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ABSTRACT: Developing a feasible design principle for solid-state Rational design of bismuth-based afterglow and storage phosphors
. . . . 0 ~  |NaYGe0,0.01B* 300Kk A_=Bi**

materials for persistent luminescence and storage phosphors with "o, |—movcran A
high charge carrier storage capacity remains a crucial challenge. 21 oy 0T v 1on
Here we report a methodology for such rational design via vacuum -« EBiT_ - = = ey
referred binding energy (VRBE) diagram aided band structure 271" s
engineering and crystal synthesis optimization. The ARE(Si,Ge)O, 27 <

g -8 =
(A = Li, Na; RE =Y, Lu) crystal system was selected as a model 7 5"
example. Low-temperature (10 K) photoluminescence excitation ‘ ‘ ‘ Zos
and emission spectra of bismuth- and lanthanide-doped ARE- -2 =
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(Si,Ge)O, system were first systematically studied, and the
corresponding VRBE schemes were then established. Guided by
these VRBE schemes, Bi*" afterglow and storage phosphor
properties were explored in NaLu,_,Y,GeO,. By combining Bi** with Bi*" itself or Eu®*, Bi’* appears to act as a deep hole-
trapping center, while Bi*" and Eu®" act as less-deep electron traps. Trap depth tunable afterglow and storage were realized in
NaLu,_,Y,Ge04:0.01Bi*" and NaLu,_,Y,GeO,:0.01Bi**,0.001Eu’" by adjusting x, leading to conduction band engineering. More
than 28 h of persistent luminescence of Bi’* was measurable in NaYGeO,:0.01Bi** due to electron release from Bi** and
recombination with a hole at Bi*'. The charge carrier storage capacity in NaYGeQ,:0.01Bi** was discovered to increase ~7 times via
optimizing synthesis condition at 1200 °C during 24 h. The thermoluminescence (TL) intensity of the optimized
NaYGe0,:0.001Bi** and NaYGeO,:0.01Bi**,0.001Eu®" is ~3, and ~7 times higher than the TL of the state-of-the-art X-ray
storage phosphor BaFBr(I):Eu. Proof-of-concept color tuning for anti-counterfeiting application was demonstrated by combining
the discovered and optimized NaYGeO,:0.01Bi*" afterglow phosphor with perovskite CsPbBr; and CdSe quantum dots. Information
storage application was demonstrated by UV-light- or X-ray-charged NaYGeO,:0.01Bi**,0.001Eu’" phosphor dispersed in a silicone
gel imaging film. This work not only reports excellent storage phosphors but more importantly provides a design principle that can
initiate more exploration of afterglow and storage phosphors in a designed way through combining VRBE-scheme-guided band
structure engineering and crystal synthesis optimization.

1. INTRODUCTION based on an approach by trial and error, and the charge-

Storage phosphors are information storage materials that carrier-trapping processes are often not deeply and systemati-

capture electrons and holes in host defect traps after exposure calily studied. This does not prowde_ enough 1ns-1ghts a_nd
to ionizing radiation.' > They have widespread ap6plications, gu-lda‘nce for fu?ther research.- Developmg. an effectn-le design
like in dosimetry of X-rays, electrons, or y-rays;° digital principle in solid-state matgrlals ‘for persistent lumlnescence
dental radiograph imaging systems; = and computed radio%- and storage phosphors with high charge carrier storage
raphy (CR) using X-ray-charged storage phosphor film."'""* capacity is a challenge.

Like a storage phosphor, an afterglow phosphor is another A persistent luminescence or storage phosphor is

type of energy storage material that can first capture charge constituted of the compound lattice, the recombination
carriers in defect trap(s) upon absorbing excitation energy, center, and the electron- and hole-capturing centers that are
but then it can gradually emit photons when excitation often lattice impurities or intrinsic defect(s)."” The properties
radiation is removed.'”'" Afterglow phosphors are proposed

to be used in anti-counterfeiting applications because the Received: October 23, 2019

afterglow color and/or intensity may change as a function of Revised:  January 6, 2020

time in the dark.">™'® To date, few really good afterglow and Published: January 6, 2020

storage phosphors have been discovered. One of the
important reasons is that a majority of research work is
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of the recombination centers and the host lattices determine
the emission decay time and the emitting wavelength, which
can change from deep ultraviolet to even infrared. The trap
depths of the electron- and hole-trapping centers and their
distribution within the compound lattice decide how long the
electrons and holes are trapped. For a persistent luminescence
phosphor, shallow traps (<~0.7 eV) are required to produce
thermally stimulated afterglow at room temperature (RT)."**°
For a storage phosphor, deep traps (>~1 eV) are required to
avoid energy loss via thermal fading at RT.”'" Rational design
of afterglow and storage phosphors is possible if one can tailor
the trap depths of the electron- and hole-capturing centers. If
the charge carrier storage capacity can further be optimized by
synthesis conditions, then a good storage phosphor may
appear.

In X-ray computed radiography, the image information of
patients is first stored in a storage phosphor imaging film and
then read out by scanning the film point-by-point with a
stimulation photon source like a solid-state laser beam with
wavelength ranging from 375 to 1800 nm.”"** The photo-
stimulated light is rapidly recorded with a photomultiplier
tube that has a high quantum efficiency from 300 to 450 nm.
In current flying-spot computed radiography di%itizers, the
read-out time for each pixel is less than 2 us."" The light
emission from the phosphor at the previous pixel should have
decayed to at least 1/e of its initial emission intensity when
the phosphor at the present pixel is stimulated. Therefore, for
use in flying-spot scanners, the decay time of a recombination
center in a storage phosphor should be <~2 us. Other
requirements for a good storage phosphor for computed
radiography, as proposed in refs 11 and 22, are high X-ray
absorption and conversion eficiency to trapped electrons and
holes, slow fading, good chemical stability, and the optical
erasure ability of stored information. Today BaFBr(I):Eu is
the state-of-the-art X-ray storage phosphor.'”**~> Unfortu-
nately, its durability is limited because it is hygroscopic. The
exploration of better storage phosphors is going on.**”**
Recently, Dobrowolska et al.” reported an excellent storage
phosphor, LiLuSiO,:Ce, Tm, with high charge carrier storage
capacity using a typical trial-and-error approach. However, the
nature of the trap(s) in LiLuSiO,:Ce,Tm still remains
unknown, and design principles for storage phosphors were
not proposed.

For afterglow phosphors, most of the research work is
focused on Eu**-, Ce*-, or Cr’**-doped compounds.””™'
Bismuth-based materials are of current research interest
because of their promising applications in various fields like
in semiconductors,”> quantum dots,”> or topological insu-
lators.”* Particularly, Bi** as an emission center has been
widely used in photoluminescence phosphors.”>™*" However,
Bi**-based afterglow or storage phosphor development is
rarely reported.”® *’ Recently, Wang et al.*' reported the
persistent luminescence of Bi’* in Bi*’- and Eu’*-doped
NaLuGeO,. The charge-carrier-trapping processes are not
fully clear because Bi** may act as a hole trap but also as an
electron trap. A deep understanding of the electron- and hole-
trapping processes in bismuth-doped compounds will be
helpful to accelerate the exploration of better afterglow and
storage phosphors.

Methods were proposed to determine the locations of the
divalent and trivalent lanthanides, Bi*", or Bi** energy levels
within the band gap of inorganic compounds.””™" With
spectroscopic data, one may construct a vacuum-referred
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binding energy (VRBE) scheme.”® Knowledge on the VRBE
in defect levels like lanthanides, valence band (VB),
conduction band (VB), or bismuth then offers an effective
way to predict, understand, and even tailor electron- and hole-
capturing processes. Up to now, the VRBE-guided method has
mainly been applied to explore afterglow phosphors in
lanthanide and/or Cr’*-doped garnet compounds,” and
only a few good afterglow phosphors were developed.
Particularly, to the best of our knowledge, there is rare
reporting on the design of Bi*" afterglow or storage phosphor
by a combination of VRBE-aided band structure engineering
and optimizing crystal synthesis conditions.

