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One-dimensional La,O5:Eu®*

nanowires (NWs) and sub-micrometer samples (SMs) were

fabricated by a hydrothermal method. Their photoluminescent characteristics were studied and
compared. The results indicated that the exciton band in NWs blue-shifted in contrast to SMs. In
comparison with the charge transfer (CT) band, the relative intensity of the exciton band in NWs
was lower than that in SMs, which was attributed to the more energy transfer from the exciton

band to surface defects. Frequency-selective-excitation spectra indicated that there existed three

symmetry sites of Eu®"

ions in NWs and two sites in SMs. The results of the temperature

dependence of ’D,—'F, lifetimes indicated that the electronic radiative rate of 5D1727F 7in the
two samples had hardly any variation and the nonradiative transition rate of °D;— D, in NWs

increased slightly.

1. Introduction

Since lijima reported the synthesis of carbon nanotubes in
1991,' one-dimensional (1-D) structures, such as tubes, wires
and belts with high aspect ratios have become a research focus
of nanometer sciences and technology owing to their consider-
able potential applications in microscopic physics and nano-
scale devices.> Moreover, in comparison with zero-dimensional
(0-D) nanoparticles, the 1-D structure provided an ideal model
for investigating the dependence of optical and electronic
properties on dimensionality and size effect.® In the past
decades, many 1-D structures were successfully fabricated
and their properties were investigated with the advance in
synthesis.*!3 Rare earth (RE) compounds were extensively
used as high-performance luminescence and display devices. It
is expected that smaller size phosphors can improve the
luminescent quantum efficiency (QE) and display resolution.'
Thus, the nanocrystals doped with RE have attracted a large
amount of interest. In earlier years, the photoluminescent
properties of RE ions in 0-D nanoparticles were intensively
investigated, including local symmetry, electronic transition
processes, surface effects, erc.'*!7 Recently, RE doped 1-D
structures have attracted considerable attention in this field.
Meyssamy and Yada reported for the first time on the
preparation of RE phosphate NWs/nanotubes by a hydro-
thermal method and RE oxides NWs by a template-directed
assembly.'®!® Subsequently, the other 1-D RE compounds
were also reported.zo’22 However, until now the luminescent
characteristics between 1-D and the corresponding micro-
meter-sized materials, the so called bulk ones as well as the
0-D nanoparticles have not been compared to a satisfactory
degree. In our previous papers, we reported that the local
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symmetry and electronic transition processes in 0-D and 1-D
LaPO,:Eu®" powders were remarkably different. The radia-
tive transition rate and QE of 5D1727FJ in NWs increased
greatly in comparison with nanoparticles and the correspond-
ing bulk ones.?*>* This implies that 1-D NWs doped with RE
may be ideal nanosized phosphors. Bulk RE oxides, such as
Y,03 and La,Oj etc. are ideal hosts for photoluminescence
and are commercial fluorescent powders. To develop 1-D
phosphors, some elementary problems should be considered,
for example, if the phenomena observed in LaPO4Eu®" NWs
are universal. Based on the above point, we fabricated
La,O3:Eu®" NWs and corresponding SMs, and studied their
luminescent characteristics.

2. Experimental
Sample preparation

All samples were prepared by a hydrothermal method. In
typical synthesis, 1.3928 g of the highly purified La,O5; and
0.0190 g Eu,O5 (4 N) (Eu: La = 0.01) were firstly dissolved in
concentrated HNOjs. Distilled water (120 ml) was added to the
above solution. The final pH value was adjusted to 11-12 with
diluted NaOH solution (1 M). After stirring well, the milky
colloid solution was poured into several closed Teflon-lined
autoclaves and subsequently heated at 120 °C (NWs) and
150 °C (SMs) for 24 h. The obtained suspension was centri-
fuged at 4000 rpm for 15 min and the supernatant was
discarded. The resultant precipitation was washed with dis-
tilled water and dried at 50 °C in vacuum conditions. The dried
La(OH); powders were calcined at 500 °C for 2 h to obtain
La,05:Eu®" NWs and SMs.

