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a b s t r a c t

Color-tunable phosphors BaLa2−xEuxWO7 were synthesized via a solid-state reaction. The absorption,
excitation, emission and decay curves were obtained to study the luminescence properties. The experi-
mental results indicate that BaLa2−xEuxWO7 phosphors have two regions in the excitation spectra: one is
vailable online 24 February 2011

eywords:
hosphor
aLa2WO7

uropium doping

assigned to the charge-transfer state (CTS) band at about 338 nm, and the other is assigned to the intra-4f
transitions at 360–600 nm. The emission spectra of BaLa2−xEuxWO7 phosphors excited at 395 nm exhibit
a series of sharp peaks, which are attributed to the 5D0 → 7FJ (J = 0, 1, 2, 3, 4) transitions. Luminescence
from higher excited states, such as 5D1, 5D2, and 5D3, were also observed at low Eu3+ concentration. The
optimal emission intensity of 5D0 → 7F2 red emission is at x = 0.4 (BaLa1.6Eu0.4WO7). The chromaticity
coordinates of BaLa2−xEuxWO7 phosphors vary with Eu3+ content from white, orange-red, to red, making

-light
olor-tunable it a candidate for a white

. Introduction

White-light-emitting diodes (WLEDs) are potential replace-
ents for incandescent light sources. The most common WLEDs

se a 450–470 nm blue-light-emitting diode that excites a yellow-
ight-emitting yttrium aluminum garnet (YAG:Ce3+) phosphor
ispersed in an epoxy resin on a blue LED chip [1–3]. However,
single yellow phosphor cannot achieve low color temperatures,

eading to a low color rendering index [4]. To overcome these
roblems, UV-LEDs with triple-wavelength red–green–blue phos-
hors have been developed [5–7]. More recently, single-phase
hite-light-emitting phosphors have received a lot of attention for

pplication in WLEDs [8–11].
For near-UV and blue LED applications, Eu3+-doped oxide phos-

hors exhibit a high quantum efficiency and high photostability.
fluorescent light source comprising a red line emitter emitting

t 610–616 nm is the best compromise between luminance and
olor rendering. For Eu3+-doped oxide phosphors, the most intense
mission lines are located in this spectral range. The main strategy

or further enhancing the luminescence properties of Eu3+-doped
xide phosphors is finding suitable host materials, in which the
u3+ ions can occupy a lattice site with low symmetry and which
ave strong covalent interaction between the activator and the sur-

∗ Corresponding author. Tel.: +886 62757575x62928; fax: +886 62344393.
E-mail address: wshwang@mail.ncku.edu.tw (W.-S. Hwang).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.103
-emitting phosphor in UV-LEDs.
© 2011 Elsevier B.V. All rights reserved.

rounding anions [12–15]. To achieve this, Eu3+ ions can be doped
into highly covalent oxide lattices, such as molybdates, indates,
and tungstates, where the activator ions can be incorporated onto
lattice sites such as Ga3+, Y3+, and La3+ ions [12]. In particular, a
proper host material doped with Eu3+ can generate red emission
from the 5D0 level and green and blue emissions from higher 5D
levels such as 5D1, 5D2, and 5D3 of Eu3+, to obtain single-phase
white-light-emitting phosphors [8–11].

BaLa2WO7 has been reported as a red-emitting phosphor [16].
In the present study, BaLa2WO7 was chosen as the host mate-
rial. BaLa2WO7 has a monoclinic structure with space group P21/b,
and lattice parameters a = 8.857 (Å), b = 12.872 (Å), c = 5.830 (Å), and
� = 105.16◦ [17]. The cations in BaLa2WO7 are arranged in posi-
tions corresponding to a face-centered cubic (fcc) lattice related to
the fluorite lattice. BaO11, LaO11, and LaO9 polyhedra exist in this
structure, and the WO6 octahedral environment of the tungsten
was confirmed by Balashov et al. [18]. In the present study, Eu3+-
activated BaLa2WO7 was synthesized using a solid-state reaction
and its photoluminescence properties were studied. A high-color-
purity red phosphor and single-phase white-emitting phosphors of
BaLa2WO7:Eu3+ for near-UV light excitation are demonstrated.
2. Experimental procedures

