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La0.827Al11.9O19.09:Eu2+ ,Mn2+ showed three emission bands when excited by ultraviolet light. A
blue emission originates from Eu2+, whereas both green and red emissions originate from Mn2+. The
luminescent mechanism is explained invoking the energy transfer of Eu2+→Mn2+ and
Mn2+�tetrahedral site�→Mn2+�octahedral site�. This energy transfer was confirmed by faster decay
times of the blue and green emissions as energy donors. The emitted color of
La0.827Al11.9O19.09:Eu2+ ,Mn2+ can be easily tailored from blue to red through variations of the Mn2+

content. The white-light-emitting diode fabricated via a combination of an ultraviolet light-emitting
diode ��peak=385 nm� with La0.827Al11.9O19.09:Eu2+ ,Mn2+ showed a warm white light
�Tc=3559 K�. © 2006 American Institute of Physics. �DOI: 10.1063/1.2398887�

Recently, the field of solid-state lighting based on GaN
semiconductors has seen remarkable breakthroughs in
efficiency.1 Essentially, it is expected that white-light-
emitting diodes �LEDs� can offer advantages of high bright-
ness, reliability, low power consumption, and a long life time
compared to conventional light bulbs and fluorescent lamps.2

The conventional way involves combining a blue LED with
a yellow-emitting Y3Al5O12:Ce3+ phosphor. This method is
relatively easy to perform and the device has been commer-
cialized. However, there are several problems present with
this type of white LED, including a blue-yellow color sepa-
ration �halo effect� and temperature and current dependence
of both the chromaticity and spectrum shape.

In order to overcome these disadvantages, a combination
of ultraviolet �UV� LEDs with red, green, and blue phosphor
blends has been studied.2–4 The resultant type of white LED
can offer superior color uniformity, a high color rendering
index, and excellent light quality. However, the luminous
efficiency of these white LEDs is low due to the reabsorption
of the emission color; moreover, their manufacturing cost is
high. In contrast, if an UV-pumped white LED using a
single-phased full-color-emitting phosphor becomes avail-
able, it would have the following advantages: There would
be no reabsorption of the blue light by green or red phos-
phors and no requirement to mix two or three phosphors.
Therefore a single-phased full-color-emitting phosphor for
UV-pumped white LEDs would most likely enhance the
luminous efficiency and color reproducibility of a white
light source.4 Kim et al. investigated single-phased full-
color-emitting phosphors4,5 in which the color of the emis-
sion is fixed. In this case, if the color of the emitted radiation
is to be changed, another phosphor must be added. In
this study, the emission color of a single-phased
La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor can be easily tai-
lored from blue to red via a variation of the Mn2+ content.

This study reports the structural and optical proper-
ties of the La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor. In addi-
tion, the energy transfer mechanism of the
La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor was investigated,
and white LEDs were fabricated via a combination of UV
LED chip �385 nm� with the La0.827Al11.9O19.09:Eu2+ ,Mn2+

phosphor.
The La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphors were pre-

pared via a conventional solid-state reaction method. Proper
amounts of high purity ��99.99% � starting materials La2O3,
Al2O3, Eu2O3, and MnO �all from Aldrich Co.� were mixed
together. The solution was air dried for 3 h at room tempera-
ture. Samples were fired at 1500 °C for 4 h under a reducing
atmosphere. Crystalline phases of the samples were analyzed
by x-ray diffraction �Rigaku, D/max-IIIC�. Photolumines-
cence characteristics were analyzed on the basis of emission
and excitation spectra at room temperature using a DARSA
PRO 5100 Photoluminescence System �Korea�. A mixture of
the phosphor and epoxy resin was coated onto an UV LED
chip �385 nm�. The white LED was operated with various
forward currents.