Measurements

The diffraction pattern, morphology and size were obtained by
X-ray diffraction (XRD) using a Cu target radiation resource
(A = 1.54078 A), transmission electron microscopy (TEM)
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utilizing JEM-2010 electron microscope, and field emission
microscopy (FEM). The excitation and emission spectra at
room temperature were measured with a Hitachi F-4500
fluorescence spectrometer. In the measurements of tempera-
ture-dependent fluorescent dynamics, the samples were put
into a liquid—helium cycling system, where the temperature
varied from 10 to 300 K. A 266 nm light generated from the
Fourth-Harmonic-Generator pumped by the pulsed Nd:YAG
laser was used as an excitation source. A Rhodamine 6G dye
pumped by the same Nd:YAG laser was used as a site-selective
excitation source. The Nd:YAG laser was with a line width of
1.0 cm ™', pulse duration of 10 ns and repetition frequency of
10 Hz. The spectra and dynamics were recorded on a Spex-
1403 spectrometer, a photomultiplier and a boxcar integrator
and processed by a computer.

3. Results and discussion
3.1 Morphology and structure

Fig. 1 shows the XRD patterns of the samples. The structure
of both samples belongs to the hexagonal phase, same as the
bulk La,O; powders.>>?® No additional phases are formed.
Fig. 2 shows the TEM and FEM images of La,O3 samples. It
can be seen that the sample prepared at 120 °C yields NWs,
with a width of 10-20 nm and length of ~0.5 um. As the
hydrothermal temperature increased, the size of the sample
became large and the morphology was inhomogeneous. The
sample prepared at 150 °C contains some sub-micrometer
particles with a diameter of ~100 nm and some short rods
with a diameter of ~100 nm and length of ~200-300 nm.
According to the high resolution TEM image, the inside of
NWs crystallized well and the fringe became disordered to
some extent. The electron diffraction (Fig. 2d) indicated a
single crystal nature. In the course of the hydrothermal reac-
tion, La(OH);:Eu®*" NWs formed, whose structure also had
hexagonal symmetry. The growth of NWs is determined by
two factors. The surface energy determines the preferential
surfaces that will grow, and the growth dynamics determine
the final structure.”’ Firstly, La(OH)s:Eu®" nanoparticles
formed. Then these nanoparticles self-assembled along the
[010] axis direction of La(OH); to form 1-D NWs.?® Thus
the system possessed the lowest energy and would keep in a
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Fig. 1 XRD patterns of La,O5:Eu samples.

Fig. 2 (a) TEM image of La,O3:Eu NWs prepared at 120 °C, (b)
FEM image of La;O3:Eu SMs prepared at 150 °C, (c) high resolution
TEM image of NWs, (d) electron diffraction image of NWs.

steady state. After sintering, La(OH); NWs were transformed
to La,O3 NWs.

In a previous work, we measured the content of Eu®* ions
in LaPO,Eu®*" NWs and the corresponding bulk materials
prepared by the hydrothermal method.** The result indicated
that the practical concentration of Eu®" in different samples
was nearly the same and approached the doped concentration.
For the present work, we suggested that the practical concen-
tration of Eu®* ions in NWs and SMs was the same.

+

3.2 Luminescent properties

Fig. 3 shows the excitation spectra at 16 367 cm™' at room

temperature. In Fig. 3, two intense bands in the range of
50 000-40 000 cm ™" and 40 000-33 330 cm ™', respectively, and
some weak lines in the range of 28 570-22 220 cm™' were
observed, for both samples. The band ranging from 50 000 to
40 000 cm ! is associated with the exciton absorption (EA) of
the host, the band of 40 000-33 330 cm™' with the CT
transition from the 2p orbital of O*~ ions to the 4f orbital
of Eu®* jons and the sharp lines between 28 570 and 22 220
cm ™! with the direct excitation of f—f shell transitions of Eu®*.
Ropp observed that the EA band in La,O3 phosphors ap-
peared in all cases, regardless of activators and the exciton
energy was 43 480 cm™! (5.4 eV).?® In Fig. 3, the location of
the EA band in NWs was 45 454 cm™! (5.6 eV), while that in
SMs was 52 550 cm ™' (5.2 eV). The exciton energy in NWs
increased compared to that in SMs. For Y,05:Eu®" nano-
crystals whose smallest size was about 10 nm and YBO5:Eu**
nanoparticles whose smallest size was 17.5 nm, the same
phenomenon was observed.?-*° The location of the CT band
in NWs (36 900 cm™") blue-shifted compared to that in SM
(35 970 cm™"). Hoefdraad et al. reported that the position of
the CT band depends on the Eu®*—O distance.?! The shorter
the Eu® -0 distance, the larger the energy difference between
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Fig. 3 Excitation spectra monitoring 612 nm at room temperature.

