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Abstract

Temperature-dependent spectral properties in the cubic Y,053:Tb>" nanocrystals (NCs, 10-70 nm) under 488 nm
excitation were studied and compared to that in the bulk. In NCs, emission lines assigned to the SD,"Fy J=1-6)
transitions of Tb*> " ions and a broad band originated from oxygen defects were observed. As a function of temperature,
two intensity maximums of the *D,~%’F; transitions appeared in the NCs, at ~250 and ~500 K, while in the bulk only
one maximum appeared at ~250 K. The relative intensity of the maximum at ~500K to that at ~250 K increased with
decreasing particle size. The intensity maximum of the band emissions that came from the oxygen defects appeared in
the range of 500-600 K. The appearance of intensity maximum as a function of temperature was attributed to the
rivalry between thermal quenching process and phonon-assisted excitation. The appearance of two maxima in the NCs
was attributed to the luminescence contributed by different Tb*" centers, the internal and the surface. The emission for
the surface Eu®" centers has higher quenching temperature in contrast to that for the internal centers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The reduction of particle size of crystalline
systems leads to important modification of some
of their bulk properties due the following special
electronic properties of nanometer particles: (1)
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the quantum size effect and (2) the increase of
surface-to-volume ratio [1,2]. In 1994, Bhargava et
al. [3] reported that Mn-doped nanocrystalline
ZnS phosphors yielded very high Iuminescent
quantum efficiency (QE). The electronic transition
rate for Mn?" in ZnS nanocrystals (NCs) was
improved as high as five orders than that in the
bulk materials. Despite this, the conclusion was
seriously criticized later. The optical properties of
nanocrystalline insulating semiconductor attracted
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remarkable interest [4-6]. In recent years, rare
earths (RE) -doped oxide nanocrystalline phos-
phors have also attracted considerable attention
due to their potential application in lighting and
display [7-10]. RE-doped yttria (Y,O3) are com-
mon phosphors in optical display and lighting
applications, and the search for new phosphors
has led to the preparation of nanocrystalline forms
of Y,0;. Over the past several years, much
attention has been given to them [11-15].

The Iuminescent properties of RE ions in NCs
depend strongly on particle size and temperature.
In previous papers, we systematically studied the
temperature dependence of the fluorescence of
cubic Y,03:Eu®* NCs prepared by combustion.
We observed that the radiative and nonradiative
transition rates for Eu® " ions both increased with
the decreasing particle size, due to crystal lattice
degeneration and surface effect [16,17]. The charge
transfer band for Eu’" in nanocrystals was
decreased by ultraviolet (UV) light irradiation
due to surface effect [11,18]. In this paper, we
demonstrate the interesting size and temperature
dependencies of photoluminescent properties of
Y,05:Tb** NCs (7-70 nm) under 488 nm excita-
tion in a wide temperature range (80-700K),
which is helpful of understanding the interaction
between surface defects and luminescent centers.

2. Experiments

The Y,03:Tb NCs were prepared by combus-
tion method, which was originally reported by Tao
et al. [19]. In the preparation, Y,O5; and Tb,4O5 (in
the molar ratio of 1: 0.01) were dissolved in nitric
acid, and glycine was dissolved in distilled water;
then the two kinds of solutions were mixed
together to form the precursor. The solution was
concentrated by heating until excess free water
evaporated and spontaneous ignition occurred.
The synthesis reaction function is

6 M(NO3); + 10NH,CH,COOH + 180,
— 3M,0; + 5N, + 18NO, + 20CO; + 25H,0.

After the combustion finished, the resultant
Y,05:Tb powders were formed. The particle size

was controlled by adjusting the molar ratio of
glycine to metal nitrate (G/N), which had affected
the combustion temperature in the reaction. In the
preparation, the values of G/N were controlled to
be 1.00, 1.25, 1.45 and 1.67. To improve the
crystallinity of the nanocrystalline powders and
eliminate redundant nitrate, all the resultant
Y,053Tb®>" were annealed at 500°C for 2h. In
comparison, the bulk Y,O3:Tb powders were also
prepared, by annealing the mixed Y,03; and Tb405
powders (in the molar ratio of 1: 0.01) at 1200 °C
for 6 h.

The crystal structure and particle size were
obtained by X-ray diffraction (XRD) patterns, as
shown in Fig. 1. As can be seen, all the NCs
exhibited a pure cubic structure. The average
crystalline size of the NCs was estimated by
Scherrer formula to be ~7, 14, 35 and 70 nm,
respectively, for the samples of G/N = 1.00, 1.25,
1.45 and 1.67. The sample of G/N = 1.00 was also
characterized by transmission electron micro-
graphs (TEM). The result demonstrated that the
particles were nanospheres with an average size of
~5nm, which was basically inconsistent with the
calculated results by Scherrer formula [11]. Note

G/N=1.67
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Fig. 1. XRD patterns of Y,03:Tb>" NCs prepared at different
conditions.
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that. as reported by the other authors, the particles
tended to aggregate together. In the measurements
of temperature-dependent luminescence, the sam-
ples were put into a liquid nitrogen cycling system
(pellet), in which the temperature varied in the
range of 80—700 K. A continuous 488 nm light that
came from an argon laser was used as excitation
source. The fluorescence was measured by a UV-
Lab Raman Infinity (made by Jobin Yvon

Company) with a resolution of 2cm™".

