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Abstract Monodispersed spheres (1-4 pm in diameter) of
BaWO,:Eu" (hereafter BWO:Eu) red-phosphor exhibiting
intense emission at 615 nm were synthesized via a mild
hydrothermal method. X-ray diffraction, scanning electron
microscope, photoluminescence excitation and emission
spectra, and decay curve were used to characterize the
properties of BWO:Eu phosphors. An intense red emission
was obtained by exciting either into the °Lg state with
394 nm or the °D, state with 465 nm, that correspond to two
popular emission lines from near-UV and blue LED chips,
respectively. The values of €,, experimental intensity
parameters (13.8 x 1072 and 82 x 107 cm?) are
determined. The high-emission quantum efficiency of the
BWO:Eu phosphor suggests this material could be promising
red phosphors for generating white light in phosphor-
converted white light-emitting diodes.

Introduction

Recently, white light-emitting diodes (WLEDs) have
received much attention because of high luminous
efficiency, energy-saving, long life, and environmental
protection. Therefore, they called the next-generation solid-
state light and they can replace conventional incandescent
and fluorescent lamps [1]. There are several approaches to
make white LEDs. One approach is a blue LED chip (GaN)
coated by yellow phosphor (YAG:Ce) to produce white light
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[2, 3]. Another approach is a near-UV LED chip (InGaN)
with a combination of red/green/blue tricolor phosphors [4].
However, The commercial WLED for GaN-based YAG:Ce
phosphor has low color-rendering index and high color
temperature due to the spectral scarcity in red region. The
key to improve the color-rendering index is to enrich the red
emission of WLEDs. Thus, there is a great need to develop a
novel red-emitting phosphor. However, it is an attractive and
challenging research task to explore a novel efficient
red-emitting phosphor applied in near-UV LED.

The alkaline-earth metal tungstates MWO, (M = Ca*™,
Sr2+, Ba”) were reported to be efficient luminescent hosts
for rare earth elements [5-9]. BaWO, is an important
member of alkaline-earth metal tungstate families, which
has been generally considered as scheelite-structure com-
pounds. Many methodologies including flux method [10],
conventional solid-state reactions [11], precipitation tech-
nique [12], microwave hydrothermal method [13], and
reversed micelle template method [14] have been exten-
sively investigated to prepare pure BaWQ,, but still face
issues in efficient control over the morphology and particle
size that are crucial for high luminescence performance.
Wet chemistry via hydrothermal processes is advantageous
for homogeneous nucleation of microcrystals with defined
morphologies. However, to the best of our knowledge,
there has been no report on the research of BWO:Eu
microcrystal for potential application as a red phosphor in
WLEDs.

In this article, we prepared monodispersed spheres for
BWO:Eu phosphor with different Eu®" content by a
hydrothermal method. The substitution of Eu®" at Ba®"
site (S;) was determined based on excitation, emission
spectra, the luminescence decay curve, and crystal struc-
ture. The Judd—Oflet (JO) intensity of Eu’" in BWO:Eu
phosphor was investigated.
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Experimental
Preparation

The initial chemicals of Eu,O3 (with purity of 99.99%),
Ba(NOs),, Na,WO,4-2H,0, NaOH, HNOs;, and citric acid
(all with purity analytical reagent) were purchased from
shanghai chemical Industrial Co, and were used without
further purification. All BWO:Eu samples were prepared
by a facile hydrothermal process. First, Eu,O3; was dis-
solved in dilute nitric acid under heating, resulting in the
formation of a colorless stock solution of Eu(NOs); with
0.05 mol/L. In a typical synthesis, 15-mL Eu(NO;); solu-
tion was extracted from the above solution. Then 0.4573-g
Ba(NO3), and 0.2627-g citric acid as chelating agent for
the metal ions were added into the Eu(NO3); solution while
stirring. The molar ratio of citric acid to metal ions was 2:1.
Meanwhile 0.8246-g Na,WO,4-2H,0O was slowly added to
the mixed solution until a little white precipitate formed.
10 wt% of NaOH solution was introduced dropwise to the
vigorously stirring to pH 9 to form a little white precipitate.
After additional agitation for 2 h, the above solution of
white precipitate contained was transferred into a 50-mL
autoclave, sealed and heated to 180 °C for 12 h. It was then
cooled to room temperature naturally. The products were
collected by centrifugation, washed with distilled water and
ethanol for three times, dried in air at 100 °C for 4 h. The
other phosphors with different Eu®"-doped concentrations
were synthesized by the same procedure with correspond-
ing starting materials.

