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reparation and its luminescent properties of AlPO4:Eu3+ phosphor for
-LED applications
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a b s t r a c t

Orange-reddish-emitting phosphor AlPO4:Eu3+ were fabricated by solid-state reactions at high temper-
ature. X-ray diffraction analysis revealed that AlPO4 doped with 3 mol% of Eu3+ (AlPO4:0.03Eu3+) was
pure orthorhombic phase. The photoluminescence study shows that the intensity of magnetic dipole
ccepted 8 March 2011
vailable online 16 March 2011
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transition (5D0 → 7F1) at 594 nm dominates over that of electric dipole transition (5D0 → 7F2) at 613 nm.
The optimum concentration of Eu3+ for the highest luminescence is found to be 3 mol%. The PL excita-
tion spectrum is composed of CTB of Eu–O and excitation lines of Eu3+ ions. The strongest excitation
lines appeared at 392 nm. The color coordinates, quantum yield and lifetime for AlPO4:0.03Eu3+ were

m fea 3+

olid state reactions
ptical properties
uminescence

measured. All the spectru
devices or w-LEDs.

. Introduction

The most popular approach to fabricating white-light emitting
iodes (w-LEDs) is by coating a yellow emitting phosphor on a blue
mitting InGaN LED. Yttrium aluminum garnet doped with cerium
YAG:Ce) is commonly used as the yellow phosphor for this pur-
ose. However, w-LEDs fabricated in this way give bi-chromatic
hite light with poor color quality (CRI ∼ 70) due to lack of red

omponent [1,2]. One of the most promising approaches to gener-
te white light in w-LEDs is to use a LED emitting near-UV light
UV-LED, 360–400 nm) coated with blue, green and red tri-color
hosphors. This approach yields a more balanced white spectrum
han the traditional devices of blue emitter + yellow phosphor and
s easier to be controlled than the devices in which the white
ight is generated by the combination of individual red, green and
lue LEDs [3–5]. Many researches have been conducted in order to
evelop new red phosphors suitable for UV-LED excitations [6–9].
owever, up to now, satisfied red phosphors for the w-LED appli-
ations are not available.

Phosphates are a type of promising host materials for their easy-
ynthesis, low-cost and chemical/thermal-stabilities over a wide

ange of temperatures (400–800 ◦C) [10]. AlPO4 is a well-known
rtificial material as molecular sieve [11]. Long and co-workers first
eported the partial substitution of Al3+ by Eu3+ in a small-pore
eight-membered ring channel) microporous aluminophosphate
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tures indicate that AlPO4:Eu might be a promising phosphor for display

© 2011 Elsevier B.V. All rights reserved.

AlPO4-CJ2 [12]. Yan et al. reported the substitution of rare earth
(RE) elements (Eu, Ce, Tb) on the large-pore aluminophosphate
and mesoporous aluminophosphate [13]. These materials have
potential applications in catalysis, phosphors, lasers, optical ampli-
fiers, filters, and optical memories. However, to the best of our
knowledge, few attentions have been paid to the luminescent
properties of RE doped AlPO4 as a luminescent material [14,15].
In this letter, we first report the synthesis and characterization
of orange-reddish-emitting AlPO4:Eu3+ powders. Our work shows
that AlPO4:Eu3+ has a strong absorption peak at � = 392 nm and
gives orange-reddish emissions, which offers an excellent possibil-
ity for w-LED applications.

2. Experimental

Microcrystalline powder of AlPO4:Eu3+ with Eu3+ concentration 3 mol%
(AlPO4:0.03Eu3+) was prepared by solid-state reactions. Raw materials used in the
experiment were Al2O3(≥99.9%), NH4H2PO4 (≥99.9%) and Eu2O3 (99.99%). The raw
materials with stoichiometrical ratio were weighed and mixed in mortar sufficiently.
In order to obtain the target compound with pure phase, two firing steps were neces-
sary. The mixture was firstly heated at 500 ◦C for 2 h in a covered alumina crucible,
then reground thoroughly after cooled down to the room temperature. The sec-
ond firing was conducted at 1200 ◦C for 48 h. The same method was followed for
the preparation of all the different concentrations of Eu3+-doped AlPO4 particles by
taking the required stoichiometric amounts of the sources.

The powder sample was characterized by X-ray diffraction (XRD) in a Bruker AXS
D8 advanced automatic diffractometer (Bruker Co., Germany) with Cu K�1 radiation
(� = 1.5405 Å). Photoluminescence (PL) excitation and emissions spectra were col-

lected in a fluorescence spectrophotometer (Hitachi FL-4600). The chromaticity data
were taken by using the PMS-50 spectra analysis system. Spectra for the quantum
yield (�) measurement were collected using an integrated sphere. Powder samples
were mixed with appropriate methanol, spread over a quartz plate, dried at ambi-
ent atmosphere, and mounted inside the sample chamber of the integrated sphere.
Lifetime measurement for Eu3+ transitions was carried out using �s flash lamp
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ig. 1. XRD patterns of AlPO4:0.03Eu3+ phosphor (a) and JCPDS data (b, No. 11-0500).

ttached to Edinburgh Instruments (model FLS920). All the measurements were
onducted at room temperature.

