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Abstract

Chuan Liao, Hao Wu, Huajun Wu, Liangliang Zhang, Guo-hui Pan, Zhendong Hao, Feng Liu, Xiao-jun Wang, 
Jiahua Zhang

In conventional electron trapping optical storage phosphor, both short- and long-
wavelength light are needed for information write-in and read-out, respectively,
complicating the optical storage system. Here, a Y Al Ga O :Pr ,Eu  optical storage
phosphor with Pr  as an electron donor and Eu  as an electron trap is designed, and a
single wavelength write-read scheme is demonstrated, which employs the same blue laser
diode (LD) light source for both optical write-in through two-photon up-conversion charging
and for read-out based on photostimulated luminescence (PSL), originated from 4f 5d →4f
transition of Pr  peaked at 315 nm in UV region. A deep electron trap with the mean depth
of 1.42 eV and a narrow distribution of 0.3 eV is observed in the presence of Eu  in
Y Al Ga O :Pr , implying its long-term storage potential. The write-in and read-out
experiments are conducted using 450 nm blue LD light with the power density of 1 W cm
for write-in and that with a low power density of 0.02 W cm  for read-out in order to avoid
the e�ect of up-conversion luminescence on PSL signal. These results will advance the
electron trapping optical storage scheme.
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1 Introduction
Electron trapping phosphors have been extensively studied for their potential application in
optical storage technique.  X-rays  or UV light  are typically used for information
write-in through photoionization of activator followed by electron trapping, also called optical
charging.  In the process of information read-out, the light with low-energy photons, such
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as visible  or near-infrared light,  are used to release the trapped electrons to
produce photostimulated luminescence (PSL) as a read-out signal.  As a result, two
wavelengths are needed for optical write-in and read-out in conventional electron trapping
materials, which complicate the optical storage system.

Up-conversion charging (UCC)  enables low-energy photons instead of UV photons to
complete information write-in and it thus allows a single long-wavelength light with di�erent
intensities to serve both write-in and read-out. In UCC, the photoionization of activator is
realized via multi-step excitation.  Trivalent praseodymium ion (Pr ) is a typical activator that
can be photo-ionized to Pr  through two blue-photon excitation due to its unique energy
level structure.  Y Al Ga O :Pr  (YAGG:Pr ) has been found to show excellent blue light
UCC followed by electron trapping.  However, the inherent traps in YAGG:Pr  are shallow
with the thermoluminescence (TL) peaked at a low temperature of 325 K, limiting storage time.
Hence, the introduction of deep electron traps in YAGG:Pr  is necessary to improve storage
performance. It has been reported that Eu  in Y Al O  (YAG) can act as deep traps to capture
electrons.  In view of the similar physical properties of YAGG and YAG garnets, it is expected
that Eu  could also create deep electron traps in YAGG.

In this work, we have designed Pr  and Eu  co-doped YAGG optical storage phosphor and
demonstrate a single wavelength write-read scheme using only blue laser diode (LD) light. The
two-photon UCC for write-in and one-photon PSL for read-out are studied as a function of blue
laser power density. The in�uence of up-conversion luminescence (UCL) on PSL is analyzed. The
demonstration experiment of encoding and decoding binary information con�rms the
feasibility of the scheme. Moreover, electron traps with the mean depth of 1.42 eV and a
narrow distribution of 0.3 eV are induced by co-doping Eu , which guarantees long-term data
storage. Our research is expected to push the further development of electron-trapping-based
optical storage technique.
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2 Results and Discussion
Design of Blue Light Write-Read Scheme
The photoluminescence excitation (PLE) spectrum of Pr P  emission in YAGG:Pr ,Eu  has
one excitation band in the UV region (30 000–40 000 cm ) and four excitation lines in the
visible region (20 000–24 000 cm , corresponding to 500–430 nm), which are assigned to the
H →4f 5d  and H → P  (J = 0, 1, 2), I  transitions of Pr , respectively (see Figure 1a).  In

our previous study, we used these P , I  levels as intermediate energy levels to realize UCC in
terms of electron trapping.  These levels match well with the emission wavelength of
commercial blue LD (see Figure S1, Supporting Information), indicating that blue LD enables
UCC instead of one-photon UV charging. As a result, we propose an optical write-read scheme
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using only a single blue LD to simplify the optical storage system (see Figure 1b). The read-out
process is performed through detecting PSL stimulated by the blue LD light. The PSL contains
the 4f 5d →4f  emission band (280–450 nm) and the 4f →4f  emission lines of Pr , as shown
in the photoluminescence (PL) spectrum in Figure 1c. In fact, only the 4f 5d  emission band is
collected as the PSL signal because the 4f →4f  emissions also contain nonnegligible PL
component that can be directly excited by the blue LD light through H → P , I  transitions.

