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a  b  s  t  r  a  c  t

Compounds  B2AXO6:Eu  (B  = Ba,  Sr;  A = Ca;  and  X =  W,  Mo)  have  recently  been  investigated  and  suggested
to  be color-conversion  phosphor  for  WLED  devices.  In this  work,  we  investigated  the  photoluminescence
properties  of  the  analogues  Ba2MgXO6:Eu  (X =  W  and  Mo)  and  the  energy  transfer  from  W(Mo)O6 groups
to Eu3+ ions  within  the  phosphors.  The  phase  structure,  UV–vis  diffuse  reflectance  spectrum,  photo-
luminescence  properties  and  decay  of  Ba2MgW(1−x)MoxO6:Eu  were  studied  as  a function  of  the  W/Mo
eywords:
hosphors
norganic materials
ptical properties
uminescence

ratio.  It was  found  that  these  phosphors  showed  excellent  color-conversion  capability  from  near-UV
to  orange–red  light.  The  color-conversion  process  was  considered  to  be  performed  by energy  trans-
ferring  from  MoO6 groups  to  doped  Eu3+ ions.  The  MoO6 →  Eu3+ energy  transfer  efficiency  could  be
greatly  enhanced  by partial  substitution  of  Mo  by W. The  structure  and  photoluminescence  properties  of
Ba2AW0.5Mo0.5O6:Eu  (A =  Ca  and  Mg,  respectively)  compounds  were  also  investigated  to  reveal  the effect

3+ on  en
of  the  Eu ion  coordinati

. Introduction

White light emitting diode (WLED) devices based on near-
V/blue LED and inorganic phosphors have attracted great interest

n recent years due to their significant advantageous, such as
nergy-conservation, high efficiency and compact [1–3]. In these
evices, the inorganic phosphors are used to absorb the near-
V/blue light emitted from LED, and then convert the energy into

ed, green and blue (RGB) light emission, thus to absorb near-
V/blue light is very important for a color-conversion phosphor

4–6]. The widely used commercial WLED, which consists of a blue
ED and a yellow phosphor (Y3Al5O12:Ce3+), has high luminous effi-
iency, while poor color rendering index (CRI) due to the weak
ed light emission [7,8]. In order to improve the performance of
3Al5O12:Ce3+ phosphor, a great amount of investigations has been
erformed [9–18]. On the other hand, it was also pointed out that
LED devices with high CRI and luminous can be created from

ear-UV/blue LED and RGB tricolor phosphors [1].  Therefore con-
inued efforts are devoted to the investigation of near-UV/blue LED

xcited RGB phosphors, especially red phosphors [19–32].  As the
ost widely used red light emitting ion, Eu3+ ions are excellent in
any aspects, and consequently great many Eu3+ activated phos-

∗ Corresponding author. Tel.: +82 51 629 5564; fax: +82 51 629 5549.
E-mail address: jhjeong@pknu.ac.kr (J.H. Jeong).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.073
vironment  on its  photoluminescence  properties.
© 2011 Elsevier B.V. All rights reserved.

phors have been investigated [33]. The proposed phosphors can be
basically divided into two groups according to the excitation chan-
nels. For one group, the Eu3+ ion is excited directly through the
f–f transition [34–38];  for the other group, sensitizers are intro-
duced to absorb the excitation light and sensitize the doped Eu3+

ion [39–44].  Since the Eu3+ ion f–f transition is spin and parity for-
bidden, exciting into a sensitizer other than Eu3+ ion might be a
promise way  to increase the energy absorption efficiency. In other
words, searching for suitable sensitizers for Eu3+ is of applicative
importance.

It has been reported that MoO4–MoO6 groups can absorb
near-UV and violet light efficiently [45]. Recently, host sensi-
tized, Eu3+ ion-activated B2AMoO6:Eu (B = Ba, Sr; A = Ca) phosphors
were investigated as color-conversion phosphors for WLED devices
[39–42,44]. According to the investigations, the near-UV excitation
energy can be absorbed by the MoO6 groups in the B2CaMoO6:Eu
systems, and then transferred to the doped Eu3+ ions, resulting in
intensive orange–red light emission [39–42].  Furthermore, it was
also found that partial substituting of the MoO6 groups with WO6
groups did not change the MoO6 excitation band position signifi-
cantly, but enhanced the photoluminescence (PL) intensity greatly
[41,42]. We noticed that the cubic double-perovskite structure

