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Abstract LiEul_]C(Wz_yMoy)Og:xBi3+ series red-emit-
ting phosphors were synthesized by solid state reaction. The
structure, morphology, and photoluminescent properties of
phosphors were studied by X-ray powder diffraction, scan-
ning electron microscopy, and photoluminescence spectrum,
respectively. X-ray powder diffraction analysis showed that
the as-obtained phosphors belong to the scheelite structure.
The average particle size of the investigated phosphor was
about 8 um. The excitation spectrum exhibits a charge-
transfer broad band along with some sharp peaks from the
typical 4f—4f transitions of Eu*". Under excitation of UV,
near-UV, or blue light, these phosphors showed strong red
emission at 615 nm due to Dy—F, transition of Eu®>". The
incorporation of Mo®" into LiEuW,Og:Bi*" could induce
red-shift of the charge-transfer broad band and a remarkable
increase of photoluminescence. The highest red-emission
intensity was observed with LiEuolgoMonS:O.ZOBi”.
Compared with the commercial red-emitting phosphor,
YZOZS:Eu3+, the emission intensity of LiEujgoMo0,0sg:
0.20Bi*>" phosphor is much stronger than that of Y,0,S:
Eu’" and its chromaticity coordinates are closer to the
standard values than that of the commercial phosphor. The
optical properties of LiEu()Ag()M0208:O.20B13 * phosphor
make it attractive for the application in white-light-emitting
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diodes (LEDs), in particular for near-UV InGaN-based
white-LEDs.

Introduction

The discovery of the InGaN blue light-emitting diodes
(LEDs) chip opened the exciting and challenging research
on phosphor-converted-white-LEDs (pc-white-LEDs) as a
novel generation of solid-state lighting (SSL) devices [1-3].
The pc-white-LEDs is fabricated by forming a phosphor
layer on the output surface of a near-UV or blue-emitting
semiconductor chip. In this device, GaN or InGaN chips
which emit near-UV light of 370—410 nm or blue light of
450-470 nm are adopted as a primary light source. The
eventual performance of pc-white-LEDs’ devices strongly
depends on the luminescence properties of the phosphors
used. The current red-emitting phosphor materials used for
pe-white-LEDs include Y,0,S:Eu*t [4], Eu*-activated
sulfides (e.g., CaS:Eu*" [5, 6]), Mg403 sFGeO,:Mn** [7],
and Eu”"- or Ce**-doped (oxy)nitrides (e.g., CaAlSiN5:
Eu?" [8] and CaSiN,:Ce*" [9]). Unfortunately, the fluo-
rescent efficiency of Y,0,S:Eu®" is about eight times lower
than that of ZnS:Cu™, A" green and BaMgAllOO”:Eu2+
blue-emitting phosphors [4], and its lifetime is inadequate
under extended UV irradiation [10]. Eu?*-activated sulfides
red-emitting phosphors are chemically unstable and not
desirable in efficiency due to releasing of sulfide gas [5, 6].
In addition, sulfide-based phosphors show luminescence
saturation with an increasing applied current when incor-
porated into pc-white-LEDs’ devices [11]. Mg405 sFGeO,:
Mn*" phosphor has wide absorption band, but its main
emission peak is at about 660 nm which is insensitive to the
human eye [7]. As for (oxy)nitride-based red-emitting
phosphors, high firing temperatures and high nitrogen
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pressures are required for their synthesis [8, 9, 12-14],
which result in higher production cost. To overcome the
above-mentioned drawbacks, there are extensive efforts
worldwide to develop new red-emitting phosphors for
pc-white-LEDs’ applications, as well as to optimize the
existing systems [14—18].

In general, a suitable red-emitting phosphor for
pc-white-LEDs should meet the following necessary con-
ditions: the host is stable, the phosphor exhibits strong and
broad absorption to output wavelength of LEDs chips
(370-470 nm), and the phosphor shows strong red emis-
sion [19]. In addition, the full width at half maximum of the
emission band should be as small as possible to achieve
high luminous output [2]. To obtain a novel red-emitting
phosphor with proper Commission Internationale de
L’Eclairage (CIE) chromaticity coordinates, it is without
doubt that Eu**-containing compound is the preferable
choice because Eu’" usually shows red emission via
Dy — ’F, transition at about 615 nm.

