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Abstract

Red-light-emitting phosphors of La2Mo2O9:Pr
3þ and S-doped La2Mo2O9:Pr

3þ were prepared by high temperature solid state

reaction. Under the excitation of 450 nm blue light, all samples produced a red emission peak at 650 nm corresponding to the

characteristic transition of Pr3þ (3P0-
3F2). The dependence of Pr

3þ doping content (x) on the luminescent intensity was analyzed, and

the optimal doping content of Pr3þ was x¼0.07. After a small quantity of sulfur was introduced into the system, the luminescence

intensity of phosphors was obviously enhanced. The reasons for the enhancement of luminescence are due to improved crystallization

after S doping and the relatively large electronegativity difference between S and Mo. Additionally, the coincidence of the excitation

wavelength with the emission of GaN chips may recommend this phosphor system as a potential candidate for use in white light-

emitting diodes.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, white light-emitting diodes (LED) have been
given great attention due to their evident merits over
traditional incandescent and fluorescent lamps [1,2]. In
general, a white LED is produced through a combination
of a blue InGaN chip with commercial Y3Al5O12:Ce

3þ

(YAG:Ce) yellow-emitting phosphor [3,4]. Unfortunately,
the combination has disadvantages of low color-rendering
index because of the lack of sufficient red content. In
addition, some sulfide phosphors including Y2O2S:Eu

3þ

and (Ca,Sr)S:Eu2þ are commercially applied as red phos-
phors for white LEDs. However, they have inferior
chemical stability [5,6]. Therefore, it is necessary to solve
the deficiency by developing suitable red phosphors excited
with blue light, which possess good chemical stability and
high efficiency.
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The La2Mo2O9 compound has two phases, transforming
between a low-temperature form (a-La2Mo2O9) and a
high-temperature form (b-La2Mo2O9) [7]. The latter type
has been investigated as an ion conductor, and exhibits a
cubic structure [8–10]. Due to satisfactory chemical and
thermodynamic stability, b-La2Mo2O9 may be suitable as a
host for phosphors. If it is used as a host material, some
ions can be introduced to the La site and Mo site. This will
contribute to the selection of appropriate ion doping
compositions and lead to the luminescence enhancement
in the system. Recently, our group prepared Eu3þ doped
b-La2Mo2O9 and observed an increase in the red emission
intensity of Eu3þ by doping different additional ions [11].
As an attractive activator among rare earth ions, Pr3þ

offers the possibility of simultaneous blue (3P0-
3H4),

green (3P0-
3H5) and red (3P0-

3F2) emission for laser
action as well as infrared (IR) emission for optical
amplification [12]. Since Diallo et al. [13] reported the
red phosphor CaTiO3:Pr

3þ , the investigation of Pr3þ-
activated luminescent materials has become more and
more popular [14–17]. In this paper, Pr3þ activated
b-La2Mo2O9 phosphors were prepared by conventional
ll rights reserved.
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Fig. 1. XRD patterns of La1.93Pr0.07Mo2O9 and La1.93Pr0.07Mo1.97S0.03O9

samples prepared at different temperatures.

Fig. 2. Expanded version (from 26.51 to 291) of XRD patterns of
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solid state reaction. Under the excitation of blue light, the
red-light emission of Pr3þ was observed and the optimum
Pr3þ-doping concentration was determined. After a small
quantity of S doping into the system, the luminescent
intensity of the phosphors was greatly enhanced. This is a
welcome improvement in terms of applications for the
phosphor system in white LEDs.

2. Experimental

A series of phosphors La2�xPrxMo2O9 (x=0.01–0.10)
and La2�xPrxMo2�ySyO9 (x=0.07, y=0.01–0.07) were
prepared by solid state reaction. The starting materials
contain La2O3 (99.95%), MoO3 (99.9%), Pr6O11 (99.9%)
and (NH4)2SO4 (A.R.). The stoichiometric mixtures were
first ground thoroughly in an agate mortar, and then
preheated in a muffle furnace at 550 1C for 3 h. After
regrinding, the mixtures were heat-treated for another 3 h.
Finally, the samples were cooled to room temperature for
characterization.

