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Developing a conceptual “write”/"read” technology for optical information storage of persistent
phosphors is necessary but often underestimated. Here we demonstrate a “write"/“read” approach of
traps upon illumination by using a blue light-emitting diode (LED) in persistent phosphors such as
LaMgGanOlg:Cr3+. Our investigation indicates that the phosphor can be charged upon high-power
illumination (e.g., incident power density of 0.5 W cm™2) but discharged upon low-power illumination
(e.g., 0.1 W cm™2). An appealing feature of the present approach is that the charging and discharging
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Introduction

Persistent phosphors, which feature expected storage capability
upon incident irradiation and controllable emission under
external stimulation, can meet the requirements of some
optical information storage techniques.’™ In the optical sto-
rage process of such phosphors, high-energy ionizing radiation
(e.g., high-energy ultraviolet light or X-ray) is generally
employed to “write” information in the form of trapped elec-
trons. Subsequently, the stored information can be “read” by
low-energy illumination (e.g., visible or infrared light) in the
form of photostimulated luminescence or photostimulated
persistent luminescence.*® In the past few years, many
research efforts have been devoted to optimizing the
materials."® However, developing novel “write”/“read” tech-
nology for the optical information storage of persistent phos-
phors is often underestimated.

“Key Laboratory for UV-Emitting Materials and Technology of Ministry of
Education, Northeast Normal University, Changchun 130024, China.
E-mail: fengliu@nenu.edu.cn

b State Key Laboratory of Luminescence and Applications, Changchun Institute of
Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun
130033, China

¢ Department of Physics, Georgia Southern University, Statesboro, GA 30460, USA.
E-mail: xwang@georgiasouthern.edu

t Electronic supplementary information (ESI) available: XRD pattern, illumina-

tion light path, decay curves, emission spectra after laser illumination, thermo-

luminescence curves, write/read of traps in LMG:Mn, and write/read of traps in

LMG:Pr. See DOI: 10.1039/d0tc01427¢c

6988 | J Mater. Chem. C, 2020, 8, 6988-6992

To write information into persistent phosphors, the con-
straint of high-energy excitability has been known for years,
and thus some promising applications have been largely
hindered."*'®> As an alternative approach, an up-conversion
charging (UCC) design,'®*° which can effectively charge persis-
tent phosphors using low-energy visible or infrared excitation
sources, has offered a solution to the problem. In a UCC
process, on one hand, the high-lying traps in persistent phos-
phors can be filled through a two-step photoionization of
activator ions (ie., electron trapping process). On the other
hand, while filling the traps, the external illumination may
simultaneously promote some captured electrons from the
traps to the delocalized continuum state of the phosphor
(i.e., photostimulated detrapping process).’®*

The relationship between the trapping and photostimulated
detrapping of persistent phosphors can be described by a rate
equation approach, in which we assume that the effect of
retrapping is negligible. As illustrated in Fig. 1, during excita-
tion, the rate equation is

%INl-Al—Nz-Az, (1)
t

where A; is the trapping rate, A, is the photostimulation
detrapping rate, N; is the population of the UCC delocalized
state, and N, is the electron population in the traps. Integrating
eqn (1) gives
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Fig. 1 Schematic illustration of electron trapping and photostimulated
detrapping in an up-conversion charging (UCC) process upon illumination
at power density P. The activator system is excited from the ground state
(GS) to the UCC delocalized state (DS) via an intermediate state (IS). While
the delocalized electron may be captured by the traps, the external
illumination may simultaneously promote some of the captured electrons
from the traps to the delocalized continuum state. Straight-line and
curved-line arrows represent optical transitions and electron transfers,
respectively. Ny is the population of the UCC delocalized state, N, is the
electron population in the traps, A; is the trapping rate, and A, is the
photostimulated detrapping rate.

where C is a constant. Both the positive and negative solutions
have their physical meaning. If N;-A; — N,-A, > 0 (corresponding
to the negative solution), one can deduce that the population in
the trap increases along with the illumination duration (i.e., net
filling of traps). In contrast, if N;-A; — N,-4, < 0 (corresponding
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to the positive solution), the population in the trap may
decrease along with the illumination duration (i.e., net
releasing of traps). Such a competition between the trapping
and detrapping inspires us to investigate the writing and
reading performances of traps in persistent phosphors.