Double tungstates and molybdates own excellent thermal
and hydrolytic stability and are suitable as host for optical
materials [20-24]. As a member of this family, europium-
based double tungstate, LiIEuW,Og is a kind of good stoi-
chiometric host-luminescent material with almost no
concentration quenching effect [24]. More recently, the
development of SSL has lead to a rebirth of interest in this
compound for use as phosphor [23, 25, 26], because it gives
strong fluorescent under a wide range of excitation wave-
lengths and of high yield. But high concentration of Eu®" in
this compound results in higher production cost, which
limits its application in lighting devices. Therefore, it is
important to decrease the content of Eu’" in LiIEuW,Og
without reducing its emission efficiency. Moreover, to our
best knowledge, less information is available concerning the
enhancement of red luminescence in LiEuW,Og. In this
article, first, in an effort to obtain excellent luminescent
powders at lower production cost, Bi*™ and Mo®" co-doped
LiEuW,0g was prepared by solid-state method. Then, the
effects of Mo®" content on the structure and luminescent
properties of LiEu(W,Mo),0¢:Bi® " were investigated. The
enhanced photoluminescence of LiEuW,Og:Bi*" by the
substitution of Mo®" for W®" was observed. Finally, the
luminescent properties of the composition-optimized
material were evaluated by comparison with those of the
commercial red-emitting Y,0,S:Eu*t phosphor used in
white-LEDs.

Experimental

LiEu;_(W,_,Mo,)Og:xBi*" (x = 0-0.30,y = 0-2.0) phos-
phors were prepared through a typical high temperature
solid-state reaction in air. The stoichiometric amount of

reactants, Li,CO3; (99.9%), WO3 (99.9%), MoO; (99.9%),
Eu,03 (99.99%), and Bi(NOs3)3-5H,O (99.0%) were thor-
oughly mixed by grinding in an agate mortar and pestle. A
small amount of acetone was added during the grindings to
obtain homogenous mixtures. The samples were fired at
550 °C for 2 h in a muffle furnace, and then calcined at
800 °C for another 6 h. Finally, the samples are ground into
powder for characterizations.

The obtained powder samples were characterized by the
powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), and photoluminescence spectrum (PL).
The XRD was carried out with a Japan Rigaku D-max 2500
diffractometer, using Ni-filtered Cu K, radiation. A scan
rate of 0.02°/s was applied to record the patterns in the 26
range 10-90°. The particle morphology of the as-synthe-
sized powder was observed by a scanning electron micro-
scope (Hitachi S-3400N Scanning Electron Microscope).
The excitation and emission spectra of powders were
recorded using fluorescence spectrofluorometer (Varain
Cary-Eclipse). All the measurements were performed at
room temperature.

Results and discussion

Bi*"-doped LiEuW,Og phosphors were successfully syn-
thesized by the solid-state reaction method. The powder
XRD patterns of LiEu;_ W,0g:xBi*™ (x = 0-0.30, in
steps of 0.025) samples were measured. As examples, the
patterns of the phosphors with x = 0, 0.05, 0.10, 0.20, and
0.30 are shown in Fig. 1. Curve (a) is very consistent with
the JCPDS 48-0886 [NaY(WOQ,),], showing that the sam-
ple has a single phase with the scheelite structure. The
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Fig. 1 Powder X-ray diffraction patterns of LiEu;_,W,Og:xBi’"

with x =0 (a), x =0.05 (b), x=0.10 (¢), x =0.20 (d), and
x = 0.30 (e)
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other four curves are very similar to curve (a), which
means that they are isostructure with LiEu(WQ,), phase,
and Bi®" occupies the same site as Eu>" in the host. The d
values are slightly different when varying Bi** content: it
may be due to the fact that the Bi*" ion radius (131 pm,
eightfold coordination) is a little bigger than that of
Eu’t (121 pm, eightfold coordination), which results in a
Bi* -0 distance being larger than the Eu® -0 distance, so
the d values are different. When Bi** doping concentration
is in excess of 10 mol% (i.e., x > 0.10), Bi,WOg purity
phase appeared and its diffraction intensity increased with
increasing of Bi*" doping concentration.

Crystal structure influences the luminescence properties,
and hence, we can expect that the progressive replacement
of W in LiEuW,05:0.02Bi*" by Mo®" leads to changes
in the photoluminescence property. With this in view, a
series of red-emitting phosphors LiEug go(W,_,Mo,)Os:
0.20Bi*"(y = 0-2.0, in steps of 0.40) were synthesized and
their XRD profiles are shown in Fig. 2. As the y value
increases, the XRD patterns were found to be similar
without showing discernable shifting, because LiEuy g
(Wz_yMOy)Og:O.ZOBi3+ system formed whole range solid
solutions due to the almost identical ionic radius of
Mo®" (41 pm) and W°(42 pm).

