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INTRODUCTION

Scheelite-structured compounds belonging to the molyb-
date family have attracted great application due to their unique
spectroscopic properties and dramatically excellent up-
converted (UC) optical properties [1]. These up-converted
characteristics of the double molybdtaes have current appli-
cations in many fields, including optoelectronic devices and
luminescence imaging, due to their excellent up-converted
luminescencet behaviours. They could overcome the present
limitations and enhance the applications of the traditional
photoluminescence materials [2,3]. The structure of the molyb-
date compounds can be transformed to a highly disordered
tetragonal Scheelite-type structure from the structure of mono-
clinic. The trivalent lanthanide ions are partially substituted
into the crystal lattices of the Scheelite-type tetragonal phase.
The possible doping could be attributed to the similar radii
of the trivalent lanthanide ions and bring to the excellent
up-converted photoluminescence properties [4-6]. Many
lanthanide doping materials such as Er’*, Tm* and Ho™ are
employed as an activator in luminescent centers because
of their unique electronic energy levels. The Yb* ion as a
sensitizer can enhance the up-converted luminescence through
energy transfer due to its strong absorption around 980 nm.
Especially, the co-doped Yb*/Er**ions can dramatically
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PbY>(M0O,)s:Er**/Yb* double molybdate phosphors with the correct doped concentrations of Er'* and Yb™ (x = Er’* + Yb™, Er'* = 0, |
0.05, 0.1, 0.2 and Yb*= 0, 0.2, 0.45) were precisely prepared using the sol-gel method assisted by the microwave technique; their up- |
converted optical properties were studied. The particles showed well-crystallized morphology after heat-treated at 900 °C for 16 h. They
had a homogeneous and fine morphology with grain sizes of 2-5 um. After excitation at 980 nm, the PbY7(M00O,)4:Erg,/Yby, and |
PbY | 5(M00.)4:Eros/Ybos double molybdates provided a strong up-converted emission band of 525 nm, a weak up-converted emission |
band of 550 nm in the green region and a very weak up-converted emission band of 655 nm in the red region. The spectroscopic spectra |
of Raman for the doped molybdates showed the presence of strong peaks at higher and lower frequencies. It was induced by highly |
modulated structures of PbY,(MoO,), by the incorporation of the Er’* and Yb*" ions into the crystal lattice. These results were attributed
to the unit cell shrinkage as well as the anion deficient of the MoO,., group. :
|
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enhance the up-converted efficiency through the energy
transfer from Yb* to Er** [7-9].

To prepare the double molybdates, several processes have
been prepared by the specific methods such as solid-state
reactions [9-14], co-precipitation [15,16], the sol-gel process
[4-7], the hydrothermal method [17,18], the Pechini method
[19,20], thermal decomposition [21] and the hydrothermal
method assisted by the microwave [22]. Compared to the usual
methods, the microwave sol-gel process is an effective method
that provides well defined morphology and is easy to proceed.
It represent as a effective process for the available synthesis
of highly qualified up-converted photoluminescent materials
[23-26].

In the present work, PbY, . (MoQ,),:Er**/Yb* double
molybdate phosphors with the correct doped concentrations
of Er** and Yb** (x = Er’* + Yb*', Er** = 0, 0.05, 0.1, 0.2 and
Yb**=0, 0.2, 0.45) were synthesized using the sol-gel method
assisted by microwave. The phase identification and morphology
of the synthesized particles were characterized by X-ray
diffraction and scanning electron microscopy. Pump power
dependence and Commission Internationale de L’Eclairage
(CIE) chromaticity of the up-converted emission intensity were
also evaluated. The spectroscopic properties were investigated
comparatively using photoluminescence emission as well as
Raman spectroscopy.
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EXPERIMENTAL

In this study, precise amounts of Pb(NOs),, Y(NO3);-6H,0,
(NH4)sM07,0,4-4H,0, Er(NO3);-5H,0, Yb(NOs);-5H,0, citric
acid, NH,OH, ethylene glycol and distilled water were used
to prepare PbY,(MoO,)s, PbY | s(M0O,)4:Erg2, PbY | 7(M00O,)s:
Ero1Ybo, and PbY, 5(M0O,)sEr s Yboss compounds with the
correct doped concentrations of Er** and Yb* (Er** = 0, 0.05,
0.1, 0.2 and Yb*= 0, 0.2, 0.45). For the preparation of the
compounds, initially Pb(NO3), and (NH4)sM0,024-4H,O
were used and dissolved in 80 mL of 5 M NH,OH with 20 mL
of ethylene glycol and under vigorous stirring and heating.
Secondly, the lanthanide Y(NO;);-6H,O with the rare-earth
containing Er(NOs);-5H,0, Yb(NOs);-5H,0 were dissolved in
100 mL of distilled water under vigorously heating. At this
stage, the citric acid was employed with a molar ratio of citric
acid to total metal ions of 2:1. Then, the two kind of solutions
were co-mixed together vigorously heated at 80-100 °C. Finally,
highly transparent solutions were appeared and treated by the
adjusting to pH = 7-8 using the addition of NH,OH or citric
acid. The transparent solutions were moved into a microwave
oven. The microwave operations were conducted by the precise
controlling with a frequency of 2.45 GHz with a maximum
output-power of 1250 W for 30 min. After the microwave
process, the samples were dried at 120 °C in a dry oven and
black dried gels were obtained. For the crystallization of the
compounds, the black dried gels were heat-treated at 900 °C
for 16 h. Finally, the pure PbMoO, as white particles were
obtained and the doped compositions as pink particles were
obtained

