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a b s t r a c t

A series of Eu3+ activated Na3Gd1−xEux(PO4)2 (0 ≤ x ≤ 1) phosphors were synthesized by solid-state reac-
tion method. The structures and photo-luminescent properties of these phosphors were investigated
at room temperature. The results of XRD patterns indicate that these phosphors are isotypic to the
orthorhombic Na3Gd(PO4)2. The excitation spectra indicate that these phosphors can be effectively
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excited by near UV (370–410 nm) light. The intensities of magnetic dipole transition D0 → F1 and forced
electric dipole transition 5D0 → 7F2 are comparable, and the energy ratio (5D0 → 7F1/5D0 → 7F2) is 1.1.
The emission spectra exhibit strong reddish orange performance (CIE chromaticity coordinates: x = 0.62,
y = 0.38), which is due to the 5D0 → 7FJ transitions of Eu3+ ions. The correlation between the structure and
the photo-luminescent properties of the phosphors was studied. The energy transfer and concentration

ors w
uminescent property quenching of the phosph
light-emitting diodes.

. Introduction

The white light-emitting diode (WLED) has attracted increasing
ttention as a new light source for illumination and displays with
ts high efficiency, long lifetime and mercury free [1–6]. There are
everal approaches to generate WLEDs. Today, the WLED market is
ominated by phosphor-converted WLEDs normally comprising a
50–470 nm blue InGaN LED chip covered by a yellow phosphor,
hich is usually made of YAG:Ce3+ [7–12]. However, phosphor-

onverted WLEDs made by means of blue-LED + yellow phosphor
uffer from the drawbacks such as halo effect due to the different
mission characteristics of the LEDs (directional) and the phos-
hors (isotropic) [13], low color rendering index (CRI) and high
olor temperature caused by lack of red component in the spec-
ra [2,7,10–12,14,15]. White light can also be produced by another

ethod, i.e., using a near ultraviolet (NUV) LED (370–410 nm) to
timulate the mixture of red, green and blue (RGB) phosphors
1–3,7,10]. NUV LEDs with RGB phosphor mixtures provide a better
RI value, and therefore, are suitable for indoor applications. How-
ver, oxide phosphors (in particular, red phosphors) with excitation
pectra matching the NUV excitation are rare, whereas sulfide (or

xysulfide) and nitride (or oxynitride) phosphors suffer from sta-
ility and synthesis problems, respectively [16]. Therefore, there

s an urgent need to produce red-emitting phosphors which can
e efficiently excitated by NUV light. In this work, we choose Eu3+

∗ Corresponding author. Tel.: +86 020 39322262; fax: ++86 020 39322265.
E-mail address: huyh@gdut.edu.cn (Y. Hu).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.110
ere discussed. Na3Gd1−xEux(PO4)2 has a potential application for white

© 2011 Elsevier B.V. All rights reserved.

ions as activators since they may have strong absorption bands at
370–410 nm (7F0 → 5L6,7, 5GJ). Moreover, they exhibit a high lumen
equivalent, quantum efficiency and stability at the same time.

Unfortunately, in Russell–Saunders coupling electric dipole (ED)
transitions within the 4f configuration are weak (spin and par-
ity forbidden), even though selection rules are partly lifted by
spin–orbit interaction and crystal field [17]. Hence, Eu3+ activated
red phosphors for WLEDs should be heavily doped or stoichiomet-
ric to enhance absorption. Owing to its unique energy level scheme,
profound concentration quenching can be suppressed in suitable
matrix. In the present work, Na3Gd(PO4)2 was adopted.

The polycrystalline Na3Gd(PO4)2 belongs to the orthorhombic
system with space group Pcmb (Number = 57, Z = 8) [18,19]. The
structural and spectroscopic properties of the alkali metal lan-
thanide double phosphates, M3R(PO4)2 (R = trivalent lanthanide
ions), doped with different lanthanide ions have been subject
to considerable interest in the past [19–36]. However, there
are no detailed reports on the photo-luminescent properties of
Na3Gd(PO4)2:Eu3+ under NUV excitation, i.e., little research on
potential application in phosphor-converted WLEDs has been
report. The main purpose of this work is to directly investigate the
spectroscopic properties of Na3Gd(PO4)2:Eu3+ under NUV excita-
tion and possible applications.
2. Experimental

2.1. Synthesis

The powder samples of Na3Gd1−xEux(PO4)2 (0 ≤ x ≤ 1) were prepared by solid-
state reaction technique at high temperature. The starting materials were Na2CO3

dx.doi.org/10.1016/j.jallcom.2011.02.110
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:huyh@gdut.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.02.110
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Fig. 1. The XRD patterns of the samples.