could also be adopted by Ba2MgMoO6 and Ba2MgWO6 compounds
[46], while these compounds have not been investigated as the host
lattice, as well as the sensitizer of Eu3+ ions. On the other side,
when doped into the B2AMoO6 lattice, Eu3+ ion was  considered

dx.doi.org/10.1016/j.jallcom.2011.06.073
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jhjeong@pknu.ac.kr
dx.doi.org/10.1016/j.jallcom.2011.06.073
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o preferably occupy A-site, namely, Ca2+-site in Ba2CaMoO6 [41],
nd Mg2+-site in Ba2CaMoO6. Since the ionic radius of Mg2+ is much
maller than that of Ca2+, it is reasonable to expect that the coor-
ination environment of Mg2+ might significantly differ from that
f Ca2+. The influence of this variation on the PL properties of Eu3+

ons has not been revealed.
In the study presented here, the color-conversion and PL

roperties of Eu3+ ion activated Ba2MgW(1−x)MoxO6 have been
nvestigated as a function of the W/Mo  ratio. The energy immigra-
ion among MoO6 groups and energy transfer from MoO6 groups
o doped Eu3+ ions were discussed with an existed theory. In order
o evaluate the effect of the coordination environment of Eu3+ ions
n their PL properties, we also synthesized a series of compounds
ith varied Mg/Ca ratios, namely Ba2Mg(1−y)CayW0.5Mo0.5O6:Eu,

nd studied their structure and PL properties.

. Experimental

All the compounds were synthesized by using a high-temperature solid-state
eaction. The start materials BaCO3 (99+%), CaCO3 (99+%), MgO (99.99%), WO3

99.0%), MoO3 (99.5%) and Eu2O3 (99.99%) obtained from Sigma–Aldrich were
eighted out according to stoichiometric ratio, and then mixed and ground in an

gate mortar. The mixtures were firstly preheated at 850 ◦C for 24 h, and then cal-
ined at 1175 ◦C and 1200 ◦C for 20 and 12 h, respectively [47]. After each heating
rocess, the samples were ground to increase the homogeneity.

The phase structure of the powders was  examined by using the X-ray diffraction
XRD) measurement, which was carried out on a Philips X’Pert MPD X-ray diffraction
ystem at 40 kV and 30 mA.  The diffraction patterns were scanned over an angular
ange of 15–75◦ (2�). The UV–vis diffuse reflectance (DR) spectra were measured
n a JASCO V-670 spectrophotometer from 200 to 600 nm.  The PL excitation and
mission spectra were recorded on a PTI fluorescence spectrophotometer equipped
ith a 60 W Xe-arc lamp. The decay data were collected with a phosphorimeter

ttachment to the fluorescence spectrophotometer with a 25 W Xe-flash lamp. All
he measurements were performed at room temperature in air.

. Results and discussion

.1. Ba2MgMoO6–Ba2MgWO6 series

The XRD patterns shown in Fig. 1 indicate that all the compo-
itions crystallize in the same phase, which can be indexed to the
ubic double perovskite structure. According to the reported struc-

ure information [46], Ba2MgWO6 cell belongs to the Fm3̄m space
roup (no. 225) [48]. In the cell, Ba2+ ions, which have large ionic
adius, reside in the 8c (1/4, 1/4, 1/4) Wyckoff sites, while Mg2+ and

6+ ions with relatively small radii reside in the 4a (0, 0, 0) and

ig. 1. XRD patterns of Ba2MgW(1−x)MoxO6:Eu, along with the JCPDS card of
a2MgWO6. Symbol * indicates the diffraction peaks due to BaW(Mo)O4 impurity.
Fig. 2. UV–vis DR spectra of Ba2MgW(1−x) MoxO6:Eu.

4b (1/2, 0, 0) sites, respectively. Both Mg2+ and W6+ ions are 6-fold
coordinated to oxygen forming MgO6 and WO6 octahedra. These
octahedra appear alternately in the cell and are connected with
each other by sharing vertex oxygen [46]. In the double perovskite
structure, the 8c site can be also occupied by Sr2+, the 4a site by
Mo6+, and the 4b by Ca2+, Zn2+, etc. The double perovskite struc-
ture might be distorted from cubic depending on the ionic radii
of the ions on 8c, 4a and 4b sites. In our case, the W on 4a sites
was  substituted by Mo  gradually, and it was found that both com-
pounds, namely Ba2MgWO6 (BMWO) and Ba2MgMoO6 (BMMO),
have the same cubic structure, and furthermore they can form solid
solution in all expected ratios. Owing to the ionic radius of Mo6+

ions (0.59 Å) is slightly larger than that of W6+ ions (0.60 Å) [49],
the lattice constants vary from a = 8.0704 of BMWO to a = 8.0566 of
BMMO.

