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Abstract

Surface effects on nanoparticles have been explored by picosecond time-resolved spectroscopy using Ce3+ ions doped in yttrium alu-
minum garnet (YAG) nano-phosphors (NPS) as a probe. Non-exponential decays have been observed over the entire emission band that
could be fitted well with four decay components varying from �150 ps to �70 ns. These components have been assigned to originate
from sites different in distance from the surface. Surface quenching effects have been found to be negligible when the luminescence centers
are more than 7 nm away from the surface.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The surface states of nanoparticles have been studied
extensively in recent years since they are responsible for
many superior properties of nanoparticles which have led
to their application in various fields, such as lighting and
cathode ray tubes, as well as in biology and medicine [1–
6]. In nano-phosphors (NPS) the surface states are formed
by: (i) the non-radiative relaxation centers due to the sur-
face defects which are comprised of dangling bonds in
the grain-boundary and of defects caused by the distorted
crystal lattice on the surface [7,8]; (ii) organic groups such
as hydroxyl, carboxylate, etc. stuck to the surface [9]. There
is no doubt that understanding how the surface states affect
the optical property of NPS is crucial in view of optimizing
their emission properties and the surface coating/modifica-
tion for further use in many fields, especially in biology
[10]. However, despite the efforts to unravel the mecha-
0009-2614/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2007.12.058

* Corresponding authors. Fax: +31 20 525 5604 (H. Zhang).
E-mail addresses: xgkong14@ciomp.ac.cn (X.G. Kong), h.zhang@

uva.nl (H. Zhang).
nism, our understanding of the surface is still limited com-
pared with the application needs.

Rare earth ions have been regarded as an ideal probe for
the study of the surface structure of the nanoparticles, e.g.
Eu3+ [11–14]. This is because the typical magnetic dipole
transition of 5D0?

7F1 of Eu3+ ions is sensitive to the local
environment. It has been confirmed that the lower symme-
try of the surface lattice induces broadening in the lumines-
cence spectra of Eu3+ in YVO4 [6], and that organic
solvents and/or ligands quench the luminescence of Eu3+

in LaF or LaPO4 as well [15]. These results gave an intui-
tive picture on how quenching occurs by the surface
quenching centers or the high energy vibration modes of
the OH� and carboxylate anions.

In this Letter we have employed time-resolved spectro-
scopic techniques to study the surface influence on the
NPS using Ce3+ ions as a probe. Compared with Eu3+,
Ce3+ has several advantages in time-resolved spectroscopic
studies: (i) it has only one electron in the rather simple
ground state, which facilitates analysis; (ii) the emission is
due to the electric dipole parity-allowed 5d?4f transition
that is not shielded by the outer electronic shell and the
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energy splitting is therefore more sensitive to the local crys-
tal field; (iii) the lifetime (ns) is much shorter than that of
Eu3+, which facilitates full time range measurements. Pre-
viously, steady-state fluorescence spectra of Ce3+ – doped
nanoparticles had been reported, that were claimed to be
similar to the spectra of their bulk counterpart [16]. In this
Letter we have analyzed the emission of Ce3+ doped in
YAG over the full time range. The emission from Ce3+

occupied in various sites from interior to surface layers
has been distinguished. The similarity of steady-state spec-
tra of Ce3+ in the nanoparticle and in the bulk counterpart
is explained. Our study verifies that the surface states only
influence the Ce3+ in the sites less than 7 nm from the
surface.
Fig. 1. X-ray powder diffraction patterns (a), SEM image (b) and FT–IR
spectrum (c) of 1.67 mol% Ce3+ doped YAG nanocrystals, prepared by
sol–gel method.

Fig. 2. (a) PL spectra (left) with different excitation wavenumbers and
PLE spectrum (right). All fluorescence spectra are measured at room
temperature and calibrated. (b) Histogram of the particle size distributions
obtained from SEM images of more than 100 nano-particles.
2. Experimental

