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ABSTRACT

We explored a synthesis route based on the polymer complex solution method for the production of the
rare-earth doped Lu,05 crystalline nanopowders. In this type of synthesis polyethylene glycol is used
both as fuel for the combustion reaction, and as nucleation agent for the crystallization process. Synthe-
sized materials were characterized with X-ray diffraction technique, scanning and transmission electron
microscopy, EDX technique and photoluminescence spectroscopy with steady state and time domain
measurements. X-ray diffraction and electron diffraction analysis showed that presented synthesis pro-
cedure yields pure-phase, well crystallized Lu,03; nanopowders with the particles dimensions in the
30-50 nm range, as observed from TEM images. Luminescence properties of Sm3* and Tb3* doped Lu,03
exhibited characteristic red and pseudo-white emissions from these rare-earth ions, with an average

Luminescence

emission lifetime of 0.8 and 0.6 ms, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Rare-earth luminescent materials have attracted much atten-
tion because of their applications in artificial lights, X-ray medical
radiography, lamps and display devices and high-power solid-state
lasers. Among them, rare-earth (RE) sesquioxides are well-
recognized host materials due to good chemical stability, adequate
thermal conductivity and high light output. In particular the
lutetium oxide has been regarded as a promising host for the detec-
tors of ionizing radiation, such as gamma particles and X-rays. High
performance of such detectors is ascribed to the exceptionally high
density (~9.42 g/cm3) of Lu, O3 that combined with the high Znum-
ber of Lu (71) endows a high stopping power for ionizing radiation
[1].Inaddition, Lu, O3 cubic crystal structure makes the preparation
of polycrystalline transparent ceramics possible, starting from the
powder [2,3]. Actually, this is of great importance, as the high melt-
ing point of this compound, around 2763 K, makes single crystal
growth difficult with standard growth methods.

Oxide-based phosphors are traditionally prepared by a solid-
state reaction method starting with a mechanical mixing of
precursor oxides, followed by ball-milling and calcination. The
common problems of this method are poor sintering behavior of the
material, nonhomogeneity, imprecise control of cation stoichiom-
etry and high processing temperature [4].
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To overcome these problems, wet chemical processes such as
hydrothermal synthesis [5], co-precipitation [6-8] and sol-gel [9]
have been used as common synthesis methods for rare-earth doped
lutetia. However, these chemical methods involve complicated
steps, such as precise control of pH and precipitation, in order to
obtain the correct stoichiometric compound. On the other hand,
combustion synthesis emerged in the last decade as an important
synthesis technique for oxide nanoparticles, for being very simple,
fast and cost-effective [10,11].

In this study, we used polymer complex solution (PCS)
method—a modified combustion route, for the production of Sm
and Tb doped lutetia nanoparticles. The utility of this polymeric
approach is two folded: (i) chelating of cations onto polymer chains
providing dopant mixing at atomic level, and (ii) development of
extremely high viscosity polymeric raisins during the gelation pro-
cess resulting in a very low cation mobility [12]. The luminescence
performance, structure and morphology of synthesized materials
were systematically examined and results are reported and dis-
cussed herein.

2. Materials and methods

Two samples of Lu;Os; metal oxide doped with 3at% of Sm3" and Tb3*
ions were produced with PCS method. First we prepared water solutions of
stoichiometric quantities of RE-nitrates by dissolving appropriate quantities of
rare-earth oxides in hot nitric acid. To such obtained solutions polyethylen-
glycol (PEG), with molecular weight of 200, was added in 1:1 mass ratio to
used oxides. After metal-PEG solution formation and continuous stirring at
80°C for few hours, a metal-PEG solid complex was formed. Subsequently,
this complex was combusted at 800°C in a furnace at atmospheric pressure,


dx.doi.org/10.1016/j.jallcom.2010.06.033
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:radenka@vinca.rs
dx.doi.org/10.1016/j.jallcom.2010.06.033

R. Krsmanovic et al. / Journal of Alloys and Compounds 505 (2010) 224-228 225

Fig. 1. Photo of Lu;03:Sm3* powder (a) as-synthesized, (b) emitting strong red light under UV excitation.

and kept at the same temperature for 2h. As a final result, white color of
Sm3* doped (see Fig. 1) and pale-sand color Tb** doped Lu,03 powders were
obtained.

X-ray diffraction (XRD) measurements were obtained on Philips PW 1050 instru-
ment, using Ni filtered Cu Ka; » radiation, in a 26 range from 10° to 120°, counting
for 12s in 0.02° steps. Structure analysis was performed using Koalariet software
based on Rietveld full profile refinement method [13].

