated Bi3+ A-band in LiTaO3:0.005Bi3+, 0.002Dy3+ and 
Tb3+ or Pr3+ 4f→4f emissions in LiScGeO4:0.003Bi3+, 0.015Tb3+ or 
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LiScGeO4:0.003Bi3+, 0.005Pr3+. 
Fig. 8(i) shows that afterglow “H” and “U” gradually disappear in the 

dark with increasing fading time after 254 nm UV-light charging. 8(j) 
demonstrates that the colourful information storage and readout of 
letters “H” and “U” is realized by thermally stimulated Bi3+ A-band in 
LiTaO3:0.005Bi3+, 0.002Dy3+ and Tb3+ or Pr3+ 4f→4f emissions in 
LiScGeO4:0.003Bi3+, 0.015Tb3+ or LiScGeO4:0.003Bi3+, 0.005Pr3+ at 
365 K. Note that the Bi3+ A-band afterglow in Bi3+, Tb3+- or Bi3+, Pr3+- 
codoped LiScGeO4 is not visible to the eye, but can be detected by using 
a photomultiplier or a QE65000 spectrometer. 

To develop more advanced anti-counterfeiting application, 
ultraviolet-A (UVA), color-tailorable, and white afterglow has further 
been explored. 

Fig. 9(a) shows how an afterglow phosphor can be used for QR code 
based information storage and anti-counterfeiting applications. After
glow phosphors LiScGeO4:0.005Bi3+, 0.005Tb3+, LiSc0.25Lu0.75GeO4: 
0.005Tb3+, LiSc0.25Lu0.75GeO4:0.005Pr3+, or LiSc0.25Lu0.75GeO4: 
0.005Bi3+, 0.002Tb3+, 0.004Pr3+ have been respectively dispersed in 
transparent ink solution to print different QR codes on a sheet of a 
normal paper with a screen printing technique as shown in Fig. 9(b1), 9 
(c1), 9(d1), and 9(e1). These QR codes are almost invisible to an eye 
during daylight. This concealment characteristic can be used as a feature 

for advanced anti-counterfeiting application. After 254 nm UV-light 
illumination, green in Fig. 9(b2), cyan in Fig. 9(c2), red in Fig. 9(d2), 
and white in Fig. 9(e2) until 9(e4) afterglow QR codes are visible in the 
dark. The afterglow intensities are strong enough to be scanned by a 
mobile phone to read out the hidden information in the dark as shown in 
Fig. 9(b3), 9(c3), 9(d3), and 9(e5). 

The white afterglow QR code in Fig. 9(e2) until 9(e4) is unique, 
which is rarely reported. It can be correctly visible to an eye in the dark 
compared with other color afterglow QR codes in Fig. 9(b2), 9(c2), and 9 
(d2). Another unique feature for the white afterglow QR code in Fig. 9 
(e2) is that it shows special ultraviolet-A (UVA) Bi3+ 3P1→1S0 persistent 
luminescence in the spectral range from 300 to 400 nm. The UVA 
afterglow can only be detected by a spectrometer, which can be utilized 
as a secret feature for anti-counterfeiting application. Note that 
LiScGeO4:0.005Bi3+, 0.005Cr3+ with unique Cr3+ infrared afterglow can 
be potentially used for developing anti-counterfeiting QR code. 

Bi3+ as a shallow electron trap has been exploited for developing 
smart labeling. Fig. 10(a) presents the above 100 K TL glow curve 
measured at β=1 K/s for LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 
0.004Pr3+ after being irradiated by X-rays for 100 s at 100 K. A Bi2+ TL 
glow band peaked at near 270 K emerges in the temperature range from 
~200 to 350 K. LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 0.004Pr3+

Fig. 8. (a) until (j) Proof-of-concept smart anti-counterfeiting application by using multimode luminescence from different phosphors with unique optical features, i. 
e., LiTaO3:0.005Bi3+, 0.002Dy3+, Cs2ZrCl6:Sb3+, LiScGeO4:0.003Bi3+, 0.015Tb3+, and LiScGeO4:0.003Bi3+, 0.005Pr3+. 
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has been dispersed in silicone gel to make a flexible film. Fig. 10(b) il
lustrates that it can be placed on the surface of a bottle to monitor the 
storage and transport of vaccines that should be kept at low temperature 
like 200 K. During exposure to X-ray or 254 nm UV-light in Fig. 10(c) 
and 10(e), the phosphor in the film is charged. A smart label can be 
flexibly designed after first being charged by 254 nm UV-light and then 
selectively illuminated by 656 nm laser as shown in Fig. 10(g). If the 
ambient temperature has been increased from 200 K to RT (~300 K), 
white afterglow labels are clearly visible to the eye in the dark like in 
Fig. 10(d), 10(f), and 10(h). If the ambient temperature is always kept at 
200 K, one should observe the Bi2+ TL band peaked at 270 K as shown in 
Fig. 10(a). 