. Results and discussion

AlPO4 has an orthorhombic crystal structure with a space
roup of C2221 (No. 20) and lattice parameters values a = 7.082 Å,
7.098 Å, c 6.993 Å, and V = 351.52 (Å3), Z = 4 [16]. Fig. 1 repre-
ents the XRD patterns of AlPO4:0.03Eu3+ and JCPDS data (No.
1-0500). The comparison of measured powder XRD patterns of
lPO4:0.03Eu3+ with that of JCPDS data (No. 11-0500) indicates that

he as-synthesized products were well crystallized with the AlPO4
tructure and no (detectable) additional phases (such as Eu2O3,
uPO4) or other crystalline impurity phase present. The concentra-
ion of Eu3+ is 3 atom percent in the as-synthesized AlPO4 materials.
he substitution of Al3+ by the Eu3+ ion is expected to be random
n the framework. Therefore, no obvious differences in the XRD
eaks positions are noted between the as-synthesized material and
he JCPDS data (No. 11-0500). To further rule out the existence of
he EuPO4 in the final products possibility, additional experiment
as performed by synthesizing the EuPO4 for spectral comparison.

he fluorescent pattern of the EuPO4 (not shown) is very different
rom that of the AlPO4:Eu3+. This difference along with XRD results
ndicates that no EuPO4 exists in the final product AlPO4:Eu3+.

Fig. 2a shows the PL emission spectrum of AlPO4:0.03Eu3+

btained under the excitation of � = 392 nm. The strongest doublet
eak located at 588 nm and 594 nm contribute the orange-reddish
mission, which are mainly from the 5D0 → 7F1 magnetic dipole
ransitions of Eu3+ ions and the weak red emissions peaked at
13 nm and 621 nm are due to the hypersensitive 5D0 → 7F2 electric
ipole transition.

The emission spectrum consist of sharp lines as expected is the
ransitions between f–f levels of Eu3+ (5D0 → 7F1,2). The emission
pectrum of Eu3+ is very sensitive to the local environment. The
ntensity of the electric dipole 5D0 → 7F2 transition is significantly
ffected by the degree of symmetry environment around Eu3+ ions.
onversely, the 5D0 → 7F1 emission is allowed by the magnetic
ipole consideration and is therefore, relatively insensitive to the

ocal symmetry. If more Eu3+ ions occupy the inversion site, the
mission intensity from the 5D0 → 7F1 transition will be enhanced
nd the phosphors will primarily exhibit orange-red luminescence
17]. In AlPO4:0.03Eu3+, the emissions of magnetic dipole 5D0 → 7F1
ransition at 588 nm and 594 nm are relatively more intense than

5 7
hat of the electronic dipole D0 → F2 transition at about 613 nm
nd 621 nm, it shows that the Eu3+ occupied more inversion sym-
etry sites in AlPO4 [17].
The symmetry around the Eu3+ ions in the AlPO4 environment

lso can be understood using a ratio of intensities (A21) of electric
Fig. 2. PL emission spectra of AlPO4:0.03Eu3+ under the excitation of 392 nm
(�ex = 392 nm) ((a) excitation/emission slit widths = 1.0 nm and (b) excita-
tion/emission slit widths = 5.0 nm).

dipole transition to magnetic dipole transition (called asymmetric
ratio A21) which is defined as [18]:

A21 =
∫

I2d�∫
I1d�

(1)

where I1 and I2 represent the respective integrated intensity of
5D0 → 7F1 and 5D0 → 7F2 transitions of Eu3+, respectively. In all the
samples the asymmetric ratio values are found to be less than unity
indicating the occupation of more Eu3+ ions at inversion symme-
try site. Similar observation was reported on Eu3+ doped LnPO4
(Ln = Y, La, Gd) materials irrespective of crystal structure (tetrago-
nal, hexagonal and monoclinic phases) [18,19].