Microstructure of the calcinated samples was examined with scanning (SEM
JEOL JSM 6460LV) and transmission electron microscopy (TEM Philips/FEI CM300).
The composition of the powders was checked with EDX (energy dispersive X-ray
spectroscopy) measurements done with X-ray microanalysis unit (Oxford Instru-
ments) attached to SEM.

Photoluminescence measurements were performed at room temperature on
the Fluorolog-3 Model FL3-221 spectroflurometer system (Horiba Jobin-Yvon), uti-
lizing a 450-W xenon lamp as an excitation source for emission measurements and
a xenon-mercury pulsed lamp for lifetime measurements. Time-correlated single-
photon counting (TCSPC) method was used to provide luminescence lifetime values
from the fluorescence decay curves. TBX-04-D PMT detector was used for both
lifetime and steady state acquisitions.

EDX and luminescence experiments were done on pellets prepared from the
powders under the load of 5 tones and without any additives.

3. Results and discussion

Lu, 05 crystallizes in the cubic bixbyite structure of Ia3 space
group, with lattice constant a=1.039 nm [14]. This structure offers
two crystallographically inequivalent sites for Lu3* ions: non-
centrosymmetric C; and centrosymmetric Sg (Cs;), which can be
occupied either by Sm3* or Tb3* dopant ions. Due to their lower
symmetry and greater abundance in the structure, lanthanide ions
preferably populate the C, sites.

Our XRD analyses confirmed that, after calcination at 800 °C for
2 h, powder samples crystallize in a cubic phase of Lu,03 (JCPDS
No. 12-0728). Measured XRD pattern for Lu,03:Sm3* sample is
givenin Fig. 2, together with calculated and difference patterns. The
following crystallographic data were obtained from the Rietveld
analysis: crystal coherence size of 28(1)nm, unit cell parameter
a=10.4295(4) A, microstrains Aaja=0.318(14)%.

SEM observations revealed that at micron-level our powders
had quite dense morphology (Fig. 3A), different from fluffy and
sponge-like appearance typical for powders, produced with stan-

dard combustion methods [15-17]. This characteristic can be
ascribed to the use of PEG in the synthesis procedure.

Qualitative EDX analysis, performed on SEM, confirmed the
presence of RE dopants and the purity of our materials. One
spectrum for Lup03:Sm3*, acquired for 100s at the acceler-
ating voltage of 25kV, is presented in Fig. 3B. The chemical
homogenity of the samples was checked using EDX mapping tech-
nique. The elemental maps of Lu, Sm (Tb) and O (not presented
here) showed a uniform density distribution, thus confirming
that the activators distribution is homogeneous throughout the
material.

TEM observations at nanometer level showed the presence
of agglomerates, made up of nanoparticles sized in the range of
30-50 nm (Fig. 4A). High-resolution TEM examinations revealed a

Fig. 2. Observed (crosses), calculated (solid line) and difference XRD patterns of
Sm3* doped Lu,03; powder sample; the diffraction peaks are indexed according to
JCPDS card No. 12-0728. Crystallographic data obtained from the Rietveld analysis
are shown as inset. Thick marks denote the peak positions of Bragg reflections of
Lu, 053 cubic phase.
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Fig. 3. Typical SEM image (A) and EDX spectrum (B) for Sm3* doped Lu,03 sample.

good crystalline structure of those nanoparticles, without any irreg-
ularities or amorphous surface layer (Fig. 4B). The local crystalline
structure was investigated by electron diffraction (ED). Experimen-
tal ring diffraction pattern is given as an upper inset in Fig. 4A. The
same ring ED pattern, with marked Miller indices of Lu; 03 and rings
intensity as obtained from the simulation on JEMS software [18], is
shown bellow in the same figure. The crystalline structure of Lu; O3
was built in JEMS software based on the data obtained from XRD
measurements.

The results of the photoluminescent investigation are presented
in Fig. 5. As we already mentioned, due to the lower symmetry

and the greater abundance in the structure it is expected that
dopant lanthanide ions preferably substitute Lu3* in C, site. For
lanthanide ions residing in C; site, the f-f transitions are partially
allowed by forced electric-dipole due to odd parity terms in the
crystal field Hamiltonian. On the other hand, for lanthanide ions
situated in the Sg sites of inversion symmetry, only weak magnetic-
dipole induced transitions are possible. Therefore, we presume that
observed strong luminescence in Lu,03 samples arises from Sm3*
and Tb3* ions situated in non-centrosymmetric C, crystallographic
positions. The strong crystal field of Lu; O3 host results in prominent
Stark splitting, and we calculated the position of the barycenters for
each observed transition.

