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Abstract

One dimensional LaPO,:Eu nanowires with different ratio of length to width (10-30) were synthesized by hydrothermal method
and studied. The results indicated that there existed two crystalline sites and their relative proportion changed with the variation of
the ratio of length to width. It is significant to observe that luminescent quantum efficiency of Eu** increased linearly with the

increase of the ratio of length to width.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Since the unique properties of carbon nanotubes were
found [1], the studies on one dimensional (1D) nano-
structures such as tube, wire, rod, etc. have attracted a
great deal of attentions over past decade due to a great
deal of potential applications, such as data storage [2],
advanced catalyst and optoelectronic devices [3,4], and
so on. Moreover, in comparison with zero-dimensional
(0D) structures, the shape anisotropy of 1D structures,
provided a better model system to investigate the
dependence of electronic transport, optical and mechan-
ical properties on size confinement and dimensionality
[5,6]. With advances in synthesis technique, different
morphology 1D semiconductors have been successfully
fabricated, such as SnO; nanobelts [6], ZnS and ZnO
nanowires (NW) and nanobelts [7,8], and so on, in
which NW should play important roles as both inter-
connects and components in fabricating nanosized elec-
tronic and optic devices [6].
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Rare earth (RE) compounds were intensively applied
to magnet, display devices, optics storage and so on. In
addition, RE ions were hypersensitive to local environ-
ments, which could be used as fluorescence probe to
study microstructure. For this sake, RE doped 1D de-
vices also attracted considerable interests recently. In
1999, Meyssamy et al. [9] synthesized RE doped LaPOy,
NW for the first time and reported their luminescent
properties. Then, Yada and Li et al. [10,11] reported
the synthesis of RE hydroxide and oxide NW.

0D nanosized phosphors doped with RE were exten-
sively investigated in the past decade [12-14]. 1D nano-
sized phosphors doped with RE should be developed
further. To develop 1D phosphors, some elementary
problems should be considered, such as, how the space
dimensionality influences on electronic and optical
properties of RE, if the luminescent quantum efficiency
(QE) for 1D phosphors can be improved than 0D ones
and bulk materials.

Based on the above consideration, we studied and
compared the luminescent properties of LaPO4:Eu
NW and the corresponding 0D nanoparticles (NP) as
well as micrometer particles (MP). It should be noted
that bulk LaPO,4 doped with lanthanide ions was inten-
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sively applied in fluorescent lamps, cathode ray cube and
plasma display panel due to high QE [15,16].

2. Experiments

In the preparation of LaPO4:Eu NW, appropriate
amounts of high purity La,O; and Eu,O3 (1:0.05 in
mol ratio) were dissolved into concentrated HNO;
firstly and de-ionized water was added. Then
(NH4),HPO,4 aqueous solution (0.20 M) was added into
the solution. The final PH value was adjusted to 1-2
with HNOj solution (1 M). After well stirred, the milky
colloid precursor was obtained and poured into closed
Teflon-lined autoclaves and subsequently heated at
120, 130, 140 and 150 °C for 3 h, respectively. The cor-
responding samples were labeled with W1, W2, W3 and
W4. The obtained suspension was centrifuged at 4000
rpm and supernatant was discarded. The resultant pre-
cipitation was washed and dried at 50 °C. The 0D NP
and MP of LaPO4:Eu were prepared with the same
method by adjusting PH value (12-13). The sizes of
NP and MP were ~20 nm and 1 pum, respectively. The
practical concentration of Eu** ions in matrix was ob-
tained by inductivity coupled plasma atomic emission
spectroscopy, to be 4.15% in NP, 4.36% in MP, 4.32%
in W1, 4.33% in W2, 4.39% in W3 and 4.41% in W4,
respectively. X-ray diffraction (XRD) data were col-
lected on Rigaku D/max-rA X-ray diffractometer using
Cu target radiation (4 = 1.54078 A). Transmission elec-
tron micrographs (TEM), and scanning electron micro-
graphs (SEM) were taken on JEM-2010 and AMAY
FE-1910 electron microscope, respectively.

In the measurements of high-resolution spectra and
dynamic, the samples were put into a liquid-helium-cy-
cling system, where the temperature varied from 10 to
300 K. A 266-nm light generated from the Fourth-Har-
monic-Generator pumped by the pulsed Nd:YAG laser
was used as 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 by a Spex-1403 spectrometer,
a photomultiplier and a boxcar162 integrator and proc-
essed by a computer.

