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Cr3+, Eu2+, and Dy3+ codoped Sr4Al14O25 has been synthesized by solid-state reaction. Long
persistent phosphorescence in red of Cr3+ and in blue of Eu2+ has been observed in this system with
persistence times of over 2 h for the red and 10 h for the blue. Red phosphorescence is performed
through persistent energy transfer from Eu2+ to Cr3+, converting the blue to the red. Concentration
effect is analyzed based on energy transfer. The calculated results are in good agreement with the
experimental data. The different decay patterns of the red and blue phosphorescence are measured
and discussed. © 2006 American Institute of Physics. �DOI: 10.1063/1.2205167�
Long persistent phosphorescent materials have long been
of interest for various displays and signing applications.1–4

At the present, several oxide long-persistent phosphors ex-
hibiting high brightness of blue and green phosphorescence
and better chemical stability over sulfides are commercially
available.1,2 However, the oxide phosphors with long persis-
tent red phosphorescence have not been obtained yet, thus
still commercially limited to sulfides, MS: Eu �M =Ca,Sr�.5

To obtain persistent phosphorescence in various colors,
the idea of persistent energy transfer is proposed,6 by which
green, orange, and red phosphorescence are observed.4,7,8 As
it is known, strontium aluminates doped with Eu2+ possess
high quantum efficiency, long persistence of the phosphores-
cence, and good stability, indicating their good practical
prospects.1,2 In particular, Sr4Al14O25: Eu2+ ,Dy3+ has dem-
onstrated excellent blue �490 nm� phosphorescence;9 while
Cr3+, as an activator with red emission, has been widely used
in luminescent materials, such as �yttrium aluminum garnet�
YAG: Cr3+.10 If Cr3+ can be incorporated into Sr4Al14O25:
Eu2+ ,Dy3+ lattices, and energy transfer between Eu2+ and
Cr3+ are efficient, then Cr3+ activated red phosphorescence
may be expected.

This letter reports the synthesis and phosphorescence
properties of Sr4Al14O25: Cr3+ ,Eu2+ ,Dy3+ phosphors. In this
system, the persistent red phosphorescence at 693 nm of
Cr3+ is obtained through persistent energy transfer from the
Eu2+ to Cr3+, leading to conversion of persistent blue phos-
phorescence into the red one. The Cr3+ concentration depen-
dent intensity ratio of the red emission of Cr3+ to the blue of
Eu2+ is analyzed based on energy transfer. The calculated
results are in good agreement with the experimental data.
The different decay patterns of the red and blue phosphores-
cence are measured and discussed.

Samples of Sr4Al14O25: Eu2+ ,Dy3+ ,Cr3+ have been syn-
thesized by high temperature solid state reaction. The start-
ing materials are SrCO3 Al2O3 Eu2O3 �99.9%�, Dy2O3
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�99.9%�, Cr2O3 and H3BO3. The powder samples have been
weighed according to 4SrO+7Al2O3+0.4B2O3, with differ-
ent concentrations of Eu, Cr, and 2 at % Dy. All the mixtures
are grounded for 1 h, then preheated at 1000 °C in air for
4 h, and finally sintered at 1350 °C in a reducing atmosphere
for 7 h. Emission and excitation spectra are measured with a
Hitachi F-4500 Spectra-fluorometer. In fluorescence lifetime
measurements, the third �355 nm� harmonic of a Nd-YAG
laser �Spectra-Physics, GCR 130� is used as an excitation
source, and the signal is detected with a Tektronix digital
oscilloscope model �TDS 3052�. The crystalline structure of
the sample is investigated by x-ray diffraction �XRD� using a
Siemens D-500 equipment with a Cu target radiation source.
XRD pattern of Cr3+, Eu2+, and Dy3+ doped samples presents
a pure Sr4Al14O25 phase belonging to the orthorhombic sys-
tem with space group of Pmma. Sr4Al14O25 is composed of
octahedral AlO6 anion and tetrahedral AlO4 groups.11

Figure 1 depicts the emission and excitation spectra of
Sr4Al14O25: 1% Eu2+ and 2% Dy3+ �dash lines� and that of
Sr4Al14O25: 1% Cr3+, x% Eu2+, and 2% Dy3+ �x=0, 0.1, 0.5,
1, 2, and 3; solid lines�. In Sr4Al14O25: 1% Eu2+ and 2%
Dy3+, the emission and excitation bands correspond to the
f-d transition of Eu2+. The emission spectrum consists of a
strong band at 490 nm with a weak band at 400 nm, which
are attributed to different Eu2+ centers in Sr4Al14O25.

