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Abstract

Nanosize terbium oxide embedded in the Fi@nocrystal has been produced using a reverse micellar synthesis. High-resolution trans-
mission electron microscopy and X-ray diffraction measurements have identified particles with a size of 4.5-5.5 nm in the anatase phase. Th
time resolved spectroscopic technique has been used for the measurement of luminescence spectra and decay curves. Strong emissions f
5D, levels of TB* ions were detected at the sample having core@Ep-shell (TiQ,) structure. The structure of this luminescence spectrum
was anomalous which has very strong emission band due to the transifibg ef ’F,. It was ascribed to two kinds of energy migration
among TB* ions D, — "Fs and®D4 — ’F,) in terbium oxide nanoparticle and quenching centers located at the boundary between core and
shell. The excitation energy corresponding to the transitioiDgf— ’F, may be able to migrate among bons for a long time, since the
guenching centers operate upon higher excitation energy than that of this migration.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction troscopy of rare earth doped nano-oxides has been studied by
many investigator§2—4] in order to improve for advanced
TiO2 has attracted much attention in many years becausephosphor and photonic materials. It has been shown that the
of its applications and physical properties, which show inter- successful synthesis of lanthanide oxides nanoparticles can
esting variations influenced by oxygen defects, impurities and be achieved by a number of process, including sol-gel meth-
crystalline modifications. The photocatalytic activity of tita- ods[5], hydrothermal techniqug] and the reverse micelle
nia is greatly influenced by its crystal structure, particle size, method[7,8]. Reverse micelles represent an interesting con-
surface area and poros[tlj. There have been few reportson trolled water environment in which to study luminescent
rare earth doped semiconductor nanoparticles as it is diffi- properties of lanthanides.
cult to incorporate rare earth ions effectively in nanocrystals.  However, luminescence of terbium doped in titania
Luminescent nanoparticles have attracted increasing technonhanoparticle has not been reported as far as we know. In
logical and industrial interest. This interest has mainly to this paper, we try to get luminescence that is emitted from
do with their optical properties that affect emission lifetime, terbium embedded in the titania hanocrystals. We prepared
structure of emission spectra, luminescence quantum effi-nanoparticles having core (I03)—shell (TbO3) structure
ciency and concentration quenching. Recently, optical spec-using a reverse micellar synthesis that was developed by Li
et al. [8]. The products were examined by X-ray diffrac-
* Corresponding author. Fax: +82 51 890 1490. tion, transmission electron microscopy for characterizing
E-mail address: Kimjh@deu.ac.kr (J.H. Kim). their structure and particle size distribution. From measuring
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the luminescence spectra and lifetimes by the time-resolved g

spectroscopic technique, we discuss some possible energ
transfer processes. And we propose a model for the mech-

anism of anomalous P luminescence in the core—shell
nanoparticles.

2. Experimental

Terbium nitrate pentahydrate (Tb(NJ2-5H20) was dis-
solvedin 0.27 g water and mixed with 30 g anhydrous toluene
(CeHs5CHg3, 99.8%, Aldrich) and 1.413 g oleic acid. Then,
1.706 g titanium isopropoxide (TIP, Ti(OHC(Ghk})4, 97%,
Aldrich) dissolved in anhydrous 5 g toluene was added. All

reagents were used without any further purification process

and mixed in a glove box with argon atmosphere. Differ-

ent concentrations of terbium nitrate pentahydrate (2.0, 5.0

and 10.0 mol%) were dissolved in solvent. The mixture was
vigorously stirred with a magnetic stirrer for 24 h and trans-
ferred into a stainless-steel autoclave with a teflon liner (80
ml capacity, 60% filling). And then it was heated to 28D

to remove the organic materials with a rate 6C#min and
maintained for 20 h without stirring. After cooling gradually

toroom temperature, the mixture was separated with centrifu-

gal separator and then dried in vacuum. The nanocomposite
were sintered at 500 for 3 h.