In this work, we carry out UCC investigations and demonstrate
a new “write”/“read” approach of traps upon blue LED illumina-
tion on LaMgGa, ;0,4 phosphors activated by Cr**, Mn** and Pr**.,
Here we use the newly developed LaMgGa;;0,,:Cr>* phosphor as
a representative material to experimentally reveal the competitive
relationship between the electron trapping and photostimulated
detrapping.

Experimental
Materials synthesis

The LaMgGa;;014:0.5%Cr*" (LMG:Cr) phosphor was pre-
pared by an usual solid-state technique. Starting materials,
involving La,03, MgO, Ga,0; and Cr,0; powders, were mixed
in stoichiometric proportions. After being finely ground in
an agate mortar for 3 h, the mixture was pressed into a disk
of 1.5 cm in diameter. Subsequently, the disk was fired
for 2 h at 1400 °C in air to obtain the resulting phosphor.
The synthesized phosphor was confirmed to be single phase
by X-ray diffraction using Cu Ko radiation (Fig. S1, ESIY).
Other phosphors presented in the study, involving LaMg-
Ga;11016:0.2%Mn>" and LaMgGa;;01,:0.5%Pr’**, were also
fabricated using the same method.
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Fig. 2 Persistent luminescence of LMG:Cr phosphor. (a) Emission (right-hand side) and excitation (left-hand side) spectra for conventional persistent
luminescence of the phosphor. The emission spectrum is recorded at 600 s after the stoppage of 266 nm laser illumination (0.5 W cm™2 for 1000 s). The
excitation spectrum, which is an indication of delocalization energy for filling the traps, is obtained by plotting the persistent luminescence intensity as a
function of the excitation wavelength. (b) UCC-induced persistent luminescence (UCC-PersL) emission spectrum recorded at 600 s after ceasing the
blue LED illumination (0.5 W cm™2 for 1000 s). The left-hand side shows the output spectrum of the LED, as well as the diffuse reflectance absorption
spectrum (Abs) of the phosphor over 380-600 nm. (c) Persistent luminescence decay curves after illumination with the 266 nm laser (0.5 W cm™2 for
1000 s) and the blue LED (0.5 W cm ™2 for 1000 s).
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Spectroscopic measurements

Persistent luminescence emission spectra were recorded with a
Horiba FluoroMax-Plus spectrofluorometer. Persistent lumi-
nescence excitation spectra were recorded after illumination
by various wavelengths of light from an Energetiq EQ-99XFC
light source coupled with a Mini-Chrom monochromator
(Edmund Optics, 190-650 nm). Persistent luminescence emis-
sion intensity (in units of mW sr~"' m~*) was evaluated using a
Thorlabs PM320E optical power meter equipped with a Thor-
labs S130VC power sensor. Thermoluminescence measure-
ments were conducted by a modified version of a SL08-L TL
Reader (Guangzhou Rongfan Science and Technology Co., Ltd).
The thermoluminescence curves were recorded for the Cr**
emission with a heating rate of 4 °C s™". Before each measure-
ment, the phosphor was heat-treated at 420 °C to empty all the
traps. A high-power blue light-emitting diode (LED, LUMINUS-
CBT-90TE-B, peak wavelength at 452 nm) served as the primary
excitation source. The phosphor was illuminated by means of
the blue LED light transmitted subsequently through a lens
combination (Fig. S2, ESIt). 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 average power of the LED illumination beam
reaching the surface of the phosphor divided by the beam area.

Results and discussion

The LMG:Cr phosphor exhibits persistent luminescence after
charging by external illumination. As an example, Fig. 2(a)
shows persistent luminescence emission and excitation spectra
of the phosphor (see Fig. S3, ESIL,t for details on the measure-
ment of the excitation spectrum). After ultraviolet illumination
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with a 266 nm laser (0.5 W ecm~?) for 60 s, the phosphor gives
rise to an asymmetric emission band with the intensity max-
imum at around 712 nm. Such an emission has been attributed
to the transitions originating from the (Cr**) E and T, states,
as well as from Cr-Cr pairs.>>** The persistent luminescence
excitation spectrum, which is an indication of delocalization
energy for filling the traps,"” is located in the ultraviolet region
covering 220 to 360 nm.

