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Abstract A homogeneous Eu2W2O9 phase with small
grains (∼4.0μm) was formed for the specimens fired below
1175°C. As the firing temperature was increased above
1150°C, grain growth occurred and the grain shape changed
from faceted to round. The excitation spectra of the
Eu2W2O9 phosphor were similar to those of the Eu2(WO4)3
phosphor, but the absorption band due to the O2−→W6+

ligand to metal charge transfer was shifted to lower energies
and the 7Fo→

5H3 and 7Fo→
5F2,4 transitions were not

found. The intensity of the excitation and emission spectra
of the Eu2W2O9 phosphor considerably increased with
increasing firing temperature, due to the increased grain
size and changed grain shape. The intensity of the red
emission band of the Eu2W2O9 phosphor was higher than
that of the Eu2(WO4)3 phosphor. Moreover, the addition of
LiCl to the Eu2W2O9 phosphors considerably enhanced the
intensity of their emission spectra, probably due to the
increased grain size. Therefore, LiCl-added, Eu2W2O9

phosphor is a promising candidate material for red color
emission.
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1 Introduction

Recently, white light based on the ultraviolet light-emitting
diode (UV-LED) combined with phosphors has been
intensively investigated [1]. A blue LED with the YAG:
Ce3+ phosphor was produced by the Nichia Co. [2].
However, this system showed a poor color rendering index
(CRI) caused by the lack of red color and a halo effect due
to the separation of the blue and yellow colors [3]. High
quality white light can be obtained by using a UV-LED
with red, green and blue phosphors [4, 5]. However, it is
very difficult to make a red phosphor with a high intensity
which is excited in the wavelength range of 380∼410nm.
Many investigations have been conducted to produce red
phosphors, such as Sr2P2O7:Eu

2+, Mn2+ and (Y1.9Eu0.1)O3

[6, 7]. However, their intensity was very low compared
with that of the blue and green phosphors, making it
difficult to generate white light with high performance.
Solid solutions containing Eu3+ ions such as CsEuW2O8

and AgEuW2O8 have been studied for red emission
phosphors, because the Eu3+ ion has an absorption band
at around 395nm with a red emission and concentration
quenching was not observed in these solid solutions [8–10].
The luminescent properties of Na9(EuW10O36)·14H2O
polyoxometalate and [EuW10O36]

9− were also investigated
[11–13]. In particular, the promising luminance properties
exhibited by Eu2(WO4)3 phosphor have led it to be well
investigated [14, 15]. In contrast, the Eu2W2O9 phosphor
has attracted very little systematic investigation.

In this work, the variations of the microstructure and
luminescent properties of the Eu2W2O9 phosphor according
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to various process conditions were systematically investi-
gated and compared with those of the Eu2(WO4)3 phosphor.
In addition, LiCl was added to enhance the intensity of the
red emission of the Eu2W2O9 phosphor.

2 Experimental details

Eu2O3 (99.99%, Aldrich), WO3 (99.99%, Aldrich), and
LiCl (99.99%, Aldrich) were used as starting materials to
prepare the Eu2W2O9, Eu2(WO4)3 and LiCl-added
Eu2W2O9 phosphors. They were mixed and ground for 2 h
in an agate mortar using acetone and then dried. The dried
powders were fired at 1000∼1200°C for 2 h in alumina
crucibles. The structural properties of the specimens were
examined by X-ray diffraction (XRD: Rigaku D/max-RC)
and scanning electron microscopy (SEM: Hitachi S-4300,
Japan). The photo-luminescence (PL) excitation and
emission spectra were obtained using an Aminco–Bowman
luminescence spectrometer with a xenon-lamp as a light
source. To obtain a qualitative comparison between the
emission and excitation intensities of the different spectra,
measurements were conducted consecutively and all the
experimental conditions such as the optical set up,
focalization point and illuminated cross-section, the sample
holder and emission and excitation slit width (0.4 mm),
were kept constant. Moreover, approximately the same
amount of sample was used for the measurements in each
case. In addition, for the precise measurement of the
emission and excitation spectra, an instrumental correction
was made for the detection/optical response and spectral