The developed LiScGeO4:0.003Bi3+, 0.005Tb3+ was first sifted by a 
200 mesh screen and then dispersed in silicone gel to fabricate a flexible 
X-ray imaging film as shown in Fig. 11(a). A bright green afterglow film 
appears in Fig. 11(b) and 11(c) in the dark because of room temperature 
thermally stimulated Tb3+ 4f→4f emissions from LiScGeO4:0.003Bi3+, 
0.005Tb3+ after being charged by 254 nm UV-light. 

Fig. 11(d) illustrates that the LiScGeO4:0.003Bi3+, 0.005Tb3+ based 
film is placed underneath a black object. They are perpendicularly 
exposed to X-rays in the dark. After X-ray exposure, the black object has 
been removed from the film. An X-ray imaging photograph of a chip is 
visible to the eye in the dark because of thermally stimulated Tb3+ 4f→4f 
emissions at RT in Fig. 11(e) or 380 K in Fig. 11(f). 

The LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 0.004Pr3+ based 
flexible film has also been explored for X-ray imaging. Fig. 11(g1) until 

11(g3) present that the film was placed underneath a red pen, chicken 
claws, and a Pb based X-ray imaging plate. They are perpendicularly 
exposed to X-rays in the dark. After X-ray exposure, the red pen, chicken 
claws, and Pb based plate were removed. The film was kept at about 403 
K to get the nice X-ray imaging photographs as shown in Fig. 11(g4) 
until 11(g6). One then can distinguish the inner structure of the red pen 
in Fig. 11(g4), the hard bones, and tissues of the chicken claws in Fig. 11 
(g5). The X-ray imaging resolution is roughly determined to be ~20 lp/ 
mm in Fig. 11(g6). Compared with the white color in Fig. 10(d), pink 
color appears in Fig. 11(g4) until 11(g6), possibly due to the decreased 
ratio of Tb3+ emissions to that of Pr3+ at ~403 K. This feature can be 
used as a secret component for developing temperature dependent anti- 
counterfeiting applications. 

4. Discussion 

4.1. VRBE in the Bi2+ 2P1/2 in LiScGeO4 and LiLuGeO4 

Doping of bismuth into inorganic compounds is an interesting 
strategy to develop new optical storage and mechanoluminescence 
materials, for instance in Sr3Y2Ge3O12:Bi3+ [67], SrZnSO:Bi3+ [68], 
MgGa2O4:Bi3+ [69], Ca1-xBaxZnOS:Bi3+ [48], and SrBaZn2Ga2O7:Bi3+

[61,62]. However, bismuth has different valence states like Bi2+, Bi3+, 
and Bi4+. The understanding of the luminescence mechanism, trapping, 
and de-trapping of electrons and holes in Bi2+ and Bi3+ doped com
pounds always remains a challenge. We propose that a deeper 

Fig. 9. (a) until (e) Proof-of-concept QR code anti-counterfeiting application by using color-tailorable and white afterglow from the developed LiScGeO4 and 
LiSc0.25Lu0.75GeO4 doped with Bi3+, Tb3+, or Pr3+ after being irradiated by 254 nm UV-light in the dark. 
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understanding can be reached by obtaining the knowledge of the energy 
level locations of Bi3+ and Bi2+ in compounds. In a recent case study in 
Ref. [37], the photoluminescence excitation and emission spectra of 
Bi3+ single doped LiScGeO4 were studied at 10 K. The results were used 
to determine the vacuum referred binding energies (VRBE) in the 1S0, 
3P1, and 1P1 states of Bi3+ in LiScGeO4 as given in the VRBE diagram in 
Fig. 1. In Ref. [49], first principles calculations were performed on the 
Bi3+/4+ and Bi2+/3+ charge transition levels in LiScGeO4. The calculated 
Bi3+ and Bi2+ ground states are 2.44 and 6.15 eV above the VB-top, 
respectively. It translates that the computed Bi3+ level is 1 eV higher 
than that in the VRBE diagram but the Bi2+ level is almost the same as 
that in our VRBE diagram in Fig. 1. However, the VRBE in the Bi2+ 2P1/2 
ground state in LiScGeO4 has not been experimentally determined yet. 
The valence state change between Bi2+, Bi3+, and Bi4+ is still unclear. 