The objective of this work is to show how to design Bi**
afterglow and storage phosphors using VRBE-aided band
structure engineering and crystal synthesis optimization.
Because of the good storage properties of LiLuSiO,, the
ARE(Si,Ge)O, (A = Li, Na; RE = Y, Lu) family of materials
was selected for further research. Low-temperature (10 K)
photoluminescence excitation and emission spectra of the
bismuth- and lanthanide-doped ARE(Si,Ge)O, system were
first systematically investigated, and the corresponding VRBE
schemes were then established, like in Figure 1, which act as a
basis for our research. Figure la predicts how the electron- or
hole-trapping depth can be tailored by changing the
conduction band or valence band energies with crystal
composition modulation. Figure 1b helps to select potential
combinations of hole- and electron-capturing centers. To
demonstrate the design principle, in this work, we will mainly
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Figure 1. Vacuum-referred binding energy (VRBE) diagrams of (a)
the NaYGeO,-related family of compounds and (b) NaYGeO,,
including the VRBE in the ground states of lanthanides, Bi**, and
Bi**. Arrows indicate experimentally observed transitions.
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Figure 2. XRD patterns for (a) NaYGeO,:0.01Bi*" synthesized at 1200 °C during 3—24h and (b) NaLu,_,Y,GeO,:0.01Bi**,0.001Eu*" (x = 0—1)

solid solutions.

focus on NalLu, ,Y,GeO, crystals and study the charge-
trapping processes regarding bismuth and europium in detail.
The effects of crystal synthesis optimization on charge carrier
storage capacity were studied in NaYGeO,:0.01Bi**. Proof-of-
concept color tuning for anti-counterfeiting application was
demonstrated by combining the discovered NaY-
Ge0,:0.01Bi’" afterglow phosphor with perovskite CsPbBr;
and CdSe quantum dots. Information storage application was
demonstrated by an UV-light- and X-ray-charged NaY-
Ge0,:0.01Bi*",0.001Eu** phosphor dispersed in a silicone
gel imaging film.

2. EXPERIMENTAL SECTION

Si0, (99.99%) crystals with 0.2—0.7 mm dimension were purchased
from Umicore and ground into fine particles. Other starting
chemicals were purchased from Sigma-Aldrich and utilized without
further treatment. A series of Bi**- and/or lanthanide-activated
compounds, NaLu, ,Y,GeO,, Na, ,LiILuGeO,, LiLuSi,_,GeO,,
LiLuy,5Y,75S1,_,Ge,O,, and LiLu,_,Y,SiO,, were synthesized via
typical high-temperature solid-state reactions. For the compounds
containing Li, an excess of 10% Li" above the normal stoichiometry
was added to compensate for the loss of Li* at high temperature. The
appropriate mixtures of SiO, (99.99%), GeO, (99.99%), Li,CO,
(99.99%), Na,CO; (99.99%), and other rare earth oxides with high
purity of 4 N (99.99%) were mixed well and then fired in corundum
crucibles under ambient atmosphere at 800 °C for 8 h and then 1150
°C for 12 h. Finally, the obtained crystals were naturally cooled to
room temperature (RT) and then ground into homogeneous
powders before further measurements. The applied heating rate of
the furnace is 3 °C/min. Particularly, to optimize the persistent
luminescence of Bi** in NaYGeO,:0.01Bi*, its synthesis conditions
were explored by changing the temperature from 1100 to 1300 °C
and the duration time from 3 to 24 h.

All crystals were identified using a PANalytical XPert PRO X-ray
diffraction setup equipped with a Co Kar (4 = 0.178 901 nm) X-ray
tube operated at 45 kV and 40 mA. The recorded X-ray diffraction
(XRD) patterns were compared with the standard reference from
Pearson’s Crystal Database. The photoluminescence (PL) emission
and excitation (PLE) spectra were measured by utilizing a system
that includes a VUV/UV branch using a water-cooled deuterium
(D,) lamp with an ARC VMS0S vacuum monochromator and a UV/
vis branch utilizing a 500 W Hamamatsu CW Xe lamp with a Gemini
180 monochromator. A PerkinElmer MP-1913 photomultiplier was
employed as the signal detector. The crystals can be cooled to 10 K
by utilizing a closed helium cryostat (HC-4) with a Lake Shore 331
temperature controller in vacuum. All shown PLE spectra have been
corrected by the incident photon flux. The fluorescence decay curves
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were recorded using the above PL setup that further combines a
wavelength tunable YAG:Nd laser system (NT230-100-SH/DUV-
SCU) with a digitizer module.

High-temperature thermoluminescence (TL) glow curves (300—
823 K) were measured with a setup that contains an EMI 9635QA
photomultiplier tube, a RIS® TL/OSL reader (model DA-15), and a
DA-20 controller. All crystals were first heated to 823 K three times
to empty all traps and then cooled to RT followed by f-irradiation
utilizing a *°Sr/*°Y source with a dose rate of ~0.7 mGy/s under
nitrogen gas in darkness. Low-temperature TL glow curves (LTTL)
between 90 and 450 K were measured using a facility that contains a
PerkinElmer channel photomultiplier tube (MP-1393) and a *°Sr/*°Y
P-irradiation source with a dose rate of ~0.4 mGy/s. Prior to the
LTTL measurements at a heating rate of 1 K/s, powder samples were
pressed into pills with an area ~0.2 cm® and mass <~5 mg. The pills
were attached to a metal unit with heating elements by silver paint.
The pills were first heated to 450 K for 3 min in darkness and then
cooled to 90 K using liquid nitrogen followed by 600 s f-irradiation
in a vacuum (1077 mbar). A 400 nm bandpass filter (400FS40-50,
Andover Corp.) was placed between the PM tube and the pills to
select the characteristic Bi** emission in NaLu,_,Y,Ge0,:0.01Bi**,
All measured TL glow curves have been corrected by the sample
mass and f-irradiation time, and glow intensity is expressed in
counts/. g/s, where counts are an instrumental unit.

Thermoluminescence emission (TLEM) spectra were measured
with a facility that combines a UV/vis QE65000 spectrometer with a
RIS® TL/OSL reader. The powder samples were heated to 823 K to
empty all traps and then cooled to RT followed by y-irradiation from
a %Co source to an absorbed dose of ~2.5 kGy. The TLEM spectra
recorded by QE65000 have been corrected by its wavelength-
dependent quantum efficiency.

Thermoluminescence excitation (TLE) spectra were performed by
first charging the crystals during 300 s with monochromatic photons
produced by a 150 W xenon arc lamp (Hamamatsu L2273) that was
filtered with a monochromator (Oriel Cornerstone 130). The TLE
facility has a wavelength resolution of 8 nm against a 1 mm slit
width. Here, the slit width was fixed to 1 mm and the wavelength
step was set as 10 nm for all TLE measurements in this work. The
TLE facility was programmed by LabVIEW to measure all TL glow
from RT to 723 K at a heating rate of 5 K/s at illumination
wavelengths from 200 to 400 nm. A so-called TLE plot like that in
Figure 9c was constructed by integrating the intensity of a TL glow
peak and displaying it versus the charging wavelength.'”*” A 400 nm
bandpass filter (400FS40-50) was used to monitor Bi** emission. All
recorded TLE curves have been corrected for the charging time,
sample mass, and wavelength-dependent excitation intensity of the
xenon arc lamp.

