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ABSTRACT: The red-emitting phosphor LaMgAl11O19:Sm
3+, Eu3+ was

prepared by solid-state reaction at 1600 °C for 4 h. The phase formation,
luminescence properties, and energy transfer from Sm3+ to Eu3+ were studied.
With the addition of 5 mol % Sm3+ as the sensitizer, the excitation wavelength of
LaMgAl11O19:Eu

3+ phosphor was extended from 464 to 403 nm, and the
emission intensity under the excitation at 403 nm was also enhanced. The host
material LaMgAl11O19 could contain the high doping content of Eu3+ (20 mol
%) without concentration quenching. This energy transfer from Sm3+ to Eu3+

was confirmed by the decay times of energy donor Sm3+. The mechanism of
energy transfer (Sm3+ → Eu3+) was proved to be quadrupole−quadrupole
interaction. Under the 403 nm excitation at 150 °C, the emission intensities of
the characteristic peaks of Sm3+ and Eu3+ in LaMgAl11O19:0.05Sm

3+, 0.2Eu3+

phosphor were decreased to 65% and 56% of the initial intensities at room
temperature, and the relatively high activation energy proved that this phosphor
had a good thermal stability. The CIE coordinate was calculated to be (x = 0.601, y = 0.390). The LaMgAl11O19:0.05Sm

3+,
0.2Eu3+ phosphor is a candidate for copper phthalocyanine-based solar cells and white light-emitting diodes.

1. INTRODUCTION

Recently, copper phthalocyanine (CuPc), which has a high
photovoltaic effect and photoconductivity, has been widely
used as an absorber in organic solar cells. However, CuPc-based
organic solar cells are still far from practical applications,
because of the low efficiency of incident photon energy caused
by the limited absorption band in UV and red wavelengths.1−3

Red-emitting phosphors activated by Eu3+ can down-convert
the photons in the solar spectrum in the range of 450−470 nm
to red photons and increase the efficiency of the incident
photon energy for CuPc-based solar cells.4,5 These red
phosphors have also proved to be a good candidate for the
application in white light-emitting diodes (w-LEDs).5−7

However, the excitation wavelength range (450−470 nm) for
CuPc still needs to be extended to 400−520 nm, and the Eu3+

emission intensity under the excitation at 465 nm for the
phosphor-converted w-LEDs also needs to be improved.
Energy transfer from sensitizer to activator could extend the

excitation spectrum and enhance the emission of the
activator.8−10 Many sensitizers have been successfully used to
expand the Eu3+ excitation. Among these sensitizers, the rare-
earth ion Sm3+ is one of the most effective ions. Sm3+ ion can
be excited to its 4F7/2 energy level at the excitation of 403 nm
and then relaxed to the 4G5/2 energy level through nonradiative
relaxation.11,12 Like Sm3+ ion, the Eu3+ ion can be easily relaxed
from the high excited state (5D3) to the 5D0 energy level.5,13

The energy mismatch between the 4G5/2 energy level of Sm3+

ion (17 924 cm−1) and the 5D0 energy level of Eu
3+ ion (17 286

cm−1) is just 638 cm−1, which allows the phonon-assisted

energy transfer from the 4G5/2 level of Sm
3+ ion to the 5D0 level

of Eu3+ ion.14,15 But the important property, the thermal
stability of phosphors in solar cells and w-LEDs, was seldom
reported. Moreover, it is very difficult to choose a high-
temperature stable material, which can be codoped with the
high concentrations of Sm3+ and Eu3+ ions without
concentration quenching.
Lanthanum magnesium hexaluminate (LaMgAl11O19), which

has a magnetoplumbite-type structure, is characterized by low
cost and high physical and chemical stability and can be doped
with the high concentration of Eu3+ without concentration
quenching, compared with other phosphate host matrices.16−18

Therefore, LaMgAl11O19 was selected as a host material for a
red-emitting phosphor in CuPc-based solar cells and near-
ultraviolet w-LEDs with a blue chip. In this Paper, the
LaMgAl11O19:Sm

3+, Eu3+ phosphors were prepared by the high-
temperature solid-state method in air atmosphere. The phase
structure and luminescent properties were investigated, and
investigation results indicated that Sm3+ ions could extend the
excitation spectrum and enhance emission of Eu3+ through
energy transfer. Moreover, the energy transfer mechanisms
were discussed in detail. The thermal stability of LaMgA-
l11O19:Sm

3+, Eu3+ phosphor was obtained through the
temperature-dependent emission spectra. The CIE chromaticity
coordinate was also presented. It is believed that LaMgA-
l11O19:0.05Sm

3+, 0.2Eu3+ phosphor can be used as a red-
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emitting phosphor for CuPc-based solar cells and white light-
emitting diodes.