2.1. Synthesis and characterization

Specimens of Eu3+-ion-doped BaLa2WO7 were synthesized via a solid-state reac-
tion. The raw materials were BaCO3 (Alfa Aesar), La2O3 (SHOWA), WO3 (Alfa Aesar),

dx.doi.org/10.1016/j.jallcom.2011.02.103
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wshwang@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jallcom.2011.02.103
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BaLa1.6Eu0.4WO7 sample, which are associated with typical intra-4f
forbidden transitions of Eu3+ ions.

The excitation spectra of all BaLa2−xEuxWO7 samples were
similar. Fig. 4 shows the excitation spectrum of BaLa1.6Eu0.4WO7
monitored at 616 nm. The broad band at about 338 nm can be
ig. 1. The X-ray diffraction patterns of BaLa2−xEuxWO7 (x = 0–0.6) prepared at
350 ◦C for 8 h.

nd Eu2O3 (Alfa Aesar) with purities of 99.99%. The materials were weighed in a sto-
chiometric ratio and ground in a mechanically activated high-energy vibro mill for
0 min with zirconia balls in a polyethylene jar. After grinding, the mixtures were
red at 1350 ◦C for 8 h in air. The X-ray diffraction of the samples was examined on
Rigaku Dmax diffractometer using Cu K� radiation (� = 0.15406 nm) with a source
ower of 30 kV and a current of 20 mA to identify the phase of the product. The
xcitation and emission spectra of these phosphors were measured with a Hitachi
-4500 fluorescence spectrophotometer using a Xe lamp as the excitation source at
oom temperature.

.2. Vibrating mill method

The vibrating mill method was employed in this experiment. The reactant pow-
er mixture and the milling balls are contained in a polyethylene jar, which is
wung back and forth horizontally at the end of an arm (about 15 times per second).
he polyethylene jar also wobbles sideways to make the motion of the balls more
andom. The main milling action comes from the powder being caught between
n impacting ball and the end of the polyethylene jar. Compression and shear
orces between colliding balls also contribute. The vibrating ball milling method
an produce unique and metastable materials via a self-sustaining reaction of highly
xothermic powder mixtures. The method comprises four processes: (1) material
estruction; (2) formation of a new surface; (3) fine grinding; and (4) transformation

nto a new material with a completely different structure [19].
The vibrating mill method is used to modify the properties of materials, enhance

he reactivity of materials, produce advanced materials, and to separate compos-
te materials into their constituents. When materials are subjected to intensive
rinding, their structure and microstructure characteristic greatly change. These
tructural changes determine the reactivity of materials and play an important role
n subsequent processes. The vibrating ball milling method can decrease the decom-
osition temperature, reduce reagent consumption, and improve the recovery of
aluable material components [19].

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of synthesized

aLa2−xEuxWO7 for x = 0–0.6. All the diffraction peaks are in agree-
ent with the JCPDS card (No. 39-0083); no impurity phases were

etected. The results reveal that the La3+ ions were fully substituted
y the Eu3+ ions. An unidentified phase appeared when the Eu3+

oncentration was increased to x = 0.8. The critical concentration for
Fig. 2. The variations of the monoclinic lattice parameters a, b and c axis with the
Eu3+ content in the BaLa2−xEuxWO7 (x = 0.01–0.6) (in Å).

the substitution of La3+ ions by Eu3+ ions is thus between x = 0.6 and
x = 0.8. Fig. 2 shows the lattice parameters for the full substitution of
La3+ ions by Eu3+ ions in BaLa2−xEuxWO7 (x = 0–0.6) calculated from
the XRD data. The crystal structure gradually shrank along the a, b,
and c axes with increasing Eu3+ concentration. A linear relationship
was found between the lattice parameters of the monoclinic struc-
ture and the concentration of Eu3+ ions. The difference in the ionic
radius between La3+ ions (r = 1.216 Å) and Eu3+ ions (r = 1.120 Å)
resulted in a decrease of the lattice parameters [20] of the solid
solution when x = 0–0.6.

