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ABSTRACT: In this paper, the luminescence properties of
the long persistent phosphor (LPP) were apparently improved
by combining with photonic crystal (PC). An optimized PC
can double the afterglow intensity and prolong 1.7 times of the
afterglow time of SrAl2O4: Eu, a commercially available LPP,
without any dopants. These results were ascribed to the
stopband effect of the PC. The PC combined LPP structure
was beneficial for the applications of LPP in emergency
indication which called for brighter afterglow intensity and
longer afterglow time.
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1. INTRODUCTION

The long persistent phosphor (LPP) is a kind of photo-
luminescence material which exhibits particular light storing
and releasing properties.1−3 Nowadays, the LPP can remain
visible for hours without any power source, which ensures the
safety during everyday operations and in an event of
emergency.4 The enhancement of the afterglow intensity and
the prolongation of the afterglow time of the LPP stimulate its
applications spreading over wide fields including safety
indicator,5 display,6 solar cell,7−9 in vivo image,10 detector of
the high energy radiation,11 and so on. However, the current
methods to improve the luminescence properties of the LPP
are always complicated and expensive, which are mostly
realized by doping with rare earth ions or varying the synthesis
process and always need high reaction or calculating temper-
atures.12−15 It is still a challenge to find a facile and low-cost
way to improve the LPP luminescence properties. As known,
spontaneous emission is a fundamental process resulting from
the interactions between radiation and matter. The perform-
ance of spontaneous emission depends on both the excited
atom and the utilization environment. The luminescence of the
LPP shares the same mechanism. Photonic crystal (PC) is a
promising material which can change the utilization environ-
ment and enhance the emission of the fluorescence emitter.16,17

PC has periodic variations in the dielectric permittivity at the
wavelength scale. Density of state in PC is redistributed, so that
PC can serve as a dielectric mirror to enhance the intensity of
emission light.18−20 Consequently, PC is a promising material
for the amplification of spontaneous emission as well as the

control of the propagation of light.21−29 In our previous work,
PC was used to enhance the emission intensity of
chemiluminescence (CL) or fluorescence and improve the
fluorescence-based detection sensitivity.30−32 Herein, we
introduced PC into the LPP system and achieved 2-fold
enhancement of the afterglow intensity and 1.7-fold prolonga-
tion of the afterglow time. The results were beneficial for the
applications of LPP in emergency indication which called for
brighter afterglow intensity and longer afterglow time.

2. EXPERIMENTAL SECTION
2.1. Materials. The long persistent phosphor (LPP) SP-6

(SrAl2O4: Eu) was purchased from Dalian Lu-ming light Co., Ltd.;
polydimethylsiloxane (PDMS) was purchased from Dow Corning; all
the other reagents were purchased from Beijing Chemical Works.
They were all used directly without further purity except for the
distilled styrene (St), methyl methacrylate (MMA), and acrylic acid
(AA).

2.2. Preparation of PC and the LPP Film. The PCs were
prepared according to the literature.33,34 First, the monodispersed
polymer latex spheres poly(styrene-methyl-methacrylate-acrylic acid)
(poly(St-MMA-AA)) were synthesized by the emulsion polymer-
ization method.33 The PC was prepared by vertical deposition of the
monodispersed polymer latex spheres on glass slides at constant
humidity (80%) and temperature (80 °C).34 The glass slides were
pretreated with H2O2-sulfuric cleaning solution, rinsed with ultrapure
water, and dried in a stream of nitrogen to ensure its hydrophilicity.
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Herein, SrAl2O4: Eu, a commercially available LPP, was chosen to
investigate the influence of PC on the LPP luminescence properties for
its steady light emission properties. The SrAl2O4: Eu was first mixed
with PDMS (monomer and initiator). The mixtures were spin coated
on pretreated glass slide and then solidified under 80 °C for 2 h to
form the uniform PDMS polymer film containing LPP (LPP film).
Parameters associated with LPP film thickness and the excitation light
intensities were both optimized (Figure S1).
2.3. Characterization. The SEM images were obtained by a field

