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a b s t r a c t

The red emitting phosphor Sr2EuAlO5 was synthesized through the solid state reaction technique. The
strong red emission of Eu3þ peaks around 590 nm and 620 nm was observed. The photoluminescence
excitation spectra show a broad O2�–Eu3þ charge-transfer band in UV region and f–f transitions in near
UV and visible region. By adding La3þ into the Sr2EuAlO5 phosphor, the red emission enhancement was
observed. The luminescence lifetime and external quantum efficiency of these phosphors were
measured. The Chromaticity Coordinates of Sr2Eu0.75La0.25AlO5 is x¼0.64, y¼0.36. The characteristic
index shows that the red emission phosphor has high color saturation.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Growing interest has been focused on white light emitting
diodes (LEDs) in recent years. White LEDs are considered the next-
generation light source as a consequence of their energy-saving,
long lifetimes, maintenance and safety [1–5]. The most common
method to realize white LED is to combine a blue chip with a
yellow phosphor material, such as YAG:Ce3þ . However, this kind
of white LED is not suitable for applications requiring high color
rendering properties, such as residential and medical lighting
[6,7]. Another approach might solve this problem by using a near
UV LED chip coated with corresponding phosphors to generate
warm white light. This approach provides white LEDs with
excellent color rendering indexes and higher color stability
[8–10]. Because near UV light is less sensitive to the human eye
than blue light, all the colors are determined by the phosphors.
Therefore, phosphor materials play an important role in white
LEDs. Up to now, red phosphors suitable for near UV excitation
with better optical properties are still in development.

Eu3þ-doped materials, especially in which the Eu3þ ions
occupy a non-centrosymmetric site in the host, have been widely
used as the red emitting phosphors due to their intense 5D0–

7F2
emission in the red spectral region [11–14]. In the present work, a
red emitting phosphor, Sr2EuAlO5, has been synthesized. The
strong red emission around 620 nm was obtained. Eu3þ ion is as

host, also as activator in Sr2EuAlO5 phosphor. Thus, the concentra-
tion quenching may occur for high Eu3þ concentration. La3þ ion
with no 4f electrons, has no electronic energy levels that can
induce excitation and luminescence processes in or near the
visible region. Further, the ionic radii of La3þ (1.160 Å) and Eu3þ

(1.066 Å) are similar. Thus, we substituted La3þ ion for Eu3þ ion,
and expected that the progressive replacement of Eu3þ by La3þ in
the photoluminescence property. With this in view, a series of red
emitting phosphors Sr2EuxLa1�xAlO5 (x¼0.05–1.0) were synthe-
sized by high temperature solid state reaction and its crystalline
structure, photoluminescence properties, fluorescence lifetime
and external quantum efficiency were investigated.

2. Experimental

Polycrystalline powder samples of Sr2EuxLa1�xAlO5 (x¼0.05,
0.1, 0.15, 0.25, 0.35, 0.5, 0.75, and 1.0) and Sr3Al2O6:Eu3þ phos-
phors have been synthesized through the high temperature solid
state reaction technique. The SrCO3 (99%), La2O3 (99.99%), Eu2O3

(99.99%), and Al2O3 (99.99%) were employed as the raw materials.
These raw materials in the desired ratio were well milled, then
transferred to an alumina crucible. The mixture was fired at
1400 1C for 4 h in an electric furnace, and cooled slowly to room
temperature. The final phase was checked using a Japan Rigaku D/
max-rA powder X-ray diffractometer with monochromatized Cu
KR radiation (λ¼0.15406 Å). The photoluminescence (PL) and the
photoluminescence excitation (PLE) spectra were measured with
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a Hitachi F-4600 Spectral spectrophotometer equipped with a
xenon lamp. The external quantum efficiency was analyzed with a
Hitachi F-7000 Spectral spectrophotometer under excitation at
300 nm and 393 nm. In fluorescence lifetime measurements, the
third harmonic (355 nm) of a Nd doped yttrium aluminum garnet
laser (Spectra-Physics, GCR 130) was used as an excitation source,
and the signals were detected with a Tektronix digital oscilloscope
(TDS 3052).

