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eywords:

solid-state reaction. BSMP: Eu shows two main emission bands peaking at 447 and 536 nm, respectively.
The emission band peaking at 447 nm is attributed to the 4f65d1-4f7 transition of Eu2+ substituting Sr2+,
while the emission band peaking at 536 nm originates from the 4f65d1-4f7 transition of Eu2+ replacing
Ba2+ in host lattice. A white light-emitting diode (WLED) was fabricated by combination of a 380 nm
emitting InGaN chip and the prepared white phosphor BSMP: Eu2+. In comparison with commercial
GaN-pumped YAG: Ce3+ phosphor, BSMP: Eu2+ shows higher color stability against input forward-bias

or ren

hite-light-emitting phosphor
hite LED current and excellent col

. Introduction

In recent years, studies on RGB phosphors suitable for NUV
ight excitation have been attracting more and more attention for
abricating WLEDs [1–6]. Compared with the commercial WLEDs
abricated with blue chip and yellow phosphor YAG: Ce3+, the

LEDs fabricated with NUV chip around 350–420 nm and cor-
esponding phosphors have higher color rendering index [7,8]
ecause all the colors are determined by the phosphors. However,
e-absorption of emission colors leads to low luminous efficiency
f WLEDs fabricated with NUV chip and three different host
hosphors [7,8]. Furthermore, several mixed phosphors increased
rocess difficulties for fabricating WLEDs. In order to solve these
roblems, it is necessary to develop single-host full-color emitting
hosphors for NUV-pumped WLEDs.

Up to now, several white phosphors suitable for NUV-pumped
LEDs have been reported [7–15], such as Ba3MgSi2O8: Eu2+,
n2+ [7], Sr3MgSi2O8: Eu2+, Mn2+ [8], CaAl2Si2O8: Eu2+, Mn2+

9], La0.827Al11.9O19.09: Eu2+, Mn2+ [10], Ca2MgSi2O7: Eu, Mn [11],
r3B2O6: Ce3+, Eu2+ [12], Mg0.1Sr1.9SiO4: Eu2+ [13], Sr3Al2O5Cl2:

e3+, Eu2+ [14], Ba2MgSi2−xAlxO7: 0.1Eu2+, 0.1Mn2+ [15], LaTiNbO6:
r3+ [16]. Most of these white phosphors are silicate or aluminate,
hich were prepared in high temperature. Phosphate is considered

n excellent host for preparing phosphor due to its low sintering

∗ Corresponding authors. Tel.: +86 532 84023654; fax: +86 532 84023927.
E-mail addresses: qusthwg@163.com (W.-G. Hou), cesgml@mail.sysu.edu.cn
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dering index.
© 2010 Elsevier B.V. All rights reserved.

temperature and good stability. However, there are few reports on
the research of phosphate system as host for a white phosphor.
Recently, a yellow-emitting phosphor Ba2Mg(PO4)2: Eu2+ and a
blue-emitting phosphor SrMg2(PO4)2: Eu2+ used for NUV-pumped
WLEDs have been reported one after the other [17–19]. The stud-
ies indicate that Eu2+ occupying Ba2+ sites in Ba2Mg(PO4)2 exhibits
a broad yellow emission band peaking at 576 nm, while Eu2+ sub-
stituting Sr2+ in SrMg2(PO4)2 shows a broad blue emission band
peaking at 424 nm. Based on above results, white-light emission
may be acquired by Eu2+ ions substituting not only Ba2+ ions but
also Sr2+ ions in phosphate host lattice. Therefore, in this paper,
tunable white-light-emitting phosphors, Eu2+ doped BaSrMg(PO4)2
(BSMP: Eu2+), were prepared by solid-sate method and investigated
by photoluminescence. Finally, a WLED was fabricated by combin-
ing an NUV InGaN chip (�em = 380 nm) with the prepared phosphor
and its luminescent properties were also investigated.