emission SEM (JEOL JSM-6700, Japan). Reflection spectra were
recorded on a U-4100 UV−visible spectrophotometer (Hitachi,
Japan). Luminescence spectra were measured by F-4500 fluorescence
spectrophotometer (Hitachi, Japan) with the lamp turned off. The
XRD pattern was characterized by X-ray diffraction (XRD) using a
Rigaku X-ray diffractometer with graphite monochromatized Cu Ka
irradiation (λ = 1.54056 Å). The photographs were captured by digital
camera (Nikon, D90). The film thickness of PDMS was recorded by
the step profiler (Kosaka, ET4000AK). The power of the sunlight
modulator power was characterized by light intensity meter (FZ-A).

3. RESULTS AND DISCUSSION
The LPP combined PC structure was constructed as illustrated
in Figure 1a. The PC was fabricated from the monodispersed

poly(St−MMA−AA) latex spheres via the vertical deposition
method at constant humidity (80%) and temperature (80
°C).34 The PC layer was shaped following the warning sign.
The image on the right of Figure 1a was the optical image of
the optimized PC film, which showed brilliant green color
under sunlight due to its Bragg scattering. Herein, SrAl2O4: Eu,
a commercially available LPP, was used to demonstrate that the
introduction of PC could improve the luminescence properties
of the LPP. PDMS was chosen as the carrier of the LPP for its
good light transparency property. Besides, PDMS have no light
interference in the wavelength range of SrAl2O4: Eu excitation
and emission light, so the luminescence properties of SrAl2O4:
Eu would not be affected by PDMS. The SrAl2O4: Eu was
mixed with PDMS and solidified to form a uniform PDMS
polymer film containing LPP (LPP film). Using the PC film as
a background substrate, the enhancement effect of PC to
SrAl2O4: Eu luminescence properties was characterized. The

schematic illustration of Figure 1b presented the enhancement
of the SrAl2O4: Eu luminescence intensity by the PC. The
green pattern stood for the areas of the LPP film with PC layer,
which showed brighter luminescence intensity in dark field
(Figure 1b). Moreover, the energy storing - energy releasing
cycles of the LPP combined PC system kept steady
luminescence properties and could be used repeatedly (Fifteen
cyclic processes were shown in Figure S2.).
Herein, PDMS was chosen as the carrier of SrAl2O4: Eu to

form the uniform LPP film. Figure 2a showed the XRD pattern

of the host matrix of SrAl2O4: Eu. According to the joint
committee on powder diffraction standards (JCPDS), the XRD
pattern of the phosphor was well matched with the monoclinic
SrAl2O4 phase pattern.3 The SrAl2O4: Eu had a broadband
absorption from 300 to 500 nm (Figure 2d, blue line) and gave
off greenish emission with broadband spectrum centered at ca.
510 nm (Figure 2b, red line). This was corresponding to
transition between the 5d and 4f orbital gaps of Eu2+ in the host
matrix SrAl2O4.

35 Therefore, the sunlight simulator which had a
broadband emission light was used as excitation light source.
Parameters associated with the excitation light intensity were
optimized (Figure S1a).
To investigate the influence of PCs on the luminescent

properties of SrAl2O4: Eu, PCs were assembled from the
monodispersed latex spheres poly(St−MMA−AA). The surface
morphologies of the PCs were characterized by JEOL JSM-
6700 field emission scanning electron microscope (SEM). The
diameters of the latex spheres were respectively 180 nm, 195
nm, 205 and 245 nm. Figure 3 showed the SEM images of the
as-prepared PCs, which presented the ordered face-centered
cubic (FCC) structure. The close-packed arrangement could
extend over a large area, which provided the possibility for its
applications in optical devices. The two-dimensional fast
Fourier transform (FFT) images presented symmetrical lattice
array (Figure 3, insets), which confirmed that the latex spheres
were arranged in a high-degree of order.36 The periodic
structure of PCs gave rise to a dielectric stopband, which
dramatically modified the light propagation and spontaneous
emission.
The reflection spectra of the as prepared PCs were centered

at 484 nm (PC484), 510 nm (PC510), 530 nm (PC530), and 657
nm (PC657) respectively, which revealed the position of their
stopbands (Figure 4). They were respectively assembled by
polymer latex spheres of 180 nm, 195 nm, 205 and 245 nm in
diameter. Insets were the corresponding digital photos of the
PCs. They all showed uniform and brilliant structure color in a
large scale in sunlight, which confirmed the good quality of the

