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ABSTRACT

La; g0Eug 10TeOs:RE3* (RE=Gd, Sm)and Y,TeOg:Eu*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
1073 K and are isostructural with orthorhombic Ln,TeOg. 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 phosphorsLa; ggEug 10Gdop2TeOgand Laj ggEug10Smg o2 TeOg, could be considered

Optical properties
Photoluminescence

an efficient red-emitting phosphor for solid-state lighting devices based on InGaN LEDs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Phosphors are also called luminescent materials. Luminescence
is termed according to the nature of the excitation energy involved
in the process. Various types of excitation sources may be used and
in the last years, research in luminescent materials is well orga-
nized according to the excitation source. Luminescent materials
in plasma display panels (PDP) and field emission displays (FED)
use the high-energy side of the ultraviolet spectrum and even low
voltage electrons, respectively. Phosphors in LED (light emitting
diodes) and in fluorescent lamps are excited by near-UV or blue
light [1]. The latter are well investigated because the search for
new materials is very important for tomorrow’s field of light gen-
eration for illumination. Since the pioneering work of Nakamura
in 1993 [2], the blue-emitting GaN light emitting diode brought a
significant revolution in lighting technology. The first commercial
white-emitting LED solid-state lighting (SSL) device was developed
using this blue-emitting LED in 1997 [3], combining a blue LED
with the yellow yttrium aluminum garnet (YAG:Ce3*) phosphor,
that absorbs blue light (A ~460nm) and emits yellow light. This
type of device has, however, a problem of low color reproducibil-
ity because the degradation rates of the LED and the phosphor are
not isochronous, resulting in a color shift during the lifetime of the
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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 Y,0,S: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 MgLaLiSi,07:Tb3* and the blue
emitting BaMgAl;o017:Eu?* [10,11]. Red phosphors suitable for
use in SSL devices are Y,03:Eu3*, Y,0,S: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, Y,0,S:Eu3* phosphors are chemically unstable [12,13]. Con-
sequently, red phosphors are, at the moment, the bottleneck for the
advancement of SSL systems.
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In order to try to solve the aforementioned problems we have
chosen rare-earth tellurates as a host lattice for new red phosphors
because of their chemical and thermal stability. Ln,; TeOg crystallize
in the orthorhombic system with space group P2,2:21, where the
cations occupy two independent atomic positions and are coordi-
nated sevenfold by oxygen in form of a square-triangle polyhedron
and a capped trigonal prism, respectively. Both coordination poly-
hedra are characterized by the lack of inversion symmetry [14]. It is
known that for Eu3*cations located at a non-centrosymmetric site,
the preferred transition is °Dg — ’F, and the emission is red.

In this paper, we report the synthesis and photoluminescence
spectra (emission and excitation) and the effect of the nanopar-
ticles size on the optical properties of the new red-emitting
La; goEug 10TeOg:RE 3* (RE=Gd, Sm) and Y,TeOg:Eu3*phosphors.
All the phases were prepared by using the Pechini sol-gel process
[15]. The optimizations of dopant ion concentration as well as the
luminescence decay time were also investigated.

2. Experimental
2.1. Synthesis

The LajgoEug10TeOgs:RE (RE=Sm3*, Gd3*) phosphors were prepared by
the Pechini sol-gel method [15]. According to the stoichiometric formula,
4.36 x 103 mol of La, 03 (Aldrich, 99.99% pure), 2.18 x 10~4 mol of Eu,03 (Aldrich,
99.99% pure) as well as Sm;, 03 (Aldrich, 99.99% pure) or Gd, 03 (Aldrich, 99.99% pure)
in different ratios, were dissolved in 30 ml of HNO3 (0.5 moldm~3) under vigorous
stirring. Y,_xEuxTeOg was prepared from 4.36 x 103 mol of Y,03 (Aldrich, 99.99%
pure) and Eu;03 (Aldrich, 99.99% pure) in different ratios. The pH of the solutions
was adjusted between 1 and 2. When the oxides were completed dissolved, they
were mixed with a water—ethanol (v/v=1:7) solution containing citric acid (Merck,
A.R) as chelating agent for the metal ions and 4.36 x 10~3 mol of HgTeOg (Aldrich,
97.5-102.5% pure). In all cases, the molar ratio of telluric acid to citric acid was 1:2.
Afterward, ca. 1.25g of polyethylene glycol (PEG, M.W.=20,000, Fluka, A.R.) was
added as a cross-linking agent. Transparent sols were obtained after stirring for 2 h.
The sols were dried in a 343 K water bath. When the sols were completely dry, they
were annealed at 673K in a furnace. After annealing, the resulting powders were
fired to 1073 K with a heating rate of 1 K/min and kept there for two hours. Optical
inspection of La; goEug.10TeOgs:Sm3*, Laj 9o Eug 10TeOs:Gd3* and Y, TeOg:Eu3* showed
homogeneous white powders for all phases.