The photographs of Bi**-related emission were taken with an
iPhone 8Plus. A Hg lamp with the main emission near 254 nm was

https://dx.doi.org/10.1021/acs.chemmater.9b04341
Chem. Mater. 2020, 32, 1192—-1209
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Figure 3. Photoluminescence excitation (PLE) and emission (PL) spectra for (a) LiLuSi,_,Ge,0,:0.01Eu*" monitoring Eu** emission at 611 nm

and (b, c) undoped LiLuSi,_,Ge,O, at 10 K.
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10 K and PLE spectra for (c) NaLuGe0,:0.01Pr** and (d) NaLuGeO,:0.005Tb** at RT.

utilized to charge NaYGeO,:0.01Bi**. For the phosphor dispersed in
a silicone gel, appropriate mixtures of phosphor and silicone were
mixed homogeneously to produce a uniform film on a glass substrate.
The film was then put in vacuum for 10 min to remove air bubbles
and placed in the air at room temperature for 12 h or at 60 °C for 2
h. Scanning electron microscope (SEM) images and energy-
dispersive X-ray spectroscopy (EDX) mapping for NaY-
GeQ,:0.01Bi** were recorded with a JEOL JSM-IT100 instrument.
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3. RESULTS

3.1. X-ray Diffraction and Photoluminescence Spec-
troscopy. Figure 2a shows the X-ray diffraction patterns
(XRD) for the NaYGeO,:0.01Bi*" synthesized at 1200 °C
during 3—24 h. All samples match well with the standard
NaYGeO, reference (No. 2060220), indicating that high-
purity samples were synthesized.

https://dx.doi.org/10.1021/acs.chemmater.9b04341
Chem. Mater. 2020, 32, 1192—-1209
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Figure S. Photoluminescence excitation and emission spectra for (a, b) Na,_.Li,LuGeO,: 0.01Bi**, (¢, d) LiLuSi;_,Ge,0,:0.01Bi**, and (e, f)
LiLu,_,Y,Si0,:0.01Bi** recorded at 10 K. An afterglow photograph of Na,_,Li,LuGeO,:0.01Bi*" (x = 0.25) after Hg lamp irradiation for § s is
shown in panel b. The shoulder emission band near 414 nm in panels d and f for LiLuSiO,:0.01Bi** is attributed to the second-order transmission
of excitation light at 207 nm. This band is absent in other samples when a longer wavelength 305 nm pass filter is used.

Figure 2b shows part of the XRD patterns for
NaLu,_,Y,Ge0,:0.01Bi**,0.001Eu®" with different content of
Y**. Compared with the NaLuGeO, reference (No. 2060221),
the XRD peaks slightly shift toward smaller 20 angles. This
demonstrates that the yttrium cations enter into the smaller
lutetium site and increase the cell volume. With increasing x,
nice solid solutions appear in the synthesized crystals of
NaLu,_,Y,GeO,:0.01Bi®*",0.001Eu’"*,
Na,_,Li,LuGe0,:0.01Bi**, or LiLuSi,_,Ge,O, (x = 0-1),
where impurity phases are absent, as is evidenced with the X-
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ray diffraction patterns in Figure S2 of the Supporting
Information (SI).

Figure 3a shows the excitation spectra for LiLu-
Si,_,Ge,0,:0.01Eu®". A broad band near 225 nm is observed,
which slightly shifts to ~228 nm with increasing x. Like in the
study of Sidorenko et al,* this band is attributed to the
charge transfer (CT) band, where an electron is excited from
the valence band to Eu*, forming Eu®* in its ground state.

Figure 3b,c shows the excitation and emission spectra of
undoped LiLuSi,_,Ge, O, at 10 K. Several excitation peaks

https://dx.doi.org/10.1021/acs.chemmater.9b04341
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Figure 6. Thermoluminescence emission (TLEM) spectra for (a) NaYGeO,:0.01Bi** synthesized at 1200 °C during 24 h, (b)
NaYGeO,:0.01Bi*,0.0005Eu’, (c) NaYGeQ,:0.01Bi**,0.001Eu*, and (d) NaYGeO,:0.01Bi**,0.006Eu" at # = 1 K/s after y-ray irradiation.

near 179, 202, 238, and 316 nm appear. With increasing x, the
excitation peaks do not exhibit a gradual shift, while the
emission peaks near 320 and 422 nm shift toward lower
energy.

Figure 4a)b show the photoluminescence excitation and
emission for undoped or Bi** or Eu®" single-activated
NaLuGeO, crystals at 10 K. NaLuGeO,:0.01Eu** shows 4f—
4f emission upon 227 nm excitation, and its excitation
spectrum monitoring at 612 nm gives rise to two excitation
bands geaked at 227 and 196.5 nm. Like in the study of Blasse
et al,” the 227 nm band is known as a charge transfer (CT)
band. When the host is excited at 198 nm, a broad emission
band appears between 330 and 600 nm. Its excitation
spectrum monitoring at 450 nm shows a strong excitation
band near 196.5 nm that is the same as the one observed
when monitored Eu®* emission in NaLuGeO,:0.01Eu’*. This
band near 196.5 nm will be assigned to host exciton creation.

When NaLuGeO,:0.01Bi** is excited at 232 or 296 nm, a
broad Bi** A-band emission with a maximum wavelength near
418 nm appears. Its excitation spectrum is composed of five
bands near 166, 202, 232, 296, and 308 nm. Considering the
Jahn—Teller splitting for the P, excited state for the s*-type
ions like Bi*" and TI*,>”°"*" the low-energy excitation bands
located at 296 and 308 nm are, like in ref 41, attributed to the
Jahn—Teller split 'S, — P, transition. The assignment of the
excitation band near 232 nm to the Bi** — CB (conduction
band) charge transfer (CT) band, also known as the Bi** D-
band, and the assignment of the 202 nm band to the C-band
will be discussed in the Discussion section. Similar PLE and
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PL spectra for isostructural NaYGeO,:0.01Bi** or -Eu** can
be found in Figure S3 (SI).

Figure 4c,d shows the photoluminescence excitation spectra
for Tb®" or Pr’* single-activated NaLuGeO,, while monitoring
the typical Tb*" (548 nm) or Pr’* (605 nm) emission as
shown in Figure S5 (SI). A broad shoulder band near 258 nm
appears for NaLuGeQ,:0.01Pr*" in Figure 4c, 266 nm for
NaLuGe0,:0.005Tb* in Figure 4d, 260 nm for LiLu-
Ge04:0.01Pr*" in Figure SSa (SI), and 270 nm for
LiLuGeO,:0.01Tb* in Figure SSb (SI). The wavelength
difference between that for Pr’* and Tb*" is ~10 nm in both
compounds. Similar PLE spectra for NaYGeO, can be found
in Figure SSgh (SI). In the Discussion section, these peaks
are assigned to Intervalence Charge Transfer Bands (IVCT)*
caused by electron transfer from the Tb*" or Pr’* 4f ground
state to the conduction band.

To further reveal the nature of Bi** emission, Figure Sa,b
shows the excitation and emission spectra of
Na,_,Li, LuGe0,:0.01Bi** solid solutions at 10 K. With
increasing x, all excitation bands remain stationary, while the
Bi’* emission peak wavelength decreases gradually from 418
nm for x = 0 to 360 nm for x = 1 upon Bi’* D-band
excitation. The same applies to the emission bands when
excited by the Bi** A-band at 308 nm, as shown in Figure S4
(S1).