The structure of the samples was indexed with a D8
ADVANCE/Germany Bruker X-ray diffractometer (XRD)
with Cu Ka radiation (l=1.5406 Å) at 40 kV and 40 mA.
The scan range (2y) was collected from 201 to 501 stepping at
31/min. To confirm the addition of S into the phosphor, the
energy dispersive X-ray spectroscopy (EDS) of one sample
was measured using a S-570 scanning electron microscope
(SEM). The excitation and emission spectra were measured
by using an F-4600 spectrofluorometer equipped with a Xe
lamp as excitation source. To reduce the error, the lumines-
cence intensity from samples was measured at least twice.
All the measurements were performed at room temperature.
La1.93Pr0.07Mo2O9 and La1.93Pr0.07Mo1.97S0.03O9 samples prepared at

900 1C.
3. Results and discussion

3.1. Structure of the phosphor samples

The XRD patterns of La1.93Pr0.07Mo2O9 prepared at
800–900 1C and La1.93Pr0.07Mo1.97S0.03O9 prepared at
900 1C are shown in Fig. 1. The predominant diffraction
peaks for all La1.93Pr0.07Mo2O9 samples correspond to
reflection (210) of b-La2Mo2O9 phase at about 27.841 (2y).
When the sintering temperature is 800 and 850 1C, some
side peaks near (210), (211) and (320) (labeled with n in
Fig. 1) can be noticed, which derive from the splits of
the cubic structure of (210), (211) and (320) respectively.
In addition, there are three tiny diffraction peaks near
33.421, 33.971 and 48.821 (labeled with # in Fig. 1). As the
temperature is increased to 900 1C, the splits in reflection
(210) and (320) almost vanish and the tiny diffraction
peaks near 33.971 and 48.821 also disappear. In the mean-
time, the split in reflection (211) becomes weak and the
predominant diffraction peak (210) is greatly enhanced.
The result is almost in agreement with the reported data of
b-La2Mo2O9 (consistent with JCPDS card 23-1145), con-
firming the cubic phase stabilization at 900 1C. It has been
reported that La2Mo2O9 has two different polymorphs
which are closely related with the formation temperature:
high-temperature cubic b-La2Mo2O9 and low-temperature
monoclinic a-La2Mo2O9 [7]. The diffraction peaks labeled
with n and # should correspond to a-La2Mo2O9 (800–
850 1C). When the temperature is increased to 900 1C,
most split peaks and the diffraction peaks labeled with n

and # disappear or weaken. This implies that the host is
mainly composed of b-La2Mo2O9 at 900 1C despite the
existence of a small percentage of a-La2Mo2O9.
The XRD pattern of La1.93Pr0.07Mo1.97S0.03O9 prepared

at 900 1C is also given in Fig. 1, which is very similar with
that of La1.93Pr0.07Mo2O9 prepared at 900 1C. This means
that assimilating a small amount of S into the host has
little influence on the host structure. However, some
changes can still be observed after S doping, as can be
seen from Fig. 2. The predominant diffraction peak
corresponding to reflection (210), located at 27.921, under-
goes a slight shift toward a higher diffraction angle. The
reason is due to the relatively smaller ionic radius for S6þ

(26 pm) as compared to Mo6þ (55 pm) in the same



Fig. 4. Dependence of the emission intensity on Pr content (x value) in

La2�xPrxMo2O9 phosphor samples.
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coordinate surroundings. After a small amount of S
doping into the host, the cell parameter (d value) of the
host is reduced. As a result, the diffraction angle (2y)
should be increased according to the empirical Bragg
equation. In addition, the diffraction intensities (not only
the predominant diffraction peak) of the sample are
dramatically increased with the introduction of S, mani-
festing that the doping of S is quite beneficial in improving
crystallization in the host.