9 In
Sr4Al14O25: 1% Cr3+, x% Eu2+, and 2% Dy3+, the 2E-4A2
emissions of Cr3+ at 693 nm are observed under 330 nm ex-
citation. The excitation spectra of the 693 nm emissions con-
sist of the 4A2-4T1 �F� absorption at 420 nm and 4A2-4T2 �F�
absorption at 570 nm of Cr3+, and the f-d absorption of Eu2+

in ultraviolet region. The intensities of the 570 nm excitation
bands are normalized. From Fig. 1, the 490 nm emission
band of Eu2+ has spectral overlaps with the absorption bands
of Cr3+, indicating the possibility of energy transfer from
Eu2+ to Cr3+. It can also be seen that the excitation bands
originating from f-d transition of Eu2+ in ultraviolet region
grow up with the increase of Eu2+ concentrations when only
the red emission at 693 nm of Cr3+ is monitored. Further-

3+
more, the red emission of Cr increases with the increase of
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Eu2+ concentrations under 330 nm excitation, by which only
Eu2+ can be excited because there is no absorption of Cr3+ at
this wavelength, as shown in Fig. 1. These results strongly
indicate the performance of energy transfer from Eu2+ to
Cr3+ in Sr4Al14O25: Cr3+ ,Eu2+ ,Dy3+.

Figure 2 shows the emission spectra of Sr4Al14O25: x%
Cr3+, 1% Eu2+, and 2% Dy3+ �x=0, 0.5, 1, 2, 3, 4, and 5�
under 330 nm excitation, where the intensities of the blue
bands at 490 nm are normalized. When maintaining the Eu2+

concentration and increasing the Cr3+ contents up to 4%, the
red lines at 693 nm from Cr3+ are enhanced, indicating the
increase of energy transfer efficiency since Cr3+ cannot be

FIG. 1. Emission ��ex=330 nm� and excitation spectra of
Sr4Al14O25:x%Cr3+, 1%Eu2+, 2%Dy �solid lines, x=0, 0.1, 0.5, 1, 2, and 3;
�em=693 nm�, and Sr4Al14O25:1%Eu2+, 2%Dy3+ �dashed lines, �em

=490 nm�.

FIG. 2. Emission spectra of Sr4Al14O25:x%Cr3+, 1%Eu2+, and 2%Dy3+

�x=0, 0.5, 1, 2, 3, 4, and 5� under 330 nm excitation. The intensities of the

blue bands at 490 nm are normalized.
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excited by 330 nm directly. The addition of Cr3+ ions leads
to an increase of Cr3+ surrounding the Eu2+ ion, thus result-
ing in more efficient energy transfer. When the concentration
of Cr3+ is higher than 4%, the intensity of the red lines be-
gins to decrease. This is attributed to concentration quench-
ing of Cr3+ ions.

In order to analyze the change in the intensity ratio of
the red to blue emissions with Cr3+ concentrations, the life-
times of 400 ��1�, 490 ��2�, and 693 nm ��3� emissions in
Sr4Al14O25: x% Cr3+, 1% Eu2+, 2% Dy3+ �x=0, 0.5, 1, 2, 3,
4, and 5� are measured. All the decays can be described as a
single exponential function. The energy transfer processes
can be described as follows: the three emitting centers at
400, 490, and 693 nm are labeled by 1, 2, and 3, respec-
tively, and the energy transfer from their center is considered.
In static excitation, the rate equation for center 3 is written as

W13n1 + W23n2 = n3/�3, �1�

where ni and Wi3 are population of center i and energy trans-
fer rate from center i to center 3, respectively. If the emission
intensity and radiative transition rate of center i are denoted
by Si and �i, respectively, using Eq. �1� the intensity ratio of
the red emission of Cr3+ to the blue one at 490 nm of Eu2+ is
determined by the following equation:

S3

S2
=

�3�3W23

�2
�1 +

�2W13

�1W23

S1

S2
� , �2�

where W13=1/�1−1/�1�0�, W23=1/�2−1/�2�0�, and �i�0� is
the fluorescence lifetime of center i when Cr3+ concentration
is zero. The S1 /S2 integral intensity ratio of the 400 nm
emission to the 490 nm emission can be calculated according
to the emission spectra in Fig. 2. The �1 and �2 are obtained
from intrinsic lifetime measurements of 400 and 490 nm
emissions, respectively, in Sr4Al14O25: 0.1% Eu2+ to avoid
concentration and nonradiative transition effects. Similarly,
�3 is obtained in Sr4Al14O25: 0.1% Cr3+. Using Eq. �2� and
the measured lifetimes, the S3 /S2 intensity ratios at various
Cr3+ concentrations are calculated and scaled to the maxi-
mum, as presented in Fig. 3. For comparison, the intensity
ratios obtained directly from the emission spectra are also
given in Fig. 3. It can be seen that the calculated data are in
good agreement with the experimental ones.