2. EXPERIMENTAL SECTION
2.1. Materials and Syntheses. The phosphor samples

La1−xMgAl11O19:xSm
3+ (x = 0.005, 0.01, 0.05, 0.1, 0.2),

La0.8MgAl11O19:0.2Eu
3+, and La0.95−yMgAl11O19:0.05Sm

3+, yEu3+ (y =
0.01, 0.03, 0.05, 0.1, 0.15, 0.2, 0.3) were synthesized by the high-
temperature solid-state reaction method. Al(OH)3 (99.9%), Mg(OH)2
(99.9%), La2O3 (99.9%), Sm2O3 (99.9%), and Eu2O3 (99.9%) were
used as raw materials. La2O3 powders, which could absorb atmospheric
water rapidly, were weighed immediately after heating at 1100 °C for 1
h. These raw materials were well-mixed in an agate mortar according
to their stoichiometric amounts. The homogeneous mixtures were
molded by uniaxial pressing at 15 MPa and then put into a crucible
with a lid. The crucible was calcined at 1600 °C for 4 h and cooled to
room temperature naturally. The sintered samples were ground into
powders for measurement.
2.2. Characterization Method. The crystalline phases of the

phosphors were analyzed by using X-ray diffraction (XRD, D8
Advance diffractometer, Bruker Corporation, Germany) with Cu Kα
(λ = 1.5406 Å) radiation. The room-temperature photoluminescence
excitation (PLE) and emission (PL) spectra were recorded by a
fluorescence spectrophotometer (F-4600, Hitachi, Japan) with a
photomultiplier tube operating at 500 V. A 150 W Xe lamp was
used as the excitation source. The room-temperature decay curves
were characterized on a spectrofluorometer (Horiba, Jobin Yvon TBX-
PS), and a 460 nm pulse laser radiation was used as the excitation
source. The temperature-dependent emission spectra were measured
on the spectrophotometer (F-4600, Hitachi, Japan), which was
combined with a self-made heating attachment and a computer-
controlled electric furnace. The quantum yield was recorded by a
fluoromax-4 spectrofluorometer (Horiba, Jobin Yvon) with an integral
sphere at room temperature.

3. RESULTS AND DISCUSSION
3.1. Phase Analysis. Figure 1 shows the XRD patterns of

phosphors LaMgAl11O19:Sm
3+, LaMgAl11O19:Eu

3+, and LaM-

gAl11O19:Sm
3+, Eu3+. The JCPDS card (No. 78−1845) of

LaMgAl11O19 is also presented for a comparison. From Figure
1, it can be seen that all the XRD patterns are well-matched
with the LaMgAl11O19 phase without any other impurity phase.
At the same time, the radii of Sm3+ ion (0.96 Å) and Eu3+ ion
(0.95 Å) are very close to that of La3+ ion (1.06 Å). Therefore,
we can conclude that Sm3+ and Eu3+ ions can be doped easily to
replace the La3+ ions in the LaMgAl11O19 lattice without any
structural changes.

3.2. Luminescence Properties of LaMgAl11O19:Sm
3+,

Eu3+. The PL and PLE spectra of the Sm3+- and Eu3+-doped
LaMgAl11O19 phosphors are shown in Figure 2a,c, respectively.
As shown in Figure 2a, the strongest excitation peak among the
PLE spectrum is the peak at 403 nm, corresponding to the
6H5/2→

4F7/2 transition monitored at 594 nm.11,19 The
LaMgAl11O19:Sm

3+ phosphors exhibited an orange-reddish
emission band at 561, 594, 644, and 704 nm under the
excitation at 403 nm because of the 4G5/2→

