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ARTICLE INFO ABSTRACT

Keywords: It is challenging to rational design persistent luminescence and storage phosphors with high storage capacity of
Bi*" VRBE electrons and holes after X-ray charging. Such phosphors have potential applications in anti-counterfeiting and X-
Bismuth

ray imaging. Here we have combined vacuum referred binding energy diagram (VRBE) construction, photo-
luminescence spectroscopy, and thermoluminescence to study the trapping processes of charge carriers in
NaYGeO4. In NaYGe04:0.004Bi%>" and NaYGe0,:0.004Bi>*,0.005Ln>" (Ln = Tb or Pr), Bi®* appears to act as a
shallow electron trap, while Bi** and Ln®" act as deep hole trapping and recombination centres. We will show
how to experimentally determine the VRBE in the Bi>* 2P, ground state in Na¥YGeO4 and NaLuGeOy4 by
thermoluminescence study. The electron trap depth produced by Bi** codopant in NaLuj.
YxGe04:0.003Bi%*,0.008 Tb>" can be adjusted, by increasing x, resulting in conduction band engineering. By
combining Bi®* as an electron trap and Bi** and Tb®' as the hole traps, excellent X-ray charged afterglow
phosphors were developed. The integrated TL intensity of the optimized NaYGeO4:0.004Bi>" and
NaYGe04:0.003Bi>*,0.008Tb>* after exposure to X-rays is about 4.5 and 1.1 times higher than that of the state-
of-the-art BaFBr(I):Eu?* storage phosphor. Intense initial Tb®" 4f — 4f afterglow appears in
NaYGe04:0.003Bi%*,0.008Tb%" and more than 40 h afterglow is measurable in NaYGeO4:0.004Bi>" and
NaYGe04:0.003Bi>*, 0.008 Tb3" after X-ray charging. We will show proof-of-concept anti-counterfeiting and X-
ray imaging applications by using the developed afterglow phosphors and CsPbl3 quantum dots. This work not
only provides experimental evidence on the VRBE in the Bi?* 2P; 5 ground state in NaYGeO,, but also shows how
to design and develop good afterglow phosphors for anti-counterfeiting and X-ray imaging by deeply studying
and controlling the trapping processes of charge carriers in bismuth and/or lanthanides doped inorganic
compounds.

Electron liberation from Bi**
Electron trap depth engineering
X-ray imaging

1. Introduction reaction[2], AC-LED[9], and mechanoluminescence material explora-

tion[10-14]. Although many inorganic compounds have been studied,

Persistent luminescence, also called afterglow, is known as a self-
sustained photon emission phenomenon where upon excitation source
stimulation like X-rays, UV-light, or p irradiation, free electrons and
holes are generated and stored in compounds. Stored charge carriers can
be released at room temperature (RT) to continuously produce light
emission from seconds to few days after stopping the excitation source
[1-4]. Because of this unique feature, afterglow phosphors have many
applications like in anti-counterfeiting[5], optical information storage
[6], bacteria sterilization[7], 3D X-ray imaging[8], photocatalytic

* Corresponding authors.

SrAl,04:Eu?t,Dy>* developed in 1993 is still the state-of-art afterglow
phosphor due to its good afterglow intensity and duration time[15,16].
One reason for the slow development of afterglow phosphors is that
many compounds were studied in a trial-and-error method and the
charge carrier trapping processes are often not clear.

The charge carrier trapping and de-trapping processes are of interest
in order to better unravel the afterglow mechanism and to explore and
develop excellent afterglow phosphors. Generally, a persistent lumi-
nescence compound contains the compound lattice, the recombination
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centre, the electron and hole capturing centres that could be compound
intrinsic defect(s) or deliberately induced dopants like cr®t or lantha-
nides [17,18]. Relatively shallow traps (<~0.65 eV) are needed to
produce room temperature persistent luminescence. One expects that a
persistent luminescence phosphor could be rationally explored and
designed if the trap depths of electron and hole capturing centres can be
controlled or engineered[19-21]. A good afterglow phosphor then may
appear by further optimizing the compound synthesis processes.

The charge carrier trapping centres and depths can be designed by
analyzing the locations of 4f" ground states levels of lanthanides relative
to compound bands[22,23]. A trivalent lanthanide can act as an electron
capturing centre if the 4f" ground state level of the corresponding
divalent lanthanide is below the conduction band (CB) of the compound
[15,24]. Here, the electron trapping depth is defined as the distance
from the conduction band bottom to the ground state 4f" level of diva-
lent lanthanide. When the 4f" ground state level locations of trivalent
lanthanides are close above the valence band (VB) top, they can act as
hole capturing centres[17,18,25]. The hole trapping depth can be esti-
mated by the distance between the ground state 4f" level and the top of
the valence band. Apparently, the energy level locations of electron and
hole capturing centres, the conduction band bottom, and the valence
band top in compounds are crucial to the rational design of the electron
and hole trap depths. In 2012, the so-called chemical shift model was
established to construct a vacuum referred binding energy (VRBE)
scheme by combining limited experimental spectroscopy data[22,26].
The VRBE scheme enables to compare the electron binding energy at the
lanthanide 4f" ground states levels, the conduction band bottom, and the
valence band maximum in various inorganic compounds with respect to
an identical reference energy[27].

Like lanthanides, bismuth can act as a charge carrier trapping centre
in a compound|[28]. The electronic configuration of the bismuth atom is
[Xe]4f145d1°6526p3. Various bismuth valence states can be formed when
different outermost electrons of bismuth element are lost, such as Bi™
(the outermost electrons are 6p2), Bi%* (6p'), Bi®* (6 s), and Bi** (6 s)
[29]. In compounds trivalent bismuth can act both as an electron
capturing centre and a hole trapping centre. In ref.[30], the dual role of
Bi®* as electron and hole traps was first tested in La-, Y-, and LuPO4
compounds. However, there is no direct evidence on the VRBE in the
Bi%t %p; /s2 ground states in LaPO4 and LuPOy. In ref.[31], we reported
the VRBE diagrams of ARE(Si,Ge)O4 (A = Li, Na; RE = Y, Lu) family
compounds. The real VRBE in the Bi>* 2P} /, ground states still remained
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unclear. The study on VRBE in the Bi?* level locations will help to un-
ravel the charge carrier trapping processes and the rational design of
new Bi®* doped afterglow phosphors.

We have studied in ref. [31] the AREGeO4 (A = Li, Na; RE = Y, Lu)
solid solution family of compounds doped with Bi**, Eu®*, Tb®*, and
Pr®* doping. That study resulted in the VRBE scheme of Fig. 1 that was
also published in ref.[31]. The combination Bi3*-Eu®t was also studied
in ref.[31]. The new content in this work is that the combination Bi®'-
Nd3+, Bi3+—Tb3+, and Bi®*-Pr®* in NaYGeO4 and the combination Bi®*-
Tb%" in NaLu;.4YxGeOj4 solid solutions was studied to explore afterglow
phosphors after exposure to X-rays and 254 nm UV-light for anti-
counterfeiting and X-ray imaging applications. The thermolumines-
cence (TL) glow curves of Bi** and Bi*"-Eu®" codoped NaYGeO, were
measured after charging by beta or gamma irradiation in ref. [31]. For X-
ray imaging application, X-rays need to be used as the charging light
source and the thermoluminescence properties of Bi®* and/or lantha-
nide(s) doped NaYGeQy after X-ray charging is still unknown. Recently,
Ou et al. reported NaLuF4:Tb(15 mol%)@NaYF4 nanocrystals for 3D X-
ray imaging applications in ref.[1]. About 30 days Tb>" afterglow can be
measurable in NaLuF4:Tb(15 mol%)@NaYF, after exposure to X-rays.
We obtained the optimized NaLuF4:Tb(15 mol%)@NaYF4 nanocrystals
produced by the authors from ref. [1]. To evaluate the X-rays induced
afterglow performance in bismuth and/or lanthanides doped NaYGeOy,
in this work we will compare the TL intensities of bismuth and/or lan-
thanides doped NaYGeO4 to that of NaLuF4Tb(15 mol%)@NaYF4
nanocrystals after X-ray charging. Xu et al. reported good lanthanide
and/or Cr>* doped transparent (Y, Ga)3Al,Ga3O15 garnet afterglow ce-
ramics after UV-light charging[32-34]. We obtained these optimized
afterglow garnet ceramics from Dr. Jian Xu. We will compare the
afterglow intensities of bismuth and/or lanthanides doped NaYGeO4
developed in this work after 254 nm UV-light charging to that of
lanthanide and/or Cr®* doped transparent (Y, Ga)3AlyGa3O;5 garnet
afterglow ceramics produced by Dr. Xu in refs.[33,34].

Fig. 1(a) predicts that, like Bi>", Tb®* and Pr®" can also act as hole
capturing centres in NaYGeOj. One then can further verify the Bi®™ 2Py,
ground state location by studying the thermoluminescence properties of
Bi®* and/or Ln* co-doped NaYGeO,. Assuming that there is an electron
de-trapping process from Bi%", recombination of the electron from Bi**
with holes trapped at Bi**, Tb**, or Pr** should lead to a same TL glow
curve but with characteristic emission from Bi®*, Tb*, or Pr*. In this
work, we will evidence the electron liberation process from Bi2' by
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deeply studying the Bi>* and/or lanthanides doped NaYGeOy,. Results
show that Bi" can act as a shallow electron trap, while Bi**, Tb®*, and
Pr3* act as deep hole trapping and recombination centres in NaYGeOy.
The trap depth of Bi®* electron trapping centre is found to be about 0.64
eV by thermoluminescence study. The VRBE in the Bi2t 2P, , ground
state is then determined to —3.29 eV in NaYGeOg4. The electron trap
depth  produced by the Bi®" codopant in  NaLuj.
XYxGeO4:O.003B13+,0.008Tb3+ solid solutions can be adjusted, by
increasing x, resulting in conduction band engineering.