the 4f of Eu®" and 2p electrons of 0> is. Thus, it can be
concluded that the Eu®"—O distance in NWs becomes shorter
than that in SMs. In Fig. 3, the intensity of the f-f shell
transitions had hardly any changes for NWs and SMs. The
intensity of EA band in NWs decreased greatly compared to
that in SMs, while the intensity of the CT band decreased
slightly. In NWs, the surface defects should increase largely
compared to those in SMs. We consider that in La,O; NWs,
most of the exciton energies were transferred to the surface
defects instead of Eu® " ions, causing the intensity of the Eu®"
exciton band to decrease. Fig. 4 shows the corresponding
emission spectra under 38 460 cm ™! excitation. In NWs and
SMs, °Dy,,»—F, transition emissions were observed. The
detailed origin is labelled in the figure. The integrated intensity
ratio of D, »->."F, to *Do-'>."F, was calculated and ob-
tained to be 0.12 in NWs and 0.26 in SMs. It can be seen that
the relative intensity ratio of 5D1~2727FJ to 5D077Z7FJ
increased slightly in SMs in comparison with NWs. We
suggested that “D,—D; and °D,—°D, nonradiative process in
NWs become stronger than those in SMs. Thus, *D; -5 'F,
radiative transitions in NWs decreased in comparison with
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Fig. 4 Emission spectra at 276 nm excitation.

SMs. Due to the larger ratio of surface-to-volume for NWs,
large amounts of atoms locate in the fringe. The disorder in the
fringe is higher than the inside atoms and produces a great
deal of quenching centers for NWs. Therefore, the nonradia-
tive relaxation for D,—D; and °D;—°D, in NWs becomes
stronger, causing the intensity ratio of 5D1§2—7FJ to °Dy—"F to
decrease. The integrated intensity ratio of >Dy—'F, to *Dy—'F,
was obtained to be 3.98 in NWs and 3.97 in SMs, respectively.
As is well known, the *Do—'F; lines originate from magnetic
dipole transition, while the *Dy—'F, lines from the electric
dipole one. In terms of the Judd-Ofelt theory,*>>* magnetic
dipole transition is permitted. The electric dipole transition is
allowed only on the condition that the europium ion occupies
a site without an inversion center and is sensitive to local
symmetry. The above results indicated that the relative num-
ber of Eu®" at conversion centers hardly changed for both
samples. It can also be seen that the relative intensity of the
two emission peaks of SDOJFz, located at 16 390 em™! and
16 050 cm ™!, varied greatly in La,O3 NWs and SMs. In NWs,
the relative intensity of the 16 390 cm ™' peak increased largely.
This could be attributed to different local environments sur-
rounding Eu’" luminescent centers, which will be discussed in
detail in the next section.

3.3 Local symmetry

In La,Os3, Eu®" ions were substituted for La®>* and located
at Cy symmetry site.'”?° Fig. 5a and b show, respectively, the
"Fo—>D, excitation spectra monitoring different *Dy—'F, sites
and the *Dy—'F, emission spectra selective exciting 'Fo—D
transitions in NWs. In Fig. 5a, as monitoring at 16 334 cm ™!,
an intense excitation peak at 17 230 cm™' (called A site)
appeared, and monitoring at 16 138 cm™! and 16 290 cm ™',