Characterization

The crystalline phase of samples was analyzed by an X-ray
diffractometer (PANalytical X’Pert Pro) using Cu Ko,
radiation (4 = 0.154187 nm). The morphology of the
samples was inspected using a scanning electronic micro-
scope (SEM Philips XL30). The photoluminescence (exci-
tation and emission) spectra and the luminescence decay
were recorded on an Edinburgh Instruments FLS920 spec-
trofluorimeter equipped with both continuous (450 W)
xenon and pulsed xenon (microsecond) lamps. The line
intensities of the excitation spectra were calibrated for the
wavelength dependence of the instrument response includ-
ing the intensity of the xenon lamp, the transmission effi-
ciency of monochromators, and the quantum efficiency of
detector. The line intensities of emission spectra were cali-
brated for the wavelength dependence of the instrument
response by the quantum efficiency of detector and the
transmission efficiency of monochromator. The line posi-
tions of the measured spectra were calibrated according to
standard mercury lamp. All measurements were performed
at room temperature.

Results and discussion
Powder XRD and SEM studies

The crystallinity and phase purity of the as-prepared samples
were examined with XRD. Figure 1 presents XRD patterns
of the BWO:Eu samples with different Eu**-doped con-
centrations. From Fig. 1, it can be seen that all diffraction
peaks matched well the standard data of scheelite phase
BaWO, (JCPDS card NO: 72-0746), and that no traces of
additional peaks from other phases were observed. There-
fore, every as-prepared sample was a single-phase BaWO,
with the scheelite structure. It is shown in Fig. 1 that the
peaks of the XRD patterns become weak and slightly broad
with increasing Eu®" concentration. It is indicated that the
crystal size is gradually reduced with increasing Eu®* con-
centration. SEM images (Fig. 2) for BWO:Eu phosphors
with different Eu®>" concentration (1, 5, 10, 12, 15, and
17 at.%) showed the morphologies were spherical and the
average sizes of particles are 4.5, 4.2, 2.8, 2.7, 2.2, and
0.8 pum in diameter without aggregating, respectively. The
average sizes of BWO:Eu phosphors gradually decrease
with increasing Eu®" concentration. The results of SEM
agree with those of XRD.

To validate the actual Eu>" concentration in as-prepared
BWO:Eu phosphors, the chemical analyses of the as-pre-
pared samples were performed by a Shimadzu 8705QH,
electron probe X-ray microanalyser (EPMA) and an
Oxford Instruments INCA energy dispersive spectrometer
(EDS). In the EDS spectra, the signals of europium (Eu),
barium (Ba), tungsten (W), and oxygen (O) suggest the
presence of corresponding element for all the samples (see
Fig. 2). The approximate surface composition extracted
from the EDS analysis gives a Eu/Ba/W atomic ratio of
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Fig. 1 (Color online) XRD patterns for BWO:Eu sample with

different Eu’*-doped concentrations. The standard data for schee-
lite-type BWO (JCPDS No.72-0746) is also presented in the figure
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Fig. 2 SEM images of the BWO:Eu phosphors with different
Eu3+-doped concentrations. a 1 at.%, b 5 at.%, ¢ 10 at.%, d 12 at.%,
e 15 at.%, £ 17 at.%, and EDS spectrum for the BWO:Eu phosphor

0.145:0.855:1, which is very close to that of the starting
material (15 at.% BWO:Eu). Moreover, the analytical
results of BWO:Eu phosphors with different Eu®"-doped
concentrations are also close to those of the starting
material. Therefore, the doping concentrations of Eu®" in
the starting materials are adopted as the actual concentra-
tion of Eu’"-doped BaWO, phosphors. The signal of
sodium (Na) was not detected in all the samples. Thus, the
charge compensation mechanism of BaWO,:Eu’" phos-
phors may be that three Ba®" ions are replaced by two
Eu’" ions and one vacancy, 3Ba’*t = 2Eu3++VBa (where
Vg, is a Ba site vacancy).