distribution of the lamp. In particular, the correction for
the spectral distribution of the lamp was carried out by
measuring the bare intensity of the light source using a
reference detector. For the excitation spectra measure-
ments, the emission was monitored at the wavelength of
the maximum intensity in the emission spectra and the
excitation wavelength was scanned from 250 to 500 nm.
The excitation wavelength of the maximum intensity was
fixed during the emission spectra measurements. For the
measurement of the radiant efficiency of the phosphors, a
bullet type LED lamp consisting of a UV-LED chip (l =
405 nm, Itswell Co. Korea) and transparent Si resin, was
fabricated. The radiant efficiency and Commission Inter-
national de l’Eclairage (CIE, France, 1931) chromaticity
coordinates of the phosphors were measured by a spec-
trometer (Lapsphere, CDS1100) with a 10-in. diameter
integrated sphere.

3 Results and discussion

Figure 1 shows the XRD patterns of the Eu2W2O9

phosphors fired at various temperatures. For the specimens
fired between 1125°C and 1175°C, a homogeneous
monoclinic Eu2W2O9 phase with the P21/c space group
was formed. As the firing temperature was increased above
1175°C, peaks for the Eu2(WO4)3 second phase, indicated
by the arrows, appeared and the specimens started to melt
when the firing temperature exceeded 1250°C. Since the
Eu2O3 evaporated at a temperature close to the melting
temperature of Eu2W2O9 and no second phase related to the

Fig. 1 XRD patterns of the
Eu2W2O9 phosphor fired at
various temperatures: (a) 1125°C,
(b) 1150°C, (c) 1175°C and
(d) 1200°C
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tungsten oxide was observed in this specimen, the
formation of the Eu2(WO4)3 second phase may have been
caused by the evaporation of the Eu2O3 during the firing at
1200°C.

The microstructure of the Eu2W2O9 specimens fired at
various temperatures was investigated using SEM, as
shown in Fig. 2(a)–(d). For the specimens fired below
1175°C, faceted small grains with an average grain size of
∼4.0 μm were formed, as shown in Fig. 2(a) and (b). Grain
growth occurred as the firing temperature was increased
above 1150°C and some of the grains indicated by arrows

had a large grain size of ∼20 μm. Furthermore, the shape of
the grain started to change from faceted to round at 1175°C
and round-shaped grains were formed in the specimen fired
at 1200°C.

The excitation spectra of the Eu2W2O9 phosphors fired
at various temperatures were obtained in the spectral ranges
from 250 to 500 nm under emission at 614 nm, as shown in
Fig. 3(a). The intensity of all of the peaks increased with
increasing firing temperature, probably due to the increased
grain size. Furthermore, the change in the grain shape from
faceted to round was also considered to have contributed to

Fig. 2 SEM images of the
Eu2W2O9 phosphors fired at
various temperatures: (a) 1125°C,
(b) 1150°C, (c) 1175°C and
(d) 1200°C
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the increased PL intensity, because the efficiency of the
absorption increased for the round-shaped particles. The
excitation spectra of the Eu2(WO4)3 phosphors were also
obtained and compared with those of Eu2W2O9, as shown
in Fig. 3(b). The excitation spectra of two specimens were
similar, consisting of two sharp lines at 395 and 465 nm
corresponding to the 7Fo→

5L6 and
7Fo→

5D2 transitions of
the Eu3+ ion, respectively. However, the 7Fo→

5H3 and
7Fo→

5F2,4 transitions, which were found in the Eu2(WO4)3
phosphor, were not observed in the Eu2W2O9 phosphor,
probably due to the different crystal structure. The broad
peak at around 260∼310 nm, which was observed in the

