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Ultraviolet luminescence holds potential for diverse applications. Further development of ultraviolet-
luminescence technology, however, is hindered by the common but very inconvenient photoluminescence
form. Here we create a form of ultraviolet emission—persistent luminescence in the narrowband
ultraviolet-B (NB UVB) region (309313 nm) upon illumination by a blue light-emitting diode. On this
basis, we study the dynamic competition between an up-conversion charging excitation and a photostimu-
lated detrapping upon illumination by the light-emitting diode. Such a competition mechanism, as well as
the associated manipulation technique, appears to be generally applicable for many existing phosphors. As
a proof of concept, we present an imaging demonstration, showing the potential of the NB-UVB persistent
luminescence in the optical tagging field. This work can potentially revolutionize the ways for utilizing
persistent luminescence, leading NB-UVB applications to another level.

DOI: 10.1103/PhysRevApplied.13.044051

I. INTRODUCTION

Ultraviolet light is present in sunlight as well as in
artificial light, such as luminescence of phosphors. Ultra-
violet light in the wavelength range from 309 to 313 nm
is specifically referred to as narrowband ultraviolet-B
(NB UVB) light, which has exhibited significant advan-
tages in the medical field for treatment of skin diseases,
including psoriasis and vitiligo [1,2]. While the market
for NB-UVB technology is currently dominated by pho-
totherapy lamps, the application potential of NB-UVB
technology in other fields is often underestimated. For
instance, NB UVB light has sufficient energy to induce
light-responsive drug delivery [3,4]. Consequently, NB-
UVB-emitting materials in the form of nanoparticles are
expected to have important implications for light-mediated
theranostics. Moreover, the general absence of ultravio-
let spectral composition in an indoor-lighting environment
enables the NB-UVB emission to be detected with zero
background noise by an appropriate ultraviolet camera.
According to such a visible-blind feature, optical tag-
ging with NB-UVB-emitting materials can become an
important technique to provide information for identifica-
tion purposes in an indoor-lighting environment. Further
development of NB-UVB technology is being hindered
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by the common but very inconvenient photoluminescence
form. Thus, more diverse luminescence forms of NB-UVB
phosphors are greatly needed to be explored.

Persistent luminescence as a special luminescence form
has been extensively studied, first for visible persistent
luminescence and recently for infrared persistent lumines-
cence, and some visible persistent phosphors have gained
commercial success and are being widely used as night-
vision materials [5—9]. In contrast to the progress in visible
and infrared persistent luminescence, research at the other
end of the spectrum—the shorter-wavelength ultraviolet
region is relatively lacking [10—14]. Taking into account
the potential applications of NB UVB light, the investiga-
tion of NB-UVB persistent luminescence, as an alternative
luminescence form, will be interesting and significant.

The practical NB-UVB luminescence generally origi-
nates from phosphors activated by trivalent gadolinium
(Gd**) ions, which have no absorption in the visible-
light region due to their unique energy-level structure and
have no tendency to be oxidized or reduced in phosphor
due to their stabilized 4f” electron configuration. Com-
pared with the extensive studies on the nonradiative role of
Gd>* in phosphors [15—18], few studies on Gd** emission
have been reported [19-23], and these focus primarily on
common photoluminescence upon real-time excitation by
high-energy ionizing radiation or high-intensity coherent
lasers. To achieve designable luminescence-performance
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properties of Gd3*-activated phosphor, it is essential to
introduce a sensitizer ion, which should have a suit-
able high-lying state for efficient transfer of the excita-
tion energy to Gd®* ions [20-24]. As a sensitizer for
Gd** emission, trivalent praseodymium (Pr’*) ions are
a good candidate [24] since Pr’*T-doped phosphors pos-
sess some fascinating optical properties [25-36]. Up-
conversion luminescence from the high-lying 4/5d state
of Pr** has been achieved upon excitation of the *P; or
D, level in some phosphors [27-31]. Moreover, elec-
tron transfer may occur between the delocalized state
of Pr3* and the trap state, since Pr’* has a tendency
to be oxidized in some solids [32—35]. Accordingly, we
can envisage an up-conversion charging process [36—38]
by combining the up-conversion and the electron-transfer
characters of Pr**. Such a combination enables us to gen-
erate 4f5d — 4f? ultraviolet persistent luminescence after
charging by visible-light illumination. As a consequence,
persistent luminescence of Gd** in the NB UVB region is
expected in appropriate Pr’*-Gd3*-codoped phosphors, in
which the Pr** ion may absorb two-step-excitation energy
to fill electron traps and then persistently transfers the
stored energy to Gd3*.