Photoluminescence studies
Figure 3 shows the excitation spectrum of 15 at.%
BWO:Eu phosphor by monitoring the emission at 615 nm

which corresponds to the °Dy — ’F, transition. The broad
band centered at 261 nm is due to the combination of
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Fig. 3 Excitation spectrum of 15 at.% BWO:Eu sample, monitoring
the Eu®" emission at 615 nm

charge transfer transitions from O-Eu®* and O-W group
[15]. In addition, the sharp f-f transitions of Eu’t
("Fo = °Do1234s "Le7, “H3) [15] are clearly marked in
Fig. 3. Among these excitation transitions, 'Fq — °Lg
(394 nm) and 'F, — D, (464 nm) lines [15] are the most
intense ones, which are located at the emission wavelength
of near-UV (380—410 nm) and blue (~460 nm) LEDs.
Therefore, BWO:Eu phosphors can be effectively excited
by radiations of wavelength in near-UV and blue regions,
and then emits bright red light.

Figure 4 displays the emission spectrum of 15 at.%
BWO:Eu phosphor under the excitation wavelengths of
irradiation 394 and 465 nm at room temperature. The emis-
sion peaks are similar for different excitation wavelength.
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Fig. 4 (Color online) Emission spectrum of 15 at.% BWO:Eu
sample under 394 and 465 nm excitation. The insets are color photos
of BWO:Eu. Phosphor was excited with a Xenon lamp at 394 nm.
To eliminate the influence of excitation, a 495-nm long pass glass
filter was used to take this photo
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However, it can be seen from Fig. 4 that the red emission
intensity excited at near-UV radiation (394 nm) is greater
than that of excited at blue region 465 nm. The forced
electric-dipole transition of Eu®" ions °Dy — "F,) gives a
set of red emission peaks at 606, 612, and 615 nm. It is worth
mentioning that the most intensive emission peak at 615 nm
is narrow with a full width at half-maximum (fwhm) less than
5 nm, indicating that Eu>" ion may be incorporated in the
BWO matrix. The °Dy — 'F; (591 nm) transition is the
parity-allowed magnetic dipole (MD) transition, which is
insensitive to the chemical surroundings of the luminescent
center and its symmetry. For instance, the Dy — 'F, forced
electronic-dipole (ED) transition becomes the strongest one
when Eu’" ions are situated at low symmetries with no
inversion center, while the SDO — 7F] MD transition is
dominant when they are situated at high symmetries with
inversion center. Therefore, the intensity ratio (R/O) of the
transitions SDO — 7F2 to 5DO - 7F1 is a good probe for the
symmetry of Eu’" site. The red emission intensity (R) of
5DO - 7F2 transition is much higher than the orange one (O)
of Dy — ’F;, and the R/O value calculated for 15 at.%
BWO:Eu phosphor is 6.85. In addition, BaWO, crystallizes
into a scheelite-like tetragonal structure with space group
Cup, in which Ba?" is coordinated with eight oxygen atoms
and has a S, point symmetry with no inversion center. These
considerations make us to assume that Eu*™ may be doped
into the Ba®" sites of the samples, in agreement with the ionic
radii difference because the ionic radii of 1.07 A for Eu** is
smaller than that of 1.42 A for Ba>*, but much larger than
that of 042 A for W®' in 4-fold coordination. The
Dy — 'F, transition shows only one peak for BWO:Eu
phosphor (Fig. 4), suggesting the existence of one site
symmetry for the Eu>" ion chemical environment. The
results are also in agreement with the single exponential
behavior in the luminescence decay curve of the emitting *Dy,
level in aftermentioned discussion.