YAG: Ce3+ nanoparticles were prepared by modified
polyacrylamide-gel methods [17], the molar concentration
of Ce3+ was 1.67 mol%. The gel was dried in an oven at
80 �C, and then sintered at 900 �C for 2 h with a tempera-
ture rising rate of 2 �C/min. To identify the crystallization
phase and determine the mean size of crystallites, X-ray
diffraction (XRD) analysis was carried out with a powder
diffractometer (Rigaku, D/max rA), using Cu Ka radiation
(k = 0.154 nm). The microstructures of the samples were
studied using a scanning electron microscopy (JSM6301F).
IR spectra were measured on a BioRad FT–IR (FTS-7)
spectrophotometer. The steady-state florescence spectra
were measured on a Spex Fluorolog 3 spectrofluorometer
(Jobin-Yvon) equipped with a solid powder sample holder.
Time-resolved florescence was acquired using the time cor-
related single photon counting (TCSPC) technique
(IRF � 17 ps) in time windows of 5 and 100 ns. The
TCSPC setup has been described elsewhere [18]. Excitation
light (460 nm) was generated by frequency-doubling of the
920 nm Coherent Chameleon laser and the instrument
response is �17 ps. To acquire luminescence decay on an
even longer time scale, an oscilloscope was employed in
combination with photomultiplier detection and excitation
by a Coherent Infinity-XPO laser (460 nm, laser pulse
width 2.75 ns, 10 Hz repetition rate).
3. Results and discussion

Fig. 1a shows the XRD pattern of YAG:Ce3+, which
indicates that the pure cubic YAG phase (JCPDS File
No. 79-1891) was formed without other structures such
as Y2O3, Al2O3, YAP, YAM, etc. The average size of the
sample was 37 nm as obtained from the XRD by applying
Scherer equation to the full width at half maximum of the
(420) diffraction peak, which is consistent with the result
based on SEM images of more than 100 nano-particles
(see Fig. 2b). In the FTIR spectrum (Fig. 1c) the broad
absorption bands at 1650 cm�1 and 3500 cm�1 derive from
OH� groups adsorbed on the surface of the NPS, while the
peaks around 1500 cm�1 and 2350 cm�1 belong to the car-
boxylate anion and residual CO2, respectively [19].

Excitation and emission spectra are shown in Fig. 2a.
The broad emission band is attributed to the lowest-lying
5d to 4f transition of the Ce3+ ion. We notice that the line
width of the emission spectrum of NPS is broader than that
of Ce3+ in bulk materials, which is ascribed to the inhomo-
geneous broadening in NPS [8–10]. For NPS, the Ce3+ ions
experience different crystal fields because of an imperfect
and/or distorted crystalline lattice predominantly caused
by the surface. The different environments broaden the
emission spectrum of Ce3+ ions in NPS. Selective excita-
tion, being performed from 19230 cm�1 to 23810 cm�1 as
shown in Fig. 2a clearly shows that when the excitation
energy decreases the emission peaks shift to red. Such a
broadening and shift can be attributed to the co-existence
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of multiple fluorescent centers that are all excited by pho-
tons with energy higher than 21740 cm�1. From this pic-
ture it is also readily deduced that the lifetimes of various
luminescent centers should be different, since they experi-
ence different surroundings.

In view of these results, luminescence decay traces have
been obtained. Representative luminescence decay curves
in windows of 1 ls, 100 ns, and 5 ns are depicted in
Fig. 3a–d, respectively, under 460 nm laser excitation. It
is obvious that the decay curves are multi-exponential.
For bulk YAG:Ce3+, the Ce3+ ions occupy exclusively
the dodecahedral Y3+ site, and the lifetime is typically
65 ns in a single crystal or in ceramic materials [11,12].
Recently it was reported that the decay curves of cerium
ions in YAG bulk materials are either mono-exponential
or bi-exponential with a long tail [20]. In our case, the
decay curves show a non-exponential behavior even in a
5 ns time window. It was found that at least four exponen-
tial components were needed to come to an acceptable fit of
the data, i.e.

Iðk; tÞ ¼
X4

i¼1

AiðkÞ � exp � t
si

� �
ð1Þ

In which si and Ai(k) are the lifetime and amplitude of the
ith type of luminescence centers, respectively. After de-con-
volution of the data with the response function of the
TCSPC setup decay times of 150 ps, 1.75 ns, 14.5 ns and
Fig. 3. Luminescence decay curves at 550 nm of Ce3+ doped in YAG in differen
different wavelengths in 100 ns window are given in (d).
70 ns were obtained. The 150 ps and 70 ns components
were obtained by fitting the decay curves in the 5 ns and
1 ls time windows, respectively.