6HJ/2 (J = 5, 7, 9,
and 11) transitions of Sm3+.11,19 The emission intensity
increases quickly with the increase in the Sm3+ concentration,
reaches its maximum value when the concentration is 5 mol %,
and then decreases because of the concentration quenching
effect (Figure 2b). Therefore, the optimum Sm3+ doping
concentration for LaMgAl11O19 is 0.05 mol. Figure 2c shows
the red emission of LaMgAl11O19:Eu

3+ under the excitation at
464 nm, due to 5D0→

7FK (K = 1, 2, 3, 4, and 5) transitions,
respectively.15,20 The PLE spectrum of LaMgAl11O19:Eu

3+

phosphor monitored at 612 nm consists of three excitation
peaks. The main broad excitation band (200−390 nm) with a
maximum value at 305 nm corresponds to a strong charge
transition broad band absorption CTS (O2−→ Eu3+), and the
other two excitation peaks at 396 and 464 nm are mainly
caused by the strong f→ f transition absorption of Eu3+ (7F0→
5L6 and 7F0→ 5D2).

15,20 However, the emission spectra of
LaMgAl11O19:Sm

3+ and LaMgAl11O19:Eu
3+ phosphors, under

excitation at 464 and 403 nm, are both very weak. Therefore, it
is possible to enhance the PL and expand the PLE spectra of
Eu3+ ion. The PL and PLE spectra of Sm3+- and Eu3+-co-doped
LaMgAl11O19 phosphor are presented in Figure 3. The PLE
spectrum of the LaMgAl11O19:Sm

3+, Eu3+ phosphor monitored
at 594 nm is similar to that at 612 nm, while the relative
intensities of the peaks are different. In the PL spectrum shown
in Figure 3a, six significant emission peaks at 561, 594, 612,
646, 685, and 707 nm are observed, and these peaks correspond
to the 4G5/2→

6H5/2 and
4G5/2→

6H7/2 transitions of Sm
3+ and

the 5D0→
7F2,

5D0→
7F3,

5D0→
7F4,

5D0→
7F5 transitions of

Eu3+, respectively. The emission band in the range from 575 to
625 nm can also be decomposed into five well-decomposed
Gaussian components centered at 587, 596, and 612 nm for
Eu3+ ions and 594 and 605 nm for Sm3+ ions (Figure 3b).
The PL spectra of LaMgAl11O19:0.05Sm

3+, yEu3+ (y = 0, 0.01,
0.03, 0.05, 0.1, 0.15, 0.2, 0.3) samples under the excitation at
403 nm are presented in Figure 4. The PL spectra with different
Eu3+ concentrations contain the characteristic peaks of Sm3+

and Eu3+, as mentioned above. It also can be seen that only
strong emission peaks of Sm3+ are recorded when Eu3+ is not
doped. Moreover, the Sm3+ emission intensity is significantly
decreased with the increase of the added Eu3+ ions due to the
energy transfer from Sm3+. However, the characteristic emission
intensity of Eu3+ increases when the doping concentration of
Eu3+ is increased from 0.01 to 0.2 mol and then decreases
because of concentration quenching. These results further
indicate energy transfer from Sm3+ to Eu3+ with the high doping
concentration.
To analyze the mechanism of energy transfer from Sm3+ to

Eu3+, the luminescent decay curves of the 4G5/2→
6H7/2

transition of Sm3+ were measured in the LaMgA-
l11O19:0.05Sm

3+ and LaMgAl11O19:0.05Sm
3+, yEu3+ (y = 0.01,

0.03, 0.1, 0.2, 0.3) phosphors, as shown in Figure 5a. It can be
seen that the decay curve decays rapidly with the increase of
Eu3+ content. In addition, lifetimes and energy transfer (ET)
efficiencies are calculated (Figure 5b). According to the results

Figure 1. X-ray diffraction patterns of LaMgAl11O19:Sm
3+, LaMgA-

l11O19:Eu
3+, LaMgAl11O19:Sm

3+, Eu3+, and the JCPDS card (No. 78−
1845) of LaMgAl11O19.
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by Blasse and Grabmaier,21 the decay behavior can be expressed
as

τ= −I I texp( / )0 (1)

where I and I0 are the luminescence intensity at the time t and
initial time, respectively; τ is the lifetime. According to eq 1 and
the decay curves shown in Figure 5a, the lifetimes of the 594
nm emission of Sm3+ were calculated to be 1.62, 1.58, 1.53,
1.40, 1.22, and 0.91 ms, which are decreased with the increase
of the Eu3+ concentration in LaMgAl11O19:0.05Sm