3. Results and discussion

3.1. X-ray diffraction analysis

The X-ray diffraction patterns of Sr2EuxLa1�xAlO5 (x¼0.05, 0.1,
0.25, 0.35, 0.5, 0.75, and 1.0) phosphors are shown in Fig. 1. The
X-ray diffraction pattern of Sr2EuAlO5 agrees well with JCPDS
70-2197, indicating that the obtained sample is in a single phase.
Sr2EuAlO5 are tetragonal, space group I4/mcm and Z¼4. Cell
parameters are a¼6.742(1) Å and c¼10.970(1) Å [15]. Because
the ionic radii of 8-coordinate La3þ (1.160 Å) and Eu3þ (1.066 Å)
differ only moderately [16], the crystal structure of Sr2Eux-

La1�xAlO5 (x¼0.05, 0.1, 0.25, 0.35, 0.5, and 0.75) phosphors is in
common with Sr2EuAlO5. In Fig. 1, it can be seen that there is a
little shift in the peak toward left with increase in La3þ concen-
tration, indicating the lattice distortion. The variation should arise
from the ionic radii difference of Eu3þ (r¼1.066 Å when coordina-
tion number (CN)¼8) and La3þ (r¼1.160 Å when CN¼8). By the
Bragg formula

2d sin θ¼ nλ ð1Þ
where d is the distance of crystal lattice, θ is the diffraction angle,
n is a positive integer, and λ is the X-ray wavelength. According to
the Bragg formula, the distance of crystal lattice increases with
increasing the La3þ concentration. The crystal lattice of Sr2Eux-

La1�xAlO5 would expand due to the longer bond length of La–O
compared to that of Eu–O. Some impure phase peaks appear when
the x value is less than 0.35. The Sr2EuAlO5 crystal structure
maintains unchanged with the Eu3þ concentration up to x¼0.5.
According to JCPDS card (no. 03-0741), the impure phase peaks
arise from Sr3Al2O6 phosphor

3.2. PLE and PL spectra of Sr2EuxLa1�xAlO5

The PLE spectra of Sr2EuxLa1�xAlO5 (x¼0.05, 0.25, 0.5, and 1.0)
phosphors, monitoring the 5D0–

7F2 are presented in Fig. 2. The PLE

spectra of the Eu3þ ion consist of a strong broad band, which is due
to a charge-transfer (CT) band of the ligand to metal CT state from
the O2–Eu3þ . Additional sharp peaks are observed between 360 and
540 nm, which are due to f–f electronic transitions of Eu3þ ions [17].
The intensity of the CT band is higher than that of the f–f transitions.
The CT bands of the phosphors for the 5D0-

7F2 emission of Eu3þ

ions center at about 300 nm. The spectra show narrow excitation
lines at longer wavelengths corresponding to the characteristic f–f
transitions of Eu3þ; these lines are assigned as follows: 7F0-5D4

(362 nm), 7F0-5G2 (383 nm), 7F0-5L6 (393 nm), 7F1-5L6 (401 nm),
7F1-5D3 (415 nm), 7F0-5D2 (464 nm), 7F0-5D1 (526 nm), 7F1-5D1

(533 nm), 7F0-5D0 (578 nm) and 7F1-5D1 (587 nm) [18]. The CT
bands shift to longer wavelength with increasing Eu3þ concentra-
tions from 0 to 1. The CT state transition energy is dependent on the
covalence of ligand and rare ion [19]. The distance between ligand
and rare ion is decrease with increasing the Eu3þ concentration. The
nephelauxetic effect of electronic cloud increase and the covalence
becomes strong. The field of O2� site becomes weaker as the
covalence become stronger. The CT bands shift to longer wavelength
as the Eu3þ concentration increase.

The PL spectra of Sr2EuxLa1�xAlO5 (x¼1.0, 0.75, 0.5, 0.25, 0.05)
under 310 nm excitation wavelength are presented in Fig. 3. These
peaks could be assigned to the well-known transitions from the
initial state 5D0 to the final states 7FJ (J¼0–4) (signed in Fig. 3). Upon
excitation with 310 nm UV irradiation, the photoluminescence spec-
tra show three strong emission peaks around 590 nm, 620 nm and
705 nm, which arise from the 5D0-

7F1, 5D0-
7F2 and the 5D0-

7F4
transitions of Eu3þ , respectively. These emission lines are observed
under either CT band or 393/464 nm excitation also. The emission
around 620 nm is due to the 5D0-

7F2 electric dipole transition,
which is induced by the lack of inversion symmetry at the Eu3þ site.
The emission at 590 nm is due to the 5D0-

7F1 magnetic dipole
Fig. 1. X-ray diffraction patterns of the Sr2EuxLa1�xAlO5 (x¼0.05, 0.1, 0.25, 0.35, 0.5,
0.75, and 1.0) phosphors.