In Ref. [70], spectroscopic data for Bi2+-doped in 15 different inor
ganic compounds were compiled and analyzed. The VRBE in the Bi2+
2P1/2 ground state was found to be in the energy range from about − 3 to 
− 4 eV. Based on this result, the VRBE in the Bi2+ 2P1/2 is first predicted 
to be about − 3.5 ± 0.5 eV for LiScGeO4 in Fig. 1. The same applies for 
LiLuGeO4. It translates that Bi2+ may act as a ~0.74±0.5 eV deep 
electron trapping center in LiScGeO4 and LiLuGeO4. 

Fig. 1 predicts that Bi3+ may work as a ~0.74±0.5 eV deep electron 
trap, while Tb3+, Pr3+, and Bi3+ work as about 2.19, 2.15, and 1.5 eV 
deep hole traps in LiScGeO4. By combining Bi3+ with Tb3+, Pr3+, or Bi3+

itself, electron liberation from Bi2+ may lead to thermally stimulated 
Tb3+, Pr3+, or Bi3+ typical emissions but with a common TL glow peak 
during TL-readout. Indeed, this prediction is evidenced by the TLEM 

spectra and TL glow curves as shown in Fig. 5(a) until 5(g) where a new 
and common TL glow band peaked at about 266 K emerges in the 
temperature range from 200 to ~320 K in Bi3+ co-doped LiScGeO4. A 
similar TL band peaked at ~262 K also appears in LiLuGeO4:0.005Bi3+

in Fig. 5(g). For LiSc1-xLuxGeO4:0.005Bi3+ (x = 0.25 or 0.75) solid so
lutions in Fig. 5(g), broadening of TL glow bands peaked at ~252 and 
274 K is observed. It is related to a trap depth distribution feature in the 
solid solutions. It means that the VRBE at the CB bottom has site-to-site 
fluctuations which are based on the statistics in substituting Sc by Lu in 
LiSc1-xLuxGeO4:0.005Bi3+ (x = 0.25 or 0.75) solid solutions [66,71,72]. 
We therefore assign the TL glow band peaked at ~266 K to the electron 
liberation from Bi2+ to recombine with the holes stored at Bi4+, Tb4+, or 
Pr4+ to generate Bi3+ 3P1→1S0, Tb3+, or Pr3+ typical 4f→4f emissions. By 
using Eq. (1) with β=1 K/s, s = 1.33 × 1010 s − 1, and the experimentally 
observed Tm=266 or 262 K, the Bi2+ electron trapping depth has been 
roughly determined to be ~0.59 eV. The VRBE in the Bi2+ 2P1/2 ground 
state is then deduced to be about − 3.35 eV by subtracting 0.59 eV from 
the VRBE in the CB bottom of LiScGeO4 or LiLuGeO4. The obtained 
VRBE in the Bi2+ 2P1/2 at − 3.35 eV is consistent with the predicted value 
of − 3.5 ± 0.5 eV. 

4.2. Bi3+ negative quenching luminescence with valence state change of 
Bi2+, Bi3+, and Bi4+

Fig. 3(k) shows the Bi3+ thermal quenching curve for 
LiScGeO4:0.005Bi3+ from 10 to 310 K upon Bi3+ D-band excitation. A 
Bi3+ negative quenching luminescence phenomenon unexpectedly 

Fig. 10. (a) until (h) Proof-of-concept smart labeling for low temperature monitoring by using LiSc0.25Lu0.75GeO4:0.005Bi3+, 0.002Tb3+, 0.004Pr3+ based silicone 
gel film. 
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appears from 150 to 310 K. Compared with that at 160 K, 1.22 times 
stronger Bi3+ 3P1→1S0 emission is observed at 260 K. Surprisingly, the 
Bi3+ negative quenching luminescence curve from 150 to 310 K in Fig. 3 
(k) highly resembles the Bi2+ TL glow band peaked at ~266 K as shown 

in Fig. 5(b) until 5(g). Considering the thermoluminescence excitation 
(TLE) curve in Fig. 3(d), a model of trapping and de-trapping of electrons 
at Bi2+ is proposed to explain this special Bi3+ negative quenching 
luminescence phenomenon. 