Fig. 2 shows the DR spectra of the BMWO–  BMMO  samples. As
expected, these samples have strong absorption of UV and near-UV
light. The absorption is ascribed to the optical excitation of elec-
trons from the valence band, which is mainly of O-2p character, to
the conductive band, which is mainly of Mo-4d or W-5d character
[41]. It is observed that the absorption edge of the BMWO–BMMO
series red shifts gradually with the increasing of the Mo-content,
which indicates the variation of the band gap with the element
substitution. As well-known that the absorption coefficient (˛) of a
semiconductor oxide and its band gap energy Eg are related through
(˛h�)2 ∝ h�, in which h is the Planck constant, �  is the frequency of
the light. By plotting (˛h�)2 ∼ h� derived from the DR spectra the
band gap energy Eg of BMWO–BMMO  compounds were estimated
and listed in Table 1.

The PL excitation, emission spectra and the CIE chromatic coor-
dinates (x, y) of the emission spectra are shown in Fig. 3. The PL
excitation spectra shown in Fig. 3a were recorded by monitor-
ing Eu3+ ion characteristic emission at 598 nm.  While not only the

3+ 7 5
excitation of Eu ions F0 → L6 transition centered at 399.5 pre-
sented in all the spectra, but also a broad-band excitation appeared.
The band centered at 314 nm in BMWO  is ascribed to the elec-
tronic excitation of O(2p) → W(5d) within WO6 groups [50], and

Table 1
Band gap energy (Eg) in eV, CIE coordinates (x, y), and lifetime (�) in ms of
Ba2MgW(1−x)MoxO6:Eu phosphors.

Composition Eg (eV) (x, y) � (ms)

x = 1.0 2.11 (0.648, 0.351) 1.89(2)
x  = 0.8 2.29 (0.645, 0.354) 2.41(2)
x  = 0.6 2.41 (0.645, 0.354) 2.30(2)
x  = 0.4 2.44 (0.643, 0.356) 2.52(2)
x  = 0.2 2.46 (0.632, 0.366) 2.64(3)
x  = 0.0 2.47 (0.618, 0.379) 3.22(4)
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the Oh point symmetry. To exam the deviation degree, the R/O
ratio, which is defined as the integral intensity ratio of 5D0 → 7F2 to
5D0 → 7F1 emissions, is commonly used as a measurement [51]. The
R/O ratios plotted in Fig. 4 clearly shows that the R/O ratios of the
ig. 3. Photoluminescence (a) excitation, (b) emission spectra, and (c) chromatic 

mission  and excitation wavelength, respectively.

hat centered at 400 nm in BMMO  is due to the electron transition
rom O(2p) to Mo(4d) orbitals in MoO6 groups [45]. In the cases
f the solid solutions BMWO–BMMO, the bands are similar to the
oO6 excitation band within BMMO,  and the excitation of WO6

roups cannot be identified. This differs from the results shown in
a2CaW(1−x)MoxO6:Eu and Y6W(1−x)MoxO12:Eu series. The pres-
nce of the host lattice excitation bands indicates that there is
nergy transfer from host lattices to doped Eu3+ ions in these com-
ounds. And furthermore, from the spectra one might noticed that
or 598 nm emission, the excitations of the host lattices (WO6 and

oO6) are far more efficient than that of the Eu3+ ion f–f transi-
ions. This is due to the fact that the f–f transitions of Eu3+ ions are
ntraconfigurational, and therefore they are spin and parity forbid-
en, whereas the transitions within WO6 and MoO6 groups are of
harge transfer type and allowed. In Fig. 3a it is also observed that
he edge of the excitation band red shifts with the increasing of Mo
ontent, which is consistent with the DR spectra.

As regards the PL emission spectra (see Fig. 3b), they are
btained by exciting the host lattices at 314 nm for BMWO,  and
t 380 nm for Mo-contained compounds. All the PL emission spec-
ra have similar profile, containing several sharp peaks centered
t 586, 598 and 615 nm,  which are due to the f–f transition of
D0 → 7F0, 5D0 → 7F1, and 5D0 → 7F2, respectively. Although the
mission intensity varies with the Mo  content, the 5D0 → 7F1 emis-
ion is dominated in all the spectra. The calculated CIE chromatic

oordinates (x, y) of the emissions indicate that when Mo  is grad-
ally substituted by W,  the emission color shifts slightly from red
o orange–red (see Fig. 3c). This character originates from the sym-