Figure Sc,d shows the excitation and emission spectra for
LiLuSi,_,Ge,0,:0.01Bi*>* solid solutions at 10 K. The
excitation peak near 160 nm remains stationary with
increasing «, while a gradual red-shift appears in the Bi*" A-,

https://dx.doi.org/10.1021/acs.chemmater.9b04341
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C-, and D- excitation bands and Bi** A-emission band. The
same applies to the double solid solutions Li-

Lug,5Yo75Si;_,Ge,0,4:0.01Bi** in Figure S6 (SI).
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Figure Se,f shows the PLE and PL spectra for
LiLu,_,Y,Si0,:0.01Bi** at 10 K. The excitation peak near
160 nm, Bi** C-band near 190 nm, D-band near 207 nm, and

https://dx.doi.org/10.1021/acs.chemmater.9b04341
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A-bands near 278 and 290 nm remain stationary. A red-shift
of about 7 nm appears in the Bi** A-band emission with
increasing x. Note that the 160 nm excitation band is an
artefact due to the deuterium lamp spectrum correction.
3.2. Engineering the Electron Trap Depth of Bi** and
Eu3* and Crystal Synthesis Optimization. TL emission
(TLEM) studies were performed to identify the recombina-
tion center in Bi*’-doped or Bi**,Eu’*-codoped NaYGeO,
crystals, as shown in Figure 6. Additional TLEM plots for
other NaLu,_,Y,GeO, with different Eu®" concentration or
Y** content can be found in Figure S9 (SI). For

1199

NaYGeO,:0.01Bi**, TL peaks near 373, 446, 515, and 614
K with broad Bi** A-band emission peaked at ~400 nm
appear. After codoping Eu®* in NaYGeO,:0.01Bi**,0.001Eu’"
(Figure 6b), an about 10 times stronger Bi** TL peak near
390 K emerges. Not only typical Bi** A-band emission but
also weak Eu®" 4f—4f emission is observed. This is attributed
to Bi*® — Eu®" energy transfer, because the TL peaks when
monitoring the Eu®* 4f—4f emission or when monitoring the
Bi’* A-band emission appear to share the same shape. This
applies to NaYGe0O,:0.01Bi**,0.001Eu®" in Figure 6c,
NaYGe0,:0.01Bi**,0.006Eu’* in Figure 6d, and also to other

https://dx.doi.org/10.1021/acs.chemmater.9b04341
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NaLu,_,Y,Ge0,:0.01Bi** xEu** in Figure S9 (SI). Note that
the ratio of Eu®" 4f—4f emission to Bi*" A-band emission
increases from 0.02 to 0.12 with increasing x in Figure 6b—d.

Figure la shows that the VRBE in the ground state of Eu**
and Bi*" appears near —4.0 and —3.5 + 0.5 eV, respectively. It
suggests that Bi** acts as a 0.5 + 0.5 eV shallower electron
trap than Eu®" in NaYGeO,. Bi’" single-doped Na-
Lu, ,Y,GeO, samples were synthesized to study the charge-
carrier-trapping process. Figure 7a shows the low-temperature
TL glow curves for NaLu,_,Y,Ge0O,:0.01Bi* solid solutions.
With increasing x, the TL glow near 226 K, which will be
attributed to electron liberation from Bi**, shifts ~69 K
toward higher temperature.

Since the TL peak for NaYGeO,:0.01Bi** is near 300 K in
Figure 7a), persistent luminescence of Bi** is expected at RT.
To optimize the charge carrier storage capacity to obtain
stronger Bi** afterglow, synthesis optimization is explored.
Figure 7b shows that the TL peak maximum changes between
269 and 300 K, depending on the synthesis temperature at
1100—1300 °C. Note that a ~4.8 times stronger TL peak near
300 K appears when the synthesis temperature is increased
from 1100 to 1200 °C. The stronger Bi’" afterglow is
evidenced by the photographs in Figure 7c and the RT
isothermal decay curves in Figure 7d. Figure 7e,f shows the
TL glow curves and photographs for NaYGeO,:0.01Bi**
synthesized at 1200 °C with different duration time. An
about 7 times stronger Bi** TL peak near 358 K appears with
increasing the duration time from 3 to 24 h, which results in
stronger Bi’" afterglow, as shown in Figure 7g. For the
NaYGeO,:0.01Bi** sample synthesized at 1200 °C during 12
h, the Bi** peak near 358 K in Figure 7e is ~58 K higher than
the Bi** peak near 300 K in Figure 7b. In the above RT TL
experiment, a large part of the TL glow has already faded at
the start of the recording. The 58 K shift is therefore
attributed to a peak cleaning effect at RT, as is further
demonstrated in Figure S10 (SI).

Figure 7h,i shows the TL glow curves and photographs for
NaYGeO,:xBi** and NaysLig,YGeO,:0.01Bi** samples syn-
thesized at 1200 °C during 24 h. The TL glow near 300—400
K appears to increase ~2.5 times when x changes from 0.01 to
0.001 or when 25% Na" is replaced by Li*, which results in
strong Bi*" afterglow in Figure 7j. The ratios of integrated TL
between 300 and 723 K of NaYGeO,:xBi** and
NagsLig,sYGeO,:0.01Bi*" to that of commercial phosphors
SrAl,O,:Eu,Dy (G-300M, LumiNova), BaFBr(I):Eu (Agfa-
Gevaert), and Sr,MgSi,0,:Eu,Dy are provided in the legend
of Figure 7h.

Figure la suggests that Eu®* may act as a ~0.5 = 0.5 eV
deeper electron trap than Bi**. The storage phosphor
properties of Bi**,Eu**-codoped NaLu,_.Y,GeO, solid sol-
utions were therefore explored. Figure 8a,c show the
normalized and unnormalized TL glow curves for Na-
Lu,;_,Y,GeO,:0.01Bi**,0.001Eu" after f-irradiation. The ratios
of integrated TL between 300 and 700 K of Na-
Lu,_,Y,GeO,:0.01Bi**,0.001Eu®* to that of commercial
storage phosphor BaFBr(I):Eu or a AL,O5:C single crystal
(Landauer Inc.) are shown in the legend of Figure 8c. The
maximal ratios of 6.7 and 1.6 appear when x = 1. With
increasing x, the TL glow peak attributed to electron release
from Eu’* near 356 K shifts ~41 K toward higher temperature
in Figure 8c, which gives rise to decreased initial Bi**
afterglow in Figure 8d and less TL fading in Figure 8e. For
the x = 1 phosphor after 2 h waiting time, the integrated TL

1200

intensity remains 88%, which is almost the same as that of
BaFBr(I):Eu (87%). Note that the Eu*>" TL peak temperature
of 397 K in Figure 8¢ for the x = 1 phosphor is about 12 K
lower than that of the Eu** TL peak in Figure 6¢c. In the
TLEM experiments in Figure 6, there is about 0.5 h delay
time between y-ray charging and TL recording, and a small
part of the Eu?* TL glow has already faded at RT before the
start of TL recording.

The trapping depths for Na-
Lu,_,Y,Ge0,:0.01Bi**,0.001Eu** were determined by utilizing
a variable heating rate plot and equation:'”**~>*

)=o)

In| == — +In|—

B ) KL ks (1)
where f is the heating rate, which can change from 0.08 to 5
K/s; T, is the temperature at the maximum of the TL glow
curve; k represents the Boltzmann constant (8.62 X 107° eV/
K); and s stands for the frequency factor (s™'). Figure 8f
shows the variable heating rate plots for Na-
Lu;_,Y,Ge0,:0.01Bi**,0.001Eu’* that provide the trap depths

shown in column 4 and the frequency factors in column 2 of
Table 1.

Table 1. TL Results for Solid Solutions
NaLu,_,Y,GeO,:0.01Bi** and
NaLu,_,Y,GeO,:0.01Bi**,0.001Eu*" Giving the Frequency
Factor s (s™') and Trapping Depths E (eV) for the Eu** and
Bi’>* Glow Peaks (T,,)

T, Eu** T, Bi**

5 s (K) EuE (eV) (K) Bi E (eV)
0 9.23 x 10° 356 0.79 226 0.49
025  3.73 x 10° 386 0.82 254 0.53
0.50  3.16 x 10° 394 0.84 285 0.59
075  9.73 x 10° 382 0.85 277 0.61
1 1.20 x 10%° 397 0.89 295 0.65

Because the Eu®* content is very low, we assumed that the
above-derived s values also apply to NaLu,_,Y,GeQ,:0.01Bi*".
Assuming a first-order TL recombination kinetic, the
corresponding trapping depths E (eV) for the Bi*" TL peaks
in NaLu,_,Y,Ge0,:0.01Bi*" in Figure 7a can then be derived
by using the temperature T, at the maximum of the TL glow
curve and solving eq 1 with f = 1 K/s and s values in column
2. The obtained results are provided in column 6 of Table 1.
Actually, first-order kinetics does not apply, and one should
regard the obtained values as indicative.