High X-ray storage capacity phosphors were developed in the opti-
mized NaYGe0,:0.004Bi®" and NaYGeO4:0.003Bi®*,0.008Tb%" by
using Bi®" as an electron trap and Bi®* and Tb*' as the hole trapping
centres. The integrated TL intensity after X-ray charging for
NaYGe04:0.004Bi®* is about 4.5 and 2.3 times higher than that of the
state-of-the-art storage phosphor BaFBr(I):Eu?’ and the optimized
NaLuF,:Tb®* afterglow phosphor in ref. [1]. The integrated TL intensity
after X-ray charging for NaYGe04:0.003Bi3*,0.008Tb>* is about 1.1,
1.1, and 1.9 times higher than that of the state-of-the-art BaFBr(I):Eu2+,
SrA1204:Eu2+,Dy3+, and the optimized NaLuF4Tb%* in ref. [1]. Partic-
ularly, the optimized NaYGe04:0.003Bi>*,0.008Tb>* after 254 nm UV-
light charging shows good initial afterglow intensity, which is higher
than that of the optimized YAGG:Tb>*,Cr®" transparent afterglow
ceramic in the first ~ 10 s. We will show proof-of-concept color tailoring
for anti-counterfeiting applications by combining perovskite CsPbls
quantum dots (QD) with finely designed charge carriers in NaYGeOy4
where Bi®* acts as an electron trap while both Tb®" and Pr®* act as the
hole trapping and recombination centres. Proof-of-concept X-ray storage
application was demonstrated in the optimized NaYGe04:0.004Bi>* and
NaYGe0,:0.003Bi>",0.008Tb>" phosphors and silicon gel based flexible
X-ray imaging films.

2. Experimental

All starting chemicals were purchased from Shanghai Aladdin
chemical company and utilized without further treatment. The phosphor
compounds were prepared via a typical conventional high temperature
solid state reaction method. The appropriate stoichiometric mixture of
BizO3 (99.99%), NapCOs3 (99.99%), Y203 (99.99%), LuyO3 (99.99%),
GeO3 (99.99%), and rare earth oxides with high purity of 4 N (99.99%)
was ground and mixed for ~ 15 min in agate mortar with the help of
acetone. Then, the mixture was carefully placed in a covered alumina
crucible and heated at 1200 °C for 6 h in a tube furnace under ambient
atmosphere. The used heating rate for the furnace is 5 °C/min. Finally,
the synthesized compounds were cooled to room temperature (RT) and
ground and milled well before further measurements. The afterglow
properties of NaYGe04:0.004Bi>* and NaYGe04:0.003Bi>*, 0.008 Tb>*
have been optimized by adjusting synthesis temperature and the con-
centration of dopants.

To compare afterglow performance of the optimized NaYGeOg4:
0.003Bi**,0.008 Tb>*, lanthanide and/or Cr>* doped transparent garnet
afterglow ceramics were synthesized by a high temperature solid state
reaction in vacuum|33]. The detailed ceramic compositions are
(Gd0,995Ce0,005)3A11,9995Ga3012:0.0005(3r3+ (GAGGZC63+,CI'3+), (Y0_995
Ce0,005)3A11_999Ga3012: 0.001Cr (YAGG:Ce3+,Cr3+), Y2_97A11.999
Gaz012:0.03Tb%%,0.001Cr3*  (YAGG:Tb®*,Cr®"),  Yg.085Al1.999Gas
012:0.015Pr3+,0.001Cr*" (YAGG:Pr®*,Cr®"), and Gdz999Gas 9995012
0.0005Cr>*, 0.001Eu®" (GGG:Cr®*,Eu®") [35]. The above afterglow ce-
ramics are produced by Dr. Xu in refs.[33,34] and are optimized samples
that show intense afterglow after exposure to UV-light. To explore anti-
counterfeiting application, CsPblz quantum dot (QDs) was synthesized
via a typical low-temperature solution reaction method[36,37]. After-
glow phosphors dispersed in flexible silicone films were explored to
further demonstrate anti-counterfeiting application. The appropriate
phosphors like NaYGe0,:0.003Bi*,0.008 Tb®* were first sifted by 200
mesh sieve and then were added into silicon gel (Sylgard 184, Dow
Corning) and mixed well to generate a film on a smooth glass substrate.
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Then, the film was placed at 60 °C in vacuum for 4 h.

The crystal structures of synthesized compounds were checked using
a Rigaku Smar/SmartLa X-ray diffraction system equipped with Cu Ka
(A = 0.15405 nm) X-ray tube at 40 kV and 30 mA. The scanning electron
microscope (SEM) photographs and energy dispersive X-ray spectros-
copy (EDX) mapping were recorded by a JEOL JSM-7610FPlus scanning
electron microscope. Photoluminescence emission (PL), PL excitation
(PLE) spectra, afterglow spectra, and room temperature (RT) iso-thermal
decay curves were measured using a FLS920 spectrometer (Edinburgh),
which contains a 450 W Xe900 continuous xenon lamp, a mono-
chromator, and a single photon counting photomultiplier (Hamamatsu,
R928P). The red-sensitive R928P photomultiplier works at —20 °C and
has high quantum efficiency from 200 nm to 870 nm. The PL and PLE
spectra are corrected by the wavelength-dependent excitation intensity
of the xenon arc lamp.

Low-temperature thermoluminescence (LTTL) measurements be-
tween 100 K and 600 K and above RT thermoluminescence (TL) mea-
surements were recorded by a facility that contains a thermostat, a
R928P photomultiplier, a UV/vis spectrometer (Ocean Optics, model
QE65Pro), a Hg lamp (254 nm), and a X-ray tube. Prior to all the LTTL
and TL measurements, the samples were heated to 723 K for 5 mins to
empty all trapped charge carriers and then cooled to initial temperature
at 100 K for LTTL recording or at 300 K for above RT TL recording. For
the LTTL measurements, phosphor powders were pressed into a pill and
placed on the heater of the thermostat using silver paint in vacuum. For
the 3D TL emission (TLEM) plot, the thermally stimulated emission was
recorded by a QE65Pro detector. For optically stimulated luminescence
measurements, the excitation light sources of daylight, 850 nm laser,
656 nm laser, 396 nm LED, 365 nm UV light, and white LED (WLED) are
used. A sample is first charged by X-ray or 254 nm UV-light and then
illuminated by different light stimulation with different duration time,
and then a TL glow curve is recorded.

To study charge carrier trapping processes, thermoluminescence
excitation (TLE) spectra were measured employing the FLS920 spec-
trometer (Edinburgh). Different energy photon with the wavelength
from 200 nm to 300 nm was used to charge the Bi** and/or lanthanides
doped NaYGeOy4 afterglow phosphors for a duration of 60 s and then RT
iso-thermal decay curves were recorded for 60 s by monitoring the
wavelength at 549 nm for Tb>" emission and at 402 nm for Bi** emis-
sion. For the TLE measurements we recorded the afterglow decay for a
duration of 60 s because the afterglow intensities are relatively intense
during the first 60 s after switching off the excitation light. Integrated RT
iso-thermal decay intensity for 60 s was corrected by the wavelength-
dependent excitation intensity of the xenon arc lamp. A so-called TL
excitation (TLE) plot like in Fig. 9 (b) is constructed by displaying the
corrected iso-thermal decay intensity as a function of charging
wavelength.

3. Results
3.1. X-ray diffraction and photoluminescence spectroscopy

High purity compounds are required for studying the charge carrier
trapping processes. We therefore measured the X-ray diffraction pat-
terns (XRD) for the as-synthesized Bi®* and/or lanthanide doped NaY-
GeOy, which are shown in Fig. 2(a). All prepared samples have single
phase and their XRD patterns match well with NaYGeO4 reference card
(No. PDF#88-1177). The dopants are assumed to substitute the Y3+ sites
in the crystal. One expects a slight shift of the XRD pattern near 32°
towards a lower angle after Bi>" and/or lanthanides codoping since the
radius of Y3 (r=0.9 10\, CN = 6) is smaller than that of Bi3* (r=1.03 10\,
CN = 6), Th®" (r = 0.92 A, CN = 6), and Nd&*" (r = 0.98 A, CN = 6).
Compared with the XRD pattern of NaYGeO4 host, Fig. 2(b) shows that
this expected shift does not appear. Possibly the concentration of doped
bismuth and lanthanides is too low and then the increase of cell volume
of NaYGeOQy is too small.
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Fig. 2. (a) XRD patterns for the as-synthesized compounds of Bi®* and/or lanthanide doped NaYGeO, and NaYGeO,4 host. (b) Detailed XRD patterns in the range

from 30° to 33°.