a strong peak at 17 210 cm™! (called B site) occurred. As

1
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Fig. 5 (a) "Fy—>D, excitation spectra monitoring different *Dy—F,
sites, and (b) the *Do—F, emission spectra selectively exciting "Fo—D,
transitions in NWs at 77 K. Delay time: 50 ps.
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monitoring different *Do-'F, emissions, a broad excitation
peak located at 17 255 cm ™! (called C site) was observed. The
selective-excitation spectra indicated that there existed at least
three symmetry sites in NWs. Moune et al. systematically
investigated the energy levels of Eu®* in La,O; prepared by
solid-state reaction.’* According to their results, there are two
excitation peaks of "Fo=Dy, at 17 231 em ! and 17 219 cm” !,
respectively. At present, the location of sites A and B are
17 230 cm™" and 17 220 cm™', respectively, which are well
consistent with the results of bulk La,Os;. The C site is an
additional one appeared in La,O3 NWs. Therefore, we suggest
that the site C originated from Eu®" ions in the fringe edge,
while the sites A and B from the internal site. According to the
high-resolution TEM image, local environments surrounding
Eu’" in the fringe edge became disordered in comparison with
the internal ones, thus the emission line associated with site C
broadened. In Fig. 5b, as excitation corresponds to A, B, and
C sites, different group of emission lines are observed. In
addition, as exciting different locations of C, 17 247, 17 255
and 17 261 cm ™', the emission spectra changed, indicating that
the C site consists of different spectral components. The site-
selective excitation experiment demonstrates that the local
environments of Eu® " ions at site C are quite different, which
is consistent with the results from high-resolution TEM
images.

Fig. 6a and b show, respectively, the "Fo—D, excitation
spectra monitoring different Dy—F, sites and the *Dy—"F,
emission spectra selectively exciting "Fo—Dj transitions in
SMs. In Fig. 6a, while monitoring at 16 334 cm ™', two intense
excitation peaks located at 17 220 cm™! (called BI), 17 231
cm ™' (Al) were observed. Al is fairly sharp and B1 is quite
wide. They overlapped to some extent. As monitoring at
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Fig. 6 (a) 'F—Dj excitation spectra monitoring different *Dy—"F,
sites, and (b) The *Do—'F, emission spectra selective exciting "Fo—D,
transitions in SMs at 77. Delay time: 50 ps.

16 026 cm™!, a weak peak located at 17 271 cm™' was

observed. However, corresponding to the excitation at 17
271 cm™!, no emission line was observed, suggesting that it
was probably caused by noise. In Fig. 6b, while exciting Al
and B1 locations, two groups of emission lines appeared. In
comparison with the excitation and emission spectra in Fig. 5,
it can be seen that site B1 was identical with site B in NWs. Site
Al shifted slightly relative to site A in NWs. Therefore, we
suggest that despite the symmetry sites Al and Bl in La,O3
SMs may be as same as those in La,O3; NWs as well as the bulk
materials.

3.4 Electronic transition processes

3D level is a medium excited state among °Dy and is suitable
for analyzing radiative and nonradiative transition processes.
Under a 266 nm excitation, electrons from the ground state
were excited to the CT state firstly, and then were fed to
excited °Dj states. The electrons in *D; state came from the
nonradiative CT state feeding and *D,—°D; relaxation. As-
sume that the depopulation processes in °D; were contributed
mainly to the radiative Slez /'F; transition, and one-step
nonradiative >D;—>Dy transition. Then the lifetime of D, can
be expressed as>>>*

1

T(T) - Wy + Wlo(T)

(1)
where W, is the radiative transition rate of 5D1—2J7FJ,
Wio(T) is a nonradiative transition rate at a certain tempera-
ture, 7. The nonradiative relaxation is a multi-phonon pro-
cess. According to the theory of multi-phonon relaxation, the
lifetime of °D; can be expressed as

1
T =
Wi+ Wig(0)[1 — exp(—heo/kT)] AF10/H

(2)

where W0(0) is the nonradiative transition rate at 0 K, AEjq is
the energy separation between *D; and *Dy, he is the phonon
energy, k is the Boltzmann’ constant. According to eqn (2), if
the fluorescence lifetime is measured as a function of tempera-
ture, then W, and W, can be obtained by fitting.