Eu2(WO4)3 phosphor due to O2−→W6+ ligand to metal
charge transfer (LMCT), was not found in the Eu2W2O9

specimen, but a broad peak was observed at around
300∼425 nm. The P21/c space group of the E2W2O9 phase
contains a WO6 unit, and the Eu2(WO4)3 phase with the
C2/c space group has a WO4 unit. G. Blasse suggested that
the absorption transition due to O2−→W6+ LMCT is shifted
to lower energies with increasing number of ligands [16].
Therefore, the broad peak at around 300∼425 nm in the
Eu2W2O9 phase was considered to be due to the O2−→W6+

LMCT of the WO6 unit. Furthermore, since the O2−→Eu3+

LMCT occurred at around 310 nm, this broad peak at
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Fig. 4 Emission spectra of (a) Eu2W2O9 phosphors fired at various temperatures and of (b) Eu2W2O9 and Eu2(WO4)3 phosphors fired at 1200°C
and 1075°C, respectively. (lex=395 nm)

Fig. 5 SEM images of
Eu2W2O9+x mol% LiCl
phosphors fired at 1200°C:
(a) x=0.0, (b) x=3.0 and (c)
x=10.0
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around 300∼425 nm was attributed to both the O2−→W6+

and O2−→Eu3+ LMCT transitions. In addition, the contri-
bution of the LMCT band absorption to the excitation
spectra was lower than that of the absorption lines of the
Eu3+ ion, indicating that the energy absorption at 395 nm
was almost via the intra-4f6 levels of the Eu3+ ion, rather
than the sensitization via LMCT. This line absorption of the
Eu3+ ion and very small contribution of the LMCT band
can limit the efficiency of this phosphor under low
excitation energy (l = 395 nm).

The emission spectra of the Eu2W2O9 phosphors fired at
various temperatures were obtained under excitation at

395 nm, as shown in Fig. 4(a). The intensity of the emission
peak increased with increasing firing temperature, probably
due to the increased grain size and rounded grain shape.
The emission spectra of the Eu2(WO4)3 phosphor were also
measured and the comparison with those of the Eu2W2O9

specimens revealed them to be very similar, with five bands
assigned to the 5Do→

7FJ (J = 0,1,2,3,4) transitions, as
shown in Fig. 4(b). However, the intensity of the emission
of the 5Do→

7F0 transition for the Eu2(WO4)3 phosphor was
very weak compared with that of the Eu2W2O9 phosphor.
Furthermore, two emission peaks were observed for the
5Do→

7F1 transition in the case of the Eu2W2O9 phosphor,

Fig. 6 XRD patterns of
Eu2W2O9+x mol% LiCl phos-
phors fired at 1200°C: (a) x=
1.0, (b) x=3.0, (c) x=5.0, (d) x=
7.0 and (e) x=10.0
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but only one for the Eu2(WO4)3 phosphor. These differ-
ences could be explained by the difference in the crystal
field due to the different crystal structure. In addition, the
intensity of the 5Do→

7F2 transition peak at around 614 nm
was higher for the Eu2W2O9 phosphor than for the
Eu2(WO4)3 phosphor.

LiCl additive, which has a low melting temperature of
605°C, was used to assist the formation of the Eu2W2O9

phase and grain growth, because the intensity of the
emission peaks of the Eu2W2O9 phase increased with
increasing grain size. Figure 5(a)–(c) show the SEM images
of the Eu2W2O9 + xmol% LiCl specimens with 0.0 ≤ x ≤
10.0 fired at 1200°C. The average grain size increased
significantly with increasing LiCl content, reaching approx-
imately 25∼30 μm in the 10.0 mol% LiCl-added specimen.
This increase in the grain size was explained by the
presence of the liquid phase in the 10.0 mol% LiCl-added
specimen, as indicated by the arrows in Fig. 5(c). According
to the phase diagram, Li2O and WO3 have a eutectic point
at 665°C, indicating that the liquid phase could be a Li2O–
WO3 related phase. [17]