Here we develop a NB-UVB persistent phosphor,
Pr3*t-Gd**-codoped Lu,Prg o1 Gdoo9Al,Gaz0y, (hereafter
referred to as LuAGG:Pr,Gd). Persistent luminescence of
313 nm is successfully achieved in the phosphor after illu-
mination by a widely available blue light-emitting diode
(LED). Our spectroscopic results reveal that, depending
on the blue-LED illumination at different power densities,
the charging and discharging processes of the phosphor
can be manipulated. Moreover, we demonstrate NB-UVB
imaging based on the LuAGG:Pr,Gd phosphor, showing an
optical tagging capability of the persistent luminescence in
an indoor-lighting environment.

II. METHODS

A. Sample preparation

Phosphors with the general chemical formula of
Luz__,Pr,Gd, 4l5_.Ga,0; (x =0.001-0.1,y = 0.05-2.5,
and z = 1-4) are synthesized by a solid-state-
reaction method. Any combination of these wvariables
can produce phosphor with NB-UVB persistent lumi-
nescence. In the study, we focus our discussion on the
Lu,Prg 1 Gdog9Al,GazO, composition. Starting materi-
als, including Lu, 03 (99.99%), Gd,03 (99.999%), Al,O;
(99.99%), Ga,03 (99.999%), and PrsO;; (99.99%), are
mixed in stoichiometric proportions. After being finely
ground in an agate mortar for 3 h, the mixture is pressed
into a disk of 1.5-cm diameter with use of a 30-ton
hydraulic press. The disk is then sintered for 3 h at 1300 °C
in air to obtain the products.

B. Characterization

Luminescence excitation and emission spectra are mea-
sured with a Horiba FluoroMax Plus spectrofluorome-
ter. The persistent-luminescence excitation spectrum is
recorded after ceasing of illumination with monochro-
matic light from a built-in xenon arc lamp (included in
the spectrofluorometer) [39]. The up-conversion excita-
tion spectrum obtained by our monitoring the 313-nm
emission is obtained by our exciting the phosphor with
a pulsed laser (Continuum SureLite II Nd:YAG laser)
with tunable wavelength from a Continuum SureLite opti-
cal parametric oscillator. Persistent-luminescence inten-
sity (in the unit of microwatts per steradian per square
meter) is evaluated with a Thorlabs PM320E optical power
meter equipped with an ultraviolet extended power sensor
(S130VC, Thorlabs). Thermoluminescence measurements
are conducted with a modified version of an SLOS-L TL
reader (Guangzhou Rongfan Science and Technology Co.
Ltd). The thermoluminescence curves are recorded for
Gd** emission at 313 nm with a heating rate of 4°Cs~!.
Before each measurement, the phosphor is heat-treated at
450°C to empty all the traps. A high-power blue LED
(LUMINUS, CBT-90TE-B, peaking at 452 nm) equipped
with a liquid cooling module is used as the primary exci-
tation source. The phosphor is illuminated by means of
the blue-LED light transmitted subsequently through a lens
combination (Fig. S1 in Supplemental Material [40]). The
illumination light path allows us to focus the LED beam
into a spot with a diameter of 1 cm. The illumination
power density presented in this study is defined as the beam
power reaching the surface of the phosphor divided by the
focused beam area. An Ofil Scalar camera (improved ver-
sion), which is sensitive from 308 to 321 nm, is used for
the visible-blind imaging. The imaging experiments are
conducted in an indoor-lighting environment (the ambient
light is from a Philips LED ceiling lamp). The image taken
by the camera is an overlay image after superimposition of
an ultraviolet image onto a visible image.

