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Ce** and TB" coactivated LaP@©nanowires and micrometer rods were synthesized by hydrothermal methods.
Their fluorescent spectra and dynamics were systematically studied and compared. The results indicated that
the extinction coefficients of Gé and TIF" in nanowires were higher than those in micrometer rods. The
electronic transition rates of €eand TIF* in nanowires had little variation in contrast to those in micrometer
rods, and the energy transfer rate and efficiency of'Ce Th®" in nanowires were reduced greatly. It is
important to observe that the brightness for ¥hg—"Fs green emissions of Pb via energy transfer of Cé

— Tb®" in nanowires increased several times that in micrometer rods. This was attributed to the decreased
energy loss in the excited states, being higher fiiandue to the hindrance of the boundary.

I. Introduction CePQ-—Thb/LaPQ core—shell structureg? To obtain efficient

. . ) green phosphors of 1D LaROCe*/Th®" NWs, the electronic
One-dimensional (1D) structures, such as tubes, wires, rods o njtion and ET processes in 1D NWs should be studied and

and belts, have aroused remarkable attention over past decad‘éompared with the corresponding bulk powders. However,

due to a great deal of potential applicatipns, spch as in datagy yies on ET processes betweed'Cand T+, even between
storage’, advanced catalystsphotoelectronic devicesand so  qitterent RE impurity centers, were rather rare until now.

on. However, in comparison with zero-dimensional (0D) gecently, we successfully fabricated®cand TH* coactivated
structures, the space anisotropy of a 1D structure provided 4 aPQ, NWs as well as micrometer-sized rods (MRs) by

better m0d6|. system to study the depgndencg of eI‘?Ctromchydrothermal methods. In this paper, we study and compare
transport, optical, and mechanical properties on size confinementy qi- ejectronic transition and ET processes by luminescent

and dimensionalit.® _ _ ~_ spectra and dynamics.

Rare earth (RE) compounds are intensively applied in
luminescent and display glevices. Itis suspecteq Fhat in nanosizeq; Experimental Section
RE compounds the luminescent quantum efficiency (QE) and
display resolution could be improvédTherefore, RE-doped A. Sample Preparation.The preparation of 1D LaPANWs
nanosized phosphors have attracted considerable attention, fowas described in detail in one of our previous papefsist,
both 1D structures® and 0D nanoparticles (NP2 Over appropriate amounts of high-purity 4@, Cex(COs)z, and ThO;
the past several years, our research targets mainly focused onvere dissolved in concentrated HiOand an appropriate
the luminescent properties, such as electronic transitions, andvolume of deionized water was added. Then, an appropriate
the surface effects for 0D NPs doped with RE compoudAds.  volume of (NH;)HPO, agueous solution (0.20 M) was added
Very recently, we observed that the electronic radiative transition to the above solution. The final pH value was adjusted-+@ 1
rate and the luminescent QE of Eun LaPQi—Ew* nanowires with a dilute HNQ solution (1 M). After being stirred well,
(NWs) were improved nearly 2 times in comparison with NPs, the milky colloid solution was poured into several closed Teflon-
which aroused our interest in 1D nanosized matetfals. lined autoclaves and subsequently heated at’C2@For NWs)

Ce*" and TB* ions are important RE ions, which have been and 150°C (for MRs) for 3 h. The obtained suspension was
applied in blue and green phosphors. The energy transfer (ET)centrifuged at 2779 for 15 min, and the supernatant was
processes between &eand TH* in some micrometer-sized discarded. The resulting precipitant was washed with distilled
hosts, the so-called bulk powders, such as lanthanum oxybro-water and dried at 56C under vacuum conditions.
mide 16 aluminatel’ alkaline earth sulfat&® and so on, were B. Measurements.The crystal structure, morphology, and
intensively investigated. As efficient green phosphors;@ad size were obtained by X-ray diffraction (XRD) using a Cu target
Th3* coactivated LaP@bulk powders were extensively applied  radiation resourcei( = 1.54078 A), transmission electron
in fluorescent lamps, cathode ray tubes (CRTs), and plasmamicroscopy (TEM), and scanning electron microscopy (SEM)
display panels (PDPs) due to the high-efficiency ET between utilizing a JEM-2010 electron microscope. The excitation and
Cée*t and TB* ions1920 In 1999, Meyssamy and co-workers ~€mission spectra at room temperature were measured with a
synthesized LaP$£-Eu and CeP®-Th NPs and NWs and Hitachi F-4500 fluorescence spectrometer. In the measurements
reported their luminescent propertiekater, they reported the  f the fluorescent dynamics of ¥ the samples were put into
photoluminescence characteristics of CgPTb colloidal nanoc- @ liquid-helium-cycling system, where the temperature varied

rystals?! Kompe et al. reported luminescent enhancement in from 10 to 300 K. A 355-nm light generated from a third-
harmonic generator pumped by a pulsed Nd:YAG laser was

