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Wide Range X-Ray to Infrared Photon Detection and Energy
Storage in LiTaO3:Bi

3+,Dy3+ Perovskite

Tianshuai Lyu,* Pieter Dorenbos, Canhua Li, and Zhanhua Wei*

It is challenging to obtain a material that can detect photons ranging from
X-rays to infrared light. Such materials have promising use to develop
advanced applications like in information storage, anticounterfeiting, or X-ray
imaging. This article reports on such a material; LiTaO3:xBi

3+,yDy3+

perovskite phosphor. Experimental spectroscopy, thermoluminescence, and
vacuum referred binding energy diagram (VRBE) construction are combined
to study the trapping processes of charge carriers. The VRBEs in the ground
or excited states of Bi3+ and Bi2+ are discussed. Bi3+ emerges to act as a
≈1.3 eV deep hole capturing center and it may possibly also act as a 0.80 ±
0.5 eV deep electron trapping center. A linear relation between the amount of
stored charge carriers and a photochromic phenomenon both induced by
X-rays or 254 nm UV-light charging appears. The stored charge carriers in
LiTaO3:xBi

3+,yDy3+ are removed by heating or with an optically stimulated
process with 365 nm UV light to 850 nm infrared laser. More than 3 or 40 h of
Bi3+ and Dy3+ based white afterglow is measurable in
LiTaO3:0.005Bi

3+,0.004Dy3+ after exposure to X-rays or 254 nm UV light.
Proof-of-concept light detection applications like 2D information storage and
anticounterfeiting or X-ray imaging are demonstrated by using the
phtotochromic and white afterglow LiTaO3:xBi

3+,yDy3+ phosphors.

1. Introduction

Photochromism is an optically induced color change
phenomenon.[1] Under light stimulation, a defect in a com-
pound can change from its initial state to a different state, which
results in a different absorption spectrum.[2] For some com-
pounds, the defect in a different state can reversibly change back
to its initial state upon electrical, thermal, or optical stimulation.
Because of this feature, a photochromic phosphor has application
in optical sensing like smart color tailorable window, optical
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data storage,[3] information anticoun-
terfeiting and display.[2,4] Particularly,
the luminescence property of a lumi-
nescence center in a photochromic
compound can be tailored for optical
storage memory application.[3] Organic
compounds have widely been studied
to explore photochromic materials,
and some organic compounds like di-
arylethene with good photochromic
contrast have been reported.[5] However,
organic photochromic compounds have
some intrinsic problems like poor ther-
mal stability, poor chemical stability in
moisture atmosphere, short lifetime,
and difficult synthesis procedure with
the use of highly toxic chemicals.[5]

These drawbacks lead to difficulty in
developing organic photochromic com-
pounds for commercial applications.
In contrast, inorganic photochromic
compounds normally show a facile syn-
thesis procedure, long lifetime, good
chemical and thermal stability. There-
fore, there is an interest in developing

inorganic photochromic compounds.[4] To date, well-
known examples are WO3:Yb

3+,Er3+,[6] PbWO4:Yb
3+,Er3+,[7]

CaWO4:Yb
3+,Er3+,[8] CaSnO4:Eu,

[9] K0.5Na0.5NbO3:Eu,
[1] and

lanthanide-doped BaMgSiO4.
[10] Transition-metal-based com-

pounds often have a long photochromic response time with
poor reversibility of photochromism. For instance, it takes
more than 0.5 h to observe the photochromic phenomenon in
TiO2,

[11] and the reversible photochromic phenomenon cannot
be reproduced in MoO3 after thermal bleaching.[12] For some
ferroelectric ceramics like (K0.5Na0.5)NbO3:Tb

3+, the reversible
photochromism is realized after first exposure to 407 nm light
for 20 s followed by thermal bleaching at 423 K with a duration
of 10 s.[13] Compared with thermal, moist, or mechanical bleach-
ing, optical bleaching has superior advantages because the light
can be easily and precisely tailored for developing advanced
optical-sensing applications. However, there are rare reports
studying the effect of a wide energy range of photons from
X-rays to infrared light on the formation of photochromism
in inorganic compounds. Currently, a scientific and effective
methodology has not been established to guide the design of
optically induced photochromism in inorganic compounds.
Therefore, it is challenging to design and realize reversible
photochromism in inorganic compounds after only exposure
to different energy photon stimulation from X-rays to infrared
light.
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Figure 1. Vacuum referred binding energy (VRBE) diagram for LiTaO3 including the energy level locations of lanthanides, divalent and trivalent bismuth.
Ln2+/3+ and Ln3+/4+ curves connect the binding energies in the ground states of divalent and trivalent lanthanides. Ec and EX are the binding energies
at the conduction band (CB) bottom and in the host exciton state. The VRBEs in the 1S0 ground state and the

3P1 excited state of Bi
3+, and the Bi3+→CB

metal-to-metal charge-transfer (MMCT) band (D-band) are illustrated. Solid arrows indicate experimentally observed transitions.

Afterglow phosphors, also named persistent luminescence
materials, are known as compounds that can show a sus-
tained photon emission with a duration of few minutes to
hours after stopping excitation.[14] Because of this property,
afterglow phosphors have many applications in light sensing
like battery-free light dosimeter[15] and imaging.[16] Currently,
many afterglow phosphors emitting in the blue or green re-
gion have been reported.[17] Red afterglow was recently reported
in SrLiAl3N4:Eu

2+ after 254 nm UV-light charging.[18] However,
there are rare reports on white afterglow phosphors after X-rays
or UV-light charging.[19] There are several unique properties of
white afterglow phosphors for developing advanced light-sensing
applications. For example, the maximum eye sensitivity curve is
covered by a white afterglow phosphor. A substance can be seen
correctly under illumination from a white afterglow phosphor in
the dark,[19,20] which is unique for illumination[20a] and anticoun-
terfeiting applications in the dark.[21] To the best of our knowl-
edge, there is no report on a phosphor that combines X-rays or
UV-light-induced white persistent luminescence with the pho-
tochromic phenomenon for optical-sensing applications.
Lithium tantalate (LiTaO3) crystallizes at room temperature

(RT) in a perovskite structure with trigonal phase and an R3c
space group. LiTaO3 crystals combine unique features like
piezoelectric, pyroelectric, and luminescence properties, leading
to fascinating applications like in nonlinear optics and infrared
sensors.[22] LiTaO3 crystal has also a high density of ≈7.45 g
cm−3, which provides it with a high absorption coefficient for
X-rays. Tb3+-doped LiTaO3 has been studied in 1996 for X-ray
charged storage phosphor application.[23] In 2020, Bi3+-doped
LiTaO3 has been studied for persistent luminescence phosphor
applications by Hu et al. in ref. [24]. The bismuth atom has
a [Xe]4f145d106s26p3 configuration. Different valence states of
bismuth can be generated when different outermost electrons

of the bismuth atom are removed, for instance, Bi2+ (the outer-
most electron is 6p1), Bi3+ (6s2), or Bi4+ (6s1). In an inorganic
compound, a Bi3+ cation can capture an electron to form Bi2+

and also can capture a hole to form Bi4+. The dual role of
trivalent bismuth as an electron or hole-capturing center has
been studied in REPO4

[25] and ARE(Si,Ge)O4 (A = Li and Na;
RE = Y, Lu).[16] The charge-carrier capturing and detrapping pro-
cesses in bismuth and/or lanthanide-doped LiTaO3 still remain
unknown.
The objective of this work is to explore and systematically study

trivalent bismuth- and/or dysprosium-doped LiTaO3, which com-
bines white persistent luminescence with a reversible pho-
tochromic phenomenon. We will demonstrate that this smart
sensing material can detect a wide energy range of pho-
tons from X-rays to 850 nm infrared light. To understand
the sensing material, thermoluminescence (TL), photolumines-
cence at 10 K and RT, reflectivity spectra, and vacuum-referred
binding energy (VRBE) diagram construction have been com-
bined, and the charge-carrier capturing and release processes
in LiTaO3:xBi