A.R.), (NH4)2HPO4 (A.R.), Gd2O3 (4N), Eu2O3 (4N) and ethanol (A.R.). All raw mate-
ials with stoichiometric amounts were mixed homogeneously with small amounts
f ethanol (to help grinding) in an agate mortar. The homogeneous mixture was put
nto a corundum crucible and calcined in a muffle furnace. The samples were heated
rom room temperature to 1000 ◦C at the rate of ∼6 ◦C/min, after the 5 h calcinations
t 1000 ◦C in air, the muffle furnace was turned off to cool down the samples.

.2. Measurement

The phase purity of the prepared phosphors was checked by an X-ray diffrac-
ometer with Cu K� radiation (wavelength = 0.15406 nm) at 36 kV tube voltage and
0 mA tube current. The excitation and emission spectra of all the samples were
easured by a Hitachi F-7000 Fluorescence Spectrophotometer at room tempera-

ure.

. Results and discussion

.1. XRD phase analysis

The X-ray powder diffraction (XRD) patterns of
a3Gd1−xEux(PO4)2 (x = 0, 0.01, 0.3, 0.5, 0.7, 0.8, 1.0) are shown in
ig. 1. The analysis of XRD patterns confirms that the compounds
ith higher x are consistent with the standard PDF#29-1208,
hich suggests Na3Gd1−xEux(PO4)2 orthophosphates are isotypic

o orthorhombic Na3Gd(PO4)2. Some additional weak diffraction
eaks are observed in the x < 0.7 samples at 14–14.4◦, they are

ndexed as the monoclinic Na3Gd(PO4)2 (PDF#39-0054). The
ouble phosphates Na3R(PO4)2 containing lanthanides from La
o Sm crystallize only in the low temperature orthorhombic
hase, while all the lanthanides between Gd and Er crystallize in
he high temperature orthorhombic form and then monoclinic
orm [24]. Therefore it is not easy to get pure orthorhombic
a3Gd1−xEux(PO4)2 when x is small. The impurity peaks are
ery weak, so profound influence on spectroscopic results is not
xpected. As we mentioned in the introduction section, Eu3+

ctivated red phosphors for WLEDs should be heavily doped, so
he impurity in lower x samples is not a problem. The radius of
u3+ ion (∼106.6 pm) is similar to that of Gd3+ ion (∼105.3 pm)
ith coordination number eight [37]; therefore, Eu3+ and Gd3+
an form a continuous solid solution in the matrix. The cell
arameters are calculated and shown in Fig. 2. With the increase
f the Eu3+ concentration (x), the cell constants and cell volumes
lightly increase due to the substitution of Gd3+. The R3+ ions
re connected through O–P–O linkages in this compound and
Eu
3+

 concentration (x)

Fig. 2. The calculated cell parameters of Na3Gd1−xEux(PO4)2.

there are six different R3+ sites with two six-fold, three seven-fold
and one eight-fold coordination to oxygen ions [19,24]. The
positions for the R3+ give C1 as the site symmetry for all the sites
[24,35].

3.2. Photoluminescent properties of Eu3+ in Na3Gd1−xEux(PO4)2

Fig. 3 gives the excitation spectra by monitoring the
5D0 → 7F1, 2 emission (�em = 594 and 618 nm) of Eu3+ in the
Na3Gd0.05Eu0.95(PO4)2 phosphor and the excitation spectrum
of Na3Gd0.99Eu0.01(PO4)2 by monitoring the 5D0 → 7F1 emission
(�em = 594 nm). The spectra consist of a broad band and some
sharp lines. The broad excitation band centered at ∼250 nm can
be attributed to the charge-transfer band (CTB) transition aris-

2− 3+ 3+
ing from O ion to Eu ion, at lower Eu concentrations the
CTB shifts to somewhat shorter wavelengths. The sharp lines of
the Na3Gd0.05Eu0.95(PO4)2 phosphor are ascribed to the intra-
configurational 4f–4f transitions of Eu3+ in the host lattice: 7F0
to 5F4, 5H6, 5D4, 5GJ, 5L7, 5L6, 5D3, 5D2 and 5D1 at wavelengths
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Fig. 3. The excitation spectra of Na3Gd1−xEux(PO4)2 (x = 0.01, 0.95).