To further unravel the charge-carrier-trapping processes
regarding Bi’*, Figure 9a,b shows the TL excitation (TLE)
plots for Bi**-doped and Bi**,Eu’*-codoped NaYGeO,.
Additional TLE plots under other synthesis conditions or
Eu*" concentrations for NaLu,_,Y,GeO, are given in Figure
S1S (SI). All traps corresponding with the TL peaks near 383
K (from Bi**), 492, 562, or 666 K in Figure 9a or the Eu*" TL
peak near 422 K in Figure 9b can be charged by photons near
230 nm. A comparison of TLE plots with photoluminescence
spectra is shown in Figure 9c. For all samples, a broad
thermoluminescence excitation band peaked at about 230 nm
and ranging between 200 and 270 nm appears in Figure 9¢3—
c11). Its width and peak position overlap with those of the
Bi** D-band in Figure 9¢cl or the VB — Eu’* CT-band in
Figure 9c2.
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Figure 9. TL excitation (TLE) plots at # = S K/s while monitoring the Bi** emission for (a) NaYGeO,:0.01Bi** synthesized at 1200 °C during

24 h, (b) NaYGe0,:0.01Bi**,0.001Eu®, and (c) NaLu,_,

Y,Ge0,:0.01Bi**,0.001Eu’*. The TL glow peak between 300 and 435 K in panel a was

integrated to establish the TLE plots in panels ¢3—cS, and for panels c6—cl1, the TL glow peak between 300 and 500 K in panel b was
integrated. Panels cl and c2 show the photoluminescence excitation spectra for NaYGeQ,:0.01Bi** at 10 K and NaYGeO,:0.005Eu®" at RT,

respectively.

3.3. Evaluating the Potential Applications for
Information Storage. Figure 10 shows the TL glow curves
for NaYGeO,:0.01Bi**, NaYGe0O,:0.01Bi**,0.001Eu**, and
BaFBr(I):Eu. After exposure to water for 0.5 h, the TL
intensity of BaFBr(I):Eu almost completely disappeared. The
integrated TL intensity remains 69% for NaY-
Ge0,:0.01Bi**,0.001Eu®, 56% for NaYGeO,:0.01Bi**, 7%
for BaFBr(I):Eu, and 81% for Na-
Luy,5Y0,5Ge0,:0.01Bi**,0.001Eu®" in Figure S16a (SI).

The stored information is usually read out using a
stimulating photon beam. For comparison with commercial
phosphors, Figure 11 shows part of the TL glow curves after
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optical stimulation. Additional plots for other NaLu,_,Y,GeO,
are shown in Figure S18 (SI).

Figures 11 and S18 (SI) show that 10 s of 475 nm LED
stimulation liberates ~27, 14, 57, 56, 95, and 41% of the
stored charge carriers during p-ray irradiation for NaY-
Ge0,:0.01Bi**, NaYGe0,:0.01Bi**,0.001Eu®*, NaY-
Ge0,:0.01Bi**,0.002Eu*, NaY,,sLu,,;Ge0,:0.01Bi%",
0.001Eu®, BaFBr(I):Eu, and Al,O;:C, respectively. Note
that the relative amount of liberated charge carriers is smaller,
but the absolute amount is about 2 and 4 times higher in
NaYGeO,:0.01Bi**,0.002Eu®" and
NaY,,sLu,,;Ge0,:0.01Bi**,0.001Eu®* than that in BaFBr-
(I):Eu and ALO;:C, respectively. This means that a lower

https://dx.doi.org/10.1021/acs.chemmater.9b04341
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Figure 10. TL glow curves at f = 1 K/s for NaYGeO4:0.01Bi3+,
NaYGe0,:0.01Bi**,0.001Eu®, and BaFBr(I):Eu after exposure to
water after f-irradiation.

dose can be used to arrive at the same signal, which is
beneficial for patients. Figure S18a,b (SI) shows that charge
carriers liberated between 300 and 425 K are partly
transferred to the deeper traps.

Figure 1la,b demonstrates that about 95% of stored
information can be erased by increasing the stimulation time
to 1200 s, indicating potential use as optically stimulated
storage phosphors. BaFBr(I):Eu is erased much more
efficiently at 475 nm.

To add security features for anti-counterfeiting applications,
we explored tailoring of the afterglow color. Figure 12al—a4
shows that CsPbBry and CdSe quantum dots (QDs) have
green or red photoluminescence but no afterglow. Red
emission due to an energy transfer from NaYGeO,:0.01Bi*"
afterglow to QDs appears in film 1 in Figure 12b3, which is
composed of NaYGeQ,:0.01Bi** and CsPbBr; and CdSe QDs.
The afterglow spectrum for film 1 in Figure S22a (SI) shows
that the emission from CdSe QDs is stronger than that from
CsPbBr; QDs and from the Bi** A-band, resulting in the red
color. Cyan afterglow appears in film 2 in Figure 12¢3, where
the ratio of CdSe to CsPbBr; is lower than that in film I.
Figure 12b4,bS,c4) shows that text can be clearly displayed
using the red and cyan afterglow.

A QR code was generated by computer software using the
text of “N0.000000X1; Delft University of Technology; 18—
06—2019” and “TUD” as shown in Figure 12¢S5,d1). One may
print the QR code in Figure 12d1 using an afterglow
NaYGeO,:0.01Bi** phosphor. This QR code appears in the
dark in Figure 12d2 due to Bi** afterglow, which has potential
anti-counterfeiting application on paper like bank notes.

A paper printed with a QR code using black ink in Figure
12¢S is visible in the dark in Figure 12¢6 due to the cyan
afterglow from film 2 underneath the paper in Figure 12c3.
The QR code can be scanned in the dark with smart phone
software to read out the hidden text information of
“No0.000000X1; Delft University of Technology; 18—06—
20197, as shown in Figure 12¢7.
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Figure 11. TL glow curves at # = 5 K/s for (a) NaYGeO,:0.01Bi**,0.002Eu*, (b) NaYj,s Luy,sGe0,:0.01B**,0.001Eu**, (c) BaFBr(I):Eu, and
(d) ALO;:C single crystal measured after f-irradiation and after f-irradiation followed by 475 nm LED optical stimulation with different duration.
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Figure 12. Proof-of-concept color tuning for anti-counterfeiting applications by combining an afterglow film with quantum dot (QD) phosphors.
Photographs of NaYGeO,:0.01Bi*" and CsPbBr; and CdSe QDs under (al) daylight and (a2) UV light and (a3) the corresponding PL spectra
and (a4) color coordinates. Panels b1—bS show the CdSe-QD-rich afterglow film 1 and its application to display texts. Panels c1—c7 show the
CsPbBr;-QD-rich film 2 and its application to display texts or a QR code on paper in the dark. Panels d1 and d2 show Bi*" afterglow from

NaYGeO,:0.01Bi** to display a QR code in the dark.

NaYGeO,:0.01Bi**,0.001Eu** phosphor dispersed in a
silicone gel film in Figure 13al is placed underneath a black
mask in Figure 13a2. The text of “TUD LMG TSL Bi*"” is
stored when the 254 nm UV light goes through the empty
area of the mask and charges the film. The text is visible due
to Bi** afterglow in the dark in Figure 13a3. The Bi**
afterglow intensity from NaYGe0,:0.01Bi**,0.001Eu** de-
creases rapidly and the text is invisible 60 s after switching
the UV off. However, after the UV is off for 1 h, the text
appears again in Figure 13a$,a6 due to thermally stimulated
Bi** emission upon heating to ~380 K. The process similarly
applies to an X-ray image of a chicken bone stored in the film,
as shown in Figure 13b1—b6. The thermally stimulated Bi**
emission near 380 K in the rectangle area in Figure 13b3—b6
is weak because a large part of X-rays has been absorbed by
the chicken bone during X-ray exposure.