According to the relationship of the group theory and Eu3+ emis-
sion spectrum, if the Eu3+ ions occupy the Ci, C2h or D2h symmetry
site, the emission of 5D0 → 7F1 will present three sharp lines; If
the Eu3+ ions occupy the C4h, D4h, D3d, S6, C6h or D6h symme-
try site, the emission of 5D0 → 7F1 will present two sharp lines;
If the Eu3+ ions occupy the Th or Oh symmetry site, the emis-
sion of 5D0 → 7F1 will present one sharp line. On the other hand,
splitting for Eu3+ emissions from 5D0 → 7F1,2 depends on the fol-
lowing: (I) intensity of the exciting source, (II) excitation/emission

slit widths, and (III) crystallinity. Increase of both (I) and (III)
and decrease of (II) will split 5D0 → 7F1,2 transition [17]. In the
present study, the Eu3+ substituted for Al3+ ion at random and
occupied C4h site in the framework of AlPO4. Additionally, we used
high intensity of excitation source (450 W xenon lamps) and small
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Fig. 5. Color coordinates of AlPO4:0.03Eu3+ in CIE chromaticity diagram.
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xcitation/emission slit widths (1.0 nm), therefore, splitting of Eu3+

missions from 5D0 → 7F1 could be clearly observed. If increase the
xcitation/emission slit widths (5.0 nm), as shown in Fig. 2b, the
plitting of Eu3+ emissions from 5D0 → 7F1,2 could not be clearly
bserved. However, there are humps around 594 and 614 nm near
ain peaks of 5D0–7F1,2. This is a sign of splitting [17].
Fig. 3 shows the PL excitation spectrum of AlPO4:0.03Eu3+

y monitoring emission at 594 nm. The broad peak at 262 nm is
ttributed to the charge transfer band (CTB) resulting from an
lectron transfer from the ligand O2− (2p) orbital to the empty
tates of the 4f6 configuration of Eu3+ (Eu3+–O2− transition) [17,19].
he narrow excitation lines appeared at longer wavelengths cor-
espond to the characteristic f → f transitions of Eu3+. These lines
re assigned as follows: 7F0 → 5H3 (316 nm), 7F0 → 5D4 (360 nm),
F0 → 5G2–6 (374, 380 and 384 nm) and the main excitation line
F0 → 5L6 (392 nm).

Various emission intensities of AlPO4:Eu3+ are shown in Fig. 4
lotted against the concentration of Eu3+. As we can see from
his figure, the highest intense peak is observed at a concentra-
ion of 0.03 and then the intensity decreases gradually owing to
he energy transfer between the neighboring Eu3+ ions, which was
orresponding to the quench of the emission of Eu3+ [20].

The color coordinates (x = 0.6055, y = 0.3808) of AlPO4:0.03Eu3+
n the commission international de L’Eclairage (CIE) 1931 chro-
aticity diagram is represented in Fig. 5, which indicate that
lPO4:Eu3+ phosphor will be useful as orange-reddish lumines-
ence materials.
t (ms)

Fig. 6. Decay curves for 5D0 → 7F1 of Eu3+ for AlPO4:0.03Eu3+ samples when excited
at 392 nm. Inset shows ln(I) vs. t and data are fitted linearly.

All spectra for the quantum yield (�) measurement were
collected using an integrated sphere. Quantum yield (�) is the per-
centage of photons emitted by a bulk sample when a given number
of photons are absorbed by the samples and is given as [19]:

� =
∫

Lemission∫
Esolvent −

∫
Esample

(2)

where Lemission is luminescence emission spectrum of sample,
Esolvent is the spectrum of light used to excite the only solvent, and
Esample is the spectrum of light used for exciting sample. Quantum
yield for AlPO4:0.03Eu3+ is found to be about 22%.

The decay curves for 5D0 level of Eu3+ for AlPO4:0.03Eu3+ are
shown in Fig. 6. Excitation wavelength was chosen at 392 nm and
emission wavelength was fixed at 594 nm. For single exponential
decay, it can be expressed as:

( )

I = I0 exp

−t

�
(3)

where I0 and I are intensities at zero time and time t, respectively,
and � is the lifetime for transition. By taking logarithm, Eq. (3) can
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e written as

n(I) = ln(I0) − t

�
(4)

he decay data are fitted linearly and are found to follow single
xponential decay for AlPO4:0.03Eu3+ sample. Typical plot of ln(I)
s. t for AlPO4:0.03Eu3+ is shown in Fig. 6 (inset). From the slope
f plot, the life time for transition is calculated. The lifetime (�) is
ound to be about 5.7 ms.

. Conclusions

Luminescent material AlPO4:Eu3+ were successfully fabricated
y solid-state reactions at 1200 ◦C. The PL emission spectrum shows
trong orange-reddish emission lines due to the Eu3+ ions. The
L excitation spectrum is composed of CTB of Eu–O and excita-
ion lines of Eu3+ ions. The strongest excitation lines appeared at
92 nm. From the luminescence study the optimum concentration
f luminescence is found to be 3 mol%. Lifetime study shows the
ingle exponential behavior of the luminescence decay. The color
oordinates and quantum yield for AlPO4:0.03Eu3+ were measured.
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