The collected nanophosphor particles were characterized

by X-ray diffraction (X’Pert-MPD System, PHILIPS) and
transmission electron microscopy (TEM, JEM-2010 JEOL,
H-7500, HITACHI). Average particle size of nanocrystalline
TiO2 was calculated from the width of the XRD peaks of
(101) plane using the Scherrer equafi®iO]and also mea-
sured by the image analysis of transmitted electron micro-
graph (TEM). The composition ratio of nanoparticles was
analyzed by energy dispersive X-ray spectrometer (EDS).

We measured the luminescence spectra and lifetimes by the
time-resolved spectroscopic technique. The excitation source

was a Q-switching Nd:YAG laser with pulse duration of

5ns and a repetition rate of 10Hz. The excitation wave-
length was 355 nm in order to pump not terbium oxide but
titania. The emitted light was focused into a 75-cm monochro-
mator and detected by a thermoelectrically cooled photo-
multiplier tube. The signal was fed to a photon-counting
system (DM 3000, SPEX) or to a digital oscilloscope

(LeCroy 9450 A).

3. Results and discussion

The TEM micrograph of the nanoparticles is shown in
Fig. 1 Nanopatrticles have polyhedral-shaped morphologies
and good electron diffraction patterns, which indicates that
they have crystalline nature with good crystallinity. The TEM

measurements have shown that the average size of particles

S

Fig. 1. TEM photograph of nanoparticles having corefd$)—shell (TiG)
structure prepared by reverse micellar method.

Exciting the titania in its band gap results in energy trans-
fer to the emitting state of rare earth ions, luminescence of
some kind of rare earth ions takes place. But, luminescence
of terbium doped in titania has not been reported as far as
we know. Frindell et al[11] reported that luminescence of
terbium in titania was not observed, since the energy levels
of the emitting state of T8 ion are higher than that of the
trap states of titania. These states that may be operated as
quenching centers are created by introducing terbiumions in
the titania and the kinds of quenching centers have not known
yet. It has been reported by different authidrs-13]that the
energy levels of the trap states in the titania nanocrystallites
are located between 2.35 and 2.59 eV (475-525 nm).

Fig. 2shows luminescence spectra of the sample at 13K,
which contains 5mol% terbium and was heated at €50
for 10 h. It may be considered that the core—shell structure
was changed into homogeneous doping structure by thermal
diffusion of the ions. As can be seenhig. 2(a), there are
three kinds of excitons peaks and no emission of th&" Th
ions. It was found that the lifetimes of the three broad peaks
were 1.1 ns (435 nm), 290s (535 nm) and 30Qs (650 nm),
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was similar to each others as 4.5-5.5 nm although the amountsig. 2. Luminescence spectra of dispersedTibns in titania nanoparticles

of Tb content is different.

using direct current mode (a) and photon-counting system (b).
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Fig. 4. Luminescence spectra of nanoparticles having corgdd)bshell
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Fig. 3. Time resolved luminescence spectra of nanoparticles having core (TiO2) Strgcwre’”“’- decay curves of emission froPD,:Th*" ions to’Fy
(Tby03)-shell (TiG) structure. (580 nm),”F3 (618 nm) and F» (664 nm), respectively.

respectively. Since the resolution of our time resolved spec- of the free exciton band was increased with decreasing of
troscopic system was 5ns, the lifetime of broad emission temperature.
centered at 435nm was assumed to be sub-nano second. It Fig. 4 exhibits the luminescence spectra of3Thons
was reported that the broad band centered at 435 nm is dueemitted from the core (TdD3)—shell (TiQ) nanoparticles
to the free excitons of the titania nanoparticJ&3,14], and with the different concentration of terbium at room temper-
the broad emission bands at 535 and 650 nm are attributedature, where 2, 5 and 10% denote the average ratios of the
to oxygen vacancy levelgl2]. Since the emissions radi- numbers of atoms (Tb/Ti). It is worth noting that concen-
ated by the recombination of free excitons disappear within tration quenching of terbium in nanoparticles is very weak
several nanoseconds, these signals cannot be detected bgomparing to that in the bulk, which is characteristic of
photon-counting system (PC mode). Therefore, strong broadnanoparticles. The luminescence spectra df Tons as can
emission centered at 435nm is disappeared in the specbe seen inFig. 4 were very different from that of TiD3
trum (b) that was obtained by PC mode. On the other side nanoparticled15] and of Ga03:Th3* nanoparticled16].
three weak emission bands from3fdons can be seen in  The luminescence spectra in these references are very similar
this spectrum at 580 nn¥D4 — ‘F4), 617 nm D4 — "Fs) and energy level diagram of $hion can be seen in refer-
and 664 nm (D4 — ‘F»). Unusually, no emissions in the ence[15]. Three emission bands froPy level to’F; levels
green D4 — ’Fs), blue D4 — "Fg) and ultraviolet spectral ~ of Th3* ions can be seen in these spectra at 580.wd],
region from the higher energ}Ds level are observed. 617nm (=3) and 664 nm f=2). Actually, terbium ions