3+, yEu3+ (y =
0.01, 0.03, 0.1, 0.2, 0.3). The energy transfer efficiency is
calculated by

η τ τ= −1 /T s s0 (2)

where ηT is the energy transfer efficiency, and τs and τs0 are the
lifetimes of the sensitizer (Sm3+) with and without the activator
(Eu3+). As shown in Figure 5b, the energy transfer efficiency
increases with the increase of the Eu3+ content. The energy
transfer efficiency of LaMgAl11O19:0.05Sm

3+, 0.2Eu3+ is
calculated to be 24.8%. All these results strongly prove the
energy transfer from Sm3+ to Eu3+.22,23

There are two major energy transfer mechanisms: exchange
interaction and multipolar interaction. The prerequisite of
exchange interaction mechanism is that the sensitizer should be
close to the activator.24 Therefore, we mainly discuss the
multipolar interaction for energy transfer from Sm3+ to Eu3+ in
LaMgAl11O19. As described by Dexter’s energy transfer
expressions of multipolar interaction and Reisfeld’s approx-
imation,25 the ratio of the luminescence quantum efficiency of
the sensitizer with activation to the efficiency of the sensitizer
without activation can be defined as

∝I I C/ n
S0 S

/3
(3)

where IS0 and IS are the luminescence intensities of the
LaMgAl11O19:Sm

3+ with the absence and presence of Eu3+ ion
obtained after Gaussian fitting as illustrated above; C is the sum
of the concentration of Sm3+ and Eu3+; n = 6, 8, 10 represent
dipole−dipole (d−d), dipole−quadrupole (d−q), and quadru-
pole−quadrupole (q−q) interactions, respectively.25,26 Figure
6a−c shows the linear relationship between IS0/IS and C

n/3, and
the values of R2 with n = 6, 8, and 10 are also presented. The
best linear relationship is obtained when n = 10, indicating that
the mechanism of energy transfer from Sm3+ to Eu3+ is a q−q
interaction.

Figure 2. (a) PLE and PL spectra of LaMgAl11O19:xSm
3+; (b) PL intensity of phosphors vs the Sm3+ concentration; (c) PLE and PL spectra of

LaMgAl11O19:0.2Eu
3+.

Figure 3. (a) PLE (left) and PL (right) spectra of LaMgAl11O19:0.05Sm
3+, 0.2Eu3+ phosphor; (b) the deconvolution of the PL spectra by Gaussian

fitting between 575 and 625 nm.

Figure 4. PL spectra of LaMgAl11O19:0.05Sm
3+, yEu3+ phosphor with

different Eu3+ concentrations under the excitation at 403 nm.
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The energy transfer process was further studied and
presented in an energy level diagram (Figure 7). Sm3+ ion is

excited to the 4F7/2 level by 403 nm light, and then relaxed to
the 4G5/2 level by nonradiative relaxation. The energy of the
4G5/2 level for Sm3+ relax to the 6H7/2 and 6H5/2 levels and
present the emission peaks at 561 and 594 nm, respectively. At
the same time, the energy of Sm3+ is also transferred to the 5D0

level of Eu3+ by the resonance between the two levels,8 and the
emission intensity of Sm3+ partly decreases. Therefore, the
characteristic emission peaks at 612, 646, 685, and 707 nm are
observed and enhanced due to the 5D0→

7FK (K = 2, 3, 4, and
5) transitions of Eu3+ ion. For the 4G5/2 energy level of Sm3+

ion is 638 cm−1 higher than the 5D0 energy level of Eu3+ ion,
the energy transfer from Eu3+ to Sm3+ would hardly happen.

3.3. Thermal Stability, CIE, and Quantum Yield of
LaMgAl11O19:0.05Sm

3+, 0.2Eu3+. In the application of CuPc-
based solar cells and high-power w-LEDs, the thermal stability
for phosphors is an important factor to consider. The emission
spectra of LaMgAl11O19:0.05Sm

3+, 0.2Eu3+ sample under the
excitation at 403 nm and different temperatures are shown in
Figure 8. The intensity of the emission spectrum decreases with
the increase of the temperature. The inset shows the
comparison results of the thermal luminescence quenching of
LaMgAl11O19:0.05Sm

3+, 0.2Eu3+ at the characteristic emission
of Sm3+ and Eu3+ obtained after Gaussian fitting. When the
temperature rises to 150 °C, the emission intensities of the
characteristic peaks of Sm3+ and Eu3+ are decreased to 58% and
53% of the initial intensities at room temperature, respectively.

