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a b s t r a c t

La1.90Eu0.10TeO6:RE3+ (RE = Gd, Sm) and Y2TeO6:Eu3+nanophosphors were prepared by the Pechini sol–gel
process, using lanthanide sesquioxides and telluric acid as precursors. X-ray diffraction (XRD), scanning
electron microscopy (SEM), photoluminescence spectra (PL) and fluorescence lifetime were used to char-
acterize the resulting phosphors. The results of XRD indicate that all samples crystallized completely at
vailable online 3 February 2011

eywords:
norganic materials
ptical materials
ol–gel processes

1073 K and are isostructural with orthorhombic Ln2TeO6. The SEM study reveals that the samples have a
strong tendency to form agglomerates with an average size ranging from 40 to 65 nm. The luminescence
decay curves suggest for all samples a monoexponential behavior. The photoluminescence intensity and
chromaticity were improved for excitation at 395 nm when the co-doping concentration reaches the
1% mol. The optimized phosphorsLa1.88Eu0.10Gd0.02TeO6and La1.88Eu0.10Sm0.02TeO6, could be considered

phosp
ptical properties
hotoluminescence

an efficient red-emitting

. Introduction

Phosphors are also called luminescent materials. Luminescence
s termed according to the nature of the excitation energy involved
n the process. Various types of excitation sources may be used and
n the last years, research in luminescent materials is well orga-
ized according to the excitation source. Luminescent materials

n plasma display panels (PDP) and field emission displays (FED)
se the high-energy side of the ultraviolet spectrum and even low
oltage electrons, respectively. Phosphors in LED (light emitting
iodes) and in fluorescent lamps are excited by near-UV or blue

ight [1]. The latter are well investigated because the search for
ew materials is very important for tomorrow’s field of light gen-
ration for illumination. Since the pioneering work of Nakamura
n 1993 [2], the blue-emitting GaN light emitting diode brought a
ignificant revolution in lighting technology. The first commercial
hite-emitting LED solid-state lighting (SSL) device was developed
sing this blue-emitting LED in 1997 [3], combining a blue LED
ith the yellow yttrium aluminum garnet (YAG:Ce3+) phosphor,
hat absorbs blue light (� ∼ 460 nm) and emits yellow light. This
ype of device has, however, a problem of low color reproducibil-
ty because the degradation rates of the LED and the phosphor are
ot isochronous, resulting in a color shift during the lifetime of the

∗ Corresponding author at: Dpto. Química, Univ. Católica del Norte Casilla
280/Antofagasta/Chile. Tel.: +56 55 355624; fax: +56 55 355632.

E-mail address: jllanos@ucn.cl (J. Llanos).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.161
hor for solid-state lighting devices based on InGaN LEDs.
© 2011 Elsevier B.V. All rights reserved.

device [4,5]. Presently, the emission bands of LEDs are shifted to
the near UV range, and another approach to assemble the SSL has
been proposed, where a near-UV LED is combined with a mix of
tri-color phosphors. The near-UV LED emits UV/violet light in the
range 350–410 nm that excites the phosphors resulting in the emis-
sion of white light. Following this approach, T. Nishida et al. have
assembled a SSL device using an AlGaN UV-LED as a light source
(emission at 350 nm) and the three-basal color (TBC) phosphors
(red Y2O2S:Eu; green ZnS:(Cu, Al) and blue ZnS:Ag) [6]. The color
shift in these devices is reduced because the visible emission is
now mainly due to the phosphors rather than from the LED, and
the variations of the emission features of the TBC phosphors with
temperature have similar rates.