Fig. 11. (a) until (c) and (g1) The synthesized LiScGeO4:0.003Bi3+, 0.005Tb3+ and LiSc0.25Lu0.75GeO4: 0.005Bi3+, 0.002Tb3+, 0.004Pr3+ storage phosphors have 
been dispersed into silicone gel to make storage phosphors based flexible X-ray imaging films. (d) until (f) and (g1) until (g6) Proof-of-concept X-ray imaging by using 
the developed flexible X-ray imaging films. 
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As illustrated in the VRBE diagram in Fig. 1, during 254 nm UV-light 
exposure, i.e., the Bi3+ D-band excitation, electron is excited from the 
Bi3+ 1S0 ground state to the conduction band (CB), leading to the valence 
state change from Bi3+ to Bi4+. The free electron can finally lead to 
generate normal Bi3+ A-band emission. It can also be captured by Bi3+

trap to form Bi2+ at 10 K. With increasing temperature from 10 to 150 K, 
the probability of the electron escape from the Bi3+ D-band to the CB 
increases. This leads to that Bi3+ A-band emission gradually decreases in 
Fig. 3(k) and Bi3+ trap filling occurs. Due to the trap filling, the con
centration of Bi2+ and Bi4+ increases with increasing temperature. At 
150 K, concentration of Bi2+ is so high and thermal release of the elec
tron from Bi2+ rapidly occurs. When the temperature is above 150 K, the 
thermal activation energy gradually becomes high enough to liberate 
the electrons stored at Bi2+. Recombination of electrons liberated from 
Bi2+ with the holes captured at Bi4+ releases energy that excites Bi3+ to 
its 3P1 excited state. The Bi3+ 3P1→1S0 emission then compensates the 
drop of the Bi3+ emission intensity by a conventional thermal quenching 
process with increasing temperature [73–75]. 

Fig. 3(e) until 3(g) show the PLE and PL spectra of 
LiSc0.25Lu0.75GeO4:0.005Bi3+ and LiScGeO4:0.003Bi3+ after being 
charged by 254 nm UV-light in the dark with different duration at RT. In 
Fig. 5(b), the Bi2+ TL glow band is below RT. It means that during Bi3+

D-band excitation, the free electrons can be captured at Bi2+ but rapidly 
and automatically be released by thermal stimulation at RT. The free 
electrons can be directly stored at unintended electron traps instead of at 
Bi2+. The Bi3+ concentration is decreased by means of the valence 
change of Bi3+→Bi4+. As evidenced by the PLE and PL spectra in Fig. 3 
(e) until 3(g), the intensities of both the Bi3+ excitation and emission 
bands are dynamically decreased. Fig. 3(h) shows the PL spectra of 
LiScGeO4:0.003Bi3+ after first being charged by 254 nm UV-light for 
300 s and then illuminated by 365 nm UV-light for different duration. 
The electron trapping depths for the above RT TL glow bands in LiSc
GeO4 family of compounds are estimated to be in the range from ~0.7 to 
1.3 eV in Figs. 5(h), 6(c), and S9. The energy of the 365 nm stimulation 
light (3.4 eV) is much higher than that of the electron trap depths (~0.7 
to 1.3 eV). During 365 nm UV-light stimulation, a part of electrons 
stored at unintended electron trapping defects can be excited to con
duction band, which can be partly captured by Bi4+ to form Bi3+. This is 
consistent with the recovery of the Bi3+ A-band emission in Fig. 3(h). 

4.3. Fully controlling trapping and de-trapping of charge carriers by 
thermal, optical, and mechanical stimulation 

Fig. 5(g) and (h) compare the above 100 K and the above 303 K TL 
glow curves at β=1 K/s for LiSc1-xLuxGeO4:0.005Bi3+ (x = 0 until 1) 
after X-ray charging. The TL glow bands peaked near 252–274 K in Fig. 5 
(g) has been attributed to the electron liberation from Bi2+. Figs. 1, 4(a), 
and 5(b) evidence that Bi3+ acts a ~1.6 eV deep hole trapping and 
recombination center in LiScGeO4. The TL glow bands peaked in the 
range from near 365 K (0.82 eV) to 500 K (1.13 eV) are therefore related 
to unintended electron trapping defects in LiSc1-xLuxGeO4:0.005Bi3+. 
The same applies to LiScGeO4:0.003Bi3+, 0.005Ln3+ in Fig. 6(a) and 
LiScGeO4: xBi3+, 0.005Tb3+ compounds in Fig. 6(c). 