3. Results and discussion

Fig. 1 shows TEM and SEM images of LaPO4:Eu
NW prepared at different temperatures. As can be seen
from Fig. 1, the length and width of the NW both in-
crease with elevated synthesis temperature, and the
width increases faster than the length, leading the ratio
of length to width (LWR) to decrease. The shape param-
eters of the NW were listed in Table 1. High-resolution
TEM image shows that the inside of the NW well crys-

Fig. 1. The TEM and SEM images of samples. A, B and C are the
TEM images of W1, W2, and W3, respectively. D presents the SEM
image of W4. E and F are high-resolution TEM and electron
diffraction image of W2, respectively.

Table 1
A list of shape parameters of NW (L: length, W: width) and
luminescent dynamic parameters W, Wo(0) and QE

Parameters Wi W2 W3 W4

L (nm) 500 550 600 1000
W (nm) 15 25 35 100
LWR ~30 ~20 ~15 10
Wy (ms™ ) 28.9 19.7 19.6 16.5
Wio (ms™h) 19.7 20.5 20.9 18.5
QE (%) 59 49 49 47

tallized, while the surface became disorder. Electron dif-
fraction pattern also showed that the NW was single
crystals.

Fig. 2 shows the XRD patterns of LaPO4,:Eu NW
and the corresponding NP and MP. Like the bulk
LaPO, polycrystals prepared with the solid state reac-
tion, the crystal structures of the samples all belong to
monoclinic monazite type [17]. The narrower the width
of NW and the larger the LWR, the broader the XRD
patterns and the weaker the relative intensity of the
XRD peaks between 40° and 55°. This was attributed
to the improved shape anisotropy.
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Fig. 2. The XRD patterns of different powders.

Fig. 3 shows the high-resolution spectra of LaPO4:Eu
NW and corresponding NP and MP at 10 K. As known,
the Dy—'F; emission is hypersensitive to crystal field.
"F, associated with one site symmetry can split into
three Stark lines in the crystal field. In NP and MP, only
three lines of °Dy—'F, were observed, meaning that Eu**
occupied only one site symmetry, called A. In all NW,
six Do—'F; emission lines were observed. As LWR pro-
gressively decreased, the relative intensity of lines 4-6
became weaker in comparison to that of lines 1-3. This
indicates that in 1D LaPO4:Eu, the >Dy—F, transition
came from two crystalline sites, A site and an additional
B (lines 4-6) site, and the relative number of site B in-

10 15 20 25 10
LW

Intensity (a.u.)

W1l
W2
W3
W4
NP

J MP

17500 17000 16500 16000
Wavelengih (nm)

Fig. 3. The high-resolution spectra for different powders at 10 K with
266 nm excitation (delay time is 50 ps). Inset: The dependence of
relative intensity of Eu®" at site B on LWR. Scattered dots were
calculated value and solid was fitting curve.

creased with the decrease of width and the increase of
the LWR. The relative intensity of site B as a function
of LWR was drawn in the Inset. The relative intensity
depends linearly on the LWR. Noted that in Fig. 3,
the peaks labeled with star were not associated with
the °Do—’F; transitions, but with some °D,~'F; transi-
tions, which were identified by time-resolved emission
spectra. Some authors reported that surface effect af-
fected site symmetry of Eu®* in NP [18,19]. In the pre-
sent case, from NP to MP, the surface to volume ratio
varied significantly, however, the site symmetry did
not change. In wirelike materials, new site B appeared
and depended linearly on the LWR, suggesting that it
was caused by the shape anisotropy, instead of surface
effect.

D, is a mediate excited state among D; and is suit-
able to analyze radiate and nonradiative transition proc-
esses. The lifetime of D, can be expressed as [20],

1

o(7T) =T @)’

(1)
where W is the radiative transition rate of °D;-)_,'F,,
Wio(T) is nonradiative transition rate of °D,—°D, at a
certain temperature, 7. Since the lifetimes of Eu" for
the different concentrations hardly changed, the cross
relaxation could be neglected. According to the theory
of multi-phonon relaxation, the lifetime of *D; can be
expressed as,

1
T = 7
W1+ Wio(0)[1 — exp(—ha/kT)] 470/

(2)

where W7((0) is nonradiative transition rate at 0 K, AE;
is the energy separation between “D; and °Dy, /iw is the
phonon energy, k is Boltzmann’ constant.