2. Experimental procedures

2.1. Synthesis

Ba0.97Sr1−mMg(PO4)2: Eu2+
0.03+m system (BSMP1: m = 0.01, 0.03, 0.05, 0.07) and

Ba1−nSr0.97Mg(PO4)2: Eu2+
0.03+n system (BSMP2: n = 0.01, 0.05, 0.07) were synthe-

sized by a conventional solid-state reaction technique. The starting materials SrCO3

(A.R. grade), BaCO3 (A.R. grade), (MgCO3)4Mg(OH)2·5H2O (A.R. grade), NH4H2PO4

(A.R. grade), and Eu2O3 (99.99% purity) with stoichiometric molar ratio were firstly
ground, and then burned in an electric furnace at 1150 ◦C for 3 h under a reducing

CO atmosphere.

2.2. Characterization

Crystal phase identification was carried out on an X-ray diffractometer (D/max-
IIIA, RIGAKU Corporation of Japan) using 40 kV, 20 mA, and Cu K� radiation

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:qusthwg@163.com
mailto:cesgml@mail.sysu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.03.136
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the ideal white light chromaticity coordinates with x = 0.333 and
y = 0.333. Generally, the closer the CIE chromaticity coordinates to
dot E, the higher the white-light-emitting quality. The chromatic-
ity coordinates of emission bands can be adjusted through turning
proportion of Eu2+ entering into two kinds of lattice sites in BSMP
ig. 1. XRD patterns of BSMP1 system (a: m = 0.01, b: m = 0.03, c: m = 0.05, and d:
= 0.07) and BSMP2 system (e: n = 0.01, f: n = 0.05, and g: n = 0.07).

1.5406 Å). Excitation and emission spectra of the powdered phosphors were mea-
ured on a JOBIN YVON Fluorolog-3-21 spectrometer at room temperature and a
50 W xenon lamp was used as the excitation source.

.3. LED measurements

To fabricate WLED, the phosphor BSMP: Eu2+ was mixed with epoxy resin in
rder to be pre-coated on the 380-nm LED chip. Another type of transparent epoxy
esin was used to protect and fix the whole device, and the subsequent curing
as done at 120 ◦C for 1 h. Emission spectra, chromaticity coordinates and corre-

ated color temperature (Tc) of the fabricated WLED were measured by PMS-50 LED
pectrophotocolorimeter (EVERFINE, China).

. Results and discussion

.1. XRD

The XRD patterns of BSMP1 and BSMP2 are shown in Fig. 1.
ompared with standard cards of Ba2Mg(PO4)2 (PDF#16-0556, the
owder Diffraction File of the Joint Committee on Powder Diffrac-
ion Standards) and SrMg2(PO4)2 (PDF#52-1590) carefully, it is
bserved that some diffraction peaks of the prepared samples can
e indexed to the phases of Ba2Mg(PO4)2 (PDF#16-0556), while
thers can be indexed to the phases of SrMg2(PO4)2 (PDF#52-
590). However, some new diffraction peaks also emerge, which
re characteristic diffraction peaks for the prepared samples, but
annot be attributed to any known compounds. These results imply
hat the prepared samples are not the simple physical mixtures of
a2Mg(PO4)2: Eu2+ and SrMg2(PO4)2: Eu2+, but a new single-host
hosphor (BSMP: Eu2+). The detailed structure of BSMP is still under

nvestigation.