3+,yDy3+ have been studied. Figure 1 shows the
vacuum referred binding energy diagram for the lanthanides in
LiTaO3 as obtained in ref. [26]. In this work, we will discuss the
VRBEs in the ground and excited states of Bi3+ and Bi2+, and
demonstrate that intrinsic defects act as the electron-capturing
centers, while Bi3+ acts as a hole-capturing and recombination
center in LiTaO3:xBi

3+,yDy3+. Dy3+ can, according to the dia-
gram, trap neither an electron nor a hole. It will act as a lumines-
cence center to assist in generatingwhite luminescence and after-
glow. More than 40 h white persistent luminescence is measur-
able in the optimized composition LiTaO3:0.005Bi

3+,0.004Dy3+

after 254 nm UV-light charging. We will show proof-of-concept
2D information storage, display, or X-ray imaging by using the
developed LiTaO3:xBi

3+,yDy3+-sensing materials.
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2. Experimental Section

The supplier was Shanghai Macklin Biochemical Co., Ltd. for
the starting chemical Li2CO3 (99.99%) and Shanghai Aladdin
chemical company for other starting chemicals used in this
work. All starting chemicals were stored in a dry room and used
without further treatment. The LiTaO3:xBi

3+,yDy3+ compounds
were synthesized by using a high-temperature solid state reac-
tion method. The appropriate stoichiometric mixture of Li2CO3
(99.99%), Ta2O5 (99.99%), Bi2O3 (99.99%), and Dy2O3 (99.99%)
was mixed well in an agate mortar for ≈20 min with the help of
acetone solution. After drying in air, themixed powder was trans-
ferred from the agatemortar to a covered alumina crucible, which
was then heated at 1250 °C for a duration of 6 h in a tube oven un-
der ambient atmosphere. The utilized heating rate for the oven
was 3 °Cmin−1. After sintering at 1250 °C, the synthesized com-
pounds were naturally cooled to RT and mixed homogeneously
again in an agate mortar before further measurements. To opti-
mize the photochromic phosphors, the LiTaO3:xBi

3+,yDy3+ com-
pounds were also synthesized at 1300, 1350, and 1400 °C with a
duration of 6 h. A LiTaO3:0.005Bi

3+,0.001Dy3+ pill was also pre-
pared, which was heated at 1300 or 1350 °C with a duration of
6 h.
The crystal structures of all the synthesized

LiTaO3:xBi
3+,yDy3+ compounds were identified at RT by a

Japan Rigaku Smar/SmartLa X-ray diffraction setup. The setup
contained a water-cooled X-ray tube that operates at 40 kV and
30 mA, resulting in the characteristic Cu K𝛼 radiation with a
wavelength of 𝜆 = 0.15405 nm. To check whether the crystal
structure of the photochromic LiTaO3:0.002Bi

2+,0.004Dy3+

was changed or not after exposure to 254 nm UV light, the
X-ray diffraction patterns (XRD) patterns were recorded for
LiTaO3:0.002Bi

2+,0.004Dy3+ without 254 nm UV-light illumina-
tion and after exposure to 254 nm UV light with a duration of
60 s at RT in the dark.
A Japan JEOL JSM-7610FPlus electron microscope was uti-

lized to record the scanning electron microscope (SEM) images
and the energy dispersive X-ray spectroscopy (EDX) mappings.
To analyze the optical properties of the as-prepared compounds,
photoluminescence excitation spectra (PLE), emission spectra
(PL), persistence luminescence spectra at RT, and RT isother-
mal decay curves were recorded by utilizing an FLS920 fluores-
cence spectrometer (Edinburgh Instruments, Ltd.). This spec-
trometer was equipped with a single photon-counting photomul-
tiplier (PMT, Hamamatsu, R928P), an Xe900 continuous xenon
lamp, and a monochromator. During optical measurements, the
R928P photomultiplier was cooled to ≈253 K in order to effi-
ciently detect the emission from200 to≈870 nmwith high signal-
to-background ratio. The measured photoluminescence excita-
tion and emission spectra were corrected using the wavelength-
dependent excitation intensity of the Xe900 continuous xenon
lamp. Photoluminescence excitation and emission spectra at 10K
were measured by an FLS980 fluorescence spectrometer (Edin-
burgh Instruments Ltd.) equipped with a closed helium cryostat.
The afterglow photographs for LiTaO3:xBi

2+,yDy3+ were taken by
an iPhone 12Pro and the X-ray imaging photographs were taken
by a Nikon D850 camera. To understand the photochromic phe-
nomenon, reflectivity spectra in the range from 200 to 800 nm
were measured by a Shimadzu UV-2550 UV–vis spectropho-

tometer. For the optically induced coloring and bleaching mea-
surements, a commercial lighting source (WFH-204BS) manu-
factured by Hangzhou Qiwei Instrument Co., Ltd., China was
used, as shown in Figure S26 (Supporting Information). The
lights produced by two types of Hg lamps inside theWFH-204BS
could be selected by a dark filter to the 254 and 365 nm UV light.
The LiTaO3:xBi

2+,yDy3+ phosphor film was horizontally placed
under the filter with a distance of 1 cm.
TL glow curves and TL emission (TLEM) spectra were mea-

sured. The used setup was equipped with a red-sensitive Hama-
matsu R928PPMT, a UV–visible–near infrared spectrometer
(OceanOptics, QE65 Pro), a thermostat, a 50 kVmonoblock X-ray
tube (TUB00083-2,W target, MOXTEK, Ltd.), a Hg lamp (254 nm
UV light), a white-light-emitting diode (WLED), a 365 nm LED,
a 396 nm LED, a 656 nm laser, and a 850 nm laser light source.
Prior to all thermoluminescence measurements, all compounds
were heated to ≈723 K with a duration of ≈4 min to remove
captured electrons and holes from traps and then cooled to RT
(≈298 K). For TLEM spectra, the TL emission was measured by
the QE65 Pro spectrometer. For TL glow curve measurements,
the Hamamatsu R928P photomultiplier was used as the detec-
tor. A SCHOTT BG-39 filter was placed between the compounds
and the R928P photomultiplier. The BG-39 filter has a good trans-
mittance from ≈300 to ≈800 nm. The TL glow curve intensities
were corrected for irradiation time and sample mass. X-ray ex-
cited emission as a function of timewas recorded on the above TL
facility. During this measurement, a TUB00083-2 X-ray tube was
switched on to generate an X-ray beam to excite a compound, and
the integrated emission in the range from 300 to 800 nmwas con-
tinuously detected by the R928P photomultiplier from 0 to 200 s.
For optically stimulated luminescence (OSL) measurements, a
compound was first exposed to 254 nm UV light (340 μW cm−2)
or X-rays, and then stimulated by different light sources ofWLED
(52 mW cm−2), 365 nm UV light (384 μW cm−2), 396 nm LED
(46 μWcm−2), 656 nm laser (8.5 mW cm−2), or 850 nm laser with
different time durations at RT, and finally a thermoluminescence
glow curve was measured at a heating rate of 1 K s−1.
To unravel electron and hole trapping and release pro-

cesses, the TLE curve was measured by using the FLS920 flu-
orescence spectrometer (Edinburgh Instruments, Ltd.).[27] The
LiTaO3:0.005Bi

3+,0.005Dy3+ afterglow phosphor was exposed to
different energy photon in the wavelength range from 200 to
400 nm with a duration of 60 s, and then room temperature
isothermal decay curves were measured with a duration of 60 s
by monitoring the Dy3+ characteristic emission at 580 nm. In-
tegrated room temperature isothermal decay intensity from 0 to
60 s was corrected using the wavelength-dependent excitation in-
tensity of the xenon lamp. A so-called TLE curve was constructed
in Figure 7b by showing the corrected isothermal Dy3+ 580 nm
decay intensity as a function of charging wavelength in the range
from 200 to 400 nm.