In order to understand the complex charge carrier trapping processes
in bismuth and/or lanthanides doped NaYGeO4, we need to first know
the fundamental luminescence properties of bismuth and/or lanthanides
doped NaYGeO4. We therefore first measured the photoluminescence
excitation spectra, emission spectra, and afterglow spectra for the bis-
muth and/or lanthanides doped NaYGeO4 which are shown in Fig. 3.
Fig. 3(a) shows the PLE and PL spectra of NaYGeO4:O.004BiS+. A similar
spectrum recorded at 10 K and extending to the vacuum ultra violet
range was published in ref.[31]. Characteristic Bi®* D-band excitation
near 238 nm and Bi®*" A-bands near 208 nm and 310 nm due to Jahn-
Teller splitting of the Bi®* 3P excited state appear as observed previ-
ously in ref.[31]. Fig. 3 in ref. [38] shows that the band at 43000 cm ™! is
not from an intrinsic Bi>" excitation which confirms the assignment as
D-band in NaLuGeO; and NaYGeO4. Upon 298 nm excitation,
NaYGe0,:0.004Bi%>" shows a broad emission band peaked at about 402
nm, which is due to the Bi®* 3P1—>180 transition (A-band), see also ref.
[31]. Charged by Bi®* D-band excitation with a Hg lamp, Bi®* 3p; -1,
blue afterglow emerges in Fig. 3(b). After co-doping Nd*' into
NaYGe0,4:0.004Bi>", similar PLE and PL spectra appear in Fig. 3(c) as in
Fig. 3(a). Fig. 3 (d) shows the RT iso-thermal decay curves of
NaYGe04:0.004Bi>*,0.005Nd>" after Hg lamp charging. In addition to
the Bi*t afterglow as observed in NaYGe04:0.004Bi>" in Fig. 3(b), new
Nd*" 1062 nm infrared persistent luminescence appears in
NaYGe04:0.004Bi>*,0.005Nd>* in Fig. 3(d).

Fig. 3(e) and Fig. S3 shows the PLE and PL spectra for
NaYGeO4:O.005Tb3+. Like in ref.[31], the PLE peaks near 248 and 286
nm are assigned to Tb>" 4f — 5d transitions, while the fitted PLE peak
near 262 nm is assigned to the Intervalence Charge Transfer Band
(IVCT), which is induced by electron transfer from the T3+ 4f ground
state to the conduction band (CB), i.e., Tb3*—CB IVCT. In ref.[31] an
excitation band peaked near 236 nm was observed in the excitation
spectrum of NaYGe04:0.01Tb>* in Fig. S5(h). It is absent in Fig. 3(e).

The observed 236 nm excitation band in ref. [31] could be due to host-
related defect(s). After exposure to 254 nm UV-light, during more than
25 min typical Tb3* 4f — 4f afterglow appears in Fig. 3 (f) and Fig. S4.

Fig.  3(g) shows the PLE and PL spectra of
NaYGe04:0.003Bi>*,0.008Tb%*. Upon 254 nm excitation, the emission
spectrum is mainly composed of characteristic Tb>" 4f-4f transitions.
Monitored at the Tb>" 549 nm typical emission, not only Tb>" 4f — 5d
excitation band peaked near 253 nm and Tb>*—CB IVCT band peaked
near 260 nm but also Bi>" excitation A-band appear in the excitation
spectrum. It suggests that there is an energy transfer process from Bi®* to
Tb3*. Compared with NaYGe0,4:0.005Tb>" in Fig. 3(f), about 10 times
stronger Tb3" afterglow emerges in the Bi®",Tb®*-codoped
NaYGe0,4:0.003Bi",0.008Tb%" in Fig. 3(h) and 3(i). Fig. 3(j) further
demonstrates that the Tb>* afterglow at 549 nm is much stronger than
the 402 nm afterglow in NaYGe04:0.003Bi>*,0.008Tb>+.

3.2. Evidencing the electron liberation process from Bi>*

To understand the afterglow observed in Fig. 3 and to discuss the
charge carrier trapping and de-trapping processes in bismuth and/or
lanthanides doped NaYGeO,4, low-temperature thermoluminescence
emission (TLEM) spectra were recorded after exposure to X-rays at 100
K. Fig. 4(a) shows the TLEM plot for NaYGe0,4:0.005Tb>". TL glow peaks
near 161, 219, and 284 K with characteristic Tb>" 4f — 4f emission
appear in NaYGeO4:0.005Tb3+. Fig. 4(b) shows the TLEM plot for
NaYGe04:0.004Bi>*. A strong TL glow peak near 270 K with charac-
teristic Bi>" A-band emission emerges in NaYGe0,:0.004Bi>*. Particu-
larly, a similar TL glow peak near 272 K appears in NaYGeOy:
0.004Bi3*,0.005Tb>* in Fig. 4(c) and in NaYGeO4:0.004Bi>*,0.005Pr>*
in Fig. 4(d) where the thermally stimulated emission is from Tb®* or
Pr’* typical 4f — 4f emission rather than Bi®* A-band emission. The TL
glow peak near ~ 270 K is absent in NaYGe04:0.005Tb>" in Fig. 4(a) but
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Fig. 3. Photoluminescence excitation (PLE) and emission (PL) spectra, RT iso-thermal decay curve and afterglow spectra as a function of time after exposure to 5 min
254 nm UV-light charging for (a)-(b) NaYGeO4:O.004Bi3+, (c)-(d) NaYGeO4:0.004Bi3+,0.005Nd3+, (e)-(f) NaYGeO4:0.005Tb3+, and (g)-(j) the optimized afterglow
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Fig. 4. Low-temperature thermoluminescence (TL) emission spectra for (a) NaYGeO4:O.005Tb3+, (b) NaYGeO4:0.OO4Bi3+, (c) NaYGeO4:0.004Bi3+,0.005Tb3+, and
(d) NaYGe04:0.004Bi*,0.005Pr>" after exposure to X-ray charging at 100 K. The used heating rate is 0.2 K/s in (a)-(d).

emerges in Fig. 4(b)-(d) when Bi®* is present in NaYGeO4. We will
attribute the 270 K TL glow peak to electron liberation from Bi>* and
recombination with holes at Bi** in Fig. 4(b), at Tb*" in Fig. 4 (c), and at
pr*t in Fig. 4(d) to generate characteristic Bi®t 3P1—>180 emission and
Tb3* and Pr3* 4f — 4f emissions.

Inref. [31] both the VRBE diagrams of NaYGeO4 and NaLuGeO4 have
been presented. The VRBE at the conduction band bottom of NaLuGeO4
is about 0.1 eV lower than that of NaYGeOy4. Assuming that the VRBEs at
the Bi?* and Eu?" ground state level locations remain stationary, one
expects that the electron trap depths of Bi>** and Eu®" will increase in
NaLu;.4YxGeO4 solid solutions with increasing x. This prediction has
been verified in NaLujxYxGeO4:0.01Bi®*,0.001Eu® and in NaLuj.
«YxGe04:0.01Bi>* that has been published in ref.[31]. Fig. 5(a) re-
produces the low-temperature TL glow curves for NaLuj.
XYXGeO4:O.OlBi3Jr after beta irradiation. Fig. 1 predicts that Bi** can act
as an electron trap, while Tb®* can act as a hole trapping and recom-
bination centre. Therefore, we made NaLuj xYxGeOy:
0.003Bi3+,0.008Tb3+ solid solutions to demonstrate the electron liber-
ation from Bi?" and to explore Tb>" afterglow phosphors for anti-
counterfeiting and X-ray imaging applications. Fig. 5(b) and S6(a)
show the normalized and unnormalized low-temperature thermolumi-
nescence glow curves for NaLuj..YyGeO4:0.003Bi>*,0.008Tb>* solid
solutions after exposure to X-rays at 93 K. Like in Fig. 5(a), the TL glow
peak named Bi?* peak gradually shifts from ~ 233 K for x = 0 to ~ 283 K
for x = 1 with increasing x in NaLu1_xYxGeO4:0.003Bi3+,0.008Tb3+. This
TL glow peak shifting will be assigned to the increased electron trap
depth  of Bi®*  when increasing x in  NaLuj4YxGeOg4
:0.003Bi%*,0.008Tb%*. Table 1 lists the TL results and calculated elec-
tron trapping depths for the Bi2* TL glow peaks for NaLuj.
«YxGe04:0.003Bi%*,0.008Tb>" based on a first-order TL recombination

kinetics and assuming zero distribution in Bi®* trap depth. The reported
Bi®* trapping depths and the frequency factors for NaLu;.
Y,Ge04:0.003Bi>,0.008Tb>" then should be treated as indicative.
Assuming a typical fixed frequency factor of 1 x 102 s~} for NaLu;.
xYxGeO4[23], the BiZ* trapping depth in NaLu;j.
«Y,Ge0,4:0.003Bi>*,0.008Tb>" can be determined by a first-order TL
recombination kinetics to 0.64, 0.68, 0.71, 0.75, and 0.78 eV for x =
0-1. These values are larger than that in column 4 of Table 1 because a
larger frequency factor of 1 x 10'% 57! is used.