By changing the content of Eu®" ion in BWO phosphor,
the optimum compositions were determined by the highest
emission intensity. In all emission spectra, the peak posi-
tions and peak width did not change with the change of
Eu’" content. It implies that the Eu*" ions can be effec-
tively incorporated BWO matrix with increasing Eu®"
content. But for the emission intensities, they changed with
the Eu®" content. Figure 5 shows the dependence of the red
emission intensity of Eu>™ (°Dy — "F,) on Eu’" content.
From Fig. 5, it is evidently seen that the emission intensity
increases with increasing Eu’" content till reaching a
maximum value at 15 at.%, and then decreases with
increasing its content over 15 at.% due to the concentration
quenching effect.

Furthermore, to better understand the effect of chemical
environment on the luminescence properties of Eu>", the JO
intensity parameters €2, 4 of Eu*" in BWO phosphor can be
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Fig. 5 The photoluminescence emission intensity (integrated inten-
sity of 5Dy — 'F,) of Eu** ions as a function its doping concentration
in BWO host

calculated directly using the method proposed by Krupke
[16]. This method makes use of the fact that the intensities of
the SDO - 7F2, and 5D0 - 7F4 transitions are solely
dependent on the Q, and Q, parameters, respectively.
Because the radiative transition rate is proportional to the
integrated intensity of the transition band in the emission
spectrum (i.e., A (j_1) o [l 7(2) d4), the radiative transition
rate of °Dy — 'F; (J = 0, 2-4) can be estimated according
to the ratio of the integrated intensity of Dy — 'F; to these
transitions. The calculated radiative transition rate of
D, — 'F, is used as a reference to scale the absolute ED
transition rates of °Dy — 'F; (J = 2, 4) by [16]

AMD(J — J/)
B 64nte*n’ ( eh

2
2
=y 17 ) (O IONE

where n is the index of refraction for the phosphors, for
BWO crystal, an average index of refractive equal to 1.84
is used [17]; 2 is the mean wavelength of the emission
band; [(®J||J + 2S||®@'J’)| are the reduced matrix elements
(RMEs) of the MD operator [18]. Once the ED radiative
transition rates of 5DO - 7FJ (J = 2, 4) are determined, the
JO intensity parameters 2,4 can be calculated using the
following formula [16]

App(J = J')
_ 64nte’  n(n’+ 2)?
s+ 17 9

2

Q ()

(sl|u @)

1=2,4,6

The square reduced matrix elements |(®J||U®||®'J") |2 are
obtained from those values of Eu3+:LaF3 [18] because they
are insensitive to the host. According to the emission
spectra, the JO intensity parameters €2, 4 were determined

@ Springer



1188

J Mater Sci (2011) 46:1184-1189

Table 1 Luminescence parameters for the BWO:Eu phosphor and Eu-doped tungstates at room temperature

Phosphors Awd ) Awa D A sT) 2310%m® @, (107%%m* 7 (ms) 5 (%)  References
BWO:Eu 1186 377 1563 13.8 8.2 0.64 76 a
CaWOy4:Eu 950 82 1032 / / 0.97 92 [5]
La,(WOy)3:Eu 1024 481 1505 25.8 13.1 0.66 68 [15]