3.2. Photoluminescence studies

The photoluminescence of all samples prepared at
900 1C was measured and their spectra are quite similar.
Fig. 3 plots the excitation and emission spectra of
La1.93Pr0.07Mo2O9 sample. Monitored with 650 nm, the
excitation spectrum mainly consists of three excitation
peaks, which are located at 450, 475, and 488 nm and
correspond to 3H4-

3P2,
3H4-

3P1 and 3H4-
3P0 transi-

tions of Pr3þ , respectively. These peaks are coupled well
with the emission of GaN chips. It is evident that the
predominant excitation peak is at 450 nm, manifesting that
the phosphor system can be effectively stimulated by
450 nm blue light. Under the excitation of 450 nm, the
emission spectrum exhibits the characteristic red emission
of Pr3þ ions, which are composed of three sharp lines
belonging to the typical 4f–4f characteristic transitions of
Pr3þ . The strongest emission line at 650 nm is ascribed to
the 3P0-

3F2 transition, while the other two weak emission
lines around 620 nm and 604 nm are ascribed to the
3P0-

3H6 and 1D2-
3H4 transitions. The strong sharp

emission peak at 650 nm should be of value in improving
the color rendering index in white LEDs.

The emission intensity of the phosphor system is closely
dependent upon the doping content of Pr (x value), and
the emission intensity (3P0-

3F2 transition) dependence on
x value are plotted in Fig. 4. It can be seen that the relative
emission intensity of the 3P0-

3F2 transition is strongly
Fig. 3. Excitation (lem¼650 nm) and emission spectra (lex¼450 nm) of

La1.93Pr0.07Mo2O9 sample prepared at 900 1C.

Fig. 5. Emission spectra (lex¼450 nm) of La1.93Pr0.07Mo1.97SyO9 (y¼0,

0.03) samples (inset is the dependence of relative luminescence intensity on

S doping content (y value)).
affected by the Pr3þ doping content. The emission inten-
sity increases with the increase of x value up to 0.07, and
then decreases with the further increase of x value owing to
the concentration quenching effect. Therefore, x¼0.07 is
the optimal Pr3þ doping concentration for the formation
of red phosphors.
The doping of a small amount of S into the phosphor

system can influence the emission intensity of Pr3þ . Fig. 5
gives the emission spectra of La1.93Pr0.07Mo1.97SyO9 (y¼0,
0.03) and the Pr3þ relative intensity dependence on S
doping content (y value). It is obvious that the La1.93Pr0.07
Mo1.97S0.03O9 (y¼0.03) sample displays very strong lumi-
nescence intensity, which reaches more than 1.7-fold
as compared with that of La1.93Pr0.07Mo2O9 sample.
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In consequence, the S doping is advantageous to the
enhancement of the luminescence intensity.

The enhanced luminescence of Pr3þ -activated La2Mo2O9

phosphor system by S doping may be due to the following
reasons. First, the improved crystallization after S doping is
a positive factor to increase the emission intensity, which can
be confirmed through XRD results. On the other hand, the
large electronegativity difference between S (2.58) and Mo
(2.16) can also influence the emission properties of the
phosphors. The incorporation of S into the La2Mo2O9 host
can adjust the overlapping magnitude of the electronic cloud
for Mo–O bond. A similar phenomenon has been observed
in NaEu(MoO4)2 phosphors [18,19].
4. Conclusion

The Pr3þ -activated La2Mo2O9 red-emitting phosphors
have been prepared by conventional solid state reaction.
The luminescence spectra of the samples indicate that all
samples produce a red emission peak at 650 nm corre-
sponding to the characteristic transition of Pr3þ

(3P0-
3F2) under the excitation of 450 nm blue light. The

optimal doping concentration of Pr3þ is determined to be
x¼0.07. After a certain amount of S doping into the
system, the red luminescence intensity of phosphors is
further enhanced. The relative emission intensity of
La1.93Pr0.07Mo1.97S0.03O9 reaches more than 1.7-fold as
compared with that of La1.93Pr0.07Mo2O9. Therefore, the
phosphor system may be a good candidate for white LED
applications.
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