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The a-Ca,P,0,:Eu?*, Mn** phosphors show two emission bands peaking at around 416 (blue) and
600 nm (orange), originating from the allowed f-d transition of Eu?* and the forbidden 4T1-6A1
transition of Mn?*, respectively, under near ultraviolet (UV) excitation at 400 nm. Spectroscopy and
fluorescence lifetime measurements demonstrate that energy transfer from Eu?* to Mn?>* performs
with transfer efficiency as high as 65% for Mn?* concentration of 12 mol %. The authors have
fabricated a white light emitting diode (LED) through the integration of GaN near-UV chip and two
phosphor blends (a-Ca,P,0,: Eu**, Mn?* blue-orange phosphor and Ba,SiO,: Eu?* green phosphor)
into a single package. The white LED shows color rendering index of 78, luminescent efficiency of
9 Im/W, and low color point variation against forward-bias currents. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2752725]

The white light emitting diode (LED) have received in-
creasing interests in recent years for its promising applica-
tions on solid state lighting.k3 There are basically two ap-
proaches for generating white light using LEDs." The first
approach is to mix the light of different colors emitted from
different LED chips. Another approach is to mix the emis-
sion from a blue or near-ultraviolet (UV) LED with a longer
wavelength light downconverted from the LED emission us-
ing phosphors.sf8 In a near-UV chip white LED, the visible
components of the white light are generated only by phos-
phors, exhibiting low color point variation against the
forward-bias currents. Some yellow, green, and blue emitting
phosphors as good candidates for near-UV chip excitation
have been reported.g_12 However, there are very few inor-
ganic red or orange phosphors with environmental stability
and nontoxicity for this type of white LEDs."”

The blue Ca,P,0;: Eu?* phosphors have extensive appli-
cations in the fields of luminescence and biomaterials due to
its improved optical and biological characteristics.'* The
blue-orange Ca,P,0,:Eu?*, Mn?* phosphor is also a good
phosphor for lamp through the energy transfer from Eu?* to
Mn2*."” However, most of them concern beta phase calcium
pyrophosphates, while the applicability of Eu** and Mn?*
codoped alpha phase calcium pyrophosphates to a tricolor
conversion phosphor excited by near-UV LED has not been
demonstrated. In this letter, we represent the blue-orange
a-Ca,P,0,:Eu**, Mn?* phosphor, besides a blue band of
Eu?*, which has a strong orange band originating from the
*T,-°A, transition of Mn?* due to energy transfer between
Eu?* and Mn?*. The energy transfer and luminescent proper-
ties of the phosphors are investigated, as well as the optimal
doping concentrations of Eu?* and Mn?*. White LEDs are
fabricated through combining near-UV chip with two phos-
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phor blends of the green-poor a-Ca,P,0,:Eu**, Mn?* and a
green Ba,Si0,:Eu?* phosphor. 10

Synthesis of the powder samples was conducted by us-
ing solid state reaction. The starting materials, analytical
grade, CaHPO,, MnCOs;, (NH,),HPO,, and Eu,05 were ho-
mogenized by an agate mortar, pestled for 1 h and placed in
a crucible with a lid. The crucible was preheated at 600 °C
for 1 h, cooled down, ground, and put into crucible again
which was buried by carbon sticks and sintered at 1250 °C
for 2 h in CO reducing atmosphere. The concentration of
Eu?* was fixed at 4 mol %, while the Mn?** concentrations
were varied from 4 to 14 mol %. A green Ba,Si0O,:0.03Eu**
phosphor for mixing with a-Ca,P,0,:Eu**, Mn>* was syn-
thesized by the process, as described in Ref. 10. The struc-
ture of sintered samples was identified by x-ray powder dif-
fractometer (XRD) (Rigaku D/M AX-2500 V). The
measurements of photoluminescence (PL) and photolumines-
cence excitation (PLE) spectra were performed by using a
Hitachi F4500 fluorescent spectrometer. In fluorescence life-
time 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).
The chromaticity coordinates and color rendering indices
(CRIs) as well as the correlated color temperature (7,) in
kelvins of the fabricated white LED were obtained using
PR-705 SpectraScan spectroradiometer.