We know from combining experimental results with empirical
models that the Bi>" ground state level should be located around —3.5
+/-0.5 eV in inorganic compounds as also indicated for NaYGeOy in the
scheme of Fig. 1. Similarly we know from Lyu and Dorenbos (T. Lyu, P.
Dorenbos, Chem. Mater. 32 (2020) 1192.)[31] that compounds like
LiLuSiO4, LiYSiO4, LiLuGeOg4, and LiYGeO4 all have the VB-top near
—9.5 eV. One can combine that knowledge with studies by Qiao et al.
(Zheng Qiao, Xuesong Wang, Chen Heng, Wei Jin, Lixin Ning, Inorg.
Chem. 60 (2021) 16604.)[39] in 2021 on LiREGeO4 (RE = Sc, Y, Lu)
where the Bi%* ground state is computed about 6 eV above the VB-top.
This brings the Bi2* ground state indeed near —3.5 eV. One, if not the
first, direct computation of the VRBE in the Bi** ground state was by Lou
et al. (Bibo Lou, Jun Wen, Lixin Ning, Min Yin, Chong-Geng Ma, Chang-
Kui Duan, Phys. Rev. B 104 (2021) 115101)[40]. In the REAIO3 (RE =
La, Gd, Y), LaGaOs, and LalnO3 perovskites the Bi%+ ground state is al-
ways computed near —4 eV. Considering the above, we do expect Bi®* to
act as a 0.85 +/-0.5 eV deep electron trap in NaYGeOy4. The observation
of an intense glow peak near ~ 272 K at § = 0.2 K/s in Fig. 4 and near
283 K at f = 1 K/s in Fig. 5(b) due to an electron releasing trapping
center, strongly suggests that this peak is due to electron release from
Bi%" when Bi®* is present in the compound.
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Fig. 5. TL glow curves for (a) NaLu; xYxGeO4:0.01Bi®" after beta irradiation and (b)-(c) NaLuYxGeO4:0.003Bi®*,0.008Tb%" after X-rays or 254 nm UV-light
charging measured at p = 1 K/s. (d) RT isothermal decay curves and (e) afterglow photographs for NaLu; Y,Ge0,:0.003Bi>*,0.008Tb®* after exposure to 254
nm UV-light. The Tb*>" emission was monitored and the afterglow was corrected by sample mass and irradiation time. The data in (a) was reproduced from ref.[31].

The Bi®>" emission was monitored in (a) and the Tb®*

Table 1

TL results for NaLu;_Y,GeO4:0.003Bi*>*,0.008Tb>" providing the frequency
factor s (s~ ) and the electron trap depths E (eV) for the Bi®" glow peaks (Ty,).
The frequency factors for x = 0-0.75 were obtained from ref. [31] and the fre-
quency factor for x = 1 was obtained from this work.

X s Tn Bi2™ (K) BiE (eV)
0 9.23 x 10° 233 0.50
0.25 3.73 x 10° 245 0.51
0.50 3.16 x 10° 256 0.54
0.75 9.73 x 10° 271 0.59
1 1.23 x 101° 283 0.63

To evaluate afterglow properties, we also measured above RT TL
glow curves for NaLu;4Y,GeO4:0.003Bi>",0.008Tb>" after 254 nm UV-
light charging as shown in Fig. 5(c) and after X-ray charging forx =1 in
Fig. S6(b). Fig. 5(c) shows that the TL glow peak near 311 K appears to
shift towards a higher temperature and the TL intensity decreases with
decreasing x. This is because that the RT TL glow curves in Fig. 5(c) are
in the tail of the glow peak that shifts from ~ 233 K to ~ 283 K in Fig. 5
(b) and there is a distribution in Bi®* trapping depths in NaLuj.
«YxGe04:0.003Bi3*,0.008Tb>*. With the above RT TL glow curves in
Fig. 5(c) then only the deepest Bi>* traps contribute to the 311 K TL glow

emissions were monitored in (b).

peak.

To study the Bi2' trap distribution, we used the peak cleaning
technique for x = 1 sample (NaYGeO4:0.003Bi**,0.008 Tb>")[19,41].
After exposure to 254 nm UV-light for a duration of 20 s at RT, thex =1
sample was rapidly heated at a heating rate of 5 K/s to the peak clean
temperature (T¢ean) and maintained at that Tgjean for 60 s. The sample
was then cooled to RT and a TL glow curve was recorded at a heating
rate of 1 K/s. Fig. S6(c) demonstrates that the TL glow peak near RT
shifted towards a higher temperature and the TL intensity decreased
with increasing Tjean. This indicates that there is a trap depth distri-
bution for the sample with x = 1, and the increase in TL glow peak is
because of the fact that the electrons captured in the shallow Bi?* traps
have been released at T¢jean and only the electrons at deeper Bi%* traps
remain occupied. Fig. S6(b) compares the TL glow curves of the x = 1
sample charged with X-rays and 254 nm UV-light with a same heating
rate of 1 K/s. The TL glow peak shifts from ~ 311 K to ~ 340 K when the
charging is changed from 254 nm UV-light to X-rays. Apparently, stable
and deeper Bi?' traps capture more efficiently free charge carriers
during X-ray exposure and then higher TL glow peak (T,) appears upon
X-ray charging. Another possible reason is that with optical excitation
the liberated electron is trapped relatively close to the hole trapping
center. The electron does not need to go through the CB in order to
recombine with the hole. Effectively this will lower the energy barrier
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for detrapping and thus a lower temperature glow peak. With X-ray
excitation seperate hole trap and electron trap are created and recom-
bination is realized via the CB. The same applies for NaYGeOg4:
yBi®*,0.008 Tb®* (y = 0.001-0.012) as shown in Fig. $13(b)-513(c) and
the lanthanide and/or bismuth doped NaYGeOy, in Fig. 7 (b) and 7(c).

Fig. 5 (d)-(e) shows the RT isothermal decay curves and afterglow
photographs for NaLuj.4YxGe04:0.003Bi*,0.008 Tb®" after exposure to
254 nm UV-light. The Tb>* afterglow increases with increasing x in
NaLuj xYxGe04:0.003Bi%*,0.008 Tb**.

3.3. Designing afterglow phosphor by using electron release from BiZ"

To unravel the nature of the recombination centres and to design
afterglow phosphors, we measured above RT TL emission (TLEM)
spectra for the bismuth and/or lanthanide(s) doped NaYGeO4 as shown
in Fig. 6. TL glow peaks near 340, 451 and 579 K with typical Tb3* 4f —
4f emission appear in NaYGeO4:0.005Tb®* in Fig. 6(a). For
NaYGe0,:0.004Bi>" in Fig. 6(b), TL glow peaks near 335 K and 418 K
with characteristic Bi** A-band emission emerge. TL glow peaks near
373 K and 446 K were observed in NaYGeO4:0.01Bi3+ in Fig. 6 (a) in ref.
[31] where there was about 20 min time between y-ray charging and the
start of the TL-readout. It means that the stored charge carriers in the
shallower traps are already de-trapped before TL-readout and the 335 K
TL glow peak near RT will shift towards a higher temperature 373 K. The
418 and 446 K TL glow peaks are assigned to electron liberation from
different host-related intrinsic defects in NaYGeO,4 and recombination
with holes captured at Bi*'. Compared with NaYGe04:0.004Bi®" in
Fig.  6(b), similar TL glow peaks also appear in
NaYGe0,:0.004Bi>*,0.005Nd>" in Fig. 6(c) where the recombination
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emission comes from both typical Bi** A-band and Nd®* infrared 4f — 4f
transitions. Fig. 6(d) shows the TLEM plot for the optimized
NaYGe04:0.003Bi3*,0.008 Tb3*. Strong TL glow peaks near 349 and
484 K with typical Tb®" 4f-4f emission are observed with the TL in-
tensity about 10 times higher than that of other compounds in Fig. 6(a)-
(o).

To compare the charge carrier storage capacity properties of the
prepared lanthanide and/or bismuth doped NaYGeO4, X-ray excited
emission as a function of time, TL glow curves after exposure to X-rays
and 254 nm UV-light were measured and shown in Fig. 7 (a)-7(c). Fig. 7
(a) shows the X-ray excited emission intensities for bismuth and/or
lanthanide(s) doped NaYGeO4, commercial Al;O3:C single chip,
SrAly04:Eu®t,Dy>", and BaFBr(I):Eu®", and the NaLuF4Tb®* from ref.
[1]. In this experiment we switched on the X-ray beam and continuously
monitored all the emission intensity from the sample via a photo-
multiplier (PMT). A SCHOTT BG-39 filter from about 300 to 800 nm was
placed between the PMT tube and the sample. The ratios of integrated X-
ray excited emission intensities from 0 to 200 s of bismuth and/or
lanthanide(s) doped NaYGeO4, Al;03:C, SrA1204:Eu2+,Dy3+, and
NaLuF4:Tb3+ to that of BaFBr(I):Eu?' are shown in the legend in Fig. 7
(a). The integrated X-ray excited emission intensity of NaLuF,:Tb®" from
ref.[1] is higher than that of other lanthanide and/or bismuth doped
NaYGeOy. It means that more X-ray photons are converted into visible
light. NaYGeO4:0.004Bi®>" shows the strongest X-ray excited emission
intensity among the bismuth and/or lanthanide(s) doped NaYGeO,.