Figure 1

Open in �gure viewer PowerPoint

Single wavelength information write-read scheme based on Pr  energy level structure. a) PLE spectrum of YAGG:Pr ,Eu

monitored at 562 nm. b) Schematic illustration of two blue-photon UCC for information write-in and one blue-photon PSL

for information read-out. c) PL spectrum of YAGG:Pr ,Eu  under 240 nm excitation.

Two-Photon UCC-Based Write-In
A 450 nm blue LD is used as an irradiation source to �ll traps through UCC in YAGG:Pr ,Eu
phosphor. To verify the multi-photon process of the UCC, the dependence of the number of
�lled traps on irradiation power density is studied. We use the integrated TL intensity to
characterize the number of �lled traps. Before charging at each irradiation power density, the
phosphor is pre-heated at 723 K for 5 min to completely empty out the traps and subsequently
cooled down to room temperature for achieving uncharged phosphor. The charging duration is
limited to 15 s to ensure that the �lled traps much less than the total traps, that is, far away
from �lling saturation. Figure 2a shows the TL glow curves of YAGG:Pr ,Eu  after irradiation
with di�erent power densities. The curves continuously grow up with the increase of irradiation
power density, indicating continuously increased �lled traps. The integrated intensity of TL, I ,
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can be treated as the number of �lled traps. The dependence of I  on irradiation power
density, P, shows a nearly quadratic dependence (see Figure 2b), described as I  ∝ P ,
indicating a two-photon UCC-based write-in (see Figure S2, Supporting Information).

Figure 2

Open in �gure viewer PowerPoint

Veri�cation of two blue-photon UCC for information write-in. a) TL glow curves in YAGG:Pr ,Eu  after 450 nm irradiation

with di�erent power densities (heating rate: 1 K s ). The insert illustrates the processes of two-photon UCC. b) Integrated

TL intensity versus irradiation power density.

One-Photon PSL-Based Read-Out
The information read-out scheme is based on the detection of PSL. To achieve
photostimulation spectrum of a charged YAGG:Pr ,Eu  phosphor is key to selection of
e�cient stimulation wavelength. Here, the charged phosphor is achieved through UCC by
450 nm blue LD light irradiation at 1 W cm  for 5 min. The photostimulation spectrum is
obtained, as shown in Figure 3a. The visible monochromatic light from a �ltered xenon arc
lamp is used as a color tunable stimulation light (see Figure S3a, Supporting Information) and
the PSL is monitored at 315 nm responsible for the 4f 5d →4f  emission band of Pr  in the UV
range (see Figure 3b). The obtained photostimulation spectrum shows a wide band covering
420–650 nm region with a strong response to 450 nm blue LD light (see Figure 3a). The
photostimulation spectral dip at 450 nm is due to the absorption of some stimulation light by
the P  and I  energy levels, as shown in Figure S3b,c (Supporting Information).
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Figure 3

Open in �gure viewer PowerPoint

Read-out luminescence in YAGG:Pr , Eu  stimulated by a 450 nm blue LD. a) Photostimulation spectrum and b) PSL

spectrum. c) Luminescence decay curves monitored at 315 nm under di�erent photostimulation power densities after UCC

for 5 min at 1 W cm  irradiation density. d) Luminescence intensity (I ) versus the photostimulation power density. e)

UCL spectra at di�erent excitation power densities for the uncharged sample. The insert illustrates the process of two-

photon UCL. f) The dependence of UCL intensity on excitation power density.

Upon 450 nm blue LD continuous stimulation, the charged phosphor shows a decay of the
4f 5d  emission intensity with stimulation time, as shown in Figure 3c, re�ecting the e�ect of
stimulated detrapping process. The emission intensities at the stimulation time of 30 s in the
decay curves, I , are recorded as a function of the stimulation light power density, P, as shown
in Figure 3d. One can see a linear dependence (I  ∝ P ) for stimulation light power density
below 0.03 W cm  and a nearly quadratic dependence (I  ∝ P ) for stimulation light power
density over 0.03 W cm . The linear dependence is naturally the e�ect of one-photon PSL. The
quadratic dependence is attributed to the e�ect of UCL. Indeed, the up-converted 4f 5d
emissions are observed in an uncharged YAGG:Pr ,Eu  phosphor under di�erent excitation
power densities, as shown in Figure 3e. From the UCL spectra, a nearly quadratic dependence
of the integrated UCL intensity (I , 280–360 nm) on P is achieved, expressed as I  ∝ P
(see Figure 3f). From Figure 3f, the UCL is notable for excitation power density >0.03 W cm ,
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that is consistent with the result shown in Figure 3d. Hence, the stimulation density for
suppressing UCL and achieving high-purity PSL-based read-out signal should be set
<0.03 W cm . Based on the results mentioned above, 1 and 0.02 W cm  power densities are
selected for two-photon write-in and one-photon read-out, respectively, using only a single blue
LD. Experiment results with one-time write-in and multiple time read-out are shown in Figure
S4 (Supporting Information).