The UV–vis optical absorption spectra of BaLa2WO7 and
BaLa1.6Eu0.4WO7 are shown in Fig. 3. The host absorption of
BaLa2WO7 was detected at 200–230 nm. The broad absorption band
from 280 to 360 nm can be assigned to the charge-transfer state
(CTS) from oxygen to tungsten (O2−–W6+) according to the data for
AgGd0.95Eu0.05(WO4)2−x(MoO4)x [21]. After Eu3+ ions were added
to BaLa2WO7, the BaLa1.6Eu0.4WO7 sample exhibited a definite CTS
from oxygen to europium (O2−–Eu3+) between 230 and 260 nm. In
addition, several sharp peaks from 360 to 700 nm appeared for the
Fig. 3. The UV–vis optical absorption spectra of BaLa2WO7 and BaLa1.6Eu0.4WO7.
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are shown in Fig. 7. The characteristic peaks of Eu ion intra-

F
(

ig. 4. Photoluminescence excitation spectra of solid-state reaction synthesized
aLa1.6Eu0.4WO7 powders prepared at 1350 ◦C for 8 h.

ssigned to the CTS from oxygen to tungsten (ligand-to-metal
harge-transfer, LMCT) of the host lattice. In the excitation spec-
ra, the host absorption band and the charge-transfer band of
u3+–O2− were not clearly detected, which might be due to a
ossible overlap of the CT band with that of the tungstate group
ound in AgGd0.95Eu0.05(WO4)2−x(MoO4)x [19]. According to the
ata reported for other tungstate phosphors [22–25], the CTS band
f the WO6 group is located between 250 and 360 nm. However, the
TS band of the oxygen 2p orbital to the empty 4f orbital of Eu3+ is
eak and immersed in the CTS band from the WO6 group [22–25].

he sharp peaks between 360 and 600 nm can be attributed to the
3+
ntra-4f forbidden transitions of Eu , which is consistent with the

V–vis optical absorption spectrum of BaLa1.6Eu0.4WO7. The dom-
nant excitation peak lines at 395 nm and 466 nm are attributed to
he 7F0 → 5L6 and 7F0 → 5D2 transitions, respectively. These results
re in agreement with those found in previous reports [21–23],

ig. 5. Photoluminescence excitation spectra of BaLa1.98Eu0.02WO7 prepared at 1350 ◦C fo
d) 616 nm.
mpounds 509 (2011) 5777–5782 5779

so it can be concluded that the BaLa2−xEuxWO7 phosphors can be
excited by blue or near-UV light.

The excitation spectra of BaLa1.98Eu0.02WO7 phosphor in the
UV region of 200–400 nm monitored at the emission wavelengths
of 415 nm for the 5D3 → 7F1 transition (Fig. 5a), 469 nm for the
5D2 → 7F1 transition (Fig. 5b), 533 nm for the 5D1 → 7F1 transition
(Fig. 5c), and 616 nm for the 5D0 → 7F2 transition (Fig. 5d) are shown
in Fig. 5. The broadband centered at 338 nm should be the CTS [21]
and the sharp peaks from 360 to 400 nm can be attributed to the
intra-4f forbidden transition of Eu3+ as mentioned above. Fig. 5 also
indicates that lower energy states, such as the 5D1,0 transition, have
a lower intensity of f–f transition to CTS ratio (f–f transition/CTS)
than those of higher energy states, such as the 5D3,2 transition.
Similar results were reported in a previous study [22]. This is due
to direct energy transfer from CTS to the 5D1,0 energy states, which
allows the CTS band to feed directly to the lower energy states of
5D1,0. In contrast to the CTS band, 4f electrons are well shielded
from the surroundings by filled 5s and 5p orbitals [26–28], so the
influence of the energy transfer for f–f transition is too weak to be
considered. Therefore, the 5D1,0 state transition is more effective
than the 5D3,2 transition under CTS excitation [29].