XRD patterns of Eu** and Mn?* codoped a-Ca,P,0; are
shown in Fig. 1. All the peaks are indexed based on mono-
clinic structure and match well with those in Ref. 16, JCPDS
card 09-0345, indicating that the obtained samples are single
phase and the codoped Eu?* and Mn?* ions do not cause any
significant change in the host structure.

PL and PLE spectra of a-Ca,P,0,:Eu’*,
a-Ca,P,0,:Mn?*, and a-Ca,P,0;:Eu?*, Mn?* are presented
in Fig. 2 by a comparable way. In Fig. 2(a), the Eu** singly
doped sample exhibits a strong blue emission band centered

© 2007 American Institute of Physics
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FIG. 1. XRD patterns of a-Ca,P,0,:Eu**, Mn>* samples and of Ref. 16.

at 416 nm with its PLE bands within UV and near-UV re-
gions, originating from the 4f-5d transition of Eu?*. In Fig.
2(b), the Mn** singly doped sample exhibits a weak orange
emission band peaking at 600 nm due to the *7,-°A, transi-
tion of Mn?* with its PLE peaks at 355 and 406 nm, corre-
sponding to the forbidden transitions from the ground state
%A,(°S) to *T,(*D) and [*A,(*G),*E(*G)] levels of Mn>*,
respectively. " The comparison of the PL spectrum of
a-Ca,P,0,:Eu**  with the PLE  spectrum  of
a-Ca,P,0,:Mn?* sample reveals a significant spectral over-
lap, indicating the possibility of energy transfer from Eu®* to
Mn?* in a-Ca,P,0; host. As expected in Fig. 2(c), the emis-
sion spectrum of Eu** and Mn?* codoped a-Ca,P,0; appears
not only a strong blue band of Eu?* but also a strong orange
band of Mn?*. It is clearly shown that the PLE spectrum of
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FIG. 2. PL and PLE spectra of a-Ca,P,0,:Eu** (a), a-Ca,P,0;:Mn**, (b)
and the a-Ca,P,0,:Eu*, Mn?* (c).
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FIG. 3. Fluorescence lifetimes of Eu?* in a-Ca,P,0;:0.04Eu**, xMn?*. In-
set: the dependence of the energy transfer efficiency #p in
a-Ca,P,0,:0.04Eu?*, xMn?** on Mn?* content x.

the orange band is consistent with that of the blue band of
Eu?*, demonstrating effective energy transfer from Eu’* to
Mn?*. The PLE spectrum covers the spectral region of
225-425 nm, implying that the doubly doped phosphor is
suitable to near-UV LED excitation.

Figure 3 shows the fluorescence transients of the blue
band of 4 mol % Eu?* in a-Ca,P,0, with different Mn?*
concentrations. The fluorescence decays faster and trends to
be nonexponential function with increasing Mn?* concentra-
tions, reflecting the characteristics of energy transfer between
donors and acceptors.lg’19 The energy transfer efficiency (7;)
for Eu** — Mn?* is calculated using the equation,

nr=1-11,

where 7 and 7, are the fluorescence lifetimes of Eu’* in
a-Ca,P,0, with and without codoping of Mn?*, respectively.
The values of the lifetimes are obtained by integrating the
decay curves, of which the initial intensities are normalized.
The results are plotted in the inset of Fig. 3. With increasing
Mn?* concentrations, the energy transfer efficiencies (7;) in-
crease gradually and reach to as high as 70% for Mn* con-
centrations of 14 mol %. It is observed experimentally that
the lifetimes of the orange band of Mn?* are not shortened
with increasing Mn?* concentration up to 12 mol %, at
which the energy transfer efficiency is 65% and the strongest
intensity of the orange band is achieved, implying that the
quenching concentration of Mn?* is 12 mol % in a-Ca,P,0;.