* Author to whom correspondence should be addressed. Fax: 86-431- Us€d as the excitation source, with a line width of 1.0°¢na
6176320. E-mail: songhongwei2000@sina.com.cn. pulse duration of 10 ns, and a repetition frequency of 10 Hz.
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Figure 1. TEM micrograph of the NWs (left) and SEM micrograph
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Figure 2. XRD patterns of LaP@-Tb NWs and MRs. N1, N2, and . . i i
N3 are LaPQ@-1%Tb, LaPQ—5%Tb, and LaP®-8%Tb NWs, 300 400 500 600 700
respectively. M1, M2, and M3 are LaR©1%Th, LaPQ—5%Tb, and W avelength (nm)

LaPQ—8%Tb MRS, respectively.
P Y Figure 4. Excitation (left) and emission spectra (right) of *Thin
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The dynamics were recorded with a Spex-1403 spectrometer, atl‘hipa‘Rg 'grfodT,t\’l\?fSW?s;Sp'eigcglyes and dashettted lines represent

photomultiplier, and a boxcar integrator and processed by a

computer. The fluorescence dynamics of Cerere measured  ,4ima at 318 and 340 nm, corresponding to the transitions
with a FL920 single-photon spectrometer using a nanosecondgon the Jowest 5d excited state to the spirbit components
flas_hla_mp (pulse width, 1 ns; repetition rate, 40 kHz) as the (D) of the doublet ground statéFs; and 2F,,. The energy
excitation source. difference between the two emission maxima-i2034 cnt?,
which is basically in accordance with the energy difference
obtained by theory between the spiorbit split 2Fs;, and?F7,

A. Morphology and Structure. Figure 1 shows TEM and  doublets (about 2000 cr). The results above were similar to
SEM images of LaPQNWSs and MRs. From TEM and SEM  those of the bulk LaP©-Ce*t sampleg?

Ill. Results

micrographs, the widths of NWs prepared at T2)are 106- Figure 4 shows the excitation and emission spectra fi-Tb
20 nm, and the lengths are0.5um, while the widths of MRs activated LaP@powders. Many excitation lines of ¥hions
prepared at 150C are~200 nm and the lengths are2 um. exist in the UV range, which were associated Wil —°Ds,

Figure 2 shows the XRD patterns of LapPOrb samples. "Fe —5G;, and’Fg —5L¢ transitions of TB", while the emission
Like the LaPQ polycrystals prepared by the solid-state reaction, lines from 480 to 650 nm were associated with ¥de—"F; (J
the crystal structure of both samples is of the monoclinic = 3—6) transitions. Among them, the gre#&D,—Fs emission
monazite typ&2 The relative intensities of the XRD peaks over at 542 nm was the strongest.
the range of 46:55° for the NWs changed in comparison with Figure 5 shows the excitation spectra in*Q&b3**-coacti-
those for the MRs, which was attributed to the shape anisotropy. vated LaPQ powders. As the emission of ¥hat 542 nm was
It should be pointed out that in Th-doped, Ce-doped, or Ce/ monitored, the stronger allowed-# transitions of C& and

Th-codoped samples no additional phase was observed. the weaker forbidden-ff transitions of the Th" ions were
B. Excitation and Emission Spectra.Figure 3 shows the  observed, implying efficient ET from Cé to Tb*" ions. It is
excitation and emission spectra in Ceactivated LaPQ clear that the intensity of the b transition originating from

powders. It can be seen that the excitation bands consist of threghe C&*—Tb3" ET excitation is 2 orders higher than that from
components, having peaks at 241, 258, and 276 nm, respectivelythe f—f transitions of TB*. Because the-ff transitions of the
These peaks are associated with allowed transitions from Tb3" ions are electronic dipole forbidden ones, the excitation
the ground-statéFs, to different crystal-field components of  efficiency for T®" itself is very low. However, the luminescent
the 5d level. The emission band consists of two peaks with intensity can be dramatically increased through exciting Ce
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Figure 5. Excitation (left) and emission spectra (right) for LaPO Ti
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Figure 6. (a) Dependence of ET efficiency and (b) emission intensity
of Th®" at 258 nm excitation on the ¥b concentration for the same
Ce** concentration (1%).
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From Figures 35, it can be seen that in ¥b-doped or C&'- for singly doped C& samples and (b) on the ¥hconcentration for

doped powders the emission intensity fofTor C&* in NWs the same C¥ content (1%). Scattered points are the experimental data,
is a bit lower than that in MRs. However, in €éTh*"-codoped and the solid lines are the fitted curves.