Owing to energy transfer, Cr3+ activated persistent red
2+

FIG. 3. Calculated and experimental ratios �S3 /S2� of the red emission to the
blue at 490 nm for different Cr3+ concentrations. The ratios are scaled to the
maximum.
phosphorescence has been observed besides the Eu acti-
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vated blue phosphorescence in Sr4Al14O25: Cr3+ ,Eu2+ ,Dy3+.
The phosphorescence spectra measured at 10 min after re-
moval of exposure source are shown in Fig. 4 �insert�. The
phosphorescence spectra are the same as the fluorescence
spectra in Fig. 2. Figure 4 presents the time decay curves of
the blue phosphorescence at 490 nm and the red at 693 nm
in Sr4Al14O25: 1% Cr3+, 0.5% Eu2+, 2% Dy3+ after irradiation
with xenon lamp for 5 min. It can be seen that the initial
decay rate of the red is similar to the blue but gradually the
red begins to decay faster, and finally both of them become
the same rate again. In the system of Sr4Al14O25:
Cr3+ ,Eu2+ ,Dy3+ ,Dy3+ may act as trap centers, capturing the
free holes similar in other strontium aluminate systems.1,12,13

Because the Cr3+ replaces Al3+, there exist two types of
Dy3+, one surrounded mainly by Al called Dy1, and the other
by at least one near-neighbor Cr called Dy2. It is speculated
that the former trap may be deeper than the latter. In other
words, the incorporation of Cr3+ ions results in shallow
nearby hole traps. For simplicity, the energy transfer process
from Eu2+ to Cr3+ ions may be considered as two parts, the
first part being the short-range energy transfer between the
Eu2+ and Cr3+ ions. In this case, Eu2+ is surrounded by both
Dy1 and Dy2 at a short distance, leading both Dy1 and Dy2
to contribute to phosphorescence. The second part is named
long-range energy transfer between the two ions. In this case,
Eu2+ is surrounded by Dy1 at a short distance, leading only
Dy1 to contribute to the phosphorescence. Due to the effi-
cient energy transfer in short distance, the red afterglow is
mainly generated by those Cr3+ ions close to Eu2+ ions and
negligibly by those far from it. Therefore, the main compo-
nent of the red phosphorescence decays with the larger rates
as determined by the incorporation of Dy1 and shadow trap
Dy2. A small part of it decays slower by the deeper trap Dy1
only. In contrary, the blue emissions prefer an inefficient en-
ergy transfer, leading the main part of the blue phosphores-
cence to decay slower and a small part to decay faster. This
results in a faster decay of both the blue and red phospho-
rescence at the beginning. The decay of the blue phosphores-

FIG. 4. Time decay curves of the phosphorescence at 490 and 693 nm of
Sr4Al14O25:1%Cr3+, 0.5%Eu2+, 2%Dy3+ after irradiation with xenon lamp
for 5 min. The phosphorescence spectrum is presented in the inset.
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cence becomes slower much earlier than the red because the
main components of blue are slow. In this time, the red cer-
tainly exhibits faster decay than the blue. As the faster com-
ponents of the red one are exhausted after a sufficient time,
the slower components of the red begins to play an important
role, presenting slow decay as the blue does. As a whole,
faster decay of the red afterglow is interpreted as the role of
the shallow traps induced by Cr3+ ions.

In conclusion, long lasting red phosphorescence is ob-
served in Sr4Al14O25: Cr3+ ,Eu2+ ,Dy3+ through persistence
energy transfer from Eu2+ to Cr3+. The energy transfer leads
to the following results: �1� the intensity of the red emission
of Cr3+ at 693 nm is enhanced by increasing the concentra-
tions of optically excited Eu2+; �2� as the concentration of
Eu2+ and Dy3+ are fixed, the ratio of the red emission of Cr3+

to the blue of Eu2+ increases with increasing Cr3+ concentra-
tions when only Eu2+ is optically excited; �3� the ratio of the
red emission �693 nm� to the blue �490 nm� by experiment is
consistent with the theoretical calculation basing on energy
transfer and lifetime measurements; �4� the fluorescence and
phosphorescence spectra are identical both for the red and
blue bands. The red phosphorescence decays faster than the
blue while the persistent time is over 2 h for the red after-
glow and more than 10 h for the blue. The relatively fast
decay of the red afterglow to that of the blue is interpreted as
the contribution of the more shallow traps induced by Cr3+.
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