Figure 1. (a) The schematic illustration of the PC layer formed by self-
assembly of the polymer latex spheres onto a glass slide. The PC film
was shaped following the warning sign. The digital photo of the PC
(image on the right) showed athe green color in bright field. (b) The
schematic illustration of PC enhanced LPP luminescent intensity. The
PC served as the background substrate to improve the luminescence
properties of the LPP. The warning sign was arisen from the brighter
luminescence of areas with PC (image on the right). The scale bar was
3 mm.

Figure 2. (a) The XRD pattern of the host matrix of SrAl2O4: Eu,
which was well matched with the monoclinic SrAl2O4 phase pattern.
(b) The excitation and emission spectra of SrAl2O4: Eu. It was seen
that SrAl2O4: Eu had broadband excitation and emission spectra.
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PCs. The emission light wavelength of SrAl2O4: Eu was
centered at 510 nm, which was matched with the stopband of
PC510.
The enhancement effect of PC to the afterglow intensity of

SrAl2O4: Eu was then characterized, which was defined as the
ratio of the initial afterglow intensity at the maximum emission
wavelength of SrAl2O4: Eu with and without PC. Initial
afterglow intensity was collected 10 s after the excitation light
source was removed to ensure the data consistency. The
enhancement effects of PCs to the afterglow intensity differed
from 1.3 times to 2.0 times (Figure 5a). PC510, the stopband of
which was matched with the maximum emission wavelength of
SrAl2O4: Eu, had the highest improvement, which was 2.0
times. The stopband of the PC510 was matched with the LPP
emission wavelength, light emission within the PC510 was
forbidden to enter into the PC and was effectively reflected
back, and the improvement was the highest. The bandstructure
of the PC510 was simulated by finite-difference time-domain
(FDTD) simulation methods.37 As is shown in Figure 5b, a
clear dip of photon density of state within the LPP emission
wavelength range was observed. Apparently, the stopband along
the L direction (111) matched the dip of local density of state
quite well. The calculated stopband of the PC510 was matched

with the SrAl2O4: Eu emission wavelength. In the stopband, the
propagation of light within the range of the stopband
wavelength was inhibited. Thus, the emission light of the
SrAl2O4: Eu could not go through the PC510. The refractive
index of latex spheres was set to be 1.59. The diameter of latex
spheres was set to be 205 nm, which was slightly larger than
195 nm in the experiment. This may be caused by the non-
point touch between the latex spheres.36

Another interesting phenomenon was observed that the
afterglow time of SrAl2O4: Eu was also prolonged by PC. The
afterglow time was defined as the duration of the afterglow
intensity decayed to 10% of its initial afterglow intensity. The
prolongation of PC to the afterglow time was defined as the
ratio of SrAl2O4: Eu afterglow time with and without PC. All
PCs can prolong the afterglow time with different prolongation
factor, from 1.3 times to 1.7 times (Figure 6a). In this work,

considering the detecting limitation of the fluorescence
spectrometer, only a little amount (0.05%) of LPP was mixed
with PDMS to form the LPP film. For application, brighter
afterglow intensity can be achieved by improving the content of
LPP, e.g., when the content of LPP was improved to 20%, the
afterglow intensity was still visible after 3 h’s decay (Figure S3).
The enhancement effect of reflection mirror (aluminum foil)
had been characterized and compared with that of the PC. Its
enhancement to afterglow intensity was 1.5 times and
prolongation to the afterglow time was 1.3 times, which was
lower than those of PC (Figure 6b, blue line and red line).
Besides, for PCs, only light in certain wavelength range can be
reflected back. This was beneficial for improving the color
purity of light, which was more favorable for its application in
emergency indication. While for aluminum foil, light in the

Figure 3. The SEM images of the PCs. The inset depicting the
corresponding fast Fourier transform (FFT) spectra of the SEM
images. The symmetrical lattice array indicated the highly ordered
structures of the PCs. The diameters of the latex spheres were 180 nm
(a), 195 nm (b), 205 nm (c), and 245 nm (d) respectively. Their scale
bars were 1 μm.