98, 317, 361, 375, 380, 393, 415, 464 and 525 nm, respectively.
t room temperature, the 7F1 level is thermally populated due to

he small energy gap of 7F1 and 7F0 (∼370 cm−1), so the transi-
ion of 7F1 → 5D1 was observed at 533 nm. The strongest excitation
ands are at 370–410 nm (7F0 → 5L6,7, 5GJ). The obvious discrep-
ncy between Na3Gd0.05Eu0.95(PO4)2 and Na3Gd0.99Eu0.01(PO4)2 in
he spectra is that two more lines appear at ∼273 and ∼311 nm
n the spectrum of Na3Gd0.99Eu0.01(PO4)2, corresponding to the
S7/2 → 6IJ and 8S7/2 → 6PJ transitions of Gd3+, respectively. This
mplies that Gd3+ ion transfers its energy to Eu3+; we will discuss
t in the next section.

The Eu3+ activated compounds Na3Gd1−xEux(PO4)2 show strong
eddish orange emission under 393 or 273 nm excitation. The
elative emission spectra of Na3Gd0.05Eu0.95(PO4)2 (�ex = 393
nd 375 nm) and Na3Gd0.99Eu0.01(PO4)2 (�ex = 273 nm) are given
n Fig. 4. The emission spectrum of Na3Gd0.05Eu0.95(PO4)2 is
omprised of groups of lines from the emission of Eu3+ intra-
onfigurational 4f–4f transitions (5D0 → 7F0–4) at 580, 594, 618, 653
nd 702 nm, respectively. The vibrational energy of PO4 stretching

odes is in the region 900–1500 cm−1 [20,22], therefore, no emis-

ion from higher Eu3+ excited levels was detected, even at x = 0.01,
ecause of efficient multi-phonon relaxation in the phosphors. The
mission spectra have complex structure at high resolution [20,26],
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Fig. 4. The emission spectra of Na3Gd1−xEux(PO4)2 (x = 0.01, 0.95).
Fig. 5. The relative emission intensity of Na3Gd1−xEux(PO4)2 varied with the con-
centration of Eu3+ (x).

due to the variety of Eu3+ sites and low site symmetry. But the low
resolution spectra only show bold lines.

The forced ED transition 5D0 → 7F2 with �J = 2 is hypersensitive
to local environment while the magnetic dipole (MD) transition
5D0 → 7F1 with �J = 1 is insensitive to the site symmetry, because it
is parity-allowed. Hence, the MD/ED emission ratio can be used as a
measure of the site symmetry of Eu3+ [see e.g., [38,39]]. The MD/ED
ratio of Na3Gd1−xEux(PO4)2 (x > 0) is 1.1, i.e., neither of the two tran-
sitions is dominant. Actually, the forced ED transition 5D0 → 7F2 is
also sensitive to the position of CTB. Intense forced ED emission
from Eu3+ is expected only two conditions are fulfilled, viz. absence
of inversion symmetry at the Eu3+ sites and lower CTB position [40].
The CTB of Na3Gd1−xEux(PO4)2 locate at ∼40,000 cm−1, which is
much higher than molybdates, tungstates and vanadates [2,40]. As
we mentioned above, all rare-earth ions occupy crystallographic
positions with C1 point symmetry, which is not inversion symme-
try center. The forced ED transition does not predominate in the
emission spectra because only one condition is fulfilled.

The variation of emission intensities of Na3Gd1−xEux(PO4)2
phosphors with Eu3+ concentration (x) are shown in Fig. 5. The
most important feature of Fig. 5 is the fact that the quenching
occurs above a Eu3+ concentration of 0.95, which indicates that
below this concentration the excitation energy cannot migrate
over the Eu3+ sublattice to killer sites. The electric multipole inter-
actions between Eu3+ ions are weak due to the weak oscillator
strength of 7F0 ↔ 5D0 [41], so only exchange interactions are of
importance. However, The critical distance for exchange interac-
tions between Eu3+ ions is 0.5 nm [42], while the minimum R–R
distance in Na3Nd(PO4)2 is equal to 0.465 nm [19], we suppose
that in the case of Na3Gd1−xEux(PO4)2 it is similar. Thus, energy
migration over Eu3+ sublattice can take place, but it is not effective
anyhow.