4. DISCUSSION

We will first address the photoluminescence spectroscopy
regarding the bismuth- and lanthanides-activated ARE(Si,Ge)-
O, (A = Li, Na; RE = Y, Lu). Then, the results are used to
establish the so-called vacuum-referred binding energy
(VRBE) diagrams, which enable us to compare the binding
energy of an electron in impurity defects like Bi**, Bi**, or
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divalent and trivalent lanthanides within the band gap for
different compounds with respect to the vacuum energy
reference. Finally, we will show how to explore and explain the
Bi** persistent luminescence and storage phosphors using the
crystal synthesis optimization in NaLu,_,Y,GeO, based on the
constructed VRBE schemes.

4.1. Vacuum-Referred Binding Energy Diagrams of
ARE(Si,Ge)O, (A = Li, Na; RE =Y, Lu). Figure 3a shows the
excitation spectra for LiLuSi;_,Ge,0,:0.01Eu®>" at 10 K. The
peaks near 167 nm appear to be the same with increasing x.
The same applies to the excitation peak near 160 nm in Figure
S, which is all attributed to an artefact from the deuterium
lamp correction. The Eu’* charge transfer (CT) energy is
known as the energy to excite an electron from the valence
band top to Eu®, generating Eu*" in its 4f" ground state.”
The VRBE in the Eu®* ground state is always near —4 eV for
oxide compounds.”® It means that the Eu** CT-band energy
provides direct information about the position of the valence
band top. Figure 3a shows that the Eu** CT-band near 5.56
eV for x = 0 slightly shifts to 5.44 eV for x = 1. Considering
the Eu** CT energy lowering in LiLuSi;_,Ge,O,, the valence
band top increases by ~0.12 eV with increasing x from 0 to 1.
The Eu** CT-band is near 5.49 eV for NaLuGeO, in Figure
4a and 5.46 eV for NaYGeO, in Figure S3 (SI). It means that

https://dx.doi.org/10.1021/acs.chemmater.9b04341
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Figure 13. Proof-of-concept information storage using NaYGe0,:0.01Bi**,0.001Eu** phosphor dispersed in a silicone gel film. Information
storage and display of text of “TUD LMG TSL Bi**” in panels al—a6 and of an X-ray image of a chicken bone in panels b1—b6 are demonstrated.
The chicken bone was removed before heating in panels b3—b6 and the mask was not removed in panels a3—a6. The white rectangle dash line is

drawn to guide eyes.

the VB top VRBE of NaLuGeO, or NaYGeO, is similar to
that of LiLuGeO,. Considering that CT-band energies are not
more accurate than +0.1 eV, the VRBE at the VB top for all
compounds studied are almost the same. Slight (<0.1 eV)
differences can only be revealed by a changing T, of glow
peaks.

Figure 3b,c shows the PL excitation and emission spectra
for undoped LiLuSi;_,Ge, O, at 10 K. The excitation and
emission features are associated with unknown host intrinsic
defect(s), and the host exciton creation energies for LiLuSiO,
and LiLuGeO, cannot be determined with these excitation
spectra. From previous work in refs 48 and 57, the host
exciton creation is known to occur near 7.45 eV (166 nm) for
LiLuSiO,. Note that a host exciton creation band is absent in
the excitation spectrum of LiLuSiO, in Figure 3b, implying
inefficient energy transfer from the host exciton to the
intrinsic defect(s).

Figure 4a shows the excitation spectra for undoped and
Eu’* and Bi** single-doped NaLuGeO, at 10 K. The excitation
peak near 196.5 nm is common to the undoped and Eu’*-
doped NaLuGeO, and is attributed to the host exciton
creation. For NaYGeO,:0.01Eu*" in Figure S3a (SI), a similar
peak near 195 nm appears, indicating that the band gap of
NaLuGeQy is ~0.05 = 0.1 eV smaller than that of NaYGeO,.
The band-to-band excitation not only generates excitons but
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also yields emission from host intrinsic defects or dopants like
Eu* in Figure 4b via excitation energy transfer from the host
exciton. Note that a dip near 190 nm appears in the excitation
spectrum for NaLuGe0O,:0.01Bi*" in Figure 4a. It means that
energy transfer from the exciton to Bi** is much less efficient
than that from exciton to Eu*".

The electron transfer from the Tb*" or Pr** 4f ground state
to the conduction band (CB) was also explored. This
transition is known as the intervalence charge transfer
(IVCT),***%? which is often observed when the lowest 5d
level is higher than the CB bottom, like in LuNbO,.** IVCT
gives information about the position of the conduction band
with respect to the Pr and Tb ground states. The germanium-
based compounds often have a low-lying conduction band,
like in (Sr,Ca);(Y,Lu),Ge;0;, which leads to a low Ce’*
emission quenching temperature.56 For Ce-doped NaLuGeO,,
we observed very weak emission only at 10 K (data not
presented here). This means that the relaxed Ce®" 5d level is
close below the conduction band bottom and emission from
Ce®" 5d-4f is quenched above 10 K. Since the 5d level of Tb**
and Pr’" is at about the same VRBE as that of Ce, they are
also close to the CB bottom. This also implies that the Tb**
— CB or Pr’* — CB IVCT-bands may be observed in
NaLuGeO,.
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Table 2. Parameters and Data Utilized To Construct the VRBE Schemes of the NaYGeO,-Related Compound Family (in eV)

and Level Energies Determined from These Schemes

compound U Eg> Ep cr
NaYGeO, 6.90 —4.02 5.46
NaLuGeO, 6.90 —4.02 5.49
LiLuGeO, 6.90 —4.02 S5.44
LiLuSiO, 6.90 —4.02 5.56
LiYSiO, 6.90 —4.02 S5.51

Ey E* Ec Epicr Ep;
—9.48 6.49 —2.65 5.35 —8.00
—-9.51 6.45 —-2.72 5.34 —8.07
—9.46 6.37 -2.76 5.37 —-8.13
—9.58 7.45 —1.69 5.99 —7.68
-9.53 7.55 —1.52 5.98 =7.50

Figure 4c,d shows the excitation spectra for Pr*’- or Tb**-
doped NaLuGeO,. Three peaks near 207, 236, and 258 nm
appear for NaLuGe0O,:0.01Pr** in Figure 4c. The excitation
band near 207 nm is common for Pr’*- or Tb**-doped
samples that is likely associated with host exciton creation at
RT. Considering the low-lying conduction band for
NaLuGeO,, the lowest energy 258 nm shoulder band is
attributed to Pr** — CB IVCT and the higher energy band
near 238 nm to Pr’* 4f — Sd. The similar applies to
LiLuGeO,:0.01Pr*" in Figure SSa (SI). About 10 nm longer
wavelength bands near 266 nm for NaLuGe0,:0.005Tb*" in
Figure 4d and near 270 nm for LiLuGeQ,:0.01Tb*" in Figure
S5b (SI) appear. In Tb**- or Pr**-doped LuNbO,,* the band
due to Tb* — CB IVCT is present at ~10 nm longer
wavelength than that of Pr’* — CB IVCT. Here the bands
near 266 and 270 nm are attributed to Tb** — CB IVCT.

For the method to establish VRBE schemes like in Figure 1
using spectroscopic data compiled in Table 2, we refer to refs
42, 44, and 46. For each compound, we used a U-value of 6.90
eV, which then determines the VRBE in the Eu®" ground state
but also for all other divalent and trivalent lanthanides. The
Eg,*cr energy then defines Ey, and adding E® plus the
exciton binding energy provides Ec. One may equally well add
the IVCT band energies for Pr’* and Tb** to their ground
state energies to obtain Ec. In Table 2 we adopted energies
for E that are consistent with both methods. It also supports
the assignment of the excitation band near 195—205 nm in
Ge-based NaREGeO, (RE =Y, Lu) compounds in Figures 4a
and S3a (SI) to exciton creation. Note that our band gap E™
near 6.3 eV and Eg2 cr energy 5.49 eV for NaLuGeO, are
quite different from those used by Wang et al.*' (4.4 eV and
3.77 eV).