Figure 4(a) shows the emission spectra of
a-Ca,P,0,:0.04Eu”*, 0.12Mn** and Ba,SiO,:0.03Eu**
phosphors % under 400 nm excitation. The green emission
band of Ba,Si0,:0.03Eu>* phosphor peaking at 505 nm is
complemented to the blue-orange a-Ca,P,0;:0.04Eu**,
0.12Mn?* phosphor, so that it is expected to fabricate white
LEDs with a mixture of the two phosphors. Figure 4(b)
shows the emission spectrum of the fabricated white LED
under 20 mA forward-bias currents. Obviously, the spectrum
exhibits the emission colors of the two phosphor blends. The
asymmetry of the 400 nm band is caused by overlapping
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FIG. 4. Luminescence spectra of a-Ca,P,05:0.04Eu’*, 0.12Mn”** and
Ba,Si0,4:0.03Eu** phosphors (a) and the UV-pumped white LED with the
blends of a-Ca,P,0,:0,04Eu**, 0.12Mn** and Ba,SiO,:0.03Eu’** phos-
phors under the forward-bias currents of 20 mA (b).

with the 416 nm emission band of a-Ca,P,0,:0.04Eu’*,
0.12Mn** phosphor.

The chromaticity coordinates on Commission Internatio-
nale de I’Eclairage (CIE) 1931 and CRIs of the fabricated
white LED as a function of forward-bias currents are de-
picted in Fig. 5. With increasing applied currents from
10 to 50 mA, the variation of both the CIE chromaticity co-

0.5 T T T ¥ T ¥ T ¥ T 90
GaN-based two phosphor blend
4 CRI
- o X
S 04l . 80
3 R
o [74
O o O O
>
x
L
= u]
8 O 4
O 03 o 70
A m]
A m}
A A A
0.2 T T T r T T T r T 60
10 20 30 40 50

Forward-bias current(mA)

FIG. 5. CIE chromaticity coordinates and CRI of UV-pumped white LED
with @-Ca,P,05:0.04Eu?*, 0.12Mn>** and Ba,Si0,:0.03Eu** phosphors
with increasing forward-bias currents from 10 to 50 mA.
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ordinates and CRIs is less than 10%, indicating lower color
point variation of UV chip based white LED compared with
the blue chip.20 When the forward-bias current is 20 mA, the
CIE coordinates are x=0.27 and y=0.30; the CRI is 78 and
the luminous efficiency is 9 Im/W; the correlated color tem-
perature (T,) is 10 465 K. The CIE coordinates and the cor-
related color temperature indicate that the LED emission
shows bluish white due to the weak spectral content of the
orange light. However, by tuning the weight ratio of two
phosphors, increasing the orange emission intensity, the
warm white LED can be expected to obtain and we have
experimentally obtained evidence for the possibility of fur-
ther improvements in the CIE coordinates and the correlated
color temperature.

In conclusion, the single-phased a-Ca,P,0,:Eu?*, Mn?**
phosphors have been synthesized for application to white
LEDs. The enhancive orange emission of Mn?* is observed
in a-Ca,P,0;:Eu®**, Mn?** upon UV excitation due to the
energy transfer from Eu?* to Mn?*. The energy transfer
efficiency can be as high as 65%. The white LED inte-
grating 400-nm-emitted chip with the mixture of
a-Ca,P,0,:0.04Eu?*, 0.12Mn>* blue-orange phosphor and
Ba,Si0,:0.03Eu* green phosphor is realized and the results
show a color rendering index of 78 and a good luminescent
efficiency of 9 Im/W. The present letter indicates that the
a-Ca,P,0,:Eu**, Mn** phosphor can be a promising candi-
date phosphor for white LEDs.
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