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Abstract

In cubic nanocrystalline as well as polycrystalline Y,03:Eu** prepared by combustion, the radiative transition rate
of ’D,-F, and the nonradiative relaxation rate of °D;—D, were obtained by measuring the temperature-dependence of
emission intensity and lifetime. The results indicate that the radiative and nonradiative rates both increase with de-
creasing particle size. The increase of radiative transition rate was attributed to the lower symmetry surrounding the
Eu?* ions, while the increase of nonradiative relaxation rate to the additional nonradiative relaxation channels caused

by surface defects.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Rare earths in insulating nanoparticles are at-
tracting interest currently because of their poten-
tial application in luminescence and display. The
scientific understanding of modified electronic and
optical properties in insulating nanoparticles is
also significant from the fundamental point of
view [1-8]. Among rare earth doped nanoparticles,
nanocrystalline europium doped yttria, Y,O5:Eu is
a typical one, because polycrystalline Y,Oj;:Eu is
the main and unsurpassed red emitting material in
fluorescent lamps and projection television tubes.
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It is expected that the luminescent efficiency and
the resolution of display be enhanced in nanosized
particles. Much work has been performed on the
electronic and optical properties of Y,0O;:Eu dur-
ing the last few years [9—14]. R.S. Meltzer and his
co-workers studied the electron—photon interac-
tion by persistent spectral hole burning. They also
observed that the radiative lifetime in nanocrys-
talline Y,0s3:Eu** depended on the surrounding
medium [7,11]. Igarashi et al. [6] reported that the
lattice distortion of nanoparticles was much larger
than that of the polycrystals. Wakefield et al. re-
ported that the quantum efficiency of cathodolu-
minescence in nanocrystalline Y,0O;:Eu was higher
than that in polycrystalline Y,O5:Eu. In a previous
paper, we observed ultraviolet light-induced in-
tensity change in the charge transfer band [5].
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For real applications, one of the most signifi-
cant tasks is to improve the quantum efficiency of
photoluminescence in nanoparticles. However,
there has been no breakthrough in this field until
now. Studying electronic transition processes is
helpful to solve this problem. In this Letter, to
analyze the radiative and nonradiative transition
processes, the temperature-dependent luminescent
characteristic of the *D;—'F, transitions in nano-
crystalline Y,0;:Eu prepared by combustion were
studied. It should be pointed out that, Meltzer has
worked on the transition processes of *Dy—'F; in
monoclinic yttria, whereas Wakefield has reported
results in cubic yttria [4,7].

2. Experiments

Two kinds of nanocrystalline Y,O3: Eu** (1% in
molar ratio) powders were prepared by combustion.
The polycrystalline powders were obtained by an-
nealing at 1200 °C. The sample preparations were
given in one of our previous paper [5]. All the pow-
ders were cubic in symmetry, which was confirmed by
X-ray diffraction (XRD). In the light of the Scherrer
formula, the sizes of the two kinds of nanoparticles
were determined to be ~5 and ~20 nm, respectively.
This was also confirmed by a survey of transition
electronic microscopy graph (TEM, see Fig. 1). The
average size of the polycrystalline powders was
~3 um. Most of time, the samples were stored in a
black bottle under inert atmosphere.

A 266-nm light was used for excitation, with a
line width of 1 cm™!, repetition frequency of 10 Hz
and pulse duration of 10 ns. It was generated from
a Nd:YAG laser combined with a Fourth-Har-
monic-Generator. For measurement, the powder
samples were put into a liquid-helium-cycling-
system, in which the temperature varied from 10
to 300 K. The spectra were recorded by a Spex
1403 spectrometer, a photomultiplier, a boxcar
averager and computer data acquisition.