powders, the emission intensity for ¥'bin NWs through ET

excitation is much higher than that in MRs. In the following of the time as the T4 concentration varied from 1% to 8%,

section, its origin will be discussed. indicating that the quenching concentration is higher than 8%.
C. ET Efficiency and Emission Intensity on Cé" Con- The results above show that the quenching concentration in the

centration. Figures 6a and 6b show, respectively, the depen- NWs was higher than that in the MRs.

dence of the ET efficiency of Ge—Th®" and the®D,—"Fs D. Luminescent Dynamics of Cé&". The luminescent

emission intensity on the Ph concentration in LaPR-Ce**/ dynamics of C&" at room temperature in the NWs and MRs

Th3" powders. The ET efficiency from a donor (€ to an were measured and compared. Figure 7 shows the typical

acceptor (TB") was calculated according to the formufar = luminescent dynamics of €ein LaPQ,—Ce*"/Th3". It can be

1 — I4/lgo, Wherelg andlqo were the corresponding luminescence seen that in the Cé-doped sample the fluorescence decays
donor intensities in the presence and absence of the acceptostrictly obey the exponential rule. In the €érb®"-codoped

for the same donor concentration, respectively. It can be seensample, the fluorescence decaysdeviate a little from the expo-
that the ET efficiency for both NWs and MRs increased with nential rule due to the ET of G&— Th3**, and the decay time
Tb®" concentration and that in the NWs increased more rapidly. constant becomes shorter.

The ET efficiency in the NWs was lower than that in the MRs Figure 8 shows the dependence of the exponential lifetime
for any T concentration. The intensities of tH®;—"Fs of the 5d-4f transitions for C& on the Cé&" and TB"
transitions in the NWs are-3b times higher than those in the  concentrations. In Figure 8a, as the concentration éf @aried
MRs. As the TB' concentration increased from 1% to 5%, the from 0.25% to 2.5%, the lifetime in the NWs hardly changed,
emission intensity in the MRs increased. As*Tlboncentration indicating that the quenching concentration can be neglected.
increased continuously, the emission intensity decreased. Thisin the MRs, as the Cé& concentration varied from 0.25% to
means that the fluorescence quenching concentration in the MR2.5%, the lifetimes decreased. This indicates that the fluores-
is around 5%. The emission intensity in the NWs increased all cence quenching concentration off€én the NWs was higher
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Figure 9. Dependence of ! on T concentration. Scattered points
are the experimental data, and the solid lines are the fitted curves.

than that in the MRs, similar to the quenching concentration of
Tb3*. In Figure 8b, the lifetime of C¢& in both the NWs and
the MRs decreased with the concentration of Tkand in the
MRs it decreased more rapidly.

In Ce¥*-doped samples, the reciprocal of the fluorescence
lifetime equals the electronic transition rate (including the
radiative and nonradiative transitions). In3€&b3"-codoped
samples, the reciprocal of the fluorescence lifetime equals the
sum of the electronic transition rate of €eand the ET rate of
Ce*™ — Th3". Figure 9 shows the reciprocal of the fluorescence
lifetime of C&* versus TB" concentration. It can be seen that
the reciprocal of the fluorescence lifetime increased linearly with
the increase in TY concentration. Therefore, the experimental
points were fitted with the following function

7 'O R + Ree[Tb%] @)

whereRc is the total electronic transition rate of €eincluding
the radiative and nonradiative transitio& is the average
ET rate of C&" — Tb®t, and [TIF"] is the concentration of
Tb3*. By fitting, Rc was deduced to be 68 102 ns 1 in the
NWs and 5.2x 1072 ns ! in the MRs.Ret was deduced to be
0.44 ns! mol~t in the NWs and 1.30 nd mol~! in the MRs.
The electronic transition rate of €ein the NWs increased a
little more than that in the MRs, while the ET rate of’Ce~
Tb®* in the NWs decreased nearly 3 times.