The fluorescence decay curves of °D;—'F, at 18070
cm ™! as well as °Do—F, at 16 342 cm™! were measured
at different temperatures for all samples. The *D,—'F,
and *Dy—'F, emissions both decayed exponentially,
measured at different temperatures. Fig. 4 shows the
dependence of °D,~'F, lifetimes on temperature. As
shown, the lifetimes of *D; reserved as constants below
~100 K, and then decreased with increasing temperature
for all samples. The experimental data were well fitted
by Eq. (2). In the fitting, we choose AE;o = 1758 cm ™',
Jio =390 cm ™', According to Raman spectra, the peak
at 390 cm ™! is the strongest, As taking 7w as a variable
parameter, 7o = 390 cm ™' is the best fitting. By fitting,
W1 and Wip(0) in different powders were obtained, as
listed in Table 1. The nonradiative transition rate of
°D,—°Dy in all powders was nearly same. The radiative
transition rate of °D,—'F, gradually increases from W4
to W1. The QE for °D; level at 0 K, determined by
n = Wil[W; + Wi(0)] was also listed in Table 1. The
dependence of radiative transition rate and QE on
LWR was drawn in Fig. 5. The radiative transition rate
and QE increased linearly with LWR. In fact, the QE of
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Fig. 4. The temperature dependent lifetime of *D,—F,. The scattered
dots were experimental data and solid lines were fitting lines
(monitoring site: 18 442 em™!). Inset is the emission of °D;—'F;
(J =1, 2) at 266 nm excitation at 10 K (delay = 10 ps).
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Fig. 5. The dependence of the QE (a) and electronic transition rate of
’D;->_,"F, (b) on LWR. Scattered dots were values listed in Table 1
and solid lines were fitting curve.

NP and MP was also obtained, to be 30% and 49%,
respectively. It should be pointed out that we did not
distinguish two different sites in symmetry for the
°D,—"F, (J=0, 1) transitions (see inset of Fig. 4). One
probability is that there exists only one site. The other
probability is that the energy levels for different sites
are too close to distinguish. Actually, the lifetimes at dif-
ferent locations of Eu** were measured. The results indi-
cated that they were nearly same. This implied that even
if there existed two different sites, their electron transi-
tion rates hardly changed. Thus, the influence of possi-
ble site confusing on luminescent lifetime and QE can
be neglected.

For °Dy-F, transitions, as the temperature varied
from 10 to 300 K, the D, lifetimes in all samples hardly
changed. The *Dy is the lowest excited state and the en-
ergy separation between Dy and the nearest downlevel
"F¢ is as high as ~12 000 cm™'. In this case, nonradia-
tive relaxation processes hardly happen according to
the theory of multi-photon relaxation. Similar results
were also reported by Meltzer et al. [12] in monoclinic
Y,0;5:Eu nanocrystals. In cubic Y,03:Eu nanocrystals
prepared by combustion, we observed that the fluores-
cence lifetime of *Dy—'F, decreased as the temperature
varied from 10 to 300 K [21]. The lifetimes of °Dj at
10 K were obtained monitoring 16 342 cm™' emission,
to be 1.70 ms in W1, 2.09 ms in W2, 2.32 ms in W3
and 2.41 ms in W4. Because the lifetimes of *D,, hardly
vary with temperature, we suppose that the nonradiative
transition rate can be neglected in comparison with the
total radiative transition rate of °Dy—Y_,’F,. The radia-
tive lifetime of °D, with the increase of LWR became
shorter, and the radiative transition rate became larger.

4. Conclusions

LaPO4:Eu phosphors of different LWR were success-
fully synthesized by hydrothermal method. Their lumi-
nescent properties, especially, the site symmetry and
the electronic transition processes, were systemically
studied and compared. The results indicate that as
LWR decreased, the relative emission intensity of
’Dy-'F, at site B progressively became weaker and de-
pended linearly on LWR. It is important to observe that
the electronic transition rate of D,y _,’F, and QE in
LaPO4Eu 1D structure solely increased with LWR,
while nonradiative transition rate was nearly same.
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