3. Results

3.1. X-Ray Diffraction and Photoluminescence Spectroscopy

High-purity samples are required for the spectroscopy and
thermoluminescence study. XRD of the bismuth- and/or
dysprosium-doped LiTaO3 were therefore first recorded, and they
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Figure 2. a) XRD patterns from 10° to 80° and b) detailed XRD patterns in the range from 23° to 26° for Bi3+ and/or Dy3+vdoped LiTaO3. c) XRD patterns
and d) detailed XRD patters for the prepared LiTaO3:0.002Bi

3+,0.004Dy3+ prior to 254 nm UV-light illumination and after 254 nm UV-light illumination.
The inset in panel (c) shows the photographs before and after 254 nm UV-light illumination for a duration of 60 s.

are shown in Figure 2a,b. All synthesized compounds have a sin-
gle phase, and their corresponding XRD patterns are consistent
with the LiTaO3 reference card (No. PDF#29–0836).
The photochromic phenomenon was observed in

LiTaO3:0.002Bi
3+,0.004Dy3+ in the photograph insets of Fig-

ure 2c after exposure to 254 nm UV light. To check whether the
crystal structure of LiTaO3:0.002Bi

3+,0.004Dy3+ has changed or
not after such exposure, its XRD pattern wasmeasured, as shown
in Figure 2c. The pattern still matches well with the LiTaO3 ref-
erence card (No. PDF#29–0836). Figure 2d further compares the
XRD peak near 23.7°, which slightly shifts toward a larger angle
after exposure to 254 nm UV light. This indicates that it induces
a slight shrinkage of the lattice of LiTaO3:0.002Bi

3+,0.004Dy3+.
Photographs of the afterglow and photochromic changes

of LiTaO3:xBi
3+,yDy3+ have been taken and are shown in Fig-

ure 3 and in Figures S2 and S3 (Supporting Information).

Very weak yellow afterglow appears in LiTaO3:0.005Dy
3+ in

Figure 3a3. After co-doping, Bi3+ in LiTaO3:0.005Bi
3+,yDy3+,

intense afterglow appears and the afterglow color can be tai-
lored from cyan to white by changing the Dy3+ concentration,
as shown in Figure 3b3,c3. The white afterglow color can
further be engineered by changing the Bi3+ concentration
from 0.005 to 0.002 in LiTaO3:0.002Bi

3+, yDy3+ as illustrated
in Figure S2h3, l3 (Supporting Information). The afterglow
spectra and color coordinates for LiTaO3:0.002Bi

3+,yDy3+ (y =
0.0005–0.008) and LiTaO3:0.005Bi

3+,0.002Dy3+ are shown in
Figures S7 and S8 (Supporting Information). To further demon-
strate the white afterglow in LiTaO3:0.002Bi

3+,0.004Dy3+,
its room-temperature isothermal decay curves and after-
glow spectra as a function of time after exposure to 254 nm
UV light are shown in Figures S9 and S10 (Supporting
Information).
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Figure 3. Photographs on rows a), b), and c), pertain to the as-synthesized LiTaO3:0.005Dy
3+, LiTaO3:0.005Bi

3+,0.001Dy3+, and
LiTaO3:0.005Bi

3+,0.002Dy3+, respectively, with column 1) the appearance in daylight, column 2) 254 nm excited photoluminescence, column 3)
the afterglow, column 4) photochromic color change, and column 5) the phosphor after bleaching.

Figure 3a–c shows the photographs of LiTaO3:xBi
3+,yDy3+

as synthesized (photos a1, b1, and c1), the photchromic color
change after exposure to 254 nm UV light for 60 s (photos a4,
b4, and c4), and the reversed color change by 365 nmUV light il-
lumination for 30 s (photos a5, b5, and c5). For LiTaO3:0.005Dy

3+

in Figure 3a4, a weak photochromic phenomenon appears
after 254 nm UV light illumination. After Bi3+ co-doping
in LiTaO3:0.005Bi

3+,0.001Dy3+, a much stronger photochromic
phenomenon emerges in Figure 3b4. The photochromic con-
trast increases from y = 0.0005 to y = 0.001, and then decreases
with further increasing y in LiTaO3:0.005Bi

3+,xDy3+, as shown
in Figure S3n2–s2 (Supporting Information). The same applies
for LiTaO3:0.002Bi

3+,yDy3+ (y= 0.0005–0.008) in Figure S3w2–z2
(Supporting Information).
Photoluminescence excitation and emission spectra were

recorded and shown in Figure 4. Figure 4a shows the excitation
spectra of LiTaO3:0.005Bi

3+,0.005Dy3+ recorded at RT by moni-
toring the Bi3+ emission at 435 nm or Dy3+ characteristic emis-
sion at 580 nm. Typical 4f→ 4f excitation bands ofDy3+ emerge in
the range from320 to 400 nm. Two broad excitation bands peaked
at 252 and 297 nm appear when Dy3+ or Bi3+ emission was mon-
itored. Photoluminescence excitation (𝜆em = 583 nm) and emis-
sion (𝜆ex = 300 nm) spectra of LiTaO3:0.005Bi

3+,0.005Dy3+ were
alsomeasured at 10 K and are shown in Figure 4b. Two excitation
bands peaked near 243 and 300 nm with a shoulder band peaked
near 280 nm, and a few sharp line excitation bands between 320

and 500 nm are observed, which will be, respectively, assigned
to the intrinsic defect(s), Bi3+ excitation A and D bands, and the
Dy3+ 4f → 4f transitions. The host excitation is at 225 nm from
which Eex = 5.5 eV in Figure 1 was obtained. Upon 300 nm exci-
tation, a broad emission band between 350 and 650 nm peaking
near 438 nm appears together with narrow bands near 482, 582,
and 666 nm, which will be attributed to Bi3+ D-band and Dy3+ 4f
→ 4f emissions.
Figure 4c shows the PL spectra of LiTaO3:0.005Bi

3+,yDy3+

upon 300 nm excitation at RT. After Dy3+ co-doping, both Bi3+

and Dy3+ characteristic emissions emerge. With increasing y, the
Bi3+ emission peaked at 436 nm gradually decreases, which is
also illustrated in Figure 4f. To estimate the energy transfer effi-
ciency (𝜂ET) fromBi3+ toDy3+ upon 300 nmexcitation, we used[28]

𝜂ET = 1 − I
I0

(1)

where I0 is the Bi3+ emission intensity at 436 nm in
LiTaO3:0.005Bi

3+ and I is the Bi3+ 436 nm emission intensity
in LiTaO3:0.005Bi

3+,yDy3+ (y = 0.005–0.06). The calculated val-
ues are given in Figure 4f. Figure 4d shows the PL spectra of
LiTaO3:0.005Bi

3+,yDy3+ upon 250 nm excitation. Similar to Fig-
ure 4c, with increasing y, the Bi3+ emission intensity gradu-
ally decreases, while the Dy3+ typical 4f → 4f emissions first
increase from y = 0.005 to y = 0.02, and then decrease from y
= 0.02 to y = 0.06. Figure 4e and Figure S5 (Supporting Infor-
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Figure 4. Photoluminescence excitation (PLE) and emission (PL) spectra for LiTaO3:0.005Bi
3+, 0.005Dy3+ measured at a) RT and b) 10 K, and c) until

e) LiTaO3:0.005Bi
3+,yDy3+ (y = 0 until 0.06) measured at RT. f) Bi3+ emission intensity at 436 nm and the calculated energy transfer efficiency (ET) from