Fig. 6 shows the emission spectra of BaLa1.98Eu0.02WO7 phos-
phor for various excitation wavelengths. It should be noted that
these results show completely different radiation ratios between
5D1,0 and 5D3,2 transitions under excitation wavelengths of 338 nm
and 395 nm. The intensities of the 5D3,2 transition emission line are
lower than those of other 5D1,0 emission lines under the excitation
wavelength of 338 nm; the opposite is true for the excitation wave-
length of 395 nm. This result can be explained by the direct energy
transfer from the CTS band described above.

The emission spectra of BaLa2−xEuxWO7 phosphors with vari-
ous Eu3+ concentrations under an excitation wavelength of 395 nm

3+
4f 6 transitions from excited states to lower levels are 5D0 (red
emission) → 7FJ (J = 0, 1, 2), 5D1 (green emission) → 7FJ (J = 0, 1,
2, 3), 5D2 (blue–green emission) → 7FJ (J = 0, 1, 2, 3), and 5D3
(blue emission) → 7FJ ( = 1, 2, 3). The emission spectra show com-

r 8 h monitored at emission wavelength of (a) 415 nm, (b) 469 nm, (c) 533 nm, and
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ig. 6. Photoluminescence emission spectra of BaLa1.98Eu0.02WO7 prepared at
350 ◦C for 8 h under excitations of 395 and 338 nm.

letely different ratios between the 5D1,2,3 blue–green emission
nd the 5D0 red emission for low and high Eu3+ concentrations.
he emission intensity from 5D0 → 7FJ transitions increases with
ncreasing Eu3+ concentration, whereas the intensity of the emis-
ion from 5D1,2,3 gradually decreases. It can thus be concluded
hat the color tunability is due to concentration quenching via
he cross-relaxation mechanism [30]. In this non-radiative pro-
ess, excitation energy from decaying ions leads to a higher
xcited state (5D1,2,3) of Eu3+, which promotes a neighboring
on from the ground state to a metastable state level, such as
D1(Eu1) + 7F0(Eu2) → 5D0(Eu1) + 7F3(Eu2) [26]. Consequently, the
ower level emission becomes dominant when the Eu3+ concen-
ration is sufficiently high and the higher level emission can be
asily quenched via cross-relaxation. The dominant emission peaks
t 596 and 616 nm are assigned to the 5D0 → 7F1 magnetic dipole
ransition and the 5D0 → 7F2 electric-dipole transition of Eu3+,
espectively. The electric dipole transition 5D0 → 7F2 with �J = 2 is
ypersensitive and strongly influenced by ligand ions in the crystal
attice [31]. However, the 5D0 → 7F1 is the magnetic dipole transi-
ion, which hardly varies with the crystal field strength according
o the Judd-Ofelt theory [32]. The (5D0 → 7F2)/(5D0 → 7F1) emission
atio, called the asymmetry ratio, can be used as an index to mea-

ig. 7. Photoluminescence emission spectra of BaLa2−xEuxWO7 doped with various
mounts of Eu3+ prepared at 1350 ◦C for 8 h.
Fig. 8. The dependence of asymmetry ratio on Eu3+ content in BaLa2−xEuxWO7 under
excitation at 395 nm.

sure the degree of distortion from the inversion symmetry of the
local environment around the Eu3+ ions in the host lattice [33–36].
When Eu3+ ions occupy a low-symmetry site, the 5D0 → 7F2
electric-dipole transition often dominates the emission spectrum.
In the BaLa2−xEuxWO7 phosphors, the emission intensity of the
5D0 → 7F2 transition is more sensitive than that of the 5D0 → 7F1
transition, which indicates that Eu3+ ions have no inversion center.
Fig. 8 shows the dependence of the (5D0 → 7F2)/(5D0 → 7F1) asym-
metry ratio on Eu3+ concentration in BaLa2−xEuxWO7 phosphors
under an excitation wavelength of 395 nm. Since the asymmetry
ratio increased with increasing Eu3+ concentration, it can be con-
cluded that the local structural symmetry around Eu3+ significantly
changed as Eu3+ became incorporated into BaLa2−xEuxWO7.