The afterglow phosphors were charged by both X-rays and 254 nm
UV-light for X-ray imaging application. Fig. 7(b) shows the TL glow
curves of bismuth and/or lanthanide(s) doped NaYGeO4 after X-ray
charging. The ratios of integrated TL intensities between 305 and 723 K
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Fig. 6. Thermoluminescence (TL) emission plots for (a) NaYGeO4:0.005Tb3+, (b) NaYGeO4:0.004Bi3+, (c) NaYGeO4:0.004Bi3+,0.005Nd3+, and (d)
NaYGeO4:0.003Bi3+,O.008 Tb3* after Hg lamp (254 nm) illumination for 5 min. The used heating rate is 1 K/s.
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Fig. 7. (a) X-ray excited emission as a function of time, TL glow curves at § = 1 K/s for lanthanide and/or Bi®* doped NaYGeOy, NaLuF,4:Tb%" from ref. [1], and the
state-of-the-art BaFBr(I):Eu®", SrAl,04:Eu*,Dy>*, and Al,03:C single crystal chip after exposure to (b) 1.5 W X-rays and (c) 254 nm UV-light. (d) a comparison of
afterglow photographs after UV-light charging. (e) variable heating rate plot for NaYGe04:0.004Bi>",0.005Nd>" after X-ray charging. The used heating rates were

0.2, 0.4, 0.8, 1.6, 3, 4.5, and 6.4 K/s.

of bismuth and/or lanthanide(s) doped NaYGeO4 to that of BaFBr(I):
Eu*, Al,04:C, and SrAl,04:Eu®t,Dy>* are shown in the legend of Fig. 7
(b). The TL intensity of NaYGeO4:O.OO4Bi3+ and the optimized
NaYGe04:0.003Bi**,0.008 Tb>* is about 4.5 and 1.1 times higher than
that of the state-of-the-art BaFBr(I):Eu?* after X-ray charging. Like in
NaYGeO4:O.01Bi3+ in Fig. 7(e) in ref.[31], the TL glow peak near 349 K
in Big+-codoped NaYGeO4 in Fig. 7(b) will be assigned to electron
release from Bi?* and recombination with holes captured at Bi*" and
Tb*" generating characteristic Bi®" 3P;—!Sy emission and Tb>" 4f — 4f
emissions. Other common TL glow peaks near 474, 510, and 590 K in
Fig. 7(b) will be assigned to electron liberation from host-related
intrinsic defect(s).

Fig. 7(c) shows the TL glow curves for bismuth and/or lanthanide(s)
doped NaYGeOy after 254 nm UV-light charging. The ratios of the in-
tegrated intensities between 305 and 723 K of bismuth and/or lantha-
nide(s) doped NaYGeOy to that of BaFBr(I):Eu®" and Al5,03:C are shown
in legend of Fig. 7(c). The integrated TL intensity of the optimized
NaYGe04:0.003Bi3*,0.008 Tb®* after 254 nm UV-light charging is
strongest and is about 31 times higher than that of BaFBr(I):Eu®". It
means that strong Tb>" afterglow appears in the optimized
NaYGe0,:0.003Bi",0.008 Tb®* after 254 nm UV-light charging, which
is evidenced by the afterglow photographs in Fig. 7(d). A common TL
glow peak near 327 K was observed in Bi>*-codoped NaYGeOj.

There is a common low temperature TL glow peak near 349 K in
Fig. 7(b) and near 327 K in Fig. 7(c) whenever Bi®tis present. To analyse
this TL peak further we studied the NaYGeO,:0.004Bi>",0.005Nd>*
sample in more detail because it contains very low Bi** and Nd** con-
centration. The trapping depth (E) for Na¥YGe04:0.004Bi%",0.005Nd>*
was derived by using a typical variable heating rate plot and formula

[17,42,43]:
(5) ()
g ks

where k is the Boltzmann constant (8.62 x 107 eV/K), Ty, is the TL
glow peak, s is the frequency factor (s 1), and p means the used heating
rate that can adjust from 0.2 to 6.4 K/s as shown in Fig. S10. Fig. 7(e)
gives the variable heating rate plot for Na¥YGe04:0.004Bi%",0.005Nd>*
that determines the trap depth to be 0.78 eV and the frequency factor to
be 1.23 x 10'% ! which is also listed in Table 1. Since the concentration
of doped Bi®* and Nd3" is very low, it was assumed that the above ob-
tained frequency factor s also applies to other bismuth and/or lantha-
nides doped NaYGeO4.

Assuming a first-order TL-recombination kinetic process, the trap
depth of the Bit TL glow peak near 272 K in NaYGeO4:0.004Bi%" in
Fig. 4(b), in NaYGe040.004Bi®*,0.005Tb>" in Fig. 4(c), and in
NaYGe04:0.004Bi%",0.005Pr> in 4(d) can be estimated by solving Eq.

£ &)
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(1) with the known temperature Ty, at the maximum of the TL glow
curve, i.e., Ty, = 272 K, and utilizing s = 1.23 x 10'% ! and p = 0.2 K/s.
The trap depth for Bi>* TL glow peak near 272 K is then calculated to be
0.64 eV.

Fig. 8 shows the isothermal decay curves of lanthanides and/or
bismuth doped NaYGeOy after exposure to 254 nm UV-light or X-rays at
RT. Fig. 8(a) shows that bright Tb®" initial afterglow appears in the
optimized NaYGe04:0.003Bi>*,0.008Tb>*, which is even higher than
that of the state-of-the-art SrAl;04:Eu®",Dy>* and the optimized YAGG:
Tb3*,cr®* and YAGG:Ce3*,Cr®* transparent ceramics. Fig. 8(b) further
shows that more than 27.8 h afterglow is measurable in
NaYGe04:0.003Bi**,0.008 Tb>* after 254 nm UV-light charging. Fig. 8
(c) and 8(d) show that bright Bi®" initial afterglow emerges in
NaYGe04:0.004Bi>*. More than 40 h afterglow is measurable in
NaYGe04:0.004Bi>* and the optimized NaYGe0,:0.003Bi>",0.008 Tb>*
after X-ray charging, indicating good charge carrier storage capacity
after exposure to X-rays.

To unravel the charge carrier trapping processes, Fig. 9(a) and
Fig. S14 show the RT isothermal decay curves of NaYGeO4:0.005Tb>*,
NaYGe04:0.004Bi*,0.005Tb%*, and NaYGeO,: 0.004Bi>*,0.005Nd>*
after 60 s exposure to different energy photons. Fig. 9(b)-9(d) compares
the TL excitation (TLE) curves with the PL excitation (PLE) spectra of
NaYGe04:0.004Bi>",0.005Nd>*, NaYGe04:0.005Tb>", and
NaYGe04:0.004Bi>*,0.005Tb>*. For NaYGe04:0.004Bi>*,0.005Nd>", it
can only be charged via the Bi*" D-band. For NaYGe04:0.005Tb>* and
NaYGe0,4:0.004Bi*,0.005Tb>", they can be charged via Tb®* 4f — 5d
transition and Tb>"—CB IVCT.

—
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3.4. Exploring anti-counterfeiting applications by using electron liberation
from BiZ*

For the development of advanced applications like anti-
counterfeiting and X-ray imaging, the optically stimulated lumines-
cence and stability after exposure to water for the developed storage
phosphors have been evaluated. Fig. 10(a) first shows the TL glow
curves of the optimized NaYGeO,:0.003Bi>",0.008Tb>" after exposure
to X-rays with 60-1200 s duration time. The inset in Fig. 10(a) shows
that the integrated TL intensity appears to linearly increase with
increasing the X-ray exposure time, indicating the potential application
as a dosimeter for X-ray detection. The same applies for
NaYGe04:0.004Bi>* in Fig. S11. Fig. 10(b) shows the TL glow curve of
NaYGe04:0.003Bi>*,0.008Tb>" after exposure to water for 1 h. The
integrated TL intensity does not decrease, suggesting good chemical
stability after exposure to moisture.

Optically stimulated luminescence properties are important for
storage phosphors. Fig. 10(c) and S15-S16 shows the TL glow curves of
NaYGe0,:0.003Bi**,0.008Tb>" after 254 nm UV-light charging fol-
lowed by different energy photon stimulation. The TL intensity de-
creases with 365, 396, 656, 850 nm, and WLED stimulation. It means
that stored charge carriers can be removed by light stimulation. Fig. 10
(d) further shows that the stored charge carriers are removed by an
optically stimulated Tb3" 4f — 4f emission process. The phosphor area
stimulated by illumination light like 656 nm laser in Fig. 10(e3) has less
stored charge carriers and then provides less Tb®" afterglow. This
feature can be used to display the text of “0, 1, and a” from the
NaYGe0,4:0.003Bi",0.008Tb" based afterglow film in the dark in
Fig. 10(g1)-(g3). The similar applies for NaYGe04:0.004Bi>* in Fig. S17-
S18. For NaYGeOy4: 0.003Bi*,0.008Tb%*, 58% of stored charge carriers
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Fig. 8. (a)-(d) Isothermal decay curves of lanthanide and/or Bi®** doped NaYGeO,4, NaLuF4Tb>*, the state-of-the-art BaFBr(I):Eu”", SrAl,04:Eu®t,Dy>*, Al,04:C
single crystal chip, and transparent garnet afterglow phosphors after exposure to X-ray charging or 254 nm UV-light charging at RT (303 K).
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Fig. 9. (a) 2D contour plot of RT iso-thermal decay curves as a function of charging wavelength for NaYGe04:0.004Bi>*,0.005Nd>". A comparison of TL excitation
(TLE) curves with the PL excitation (PLE) spectra for (b) NaYGe04:0.004Bi>*,0.005Nd>", (c) NaYGe04:0.005Tb>", and (d) NaYGe04:0.004Bi*>",0.005Tb>". The PLE
spectra of NaYGeO‘.:O.OOSTb3+ (Aem = 545 nm) and NaYGeO4:O.OO4Bi3+ (Aem = 402 nm) recorded at RT are also given in (c)-(d).

can be removed by 20 s WLED stimulation in Fig. 10(c). Particularly,
93% of stored charge carriers in NaYGe0,4:0.004Bi>* can be removed by
300 s WLED stimulation as shown in Fig. S17(b), implying good opti-
cally stimulated luminescence performance.