Bi3+ to Dy3+ in LiTaO3:0.005Bi
3+,yDy3+ (y = 0 until 0.06). g) and h) PLE (𝜆em = 580 nm) and PL (𝜆ex = 310 nm) spectra for LiTaO3:0.005Bi

3+,0.002Dy3+

after exposure to 254 nm UV light. The inset in panel (g) shows the color change after exposure to 254 nm UV light.
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Figure 5. a) The above 100 K TLEM plot measured at 𝛽 = 0.2 K s−1 for LiTaO3:0.005Bi
3+, 0.006Dy3+ after exposure to X-rays at 100 K, b) above-RT

TLEM plot measured at 𝛽 = 2 K s−1 for LiTaO3:0.005Bi
3+,0.004Dy3+ after exposure to X-rays at ≈298 K. c) RT (≈298 K) isothermal decay spectra for

LiTaO3:0.002Bi
3+,0.004Dy3+ as a function of time after exposure to 254 nm UV light in the dark.

mation) show the normalized at 250 nm and unnormalized ex-
citation spectra for LiTaO3:0.005Bi

3+,yDy3+. With increasing y,
the excitation band near 296 nm gradually decreases, while the
excitation band near 250 nm first gradually increases from y =
0.005 to y = 0.02, and then decreases from y = 0.02 to y = 0.06
in LiTaO3:0.005Bi

3+,yDy3+. Figure S6 (Supporting Information)
shows the PLE (𝜆em = 580 nm) and PL (𝜆ex = 298 nm) spectra of
LiTaO3:0.002Bi

3+,yDy3+.
To understand the photochromic phenomenon, the

photoluminescence excitation and emission spectra of
LiTaO3:0.005Bi

3+,0.002Dy3+ were recorded after exposure to
254 nm UV light and shown in Figure 4g,h. The excitation band
near 254 nm increases, while the excitation band near 292 nm
and the Dy3+ 4f → 4f excitation bands decrease after 254 nm
UV-light illumination in Figure 4g. Figure 4h shows that both
the Bi3+ emission band near 440 nm and Dy3+ 4f→4f emission
lines gradually decrease as a function of 254 nm UV-light
illumination time.

3.2. Unraveling Charge-Carrier Trapping Processes by
Thermoluminescence

To unravel the persistent luminescence found in Fig-
ure 3b3,c3 and to identify the recombination centers in
bismuth- and dysprosium-doped LiTaO3, TLEM spectra
were measured. Figure 5a shows the >100 K TLEM plot
for LiTaO3:0.005Bi

3+,0.006Dy3+ recorded at a heating rate of
0.2 K s−1 after exposure to X-rays at 100 K. Both characteristic
Bi3+ and Dy3+ emissions with a TL peak near 432 K and a
TL peak near 322 K with a shoulder extending from 300 to
150 K appear. Figure 5b shows an above-RT TLEM plot for
LiTaO3:0.005Bi

3+,0.004Dy3+ measured at a heating rate of 2 K
s−1 after exposure to X-rays at 298 K. Two TL glow peaks near 345
and 390 K with Bi3+ and Dy3+ typical emissions were observed.
Afterglow is expected when TL glow peaks near RT are observed
as in Figure 5a,b. Afterglow spectra as a function of time for
LiTaO3:0.002Bi

3+,0.004Dy3+ after 254 nm UV-light charging
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Figure 6. a) X-ray excited Bi3+ and Dy3+ integrated emission intensity from 300 to 800 nm as a function of time, TL glow curves at 𝛽 = 1 K s−1 for
LiTaO3:0.005Bi

3+,yDy3+ after exposure to b) X-rays and d) 254 nm UV light. c) A variable heating rate plot of LiTaO3:0.005Bi
3+, 0.006Dy3+ after exposure

to X-rays. Isothermal decay curves for e) LiTaO3:0.005Bi
3+,yDy3+ after exposure to X-rays and for f) LiTaO3:0.005Bi

3+,0.004Dy3+ after exposure to
254 nm UV light at ≈303 K. The Bi3+ and Dy3+ emissions were monitored. The inset in panel (f) shows an afterglow photograph after stopping the
254 nm UV-light excitation. The insets in panels (b) and d) are the integrated TL intensities from 305 to 700 K as a function of Dy3+ concentration in
LiTaO3:0.005Bi

3+,yDy3+. The ratios from left to right in the legend in panel (d), respectively, compare the integrated TL intensities from 305 to 700 K of
LiTaO3:0.005Bi

3+,yDy3+ to that of commercial BaFBr(I):Eu2+, Al2O3:C, or SrAl2O4:Eu
2+,Dy3+ recorded under the same conditions.

were recorded and shown in Figure 5c. Both the Bi3+ and Dy3+

afterglow spectra are measurable more than 1 h.
Upon X-ray exposure, created free charge carriers can either be

trapped or recombined to generate luminescence. With time the
traps are being filled and more charge carriers are available for
luminescence. These processes can be studied by recording the
X-ray excited emission intensity as a function of time combined
with the TL glow curves. We studied the LiTaO3:0.005Bi

3+,yDy3+

compounds as a function of Dy3+ concentration in Figure 6a,b.
We did the same for LiTaO3:0.002Bi

3+,yDy3+ with a lower Bi3+

concentration in Figures S11 and S12 (Supporting Information).
Figure 6a shows the X-ray excited emission intensity as a func-
tion of time for LiTaO3:0.005Bi

3+,yDy3+. In this measurement,
a compound was exposed to an X-ray beam, and the integrated
intensity of the X-ray excited Bi3+ and Dy3+ emissions from 300
to 800 nm was recorded by a photomultiplier with a SCHOTT
BG-39 filter. Curve (1) with 0.0005Dy3+ has the lowest integrated
intensity from 0 to 200 s. The integrated intensity increases with
increasing Dy3+ concentration (y) to become maximum for y =
0.004 (curve 4) and then decreases again for y = 0.006 (curve
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Figure 7. a) 2D contour plot for room temperature (298 K) isothermal decay curves for LiTaO3:0.005Bi
3+,0.004Dy3+ as a function of charging wavelength

in the range from 200 to 400 nm. The Dy3+ emission at 580 nm was monitored during this measurement. b) A comparison of the photoluminescence
excitation spectrum of LiTaO3:0.005Bi

3+ (𝜆em = 437 nm) and the thermoluminescence excitation (TLE) curves of LiTaO3:0.005Bi
3+,0.004Dy3+.