Figure 4. The reflection spectra of the PCs, marked respectively as
PC484, PC510, PC530, and PC657 according to their stopbands. Insets
were the digital photos of the corresponding PCs, which presented
brilliant structure color under sunlight.

Figure 5. (a) The afterglow intensities of SrAl2O4: Eu enhanced by
PCs with different stopbands. (b) The calculated distribution of local
density of state inside the PC510 in the range of the SrAl2O4: Eu
emission wavelength range and the calculated stopband of the PC510.
The SrAl2O4: Eu emission wavelength matched well with the
calculated stopband.

Figure 6. (a) The prolongation of the afterglow time of SrAl2O4: Eu
by PCs with different stopbands. (b) The decay curves of SrAl2O4: Eu
afterglow intensities with the optimized PC (red line), Al foil (blue
line), and the control sample (black line).
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whole wavelength range was all reflected back, and the
background interference was enhanced.
To understand the luminescence enhancement effect, the E-

field plot was calculated in the case of a Gaussian beam (510
nm wavelength) normally incident to the PC. The simulation
was performed under the commercial FDTD software (FDTD
Solutions).37 The boundary condition for all the boundary was
perfect matching layer. In the reflection simulation, the light
source was a Gaussian beam. While in the emission simulation,
the light source was an electric dipole. The E field polarization
of all the simulations was along the x-axis. It was clear that
inside the PC, the field intensity decreased rapidly, which
corresponded to the band gap effect. The strong light reflected
back interfered with the incident one (the emission light of the
SrAl2O4: Eu), which resulted in a standing wave in front of the
PC shown in Figure 7a. Because of that, the electric field in a

certain place was enhanced. When an electric dipole, SrAl2O4:
Eu, showed green emission peaking at 510 nm (parity-allowed
transition of 4f65d1 to 4f7 (8S) of Eu2+ caused by the thermal
disturbance or external field stimulation2,3), whose emission
frequency was the maximum in the standing wave (black arrow
in Figure 7b), the radiation pattern (red line in Figure 7b) was
strongly modified comparing with the radiation pattern (black
line in Figure 7a) for the case of the same emitter located in the
vacuum. Therefore, the luminescence property of SrAl2O4: Eu
depended on both the character of the material and the
utilization environment. For SrAl2O4: Eu with PC, the
enhancement effect of the afterglow intensity was assigned to
the utilization environment modified by the PC.16,24−26 The
total emission intensity was increased because of the high
electric field intensity. Most of the emission light emitted to the
free space, and the direction was normal to the surface of the
PC because of the stopband effect. The reason for the
prolonged afterglow time was also associated with the amplified
spontaneous emission of SrAl2O4: Eu by the PC and lead to
longer afterglow time.16 Besides, as shown in Figure 2d, there
was certain overlap between the excitation and emission spectra
of SrAl2O4: Eu.2 For SrAl2O4: Eu with PC, during the
luminescence decay process, the emission light reflected back
by PC would be reabsorbed by SrAl2O4: Eu, which further
excited SrAl2O4: Eu to give off light, and lead to longer
afterglow time. For PCs with mismatched stopbands, the
enhancement effect mainly resulted from the multiple
scattering. As the diameters of the polymer latex spheres
were very close, their enhancement effects were similar.

4. CONCLUSIONS
In this work, a facile, efficient and recyclable PC combined LPP
structure was achieved. It was demonstrated that the optimized
PC could almost double the afterglow intensity and prolong 1.7
times of the afterglow time of SrAl2O4: Eu, a commercially
available LPP, without any dopants. This strategy would be of
great importance for the application of LPP in security signal,
emergency route signage, and various displays which called for
brighter afterglow intensity and longer afterglow time.
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