Figure 5. (a) The photoluminescence decay curves of Sm3+ in LaMgAl11O19:0.05Sm
3+, 0.2Eu3+ phosphor (excited at 460 nm and monitored at 594

nm). (b) The dependence of the lifetimes and energy transfer efficiency on Eu3+ doping concentration.

Figure 6. Dependence of IS0/IS of Sm
3+ on (a) (CSm + CEu)

6/3, (b)
(CSm + CEu)

8/3, and (c) (CSm + CEu)
10/3.

Figure 7. Schematic diagram of energy levels of Sm3+ and Eu3+ in the
LaMgAl11O19:Sm

3+, Eu3+ phosphors.
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To understand the temperature dependence, the activation
energy for the characteristic emission of Sm3+ and Eu3+ was
calculated by the Arrhenius equation27

= + −ΔI I C E kT/[1 exp( / )]T 0 (4)

where I0 and IT is the emission intensity of the phosphor
obtained after Gaussian fitting at room temperature and other
different temperatures; ΔE is the activation energy for thermal
quenching; C is a constant; and k is the Boltzmann constant
(8.62 × 10−5 eV). The plot of ln[(I0/IT) − 1] versus 1/kT and
the activation energy of the characteristic emission of Sm3+ and
Eu3+ are shown in Figure 9. The activation energy values at 594

and 612 nm are calculated to be 0.24 and 0.3 eV, which indicate
that the phosphor with a good thermal stability can be used in
CuPc-based solar cells and high-power w-LEDs.
The CIE chromaticity coordinates for the LaMgA-

l11O19:0.05Sm
3+, 0.2Eu3+ sample under the excitation at 403

nm is calculated to be (x = 0.601, y = 0.390), which indicates
this phosphor is applicable for commercial applications
according to the coordinates of the commercially available
red-emitting phosphor Y2O2S:Eu

3+ (x = 0.668, y = 0.332).8

The quantum yield is also an important parameter for the
practical application of phosphors. We measured the quantum
yields of LaMgAl11O19:0.05Sm

3+, yEu3+ and LaMgA-
l11O19:0.1Eu

3+ phosphors. Under the excitation at 403 nm,
the recorded quantum yields of LaMgAl11O19:0.05Sm

3+ y = 0,
0.01, 0.03, 0.05, 0.1, 0.15, 0.2, and 0.3 are 0.34, 0.25, 0.3, 0.29,
0.3, 0.41, 0.48, and 0.14, respectively. The quantum yield is 0.33
for LaMgAl11O19:0.1Eu

3+ phosphor under the excitation at 464
nm.

4. CONCLUSIONS
In this Paper, the red-emitting phosphors LaMgAl11O19: Sm

3+,
Eu3+ were synthesized by the high-temperature solid-state
reaction method. The emission intensity of LaMgAl11O19:Sm

3+,
Eu3+ phosphors under near-ultraviolet excitation at 403 nm was
enhanced successfully due to the high doping content of Eu3+

(20 mol %) without concentration quenching. The excitation
spectrum of LaMgAl11O19:Sm

3+, Eu3+ phosphors was also
extended from 464 to 405 nm because of the energy transfer
from Sm3+ to Eu3+. The analyses of PL and decay curves
confirmed the energy transfer from Sm3+ to Eu3+. The energy
transfer efficiency and lifetime of LaMgAl11O19:0.05Sm

3+,
0.2Eu3+ sample were calculated to be 24.8% and 1.22 ms,
respectively. In addition, the mechanism of energy transfer was
the q−q interaction, according to the study results based on
Dexter’s formula and Reisfeld’s approximation. The temper-
ature-independent PL properties also proved that this phosphor
had a good thermal stability. The CIE coordinate of
LaMgAl11O19:0.05Sm

3+, 0.2Eu3+ was calculated to be (x =
0.601, y = 0.390). All these indicated that LaMgA-
l11O19:0.05Sm

3+, 0.2Eu3+ phosphor could be applied in CuPc-
based solar cells and w-LEDs.
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