Figure 3 shows the representative SEM micrograph of
LiEu;_,W,04:xBi*" phosphor. The sample is crystallized
quite well, and owns polyhedron morphology and smooth-
surface characteristics. All particles are lowly aggregated
and its average particle size was about § pm.

Figure 4 displays the excitation spectra of LiEug go(W2_,
Moy)Og:O.2OBi3Jr phosphors (y = 0, 0.40, 0.80, 1.20, 1.60,
and 2.0) monitored at 615 nm corresponding to Dy - °F,
emission of Eu®" ions. The intense broad band can be
attributed to the O — (W,Mo) ligand-to-metal charge-
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Fig. 2 Powder X-ray diffraction patterns of LiEug go(W>_,Mo,)Og:
0.20Bi** phosphors (y = 0, 0.40, 0.80, 1.20, 1.60, and 2.0)

@ Springer

- n,
5 ,
.

Fig. 3 SEM micrograph of LiEu;_,W,0g:xBi’* phosphor powder
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Fig. 4 Effect of Mo®" content on excitation spectra of LiEug g
(Wz_yMoy)OE;:O.2OBi3+ phosphors (y = 0, 0.40, 0.80, 1.20, 1.60, and
2.0, for curves (a), (b), (¢), (d), (e), and (f), respectively) (monitoring
wavelength: 1., = 615 nm)

transfer transition (LMCT). However, the CT band of Eu’t-
O”~ was not clearly observed in the excitation spectra, which
could be due to possible overlap with that of tungsto-
molybdate group. In the range from 360 to 600 nm, all
samples show characteristic intraconfigurational 4f—4f
transitions of Eu®": "F, — L transition for 395 nm,
"Fy - D3 for 416 nm, 'F, — °D, for 465 nm, and
"F, - °D; for 535 nm. With the increase of Mo®" content,
the broad band as well as characteristic excitation lines of
Eu’* are strengthened. In addition, the broad band system-
atically shifts toward longer wavelength with increasing
Mo®* content (from 304 nm for LiEug goW,05:0.20Bi** to
330 nm for LiEug goM0,05:0.20Bi**; see Fig. 4). The rea-
son of red-shift of LMCT band may be as follows: with the



J Mater Sci (2010) 45:118-123

121

replacement of Mo for W, the W-O average distance
decreases. In addition, the electronegativity of molybdenum
(0.748) is smaller than that of tungsten (0.815). As for M"*—
O”~ charge transfer, the smaller electronegativity difference
between the M"" cation and oxygen, the easier electron
transfer from 2p orbital of O*~ to the antibonding orbital of
M"" cation due to covalency effects [27]. This makes the
electrons in the lattice more delocalized and the excitation
energy lowers. Thus, the red shift of LMCT band is
observed.

As an example, for LiEug 50(Wo soMO0; 20)05:0.20Bi*™
phosphor, excitation at 327 nm into LMCT results in an
emission spectrum that does not show any significant dif-
ferences to the excitation at 395 nm (see Fig. 5). Both the
peak position and the shape of the emission spectrum are
independent of excitation wavelength. Furthermore, only
emission peaks from Eu’" luminescence centers were
observed and no emission from Bi*" or tungsto-molybdate
group occurred, which indicates there exists only one
emission center in this phosphor. These results clearly
suggest that an efficient energy transfer from (W,Mo)O,
group to Eu®" has occurred. Figure 6 represents the vari-
ations of luminescent intensity of LiEuggo(W,Mo0),0g:
0.20Bi*" with Mo®" content. The major emission peak of
these phosphors was at 615 nm, which corresponds to red
emission. Other transitions of Eu** from the °Dj excited
levels to 7FJ ground states, for instance, 5D0—7FJ is located
at 570-720 nm and the °D,~’F transitions located at 520—
570 nm are both very weak, which is advantageous to
obtain a phosphor with higher color purity. When the Mo®"
content is increased, the red emission at 615 nm of
as-prepared phosphors greatly improved. As indicated in
Figs. 4 and 6, the incorporation of Mo®" into this phosphor
increased the excitation and emission intensity, but did not
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Fig. 5 Emission spectrum of LiEuOAgo(WoAgoMOIA20)08:0.20Bi3+
phosphor (excitation wavelength: A, = 327 nm)
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Fig. 6 Effect of Mo®" content on luminescence of LiBug go(W2_,
MOY)OSZO.ZOBi3+ phosphors (y = 0, 0.40, 0.80, 1.20, 1.60, and 2.0,
for curves (a), (b), (¢), (d), (), and (f), respectively) (Lex = 395 nm)