Figure 4a shows the excitation spectrum for NaLu-
Ge0,:0.01Bi*" at 10 K. An empirical equation regarding the
relation between the Bi** A-band (E,) and the C-band (Eg;)
was proposed as eq 2:°'

Epic = 3236 + 2.290(E, — 2_972)0.856 .

With the Bi** 'S, — °P, A-band near 296 and 308 nm for
NaLuGeO,:0.01Bi**, the Bi** 'S, — 'P, C-band is then
predicted to be near 208—220 nm. This value is close to the
experimentally observed high-energy band near 202 nm,
which is therefore attributed to the Bi** C-band. The relatively
low-energy band near 232 nm is then assigned to the Bi** to
CB charge transfer or D-band. It means that afterglow or
storage phosphors can be charged via Bi** D-band excitation.
This is consistent with the TL excitation spectra in Figure 9.

With the Bi** A-band near 278 and 290 nm for
LiLuSiO,:0.01Bi*" in Figure Se, the Bi** C-band is predicted
by eq 2 to be near 192—203 nm, which resembles the
experimental band near 190 nm. We therefore attribute the
band near 190 nm to the Bi** C-band and the band near 207
nm to the Bi** D-band. Subtracting the Bi** D-band energies
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in column 8 from E, the VRBEs in Bi** 'S, ground states are
obtained as listed in column 9 of Table 2. These values are
consistent with ref 44. where the VRBE in the 'S, ground
state of Bi** in a wide range of oxide compounds was found to
be between —5 and —10 eV. A study by Awater et al.*™
showed that the VRBE in the Bi** *P,/, ground state is near
3.5 + 0.5 eV in oxide compounds. We assume that this Bi**
value also applies to ARE(Si,Ge)O, (A = Li, Na; RE = Y, Lu)
in this work. For NaREGeO, (RE = Y, Lu), the predicted
VRBE in the Bi** ground state will be compared with the TL
results in the next section.

Figure Sa,b shows the excitation and emission spectra for
Na,_,Li,LuGe0,:0.01Bi*" solid solutions. With increasing x,
the Bi** A-, C-, or D-excitation bands remain stationary, while
the Bi** A-band emission gradually shifts from 418 to 360 nm.
This means that more Li leads to weaker host lattice
relaxation, resulting in emission of higher energy photons. A
similar result emerges for LiLu,_,Y,Si0,:0.01Bi*" in Figure
Sef, where an about 7 nm larger Stokes shift appears with
increasing x. Apparently, replacing Lu by Y contributes to
slightly stronger host lattice relaxation. For LiLu-
Si;_,Ge,0,:0.01Bi*" in Figure Sc,d, a ~14 nm smaller Stokes
shift appears. Considering the excitation band shifting, it is
likely associated with the nephelauxetic effect when Si is
replaced by Ge.

4.2. Designing Bi** Afterglow and Storage Phosphor
via Conduction Band Engineering and Crystal Syn-
thesis Optimization. The stacked VRBE diagram for
NaREGeO, (RE = Y, Lu) in Figure la illustrates that Bi**
will act as a ~1.5 eV deep hole-capturing center, while Bi**
and Eu®" will act as ~0.8 + 0.5 and ~1.3 eV deep electron-
capturing centers in NaLuGeO,. Electrons trapped to form
Bi’** or Eu®" are then expected to be liberated at a lower
temperature than holes captured at Bi*' to generate Bi’*
typical emission. The stacked VRBE diagram in Figure la and
column 7 of Table 2 further show that the VRBE at the
conduction band bottom (E) slightly changes when replacing
Lu for Y in NaREGeO,. It means that one may tailor the glow
peak temperature due to electron liberation from Eu®" or Bi**
and recombination with holes at Bi*' through engineering the
VRBE at the CB bottom.

The results for NaLu, ,Y,GeO, solid solutions in Figures
7a and 8a show this tailoring. With increasing x, the TL glow
peak related to electron release from Bi** shifts about 69 K
from 226 to ~295 K in NaLu,_,Y,Ge0,:0.01Bi**, and the TL
peak related to electron release from Eu*" shifts about 41 K
from 356 to 397 K in NaLu,_,Y,GeO,:0.01Bi**",0.001Eu’".
For the trap depth difference, a value of ~0.1 or ~0.16 eV is
respectively derived from the Eu** or Bi*" TL peaks in Table
1. This means that the CB bottom moves up about 0.1-0.16
eV when Lu is replaced by Y in NaLu,_.Y,GeO,. This is
consistent with the 0.07 eV difference in the VRBE scheme in
Figure la when considering the error margins in the VRBE
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scheme based on broad CT-band transitions and the errors in
the derived trap depth by TL measurement.'” The above TL
results also support our assumption that the VRBE in the Bi**
ground state is near —3.5 + 0.5 éV"° for NaREGeO, (RE =Y,
Lu). More specifically, with the Bi** electron trap depth in
column 6 of Table 1 and E; in column 7 of Table 2, the
VRBE in the Bi** *P,, ground state is determined to be near
—3.2 and —3.3 eV for NaLuGeO, and NaYGeO,, respectively.

Bi** afterglow appears when the TL glow peak for electron
release from Bi** nicely shifts to near 295 K with increasing x
in NaLu,_,Y,GeO, in Figure 7a. The Bi** TL peak and
afterglow intensity are found to be enhanced via optimizing
synthesis temperature in Figure 7b—d and synthesis duration
time in Figure 7e—g. Note that the Bi’* TL peak maximum
changes between 269 and 300 K with increasing temperature
from 1100 to 1300 °C, implying that the VRBE at the
conduction band and/or the Bi** ground state slightly (~0.1
eV) depends on the synthesis temperature. Figure 7e shows
that the Bi** TL peak intensity near 358 K increases about 7
times when the synthesis duration time increases from 3 to 24
h at 1200 °C. Small crystals of about 1—5 pm tend to form
aggregates at 3 h synthesis duration in Figure S13a (SI). With
increasing synthesis duration time to 24 h in Figure S13ef
(SI), aggregates of about 5—20 um appear, which may either
increase the number of Bi’* electron traps or promote the
capture of free electrons during f-ray charging. Figure 7h
shows that the Bi** TL peak intensity was found to further
increase about 2.5 times when the doped Bi** concentration
decreases from 1% to 0.1% or when 25% Na" is replaced by
Li* to form solid solution Nag,sLi,sYGeQ,:0.01Bi>". The
crystal synthesis optimization and composition modulation
showed that one may engineer afterglow phosphor perform-
ance, and here the optimized TL intensity of both
NaYGeO,:0.001Bi** and Nay,Lij,sYGeO,:0.01Bi*" is about
4 and 3 times higher than that of the commercial
SrAl,0,:Eu,Dy and BaFBr(I):Eu phosphors after f-irradiation
in Figure 7h.

With increasing x in NaLu,_,Y,Ge0,:0.01Bi**,0.001Eu*",
the Eu** glow peak, like that of Bi** above, shifts toward
higher temperature, which leads to the formation of a Bi**
storage phosphor in Figure 8c. This is consistent with the
decrease of the initial Bi** afterglow intensity in Figure 8d and
the weaker TL fading in Figure 8e. Figure S12a (SI) shows
the TL glow peaks for NaYGe0,:0.01Bi’" xEu’". The TL peak
intensity first increases and then decrease gradually when x >
0.1%. Appropriate content of 0.1% Eu®" can produce enough
Eu’t electron traps, but more Eu®* also leads to an enhanced
energy transfer from Bi** — Eu’', leading to increased Eu’"
emission in Figure 6b—d, to which the used photomultiplier
tube is not sensitive. This slow Eu*" 4f—4f transition is not
suitable for an optically stimulated storage phosphor. Note
that Bi*" emission near 350—500 nm in Figure S3b (SI) with
0.33 ps decay time in Figure S24 (SI) appears to match well
with the traditional photomultiplier tube.