Conventional blue and green phosphors (green ZnS:(Cu, Al) and
blue ZnS:Ag) are very efficient light emitters [7,8]. However, using
sulfide-base materials for this purpose has disadvantages such as
chemical instability during operation, corrosion of the emitter, and
sulfur related contamination [9]. To avoid these problems, these
phosphors are being replaced by lanthanide-doped materials such
as the green emitting phosphor MgLaLiSi2O7:Tb3+ and the blue
emitting BaMgAl10O17:Eu2+ [10,11]. Red phosphors suitable for
use in SSL devices are Y2O3:Eu3+, Y2O2S:Eu3+ and YVO4:Eu3+, but
since they do not have enough absorption in the near-UV region,

it is necessary to use a phosphor mixture containing 80% red, 10%
green and 10% blue in order to obtain good color rendering. Besides
this, Y2O2S:Eu3+ phosphors are chemically unstable [12,13]. Con-
sequently, red phosphors are, at the moment, the bottleneck for the
advancement of SSL systems.

dx.doi.org/10.1016/j.jallcom.2011.01.161
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jllanos@ucn.cl
dx.doi.org/10.1016/j.jallcom.2011.01.161
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diffraction peaks (1 2 1) were used to calculate the grain sizes
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In order to try to solve the aforementioned problems we have
hosen rare-earth tellurates as a host lattice for new red phosphors
ecause of their chemical and thermal stability. Ln2TeO6 crystallize

n the orthorhombic system with space group P212121, where the
ations occupy two independent atomic positions and are coordi-
ated sevenfold by oxygen in form of a square-triangle polyhedron
nd a capped trigonal prism, respectively. Both coordination poly-
edra are characterized by the lack of inversion symmetry [14]. It is
nown that for Eu3+cations located at a non-centrosymmetric site,
he preferred transition is 5D0 → 7F2 and the emission is red.

In this paper, we report the synthesis and photoluminescence
pectra (emission and excitation) and the effect of the nanopar-
icles size on the optical properties of the new red-emitting
a1.90Eu0.10TeO6:RE 3+ (RE = Gd, Sm) and Y2TeO6:Eu3+phosphors.
ll the phases were prepared by using the Pechini sol–gel process

15]. The optimizations of dopant ion concentration as well as the
uminescence decay time were also investigated.

. Experimental

.1. Synthesis

The La1.90Eu0.10TeO6:RE (RE = Sm3+, Gd3+) phosphors were prepared by
he Pechini sol–gel method [15]. According to the stoichiometric formula,
.36 × 10−3 mol of La2O3 (Aldrich, 99.99% pure), 2.18 × 10−4 mol of Eu2O3 (Aldrich,
9.99% pure) as well as Sm2O3 (Aldrich, 99.99% pure) or Gd2O3 (Aldrich, 99.99% pure)

n different ratios, were dissolved in 30 ml of HNO3 (0.5 mol dm−3) under vigorous
tirring. Y2−xEuxTeO6 was prepared from 4.36 × 10−3 mol of Y2O3 (Aldrich, 99.99%
ure) and Eu2O3 (Aldrich, 99.99% pure) in different ratios. The pH of the solutions
as adjusted between 1 and 2. When the oxides were completed dissolved, they
ere mixed with a water–ethanol (v/v = 1:7) solution containing citric acid (Merck,
.R) as chelating agent for the metal ions and 4.36 × 10−3 mol of H6TeO6 (Aldrich,
7.5–102.5% pure). In all cases, the molar ratio of telluric acid to citric acid was 1:2.
fterward, ca. 1.25 g of polyethylene glycol (PEG, M.W. = 20,000, Fluka, A.R.) was
dded as a cross-linking agent. Transparent sols were obtained after stirring for 2 h.
he sols were dried in a 343 K water bath. When the sols were completely dry, they
ere annealed at 673 K in a furnace. After annealing, the resulting powders were
red to 1073 K with a heating rate of 1 K/min and kept there for two hours. Optical

nspection of La1.90Eu0.10TeO6:Sm3+, La1.90Eu0.10TeO6:Gd3+ and Y2TeO6:Eu3+ showed
omogeneous white powders for all phases.