5). TL glow curves of LiTaO3:xBi
3+,yDy3+ have been studied af-

ter exposure to X-rays or 254 nm UV light. Figure 6b shows
the TL glow curves of LiTaO3:0.005Bi

3+,yDy3+ after exposure to
X-rays at 303 K. TL glow peaks near 323 and 392 K were ob-
served, which will be assigned to electron liberation from host
intrinsic defects. Similar TL glow peaks near 326 and 387 K also
emerge in X-ray charged LiTaO3:0.002Bi

3+, yDy3+ in Figure S12
(Supporting Information). Because LiTaO3:0.005Bi

3+,0.006Dy3+

shares the common TL glow peaks near ≈323 and ≈392 K
that are also observed for the other compounds, we studied the
LiTaO3:0.005Bi

3+,0.006Dy3+ compound in more detail to analyze
these TL glow peaks as shown in Figure S14 (Supporting Infor-
mation). The trapping depth (E) of LiTaO3:0.005Bi

3+,0.006Dy3+

can be determined by a variable heating rate plot and the follow-
ing equation[16,29]

ln
(
Tm

2

𝛽

)
= E

kTm
+ ln

( E
ks

)
(2)

in which s means the frequency factor, Tm denotes the TL
glow peak maximum, k denotes the Boltzmann constant (8.62
× 10–5 eV K−1), and 𝛽 means the utilized heating rate from
0.2 to 6.4 K s−1 as demonstrated in Figure S14 (Supporting In-
formation). Figure 6c shows the variable heating rate plot for
LiTaO3:0.005Bi

3+,0.006Dy3+, which derives a frequency factor of
1.80 × 1012 s–1 and a trap depth of 1.04 eV for the 392 K TL
peak. The trapping depth for the 323 K TL peak is calculated to
be ≈0.85 eV based on Equation (2) with the obtained frequency
factor of 1.80 × 1012 s–1, 𝛽 = 1 K s−1, and Tm = 323 K.
Figure 6d shows the TL glow curves of Bi3+- and/orDy3+-doped

LiTaO3 after exposure to 254 nmUV light at 303 K. Very weak TL
glow is observed in LiTaO3:0.005Dy

3+. Intense and broad TL glow
peaks near ≈341–360 K in the range from 305 to 425 K appear in
LiTaO3:0.005Bi

3+,yDy3+. The ratios of integrated TL intensities
from 303 to 700 K of LiTaO3:0.005Bi

3+,yDy3+ to that of the com-
mercial BaFBr(I):Eu2+, Al2O3:C chip, and SrAl2O4:Eu

2+,Dy3+ are
given in the legend of Figure 6d. LiTaO3:0.005Bi

3+,0.001Dy3+ has
the strongest integrated TL intensity, which is about 44, 240,
and 0.2 times higher than that of the commercial BaFBr(I):Eu2+,
Al2O3:C chip, and SrAl2O4:Eu

2+,Dy3+ after 254 nm UV-light
charging. There is an obvious difference in the TL glow curves

of LiTaO3:0.005Bi
3+, 0.001Dy3+ recorded after exposure to X-rays

in Figure 6b and 254 nm UV light in Figure 6d. Possibly there
is a trap depth distribution in LiTaO3:0.005Bi

3+,0.001Dy3+ and
the traps can be filled differently during X-rays or 254 nm UV-
light illumination. To testify the trap distribution, a peak clean-
ing method has been used for LiTaO3:0.005Bi

3+,0.001Dy3+.[30]

Figure S15a (Supporting Information) shows that the TL glow
peak (Tm) near 349 K shifts toward a higher temperature and
the TL intensity continuously decreases with the increase of the
peak clean temperature (Tclean). It means that a trap depth distri-
bution exists in LiTaO3:0.005Bi

3+,0.001Dy3+, which ranges from
about ≈0.69 to ≈0.71 eV as determined from Figure S15b (Sup-
porting Information). The Tm shift toward a higher temperature
is because electrons trapped in less deep traps have been liber-
ated at Tclean and only the electrons captured at deeper traps in
LiTaO3:0.005Bi

3+, 0.001Dy3+ remain.
To evaluate afterglow properties, isothermal decay curves at

≈303 K for LiTaO3:0.005Bi
3+,yDy3+ were measured and shown

in Figure 6e,f. Figure 6e shows that more than 3 h Bi3+ and
Dy3+ white afterglow is recordable in LiTaO3:0.005Bi

3+,yDy3+ at
≈303 K and LiTaO3:0.005Bi

3+,0.004Dy3+ has the strongest ini-
tial (≈20 s) white afterglow intensity after X-ray charging. Fig-
ure 6f further demonstrates that more than 40 h white afterglow
is measurable in LiTaO3:0.005Bi

3+,0.004Dy3+ after 254 nm UV-
light charging at ≈303 K.
Figure 7a shows the 2D contour plot of RT isothermal decay

curves of LiTaO3:0.005Bi
3+, 0.004Dy3+ after exposure to differ-

ent energy photons from 200 to 400 nm with a duration of 60 s.
Figure 7b compares the TLE plot of LiTaO3:0.005Bi

3+,0.004Dy3+

with the PLE spectrum of LiTaO3:0.005Bi
3+ at RT. The traps in

LiTaO3:0.005Bi
3+,0.004Dy3+ can be filled by the intrinsic defect(s)

excitation band peaked near 250 nm, and the Bi3+ excitation A-
band and D-band.

3.3. Photochromic Phenomenon in LiTaO3:xBi
3+,yDy3+

Figure 3 demonstrated the photochromic color change of the
Bi3+ and Dy3+ co-doped LiTaO3 samples which we further stud-
ied by recording reflectivity spectra. Figure 8a shows the re-
flectivity spectra of LiTaO3:0.005Bi

3+,0.004Dy3+ as a function of
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Figure 8. Reflectivity spectra and coloring difference for LiTaO3:0.005Bi
3+,0.004Dy3+ as a function of exposure time of a) and b) 254 nm UV light and c)

and d) 365 nmUV light. e) and f) Stability test of the reflectivity spectra and corresponding coloring difference with 254 and 365 nmUV-light illumination
for LiTaO3:0.005Bi

3+,0.004Dy3+. g) and h) Reflectivity spectra and reflectivity difference for the optimized LiTaO3:xBi
3+,yDy3+ (x = 0.002 or 0.005; y =

0.001 or 0.004).
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254 nm UV-light illumination time. The host intrinsic defect(s)
and Bi-related absorption bands near 250 and 298 nm remain
unchanged, while the intensity of a newly observed broad absorp-
tion band from 315 to 750 nm, hereafter named the R-band, con-
tinuously increases with increasing illumination time from 0 to
200 s. The absolute reflectivity difference at 450 nm before and
after 254 nm illumination with 0–200 s duration time increases
from 0% for t = 0 s to ≈22% for t = 200 s. In Figure 8b, the
coloring difference is defined as 100% when the absolute reflec-
tivity difference at 450 nm is largest (≈22%). The same applies
to Figure 8c,d where the coloring difference is defined as 100%
when the 254 nm illumination time is 30 s. Figure 8b shows the
coloring difference for LiTaO3:0.005Bi

3+,0.004Dy3+ as a function
of 254 nm illumination time. After 5 or 10 s 254 nm illumina-
tion, the coloring difference has increased to ≈60% or ≈80% of
its maximum value. This indicates that the 254 nm UV-light-
induced photochromic process in LiTaO3:0.005Bi

3+,0.004Dy3+

compound is rapid as also illustrated by the photographs in the
inset of Figure 8b when a commercial Hg lamp (WFH-204BS) is
used.
Figure 8c,d shows the reflectivity spectra and coloring differ-

ence for LiTaO3:0.005Bi
3+,0.004Dy3+ after first exposure during

30 s to 254 nmUV light to achieve photochromic coloring, which
is then followed by 365 nm UV-light illumination to reverse the
coloring. With increasing 365 nm illumination time from 0 to
60 s, the absorption intensity of the R-band between 315 and
750 nm gradually decreases in Figure 8c, while the coloring dif-
ference monotonously decreases from 100% to 0% in Figure 8d.
It means that there is a rapid and reversible photochromic pro-
cess in LiTaO3:0.005Bi

3+,0.004Dy3+, as evidenced in Figure 8d.
For information storage application, the reversibility of the

photochromic process is important. Figure 8e shows the reflec-
tivity spectra for LiTaO3:0.005Bi