3. Results and discussion

3.1. Dependence of photoluminescence on
temperature and particle size

Fig. 2 shows photoluminescence spectra of
different Y,0O5; powders under 488 nm excitation
(at 83 K). The sharp emission lines assigned to the
SD,~'F; (J = 1—6) transitions of Tb>" ions are
discerned in the 35nm, 70nm and the bulk
powders. Among them, the D, Fs transitions
are strongest. In the 7 and 14nm powders, the
’D,~'F; transitions for Tb>" ions are relative
weak and the emission lines become broader due

I(a.u.)
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Fig. 2. Emission spectra of Y>03:Tb> " NCs under 488 nm laser
excitation at 83 K.

to more disordered local environments surround-
ing Tb>* ions. Besides the D, Fj lines, a broad
emission band having a peak around 620 nm also
appears, which should originate from the emis-
sions of oxygen defects [20]. In the Er’*- and
Eu’"-doped NCs, band emissions were also
observed. Note that our Y,05:Tb NCs contained
some Tb** ions, which were identified by electron
spin resonance (ESR) spectra [21]. Under the
266 nm ultraviolet laser irradiation, the valence
state of Tb*" did not change.

Fig. 3 shows the emission spectra measured at
various temperatures in the 7 and 70 nm NCs. It
can be seen that the emission intensities for both
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Fig. 3. Emission spectra of Y,O3Tb®" NCs at various
temperatures in (a) the 7nm NCs and (b) the 70nm NCs.
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>D,~"F; transitions and the broad band originated
from oxygen defects and change remarkably with
temperature. The emission intensity of the
’D,~X"F; transitions as a function of temperature
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Fig. 4. Dependence of emission intensity of the D, Fs
transitions on temperature.
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Fig. 5. Temperature dependence of emission intensity for the
broad band originated from oxygen defects in various
Y,05:Tb* " NCs.

and of the broad band are shown in Figs. 4 and 5,
respectively. As shown in Fig. 4, in NCs the
emission intensity of the °D,~'F; transitions
increases with elevated temperature originally
and approaches a maximum around 250K, then
decreases in the range of 250-300K. Above
~300K, the emission intensity again increases
with elevated temperature and approaches a
maximum around 500K, then decreases in the
range of 500-700 K. The relative intensity of the
maximum at ~250 and ~500 K varies greatly with
particle size. The smaller the particle size, the
lower the relative intensity of the maximum at
~250 K and the higher the relative intensity of the
maximum at 500 K. In the bulk, there appears only
one intensity maximum, at ~250 K. From Fig. 5 it
can be seen that the emission intensity that
originated from the oxygen defects decreases with
increasing temperature below ~250K, then in-
creases with increasing temperature rapidly and
approaches a maximum at a certain temperature
and finally decreases with temperature. The
intensity maximum for the 35 and 70 nm samples
appears around 500K, while that for the 7 and
14 nm samples appears around 600 K.

From Figs. 4 and 5, it can also be seen that both
the emission intensity of the D, F; transitions
and that of the broad band assigned to the oxygen
vacancies vary with particle size. Fig. 6 gives the
emission intensities of the *D,~’F; transitions and
the broad band as a function of particle diameter.
It is apparent that the emission intensity of the
’D,~'Fy transitions is proportional to the reverse
of particle size, while that of the broad band
assigned to the oxygen vacancies linearly increases
with particle size. In NCs, a great number of
surface defects are involved. Due to fast non-
radiative energy transfer processes from the
excited Tb®" centers to the nearby surface
defects, most Tb®" centers locating in/near the
surface become quenching centers, leading to
the decrease of luminescent Tb®* centers; thus,
the total emission intensity of *D,—F; transitions
decreases with particle size, and the emissions from
defect states increase. On the contrary, more
oxygen defects are involved with decreasing
particle size, leading to the increase of the band
emissions.
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Fig. 6. Dependence of emission intensity of the °D,~F,
transitions for Tb>" and the emission band originated from
oxygen defects on particle diameter. The dots are experimental
data and lines are fitting functions: I, = 7.1/d for Tb** and
I, = 0.05 4+ 0.144d for oxygen defects.
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Fig. 7. Temperature dependence of the configuration of the
°D4~"Fs emission lines in the 70nm Y,05:Tb>* NCs.