3. Results and discussion

D, is an intermediate excited state among °D;
(/' =0, 1, 2), thus it is suitable to study the non-
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Fig. 1. Transition electronic micrograph of the cubic nano-
crystalline Y,O3:Eu’*.

radiative relaxation processes occurring among
’Dy. Fig. 2 shows the emissions of *D;—'F; in
different Y,Os3:Eu powders. There are three groups
of lines, in the range of 18500-18 650, 18 650-
18 800 and 18 850-19 000 cm ™!, respectively. Each
group has two lines (The two lines in the range of
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Fig. 2. Emission spectra of the *D;—'F; transitions in various
nanocrystalline Y,O3:Eu** at 10 K. (In the measurement, the
delay time is 10 ps.)



H. Song et al. | Chemical Physics Letters 376 (2003) 1-5 3

18850-19000 cm~' are quite weak). In cubic
Y,0;:Eu, the °D; and F, levels both split into
three lines according to Stark effect. The energy
separation between two neighboring components
of °D; is several ten wavenumbers, while that of
’F, is more than one hundred wavenumbers [15].
At 10 K, only the two lowest Stark components of
D, are populated considering the energy separa-
tion. In Fig. 2, the three groups were associated
with the three crystal-field components of 'F; and
the two lines in each group with the two lowest
crystal-field components of °D;. It can be also seen
that the smaller the particle size, the wider the full
line width. Fig. 3 shows the emission intensity
of the °D,—’F, transitions as a function of tem-
perature. It was seen that the emission intensity
decreased with increasing temperature. The in-
tensity decreased more rapidly in nanocrystal-
line Y,0;:Eu, indicating that the temperature
quenching effect became stronger. In 1970, Fonger
and Struck systemically studied the temperature-
quenching effect of Eu’*. According to their re-
sults, two paths, the D quenching via two-step
SD-CTS-°D and the quenching via one step *D,—
Dy _,, contribute to the temperature quenching of
Eu’* [16,17].

Fig. 4 shows the fluorescence decay curves of
’D,—’F, measured at 10 K. It was seen that the
SD,—'F, transition decayed exponentially in the
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Fig. 3. Dependence of the integral intensity of the *D,-'F,
transition on temperature. The integral intensity of °D;—'F; at
10 K for each sample was normalized.
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Fig. 4. Fluorescent decay curves of the >D,—'F transitions at
18735 cm™! in various Y,03:Eu** powders.

studied time scale. The smaller the particle size
was, the faster the decay was. Under 266-nm ex-
citation, electrons were excited from ground states
to CTS firstly, and then were feed to excited D,
states. The population of °D; came from the
nonradiative CTS feeding and the *D,—°D, relax-
ation. The CTS feeding of °D is faster than the
decay of °D. The radiative ’D,—’F, transitions,
one-step nonradiative °D;—°D, relaxation and
two-step nonradiative *D,-CTS—"D; relaxation
contributed to the depopulation of °D;. In
Y,0;:Eu, the lifetime had only a little variation as
the concentration of Eu*t was less than 1 % (in
molar ratio), thus the cross relaxation among Eu’*
ions was neglected.

To obtain the nonradiative relaxation and ra-
diative transition rates, we measured the depen-
dence of the °D;—'F, lifetime on temperature,
which was drawn in Fig. 5. The lifetime of °D,—"F,
remained as a constant below 100 K, and de-
creased with increasing temperature above 100 K.
As is well known, the reverse of lifetime equals to
the sum of the radiative transition and nonradia-
tive relaxation rates. The lifetime of °D; can be
written as,

1

Tl(T) :714,1 T VVIO(T)7

(1)

where W, is the radiative transition rate of °D;—
> J7FJ and MW, is the nonradiative relaxation rate
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Fig. 5. Dependence of fluorescent lifetime of D;—’F; on tem-
perature. The dots are experimental data and the solid curves
are fitting functions.

of ’D;—°Dy. Here, we have neglected the two-step
nonradiative SD;-CTS-°D relaxation for simplic-
ity. In the light of the theory of multi-phonon re-
laxation, W, can be written as,