To explore anti-counterfeiting application by using the afterglow
phenomenon, Fig. S19(a)-(h) shows the afterglow photographs and
persistent luminescence spectra of the optimized
NaYGe04:0.003Bi>*,0.008Tb>* and the optimized transparent garnet
afterglow ceramics after exposure to 254 nm UV-light charging for 120
s. Strong afterglow photographs can be recorded for in the optimized
NaYGe04:0.003Bi>+,0.008Tb>* powder sample after removing the 254
nm UV-light for 100 s. The 100 s afterglow intensity from
NaYGe04:0.003Bi3*,0.008Tb>* is higher than that of the transparent
garnet GAGG:Ce3",Cr" and is comparable to that of YAGG:Tb®*,Cr*
and YAGG:Pr®*,cr®* transparent garnet ceramics as shown in Fig. S19
(®.

The optimized NaYGeO4:0.003Bi",0.008Tb%" powder afterglow
phosphor was dispersed into silicone gel to produce an afterglow film A
in Fig. 11(al)-(a5) and Fig. S20. A text of “HQU EXIT” is visible to the
naked eye in the dark by selective charging the film A with a paper mask
of “HQU EXIT” as demonstrated in Fig. 11(b1)-(b3). A QR code was
printed on a sheet of paper as shown in Fig. 11(cl). Film A was first
charged by 254 nm UV-light and then was placed underneath the sheet
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of the paper. Because of the strong afterglow from the optimized
NaYGe04:0.003Bi%*,0.008Tb%*, the QR code is visible in the dark and
can be easily scanned by a smart mobile phone to read out the hidden
information of “This is a nice persistent luminescence material” as
demonstrated in Fig. 11(c1)-(c3). Fig. S19(b1)-(b3) further demon-
strates that film A has good ductility by stretching it with hands. Fig. S19
(c1)-(c3) shows that the information of text of “HQU EXIT” can be stored
in film A for more than 3 h and then can be read out by heating the film A
to about ~ 353 K. Fig. S23(b1)-(b3) shows that afterglow film A can be
stretched by hands, indicating the flexibility feature of this film.

To add new anti-counterfeiting features to film A, different concen-
tration of CsPblz quantum dots (QDs) was added to form film B in Fig. 12
(b1) and film C in Fig. 12(c1). The CsPbl3 QDs concentration in film C is
much higher than that in film B and as a result, the photoluminescence
color can be tailored from dark pink to bright orange red as shown in
Fig. 12(b2) and 12(c2). Efficient energy transfer from the afterglow
produced by NaYGe04:0.003Bi>*,0.008Tb** to CsPbl; quantum dots is
not observed. It means that efficient afterglow color change does not
appear in film B and film C. An anti-counterfeiting application is sup-
posed by using the highly efficient photoluminescence of CsPblz QDs
and the intense afterglow from NaYGe0,:0.003Bi>",0.008Tb%". This
idea was testified and shown in Fig. 12(c3) and Fig. 12(c4) where the
color of the text of “CsPbI3 QD” can be changed from red under 254 nm
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Fig. 10. TL glow curves measured at p = 1 K/s for NaYGe0,4:0.003Bi>",0.008Tb%" after exposure to (a) X-ray with different duration time, (b) water for 1 h, and (c)
20 s optical stimulation by different excitation sources. (d) RT isothermal decay curves of NaYGe0,:0.003Bi>*,0.008Tb>* after 850 nm laser stimulation. (e)-(g)
Information display using the optically stimulated emission phenomenon in NaYGeO,4:0.003Bi>*,0.008Tb%*.

UV-light illumination to green by stopping 254 nm UV-light illumina-
tion in the dark.

To further explore color tuning for anti-counterfeiting application,
afterglow spectra were studied in bismuth and lanthanides co-doped
NaYGeOy. Fig. 1 predicts that, like Tb®*, Pr®" also can act as a hole
trapping and recombination centre but then with red emission. Fig. S25
(c)-S25(d) show the RT isothermal afterglow spectra and decay curves
for NaYGe04:0.004Bi>",0.005Pr>* after 254 nm UV-light charging.
Characteristic Pr®* 4f — 4f afterglow emissions appear. We therefore
added Pr** in NaYGeO,:Bi>",Tb" to explore tailorable afterglow color.
Fig. 13(a) shows the afterglow spectra of Bi>" and/or lanthanides doped
NaYGeO4 after 254 nm UV-light charging. For
NaYGe0,4:0.003Bi%*,0.008Tb%*,0.002Pr>*, Bi®* 3p;-!Sy, both Tb3*
and Pré* typical 4f — 4f transitions appear in 300-675 nm range as
evidenced in the afterglow spectrum in Fig. 13(a) and the photo-
luminescence emission, excitation spectra, RT isothermal afterglow and
decay curves in Fig. S25.

White afterglow with color coordinate of (0.33, 0.35) appears in
NaYGe0,:0.003Bi>*, 0.008 Tb",0.002Pr" after 254 nm UV-light
charging as shown in Fig. 13(c) and Fig. S26. Fig. S27 shows the TL
glow curves of NaYGeO4:0.003Bi%",0.008Tb%",0.002Pr3* after expo-
sure to X-ray and 254 nm UV-light. TL glow peaks near 335 K in Fig. 527
(a) and near 314 K in Fig. S27(b) emerge, which result in the white
afterglow. Film D in Fig. 13(d1) was made by using
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NaYGe04:0.003Bi>*,0.008 Tb>*,0.002Pr>* and silicone gel. A white
afterglow film appears in the dark in Fig. 13(d3), which has a color
coordinate of (0.30, 0.32) in Fig. 13(c). A text of “WHITE BiTbPr” ap-
pears in the dark in Fig. 13(d5) by selecting charging the film D with a
paper mask in Fig. 13(d4). Fig. 13(d6) shows that about 40 h afterglow
can be measurable in NaYGe04:0.003Bi>*,0.008 Tb>*,0.002Pr°" after
254 nm UV-light charging.

3.5. Exploring X-ray imaging applications by using electron liberation
from BiZ*

We explored the resolution of film A in Fig. S30(al) for X-ray im-
aging. A paper mask with resolution from 0.25 mm to 10 mm was made
by using a sheet of paper as shown in Fig. S30(a2). Film A was placed
underneath the paper mask and can be selectively charged by 254 nm
UV-light in Fig. S30(a3). The afterglow photographs in Fig. S30(a4)-(a6)
show that a resolution of 0.25 mm (~4 Ip/mm) can be obtained from
film A upon 254 nm UV-light charging. Film E was made by using
NaYGe0,4:0.004Bi>" and silicone gel. Both films A and E have been
testified for X-ray imaging as shown in Fig. 14. X-ray imaging photo-
graphs for objects of capsules with a metal spring in Fig. 14(al)-(b4), an
insect in Fig. S29(al)-(a3), a chip in Fig. S29(a4)-(a6) are visible in the
dark because of the thermally stimulated luminescence of Bi** P15,
transition in NaYGeO,:0.004Bi®" from film E and Tb' 4f — 4f
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Fig. 11. Proof-of-concept anti-counterfeiting application by using NaYGeQ4:0.003Bi*>*,0.008Tb>" dispersed in silicone gel film A. Panels a1)-a5) show the prepa-
ration process of afterglow film A. Panels b1)-b3) and c1)-c3) show the application of the Th3+ afterglow from film A to show the text of “HQU EXIT” and a QR code

on a sheet of paper in the dark.

Daylight
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transitions in NaYGeO4:0.003Bi3+,O.008 Tb3* from film A upon heating
to about 343 K. The other X-ray imaging of a chicken bone is visible in
the dark as demonstrated in Fig. S28.

We further explored X-ray imaging with film A by using large electric
wires and connector plugs in size of ~ 5 x 5 cm? as imaging object in
Fig. 14(c1)-14(c4). With the increase of X-ray power from 30 W to 60 W,
a X-ray imaging photograph for the electric wires and connector plugs
gradually appears to be visible in the dark as shown in Fig. 14(c2)-(c4).
The X-ray imaging resolution for film A was testified in Fig. 14(d1). A X-
ray imaging resolution of about 3.5 Ip/mm emerges in film A in the dark
in Fig. 14(d2). Fig. 14(d3) shows a X-ray imaging resolution test using
(CgHpoN)oMnBrs phosphor based screen. The ratio of signal to

254nm UV-light
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Fig. 12. Proof-of-concept anti-
counterfeiting application by
combining X-ray or UV-light charged
Tb®* afterglow and high PL quantum
efficiency of CsPbl; quantum dots
(QDs). al) is NaYGeO4:0.003Bi3+,
0.008Tb>* based film A. a2) shows the
Tb3* afterglow from film A after X-ray
charging. a3) is the CsPblz; QD under
365 nm UV-light illumination. Panels
b1)-b3) show the CsPbls-QDs-less film B
and panels c1)-c4) show the CsPbI3-QD-
rich film C and its application to show
the text of “CsPbl; QDs”.

1

3;’!