For the phase identifications of the synthesized particles,
XRD (D/MAX 2200, Rigaku, Japan) was used. For observation
of the surface morphology of the synthesized particles, SEM/
EDS (JSM-5600, JEOL, Japan) was used. The up-converted
photoluminescnece spectra were measured using a spectro-
photometer (Perkin Elmer LS55, UK) at room temperature.
Pump power dependence of the measured up-converted
emission intensity was evaluated at levels of working current
from 20 to 110 mW. Raman spectra measurements were
conducted using a LabRam Aramis (Horiba Jobin-Yvon,
France). The 514.5 nm line of an Ar ion laser was used as an
Raman excitation source. To avoid sample decomposition, the
samples were exposed to a power level that was maintained at
0.5 mW.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the (a) JCPDS 44-1486
pattern of PbMoOy, the synthesized double molybdates of (b)
PbY>(M0Os)4, (¢) PbY 1 5(M0O4)4:Ero2, (d) PbY;7,(M0O,)4:Ero,/
Yby., and (e) PbYs(Mo00O.4)sErges/Ybos particles. The crystal
structures are identified with the crystallographic data of
PbMoO, (JCPDS 44-1486). The pure PbMoO. is a Scheelite-
type tetragonal structure with space group 14,/a and the major
crystal planes of wulfenite PbMoO. match well with (112),
(204) and (312) at 17.8°, 27.5° and 55.6°. The PbMoO, has
the optimized cell parameters of a=5.511 A and ¢ = 12.346 A.
The predict bond lengths of Mo-O in MoO; tetrahedral are
1.800 A and the nearest distance of Pb-O is about 2.655 A

[27]. The XRD patterns of (b) PbY2(MoOs)s, () PbY5(MoOy)s:
Erp, and (d) PbY7(Mo0Q4)4:Er,1/Ybg, particles showed no
impurity phases. In Fig. 1(e), the impurity phases were detected
at 18.5°,25°,26°, 31°, 34°, 35°, 48°, 49° and 49.5° as can be
seen. When the doping concentration of 0.02 mol % Er** and
0.18 mol % Yb**, the marked foreign reflexes observed with
an asterisk in Fig. 1(e). The secondary phases are assumed to
be one of the MoO,., groups (MoOs, M04O,;, M0sO,; and
MoyO6). However, the identification of the secondary phases
is very difficult, because very weak peaks are observed. The
MoO,.« groups have similar XRD patterns and complicated
reflexes. In the case of Er**/Yb* doped co-doped CaLa;(MoO,),
phosphor, a similar impurity phase was also observed when
the doping concentration of 0.02 mol % Er** and 0.18 mol %
Yb’**. The foreign reflexes in Fig. 1(e) can be ascribed that
Er’* and Yb* ions could be well substituted in the PbY,(MoO,),
tetragonal-phase of the Scheelite-type structure. It forms a new
disordered phase by the incorporation of the Er'* and Yb**
elements into the PbY,(MoO.,), crystal lattice. This result gives
rise to the unit cell shrinkage with the highly modulated MoO.,
group [25-27].
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Fig. 1. XRD patterns of (a) JCPDS 44-1486 pattern of PbMoO, and the

synthesized (b) PbY2(Mo0Oy)4, (¢) PbY5(M00Os)s:Eros, (d)

PbY|‘7(MOO4)4IEr0 1/Ybo, and (e) PbY|{5(M004)4EI‘0,05YYb0‘45

particles

The unit cell shrinkage could be resulted by the substi-
tution of Y* ions by Er** and Yb** ions. This result accompanies
the highly modulated structure induced by the anion deficient
MoQs. group. This incommensurately modulated structures
in the Scheelite-type tetragonal phase were also observed
in various molybdates and tungstates as a cation deficient
structure [28-30]. Previously, our research group has reported
the incommensurately modulated structure of CaGdy(WO.).:
Er**/Yb* phosphors induced by the difference of effective ionic
radii of Yb*, Er** and Gd* [31].