Alternatively, the persistent luminescence of LMG:Cr phos-
phor can be achieved through a UCC approach. Such a charging
process has been experimentally verified after illumination by
various lasers, including a red diode laser, a green solid-state
laser and a blue diode laser (Fig. S4, ESIf). According to
previous studies,'® the UCC-induced persistent luminescence
of LMG:Cr can be described as follows. Upon excitation into the
T, or *T, level using the lasers, the Cr** ion relaxes rapidly to
the intermediate states *E/*T,. The excited electron in the
intermediate states may be further promoted to a high-energy
delocalized state, from where the electron is possibly captured
by traps, followed by the delayed emission from the Cr** ion.
Besides the excitations using lasers, considering the wide use of
LEDs nowadays, here we use a convenient and low-cost blue
LED as the excitation source to show the UCC capability of the
phosphor.

Upon exposure to the blue LED illumination, as expected,
the LMG:Cr phosphor shows effective persistent luminescence
at room temperature. It is notable that the persistent lumines-
cence excitation spectrum in Fig. 2(a) indicates that under
linear excitation by the xenon arc lamp, the traps cannot be
filled at the blue LED output wavelength. Thus, the achieve-
ment of persistent luminescence shown in Fig. 2(b) is unam-
biguously caused by the non-linear UCC mechanism. The
persistent luminescence emission spectrum [right-hand side
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Ilumination power density dependence of UCC-PersL intensity of LMG:Cr for different exposure durations (t). (a) UCC-PersL decay curves

recorded after ceasing blue LED illumination with different power densities from 0.1 to 0.5 W cm™2. These curves are recorded by monitoring at 712 nm.
The persistent luminescence intensity is obtained by integrating each curve over decay time. (b) Double logarithmic plots of the UCC-PersL intensity (/)
versus the power density (P) of the blue LED. Exposure durations (t) are 1000 and 1 s, respectively.
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Fig. 4 Demonstration of optical writing and reading of traps upon illu-
mination by the blue LED in LMG:Cr phosphor. (a) Designed experiment
outline: the phosphor is initially illuminated for 10 s at 0.5 W cm™2 to fill
some of the traps (initial ilumination mode). Subsequently, LED secondary
illumination with 0.5 W cm™2 (high power, HP mode) and 0.1 W cm™~2 (low
power, LP mode) is employed, respectively. Each secondary illumination
ends at 1000 s and thermoluminescence (TL) measurement starts at
1100 s. (b) TL curves recorded after blue LED illumination with different
illumination modes.

of Fig. 2(b)] has been recorded at 600 s after the illumination of
the blue LED (0.5 W ¢cm ™2 for 60 s) has ceased. The emission
shares a similar spectral profile to that of the conventional
persistent luminescence emission shown in Fig. 2(a). The
resulting UCC persistent luminescence intensities at 10 and
60 min delays are estimated to be 0.75 and 0.09 mW sr™ ' m™?,
respectively [Fig. 2(c)].

For persistent phosphors, persistent luminescence perfor-
mance generally depends on traps, while the integrated inten-
sity of persistent luminescence decay is an indication of
electron population in the traps. To verify the non-linear
excitation process of the UCC in LMG:Cr, we investigate the
illumination power density (P) dependence of the persistent
luminescence emission intensity (I). For a sample with emptied
traps (i.e., N, = 0 at t = 0), eqn (2) can be written as

CNp A

N
2 1

(1—e*f). (3)

If the illumination duration is short enough (e ™ ~ 1 — A,f),
the electron population in the traps is proportional to the
amount of delocalized electrons (i.e., N, oc N;). Taking into