Qb

UV off in the dark

Cs

background noise in film A in Fig. 14(d2) is higher than that in
(CgHyoN)2MnBr4 phosphor based screen in Fig. 14(d3). The above re-
sults suggest that the developed NaYGeO40.004Bi>t and
NaYGe0,4:0.003Bi**,0.008 Tb®" can be used for X-ray imaging.

4. Discussion

4.1. Electron de-trapping process from Bi2* for determining VRBE at Bi®*
2
P1/2

The VRBE diagram of NaYGeOy in Fig. 1(a) that was constructed in
ref. [31] predicts that Bi®* can act as a 0.85 + 0.5 eV deep electron
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Fig. 13. (a) Afterglow spectra after 254 nm charging, (b) RT iso-thermal decay curves, and (c) afterglow color coordinates for lanthanide and/or Bi®* doped
NaYGeO,. (d1)-(d5) NaYGe0,4:0.003Bi>*,0.008Tb>*,0.002Pr>* based silicone gel afterglow film D and its application to show text of “WHITE BiTbPr” in the dark.
(d6) 40 h RT iso-thermal decay curve for NaYGe04:0.003Bi**,0.008Tb%*,0.002Pr>".

capturing centre, while Bi>*, Ce>*, Pr3*, and Tb>" act as 1.48 eV, 3.80
eV, 2.0 eV, and 2.13 eV deep hole capturing centres. Fig. 1 still contains
a large error of + 0.5 eV for the prediction of Bi>" electron trapping
depth in NaYGeO, and NaLuGeO,. The predicted VRBE in the Bi**
ground state in NaYGeO4 and NaLuGeOy in Fig. 1 is based on the sta-
tistical result that the average VRBE in the Bi*" ground state in 15
inorganic compounds emerges in the range from about —3.5 to —4 eV
[45]. There are three main methods to determine the vacuum referred
binding energies in the ground and excited states of Bi2*. Based on the
VB — Bi®t charge transfer and the VRBE in the valence band (VB) of a
compound, one may estimate the VRBEs in Bi*" ground and excited
states by further adding the energies of the characteristic Bi" transi-
tions from 2P, soto 2P3/2(1), 2P3/2(2), and %S, ,2[46]. Katayama et al. used
this method in ref.[47] to determine the VRBE in the Bi?** ground state
location in MgGeO3 where a value of —3.8 eV was obtained. The second
method to estimate the VRBE in the Bi?** 2P;,, ground state is to
determine the energy barrier for thermal quenching of Bi2" 2P3,5—2P; 5
emission in a compound[45,46,48]. Awater et al. used this method to
determine the VRBE in Bi** 2P; /2 ground state in Li;BaP;07 to —3.84 eV
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in ref.[46]. Unfortunately, photoluminescence of Bi%" was not observed
in the germanate compounds of this work and the Bi** level locations
can not be derived by this method.

Fig. 1(a) predicts that the electron trap depth (0.85 + 0.5 eV) of Bi%t
isabout 1.33 + 0.5 eV and ~ 0.63 & 0.5 eV less than the hole trap depths
of Bi®*, Tb%*, and Pr3*. If this is correct, then electron liberation from
Bi®* and recombination with holes at Pr**, Tb**, and Bi** would give
rise to a same TL glow peak but with characteristic emission from Pr>*,
Tb%", and Bi". One then can estimate the Bi?>* 2P;,, ground state
location by a thermoluminescence study, which is the third method to
determine Bi?" level location in an inorganic compound. The low-
temperature TL emission (TLEM) spectra in Fig. 4 shows that a com-
mon TL glow peak near 270 K with Bi> emission in NaYGe04:0.004Bi>*
in Fig. 4(b), with Tb®" emission in NaYGe04:0.004Bi>",0.005Tb%" in
Fig. 4(c), and with Pr’* emission in NaYGe04:0.004Bi>*, 0.005Pr>" in
Fig. 4(d) was observed. This 270 K TL glow peak, named as Bi%* TL peak,
is absent in NaYGe04:0.005 Tb®" in Fig. 4(a) when Bi®" is absent. This
indicates that there is an electron release process from Bi?". Upon
thermal stimulation at about 270 K, the captured electrons are released
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Fig. 14. Proof-of-concept X-ray imaging by using (al)-(a4) NaYGeO4:0.004Bi?’Jr based film and (b1)-(b4) NaYGeO4:0.003Bi3+,0.008Tb3+ based film. (c1)-(c4) X-ray
irradiation dose and (d1)-(d2) X-ray imaging resolution test for the NaYGeO‘,:0.003Bi3+,0.008Tb34r based optical storage film A. The thickness of the wire connectors
used in (c1) is ~ 2 cm. (d3) X-ray imaging using manganese halide (CgH2oN)2MnBr, based scintillating film (reproduced with permission from Ref.[44], copyright

2021, Wiley).

4+ Tb* 4+ to

from Bi?* to recombine with holes trapped at Bi , or Pr
produce typical Bi>* 2P;—1S; and Tb3* or Pr3+ 4f — 4f transitions. The
electron trap depth of Bi®* electron trapping centre in NaYGeOy4 has
been calculated in Table 1 to about 0.64 eV. The VRBE in the Bi®>* %P, /2
ground state in NaYGeOy4 then can be deduced to ~ -3.29 eV by sub-
tracting the trap depth from the conduction band bottom VRBE. The
above obtained ~ -3.29 eV for Bi** 2P, /,2 ground state level location in
NaYGeO, should be treated as indicative because the Bi?* trap depth
was determined based on a assumption that there is a first-order TL
recombination kinetics and there is zero distribution in Bi* trapping
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depth. Fig. S6(c)-S6(e) demonstrated that there is a distribution in Bi%*
trapping depth and the Bi* trap depth increases from ~ 0.45 eV to ~
0.80 eV with increasing T¢jean from 308 K to 353 K in Fig. S6(e). The
VRBE in the Bi®* 2p; 2 ground state in NaYGeOy4 can also be deduced to
between ~ -3.1 and ~ -3.45 eV in NaYGeOy. This value appears within
the average range from ~ -3.5 eV to —4 eV for the VRBE in the Bi*"
ground state in inorganic compounds.

Fig. 4(b)-4(d) shows that the Bi®* emission is absent in
NaYGe04:0.004Bi®*,0.005 Tb®" and NaYGeO4:0.004Bi*,0.005Pr>*.
Fig. 1 predicts that the hole trap depth of Bi®" is less deep than that of
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Tb3" and Pr**. It means that Tb>" and Pr** are more stable hole
capturing centres than Bi®". During X-ray exposure, free holes prefer to
be trapped by more stable Tb®* and Pr®* hole capturing centres, rather
than by Bi" hole capturing centre. This leads to the absence of Bi**
3p,>1S,  emission in NaYGe040.004Bi®*,0.005 Tb%" and
NaYGeO4:O.OO4Bi3+,O.005Pr3Jr as shown in Fig. 4(c) and 4(d). The same
also applies for Fig. 13(a3) and Fig. 13(a4).

Fig. 1(b) predicts that Bi>* can act as an about 0.75 + 0.5 eV deep
electron trap in NaLuGeO4 and NaYGeOQy, and is about 1.38 + 0.5 eV less
deep than that of Tb>* hole capturing centres. Fig. 1(b) further predicts
that the VRBE at the conduction band bottom of NaLuGeQy is about 0.1
eV lower than that of NaYGeOy. If the above predictions are correct, the
Bi®" electron trapping depth will increase when Lu>" is substituted by
Y3* in NaLu;.4YxGeOy. The change of the Bi®" electron trapping depth is
verified by the thermoluminescence study of NaLul_XYXGeO4:O.01Bi3+ in
Fig. 5(a) and NaLuxY,GeO,4:0.003Bi>*,0.008Tb%" in Fig. 5(b) where
Bi®T acts as the electron trapping centre, while the Bi®* in Fig. 5(a) and
the Tb®" in Fig. 5(b) acts as the hole trapping and recombination cen-
tres. Fig. 5(a)-5(b) shows that, with the increase of x in NaLuj.
«YxGe04:0.01Bi®" and NaLuj.4YxGeO4:0.003Bi>*,0.008Tb%", the Bi?*
TL glow peak gradually shifts about 68-50 K towards higher tempera-
ture, corresponding about 0.13 €V increase of electron trap depth as
listed in column 4 of Table 1. The shifting of the Bi%* TL glow peak is due
to the increased activation energy of electron liberation from BiZ*
because of conduction band rising with increasing x in NaLuj 4YxGeOq.
For x = 0 in Fig. 5(b), the electron trap depth of Bi>" electron trapping
centre in NaLuGeOQ,4 has been determined to be ~ 0.50 eV in Table 1. The
VRBE in the Bi?" 2P}/, ground state in NaLuGeO, then can be deduced
to ~ -3.22 eV by subtracting the trap depth from the conduction band
bottom VRBE. This value is close to that of ~ -3.29 eV for Bi®* 2P, s2in
NaYGeO4 and appears within the average range from ~ -3.5 eV to —4 eV
for the VRBE in the Bi?* ground state in inorganic compounds.