Fig. 6 presents the CIE 1931 color space chromaticity diagram to
illustrate the chromaticity of Na3Gd1−xEux(PO4)2 phosphors. The
CIE coordinates of Na3Gd1−xEux(PO4)2 (x > 0) were measured as
x = 0.62, y = 0.38. Their corresponding location has been marked in
Fig. 6 with a white cross. The CIE coordinates of Na3Gd1−xEux(PO4)2
are in the reddish orange area (For interpretation of the references
to colour in this figure text, the reader is referred to the web version

of this article).

The emission spectrum of the sample Na3Gd0.99Eu0.01(PO4)2
excited by 273 nm light due to 8S7/2 → 6IJ transitions within Gd3+

ion is comprised of both Eu3+ lines and Gd3+ lines, as shown in Fig. 4.
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he emission lines of Gd3+ ion at ∼313 nm is due to the 6P7/2 → 8S7/2
ransition.

.3. Energy transfer from Gd3+ to Eu3+

For excitation into the 6IJ levels of Gd3+, the emission curves of
he phosphors co-doped with Gd3+ and Eu3+ (x < 0.2) exhibit addi-
ional strong and narrow emission lines at 313 nm, accompanying
he typical Eu3+ emission. It is evident that the energy which Gd3+

bsorbed partly transfers to Eu3+, and of course, this process com-
rising efficient energy migration in the Gd3+ sublattice, since the
u3+ emission is strongest at lower Eu3+ concentration. For higher
u3+ concentration, the emission of Gd3+ and Eu3+ is both quenched
y the CTB (see Figs. 3, 5 and 7).

The energy transfer processes between activators are given in
n energy level diagram, as shown in Fig. 7. Efficient energy trans-

er requires considerable energy overlap between donor emission
and and accepter absorption band [42]. To discuss the Gd3+ → Eu3+

nergy transfer we consider the relevant spectra Figs. 3 and 4. The
d3+ emission lines (6P7/2 → 8S7/2) overlap Eu3+ excitation lines
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(7F0 → 5HJ) at∼313 nm. Besides the energy overlap, efficient energy
transfer also requires strong interactions, which may be electric
multipole type or exchange type. As we mentioned at the previous
section, the interaction between Eu3+ ↔ Eu3+ is exchange mecha-
nism, so it is reasonable that the exchange interaction may partly
be responsible for the Gd3+ → Eu3+ energy transfer too, because
there is no reason the wave function overlap vanishes in the
Gd3+ → Eu3+ case. In contrast to Eu3+ ↔ Eu3+ energy transfer, we
can conclude that in the case of Gd3+ → Eu3+ there should be cer-
tain contribution of electric multipole interactions, because the
oscillator strength of 7F0 → 5HJ is much higher than 7F0 → 5D0.
The Gd3+ → Eu3+ energy transfer can also take place indirectly, as
reported in BaGdB9O16:Eu3+ [43], i.e., via the O2− → Eu3+ CTB. Nev-
ertheless, this indirectly energy transfer is not efficient anyway,
because the CTB is much lower in contrast to 7F0 → 5L6 line (Fig. 3).

4. Conclusions

Reddish orange phosphors Na3Gd1−xEux(PO4)2 were synthe-
sized by solid-state reaction method, and their photo-luminescent
properties were investigated under UV light excitation. The
excitation spectra of Na3Gd1−xEux(PO4)2 (x > 0) consist a strong
quasi-broad band at 370–410 nm, corresponding to the transitions
7F0 → 5L6,7, 5GJ. The emission spectra consist of two strong bold
lines at about 594 and 618 nm, corresponding to the MD transition
5D0 → 7F1 and the forced ED transition 5D0 → 7F2. In our prepared
samples Na3Gd1−xEux(PO4)2 (x > 0), the energy ratio (i.e., MD/ED)
is 1.1, and exhibit intense reddish orange emission. The CIE chro-
maticity coordinates were calculated to be (x = 0.62, y = 0.38), which
are close to the NTSC standard values (x = 0.67, y = 0.33). Efficient
energy transfer from Gd3+ to Eu3+ ions has been evidenced by the
excitation and emission spectra. The results indicate that the phos-
phor Na3Gd0.05Eu0.95(PO4)2 might find a possible application on
NUV InGaN chip-based WLEDs.
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