? The date from this study

to be 13.8, 8.2 for Eu®" in units of 107*° cm?. The Q¢
intensity parameter was not included in this calculation
because the transition of SDO — 7F6 proved to be too weak
to observe in our experimental setup. It can be inferred
from the known minimum detectable power of the system
that 26 must be less than 2.5 x 1072" cm?. Table 1 com-
pares the JO parameters of Eu’" in different tungstate
hosts. The very small Q¢ of BWO:Eu, similar to that of
Lay(WOy);, is presumably ascribed to the relatively small
fifth- and seventh-order crystal field (CF) components [16,
19]. The variation of €2,, reflected by the hypersensitivity
of the SDO - 7F2 transition, can be related to a variation in
the covalency of the Eu—O bond as well as in the structural
environment around Eu®" ions [20]. The values of Q, for
Eu®" in Lay(WO,);:Eu matrix are nearly twice as that of
BWO:Eu microcrystal, since Eu®" in Lay(WO,)s:Eu pos-
sesses a low symmetry of C,,, site, while Eu®" in BWO:Eu
microcrystal possesses a high symmetry of S, site. How-
ever, the value of 2, for Eu** in BWO:Eu microcrystal is
greater than that of the [Eu(H,0)¢](ClO4); complex in the
Oy, symmetry (2, = 1.1 x 1072 sz) [21]. Therefore, the
relatively large value of Q, for Eu*" in BWO:Eu micro-
crystal may suggest an enhanced covalency or shorter bond
length between Eu’" and oxide anions and a relatively low
site symmetry of Eu®".

Further, the emission quantum efficiency (17) of the °Dy
excited state of Eu*" ions in BWO phosphor is determined
on the basis of the emission spectra and lifetime of the °D,
emitting level. The luminescence lifetime (7;) is recorded at
room temperature for the °D, excited state of the Eu®" ions
in BWO:Eu phosphor. The representative luminescence
decay curve of 15 at.% BWO:Eu phosphor is shown in
Fig. 6. The decay curve for Dy — 'F, (615 nm) of Eu’™
ions can be well fitted into a single-exponential function as
I =Aexp(—t/t) (v and A are the luminescence lifetime
and the fitting parameters), and fitting results are shown in
Fig. 6. The lifetime for °D, energy level of Eu®" ions is
about 0.64 ms. The lifetime of 15 at.% BWO:Eu phosphor
is longer than that of 0.41 ms reported for ZnWO,:Eu
nanocrystals [22], but a slightly longer than that of 0.54 ms
for BaMoO,4:Eu materials [23]. The nonradiative (Ag;aq),
radiative (A,.q) rates and the emission quantum efficiency
of the emitting Dy excited state (1) are related through the
following equation [24]:
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Fig. 6 (Color online) Luminescence decay of °D, state of 15 at.%
BWO:Eu (excitation wavelength 394 nm, monitoring the Eu®"
emission at 615 nm)

1
Alot = T_l = Arad + Anrad (3)

Arad
Arad + Anrad

n= (4)
where the A,,q rate obtained by summing over the radiative
rates Ay, for each 5DO - 7FJ transition is given byA;,q =
> Aos = Avp + Agp.

The luminescence quantum efficiency can be calculated
from the luminescence lifetime, radiative rate. The lumi-
nescence parameters were shown in Table 1. From
Table 1, the luminescent quantum efficiency of 15 at.%
BWO:Eu (76%) is higher than 68% of 5 at.% Lay(WO,)3:
Eu [15] prepared by Pechini method, but still lower than
92% of 4.9 at.% CaWO4Eu nanocrystal fabricated by
hydrothermal process [5] and nearly 100% of commercial
phosphor for Y,0O3:Eu [25]. The high quantum efficiency
suggests that BWO:Eu microcrystal can be a promising red
phosphor for application in LEDs.

Conclusions

In summary, the monodispersed and spherical BWO:Eu
microphosphors were synthesized by a mild hydrothermal
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method at 180 °C for 12 h. The presence of only one peak
assigned to the Dy — F, transition and a single-expo-
nential fit from the luminescence decay curve of the
emitting °D, level, indicate the existence of only one
symmetry site around the Eu®" jon in this system.
The emission spectra show strong red emission at 615 nm
corresponding to the Dy — 'F, transition of BWO:Eu
phosphors under near-UV excitation (394 nm). The
optimum concentration for Eu>" was determined to be
about 15 at.% in BWO:Eu phosphors. Therefore, the high
emission intensity, high quantum efficiency and easy
preparation of this system make them potential application
as red emitting phosphor in LEDs.
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