3+,0.004Dy3+ after exposure to
254 nm UV light for 30 s and then followed by 365 nm UV light
for 30 s. The above exposure sequence has been repeated six
times. Figure 8f shows the coloring difference as a function of
the number of cycles. It implies that the 254 or 365 nmUV-light-
induced photochromic processes in LiTaO3:0.005Bi

3+,0.004Dy3+

are reversible and also very stable.
To optimize the photochromic phenomenon in Bi3+ and

Dy3+ co-doped LiTaO3, we synthesized LiTaO3:xBi
3+,yDy3+

samples with changing Bi3+ or Dy3+ concentration as in
Figure 3 and in Figure S3 (Supporting Information), and
also adjusted the synthesis temperature as in Figures S18–
S22 (Supporting Information). Figure 8g shows the reflec-
tivity spectra of the optimized LiTaO3:0.005Bi

3+,0.001Dy3+

after 0 and 60 s 254 nm UV-light illumination. Figure 8h
compares the reflectivity difference for the optimized
LiTaO3:0.005Bi

3+,0.004Dy3+, LiTaO3:0.002Bi
3+,0.001Dy3+, and

LiTaO3:0.005Bi
3+,0.001Dy3+ after 254 nm UV-light illumina-

tion for 30 s at RT. LiTaO3:0.005Bi
3+,0.001Dy3+ has the largest

absorption difference value of ≈33% at 428 nm in Figure 8h
and also has the strongest integrated TL intensity as shown in
Figure 6d.
For the development of smart light-sensing materials, the TL

properties of LiTaO3:xBi
3+,yDy3+ after exposure to 254 nm UV

light or X-rays with various doses, and different energy photon
stimulations were studied. Figure 9a shows the TL glow curves
for LiTaO3:0.005Bi

3+,0.004Dy3+ charged by 254 nm UV-light ex-

posure with a duration of 5–35 s. The inset in Figure 9a shows
that the integrated TL intensity from 305 to 600 K linearly in-
creases with increasing time from 0 to 30 s. It implies that
LiTaO3:0.005Bi

3+,0.004Dy3+ can be used as a potential dosime-
ter for 254 nm UV-light detection. LiTaO3:0.002Bi

3+,0.004Dy3+

was put into water for a duration of 2.5 h and then dried at 70 °C
for 0.5 h before TL measurement. TL glow curves after charging
by X-rays are shown in Figure S23 (Supporting Information). TL
intensity is still 88% of its initial TL intensity with no exposure
to water. It also shows good photochromic phenomenon and in-
tense white afterglow as verified by the photographs in the inset
of Figure S23 (Supporting Information).
To study the optically stimulated de-charging, Figure 9b shows

the TL glow curves of LiTaO3:0.005Bi
3+,0.001Dy3+ after exposure

to 254 nmUV light and then followed by different energy photon
stimulation. The TL intensity decreases and the TL peak shifts to-
ward a higher temperature with 850, 656, 396, and 365 nm, and
WLED stimulation with a duration time of 10 s. It indicates that
the charge carriers captured at less deep traps are removed by
low-energy and long-wavelength optical stimulation. Compared
with the RT isothermal decay curve after exposure to 254 nm
UV light in Figure 9e4, a stronger Bi3+ and Dy3+ afterglow in-
tensity appears from 60 to 180 s in Figure 9e3 when the phos-
phor is stimulated by the 850 nm laser beam. An increased af-
terglow intensity after X-ray charging emerges also in Figure 9e1
when the 850 nm laser beam is switched on from 60 to 180 s.
These results suggest that 850 nm optical stimulation removes
the charge carriers from the traps in LiTaO3:0.005Bi

3+,0.004Dy3+

and that leads to recombination luminescence at Bi3+ and Dy3+.
Figure 9c,d further demonstrates that the stored charge carri-
ers in LiTaO3:0.005Bi

3+,0.001Dy3+ can be efficiently removed by
WLED for 3 s or 365 nm UV-light stimulation for 15 s. Par-
ticularly, the photographs in Figure 9c suggests that when the
photochromic LiTaO3:0.005Bi

3+,0.001Dy3+ is bleached by WLED
stimulation, the corresponding TL intensity decreased to zero.
Upon 656 nm red laser stimulation in Figure 9f3, the charge car-
riers in less deep traps in the LiTaO3:0.005Bi

3+,0.004Dy3+-based
phosphor area have been removed, which then gives less Bi3+-
and Dy3+-based white afterglow. This feature has been utilized to
show the text information of “1, 2, and 3” in the LiTaO3:0.005Bi

3+,
0.004Dy3+-based film in the dark as in Figure 9g1–g3.

3.4. Exploring a Smart Optical-Sensing Phosphor for Information
Storage and X-Ray Imaging

The developed LiTaO3:xBi
3+,yDy3+ phosphors have been ex-

plored as optical-sensing materials for 2D image informa-
tion storage or X-ray imaging applications. Figure 10a shows
how to make a flexible film based on a phosphor and sil-
ica gel. Figure S24a1 (Supporting Information) shows such
a LiTaO3:0.005Bi

3+,0.002Dy3+-based film (film 1). Figure 10b
shows how to realize information storage by using the syn-
thesized films. Figure 10c first shows that information can be
stored by an X-ray-induced photochromic phenomenon. Fig-
ure 10d1,d2 shows that the text of “WX” can be stored in the
LiTaO3:0.005Bi

3+,0.002Dy3+-based film by a 254 nm UV-light-
induced photochromic phenomenon. The text of “WX” is vis-
ible in the dark because of the Bi3+ and Dy3+ afterglow from

Laser Photonics Rev. 2022, 2200055 © 2022 Wiley-VCH GmbH2200055 (11 of 17)

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 9. a) TL glow curves at 𝛽 = 1 K s−1 of LiTaO3:0.005Bi
3+,0.004Dy3+ after exposure to 254 nm UV light with different duration time. TL glow curves

measured at 𝛽 = 1 K s−1 for LiTaO3:0.005Bi
3+, 0.001Dy3+ after exposure to 254 nm UV-light followed by b) different energy photon stimulation, or with

c) WLED and d) 365 nm UV-light stimulation with different duration times. e) RT isothermal decay curves of LiTaO3:0.005Bi
3+,0.004Dy3+ after exposure

to X-rays or 254 nm UV light followed by 850 nm laser stimulation for 120 s from 60 to 180 s. The inset in panel (e1) is the enlarged decay curve. f) and
g) Information display of “1, 2, and 3” by utilizing the afterglow and the optically stimulated emission phenomenon in LiTaO3:0.005Bi

3+,0.004Dy3+. The
inset in panel (a) shows the integrated TL intensity as a function of 254 nm exposure time and the inset in panel (c) shows the color change after WLED
stimulation.
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Figure 10. a) Demonstration how to make an optical film by using phosphor dispersed in silicone gel. b) Illustration of information write in and erasure
by light stimulation in phosphor film. c) X-rays induced color change for LiTaO3:0.005Bi

3+,0.002Dy3+ and LiTaO3:0.005Bi
3+,0.006Dy3+. d) until f) Text

information write in and erasure of “WX,” “237,” and “01” in LiTaO3:0.005Bi
3+,0.002Dy3+ by different light stimulation and thermal bleaching treatment.
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Figure 11. Illustration of X-ray detection by X-ray imaging. a1) until a3) Proof-of-concept X-ray imaging by using a2) Bi3+ and Dy3+ afterglow and
b3) thermally stimulated Bi3+ and Dy3+ emissions from LiTaO3:0.005Bi

3+,0.004Dy3+ in the film 8. b1) until b3) X-ray imaging resolution test of
LiTaO3:0.005Bi

3+,0.004Dy3+-based film 8.