E. Luminescent Dynamics of TI§*. The fluorescence
dynamics for TB" were also studied and compared. Figure 10
shows fluorescence decay curves oftbg—"Fs transitions for
Th3* in LaPQi—Th NWs and MRs at 10 K. It can be seen that
the °D4—"Fs emissions decayed exponentially, for both NWs
and MRs. The exponential lifetime was determined to be 2.72
ms in the NWs and 2.57 ms in the MRs. The slight variation
indicated that the total electronic transition rate’df; hardly
changed in the NWs and MRs. To determine the radiative an
nonradiative transition rates, the lifetime of #&y—"Fs line at
different temperatures was measured. The lifetime hardly
changed as the temperature varied, for both NWs and MRs.
For example, the lifetime in the NWs was determined to be
2.72ms at 10 K, 2.77 ms at 150 K, and 2.82 ms at 300 K. As
it is well-known, the radiative transition rate is nearly indepen-
dent of the temperature, and the nonradiative transition rate

d
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Figure 11. Fluorescence decay curves’®b—"Fsin LaPQ—2.5%Thb
NWs and MRs.

determined to be 0.37 msin the NWs and 0.39 m$ in the
MRs. Actually,®Dy is the lowest excited state, and the energy
separation betweetD,4 and the nearest lower levélF, is as
high as~15 000 cntl. In this case, nonradiative relaxation
processes hardly happen according to the theory of multiphoton
relaxation.

The fluorescence dynamics of tPies—’Fs transitions in the
NWs and MRs were measured and compared, as shown in
Figure 11. As can be seen, the decay curves included two
components, a faster one and a slower one, for both NWs and
MRs. They were well fitted by a biexponential functidrs 1,
exp(i/t) + 12 expr2/t), with 1, + I, = 1. The fitting parameters
arel; = 0.23,71 = 7.3 us, |, = 0.77, andr, = 68 us for the
NWs andl; = 0.62,77 = 6.8 us, 1, = 0.38, andr, = 84 us for
the MRs. The decay constants of the two components for the
NWs and MRs did not change much. However, the proportions
of the two components changed greatly. In the NWs the slower
component is dominant, while in the MRs the faster component
is dominant.

IV. Discussions
A. Concentration Quenching.In LaPQ,—Ce*" and LaPQ—

strongly depends on temperature. Therefore, the nonradiativeTb3* NWSs, the fluorescence quenching concentrations both
transition rate for th€D, state can be neglected. The reciprocal increased relative to the corresponding MRs. Similar results were
of the lifetime equals the radiative transition rat€df — =’F;, also reported in RE-doped NPs by several authotThe
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growth of the quenching concentration in the NWs should be No.Na

similar to the increase of the quenching concentration in the Z XijPi(t)

NPs. Due to the defects produced during the preparation process ]

and trace impurities contained in the raw materials, the samples XM= No 4)
inevitably have quenching centers (traps) with low concentra- Z P.(t)

tions. When an excited luminescent center is nearby a trap, the :

excited energy could be transferred easily to the trap from which

it lost nonradiatively. The energy on an excited luminescent  pye to the fact thafX(t)Odepends on time, the luminescent
center can also be transferred to unexcited luminescent centergiecay curve in the ET system deviates from an exponential
if these luminescent centers are close enough such that theyfunction. Generally, the fluorescence decays faster in the original
could be coupled together by some interaction. In normal period and then becomes slower gradually. The acceptors
samples, when the concentration of the luminescent centers isbecome less and less available with increasing excitation time
small, most of the luminescent centers can be thought of ashecause some of them have been filled. In our experiments for
“isolated”, and only a few luminescent centers having traps the dynamics of C&/Tb*"-codoped LaP@NWs and MRs, the
nearby will give their energy to the traps. Consequently, the luminescent decay time of €enearly reaches a constant with
luminescence quenching is not obvious. As the concentrationincreasing time, indicating that the the filled acceptors (excited
of the luminescent centers increases, some luminescent centers?*") are much less prevalent than the unfilled acceptors
may be near enough to the quenching centers, which may resul{ground-state TH) near the excited luminescent centers{Qe

in a much faster ET rate than the radiative transition rate, leading C- Energy Loss in Excited States and Brightness for Td".