As the temperature varies, the configuration of
the *D,~'F; emission lines also changes. Fig. 7
shows the °D,~'Fs emission lines at various
temperatures. At 83K, a large number of Stark-
splitting lines are distinguished. With elevated
temperature, the full line widths of the Stark lines
increase inhomogeneously/homogeneously and
become broader. In addition, the relative intensity
of different Stark lines also changes. For example,
the relative intensity of the peak at ~544.0 nm to
that at ~542.5nm gradually decreases with ele-
vated temperature. This can be attributed to the
thermal redistribution of excited electrons on
different Stark splitting levels of *Dy.

3.2. Origin of temperature-dependent emission
intensity

The 488 nm photon (20,491 cm™") is not exactly
in resonance with the ’Fs—D, (20,533cm™ ")
transitions of Tb>" ions in the host of Y,Os.
Under 488 nm excitation, phonon-assisted transi-
tions of 'Fg—D4 happen. The phonon density,
(n) = 1/e"/ksT _ 1, depends strongly on tempera-
ture. Here hw presents phonon energy, kg the
Boltzmann’s constant and 7 the absolute tem-
perature. As the temperature is clevated, {(n)
increases quickly. This will lead the phonon-
assisted excitation of 'Fs&—"D, to increase; as a
consequence, the intensity of the *D,~'F; transi-
tions increases. In addition, there are different
Stark splitting levels for the ground state 'Fg and
the excited state °Dy. The electron population on
each Stark level of ’F¢ depends on the temperature
obeying the Boltzmann distribution. The higher
the temperature, the larger the population of the
upper level. The electron transition rate between
different Stark levels of "F¢—>D, may be different,
causing the’F¢—D, excitation transitions to in-
crease with temperature also. On the other hand,
the thermal quenching effect of photoluminescence
becomes strong as the temperature increases,
leading the emission intensity of °D,~'F; to
decrease. The two processes, photon-assisted ex-
citation and the thermal quenching process both
contribute to the intensity variation and rival each
other. As the former process is dominant, the
emission intensity increases. As the later process
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surpasses the former one, the emission intensity
decreases. Considering the two processes, the
intensity as a function of temperature should
appear a maximum at a certain temperature.

In Fig. 4, only one intensity maximum appears in
the bulk, while two maximums appear in the NCs.
This can be attributed to the existence of different
Eu®" centers in NCs. In Y,05:Eu® " NCs prepared
by the same technique, two different luminescent
centers, the internal and the surface, were identified
by frequency-selective excitation spectra [20]. In the
Y,05Tb*" NCs, there should also exist two
different luminescent centers, the internal and the
surface. The number of surface Tb®" centers
increases largely with the decreasing particle size.
In the bulk, the internal luminescent centers are
dominant. It is suggested that the thermal quench-
ing rates of the emissions between the surface and
the interior Tb>" ions are different. As is known,
like concentration quenching, thermal quenching is
induced by energy transfer from luminescent
centers to defect levels [22]. In the surface, the
Tb*" ions near the involved surface defects act as
quenching centers and do not contribute to the
luminescence at all. Due to the random distribution
of surface defects/ interior defects, a part of the
surface Tb®>" ions are not close to the surface
defects and they still act as luminescent centers. We
suggest that since the energy transfer from surface
luminescent Tb** ions to defects is hindered by the
particle boundary [21], the thermal quenching rate
of the surface luminescent Tb® " centers decreases
in comparison to that in the interior. As a result, the
thermal quenching temperature increases. In
LaPO,: Eu® ", we also determined that the thermal
quenching rate in NCs decreased than that in the
bulk [23]. It should be noted that, at present, we
cannot exclude the possibility of valence state
change between Tb® " and Tb*" in NCs with the
increasing temperature.

4. Conclusions

The luminescent properties of cubic Y,05Tb**
NCs (7-70nm) prepared by combustion were
studied under 488nm excitation. The °Ds'F;
(J = 3—6) emission lines for Tb>" and a broad

band around 620nm caused by defects were
observed. The emission intensity of the *Ds—'F;
transitions was proportional to the reverse of the
particle size, while that of the defect levels linearly
increased with particle size. Under 488 nm excitation,
two intensity maximums for the *D,~F) transitions
of Tb>" ions are observed in Y,O03Tb>" NCs, at
~250 and ~500K, respectively, while only one
maximum at ~250K is observed in the bulk.
Moreover, the relative intensity of the maximum at
~500K to that at ~250 K increased with decreasing
particle size. The appearance of intensity maximum
of the °D,'F; transitions was attributed to the
rivalry between the phonon-assisted excitation of
"Fe—D, and the thermal quenching process. The
former process leads the intensity to increase, while
the later leads the intensity to decrease. The
appearance of two maximums in the NCs was
attributed to the luminescence of different Tb>"
centers, the internal and the surface. The photo-
luminescence for surface Tb®" centers has relative
high quenching temperature. In conclusion, the
temperature-dependent Iuminescence behavior of
Tb*" in Y,05:Tb’ " NC shows considerable differ-
ence in comparison to that in the bulk.
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