2.2. Characterization

To check the phase’s purity, powder X-ray diffraction (PXD) patterns were col-
lected with a Siemens D-5000 diffractometer fitted with a graphite monochromator,
using Cu Koy radiation, A =0.15406 nm. All measurements were carried out at room
temperature. The surface morphology of the nanocrystallineLa; goEug 10TeOg:Sm3*,
Laj g0Eug10Te0g:Gd?* and Y,TeOg:Eu*phosphors was inspected using scanning
electron microscopy (SEM, Jeol, JSM-6360 LV). FT-IR spectra were measured with a
Perkin-Elmer Spectrum BX spectrophotometer with the KBr pellet technique. Raman
spectra were obtained with a Witec alpha 300 microscope equipped with Confocal
Raman Spectroscopy using a HeNe laser (A =633 nm). The accuracy of the peak posi-
tion s typically 4 cm~'. All measurements were carried out at room temperature. The
photoluminescence (PL) spectra (emission and excitation) and fluorescence lifetime
were measured using a JASCO FP-6500 spectrofluorometer. All spectra were regis-
tered at room temperature. In order to compare the photoluminescence intensity,
the amount of samples was the same in all experiments.

3. Results and discussion

La,TeOg and Y,TeOg crystallize in the space group P2:212;
of the orthorhombic system with four formula units in the
cell of dimensions a=5.510(1)A, b=9.441(2)A, c=10.387(3)A
and a=5.2456(4)A, b=9.0361(7)A, c=9.9312(8)A, respectively
[16,17].The powder X-ray diffraction patterns of Laj ggEug 19TeOg
samples doped with Sm3* and Gd3*are shown in Figs. 1 and 2
respectively, and can be indexed in the orthorhombic symmetry
indicating the existence of arange of solid solutions, represented by
the formula Laj gg9_xEug.10SmxTeOg (x=0.00, 0.02, 0.04, 0.06, 0.08,
0.10, 0.12 and 0.14) and La; go_xEug 10GdxTeOg (x=0.00, 0.02, 0.04
and 0.06).

On the other hand, the X-ray diffraction patterns of the samples
of general formula Y,_yEuyTeOg (x = 0.00, 0.02, 0.04, 0.06,0.08,0.10,
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Fig. 1. XRD patterns of La; g0_xEug 10SmyTeOg (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 A) ions is slightly smaller
than that of Eu3* (1.01A) [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 = 0.901/Bcos 6, predicts crystallite
thickness if crystals are smaller than 1000 A. Since small angular dif-
ferencesin 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, A is the wavelength of the radiation used in the diffraction
experiments, 6 is the diffraction angle and g is the full-width at
half-maximum (FWHM) of the observed peak[20,21]. The strongest
diffraction peaks (121) were used to calculate the grain sizes
of the samples. (DYl.SGEuO.MTeOG =52nm, Dya, g5Eu g19Smg0;TeOs =
43nm, Dia, g5Bug 19Gdg gpoTe0s = 62 NM).
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Fig. 2. XRD patterns of Laj go_xEug10GdxTeOg (x=0.02, 0.04 and 0.06).
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Fig. 3. XRD patterns of Y,_yEu,TeOg (x=0.02, 0.04, 0.06 and 0.10).

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

3.1. Photoluminescence spectra of La; goEug,10TeOg samples
doped with Gd3*/Sm3*

The photoluminescence spectra of Lajgg_xEug10GdxTeOg
(x=0.00, 0.02, 0.04, 0.06) and Lajgg_xEug10SmyTeOg (x=0.02,
0.04, 0.06, 0.08, 0.10, 0.12 and 0.14) show a strong °Dg — ’F,
emission line on excitation at 395nm. In order to improve the
emission efficiency of LajggEug10TeOg we have replaced some
of the Eu3* ions by Gd3* or Sm3*cations. From comparison of
the emission intensity of the samples with different concen-
tration of Gd3* or Sm3* doped concentration, the luminescence
reaches the maximum intensity with the following compositions
La].ggEuOJoGdg_QzTEOG and Laj ggEug 10Smg g TeOg. It is observed
that the quenching concentration is lower in the nanocrystalline
samples than in the bulk ones [22]. The emission spectra for the
optimized phosphors are shown in Fig. 5. The excitation spectra
for monitoring the °Dgy — 7F, emission of Eu3* show an absorption
in the short-wavelength region (250-270nm) plus the sharp
bands centered at 395.6 nm, 466 nm, and 534.6 nm. These sharp
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£ () La, ,Eu,  Sm, , TeO ®
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S

T T T T T T T T T
560 580 600 620 640
Wavelength (nm)

Fig. 5. Emission spectra of 1mol% Gd3** or Sm3* doped LajgoEug10TeOs.
(Aex=395nm) ((a) LajgoEuo10TeOs;  (b)  LajssEup10Gdoo2TeOs;  (C)
La 83Euo,10Smo,02TeOs).

excitation peaks are assigned to the typical 4f" — 4f" transitions of
Eu3*. According to previous works, the excitation around 395 nm
corresponds to 7Fy— °Lg transition, the excitation at 466 nm
corresponds to 7Fg— °D transition and finally the excitation
around 534nm corresponds to ’Fy— °D; transition [23]. The
excitation spectrum of the sample containing Sm3* shows also a
sharp SHsj, — 4Ky, line at 406 nm [24] (see Fig. 6).