to the quenching of the luminescence. However, the luminescent!t iS interesting to observe that in €¢Tb**-codoped LaP®
centers may be near enough to form a resonant ET pair in theNWS the brightness of the green emissions’@i—Fs was
crystal, such that energy can be easily transferred from oneStronger than that in the MRs for the same concentrations of

-+ -+ i ;
luminescent center to another. If the luminescent centers areceg. qnd T8, Agtually, the brlghtness of '|3E; via ET
. . . excitation was dominated by the following factors irfQ&h®*-

close to the quenching centers, the energy will be finally

quenched. As the concentration of luminescent centers is highcoacnvated materials: (1) the electronic transition rate and the

. . concentration of C¥&, (2) the ET efficiency and rate of €&
enough, the energy on most of the excited luminescent centers__ The+, (3) the relaxation processes from higher excited states
will finally transfer to traps before it is emitted via a radiative

e i ; < of Tb3" to the®D, states, and (4) the electronic transition rate
transition, leading to the concentration-dependent quenching. nq concentration of 0. In the above sections, we have

In nanosized materials, due to the limited number of primitive discussed these processes separately. We can assume that in
cells per particle, on average there are only a few traps in onethe NWs and MRs prepared by the same method the concentra-
particle, so the traps distribute randomly with a considerably tions for TB*/Ce* have little variation. In LaP@-Eu, we
larger fluctuation among the particles. Some particles may Mmeasured the practical concentration of europium in the NWs
contain many traps while others may contain no trap at all. The and MRs and observed that the practical concentrations for the
energy of a luminescence center can only be transferred NWS (4.16% in mol) and MRs (4.23% in mol) were nearly same
resonantly within one particle since the ET is hindered by the @nd close to the starting concentrations of the samples (5% in

. ! .
particle boundary. Therefore, quenching occurs at higher athI)'IThe doping of C¥ or T]E)g égouﬁbgf _sm:llla;\.l\;svecauge
concentration in nanosized materials than in normal materials, !¢ lectronic transition rate for Ceor in the S an

O . . ; ~“"MRs had little variation, the ET rate of €e— Tb3* in the
:jnezadcoths“;na&n dgi?:as;ed particles, the total internal quenching NWs decrt_eased 3 Fimes more than that ir_1 the MRs and the
' concentration variation of Ge and TF" ions in the NWs and
B. ET Processesin the ET system containing donors Cg MRs was negligible, the brightness for thig,—7F; emissions
and acceptors (T9), under the excitation of a pulsed laser, if in the NWs should be lower than that in the MRs if the
P; denotes the probability of thi¢h luminescence center being  nonradiative relaxation processes were not considered. Surpris-

in the excited state at time thenP;(t) varies a¥’ ingly, the brightness in the NWs is higher than that in the MRs.
Therefore, we have to reconsider the nonradiative relaxation
dPi(t) Np Np Na processes.
—— = —yP(t) — Z W, P(t) + Z Pi(t) — z X;Pi(t) In LaPQ—Ce*/Th®" with exciting C&" ions, electrons were
dt if=i if=i T excited from the ground statéfs,, to the 5d excited state of
(2) Ce** and then to some excited states of ThThe electrons at

higher excited states relax fiD, and generate théD,—"Fs

wherey is the radiative decay rate of the excited luminescent transitions. According to the energy levels of’Cand 'I;ﬁ*
centersWi is the ET rate from théh toi'th luminescent center, ~ and the Fb(;ftefDEXter theory, the ET frzcg)m Cé to the °He
Xij is the ET rate to acceptors near fitle luminescent center, level of T . has t_he Iarges_t probabilif$:2 On one *_‘af‘d' the
andNp andNa are the total numbers of donors and acceptors electrons in the higher excited states can nonradiatively relax
D¢ A . . . . ' to the lower excited states. On the other hand, if some defect
respectively. The luminescent intensity at timd-(t), can be . . . .
written as states exist near Pb, then the energies of the higher excited-
state electrons can transfer to the defect states and electrons
nonradiatively transit to the ground states, as shown in Figure
No i 12, the schematic of the ET and luminescent processes of
F() = P(D) = exp[-yt - o DX O] 3) LaPQ—Ce**/Th?". If the ET processes from Fbto the defect
! levels happen, then the populations of luminescerit Tbns
will decrease. The fluorescent dynamics of #g—’Fs transi-
with tions strongly support our assumption. It was proposed that the
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5d . D4 and the increased luminescent QEDf—’F,. This can be
Ly ~_, "He also attributed to the hindrance of the boundary.
4
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