Fig. 6(g) shows the TL fading curves of LiScGeO4:0.003Bi3+, 
0.005Tb3+ after being irradiated by X-rays. Gradual fading of TL bands 
peaked at 339 and 400 K emerges. During thermal stimulation at RT, 
electrons stored at unintended defects are released to recombine with 
the holes captured at Bi4+ or Tb4+, producing Bi3+ 3P1→1S0 or Tb3+

5D4→7Fj (j = 0–6) afterglow emissions as evidenced in Figs. 4(b) and 6 
(h). 

The TL curves in Figs. 6, S17, and S18 show that de-trapping of 
electrons from traps can be realized in the LiScGeO4 family of com
pounds by stimulation with wide range of 365 nm to 850 nm infrared 
light. The energy of 365 nm (3.4 eV) to 850 nm (1.5 eV) is higher than 
that of the electron trapping depths from ~0.7 to 1.3 eV. Note that the 
energy is also higher than the hole trapping depths of Bi3+, Pr3+, and 

Tb3+. In principle these holes can also be excited to the VB. However, 
electrons in the CB will migrate much more rapidly than holes in the VB, 
and that recombination route is then expected to be dominant. During 
365 nm to 850 nm stimulation, electrons are released from unintended 
electron capturing defects to the conduction band. Energy is released 
when they recombine with the holes stored at Bi4+, Tb4+, or Pr4+. The 
released energy excites Bi3+, Tb3+, or Pr3+ to their excited states, then 
forming Bi3+ 3P1→1S0, Tb3+, or Pr3+ 4f→4f transitions [23,76]. 

The TL bands peaked at 610–650 K in Fig. 7(a) until (c) and S21 
evidence that trapping and storage of charge carriers is realized in Bi3+

or/and Ln3+ (Ln=Tb, Pr, or Dy) doped LiScGeO4 family of compounds 
with mechanical grinding. Compared with by 254 nm UV-light charging, 
these TL bands peaked at ~621 K are observed only when by grinding 
charging as demonstrated in Fig. 7(f). It means that new traps are formed 
by mechanical grinding. Their trapping depths are calculated to be 
~1.41 to 1.48 eV by using Eq. (1) with β=1 K/s, s = 1.33 × 1010 s − 1, 
and Tm values. Based on the calculated trap depths, the vacuum referred 
binding energies in the energy levels for these traps are determined to be 
between about − 4.17 and − 4.24 eV. They are collectively denoted as 
force induced charge carrier storage (FICS) traps in Fig. 1. When the 
LiScGeO4 family of compounds are excited by grinding in the dark, free 
electrons and holes are formed possibly by means of a triboelectricity 
[11,77–79] or piezoelectricity [80–83] related stimulation approach. 
The created electrons migrate freely in the conduction band and then are 
stored the traps FICS. The created holes are migrate freely through the 
valence band and then are eventually captured by Bi3+, Tb3+, or Pr3+, 
creating Bi4+, Tb4+, or Pr4+. Fig. 7(g) until (k) present the TL glow 
curves of LiScGeO4:0.003Bi3+, 0.005Tb3+ after being charged by 
grinding and then stimulated by 365 nm UV-light to 656 nm infrared 
laser. The determined electron trapping depth (~1.4 eV) for FICS traps is 
lower than the energies of 365 nm (3.4 eV) to 850 nm (1. 9 eV). During 
exposure to 365 nm to 656 nm laser, electrons are therefore liberated 
from FICS traps to create luminescence. 

4.4. Smart materials with dual role of Bi3+ in trapping both electrons and 
holes for X-ray imaging, anti-counterfeiting, and non-real-time force 
sensing 

We propose that the LiScGeO4 family of compounds can be designed 
as smart materials by using the dual role of Bi3+ in trapping both elec
trons and holes. Fig. 3(j) and (k) show that a Bi3+ negative quenching 
luminescence phosphor can be realized in LiScGeO4:0.005Bi3+ by using 
the compensation effect of thermally stimulated electron liberation from 
Bi2+ as evidenced in Fig. 5(a) until 5(g). Since the Bi2+ TL glow band is 
located below RT, the LiScGeO4:0.005Bi3+ can be utilized as an indi
cator to monitor extreme conditions, for instance in cryopreservation of 
biological samples like vaccines at − 90 ◦C [84–86]. This is illustrated in 
Fig. 10. 