.2. Characterization

To check the phase’s purity, powder X-ray diffraction (PXD) patterns were col-
ected with a Siemens D-5000 diffractometer fitted with a graphite monochromator,
sing Cu K�1 radiation, � = 0.15406 nm. All measurements were carried out at room
emperature. The surface morphology of the nanocrystallineLa1.90Eu0.10TeO6:Sm3+,
a1.90Eu0.10TeO6:Gd3+ and Y2TeO6:Eu3+phosphors was inspected using scanning
lectron microscopy (SEM, Jeol, JSM-6360 LV). FT-IR spectra were measured with a
erkin-Elmer Spectrum BX spectrophotometer with the KBr pellet technique. Raman
pectra were obtained with a Witec alpha 300 microscope equipped with Confocal
aman Spectroscopy using a HeNe laser (� = 633 nm). The accuracy of the peak posi-
ion is typically 4 cm−1. All measurements were carried out at room temperature. The
hotoluminescence (PL) spectra (emission and excitation) and fluorescence lifetime
ere measured using a JASCO FP-6500 spectrofluorometer. All spectra were regis-

ered at room temperature. In order to compare the photoluminescence intensity,
he amount of samples was the same in all experiments.

. Results and discussion

La2TeO6 and Y2TeO6 crystallize in the space group P212121
f the orthorhombic system with four formula units in the
ell of dimensions a = 5.510(1) Å, b = 9.441(2) Å, c = 10.387(3) Å
nd a = 5.2456(4) Å, b = 9.0361(7) Å, c = 9.9312(8) Å, respectively
16,17].The powder X-ray diffraction patterns of La1.90Eu0.10TeO6
amples doped with Sm3+ and Gd3+are shown in Figs. 1 and 2
espectively, and can be indexed in the orthorhombic symmetry
ndicating the existence of a range of solid solutions, represented by

he formula La1.90−xEu0.10SmxTeO6 (x = 0.00, 0.02, 0.04, 0.06, 0.08,
.10, 0.12 and 0.14) and La1.90−xEu0.10GdxTeO6 (x = 0.00, 0.02, 0.04
nd 0.06).

On the other hand, the X-ray diffraction patterns of the samples
f general formula Y2−xEuxTeO6 (x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10,
2 theta

Fig. 1. XRD patterns of La1.90−xEu0.10SmxTeO6 (x = 0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12,
0.14).

0.12 and 0.14) also indicate the existence of a unique range of solid
solution as described above (Fig. 3). The substitution of Y3+ ions
with Eu3+ ions causes an increase of the unit cell parameters in view
of the fact that the ionic radii of Y3+ (0.96 Å) ions is slightly smaller
than that of Eu3+ (1.01 Å) [18]. Indexing was performed using the
Unit Cell software [19].

Using the Scherrer equation it is possible to estimate the crystal-
lite size. The Scherrer equation, D = 0.90�/ˇcos �, predicts crystallite
thickness if crystals are smaller than 1000 Å. Since small angular dif-
ferences in angle are associated with large spatial distances (inverse
space), broadening of a diffraction peak is expected to reflect some
scale feature in the crystal. In this equation D is the average grain
size, � is the wavelength of the radiation used in the diffraction
experiments, � is the diffraction angle and ˇ is the full-width at
605040302010

2 theta

Fig. 2. XRD patterns of La1.90−xEu0.10GdxTeO6 (x = 0.02, 0.04 and 0.06).
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Fig. 3. XRD patterns of Y2−xEuxTeO6 (x = 0.02, 0.04, 0.06 and 0.10).

The morphology of the crystallites was inspected using scanning
lectron microscopy (SEM). These studies reveal that the samples
how a strong tendency to form agglomerates, as shown in Fig. 4.