II1. RESULTS AND DISCUSSION

A. Achievement of NB-UVB persistent luminescence

The LuAGG:Pr,Gd phosphor features persistent lumi-
nescence after various effective illuminations. For instance,
upon ultraviolet illumination from a filtered xenon arc
lamp, the phosphor exhibits 313-nm persistent lumines-
cence, as well as visible persistent luminescence (see
Fig. S2 in Supplemental Material [40]). The correspond-
ing persistent-luminescence excitation spectrum, which is
an indication of the delocalization energy for filling the
traps [39], covers the range from 32 000 to 50 000 cm™!
[Fig. 1(a)]. Alternatively, persistent luminescence of the
phosphor can also be achieved via an up-conversion charg-
ing process.
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Conceptual design of persistent luminescence in the NB UVB region upon blue-light illumination in LuAGG:Pr,Gd phos-

phor. (a) Persistent luminescence excitation spectrum for Gd** emission at room temperature. The inset shows an up-conversion
excitation spectrum. (b) An up-conversion charging process upon intense blue-light illumination. The Pr’* ion firstly absorbs two-
step-excitation energy to fill electron traps (process 1), followed by gradually release of the traps at ambient temperature (process 2).
The square frame in the high-energy region stands for the delocalized 4f5d state, whose energy scale corresponds to that of the
persistent-luminescence excitation band in (a). (c) Persistent energy transfer from the excited Pr** ion to the Gd3* ion (process 3), as
well as the resulting persistent luminescence in the NB UVB spectral region.

A proposed scheme for the up-converted persistent
luminescence in the NB UVB region is illustrated in
Figs. 1(b) and 1(c). Under two-step up-conversion excita-
tion with a blue-light illumination (see the up-conversion
excitation spectrum presented in Fig. S3 in Supplemen-
tal Material [40]), the Pr3* ion (sensitizer) is promoted to
the 4f 5d state, which is associated with the delocalization
property in the LuAGG:Pr,Gd phosphor at room temper-
ature; see Fig. S2(c) in Supplemental Material [40]. The
delocalized electron may be captured by traps (process 1)
and subsequently released at ambient temperature (process
2), followed by the recombination with the ionized Pr**.
Finally, the energy transfer from Pr3* to Gd3* accounts
for the 313-nm emission (Fig. S4 in Supplemental Mate-
rial [40]). Notably, during the up-conversion excitation,
our spectroscopic investigation reveals that 3Py is a pre-
dominant intermediate state in the phosphor (Fig. S5 in
Supplemental Material [40]).

The up-converted persistent luminescence in LuAGG:
Pr,Gd is experimentally verified with use of a blue LED
as the excitation source (power density 1 W cm~2), whose
output emission spectrum is presented in Fig. S3(b) in
Supplemental Material [40]. When the LED illumination
ceases, we record the persistent-luminescence spectra in
the NB UVB region for different delay times from 5
to 60 min, as shown in Fig. 2(a). These emission spec-
tra consist of a sharp peak at 313 nm, assigned to the
Gd** ®P;/, — 885, transition. The resulting persistent-
luminescence intensities at delays of 5 and 60 min are

estimated to be 70 and 9 uW sr~! m~2, respectively (Fig.
S6 in Supplemental Material [40]).

To gain insight into the up-converted persistent lumi-
nescence in LuAGG:Pr,Gd, we conduct thermolumines-
cence measurements after illumination by the blue LED
(1 Wem™2 illumination for 1 s). Figure 2(b) shows a typ-
ical thermoluminescence curve for the 313-nm emission,
consisting of a dominating band with a maximum at 75 °C,
as well as a long tail up to 380 °C. Our investigations
suggest that, besides the depletion of traps with increas-
ing temperature, the low quenching temperature of the
emitting level also accounts for the absence of effective
thermoluminescence at high temperature (see Fig. S7 in
Supplemental Material [40]). That is, the low thermolumi-
nescence intensity on the high-temperature side may stem
from a combined contribution of the thermal depletion of
traps and the thermal quenching of the emitting level.