4.2. Designing afterglow phosphors based on electron liberation from Bi?+
for anti-counterfeiting application

For a same sample of x = 1, a TL glow peak near 283 K was observed
in Fig. 5(b) and a TL glow peak near 311 K was observed in Fig. 5(c). For
x =1 in Fig. 5(c), there is 30 s delay time at 303 K between 254 nm UV-
light and TL-readout. Fig. S6(c)-S6(e) have already demonstrated that
there is a distribution in Bi®* trapping depths in x = 1 sample. A part of
stored charge carriers therefore has been faded at 303 K prior to the start
of TL-readout and then a higher TL glow peak appears for x = 1 in Fig. 5
(c). The 311 K TL glow peak for x = 1 is still attributed to the electron
liberation from Bi?* and recombination with holes captured at Tb**.
The same applies for the TL glow peaks near 303 K for x = 0-0.75 in
Fig. 5(c). Fig. 5(d)-5(e) show that T3+ afterglow phosphor can be
designed by using electron release from Bi%* and changing x in NaLu;.

«Y4Ge0,4:0.003Bi®",0.008Tb>"  resulting in conduction band
engineering.
Fig. 7(c) shows that the integrated TL intensity of

NaYGe0,:0.003Bi>",0.008Tb>" after exposure to 254 nm UV-light is
about 1.3 times higher than that of NaYGe04:0.004Bi". After X-ray
charging in Fig. 7(b), the integrated TL intensity of NaYGe0,4:0.004Bi>*
is about 4 times higher than that of NaYGeO,4:0.003Bi>*,0.008 Tb3*.
One should realize that charge carrier formation process induced by X-
rays and UV-light charging is different. For X-ray charging, mobile free
electrons and holes are created [31,49,50]. For UV-light charging, mo-
bile electrons and holes are formed by a photo-induced ionization pro-
cess from the excited states of a luminescence centre in compound like in
Eu?t,Tm>"-codoped Ca3Si,0; in ref.[51]. Fig. 9(b)-9(d) shows the TL
excitation (TLE) plots for NaYGe04:0.005 Tb3*  and
NaYGe04:0.004Bi>*,0.005 Tb3*. The two phosphors can be charged via
the Tb®* 4f - 5d and Tb®"—CB IVCT transitions or Bi** D-band. Fig. S6
(b) compares the TL glow curves for NaYGeO4:0.003Bi3*,0.008Tb>*
charged by X-rays and 254 nm UV-light. The TL peak appears at ~ 30 K
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higher by X-ray charging than that by 254 nm UV-light charging. One
possible reason is that free charge carriers created by X-rays are prefer
captured by stable and deeper Bi?* trapping depth since there is a dis-
tribution in Bi?* trapping depth as evidenced in Fig. S6(c)-S6(e).
Another possible reason is that the Ty, is smaller when the hole and
electron trap centers are close by and center-to-center recombination is
expected. With photon excitation those centers are being filled prefer-
entially. The Bi>* electron trap filled with photon excitation or with X-
rays can therefore be equally deep below the CB-bottom. However with
center-to-center recombination the electron needs not be thermally
excited to the CB. The similar applies to Bi®* co-doped NaYGeOy in
Fig. 7(b) and 7(c), NaYGeO,:yBi>*,0.008 Tb®" (y = 0.001-0.012) in
Fig. $13(b) and S13(c), and NaYGe04:0.003Bi>*,0.008Tb>*,0.002Pr>*
in Fig. 527.

Because of the intense afterglow from NaYGeO4:0.004Bi®* and
NaYGe04:0.003Bi%",0.008Tb>" as demonstrated in Fig. 3(h)-3(i), 8, and
Fig. §19-S20, this direct afterglow can be used as illumination light
source to display text and QR code in the dark as shown in Fig. 11 and
$23. Color-tailorable afterglow has been explored for anti-counterfeiting
application. Fig. S24 shows the PLE, PL or absorption spectra for
NaYGeO4:O.01Tb3+ and CsPbl3 quantum dots (QDs). There is an overlap
between the absorption spectrum of CsPbl3 QDs and the PL spectrum of
NaYGe0,4:0.01Tb%" in 300-650 nm, indicating the possible energy
transfer from NaYGeO4:0.01Tb>* to CsPbl; QDs via a reabsorption
process. However, the particle size of NaYGe0,4:0.004Bi>",0.005Tb>"
and NaYGe04:0.003Bi%*,0.008 Tb®" in Fig. S1 is much larger than that
of CsPbl3 QDs. The re-absorption of the afterglow from
NaYGe04:0.003Bi%*, 0.008 Tb>* by CsPbI; QDs may not efficient and
this leads to the difficulty to largely tailor the afterglow color in Fig. 12.

Color-tailorable afterglow was further explored by designing elec-
tron traps, hole traps, and recombination centres in NaYGeOg. Fig. 1(a)
shows that the VRBE in the Nd2* ground state is inside the conduction
band. It means that Nd** can not act as an electron capturing centre but
can act as a luminescence centre with Nd** 4f — 4f emission in the
infrared range via energy transfer from Bi®* to Nd** in NaYGeO4[52].
This prediction is evidenced by the Bi®** and Nd*" infrared afterglow in
Fig. 3(d) and the TLEM spectrum of NaYGeO4:0.004Bi>*,0.005Nd>" in
Fig. 6(c). Fig. 1(a) predicts that Pr®* can act as a hole capturing and
recombination centre in NaYGeO4. White afterglow appears in Bi®*,
Tb3*,Pr3*-codoped NaYGeO, as demonstrated in Fig. 13 and Fig. $26-27
where Bi®" acts as an electron trap, while Bi®*, Tb®*, and Pr3* act as
hole trapping and recombination centres.

4.3. X-ray imaging application exploration

X-ray imaging was testified by using the prepared films with different
objects in Fig. 14 and S28-S29 and a resolution of 3.5 Ip/mm for X-ray
imaging was obtained in Fig. 14(d2). To further increase the resolution
for the X-ray imaging, the particle size of the storage phosphors needs to
be decreased further by ball milling or synthesizing nano-sized phos-
phor. The optimized NaYGe04:0.003Bi%>",0.008 Tb®" has been further
evaluated for X-ray imaging application. Fig. 10(a) shows that the in-
tegrated TL intensity for NaYGe04:0.003Bi**, 0.008Tb>* increases lin-
early with increasing X-rays exposure time, indicating the possible
application as X-rays dosimeter. Fig. 10(b) shows that
NaYGe0,4:0.003Bi®*,0.008 Tb>" has good chemical stability after
exposure to water, which is important for practical application. Fig. 10
(c)-10(d) and S15-S18 shows that the stored charge carriers in
NaYGe04:0.004Bi%*,0.008 Tb®* and NaYGe04:0.004Bi%* can be excited
by different light source to generate optically stimulated Tb®* and Bi®*
luminescence. One then may design X-ray imaging application using this
feature[49].

5. Conclusions

Photoluminescence spectroscopy, vacuum referred binding energy
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diagram (VRBE), and thermoluminescence technique have been com-
bined to investigate the capturing and transport processes of electrons
and holes in NaLu; 4YxGeOy4 in order to develop storage phosphors for X-
ray imaging and anti-counterfeiting applications. In
NaYGe04:0.004Bi®* and NaYGe0,:0.004Bi",0.005Ln>" (Ln = Tb or
Pr), the Bi®" ion acts as an electron capturing centre, while Bi®* and
Ln3* act as the hole capturing and recombination centres. The trapped
electrons are liberated from Bi2" to recombine with holes captured at
Bi*t or Ln** to generate characteristic Bi®>" 3P; 1S emission and Tb®*
or Pr" 4f — 4f transitions. The trap depth of Bi®" electron capturing
centre has been determined to about 0.64 eV by thermoluminescence
study. The VRBE in the Bi?* 2P}/, ground state is then derived to —3.29
eV in NaYGeOy. The electron trap depth produced by Bi** codopant in
NaLuy.,Y,Ge04:0.003Bi",0.008Tb%" solid solutions can be adjusted, by
increasing x, resulting in conduction band engineering. Good afterglow
phosphors were developed by using electron liberation from Bi%* in Bi**
and/or Tb®" doped NaYGeOy,. The integrated TL intensity of the opti-
mized NaYGe04:0.004Bi>" and NaYGeO4:0.003Bi®*,0.008Tb>" after
exposure to X-rays is about 4.5 and 1.1 times higher than that of the
state-of-the-art BaFBr(I):Eu?" storage phosphor. Intense initial Tb>* 4f
— 4f afterglow appears in NaYGeO4:0.003Bi®*,0.008Tb%" and more
than 40 h afterglow can be measurable in NaYGe04:0.004Bi>" and
NaYGe04:0.003Bi**,0.008Tb>" after X-ray charging. We have shown
proof-of-concept color tailoring for anti-counterfeiting applications by
combining perovskite CsPblg quantum dots (QD) with finely designed
charge carriers in NaYGeO, where Bi®* acts as an electron trap while
both Tb®>" and Pr®" act as the hole trapping and recombination centres.
Proof-of-concept X-ray storage application was demonstrated in the
optimized NaYGeO4:0.004Bi>" and NaYGeO4:0.003Bi*",0.008Tb>"
phosphors which were dispersed in the silicon gel based flexible X-ray
imaging films. This work not only provides with experimental evidence
on the VRBE in Bi®* 2P, /s2 ground state in NaYGeO4 and NaLuGeOy, but
also shows that how to design and develop good afterglow phosphors for
anti-counterfeiting and X-ray imaging by deeply studying and control-
ling the trapping and de-trapping processes of charge carriers in bismuth
and/or lanthanides doped inorganic compounds. Therefore, this work
can accelerate the development of afterglow phosphors in a rational way
instead of by the typical trial-and-error method.
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