.2. Photoluminescence properties

Fig. 2 is the photoluminescence spectra of the obtained phos-
hor Ba0.97Sr0.99Mg(PO4)2: Eu2+

0.04. Curves (a) and (b) are two
ifferent excitation spectra monitored at 447 and 536 nm, respec-
ively. From Fig. 2, it can be observed that both of the excitation
pectra are broad excitation bands ranged from 250 to 440 nm
xcept for the difference of peak shapes and intensities, which
eans this phosphor can be well excited by NUV light around

80 nm and the doped-Eu2+ ions may occupy two kinds of lat-
ice sites. Since phosphate hosts exhibit absorption in the vacuum

ltraviolet region (100–200 nm) [20–22], the excitation band in the
ange of 250–440 nm is originated from the 4f7-4f65d1 transition
f the doped Eu2+ ions [23]. Curve (c) is the emission spectrum
f Ba0.97Sr0.99Mg(PO4)2: Eu2+

0.04 excited by 350 nm NUV light. The
mission spectrum is very broad, which almost extends through the
Fig. 2. Excitation spectra (a: �em = 447, b: �em = 536 nm) and emission spectra (c)
(�ex = 350 nm) of Ba0.97Sr0.99Mg(PO4)2: Eu2+

0.04 powder.

whole visible light region from 400 to 700 nm. Obviously, the emis-
sion spectrum consists of two main emission bands peaking at 447
and 536 nm, respectively, and its CIE (Commission Internationale
de L’Eclairage) chromaticity coordinates are calculated as (x = 0.291,
y = 0.349) which locate in white light region in CIE-1931 chromatic-
ity diagram [24]. It can be presumed that the two emission bands
result from the 4f65d1-4f7 transitions of Eu2+ ions occupying Sr2+

and Ba2+ sites in host lattice, respectively. However, in compar-
ison with the blue emission band peaking at 424 nm of Eu2+ in
SrMg2(PO4)2 host [18,19] and the yellow emission band peaking at
576 nm of Eu2+ in Ba2Mg(PO4)2 matrix [17], the blue emission band
of Eu2+ in BSMP host shows obvious red-shift about 23 nm, while
the yellow emission band of Eu2+ in BSMP host exhibits remark-
able blue-shift about 40 nm. These results also indicate that the
obtained phosphor BSMP: Eu2+ is not the simple physical mixtures
of the blue phosphor SrMg2(PO4)2: Eu2+ and the yellow phosphor
Ba2Mg(PO4)2: Eu2+, but a new single-host full-colors phosphor
which could be applied potentially on NUV InGaN chips excitation
phosphor-conversion WLEDs.

The dot E in CIE-1931 chromaticity diagram (see Fig. 3) shows
Fig. 3. The chromaticity coordinates (the triangle symbols) of BSMP1 and BSMP2
systems in the CIE-1931 chromaticity diagram.
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Table 1
CIE chromaticity coordinates values of BSMP1 system and BSMP2 system.

3 m = 0.05 m = 0.07 n = 0.01 n = 0.05 n = 0.07

0.298 0.306 0.314 0.309 0.288
0.372 0.385 0.390 0.391 0.371
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BSMP1 BSMP2 m = 0.01 m = 0.0

CIE chromaticity coordinates values (x) 0.291 0.289
(y) 0.349 0.356

ost. Thus, BSMP1 and BSMP2 were prepared. The changes of CIE
hromaticity coordinates for the prepared samples are shown in
ig. 3 with the triangle symbols. It can be seen that the chromatic-
ty coordinates of almost all the prepared samples locate in white
ight region in CIE-1931 chromaticity diagram. The CIE chromatic-
ty coordinates values calculated from emission spectra of BSMP1
nd BSMP2 phosphors are listed in Table 1. From Table 1, it can
e seen that CIE chromaticity coordinates values increase basically
ith increasing m, whereas decrease basically with increasing n.

.3. Fabricated WLEDs

The excitation band of Ba0.97Sr0.99Mg(PO4)2: Eu2+
0.04 phosphor

atches well with the NUV emitting of InGaN chip, implying a
otential application of this phosphor in NUV-pumped WLEDs.

t is necessary to investigate the luminescent properties of this
hosphor in a WLED. For this purpose, a WLED was fabricated
y combination of an NUV InGaN chip and the prepared phos-
hor Ba0.97Sr0.99Mg(PO4)2: Eu2+