affect the profiles of spectra. This enhancement may be due
to the energy transfer from (W,Mo)O4 group to Eu’™.
When the ratio of Mo/W is 2:0, the intensity of red emis-
sion reaches a maximum. Moreover, under the excitations
of three wavelengths, 395, 465, and 535 nm, emission
intensity enhances with the same tendency.

To evaluate the performance and potential application of
this phosphor, we measured and compared the photolumi-
nescence spectra of the composition-optimized LiEuy g
Mo0,05:0.20Bi*" and the commercial red-emitting phos-
phor Y,0,S:Eu®"(Shanghai Yuelong New Mater. Co. Ltd.,
China) used in white-LEDs. As shown in Fig. 7, the
as-obtained phosphor has higher f—f excitation intensity
than that of the commercial red-emitting phosphor. The

(b)
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Fig. 7 Excitation spectra of (a) LiEug soM0,05:0.20Bi>" and (b)

commercial red-emitting phosphor YZOZS:EuH, (@) Aem = 615 nm,
(b) Aemn = 627 nm
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Fig. 8 Emission spectra of (a) LiEug soM0,04:0.20Bi*" and (b)
commercial red-emitting phosphor YZOZS:Eu3 ¥ (Jex = 465 nm)

main emission peaks at 627 and 616 nm of Y,0,S:Eu*" in
curve (b) of Fig. 8 are ascribed to Eu** transition from > Dy
to 'F, and its strongest peak is at 627 nm. Comparing curve
(a) with curve (b) in Fig. 8, the following results can be
found. First, the emission intensity of LiEuggoMo,0s:
0.20Bi** under 465 nm irradiation is about 30 times higher
than that of Y2028:Eu3+; while the excitation wavelength
turns to 395 nm, the latter’s emission intensity is only 12%
of the formers. Second, the CIE chromaticity coordinates
are calculated to be x = 0.65, y = 0.35 for LiEuggg
Mo,04:0.20Bi*" and x = 0.63, y = 0.35 for Y,0,S:Eu’™.
Compared with the National Television Standard Com-
mittee (NTSC) standard CIE chromaticity coordinate val-
ues for red (x = 0.67, y = 0.33), it was found that the CIE
chromaticity coordinates of LiEug oM0,04:0.20Bi** was
closer to the NTSC standard values than that of
Y,0,S:Eu*". Consequently, these results indicate that
LiEug oM0,04:0.20Bi** can be used as a better near-UV
conversion phosphor as compared to Y,0,S:Eu®" in the
white-LEDs application.

Conclusions

A class of novel red-emitting LiEuI,X(Wz,yMo},)Og:xBi3+
phosphors were successfully synthesized by the conven-
tional solid-state reaction technique at high temperature.
The average particle size of as-synthesized phosphor was
about 8 pm. The excitation spectrum revealed that the
absorption is mainly attributed to O — (Mo,W) charge
transfer on the range from 220 to 370 nm, and the Eu’"
transitions in near-UV and visible regions. Upon excitation
with UV or near-UV rays even blue light, these phosphors

@ Springer

exhibit strong red luminescence. Both excitation and
emission intensity of LiEuW20§;:Bi3Jr were found to
increase by incorporation of Mo®". In addition, the exci-
tation broad band shifts toward longer wavelength with
increasing of Mo®" content. The red-emission intensity of
>Dy-'F, transition of Eu** reaches a maximum when the
relative ratio of Mo/W is 2:0. This improvement can be
attributed to energy transfer from (W,Mo)O, group to
Eu’". The phosphors can be effectively excited by near-
UV and blue light and have stronger red emission than the
commercial YzOZS:Eu3Jr used in white-LEDs. The CIE
chromaticity coordinates of LiEug soM0,05:0.20Bi*" were
closer to the NTSC standard values than that of
Y,0,S:Eu*t. All these suggest composition-optimized
LiEug §oM0,04:0.20Bi>* phosphor to be suitable candidate
for white-LEDs application.
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