The luminescence intensities of °Dg— ’F, 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 1mol% (Fig. 7). The decay curves of the >Dy luminescence in
the La1,88Eu0.10Gd0.02Te05 and La1,88Euo_1OSmo.02Te05 nanocrys-
tals are shown in the respective inset. These curves are well
fitted to a mono-exponential function and can be represented by
I=Ipexp(t/t), whereland Iy are the luminescence intensities at time
t and 0 and t represents the radiative decay time [25]. The results
show that the decay mechanism of the Dy — ’F, 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

Fig. 4. SEM micrography of La; ggEug 10Smo 02 TeOg prepared by Pechini sol-gel method.
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Fig. 6. Excitation spectra of 1mol% Gd3** or Sm3* doped LajgoEug10TeOs.
(Aem=618nm).  ((a) LajgoEuo10TeOs; (b)  LaisgEup10Smoo2TeOs;  (C)
Laq sgEu0.10Gdo.02TeOg).

prepared by the Pechini process with respect to the phosphors
prepared by conventional solid state methods we found that the
nanocrystalline phosphors show a better colorimetric resolution,
with the FWHM of the emission spectra narrower than in the bulk
samples [26].

3.2. Photoluminescence and Raman spectra of Y>TeOg samples
doped with Eu3*

The emission spectra of Eu3*-doped phosphors Y;_,EuyTeOg
upon excitation with light of 395 nm are shown in Fig. 8. The spec-
tra are comparable to that of Eu3* in La; ggEug 10Gdg g2 TeOgand
La; ggEug.10Smg g2 TeOg, except that the emission can be divided
into two bands, with the magnitude of the splitting depending on
the concentration of Eu3*,

The luminescence intensities of the 5Dy — ’F, emission line
(618 nm) on excitation at 395 nm are found to be not dependent
on the dopant concentration. The emission intensity reaches the
peak maximum when the Eu3*concentration is 7 mol%.

J. Llanos et al. / Journal of Alloys and Compounds 509 (2011) 5295-5299
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Fig. 8. Emission spectra of Y,_xEu,TeOg (x=0.02, 0.04, 0.06, 0.08, 0.10, 0.12, and
0.14) prepared by Pechini sol-gel method (Aex =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 Y,TeOg
and Yq ggEug 14TeOg (Fig. 10). The Raman and IR spectra supported
the existence of TeOg®~ groups in the structure [26]. In the crystal
structure of Y,TeOg, the Te®* jons occupy the 4(a) positions with
site symmetry C;with six oxygen atoms in a shape of a distorted
octahedron surrounding the TeS*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 TeOg®~ anion
in PbMnTeOg [28]. The results show that v; of Y184 Eug15TeOg
(749 cm—1)is larger than that of Y, TeOg (744 cm~1). The differenti-
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Fig. 7. The dependence of Sm3* (left) or Gd3* (right) emission intensity (Aem =618 nm) on the concentration of Sm3* or Gd3* in La; goEug10TeOg. Decay curves of the 5Dy

luminescence of the Eu3*in the respective phosphors (inset).
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Fig. 10. Raman (left) and FT-IR (right) spectra of (a) Y1.86Euo.14TeOg and (b) Y,TeOg.

Table 1
Assignment of the IR and Raman spectra of Y,TeOg and Y;.gsEup14TeOg (bands in
cm1).

Vibration ~ Y,TeOg Y1.86Eu.14TeOg
IR Raman IR Raman
Vq 754 w 744 vs 759 w 749 vs
vy 667 vs 669 w 671 vs 672w
V3 732 m 702 m 740 m 703 m
V4 590 w,606w  579w,610w  594w,609w  580w,613w
Vs 490 m, 506 w 505w,518w 498 m,511w 506 w,521w

ation could be related with the difference of the ionic radii between
Eu3* and Y3*. The Raman and IR spectra confirm the existence of a
unique range of solid solution (vide supra).

4. Conclusions

Nanocrystalline LajggEug10TeOg:RE 3* (RE=Gd, Sm) and
Y,TeOg: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 La;g9Eug19TeOg enhances the red emission at 618 nm
when the concentration of Gd3* or Sm3*reaches the 1mol%
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 (C;) in all phases, which is cor-
roborated in the case of Y, yEuyTeOg 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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