etry of the sites Eu3+ ions occupied. According to the structure
inate (x, y) of the emission of Ba2MgW(1−x)MoxO6:Eu series. �Em and �Ex are the

refinement, Mg2+ ions and therefore Eu3+ ions in the cell take the
4b Wyckoff sites with the Oh point group symmetry, under which
the 7F0, 7F1 and 7F2 energy levels will be of 1-, 1- and 2-fold split-
ting, respectively. If the parity selective rule is strictly obeyed, only
5D0 → 7F1 emission can be observed. In our case, all the emissions
of 5D0 → 7F0, 1, 2 are observed despite the 5D0–7F1 emission is dom-
inated. This indicates that in these lattices the 4b sites deviate from
Fig. 4. Variation of the integral intensity and R/O ratio of the Ba2MgW(1−x)MoxO6:Eu
emission spectra with the Mo content x.
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ig. 5. Photoluminescence decay data of Ba2MgW(1−x)MoxO6:Eu. �Ex is the excitatio

arent compounds BMWO  and BMMO  are relatively small, when
he Mo-content approaches 0.5, the R/O ratio reaches its maximum,
hich implies the distortion of the 4b site arrives at its peak.

We also calculated the integral intensity of each emission in
he range of 500–700 nm and plotted them versus the Mo  con-
ent x in Fig. 4. As indicated that BMWO:Eu3+ shows the strongest
mission, while BMMO:Eu3+ shows the weakest one. This suggests
hat the energy transfer efficiency of WO6 → Eu3+ is higher than
hat of MoO6 → Eu3+. The most interesting phenomenon shown in
ig. 4 is the variation of the integral intensity of the Mo-contained
ompounds. In these compounds, the doped Eu3+ ions are sensi-
ized by MoO6 groups, and therefore the changing of the emission
ntensity reflects the variation of the MoO6 → Eu3+ energy trans-
er process. According to the tendency, the curve can be simply
eparated into two stages (stages 1 and 2 as shown in Fig. 4):
n stage 1, when the Mo-content decreasing from 1.0 to 0.4, the
mission increases gradually; in stage 2, when x decreases further
rom 0.4 to 0.2, the emission decreases simultaneously. This phe-
omenon was similarly observed in the Ba2CaW(1−x)MoxO6:Eu and
6W(1−x)MoxO12:Eu systems [41,43]. According to Ye et al. [41],
nd Wiegel and Blasse [45], there are at least two competitive pro-
esses undergoing after the MoO6 groups are excited. During one of
he processes the excitation energy immigrates among the MoO6
roups, and finally nonradiatively dissipated. In the other process
he energy is transferred from MoO6 groups to Eu3+ ions, which
nally generates the emission. In stage 1, the energy immigration
mong MoO6 groups is supposed to dominate, and therefore the

ore MoO6 groups exists in the system, the more energy is dis-

ipated among the MoO6 groups, and the less energy can arrive
t Eu3+ ions. While in stage 2, since the MoO6 concentration is
ower than the critical value, the energy immigration among MoO6
elength, and the emission wavelength is 598 nm for all the samples. � is the lifetime.

groups is not efficient anymore, consequently, the emission of Eu3+

is proportional to the MoO6 concentration.
The decay data of BMWO–BMMO  compounds are shown in

Fig. 5. All the data can be well fitted by a monoexponential decay
function It = I0 exp(− t/�), where It and I0 are the intensity at time
t and t = 0, respectively, � is the decay lifetime. The calculated life-
times are summarized in Table 1. It is illustrated that lifetime of the
excitation state increases gradually from 1.89 ms to 2.64 ms  with
the decreasing of Mo-content.

3.2. Ba2MgMo0.5W0.5O6–Ba2CaMo0.5W0.5O6 series

In order to evaluate the dependence of the Eu3+ ions PL proper-
ties on their coordination environment, we  made an attempt to syn-
thesize phosphor of compositions Ba2Mg(1−y)CayW0.5Mo0.5O6:Eu
(y = 0.0, 0.25, 0.50, 0.75, 1.0). Whereas from the XRD patterns shown
in Fig. 6 one can find that the result is not satisfied because the
Ba2MgW0.5Mo0.5O6 (BMXO) and Ba2CaW0.5Mo0.5O6 (BCXO) do not
form solid solution at desired ratios. This might due to the fact
that the ionic radii of Mg2+ and Ca2+ ions differ from each other
greatly: the ionic radius of the 6-folded Mg2+ was determined to
be 0.72 Å, while that of the Ca2+ is 1.00 Å [49], as a consequence,
the cell parameter of BMXO (a = 8.0614 Å, calculated from the XRD
pattern shown in Fig. 6) is obviously smaller than that of the BCXO
(a = 8.3517 Å). Accordingly, we  merely checked the PL properties
of compounds BMXO and BCXO. Fig. 7 indicated that the PL exci-
tation and emission spectra of the two compounds are similar to