The fluorescence decay curves of °D—F, as well as *Dy—'F,
were measured at different temperatures. Fig. 7 shows the
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Fig. 7 The decay curves of Eu®>" in NWs at 10, 150 and 300 K,
respectively, monitoring *D—'F, emission (18 050 cm ™).
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Fig. 8 Dependence of the lifetimes of *D,~'F, transition on the

temperature. The scattered dots were experimental data and solid
lines were fitting curves.

fluorescent dynamics of °D;~'F, (monitoring: at 18 050 cm ')
for NWs at different temperatures. It can be seen that the *D;—
F, transitions decayed exponentially at any temperature. As
the temperature was increased, the fluorescence decay constant
became small. Fig. 8 shows the dependence of D;—F, ex-
ponential lifetimes on temperature. It can be seen that the
lifetime of °D,—’F, in the NWs is a little longer than that in
SMs, at any temperature. Below ~ 150 K, the lifetime nearly
reserved as a constant. Above 150 K, the lifetime began to
slowly decrease with elevated temperature, for both samples.
The lifetime from 10 to 300 K had only a little variation.
Therefore, it is hard to accurately determine W, and W 0(0).
Despite this, we fitted the experimental data with eqn (2). In
the fitting, we chose AE;, = 1758 ecm™!, hw = 370 cm™'. By
fitting, W, was determined to be (5.4 & 1.2) ms~' in NWs, and
(4.8 £0.9) ms ™! in SMs. W;0(0) was determined as (3.7 + 0.9)
ms~' in NWs, and (2.6 & 1.1) ms™! in SMs. It seems that the
radiative transition rate in NWs increased slightly, while the
nonradiative transition rate in NWs increased compared to
that in SMs. This was in consistence with the result shown in
Fig. 4.

The *Dy—"F, fluorescence lifetimes in La,O; NWs and SMs
were also measured. Fig. 9 shows the fluorescence dynamics of
SDy—"F, in the two different samples monitoring 16 340 cm™ .
It can be seen that the Dy—'F, emissions decayed exponen-
tially for both NWs and SMs. The fluorescence decay constant
in NWs is slightly longer than that in SMs. The fluorescence
lifetimes in NWs and SMs were determined to be 0.82 and 0.73
ms, respectively. The *Dy—F, lifetimes in La,Os hardly chan-
ged with the variation of temperature. The °D is the lowest
excited state and the energy separation between °Dy and the
nearest downlevel "Fg is as high as ~12 000 cm™ . In this case,
nonradiative relaxation processes hardly happen according to
the theory of multi-photon relaxation. Thus we suppose that
the radiative transition rate of Dy-3_,’F, equals the inverse
value of the fluorescence decay time. Then, we deduced the
radiative transition rate of 5D072,7FJ, to be 1.22 ms~! in
NWs, 1.38 ms™' in SMs. It is obvious that the radiative
transition rate of 5DofE /F, in NWs and SMs was nearly

b
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Fig.9 The decay curves of Eu’" in NWs and SMs monitoring 16 340
em™'at 10 K.

the same, too. Unlike in LaPOy4:Eu, the radiative transition
rate in La>O; has only a slight change between NWs and SMs.
In LaPO4:Ce*" and LaPO,:Tb> " NWs and the corresponding
micrometer rods, similar results were also observed. However,
the electron radiative transition rate and QE remarkably
increased in LaPO4:Eu NWs compared to those in the micro-
meter rods. This means that the radiative transition rate and
luminescent QE cannot be improved in any system. The
variation of the radiative transition rate in NWs should be
dependent on the host materials and the crystal structure, the
RE ions and their site symmetry etc. This should be investi-
gated further.

Conclusions

La,O5:Eu NWs and the corresponding SMs were fabricated by
the hydrothermal method and their morphology, size and
structure were characterized by XRD patterns and TEM
images. The photoluminescent characteristics including local
symmetry and electron transition processes were studied and
compared. The results indicated that the exciton band in NWs
blue-shifted and decreased in comparison with SMs. The
relative intensity ratio of “D;,-S_F, to *D¢-3_F, in NWs
was lower than that in SMs. The site-selective excitation
spectra indicated that there existed three symmetry sites in
smaller size NWs and two sites in larger size SMs. Moreover,
the symmetry sites in both samples changed. The electronic
radiative transition rate of 5D1727FJ and 5D0727FJ in the
two samples hardly changed.
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