Fig. 2 shows SEM images of the as-synthesized (a)
PbY>(Mo00O.). and (b) PbY 1 s(MoO4)4Er s/ Ybos particles. The
particles showed well-crystallized morphology after heat-
treated at 900 °C for 16 h. They had a homogeneous and fine
morphology with grain sizes of 2-5 um. The samples have no
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Flg 2. SEM images of the (a) Psz(MOO4)4 and (b) PbYl,s(MOO4)4EIU,05/
Yb0,45 particles

discrepancy in aspect of morphological feature and some
agglomerated particles induced by the inter-diffusions among
the grains. It is noted that the doped concentrations for Er**
and Yb** have no effects on the apparent morphological feature.
The microwave sol-gel method of the double molybdate
provides the fine particles, which can be prepared in a short
time period. This process is a cost-effective method to fabricate
highly fine products for the suitable up-converted particles.
Fig. 3 shows the up-converted photoluminescence
emission spectra of the as-prepared (a) PbY»(MoO.)4, (b)
PbY],g(MOO4)4ZEI‘0.2, (C) PbY|47(MOO4)4:Er0,1/Yb0,2 and (d)
PbY | 5(Mo00O.)4:Erg s/ Ybos particles excited under 980 nm at
room temperature. The (c) PbY,7(Mo0Ou)4:Er,1/Ybo, and (d)
PbY5(M00O4)4:Eroes/Yboss particles exhibited a strong up-
converted emission band of 525 nm, a weak up-converted
emission band of 550 nm in the green region and a very weak
up-converted emission band of 655 nm in the red region. The
strong up-converted emission band of 525 nm and the weak
up-converted emission band of 550 nm in the green region
correspond to the transitions of *H;;, — L5, and *Szn— “Iisp,
respectively. The very weak up-converted emission band of
655 nm in the red region corresponds to the transition of “Fo
—>4I|5/2. The (a) Psz(MOO4)4 and (b) PbY],g(MOO4)4ZEr0,2
particles exhibited very weak up-converted emission bands of
525 nm and 550 nm in the green region. The up-converted
intensity of (d) PbY1,5(M004)4ZEI‘0,05/Yb0,45 showed much
higher value compared to that of (c) PbY,7(Mo0O4)4:Er,.1/Yboo.
In other host matrices, similar results are also appeared from
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Up-converted photoluminescence emission spectra of (a)

Psz(MOO4)4, (b) PbYI.S(MOO4)4ZEI'0 2, (C) PbY] 7(MOO4)4ZEI'(),|/Yb02

and (d) PbY;5(Mo0O,)sErges/Ybyus particles excited under 980 nm

at room temperature

Er’**/Yb* co-doped systems, which are corresponded to the
up-converted emission spectra with the green up-converted
emission intensity *H;,» — “I;5» and *Ss, — “I;5,, and the red
up-converted emission intensity for the transitions of *“Fo, —
*Iisn [7,10,25,26].

In Fig. 4, the logarithmic scale dependence for the obtained
up-converted emission intensities at 525, 550 and 655 nm on
the working pump power over the range of 20 to 110 mW
in the PbY,,(M00,),:Er**/Yb* sample is shown. In the up-
converted process, the intensity of up-converted emission is
proportional to the slope value n of the irradiation pumping
power, where n is the number of pumped photons required to
produce up-converted emission [32].

97 525 nm
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8- A 655 nm
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Fig. 4. Logarithmic scale of pump power dependence of the up-converted

emission intensity on the working current from 20 to 110 mW at
525, 550 and 655 nm in the PbY,x(MoO,):Er**/Yb* system
[oc P"
InTecnlnP

where the value n is the number of the pumped photons, which
are required to excite the upper emitting state. I is the up-
converted luminescent intensity and P is the laser pumping
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power. The calculated slope value n, shown in Fig. 4, indicate
a slope n = 1.79 and 1.73 for green emission at 525 and 550
nm and 1.60 for red emission at 655 nm. These results indicate
that the up-converted mechanism of the green and red emi-
ssions can be ascribed by a two-photon process in Er*/Yb*
co-doped PbY,.«(MoO.), phosphors [14-18].