VV]O(T) = VVIO«))“"‘ <n >]AE1<1/71(0’ (2)

where Wy(0) is the nonradiative relaxation rate at
0 K, AE) is the average energy separation from
D, to °Dy, hw is the phonon energy, k is Boltz-
mann’s constant and (n) = 1/(e"*/¥" — 1) is the
phonon density. According to Egs. (1) and (2), we
have

1
T = .
Wi+ Wig(0)[1 — e o) /e

We well fitted the dependence of *D; lifetime on
temperature in different Y,O;:Eu powders, as
shown in Fig. 5. In the fitting, we chose AE}, =
1540 cm™!, #iw = 377 cm™!. Actually, we measured
the Raman scattering spectra of the powder sam-
ples and observed that the 377 cm™' vibration
mode was dominant in polycrystalline Y,0;. It
became broader as the particle size decreased to
several ten nanometers. It is well known that Y,03
absorbs CO, and H,O from the atmosphere, and it
has been shown that nanosized Y,0; samples are
especially prone to this behavior, due to the high
surface area [18,19]. We observed the vibration

(3)

associated to carbonate groups by Raman scat-
tering spectra [19]. In comparison to the 377 cm™!
mode, the vibration caused by carbonate groups
is weaker, even in nanocrystalline Y,0;. In addi-
tion, we also fitted the experimental dots in Fig. 5
taking %o as a variable parameter. The results
indicate that the 377 cm~! vibration mode domi-
nantly contributes to the nonradiative relaxation
of ’D;—°Dy. Despite of this, we can not conclude
that the adsorption of CO, has no influence on
nonradiative relaxation of D;—°D,. Further work
should be performed on studying the relation-
ship between nonradiative relaxation and the
contamination.

W, and W, were obtained by fitting, which
were listed in Table 1. It appears that the radia-
tive and nonradiative rates both increase with
decreasing particle size. In rare earth ions, the
diameter of electronic wavefunctions of f states is
in the order of 10~' nm, which is much smaller
than the particle size. In this case, the quantum
size effect does not work. The increase of radia-
tive transition rate with decreasing particle size
was attributed to the lower local symmetry sur-
rounding Eu**. In nanoparticles, more atoms are
located in/near the particle surface, and numerous
surface defects exist. These defects may increase
the degree of disorder and lower the local sym-
metry of Eu** ions located in/near the surface of
the particles. As a consequence, the radiative
transition rate of *D;—'F, increases. As is well
known, the Dy—'F, transition is electric dipole
transition and the *Dy—F, transition is a mag-
netic dipole one. The intensity ratio of Dy—'F, to
SDy—"F; depends strongly on the local symmetry
surrounding the Eu’* activators. The increased
intensity ratio of Dy—"F, to *Dy—"F; points to-
ward a lower local symmetry surrounding Eu’*.
By emission spectra, the intensity ratios in the
5-nm, 20-nm and the 3-um powders were deter-

Table 1
Variation of radiative transition and nonradiative relaxation
rates with particle size

Particle size S5-nm 20-nm 3-um
W (ms™h) 4.7 4.1 3.8
Wo(0) (ms™!) 4.5 3.2 2.7
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mined to be 5.2, 4.2 and 3.8, respectively [20].
This indicates that the local symmetry surround-
ing Eu’* ions decreases indeed. One possible
reason for the lower symmetry in nanoparticles is
that the adsorption of CO,/H,O creates a local
distortion on some of the sites accommodating
Eu®* ions. As to the increase of nonradiative re-
laxation with decreasing particle size, can be also
attributed to surface effects. The surface defects
take as nonradiative transition channels, leading
the nonradiative relaxation rates to increase with
decreasing particle size.

4. Conclusions

In nanocrystalline Y,0;:Eu, due to the existent
of numerous surface defects, the local symmetry
surrounding Eu®* became lower, causing the
electric dipole transition rate of D;—'F; to in-
crease. At the same time, the nonradiative relaxa-
tion rate also increased due to the surface defects
acted as nonradiative transition channels. These
two facts lead the lifetime of °D; to decrease with
decreasing particle size.
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