B. Competition between up-conversion charging
excitation and photostimulated detrapping

The nonlinear-excitation nature of the persistent lumi-
nescence in the LuAGG:Pr,Gd phosphor is verified by our
measuring the dependence of thermoluminescence inten-
sity on the LED illumination power density. We record the
thermoluminescence curves for the 313-nm emission after
blue-LED illumination at different incident power densi-
ties from 0.1 to 1.5 W cm™2. These curves share a similar
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FIG. 2. Up-converted persis-
tent luminescence (UCPL) and
up-converted thermolumines-
cence (UCTL) of LuAGG:Pr,Gd
recorded after ceasing of blue-
LED illumination. (a) UCPL
spectra recorded from 5 to 60 min
after ceasing of the illumination
(exposure duration 1 min). (b)
UCTL curve for Gd** emission
at 313 nm (exposure duration
1 s). The relatively low thermo-
luminescence intensity on the
high-temperature side may stem
from a combined contribution of
thermal depletion of traps and
thermal quenching of the emitting
level (see the text for details).
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spectral shape with various intensities (Fig. S8 in Supple-
mental Material [40]). Figure 3(a) depicts the integrated
thermoluminescence intensity (/) as a function of the illu-
mination power density (P) in a double-logarithmic plot.
For illumination with an exposure duration of 1 s, the /-P
curve is consistent with a quadratic relationship (7 oc P!89),
providing strong evidence that two-photon excitation is
involved in the up-conversion process. However, intrigu-
ingly, as the exposure duration is increased to 100 s, the
I-P curve deviates from the quadratic relationship. Prior
studies on the up-conversion charging phenomenon indi-
cated that trap filling can be affected by photostimulation
[36,37]. In such a charging mechanism, on the one hand,
the traps can be filled through two-step photoionization of
an activator ion (i.e., the electron trapping process). On
the other hand, the external illumination can release some
trapped electrons to the delocalized continuum state of the
phosphor (i.e., the photostimulated-detrapping process).
Consequently, the present results suggest that photostim-
ulated detrapping may account for the deviation of the /-P
quadratic relationship for long exposure durations.

We use a rate-equation approach to describe the effect
of photostimulated detrapping on the up-conversion charg-
ing process, in which we assume that electron retrapping
between different traps is negligible. Upon blue-LED exci-
tation at power density P, as illustrated in Fig. 3(b), the rate
equation during the illumination is

dN,/dt = A\N1 — AN, (1)
where N is the population of the up-conversion delocal-
ized state, N is the electron population in the traps, 4; is
the trapping rate, and 4, is the photostimulated-detrapping
rate. Taking into account the features of up-conversion
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The LED illumination power
density for both measurements is
1 Wem™2,

excitation [41] and photostimulated detrapping [42], we
assume that N o P" (n is the number of pump photons)
and A, x P. If 4\N|— AN, >0, integration of Eq. (1)
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FIG. 3. Illumination-power-density dependence of thermolu-

minescence (TL) intensity of LuAGG:Pr,Gd for different expo-
sure durations. (a) Integrated TL intensity (/) versus the power
density (P) of the blue LED. The TL measurements are con-
ducted by monitoring at 313 nm. The exposure durations (f) are
1 and 100 s, respectively. For t=1 s, the I-P curve is consis-
tent with a quadratic relationship, but the /-P curve deviates
from the quadratic relationship upon illumination for =100 s.
(b) Electron-trapping and photostimulated-detrapping processes
upon illumination at power density P. N is the population of the
up-conversion delocalized state, N, is the electron population in
the trap, A4; is the trapping rate, and A4, is the photostimulated-
detrapping rate. Straight-line arrows and curved-line arrows rep-
resent the optical transitions and electron transfers, respectively.
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gives

Ny =GP = (C/P)e™, 2
where C; and C, are positive constants. Accordingly, one
can deduce that if electron trapping is dominant, the popu-
lation in the trap increases with the illumination duration.
In contrast, if 4| N| — A, N, < 0, integration of (1) yields

Ny =GP 4 (Co/PYe ™. (3)
This means that if photostimulated detrapping is domi-
nant, the population in the traps will decrease with the
illumination duration.