Fig. 5 shows (A) calculated chromaticity coordinate (x, y)
values and (B) CIE chromaticity diagram for (a) PbY(MoQ,)s,
(b) PbY],g(MOO4)4ZEr0_2, (C) PbY1,7(M004)4ZEI’0,1/Yb0,2 and (d)
PbY5(Mo00Os)4:Eroes/Ybo s particles. The indicated triangle in
Fig. 5(b) is the standard colour coordinates for blue, green
and red. The insets in Fig. 5(b) show the chromaticity points
for the samples (a), (b), (¢) and (d). When the concentration
ratios of Er**/Yb* are modulated, the chromaticity coordinate
values (X, y) change. As can be seen in Fig. 5, the calculated
chromaticity coordinates x = 0.312 and y = 0.486 for (c¢)
PbY7(M004)4:Erp1Ybo, and x = 0.308 and y = 0.523 for (d)
PbY5(M00O4)4:Erg0sYboas correspond to yellowish green
emissions and the standard equal energy point in the CIE
diagram.

The Raman spectrum of the PbY»(MoO.). crystal in Fig.
6(a) shows the typical molybdate compounds, which is shown
as two divided parts with a wide empty gap of 360-740 cm™.
The highest wavenumber band at 870 cm™ corresponds to
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stretching vibrations of the MoO,. The stretching vibrations
of Mo-O bonds are observed in the 746 and 772 cm™ regions.
For these stretching vibrations, strong mixing occurs between
the Mo-O bonds and the MoOy polyhedron. The band at 320
and 354 cm™ could be assumed to originate from vibrations of
the longer Mo-O bonds, which are employed in the formation
of the Mo-Mo bridge. The translational vibration motion of
the Y-O bonds is observed at 172 cm™, which is located at levels
lower than 180 cm™. The Raman spectra of (b) PbY s(MoQ,).:
El‘ovz, (C) PbY1v7(MOO4)4ZEr0,1/Yb0,z and (d) PbYl,s(MOO4)4ZEr0,05/
Ybys particles show the very strong and dominant peaks at
higher frequencies of 871, 1033, 1090 and 1300 cm™ and at
lower frequencies of 230, 368, 418 and 555 cm™. These strong
peaks at higher and lower frequencies are attributed to the
disordered structures of PbY,.(Mo0Qs), by the incorporation
of the Er** and Yb* ions into the host crystal lattice, which
result in the unit cell shrinkage as well as the highly modulated
MoO, group. These results provide the highly emitted effi-
ciency with stable thermal and chemical properties. These
up-converted double molybdate materials can overcome the
current limitations of traditional luminescence phodphors.
It can be considered potentially active new up-converted
phosphors in new optoelectronic devices and in photoluminescent
imaging.
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Fig. 5. (A) Calculated chromaticity coordinate (X, y) values and (B) CIE chromaticity diagram for (a) PbY>(M0Os,)s, (b) PbY s(M0O,)4:Erq.,
(C) PbY1'7(MOO4)4ZEr0,|/Yb0,2 and (d) PbY1,5(M004)4Er0,05/Yb0,45 particles
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Fig. 6. Raman spectra of the synthesized (a) pure PbY2(Mo0O4)4, (b)

PbY]_g(MOO4)4ZEr0_2, (C) PbY1_7(M004)4:Er0_1/Yb0_2 and (d)
PbY 1 5(MoO4)sEroos/ Ybous particles excited by the 514.5 nm line of
an Ar ion laser at 0.5 mW

Conclusion

PbY,(M0O,)4:Er**/Yb* double molybdate phosphors
with the correct doped concentrations of Er’* and Yb** were
precisely prepared using the sol-gel method assisted by the
microwave technique. The particles showed well-crystallized
morphology after heat-treated at 900 °C for 16 h. They had a
homogeneous and fine morphology with grain sizes of 2-5
um. After excitation at 980 nm, the PbY,7(MoO.)4:Erg1/Ybo,
and PbY5(M00Oy)4:Ero0s/Yboss double molybdates provided
a strong up-converted emission band of 525 nm, a weak up-
converted emission band of 550 nm in the green region and a
very weak up-converted emission band of 655 nm in the red
region. The up-converted emission bands of 525 nm and 550
nm in the green region were corresponded to the transitions
of 2H1 12 —> 41]5/2 and 4S3/2 —> 4115/2, while the Up-COHVerted
emission band of 655 nm in the red region was corresponded
to the transition of *Fo» — *Iis. The up-converted intensity of
PbY 5(M0O4)4:Erg0s/Ybo s particles was much higher than that
of the PbY,7(Mo00,)4:Erg/Ybo, particles. The spectroscopic
spectra of Raman for the doped molybdates showed the
presence of strong peaks at higher and lower frequencies. It
was induced by highly modulated structures of PbY,<(Mo0Ox)4
by the incorporation of the Er** and Yb** ions into the crystal
lattice. These results were attributed by the unit cell shrinkage
as well as the anion deficient of the MoO4 group.
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