Figure 6 shows the XRD patterns of the Eu2W2O9 +
xmol% LiCl phosphors with 1.0 ≤ x ≤ 10.0. All the
specimens had the Eu2W2O9 phase. However, the amount
of the Eu2(WO4)3 second phase found in the Eu2W2O9

specimen fired at 1200°C decreased with increasing LiCl
content and disappeared at x > 3.0 mol%. Moreover, peaks
for the Eu2WO6 and β-Li4WO5 second phases, indicated by
the asterisks and full circle, respectively, appeared when the
LiCl content exceeded 5.0 mol%. Since some of the Eu2O3

evaporated during the firing at 1200°C, Li2O was con-
sidered to have reacted with the tungsten oxide forming
the Li2O–WO3 related liquid phase and the Eu2W2O9

phase changed to the Eu2WO6 second phase instead of
Eu2(WO4)3. Furthermore, β-Li4WO5 phase was considered
to be formed from the liquid phase during cooling.

Figure 7(a) and (b) show the excitation and emission
spectra of the Eu2W2O9 + xmol% LiCl phosphors with
0.0 ≤ x ≤ 20.0. The shape of the excitation and emission
spectra did not change, but their intensity significantly
increased with increasing LiCl content up to 10.0 mol%.
However, their intensity subsequently decreased, possibly
due to the increased amount of second and liquid phases.

In order to evaluate its quantitative luminescent proper-
ties and demonstrate the possibility of using it as a red
phosphor for UV-LEDs, the Eu2W2O9 + 10.0 mol% LiCl
phosphor powder was packaged in a UV-LED chip. The
radiant efficiency of this phosphor, which is defined as the
ratio of the emitted luminescent power to the absorbed
power, was measured and the results are summarized in
Table 1. The radiant efficiency increased with increasing
amount of the phosphor, but not significantly, remaining
approximately 22%. Generally, the radiant efficiency of a

Table 1 Radiant efficiencies of the UV-LED lamps which consisted
of the Eu2W2O9+10.0 mol% LiCl phosphor and Si resin.

Phosphor:
Si

405 nm output
(Pc) from the
LED chip (mW)

614 nm output
(Pp) from the
phosphor (mW)

Radiant
efficiency
(Pp/(Pb−Pc))

5:95 9.59 0.15 0.21
10:90 8.97 0.29 0.22
15:85 8.72 0.37 0.23

Original power of bare LED chip (Pb): 10.3 mW
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phosphor is lower than the quantum efficiency, due to the
energy loss in the device. However, the radiant efficiency of
the 10.0mol% LiCl added Eu2W2O9 phosphor (22%) is
higher than the quantum efficiency of the Eu2(WO4)3
phosphor [14]. Therefore, the 10.0mol% LiCl added
Eu2W2O9 has the potential to be used as a red phosphor.

Figure 8 shows the CIE chromaticity coordinates of the
PL of the Eu2W2O9+10.0 mol% LiCl phosphor. They are x=
0.65 and y=0.33, indicating that the chromaticity coordinates
of this phosphor are very good for a red phosphor and are
comparable to those of the K5Eu2(WO4)5.5 (x=0.63, y=0.35)
and Y2O2S:Eu (x=0.64, y=0.34) phosphors [18].

4 Conclusions

A homogeneous Eu2W2O9 phase with small grains
(∼4.0 μm) was formed for the phosphors fired below
1175°C. As the firing temperature was increased above
1150°C, grain growth occurred and the grain shape changed
from faceted to round. Eu2(WO4)3 second phase was
observed in the specimen fired at 1200°C due to the
evaporation of Eu2O3 during the firing. The intensity of the
excitation and emission spectra of the Eu2W2O9 phosphor
considerably increased with increasing firing temperature,
probably due to the increased grain size and changed grain
shape. The intensity of the red emission peak at around
614 nm was higher for the Eu2W2O9 phosphor than for the
Eu2(WO4)3 phosphor. To enhance the intensity of the red
emission of the Eu2W2O9 phosphor by increasing the grain
size of the powders, LiCl was added. The addition of LiCl
did not alter the shape of the excitation and emission
spectra, but their intensity was considerably increased due
to the increased grain size. Therefore, LiCl-added Eu2W2O9

phosphor can be a promising candidate material for red
color emission.
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