each other in most respects. Both PL excitation spectra consist of
a strong excitation band of the host lattice and several very weak
Eu3+ characteristic excitation peaks. The PL emission spectra are
dominated respectively by the line-emission centered at 598.50
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ig. 6. XRD patterns of Ba2Mg(1−y)CayW0.5Mo0.5:Eu series and the JCPDS cards
f Ba2CaWO6 and Ba2MgWO6. Symbol * indicates the diffraction peaks due to
aW(Mo)O4 impurity.

nd 596.75 nm,  which are due to the 5D0 → 7F1 transition of Eu3+

ons. The red shift of the 5D0 → 7F1 emission might be rose from the
ariation of the chemical environmental from Ca2+ to Mg2+. Con-
equently, the chromatic coordinate (x, y) of the emission shifts
lightly from (0.634, 0.365) of BCXO to (0.641, 0.358) of BMXO.
he most significant difference of the two spectra is the PL inten-
ity. The integral intensity of BMXO is 9.64 × 106, which is stronger
han that of BCXO (2.32 × 106) by 4.15 times. From the viewpoint of
uminescence efficiency, the BMXO is superior to the BCXO. When
oticed the pure Ca-contained cubic phase is easier to obtain than
he Mg-contained cubic phase. As shown in Figs. 1 and 6, even the
eactants are sustained at high-temperature for 32 h, there is still
ome BaMoO4 and/or BaWO4 impure (indicated as * in Figs. 1 and 6)
xisted. This situation does not happen on the Ca-contained com-
ounds. Although it was reported that the pure cubic phase can be
ynthesized [47], it need more sustain time, which is not beneficial
o the energy-conservation.

As a red color-conversion phosphor for WLED, the candidate
s expected to absorb near-UV/blue light (wavelength ranging
rom 370 to 450 nm), and then to convert the excitation energy

nto red light emission. The existed red-emitting phosphors, such
s Y2O2S:Eu, show excellent red emission under UV excitation,
hile the excitation efficiency declines dramatically when the

ig. 7. PL excitation and PL emission of Ba2MgW0.5Mo0.5:Eu and Ba2CaW0.5Mo0.5:Eu.
Em and �Ex are the emission and excitation wavelength, respectively.
Fig. 8. Emission spectra of Ba2MgW0.4Mo0.6:Eu and commercial phosphor
Y2O2S:Eu3+. Both phosphors were under 380 nm excitation.

excitation light shifts from UV to near-UV region. Comparatively,
BMWO–BMMO  series have strong absorption in near-UV region.
The absorbed excitation energy can then be transferred from host
lattices to doped Eu3+ ions, resulting in orange–red emission. From
the spectra shown in Fig. 8 one can find that the near-UV excitation
efficiency of Ba2MgW0.4Mo0.6O6:Eu is significantly higher than that
of Y2O2S:Eu. The drawback of BMWO–BMMO  series is their emis-
sions, which are dominated by orange–red emission instead of red
emission.

4. Conclusions

The phase structure, color-conversion and photoluminescence
properties of two series of compounds Ba2AXO6:Eu, A = Mg,
X = W(1−x)Mox and A = Mg(1−y)Cay, X = W0.5Mo0.5 have been respec-
tively investigated. BMWO  and BMMO  can form solid solution
at any desired ratio, while BCXO and BMXO do not at all. As
Ba2CaW(1−x)MoxO6:Eu series, the Ba2MgW(1−x)MoxO6:Eu series
show excellent color-conversion capability. The energy trans-
fer from MoO6 groups to Eu3+ ions was considered to play a
decisive role in the color-conversion process. The substitution
of Mo  by W greatly benefits the energy transfer efficiency, and
therefore increases the luminescence intensity, but changes the
chromatic coordinate of the emission from red to orange–red. The
environment of the site Eu3+ ions occupied also affects the photolu-
minescence properties significantly and the luminescence intensity
can be greatly enhanced by replacing Ca with Mg.  BMWO–BMMO
phosphors are superior to the commercial red phosphor Y2O2S:Eu
in the PL intensity.
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