Fig. 2. PLE spectra of the Sr2EuxLa1�xAlO5 (x¼0.05, 0.25, 0.5, and 1.0) phosphors.

Fig. 3. PL spectra of Sr2EuxLa1�xAlO5 phosphor. Inset shows the zoom of the
5D0–

7F2 transitions.
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transitions, which is insensitive to the site symmetry. The emission
intensity ratio of 5D0-

7F2 to 5D0-
7F1 transitions strongly depends

on the local symmetry of the Eu3þ ions in host lattice. When the
Eu3þ ions occupy symmetric sites, the ratio is smaller. The electric
dipole transition 5D0-

7F2 is predominant, this indicates that Eu3þ

ions occupy the non-inversion symmetric sites in the host lattice [17].
A zoom of the 5D0-

7F2 transitions is inserted in Fig. 3. It clearly
exhibits that the emission peak shifts to the longer wavelength as
Eu3þ concentration increases. When the distance between rare ion
and ligand becomes shorter, nephelauxetic effect increase, the
emission spectra show a red-shift [20]. The bond length of Eu–O is
shorter than that of La–O, therefore, the emission bands shift to the
longer wavelength side as Eu3þ concentration increases.

3.3. Comparison of luminescence intensities of Sr2Eu0.05La0.95AlO5

with Sr3Al2O6:Eu
3þ phosphor

The PLE and PL spectra of Sr3Al2O6:Eu3þ0.02 and Sr2Eu0.05La0.95AlO5

are presented in Fig. 4. The Sr3Al2O6:Eu3þ phosphor exhibits narrow
emission at 582 nm, 592 nm, 604 nm, 621 nm, and 706 nm. The
strongest emission peaks at 621 nm. The CT band of Sr3Al2O6:Eu3þ

for the 5D0-
7F1 emission of Eu3þ ions center at about 220 nm.

When the 5D0–
7F2 transition of Eu3þ is monitored, three broad bands

are observed. The strongest excitation peaks at around 220 nm. The
PLE and PL spectra of Sr3Al2O6:Eu3þ are different from that of
Sr2Eu0.05La0.95AlO5. Therefore, the PL in Fig. 3 should originate from
Sr2EuxLa1�xAlO5 phosphor mainly.

3.4. Dependence of PL intensities on Eu3þ concentrations
in Sr2EuxLa1�xAlO5

Fig. 5(a) and (b) depicts the dependence of the integrated
luminescence intensities on Eu3þ concentration in Sr2Eux-

La1�xAlO5 (x¼0.05, 0.15, 0.25, 0.35, 0.5, 0.75, and 1.0) under
300 nm and 393 nm excitation, respectively. The integrated lumi-
nescence intensities increase first and then decrease with an
increase in Eu3þ concentration. The emission intensities reach a
maximum around x¼0.5 and x¼0.75 when excited at 300 nm and
393 nm, respectively. The results imply that concentration
quenching occurs for the emissions from high energy levels of
Eu3þ ions in the case of high Eu3þ concentration. Therefore, the
most efficient concentrations for the maximum red emission can
be improved by substituting La3þ ions for Eu3þ . Moreover,
substitution of La2O3 for Eu2O3 can reduce the raw material costs.

3.5. Quantum efficiency of Sr2EuxLa1�xAlO5 phosphors

The external quantum efficiency of Sr2EuxLa1�xAlO5 (x¼0.25,
0.5, 0.75, and 1.0) phosphors is listed in Table 1 under excitation at
300 nm and 393 nm. The quantum efficiency increase first and

then decrease with an increase in Eu3þ concentration. The highest
quantum efficiency values are found at x¼0.5 and x¼0.75 when
excited at 300 nm and 393 nm, respectively. The maximum
quantum efficiency is 43.3% when excited at 300 nm, and 15.6%
when excited at 393 nm. The quantum efficiency is improved can
be improved by substituting La3þ ions for Eu3þ .