The x-ray diffraction pattern of the La0.827Al11.9O19.09:
Eu2+ ,Mn2+ phosphor is shown in Fig. 1. The pattern was
found to be in good agreement with one registered in JCPDS
regardless of the content of the activators, indicating that the
sample is of a single phase. Distorted magnetoplumbite
�La0.827Al11.9O19.09� has a space group of P63/mmc and has
12-coordinated La sites and three different Al sites of 4, 5,
and 6 coordinations in a unit cell.6 Stevels has proposed that
La3+ sites are substituted by Eu2+ ions and that tetrahedral
and octahedral sites are substituted by Mn2+ ions.7

Figures 2�a� and 2�b� show the photoluminescence �PL�
and photoluminescence excitation �PLE� spectra for the
La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor, respectively. As
shown in Fig. 2�a�, the PL spectrum was composed of blue,
green, and red emission bands located at 450, 525, and
660 nm, respectively. The blue emission band at 450 nm was
attributed to the typical 4f65d1→4f7 transition of Eu2+ ions
that replaced La3+ ions.8 The green �525 nm� and red
�660 nm� emission bands were ascribed to the 4T1→ 6A1
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transition of 3d5 levels of Mn2+ ions which substituted into
tetrahedral sites and octahedral sites of Al3+ ions,
respectively.4,7 Generally, as the crystal field at an octahedral
site is stronger than that of a tetrahedral site,5 the red emis-
sion band is ascribed to Mn2+ ions in an octahedral oxygen
environment. The red emission band is approximately at
660 nm; its full width at half maximum is nearly 90 nm.
These characteristics clearly indicate that the emission ob-
served is not due to Mn4+ ions, which give rise to emission
spectra consisting of several fairly sharp lines around
650 nm.9 As shown in Fig. 2�b�, the PLE spectra monitored
at 450, 525, and 660 nm show very similar shapes. The main

excitation bands in the range of 250–400 nm were caused by
4f7→4f65d1 transitions of Eu2+ ions and the excitation
bands peaking in the range of 425 and 450 nm were due to
6A1→ 4Eg, 4A1 �4G� and 6A1→ 4T2g

4G transitions of the 3d5

level of the Mn2+ ions, respectively.7,8 Thus, the curves sug-
gest that the luminescence of both the green and red colors
emitted by Mn2+ ions is mainly excited by Eu2+ ions. Given
that the La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor has a strong
PLE band at an UV region, it is a suitable phosphor for
UV-pumped white LEDs.

Figure 3�a� shows the dependence of the normalized PL
intensity of blue, green, and red emissions on the amount of
Mn2+. When the La0.827Al11.9O19.09:0.18Eu2+ phosphor was
not doped with Mn2+ ions, it emitted only a blue emission.
With an increase in the Mn2+ content, the blue emission con-
siderably decreased and the green emission increased. This
phenomenon is attributed to the energy transfer from Eu2+ to
Mn2+ on tetrahedral sites which emit a green emission. In
addition, when La0.827Al11.9O19.09:0.18Eu2+ ,xMn2+ phos-
phors were doped with over 0.3 mol of Mn2+, the red emis-
sions increased and the green emissions decreased. This phe-
nomenon is believed to have resulted from the energy
transfer from Mn2+ at tetrahedral sites to Mn2+ at octahedral
sites. The CIE chromaticity coordinates for
La0.827Al11.9O19.09:0.18Eu2+ ,xMn2+ �x=0–0.75� phosphors
with Mn2+ contents are shown in Fig. 3�b�. The emitting
colors of La0.827Al11.9O19.09:0.18Eu2+ ,xMn2+ �x=0–0.75�
phosphors can constitute a full-color phosphor and be easily
tailored from a blue to a red emission by simply controlling
the Mn2+ contents.

In order to confirm the energy transfer between Eu2+

and Mn2+, which can explain the luminescent mechanism
in the La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor, the decay
times of the luminescence from Eu2+ and Mn2+ were
measured. The decay curves of the 450 nm emission of
Eu2+ and the 525 nm emission of Mn2+ in
La0.827Al11.9O19.09:0.18Eu2+ ,xMn2+ phosphors are presented
in Figs. 4�a� and 4�b�, respectively. As described by Blasse
and Grabmaier,10 it is well established that the decay behav-
ior can be expressed by

FIG. 1. �Color online� X-ray diffraction pattern of
La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor.

FIG. 2. �Color online� �a� PL spectra of La0.827Al11.9O19.09:Eu2+ ,Mn2+ phos-
phor and deconvolution of blue, green, and red bands. �b� PLE spectra
monitored at 450, 525, and 660 nm of La0.827Al11.9O19.09:Eu2+ ,Mn2+

phosphor.