LiTaO3:0.005Bi
3+,0.002Dy3+ in Figure 10d3. The thermally stim-

ulated emission color can be tailored from white to slight yel-
low by heating the sample from RT to ≈373 K in Figure 10d3,d4,
demonstrating the potential application in anticounterfeiting. Af-
ter bleaching at ≈373 K, the text of “WX” is not visible in both
the dark and daylight as in Figure 10d5. In addition to thermal
stimulation in Figure 10d5, information erasure by optical stim-
ulation has been explored in LiTaO3:0.005Bi

3+,0.002Dy3+-based
film by different energy photon stimulation of WLED in Fig-
ure 10e1–e3, and 656 nm laser in Figure 10f1–f3. 2D information
storage, display, and erasure have also been demonstrated in the
LiTaO3:0.005Bi

3+,0.002Dy3+-based film 1 in Figure S24 (Support-
ing Information). Information storage and display applications
are also explored by using the LiTaO3:0.002Bi

3+,0.004Dy3+-based
3D films 2–7 as demonstrated in Figure S25 (Supporting Infor-
mation).
To further demonstrate the detection of X-rays, we

made an X-ray imaging film, named film 8, by dispersing
LiTaO3:0.005Bi

3+,0.004Dy3+ in silica gel as shown in Fig-
ure 11a1. A capsule with metal spring was used as the object
for X-ray detection. Two white X-ray imaging photographs were
obtained by thermally stimulated Bi3+ and Dy3+ emissions in
LiTaO3:0.005Bi

3+, 0.004Dy3+ at RT in Figure 11a2 and at ≈340 K
in Figure 11a3 in the dark. We have verified the X-ray imaging
resolution for film 8 in Figure 11b1. Film 8 was placed under-
neath a Pb-based X-ray imaging test plate, which has Pb-free
scale marks from 0 to 20 lp mm−1. Both the imaging test plate
and film 8 on a table were exposed in the dark to X-rays under

perpendicular incidence as illustrated in Figure 11b1. The traps
in LiTaO3:0.005Bi

3+,0.004Dy3+ in film 8 were filled by X-ray
charging. An intense white photograph appears in Figure 11b2
because of the thermally stimulated Bi3+ and Dy3+ emissions
at ≈340 K. From the circular region in Figure 11b2, an X-ray
imaging resolution of ≈20 lp mm−1 is estimated in Figure 11b3.
The results in Figures 9–11 demonstrate that the developed
LiTaO3:xBi

3+,yDy3+ phosphors can be used as light-sensing
materials for developing new photodetectors that can detect a
wide energy range of photons from X-rays to 850 nm infrared
light.

4. Discussion

4.1. VRBEs in the Bi3+ and Bi2+ Ground States in LiTaO3

To understand the charge-carrier capturing and release pro-
cesses in LiTaO3:xBi

3+,yDy3+, the VRBEs in the ground states
of Bi2+ and Bi3+ are crucial. In general, Bi3+ has the most sta-
ble electronic configuration of [Xe]4f145d106s2 in an inorganic
compound.[31] During exposure to high-energy radiation like X-
rays, 𝛾-rays or also often 254 nm UV light, free mobile elec-
trons and/or holes are generated in a compound. When both the
VRBEs in the Bi2+ ground state and in the Bi3+ ground state are
located in the forbidden band of the compound, Bi3+ can act as
both an electron-trapping center and a hole-trapping center.[32]

Such a dual role of Bi3+ has been evidenced in LnPO4 (Ln = La,
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Y, or Lu) and NaYGeO4 in refs. [16, 25]. The VRBE in the 2P1/2
ground state of Bi2+ in 15 different compounds has been studied
in ref. [33], and it falls in the range near −3.5 ± 0.5 eV. We there-
fore expect that there is a Bi2+ 2P1/2 ground state with a VRBE
value of −3.5 ± 0.5 eV in LiTaO3 in Figure 1. Figure 1 then
predicts that Bi3+ could act as an ≈0.8 ± 0.5 eV deep electron-
capturing center in LiTaO3.
To determine the VRBEs in the ground and excited states of

Bi3+, the spectroscopy of Bi3+-doped LiTaO3 needs to be studied
as in Figure 4a,b. Bi3+ has [Xe]4f145d106s16p1 as the lowest energy
excited configuration.[34] Bi3+ excitation bands originate from the
electron transitions from the Bi3+ 1S0 ground state to the

3P1,
3P2,

and 1P1 excited states, which are generally known as the Bi3+

A, B, and C bands.[35] In addition, often a broad Bi3+ excitation
band emerges, denoted as the Bi3+ D band, which is attributed to
the electron transfer from Bi3+ to the conduction band (CB) of a
compound.[34,36] The Bi3+ B band is a spin-forbidden transition,
and its intensity is very weak and usually not observed. The Bi3+

C band is a spin-allowed transition,[16] and there is an empirical
formula for the energy relation between the Bi3+ C band (EBiC)
and the A band (EA) in inorganic compounds by Equation (3)[37]

EBiC = 3.236 + 2.290 × (EA − 2.972)0.856 (3)

Figure 4b shows that the excitation spectrum (𝜆em = 583 nm)
in the 200–350 nm region of LiTaO3:0.005Bi

3+,0.005Dy3+ can be
fitted by a narrow band peaked at ≈243 nm, a broad band peaked
near 278 nm, and a band peaked at 300 nm. Like in ref. [24],
the excitation band peaked at 300 nm is assigned to the Bi3+

A band.[38] Considering the large Stokes shift and broadband
nature, the broad emission band peaked near 438 nm in Fig-
ure 4b is assigned to Bi3+ D-band emission. With EA = 4.13 eV
(300 nm), the Bi3+ Cband is predicted by Equation (3) to≈212 nm
(5.84 eV), which is higher than the bandgap energy. The narrow
excitation peak at 243 nm is then not assigned to the C band
but tentatively to intrinsic defect(s) in LiTaO3. Because the ex-
citation band peaked near 278 nm in Figure 4b is broad and the
LiTaO3:0.005Bi

3+,0.004Dy3+ phosphor can be charged by optical
excitation with this broadband in Figure 7b, we assign the exci-
tation band peaked near 278 nm to the Bi3+ D band. Based on
the Bi3+ A- and D-band energies, the VRBEs in the 1S0 ground
state and 3P1 excited state of Bi3+ in LiTaO3 are determined to
be −7.16 and −3.03 eV, as illustrated in Figure 1. This implies
that the phosphor can be charged by both A- and D-band ex-
citations, which are consistent with the TL excitation plot for
LiTaO3:0.005Bi

3+,0.004Dy3+ in Figure 7b. The Bi3+ 3P1 excited
state is very close to the conduction band bottom and upon exci-
tation the electron from 3P1 may delocalize to arrive at a situation
similar to D-band excitation. Figure 1 predicts that Bi3+ can act
as a ≈1.3 eV deep hole-capturing center.