Emission spectrum of Sm3* doped sample was recorded at room
temperature under the excitation of 406 nm. The reddish-orange
light of Sm3* ions consists of three emission bands in the visible
region (see Fig. 5a) which have to be assigned to the intra-4f-
shell 4Gsj, — SH; transitions (J=5/2, 7/2 and 9/2, respectively) of
the Sm3* ion [19]. For each transition the correspondent barycen-
ter was calculated and following values were obtained: 574.60,
612.37 and 661.73 nm, respectively. The transition 4Gs; — ®Hsp
(peaks at570,577 and 586 nm) has a predominant magnetic-dipole
character (AJ=0) while 4G5, — ®Hgj, (650, 656, 662.5, 669.5 and
676.5nm) transition is magnetic-dipole forbidden and electric-
dipole allowed. The red emission peak of the highest intensity
corresponds to 4G5/2 — 6H7/2 transition (597.5, 608, 618.5 and
625 nm) and is positioned at 608 nm wavelength. The crystal field
splitting of Sm3* ion has a maximum number of (J+ 1/2)-manifolds
for the 4G5, — SH; transitions (3 for J=5/2, 4 for 7/2 and 5 for 9/2)
that confirmed our hypothesis of C,-site occupancy.

Emission spectrum of Tb3* doped sample was recorded at room
temperature under the excitation of 350 nm (Fig. 5b). In this case
the characteristic emission of Tb3* was distributed into four groups,
corresponding to the following f-f transitions >D4 — ’Fg (483.5,
488.5, 492, 497.5, 502.5nm), Dy — ’F5 (542, 548, 550.5, 552,
554nm), 5Dy — 7F4 (578.5, 580, 583, 585, 588.5, 590.5, 593, 598,
595.5, 600 nm), °D4 — “F3 (615, 621.5, 624, 627.5, 629.5nm) [20].
Their barycenters were found, respectively, at 490.71 nm (blue),
547.16 nm (green), 589.31 nm (orange) and 622.45nm (red). As
expected, for the UV-vis excitation of Tb3* ions, green emission
is the most intense.

The fluorescence decay curves for4G5/2 level of Lu;03:Sm3* and
5D, level of Lu,03:Tb3*, presented in Fig. 6, show complex decays
with an exponential decay at longer times. For this reason it is more
appropriate to calculate an average lifetime values for both samples

Fig. 4. Representative TEM image of one agglomerate in examined Lu,03:Sm3* sample (A) and HRTEM from one nanoparticle in the same agglomerate (B). Experimentally
obtained ring electron diffraction pattern is presented in the upper right corner in part (A), and its match with XRD reflections is shown in the down right corner.
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Fig. 5. Emission spectra of Lu, 03 samples: (a) reddish-orange of Sm3* (Aexc =406 nm) and (b) pseudo-white emission of Tb3* (Aexc =350 nm).

Fig. 6. The fluorescence decay curves of (a) *Gs), for Sm3* (Aexc =406 nm) and of (b) >D4 for Tb3* (Aexc =350 nm) emitting levels in Lu, O3 samples.

using the following equation:
oo
o ti(t)dt

T. = —
M inde

(1)

where [(t) represents the luminescence intensity at time t corrected
for the background, and the integrals are evaluated on a range
0<t<tm where tm > Tavg [21].

In this way average lifetime is calculated to be 0.8 and 0.6 ms for
Sm3* and Tb3*-doped samples, respectively.

4. Conclusions

The synthesis based on the polymer complex solution method
can be successfully used for the simple and low-cost production of
pure-phase, C-type stable nanocrystalline lutetium oxide activated
with Sm3* and Tb3* ions. The particles have sizes between 30 and
50 nm. EDX spectral analysis and mapping technique confirmed
that samarium and terbium ions are fully and evenly integrated
in the lutetium oxide solid solution. Optical properties were deter-
mined with the photoluminescence spectroscopy measurements in
the energy and time domains. The samples exhibited characteristic
luminescence emission of the dopant RE ions: with Sm3* a reddish-
orange emission is obtained, while doping with Tb3* ions resulted
in a combination of blue (mainly), green and red emission. Tak-
ing into account the simplicity of the synthesis process, the use of
rather simple equipment, and low energy consumption, we found
polymer complex solution synthesis appropriate for the production
of good crystalline oxide phosphor materials such as Sm3* and Tb3*
activated Lu,0s.
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