.1. Photoluminescence spectra of La1.90Eu0.10TeO6 samples
oped with Gd3+/Sm3+

The photoluminescence spectra of La1.90−xEu0.10GdxTeO6
x = 0.00, 0.02, 0.04, 0.06) and La1.90−xEu0.10SmxTeO6 (x = 0.02,
.04, 0.06, 0.08, 0.10, 0.12 and 0.14) show a strong 5D0 → 7F2
mission line on excitation at 395 nm. In order to improve the
mission efficiency of La1.90Eu0.10TeO6 we have replaced some
f the Eu3+ ions by Gd3+ or Sm3+cations. From comparison of
he emission intensity of the samples with different concen-
ration of Gd3+ or Sm3+ doped concentration, the luminescence
eaches the maximum intensity with the following compositions
a1.88Eu0.10Gd0.02TeO6 and La1.88Eu0.10Sm0.02TeO6. It is observed
hat the quenching concentration is lower in the nanocrystalline

amples than in the bulk ones [22]. The emission spectra for the
ptimized phosphors are shown in Fig. 5. The excitation spectra
or monitoring the 5D0 → 7F2 emission of Eu3+ show an absorption
n the short-wavelength region (250–270 nm) plus the sharp
ands centered at 395.6 nm, 466 nm, and 534.6 nm. These sharp

Fig. 4. SEM micrography of La1.88Eu0.10Sm0.02T
Fig. 5. Emission spectra of 1 mol% Gd3+ or Sm3+ doped La1.90Eu0.10TeO6.
(�ex = 395 nm) ((a) La1.90Eu0.10TeO6; (b) La1.88Eu0.10Gd0.02TeO6; (c)
La1.88Eu0.10Sm0.02TeO6).

excitation peaks are assigned to the typical 4fn → 4fn transitions of
Eu3+. According to previous works, the excitation around 395 nm
corresponds to 7F0 → 5L6 transition, the excitation at 466 nm
corresponds to 7F0 → 5D2 transition and finally the excitation
around 534 nm corresponds to 7F0 → 5D1 transition [23]. The
excitation spectrum of the sample containing Sm3+ shows also a
sharp 6H5/2 → 4K11/2 line at 406 nm [24] (see Fig. 6).

The luminescence intensities of 5D0 → 7F2 emission line
(618 nm) on excitation at 395 nm are found to be highly dependent
of the co-dopant concentration. The emission intensity reaches
the peak maximum at a co-dopant concentration (Gd3+ or Sm3+)
of 1 mol% (Fig. 7). The decay curves of the 5D0 luminescence in
the La1.88Eu0.10Gd0.02TeO6 and La1.88Eu0.10Sm0.02TeO6 nanocrys-
tals are shown in the respective inset. These curves are well
fitted to a mono-exponential function and can be represented by
I = I0exp(t/�), where I and I0 are the luminescence intensities at time
t and 0 and � represents the radiative decay time [25]. The results

show that the decay mechanism of the 5D0 → 7F2 transition is due
only to the Eu3+ ions in the structure, which are homogeneously dis-
tributed inside the host lattice without surface defects. When we
compared the optical properties of the nanocrystalline phosphors

eO6 prepared by Pechini sol–gel method.
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repared by the Pechini process with respect to the phosphors
repared by conventional solid state methods we found that the
anocrystalline phosphors show a better colorimetric resolution,
ith the FWHM of the emission spectra narrower than in the bulk

amples [26].

.2. Photoluminescence and Raman spectra of Y2TeO6 samples
oped with Eu3+

The emission spectra of Eu3+-doped phosphors Y2−xEuxTeO6
pon excitation with light of 395 nm are shown in Fig. 8. The spec-
ra are comparable to that of Eu3+ in La1.88Eu0.10Gd0.02TeO6and
a1.88Eu0.10Sm0.02TeO6, except that the emission can be divided
nto two bands, with the magnitude of the splitting depending on

3+
he concentration of Eu .
The luminescence intensities of the 5D0 → 7F2 emission line

618 nm) on excitation at 395 nm are found to be not dependent
n the dopant concentration. The emission intensity reaches the
eak maximum when the Eu3+concentration is 7 mol%.
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Fig. 8. Emission spectra of Y2−xEuxTeO6 (x = 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, and
0.14) prepared by Pechini sol–gel method (�ex = 395 nm).