0.04. Emission spectra of the WLED
ere measured at different current (I = 10, 20, 30, 40, 50 mA),
hich are depicted in Fig. 4. The applied voltage was approxi-
ately 3.5 V. There are three main emission bands in emission

pectrum of the WLED. The two strong broad emitting bands peak-
ng at 454 and 541 nm are attributed to the 4f65d1-4f7 transitions
f Eu2+ ions substituting Sr2+ and Ba2+ ions in BSMP lattice, respec-
ively, while the weak emission band peaking at 380 nm is due to
art remains of the chip emission. As shown in Fig. 4, the NUV
mission from InGaN-based chip has been almost absorbed com-
letely and converted into visible light. In addition, the intensities
f all emission bands increase with the increasing forward-bias
urrent from 10 to 50 mA. This phenomenon can be explained
s that more NUV emission from the InGaN chip is absorbed by
a0.97Sr0.99Mg(PO4)2: Eu2+

0.04 at higher current and converted into

isible emission. The inset in Fig. 4 is a photograph of the light-
ng WLED with Ba0.97Sr0.99Mg(PO4)2: Eu2+

0.04 under 20 mA current
xcitation. Bright white light from the LED is observed by naked
yes. When forward-bias current is 20 mA, CIE chromaticity coor-
inates are calculated as (x = 0.3287, y = 0.3638) and Tc is 5620 K.

ig. 4. The emission spectra of the WLED fabricated with Ba0.97Sr0.99Mg(PO4)2:
u2+

0.04 phosphor and an NUV InGaN chip with increasing forward-bias current.
he inset shows photograph of the WLED under 20 mA current excitation.
Fig. 5. The chromaticity coordinates (the triangle symbols) of NUV-pumped white
LED with Ba0.97Sr0.99Mg(PO4)2: Eu2+

0.04 phosphor with increasing forward-bias cur-
rent.

In our WLED, with increasing applied currents, the CIE chro-
maticity coordinates (shown with the triangle symbols in Fig. 5)
shift slightly in the direction where color temperature increases
from 5464 to 6354 K. However, in YAG: Ce3+-based WLED reported
previously [7], with increasing current, the CIE chromaticity coordi-
nates shift significantly to the higher color temperature from 6500
to near 9000 K. These results indicate that the WLED fabricated with
Ba0.97Sr0.99Mg(PO4)2: Eu2+

0.04 phosphor and an NUV InGaN chip
has higher color stability against input forward-bias current than
YAG: Ce3+-based WLED. The color rendering index (Ra) of our WLED
under 20 mA current excitation is 87, which is bigger than that of
commercial YAG: Ce3+-based WLED (Ra = 82) [7]. This may be due
to a great amount of green light (500–530 nm) in emission spectra
of our WLED, while this characteristic is lacking in a commercial
YAG: Ce3+-based WLED.

In view of application, each proper NUV-pumped WLED phos-
phor must meet the following necessary conditions. Firstly, the
phosphor must efficiently absorb NUV light emitted from the InGaN
chip. Secondly, the phosphor exhibits higher luminescent inten-
sity under NUV light excitation. Thirdly, the phosphor should have
high color stability. Since BSMP: Eu2+ meets all the conditions, it
is considered to be a potential candidate as a single-host full-color
phosphor for fabrication of WLEDs.

4. Conclusions

A single-host white phosphor BSMP: Eu2+ was prepared by high-
temperature solid-state reaction. Furthermore, a bright WLED was
fabricated by combination of an NUV InGaN chip and the prepared
phosphor BSMP: Eu2+. When forward-bias current is 20 mA, CIE
chromaticity coordinates are calculated as (x = 0.3287, y = 0.3638),
Tc = 5620 K and Ra = 87. Compared with commercial GaN-pumped

YAG: Ce3+ phosphor, BSMP: Eu2+ phosphor shows higher color
stability against input forward-bias current and excellent color ren-
dering index. Thus, BSMP: Eu2+ is a good candidate as single-host
white phosphor for fabrication of WLEDs.
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