4.2. Charge-Carrier Trapping and Detrapping Processes in
LiTaO3:xBi

3+,yDy3+

Figure 1 shows that the ground states of Dy3+ and Dy2+ are in
the valence band and the conduction band. It means that Dy3+

cannot act as an electron- or a hole-capturing center in LiTaO3.
Figure 4a,b,e shows that the intrinsic defect(s) excitation band at

≈243 nm, Bi3+ D and A bands peaked near ≈278 and ≈300 nm
appear in the excitation spectra of LiTaO3:0.005Bi

3+,yDy3+ when
the Dy3+ typical ≈580 nm emission is monitored. This im-
plies that, upon excitation, there are energy-transfer processes
from both the intrinsic defect(s) and Bi3+ to Dy3+, leading
to the characteristic Dy3+ 4f → 4f emissions in Figure 4b–d.
The energy transfer from Bi3+ to Dy3+ also generates the Dy3+

emission in the thermally stimulated luminescence spectra of
LiTaO3:0.005Bi

3+,yDy3+ (y = 0.004 or 0.006) in Figure 5a,b and in
the afterglow spectra of LiTaO3:0.002Bi

3+,0.004Dy3+ in Figure 5c.
One role of Dy3+ co-doping in LiTaO3:xBi

3+,yDy3+ is then to ob-
tain Dy3+ 4f → 4f emissions to generate Dy3+- and Bi3+-based
white afterglows, as demonstrated in Figures 3c3, 6f, and 11. The
other role of Dy3+ co-dopingmight be to induce and optimize the
formation of defect(s) in LiTaO3:xBi

3+,yDy3+ to optimize the pho-
tochromic phenomenon for light-sensing application, as shown
in Figures 3, 6d, 8, and 10 and in Figures S24 and S25 (Sup-
porting Information). An intense TL glow peak near 322 K ap-
pears in >100 K TLEM spectrum of LiTaO3:0.005Bi

3+,0.006Dy3+

in Figure 5a. Assuming a first-order TL-recombination kinetics,
its trap depth can be estimated to be ≈0.89 eV by using Equa-
tion (1) with Tm = 322 K, 𝛽 = 0.2 K s−1, and s = 1.80 × 1012

s–1. This value is within the predicted trap depth range of ≈0.8
± 0.5 eV for Bi3+ electron-trapping center in LiTaO3 in Figure 1.
Considering that Bi3+ can act as an ≈1.3 eV deep hole-trapping
center in Figure 1, the 322 K TL peak may be due to electron
liberation from Bi2+ and recombination with the hole at Bi4+ to
produce the Bi3+ D-band emission. More work is needed to fur-
ther testify this mechanism. The 322 K TL peak can also be at-
tributed to electron release fromLiTaO3 host defect(s) and recom-
bination with the hole at Bi4+ to yield Bi3+ D-band emission. The
same applies to the TL glow peaks near ≈323–340 and ≈392 K
in LiTaO3:0.005Bi

3+,yDy3+ in Figure 6b. The TL peak near ≈341–
360 K in LiTaO3:0.005Bi

3+,yDy3+ (y = 0.0005–0.004) charged by
254 nm UV light in Figure 6d is about 20 K higher that in Fig-
ure 6b when X-rays are used as the charging light source. A pos-
sible reason is that the trap with a trap depth distribution in
LiTaO3:0.005Bi

3+,yDy3+, as evidenced in Figure S15 (Supporting
Information), can be filled differently after exposure to X-rays or
254 nm UV light. For UV-light-charging processes in Figure 7,
mobile charge carriers are created via the efficient photoinduced
ionization processes from the Bi3+ excitation A or D band in
LiTaO3:0.005Bi

3+,yDy3+.[39] Figure 6d shows that the TL intensity
after UV illumination is 10 000 times stronger than with X-ray ex-
citation in Figure 6b. With X-rays, traps may be partly filled and,
withUV, some trapsmay be completely filled (saturated) and con-
tribute less to the overall TL glow. This may cause that the glow
appears differently.
Figure 9b–e demonstrates that the stored charge carriers

in LiTaO3:0.005Bi
3+, 0.001Dy3+ and LiTaO3:0.005Bi

3+,0.004Dy3+

can be optically stimulated to obtain Bi3+ and Dy3+ emis-
sions by different energy photon from 365 nm (≈3.4 eV) UV
light to 850 nm laser (≈1.46 eV). The photon energy from
1.46 and 3.4 eV is much larger than the deepest electron trap
depth of ≈1.04 eV and the Bi3+ hole trap depth of ≈1.3 eV in
LiTaO3:0.005Bi

3+, 0.001Dy3+, as illustrated in Figures 1 and 6b.
It means that the photon energy is high enough to optically
stimulate the electron captured at traps corresponding with the
TL glow curve from ≈305 to ≈450 K to become a free mo-
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bile electron in the conduction band. The electron can then
recombine with a hole trapped at Bi4+ to generate the Bi3+

emission and characteristic Dy3+ 4f → 4f emissions via energy
transfer from Bi3+ to Dy3+ in LiTaO3:0.005Bi

3+,0.001Dy3+. Fig-
ures 8 and 9c show that there is a linear relation between the
reversible photochromic phenomenon and the stored charge
carriers in LiTaO3:0.005Bi

3+, 0.001Dy3+. It is also unique that
the photochromic LiTaO3:0.005Bi

3+, 0.001Dy3+ phosphor can be
bleached by heating at 450 K in Figure 10d5, or by a wide photon
energy stimulation from 365 nm UV light to 850 nm infrared
light in Figure 9. One may use this feature of optically induced
photochromism to explore information storage and read-out ap-
plications like in Figure 10 and in Figures S24 and S25 (Support-
ing Information).

5. Conclusions

We have combined the spectroscopy, thermoluminescence,
and VRBE construction to unravel the trapping and re-
lease processes of charge carriers in LiTaO3:xBi

3+,yDy3+.
The photoluminescence excitation and emission spectra of
LiTaO3:0.005Bi

3+,0.005Dy3+ were first analyzed at RT and 10 K.
Upon excitation of Bi3+, the energy transfer processes from Bi3+

to Dy3+ are identified, leading to characteristic Dy3+ 4f→ 4f emis-
sions. The excitation bands peaked at near 243, 278, and 300 nm
are assigned to intrinsic defect(s), Bi3+ excitation D and A bands
in LiTaO3. The VRBEs in the 1S0 ground and

3P1 excited states
of Bi3+ in LiTaO3 were determined to be −7.16 and −3.03 eV
by using the energies of the Bi3+ excitation D and A bands.
The VRBE in the Bi2+ 2P1/2 ground state in LiTaO3 is roughly
estimated to be about −3.5 ± 0.5 eV, which needs to further be
studied. Bi3+ appears to act as an ≈1.3 eV deep hole-trapping
center andmaybe as a 0.80±0.5 eV deep electron-trapping center.
Upon charging LiTaO3:xBi

3+,yDy3+, electrons are trapped at host
intrinsic defects and holes are trapped at Bi4+. Electron detrap-
ping and recombination with hole trapped at Bi4+ generates Bi3+

luminescence. Dy3+ cation does not act as a charge carrier captur-
ing center, but acts as a luminescence center via energy transfer
processes of Bi3+ → Dy3+ to generate Dy3+ characteristic 4f→ 4f
emissions in LiTaO3:xBi

3+,yDy3+. More than 3 or 40 h of Bi3+- and
Dy3+-based white afterglow is measurable in LiTaO3:0.005Bi

3+,
0.004Dy3+ after exposure to X-rays or 254 nm UV light. A linear
relation between the amount of stored charge carriers and the
photochromic phenomenon appears in LiTaO3:xBi

3+,yDy3+. The
charge carriers can be stored in LiTaO3:xBi

3+,yDy3+ by X-rays
or 254 nm UV-light charging. The stored charge carriers can be
removed by heating or with an optically stimulated Bi3+ and Dy3+

emission process by a wide energy photon stimulation, i.e., from
365 nm UV light to 850 nm infrared laser. Proof-of-concept light
detection applications like 2D information storage and anticoun-
terfeiting or X-ray imaging were demonstrated by using the pho-
tochromic and white afterglow LiTaO3:xBi

3+,yDy3+ phosphors.
This work not only promotes our understanding on the VRBEs
and the level locations of Bi2+ and Bi3+, and the charge-carrier
trapping processes in LiTaO3:xBi

3+,yDy3+, but also can acceler-
ate the development of optical material that can detect a wide
energy photon from X-rays to infrared light for photodetector
applications.
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