This journal is © The Royal Society of Chemistry 2020
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account the features of up-conversion excitation,** we assume
that N; oc P (n is the number of pump photons). Thus we can
obtain N, oc P". Accordingly, we have recorded the decay curves
after the blue LED illumination with an exposure duration of
1 s at different power densities (0.1-0.5 W cm™?), as presented
in Fig. 3(a). Fig. 3(b) depicts the I-P function at a double-
logarithmic coordination. As a consequence, a quadratic
dependence I oc P“7* is obtained by fitting the I-P plot,
confirming that the trap filling is dominated by a two-photon
excitation process. In addition, if the illumination duration is
long enough (e ** & 0), then N, is given by N, oc Ny/A,
according to eqn (3). Taking into account the features of
photostimulated detrapping,”® we assume that A, oc P. Thus
we can obtain N, oc P*~L. This result is also consistent with our
experimental result. As shown in Fig. 3(b), with a long exposure
duration (i.e., t = 1000 s), the intensity becomes linear with the
LED power density (I oc P**").

Besides the persistent luminescence, the information
related to the traps of persistent phosphors can also be pro-
vided by thermoluminescence measurements.>> >’ Accordingly,
we have designed an extended thermoluminescence experi-
ment to further evaluate the competition between the electron
trapping and photostimulated detrapping in the UCC process
of the LMG:Cr phosphor. As shown in the outline in Fig. 4(a),
we will illuminate the phosphor using the blue LED with power
densities of 0.5 and 0.1 W cm™?, respectively, which are the
maximum and minimum power densities presented in
Fig. 3(b). Firstly, we illuminated the phosphor for 10 s using
the blue LED (power density, 0.5 W cm™2) to fill some of the
traps (initial illumination mode). Subsequently, we illuminated
the phosphor twice by combining the 10 s initial illumination
and a secondary illumination, whose power density is fixed at
0.5 W cm ™2 (high power, HP mode) or 0.1 W cm ™~ (low power,
LP mode). Both secondary illuminations ended at 1000 s, and
the corresponding thermoluminescence measurements started
at 1100 s.

Fig. 4(b) presents the thermoluminescence spectra of
LMG:Cr recorded under different illumination modes by the
blue LED. The spectra consist of two distinct broad bands
peaking at 70 and 200 °C. Compared with the curve obtained
under the initial illumination mode (grey curve), the HP mode
resulted in a more intense thermoluminescence emission,
indicating that the traps are being further written-in by the
high-power LED illumination. The result is consistent with the
negative solution of eqn (2). That is, the net effect of the HP
mode is expected to charge the phosphor. In contrast, the LP
mode resulted in a decrease of the thermoluminescence inten-
sity. Such a result is consistent with the positive solution of
eqn (2), implying that a net release of the partially filled traps
proceeded under the LP mode. We therefore conclude that the
net population in the traps can be manipulated by using the
blue LED with different power densities. That is, the phosphor
can be charged by high-power illumination and discharged by
low-power illumination (Fig. S5, ESIT).

Besides the LaMgGa,;04,:0.5%Cr>* phosphor, we have also
carried out investigations on the manipulations of trap filling
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in LaMgGa,1015:0.2%Mn>" and LaMgGa,;0,4:0.5%Pr*" (Fig. S6
and S7, ESIt). Both phosphors exhibit similar charging/dischar-
ging performance upon blue LED illumination. One can con-
clude that the net population in the traps of these phosphors
can be adjusted upon LED illumination with different powers.
Notably, the same illumination wavelength for the charging
and discharging processes offers a unique technical advantage
and apparent convenience for applications.

Conclusions

Using a blue LED as the excitation source, we have put forward
and demonstrated a conceptually new approach for the optical
“write”/“read” of traps in persistent phosphors. Our results have
revealed that the net effect of high-power illumination contributes
to the charging of phosphors (optical write-in). While a low power
illumination, which shares the same blue LED output wavelength,
may influence the trap population in a negative way (optical read-
out). Moreover, the manipulation of traps upon blue LED illumi-
nation is not an individual phenomenon, and can be achieved in
different persistent phosphors. Consequently, our study presents
a new perspective for understanding and predicting the trap
filling of persistent phosphors. We therefore believe that our
demonstration may offer some new opportunities for persistent
phosphors in the field of optical storage.
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