FIG. 3. �Color online� �a� Dependence of the normalized emission intensity
of blue, green, and red in La0.827Al11.9O19.09:0.18Eu2+ ,xMn2+ phosphor on
the amount of Mn2+. �b� CIE chromaticity diagram for La0.827Al11.9O19.09:
0.18Eu2+ ,xMn2+ phosphor with Mn2+ amounts ��ex=370 nm�.
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I = I0 exp�− t/�� , �1�

where I and I0 are the luminescence intensities at times t and
0, respectively, and � is the luminescence lifetime.
On the basis of Eq. �1� and the decay curves in Fig. 4�a�, the
decay time values of the 450 nm emission of Eu2+ were de-
termined to be 645, 334, 247, and 149 ns for
La0.827Al11.9O19.09:0.18Eu2+ ,xMn2+ with x=0, 0.06, 0.15,
and 0.30, respectively. According to Dexter’s formulation,11

the energy transfer rate is given by

P�R� �
QA

Rb�D
� fD�E�FA�E�

Ec dE , �2�

where �D is the decay time of the donor emission, QA is the
total absorption cross section of the acceptor ion, R is the
distance between the donor and the acceptor, and b and c are
parameters dependent on the type of energy transfer. The
probability functions fD�E� and FA�E� represent the observed
shapes of the donor emission band and the acceptor absorp-
tion band, respectively. Thus, according to Eq. �2�, it be-
comes clear that the energy transfer rate �P� is in inverse
proportion to the decay time ��D�. Accordingly, the decay
time of the luminescence from Eu2+ decreased as the Mn2+

contents increased, which is a strong evidence of an energy
transfer from the blue emission of Eu2+ to the green absorp-
tion of Mn2+.4,12 Additionally, as represented in Fig. 4�b�, the
decay time values of the 525 nm emission band of Mn2+

were determined to be 5.66, 4.65, and 1.24 ms for
La0.827Al11.9O19.09:0.18Eu2+ ,xMn2+ with x=0.30, 0.45, and
0.60, respectively. From this result in which the decay time
of the green emission of Mn2+ was decreased as the red
emission increased, it is evident that the energy transfer oc-
curs from Mn2+ at tetrahedral sites to Mn2+ at octahedral
sites.

Figure 5 shows the luminescence spectra and CIE chro-
maticity coordinates of an UV-pumped white LED with the
La0.827Al11.9O19.09:0.21Eu2+ ,0.6Mn2+ phosphor under vari-
ous forward currents �5–40 mA�. The emission spectra con-
sist of four bands: emission by UV LED and blue, green, and
red emissions by the La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor
peaking at 385, 450, 525, and 660 nm, respectively. The fab-
ricated warm white LED showed CIE chromaticity coordi-
nates of �x=0.40–0.43, y=0.40–0.41� and color tempera-
tures of �Tc�3100–3600 K� which were positioned within
the range of warm white light. The color properties changed
little on a forward-bias operation. Thus, a warm white LED
with high color stability could be obtained with a forward-
bias operation.

In conclusion, the luminescent properties of the
La0.827Al11.9O19.09:Eu2+ ,Mn2+ phosphor were investigated.
The phosphor showed the three emission bands of blue,
green, and red. The blue emission originates from Eu2+

ions and the green and red emissions originate from
Mn2+ ions, respectively. The emitting color of
La0.827Al11.9O19.09:Eu2+ ,Mn2+ could be easily tailored from
blue to red by varying the Mn2+ content. The white LED
fabricated using a 385 nm chip with
La0.827Al11.9O19.09:Eu2+ ,Mn2+ showed a warm white light
with good color stability against the input power. This study
indicates that La0.827Al11.9O19.09:Eu2+ ,Mn2+ can potentially
serve as a single-phased full-color-emitting phosphor for an
UV-pumped warm white LED.
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FIG. 4. �Color online� Decay curves of �a� Eu2+ �450 nm� and �b� Mn2+

�525 nm� emission bands of La–Al–O:0.18Eu2+ ,xMn2+.

FIG. 5. �Color online� Luminescence spectra and CIE chromaticity coordi-
nates of UV-pumped white LED with La0.827Al11.9O19.09:0.21Eu2+ ,0.6Mn2+

phosphor at various forward currents �5–40 mA�.
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