Eu  Induced Deep Traps
Deep electron traps are needed in Pr  singly doped YAGG for long-term optical information
storage. According to the vacuum referred binding energy (VRBE) diagram,  Eu  can act as
deep electron traps (see Figure 4a). Such a deduction has been veri�ed by introducing Eu  in
YAG garnet phosphor.  As a result, we design Pr  and Eu  codoped YAGG. Figure 4b shows
the TL glow curves of Pr  singly doped YAGG and Pr , Eu  codoped YAGG. It is apparent that
the Pr  singly doped YAGG shows a main TL peak at 325 K, only slightly above room
temperature, and the codoped YAGG shows a high temperature TL peak at 535 K, implying the
creation of a deep electron trap and a long-term optical storage potential.

Figure 4

Open in �gure viewer PowerPoint

Mechanism of Eu  induced deep traps. a) The VRBE diagram of divalent (Ln ) and trivalent (Ln ) lanthanide ions in the

Y Al Ga O  host. b) TL glow curves of YAGG:Pr  and YAGG:Pr ,Eu .

The depth distribution and storage time of traps are important indicators to evaluate the
optical storage performance of the material. A series of TL glow curves of YAGG:Pr ,Eu  were
measured using the initial rise analysis method,  as shown in Figure 5a. Since the
population of UCC intermediate levels ( P  and I ) are signi�cantly a�ected by temperature (see
Figure S5, Supporting Information), we improved the experimental design of the method to
ensure the same results for each charging (see Figure S6, Supporting Information). The peak
temperature of TL glow curve increases gradually with the rise of thermal cleaning temperature
in Figure 5a, indicating that the traps have a continuous depth distribution.  The initial rise
analysis reveals that the traps are mainly distributed between 1.2 and 1.5 eV below the bottom
of the conduction band, with the maximum traps density at 1.38 eV (see Figure 5b; Figure S7,
Supporting Information). The deep and narrow traps are suitable for long-term storage and
e�ective read-out of information.
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Figure 5

Open in �gure viewer PowerPoint

Analysis of traps depth distribution and storage time. a) TL glow curves of YAGG:Pr ,Eu  after undergoing di�erent

thermal cleaning temperatures (heating rate: 1 K s ). b) Relationship between traps depth and density. The horizontal axis

is a discrete distribution. c) TL glow curves of YAGG:Pr ,Eu  in di�erent heating rates β. d) Heating rate plot of

YAGG:Pr ,Eu .

The storage time, τ, can be calculated using the Arrhenius law given as

where S (s ) is the frequency factor, E (eV) is the depth of the traps, k (eV K ) is the Boltzmann
constant, and T (K) is the storage ambient temperature. The peak position of the TL glow curves
in Figure 2a does not vary with excitation power density, indicating that TL obeys the �rst order
kinetics.  Therefore, S and E were calculated by employing the Hoogenstraaten method

where β (K s ) is the heating rate, and T  (K) is the peak temperature of the TL glow curve. The
TL glow curves at di�erent heating rates are shown in Figure 5c. The  versus 1/(kT ) is
plotted in Figure 5d. From the slope and intercept of the linear �t in Figure 5d, 1.42 eV for E and
1.61 × 10  s  for S are determined. Using Equation (1), the room temperature (300 K) storage
time is calculated to be as long as 1.24 × 10  h, which implies an excellent long-term storage
performance. In addition, the depths of the traps calculated by the initial rise analysis (1.38 eV)
and Hoogenstraaten (1.42 eV) methods are in good agreement, indicating that the results are
reliable. The di�erence of ≈0.5 eV between the two calculations and the predicted value of the
VRBE diagram (see Figure 4a) can be attributed to three reasons: 1) VRBE diagram and TL
method have systematic errors; 2) the bandgap of the material decreases with increasing
temperature; and 3) the doping may a�ect the position of the bottom of the conduction band.

Application for Optical Information Storage
To verify the feasibility of the optical write-in and read-out scheme and the storage
performance of YAGG:Pr ,Eu , we demonstrate the binary information encoding and
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decoding using only one blue LD. The experimental setup is shown in Figure 6a. The camera
with a sensitive wavelength (308–321 nm) matching the PSL wavelength is used to record the
decoding information, as shown in Figure 6b. We convert six decimal numbers to binary, with
each line representing one decimal number (see Figure 6c). The binary information is written
into a 6 × 6 YAGG:Pr ,Eu  phosphor disks array by a two-photon UCC process (λ  = 450 nm,
1 W cm ), as shown in Figure 6d. No UV afterglow is detected in the dark at room temperature
after write-in (see Figure 6e), indicating that the traps are deep enough to suppress thermal
release of trapped electrons at room temperature. When the phosphor disks are stimulated by
0.02 W cm  450 nm LD light, the read-out information is well reproduced using an UV camera
to detect the PSL signal (see Figure 6f). These results show the feasibility of our scheme as well
as the potential long-term storage performance of YAGG:Pr ,Eu .