The relative emission intensity and decay time behavior of
the 5D0 → 7F2 transition dependence of the Eu3+ concentration
under excitation at 395 nm are shown in Fig. 9. The decay time
of BaLa2−xEuxWO7 samples does not change significantly with
increasing Eu3+ concentration for x < 0.6. This means that the emis-
sion intensity increased with Eu3+ concentration until x = 0.4, and
then began to decrease with a further increase in the Eu3+ content.

This phenomenon can be regarded as concentration quenching,
which is due to an increase in the number of non-radiative decay
channels that leads to energy migration to crystalline defects or
trace ions (energy transfer from one activator to another) until the
energy sink in the lattice is reached [37]. However, the present

Fig. 9. The variation of emission intensity and decay time of the 5D0 → 7F2 transition
with Eu3+ concentration in BaLa2−xEuxWO7 under excitation at 395 nm. The signals
were detected at 616 nm.
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ig. 10. Normalized decay curves of 5D0 → 7F2 transition for Eu3+ in BaLa2−xEuxWO7.

hosphors do not exhibit similar effects. Fig. 10 shows the effect
f Eu3+ content on the 5D0 → 7F2 transition decay curves under
xcitation at 395 nm. All decay curves were fitted by the single
xponential decay I = I0 exp(−t/�), where I0 and I are the lumi-
escence intensities at time 0 and t, respectively, and � is the
adiative decay time. The results indicate that the Eu3+ environment
s unique, in accordance with the crystal structure, and that only one
ocal Eu3+ environment exists [37–40]. It is thus suggested that the
u3+ ions were shielded by La and W polyhedrals in the BaLa2WO7
tructure, which caused a weak energy transfer between Eu3+ pairs.
ll of these curves can be well fitted by monoexponential decay
egardless of Eu3+ concentration. This is a unique characteristic of
he present phosphors.
The Commission Internationale de l’Eclairage (CIE) chromaticity
oordinates with various color tones for BaLa2−xEuxWO7 phosphors
xcited at 395 nm are illustrated in Fig. 11. With increasing Eu3+

on concentration, the color tone changes from white, through red-

ig. 11. CIE color coordinate diagram of BaLa2−xEuxWO7 phosphors. (For interpre-
ation of the references to color in this figure legend, the reader is referred to the
eb version of the article.)
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orange, and finally to red with a CIE chromaticity of (0.62, 0.34),
which is close to the standard red chromaticity (0.67, 0.33) for the
National Television Standard Committee (NTSC) system. In particu-
lar, BaLa1.98Eu0.02WO7 phosphors show white-light emission with
CIE coordinates (0.33, 0.26). This result indicates that the emission
color of BaLa2−xEuxWO7 phosphors can be tuned using the Eu3+ ion
concentration without doping other color centers in a single-phase
host lattice. The proposed host material is thus suitable for use as
a near-UV to blue LED converted phosphor.

4. Conclusions

Color-tunable BaLa2−xEuxWO7 phosphors were synthesized via
a solid-state reaction. The two most intense excitation peak lines,
observed at 395 and 466 nm, are attributed to the 7F0 → 5L6
and 7F0 → 5D2 transitions, respectively, which shows that the
BaLa2−xEuxWO7 phosphors can be excited by blue or UV-LED chips.
BaLa1.98Eu0.02WO7 phosphors show white-light emission with a
CIE chromaticity of (0.33, 0.26). With increasing Eu3+ ion concen-
tration, the color tone changes from white, through red-orange, and
finally to red with a CIE chromaticity of (0.62, 0.34). Thus, the emis-
sion color of BaLa2−xEuxWO7 phosphors can be tuned using Eu3+

ion concentration without doping other color centers in a single-
phase host lattice. The optimal emission intensity of the 5D0 → 7F2
red emission is at x = 0.4 (BaLa1.6Eu0.4WO7). The results show that
BaLa2−xEuxWO7 can potential be a red-emitting phosphor used in
both near-UV and blue LEDs.
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