We further design an extended thermoluminescence
measurement, as outlined in Fig. 4(a), to experimentally
evaluate the competition between electron trapping and
photostimulated detrapping in the LuAGG:Pr,Gd phos-
phor. We illuminate the phosphor using the blue LED
with power densities of 1.5 and 0.1 W cm™2, respectively,
which are the maximum and minimum power densities
presented in Fig. 3(a). Firstly, we illuminate the phosphor
using 1.5 W cm™2 for 5 s to fill some of the traps (initial
illumination mode). Subsequently, we illuminate the phos-
phor twice by combining the 5-s initial illumination and
a secondary illumination, whose power density is fixed at
1.5 W cm~2 [high-power (HP) mode] or 0.1 W cm ™~ [low-
power (LP) mode]. As shown in Fig. 4(a), the HP mode
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starts in the time frame from 840 to 900 s and ends at
900 s after the initial illumination (i.e., the HP duration
ranges from 60 to 0 s). The LP mode starts in the time
frame from 0-900 s and also ends at 900 s (i.e., the LP
duration ranges from 900 to 0 s). All the associated thermo-
luminescence measurements for the 313-nm emission start
at 1000 s after the initial illumination (Fig. S9 in Supple-
mental Material [40]). In accordance with the description
in Fig. 3(b), the HP and LP modes are expected to influ-
ence the thermoluminescence intensity in different ways
(note that the integrated thermoluminescence intensity is
an indication of the electron population in the traps [43]).
Figure 4(b) plots the integrated thermoluminescence
intensities of the LuAGG:Pr,Gd phosphor versus the sec-
ondary exposure dose, which is equal to the power density
multiplied by the exposure duration. The ascending curve
shows that the thermoluminescence intensity increases
with the HP illumination duration, indicating that the phos-
phor is being charged under the HP mode, as given in (2).
In contrast, under the LP mode, the thermoluminescence
intensity decreases with increasing illumination duration,
as described in (3). We therefore conclude that the net pop-
ulation in the traps can be adjusted by use of the blue
LED with different power densities. That is, the phos-
phor can be charged by a high-power illumination but
discharged by a low-power illumination. The charging-
discharging dynamics shown in Fig. 4 is intrinsic for the
present up-converted persistent luminescence and does not

20 F
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n N
0.5 0\’ LP (0.1 W cm™)
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0 30 60 90
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FIG. 4. Charging and discharging of LuAGG:Pr,Gd upon blue-LED illumination at different power densities. (a) Outline of the
experiment. The phosphor is initially illuminated for 5 s at 1.5 W cm™2 to fill some of the traps (initial illumination mode). Subse-
quently, the phosphor is exposed to secondary illumination, whose power density is fixed at 1.5 W cm~2 (high power density, HP
mode) or 0.1 Wem—2 (low power density, LP mode). In this study, the HP illumination starts in the time frame from 840 to 900 s
with exposure durations of 10, 20, 30, 40, 50, and 60 s. The LP illumination starts in the time frame from 0 to 900 s with exposure
durations of 150, 300, 450, 600, 750, and 900 s. Each secondary illumination ends at 900 s, and the associated thermoluminescence
(TL) measurement starts at 1000 s. The TL measurements are conducted by monitoring at 313 nm. (b) Integrated TL intensity versus
the secondary exposure dose, which is equal to the power density multiplied by the exposure duration.
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work for the conventional persistent-luminescence process
(Fig. S10 in Supplemental Material [40]).

Figure 4 also shows that the discharging process (LP
mode, 0900 s) is much slower than the charging process
(HP mode, 060 s). Accordingly, we can deduce that for a
sample with emptied traps, upon illumination with a short
exposure duration (e.g., =1 s), the effect of photostim-
ulated detrapping may be negligibly small. Thus, the net
population in the traps is approximately proportional to the
amount of delocalization electrons (N, o< P"). The result is
consistent with the observation in Fig. 3(a), in which the
integrated thermoluminescence intensity is approximately
proportional to the square of the LED power density. Upon
illumination with a long exposure duration (i.e., =100 s),
the effect of photostimulated detrapping is relatively sig-
nificant [N,= C;P"~! — (C,/P)e "], so the I-P function in
Fig. 3(a) deviates from the quadratic relationship.