Figure 6

Open in �gure viewer PowerPoint

Demonstration experiment for single wavelength information write-read scheme. a) Schematic diagram of the experimental

setup. b) PSL spectrum of YAGG:Pr ,Eu  and sensitivity spectrum of the UV camera. c) Designed binary code array to be

written in. d) Photograph of the phosphor disk array under natural light. e) Photograph of phosphor disk array taken in dark

after two-photon write-in at room temperature. f) Photograph of reproduced array pattern taken in dark during one-photon

read-out.
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3 Conclusion
In summary, we have designed YAGG:Pr ,Eu  electron trapping optical storage phosphor with
Pr  as an electron donor and Eu  as an deep electron trap. A single wavelength write-read
scheme is realized in YAGG:Pr ,Eu , which employs the same blue laser LD light source for
both optical write-in through two-photon UCC and for read-out based on PSL, originated from
4f 5d →4f  transition of Pr  peaked at 315 nm in UV region. The UCC is the photoionization of
Pr  via two-photon excitation followed with electron trapping by Eu . The Pr -Eu  donor–
acceptor pair dominates the generation of deep electron traps with a mean depth of 1.42 eV
and a narrow distribution of 0.3 eV, providing a long-term storage potential. The encoding and
decoding experiment is conducted using 450 nm blue LD light. The laser power density for
read-out should be low enough in order to avoid the e�ect of UCL on PSL signal. This work not
only develops an excellent deep-trap storage material, but also opens a new way to simplify
optical storage systems.
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4 Experimental Section
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Materials and Synthesis

A series of (Y Pr Eu ) Al Ga O  (x = 0–0.01; y = 0–0.01) storage phosphors with well-
crystallinity was synthesized using the traditional high-temperature solid-phase method (see
Figure S8, Supporting Information). The starting high purity raw materials of Y O  (99.99%),
Al O  (99.99%), Ga O  (99.99%), Pr(NO )  (Pr  0.1 mol L ), Eu O  (99.99%), and �ux of 5 mol%
H BO (A.R.) were weighed according to the stoichiometric ratio. All the raw materials were
thoroughly ground in an agate mortar for 30 min. The mixture was pressed into a disk of 1 cm
diameter and calcined in a mu�e furnace in air at 1500 °C for 3 h. The scanning electron
microscope (SEM) photographs showed that these phosphor particles were irregularly shaped
and agglomerated, with single particle sizes ranging from 0.5 to 2 µm(see Figure S9, Supporting
Information). In this work, the focus is co-doped sample (Y Pr Eu ) Al Ga O
(YAGG:Pr ,Eu ).

Characterization and Measurements

The phase purity and crystal structure of all the samples were characterized by powder X-ray
di�ractometry (XRD) using Bruker AXS D8 scanning from 10° to 80° with Cu Kα radiation (λ =
0.15405 nm) at a rate of 0.2° per second at 40 kV and 30 mA. The particle size and morphology
were measured by �eld emission SEM (Hitachi S-4800). The photoluminescence excitation (PLE)
spectra, up-conversion luminescence (UCL) spectra, photostimulated luminescence (PSL)
spectra, thermoluminescence (TL) glow curves, and PSL decay curves were measured using a
FLS920 spectrometer with a 450 W xenon lamp (Edinburg Instruments, UK). The
photoluminescence (PL) spectra in room temperature were recorded by using a charge-coupled
device (CCD) spectrometer (QEPro, Ocean Optics, USA). The variable temperatures were
obtained using an external heating/cooling stage (THMS-600, Linkam, UK). TL glow curves were
measured by monitoring the P → H  (487 nm) emission of Pr  and the thermal quenching
correction was performed (see Figure S5, Supporting Information). The uncharged phosphor
was obtained by heating the phosphor at 723 K for 5 min to completely empty out the traps. A
450 nm blue laser diode (LD, LSR455CP-FC-12 W and LSR-PS-FA, Lasever Inc, China) with
variable power density was used for up-conversion charging (UCC) and PSL. Information read-
out images were taken using the O�l Scalar UV camera (improved version), which was sensitive
to 308 and 321 nm. During the information read-out, each binary cell was scanned point by
point with a 0.02 W cm  450 nm LD and the UV emission image (“Only UV” mode, marked
purple) was recorded simultaneously. The images of all cells were spliced together to form
Figure 6f.
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