Fig. 3shows the time resolved spectra of the nanoparticles have been used for green phosphors becdes® branch-
by using direct current mode (DC mode) at room temperature. ing ratio is much higher than the others, however, there are
The nanoparticles having core—shell structure were preparedno emission bands from the transitions/te 6 (blue) and

by reverse micelles methods and were sintered at 6d0r J=5 (green) levels in these spectra. The relative emission
3 hinordertoremove organic materials. As showim 3, in intensities from°Dy level to differentJ levels were 19%
the short delay time, only a broad free exciton band appears(/=4), 38% (=5) and 43% J[=2), respectively. In order

at 435nm, and two bands that are showrig. 2(a) dis- to assign the anomalous emission spectrum of Th our

appear. Emission due to the excitions at room temperature,sample, we proposed two kinds of energy migration among
which is impossible for bulk titania, was found for nanos- Tb3*ions fD4 — Fg and®D4 — ’F») in core nanoparticles,
tructured titania and this phenomenon was thought to resultand quenching centers located at the interface between core
from spatial confinement and dielectric confinement. Con- (TbO3) and shell (TiQ). Considering no emission bands
sidering disappeared two emission bands are attributed toof blue and green, the quenching centers powerfully oper-
oxygen vacancy levels that are promoted by introducing of ate upon higher excitation energy. Under 355 nm excitation,
terbium in the titanigl?2], it is believed that the nanoparticle exciting the titania in its band gap results in energy transfer to
sintered at 500C preserves core—shell structure. In the long the IeveI5D3,4 of terbium oxide embedded in titania. Then,
delay time of 50Qus, three strong bands emitted from3th  °Dj4 levels are more populated by cross-relaxation ot*Tb
ions are show irFig. 3b). Since lifetimes of TH" ions are  in core. The cross-relaxatiofz + 'F1 » — °D4 + ’Fg) may
much longer than that of excitons, the color of the sample was be a phonon assisted process, where final stated-aiand
seen as orange with the naked eye at room temperature. An@D4 states. Usually in the Tighanoparticles, the migration of
the color of the sample was gradually changed to bright white °D4 — ’Fg can be possible in the early stage, becauséfhe
with decreasing temperature, because the emission intensityevel is ground states. According to the insefd. 4, the rise
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time of 580 nm emission radiated by tAB4 — ’F4 transi- energy corresponding to the transitiorP8f; — F» may be
tion was shorter than 10s. However, the rise time of 664 nm  able to migrate among Pb ions for a long time and thus
emission radiated byD4 — ’F» transition was delayed by  this transition gets many opportunities to emit light, since
192us. It is ascribed théF, states are populated by the the quenching centers operate upon higher excitation energy
cross-relaxation and another migratiorPBf; — ‘F> canbe  than that of this migration.

followed by cross-relaxation. In short, the luminescence in

our sample is emitted while energy migrations occur in ter-

bium oxide before passing to quenching centers. Since theAcknowledgement
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But the excitation energy corresponding to the transition for

5D4 — "F» may be able to migrate among3:hions for along

time, and thus this transition gets many opportunities to emit References
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