C. Tagging with NB-UVB persistent luminescence

The unique spectroscopic performances, involving
persistent luminescence in the NB UVB region and up-
conversion charging excitation upon blue-LED illumi-
nation, make the LuAGG:Pr,Gd phosphor a potential
candidate for some interesting applications, such as a con-
ceptual Band-Aid-type phototherapy solution (see Fig. S11
in Supplemental Material [40]) or visible-blind tagging.
As an example, by taking advantage of the zero NB-UVB
background of the indoor-lighting environment, we use an
Ofil Scalar camera to demonstrate the capability of the
phosphor for visible-blind tagging. Figure 5(a) gives the
persistent-luminescence spectrum of the LuAGG:Pr,Gd
phosphor recorded at 10 s after stoppage of the blue-LED
illumination (incident power density 1 W cm™2). Coinci-
dentally, such emission fits well the spectral coverage of
the Ofil Scalar camera, which is sensitive from 308 to
321 nm but insensitive to indoor ambient light [Fig. 5(a)
and Fig. S12 in Supplemental Material [40]]. Figures 5(b)
and 5(c) illustrate overlay images (superimposing NB-
UVB images onto visible images), showing an activated
LuAGG:Pr,Gd phosphor disk attached to the right shoul-
der of a person. The NB-UVB imaging is indicated by
a red pattern, whose area is proportional to the emission
intensity. Under LED illumination, the phosphor generates
a NB-UVB-emitting spot (up-conversion luminescence),
enabling clear imaging with the camera [Fig. 5(b)]. After
ceasing of the LED illumination, as shown in Fig. 5(c), the
phosphor disk exhibits NB-UVB persistent luminescence
(delay time 10 s), indicating that the phosphor has been
charged by the LED. Moreover, the manipulation of charg-
ing and discharging is also visually verified by an extended
imaging experiment using the Ofil Scalar camera, as pre-
sented in Fig. S12 in Supplemental Material [40]. Such
an imaging demonstration shows an advantage of the NB-
UVB persistent luminescence in the optical tagging field
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FIG. 5. Demonstration of a NB-UVB tag containing the
LuAGG:Pr,Gd persistent phosphor for identification purposes
in an indoor-lighting environment. (a) Persistent-luminescence
spectrum of LuAGG:Pr,Gd phosphor recorded 10 s after ceas-
ing of blue-LED illumination. The emission spectrum coincides
well with the spectral coverage of the Ofil Scalar camera. (b) A
person wearing a LuAGG:Pr,Gd phosphor disk, which is being
illuminated by the LED. The NB-UVB imaging is indicated by a
red pattern, whose area is proportional to the emission intensity.
Under illumination with the LED, the phosphor disk generates
NB-UVB up-conversion luminescence (UCL). (c) After ceasing
of LED illumination (delay time 10 s), the phosphor disk keeps
emitting NB UVB light, indicating that the phosphor has been
charged through the up-conversion charging process by the LED.
UCPL, up-converted persistent luminescence.

$$\\\UCPL

(notably, visible and near-infrared persistent luminescence
cannot function as optical tagging in an indoor-lighting
environment due to the ambient light noise). Accordingly,
the present research provides a major step toward further
development of optical tagging applications.

IV. CONCLUSIONS

We achieve NB-UVB persistent luminescence in
LuAGG:Pr,Gd phosphor upon blue-LED illumination. Our
investigations indicate that the net population in the traps
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in the phosphor is dominated by competition between
a nonlinear excitation and a photostimulated release of
electrons from traps. The competitive process can be
manipulated by use of the same blue LED with different
power densities. In addition, besides the blue-LED illu-
mination, the persistent luminescence phenomenon in the
LuAGG:Pr,Gd phosphor is also observed with use of vari-
ous blue lasers, such as 450- and 459-nm laser diodes and
473- and 488-nm solid-state lasers (Fig. S13 in Supple-
mental Material [40]). The achievement and manipulation
of up-converted persistent luminescence in the NB UVB
region offer a unique opportunity to use this special optical
phenomenon for many alternative applications where the
NB-UVB emission is preferred and high-energy ultraviolet
or X-ray excitation is inconvenient.
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