The concentration dependence of the Eu3+ emission intensi-
ties is illustrated in Fig. 9. The phenomenon of concentration
quenching is not observed in these phosphors, since the energy
transfer between the luminescent centers is not efficient enough.
The lifetime of the Eu3+ emission increases slightly with a low
Eu3+ concentration, but a significant decrease of the decay time
is observed at high concentrations of the activator cation.

In order to investigate if the doping of Eu3+ ions alters the host
structure, we performed the FT-IR and Raman spectra of Y2TeO6
and Y1.86Eu0.14TeO6 (Fig. 10). The Raman and IR spectra supported
the existence of TeO6

6− groups in the structure [26]. In the crystal
structure of Y2TeO6, the Te6+ ions occupy the 4(a) positions with
site symmetry C1with six oxygen atoms in a shape of a distorted
octahedron surrounding the Te6+cations [17]. As a consequence of
the lack of symmetry all vibrational modes may be found in the

Raman, as well as in the IR spectra [27]. The peak positions are
listed in Table 1. The assignments of the vibrational absorptions
were made starting from the results of Siebert for the TeO6

6− anion
in PbMnTeO6 [28]. The results show that �1 of Y1.84 Eu0.16TeO6
(749 cm−1) is larger than that of Y2TeO6 (744 cm−1). The differenti-
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Table 1
Assignment of the IR and Raman spectra of Y2TeO6 and Y1.86Eu0.14TeO6 (bands in
cm−1).

Vibration Y2TeO6 Y1.86Eu0.14TeO6

IR Raman IR Raman

�1 754 w 744 vs 759 w 749 vs

a
E
u

[
[
[
[

[

[
[
[
[
[
[
[

[
[
[

616.
[25] D.R. Vij, Luminescence of Solids, Plenum Press, New York, 1998.
[26] R. Castillo, J. Llanos, J. Lumin. 129 (2009) 465.
[27] J. Llanos, R. Castillo, D. Barrionuevo, D. Espinoza, S. Conejeros, J. Alloys Compd.

485 (2009) 565.
�2 667 vs 669 w 671 vs 672 w
�3 732 m 702 m 740 m 703 m
�4 590 w, 606 w 579 w, 610 w 594 w, 609 w 580 w, 613 w
�5 490 m, 506 w 505 w, 518 w 498 m, 511 w 506 w, 521 w
tion could be related with the difference of the ionic radii between
u3+ and Y3+. The Raman and IR spectra confirm the existence of a
nique range of solid solution (vide supra).

[

mpounds 509 (2011) 5295–5299 5299

4. Conclusions

Nanocrystalline La1.90Eu0.10TeO6:RE 3+ (RE = Gd, Sm) and
Y2TeO6:Eu3+phosphors were successfully prepared by the Pechini
sol–gel process using as starting products the lanthanide sesquiox-
ides and telluric acid. XRD results indicate the existence of a
range of solid solutions for all phases. Its photoluminescence spec-
tra were measured at room temperature. Co-doping of Gd3+ or
Sm3+ in La1.90Eu0.10TeO6 enhances the red emission at 618 nm
when the concentration of Gd3+ or Sm3+reaches the 1 mol%
limit. The maximum value is observed for the Gd3+-containing
phosphor.

On the other hand, the photoluminescence behavior presents
similar features, indicating that the RE3+ ions are found in
the same symmetry site (C1) in all phases, which is cor-
roborated in the case of Y2−xEuxTeO6 by IR and Raman
spectra.

Finally, the study reveals that the optimized phosphors
could be used as red components for white lighting devices
excited in the near UV region using the InGaN–LED as exciting
source.
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