3.6. Fluorescence lifetimes

The fluorescence decay curves of the Eu3þ ions in Sr2Eux-

La1�xAlO5 (x¼0.05, 0.25, 0.5, 0.75, and 1.0) phosphors are mea-
sured with an excitation at 355 nm and monitored at 620 nm, as
represented in Fig. 6. For the decay curves of the Eu3þ ions, the
fluorescence decays deviate slightly from a single-exponential
rule, indicating the presence of a non-radiative process. The
lifetime can be calculated by the effective lifetime from Eq. (2):

τ¼
R1
0 IðtÞtdt
R1
0 IðtÞdt ð2Þ

where I(t) represents the luminescence intensity at a time t, and τ
is the decay lifetime. Using this equation, the lifetime of the
excited states in Sr2EuxLa1�xAlO5 for different Eu3þ contents is
calculated. The values of lifetime are calculated to be 315, 452, 594,
767, and 521 μs for x values of 0.05, 0.25, 0.5, 0.75, and 1.0,
respectively. The lifetime values increase with an increase in the
Eu3þ ion in the host matrix, then decrease, as shown in Fig. 6. The
lifetimes are quenched at concentrations around x¼0.75. The
decrease in the lifetime can be attributed to energy transfer among
Eu3þ ions nonradiately at higher concentration of Eu3þ ions in the
Sr2EuAlO5 host matrix [21].

Fig. 4. PLE and PL spectra of Sr3Al2O6:Eu3þ
0.02 and Sr2Eu0.05La0.95AlO5.

Fig. 5. Dependence of integrated emission intensity of Sr2EuxLa1�xAlO5 on Eu3þ

concentration under 300 nm (a) and 393 nm (b) excitation.

Table 1
Quantum efficiency of Sr2EuxLa1�xAlO5 phosphors and Y2O2S:Eu3þ red phosphor.

x 0.25 0.5 0.75 1.0 Y2O2S:Eu3þ

η (%) (λex¼300 nm) 42.7 43.3 36.2 16.3 59.1
η (%) (λex¼393 nm) 10.9 14.5 15.6 8.5 8.7
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3.7. Comparison of luminescence intensities of Sr2EuxLa1�xAlO5 with
commercial red phosphors

Y2O2S-doped with Eu3þ is a well-known red photoluminescent
and cathodo-luminescent phosphor. At present, this phosphor is a
red candidate for solid-state lighting application. The spectra upon
393 nm excitation in to the 5L6 state monitoring at the red
emission in Sr2Eu0.75La0.25AlO5 are compared with that of com-
mercial Y2O2S:Eu3þ red phosphors, as shown in Fig. 7. The integral
emission intensity of the 5D0–

7F2 emission line of Sr2Eu0.75-
La0.25AlO5 is compared with the Y2O2S:Eu3þ commercial red
phosphor (integral scope of the emission wavelength: 580 nm–

700 nm). The integral emission intensity of Sr2Eu0.75La0.25AlO5 is
found to be 2.5 times higher than that of the Y2O2S:Eu3þ under
393 nm excitation. The external quantum efficiency of Sr2Eu0.75-
La0.25AlO5 and commercial Y2O2S:Eu3þ red phosphors are mea-
sured after excitation at 393 nm and 396 nm, respectively. When
the excitation wavelength is 393 nm, the quantum efficiency of
Sr2Eu0.75La0.25AlO5 is 15.6% and Y2O2S:Eu3þ is 8.7%. When
the excitation wavelength is 393 nm, the quantum efficiency of

Sr2Eu0.75La0.25AlO5 is 11.5% and Y2O2S:Eu3þ is 10.9%. The Chroma-
ticity Coordinates (CIE) of Sr2Eu0.75La0.25AlO5 is x¼0.64, y¼0.36.

4. Conclusions

In conclusion, a series of red phosphors Sr2EuxLa1�xAlO5

(x¼0.05–1.0) have been synthesized and their luminescent prop-
erties are investigated. Upon excitation with UV or near UV light
excitation, the phosphor showed strong red emission lines at
around 590 nm, 620 nm and 705 nm. The emission intensities
initially increase with increasing Eu3þ concentration and reach a
maximum around x¼0.75 when excited at 393 nm. The lifetimes
are quenched at concentrations around x¼0.75 also. The quantum
efficiency of Sr2Eu0.75La0.25AlO5 is higher than Y2O2S:Eu3þ after
excitation at 393 nm and 396 nm. The CIE of Sr2Eu0.75La0.25AlO5 is
x¼0.64, y¼0.36. The characteristic index shows that the red
emission Sr2Eu0.75La0.25AlO5 phosphor has high color saturation.
Preliminary studies showed that this phosphor might have poten-
tial applications as a red phosphor for near UV white LEDs.
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