The band at 230 nm in the RT thermoluminescence
excitation (TLE) spectra of NaLu,_,Y,GeO,:0.01Bi*" or
0.01Bi**,0.001Eu®" in Figure 9c3—cll coincides with the
Bi** D-band in Figure 9cl but also the VB — Eu*" CT-band
in Figure 9¢2. During D-band excitation like in Figure 1b,
electrons are excited from the Bi** 'S, ground state to the
conduction band and are subsequently captured at intentional
defects such as Bi** and Eu®" or other host intrinsic defects,
like those responsible for the TL peaks near 492, 562, and 666
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K in Figure 9a. For VB — Eu*" CT-band excitation, electrons
are excited from the valence band to Eu®* 4f’ ground state and
holes are produced in the valence band that can subsequently
be trapped by intrinsic host hole traps or a Bi’* hole trap
center to form Bi*".'”®* For both alternatives, Eu** and Bi*"
are created. In the former one, additional intrinsic electron
traps are charged, and in the latter one, additional intrinsic
hole traps are charged. Figure 7a shows that the electrons
captured at Bi** in NaYGeO, have already gone because of
recombination with holes at Bi** near 300 K. Therefore, the
Eu** TL glow peak near 422 K and other TL peaks near 484,
560, and 662 K in NaYGeO,:0.01Bi**,0.001Eu’** in Figure 9b
cannot be attributed to hole release from Bi** or other host
intrinsic hole traps to recombine with electrons at Bi**, giving
Bi** emission. Note that these TL peaks at ~484, 560, and
662 K can also be observed in NaYGe0,:0.01Bi’" in Figure
9a. The charging route in NaYGe0O,:0.01Bi**,0.001Eu’" is
then likely realized via the Bi** D-band instead of the VB —
Eu®** CT-band. During TL readout in Figure 9ab, the
electrons first liberate from Bi**, Eu**, or host intrinsic defects
to recombine with holes at Bi*' to produce Bi’* A-band
emission and Eu®* 4f—4f emission via energy transfer from
Bi**. On the basis of the VRBE scheme for NaYGeO, in
Figure 1b, the Bi*" excited °P; state is ~1.2 eV below the CB
bottom. This gap is too large to enable effective thermal
ionization of an electron from the P, excited state to the CB
bottom at RT. This explains why Bi’" has an intense A-band
excitation but A-band excitation cannot charge the phosphor
in Figure 9.

4.3. Anti-Counterfeiting Application and Information
Storage Using Bi3* Afterglow and Storage Phosphors.
Figure 14 shows the photoelectric absorption coefficient for
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Figure 14. Photoelectric absorption coefficient for NaLu,_.Y,SiO,,
Al,O;, and BaFBr. The arrows demonstrate the characteristic
energies for mammography at 20 keV and bone radiography at
150 keV.

NaLu, Y,SiO, (x = 0, 0.5, 0.75, and 1). At 20 keV,
NaLu,_,Y,SiO, has 10% more absorption than BaFBr. This
implies that a NaLu,_.Y,SiO, phosphor receives the same
dose as BaFBr as a lower X-ray exposure to the patient. At E =
150 keV, the photoelectric absorption ratio of NaLu,_,Y,SiO,
to BaFBr increases from 0.27 for x = 1 to 1.64 for x = 0
because more lutetium ions lead to more photoelectric
absorption of X-rays.
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We concluded that only the Bi*" D-band near 230 nm can
charge NaYGe0,:0.01Bi** and NaYGe0,:0.01Bi**,0.001Eu*"
phosphors. It means that it is not necessary to keep the
storage phosphor NaYGe0,:0.01Bi’",0.001Eu’" in the dark
during X-ray charging. To develop a Bi** afterglow phosphor
that can be charged by sunlight, one has to use a compound
with a relatively low energy Bi** D-band. CaMo0O,** with 3.83
eV and ScVO,"* with 3.49 eV are such compounds. One may
also try compounds like Y;GasOy,,** in which the Bi** °P;
excited state is close to the CB bottom.

The red emission in Figure 12b3 is attributed to a
reabsorption process of NaYGeO,:0.01Bi** afterglow by
CsPbBr; and CdSe QDs. One supporting evidence is the
spectral overlap between the Bi** A-band emission near 350—
500 nm in Figure 12a3 and the broad 200—475 nm excitation
band for CsPbBry and CdSe QDs*** in Figure $23 (SI).
Another one is that a large decrease of lifetime of the Bi** *P,
— 1S, is not observed in films 1 and 2 as compared with
NaYGe0,:0.01Bi*" in Figure S24 (SI). Note that the emission
of CsPbBr; QDs near 520 nm overlaps with the excitation
spectrum of CdSe QDs in Figure S23 (SI). This means that
the green emission of CsPbBr; QDs can partly be reabsorbed
by CdSe QDs. Decreasing the ratio of CdSe to CsPbBr; QDs
can generate less red emission from CdSe QDs, which leads to
the color change from red in film 1 to cyan in film 2.

5. CONCLUSIONS

A design principle to discover, develop, and optimize new
afterglow and storage phosphors for energy storage was
demonstrated by combining vacuum-referred binding energy
(VRBE) diagrams, band structure engineering, and crystal
synthesis optimization. On the basis of previous research for
the LiLuSiO, compound, the ARE(Si,Ge)O, (A = Li, Na; RE
=Y, Lu) crystal system was selected after screening the
Pearson’s crystal data. Low-temperature spectroscopy for
lanthanides- and bismuth-doped ARE(Si,Ge)O, was first
studied. This was used to establish the stacked VRBE schemes
for ARE(Si,Ge)O, with the VRBE in lanthanide and bismuth
energy levels, which guide us in the interpretation of spectra
and TL results and eventually to design charge-carrier-
trapping processes. As a demonstration, Bi*" afterglow and
storage phosphors were explored in NaLu,_ ,Y,GeO,. By
combining Bi** with Bi®" itself or Eu’", Bi** emerges to act as
deep hole-capturing center, while Bi** and Eu®* act as less-
deep electron traps. Trap depth tunable Bi** afterglow and
storage phosphors respectively appear in Na-
Lu,_,Y,GeO,:0.01Bi** and Na -
Lu,_,Y,Ge0,:0.01Bi**,0.001Eu’*" via changing x, resulting in
conduction band engineering. More than 28 h of Bi’*
afterglow was measurable in NaYGeO,:0.01Bi** due to
electron release from Bi** and recombination with a hole at
Bi**. The charge carrier storage capacity in NaYGeO,:0.01Bi**
was found to increase ~7 times through optimizing synthesis
conditions at 1200 °C during 24 h. The thermoluminescence
(TL) intensity of the optimized NaYGeO,:0.001Bi’* and
NaYGeO,:0.01Bi**,0.001Eu*" is ~3, and ~7 times higher than
the TL of the commercial X-ray storage phosphor BaFBr-
(I):Eu, respectively. Proof-of-concept color tuning for anti-
counterfeiting application was demonstrated by mixing the
discovered and optimized NaYGeO,:0.01Bi*" afterglow
phosphor with perovskite CsPbBr; and CdSe quantum dots.
Information storage application was demonstrated by UV-
light- or X-ray-charged NaYGeO,:0.01Bi**,0.001Eu** phos-
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phor dispersed in a silicone gel imaging film. This work not
only reports excellent afterglow and storage phosphors but
more importantly provides a general design principle through
combining VRBE scheme guided band structure engineering
and crystal synthesis optimization. Therefore, it can enable
discovery of new afterglow and storage phosphors for energy
storage in a designed way instead of by a traditional trial-and-
error approach.
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