Figs. 1, 2(e), 2(f), and S23 predict that wide range of UVA to infrared 
afterglow can be realized by using Bi3+ as a hole trapping and recom
bination center, and using the energy transfer processes from Bi3+ to 
Tb3+, Dy3+, or Cr3+. This prediction is evidenced in the LiScGeO4 family 
of compounds in Fig. 4. The wide range of emission tailorable afterglow, 
special Bi3+ UVA afterglow, and white afterglow have potential appli
cations for advanced anti-counterfeiting, information encryption, and 
display as demonstrated in Figs. 8 and 9. 

Fig. 6(a) shows that the TL intensity of LiScGeO4:0.003Bi3+, 
0.005Tb3+ linearly increases with increasing X-ray exposure time. It has 
good stability after exposure to water in Fig. 6(k). It also has a weak TL 
fading characteristic in Fig. 6(g). The stored charged carriers in traps can 
be optically stimulated by wide range of 365 nm to 850 nm infrared laser 
beam in Figs. 6(i), 6(j), S17, and S18. These results collectively indicate 
that the Bi3+ co-doped LiScGeO4 family of compounds can be used as 
potential dosimeters for advanced information encryption, storage, and 
readout, for example in the X-ray imaging application to inspect the 
internal structure of opaque objects in Fig. 11. Fig. 7(a) until 7(e) show 
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that the amount of stored charge carriers linearly increases with 
increasing the grinding duration. The Bi3+ co-doped LiScGeO4 family of 
compounds also have potential use for special non-real-time force stor
age and sensing application. 

5. Conclusions 

In this work, the valence state change between Bi2+, Bi3+, and Bi4+, 
and dual role of Bi3+ in trapping electrons and holes have been studied 
have been studied in the LiScGeO4 family of compounds by utilizing the 
VRBE diagram, spectroscopy, and thermoluminescence. As evidenced by 
photoluminescence excitation and emission spectra after being illumi
nated by 254 or 365 nm with different duration in Fig. 3(e) until (g), the 
valence change of Bi3+→Bi4+ is revealed in LiScGeO4:0.003Bi3+ and 
LiSc0.25Lu0.75GeO4:0.005Bi3+. Upon Bi3+ D-band excitation, electrons 
are excited from the Bi3+ 1S0 ground state to electron traps, forming 
Bi4+. Reversed valence change from Bi4+ to Bi3+ is revealed. During 365 
nm UV-light illumination, electrons are released from traps to recom
bine with holes trapped at Bi4+, finally yielding Bi3+. In Fig. 5(b) until 5 
(g), a TL band peaked at ~266 K is observed in the range from 200 to 
~300 K at β=1 K/s. It is assigned to the electron liberation from Bi2+ to 
recombine with holes captured at Bi4+, Tb4+, or Pr4+ in Bi3+ or/and 
Ln3+ doped LiScGeO4 and LiLuGeO4. Based on this result, the VRBE in 
the Bi2+ 2P1/2 ground state is experimentally determined to be about 
− 3.35 eV for LiScGeO4 and LiLuGeO4. Proof-of-concept Bi3+ negative 
quenching luminescence is demonstrated by using electron liberation 
from Bi2+. 

Particularly, a new force induced charge carrier storage (FICS) 
phenomenon appears in Bi3+ doped LiScGeO4 family of compounds. The 
stored charge carriers created by the FICS effect can be liberated by wide 
range of 365 to 656 nm red laser. The FICS effect has promising use in 
non-real-time force storage and sensing application. Wide range of 
emission tailorable afterglow, unique Bi3+ UVA afterglow, and white 
afterglow have been realized by using Bi3+ as a hole trapping, recom
bination center, and energy transfer from Bi3+ to Tb3+, Pr3+, Dy3+, or 
Cr3+. Proof-of-concept advanced anti-counterfeiting, information 
encryption, and X-ray imaging have been demonstrated by using the 
developed Bi3+-doped LiScGeO4 family of compounds. This work not 
only develops smart storage phosphors by using the dual role of Bi3+ in 
trapping electrons and holes, but more importantly unravels the valence 
change between Bi2+, Bi3+, or Bi4+ and how it can affect the trapping 
and release of charge carriers with thermal, optical, or mechanical 
excitation. This work then can accelerate the discovery and develop
ment of Bi3+ based smart materials for various applications. 
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