Mechanisms responsible for a multi-exponential decay
in principle can include multi-sites, concentration quench-
ing, surface defects, etc. As aforementioned, only one site
for the yttrium ions in YAG is substituted by Ce3+ ions.
It is also known that the host-associated defects of YAG
are F or F+ centers as well as the YAl anti-site defects
[21,22], which emit around 340 nm – out of the lumines-
cence band of Ce3+. Since the amount of dopant-induced
defects has been found to be much less in the interior than
in the surface layer in NPS [23], the interior defects were
neglected in our analysis.

It has also been proposed that concentration quenching
might lead to multi-exponential decay [24]. However, the
quenching concentration of the rare earth ions is much
higher in the nano-system than in the bulk counterpart
[25–27]. The quenching concentration of YAG:Ce3+

nano-crystal synthesized by sol–gel synthetic method is
higher than 4% [28,29]. Hence, the quenching process is
not expected to happen in the present case where the dop-
ant concentration is only 1.67%. Furthermore, the longest
component is found to be comparable to that in the bulk
material, being in conflict with the concentration mecha-
nism in which the long lifetime should be shorter than
the intrinsic lifetime of the activator. Setlur and Srivastava
have discussed this issue in bulk material [30]. Although the
t time windows: (a) 1 ls, (b) 100 ns, (c) 5 ns. The decay curves measured at
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1.67% concentration is somewhat higher than the critical
energy transfer concentration of 1.2% in YAG:Ce3+ bulk
material, no build-up component in the luminescence
traces has been found in our experiments, which indicates
that the quenching concentration of the Ce3+ ions is higher
in NPS.

Homogeneous distribution of Ce3+ in YAG nanosystem
is expected because of the high similarity in size, charge and
reactivity of the lanthanide ions. Besides, sol–gel synthetic
approach has been proven to be an effective way of prepar-
ing nanocrystals with homogeneous dopant distribution,
which was evidenced by high resolution electron micros-
copy coupled EDX analysis where the doped samples
exhibited no heterogeneity with respect to the distribution
of cerium [29,31,32].

The multi-exponential decay is therefore primarily
attributed to the surface states, which may act as quenching
centers because of the larger surface-to-volume ratio of
NPS. In order to get further insight into the surface effects,
we have constructed the initial spectra (t = 0) for each com-
ponent normalized to the steady-state PL spectrum
(Fig. 4a). As is shown in the figure, the spectra of shorter
components are blue-shifted compared to that of the lon-
Fig. 4. (a) PL spectra of the four components at t = 0 and (b) a simplified
conceptual model based on the time-resolved spectroscopic results.
gest one. In the surface layer of the NPS, the relevant crys-
tal field has lower symmetry and is weaker than in the
interior resulting in a smaller splitting of the 5d band
[33]. As a result, the energy difference between the lowest
energy level of 5d and 4f ground level is larger. The spectra
of the Ce3+ ions closer to surface should thus be blue-
shifted compared to those located further inside the nano-
particle. Moreover, it is noted that the emission intensities
of 150 ps, 1.75 ns, 14.5 ns and 70 ns components are almost
equal. If we make the hypothesis that the transition
moments of all the Ce3+ ions are similar, the amplitudes
of each of the four components would be proportional to
the numbers of each type of Ce3+. In this way, a simplified
model can be established in relation with the surface effect
as illustrated in Fig. 4b, where the Ce3+ ions are distributed
homogeneously in the lattice sphere. The longest lifetime is
attributed to ions in the core of the NPS, while the shorter
components derive from ions in the outer three shells.
From this model it can be readily deduced that the thick-
ness of the surface layer where the quenching takes place,
is about 7 nm. Previously, it has been determined that the
critical energy transfer distance between Ce3+ in YAG
and an energy acceptor on the surface of the nanoparticle
is also about 7 nm [34]. Our results are therefore in excel-
lent agreement with this assignment.

As the quenching of the excited Ce3+ ions by the surface
quenching centers occurs via a dipole–dipole mechanism,
the quenching rate should follow R�6 relation [15]. The
excited state depopulation rate of the Ce3+ ions is described
by the following equation:

W si ¼ W R þ W NRðRÞ; si ¼ 1=W ti ð2Þ
where WR and WNR represent the radiative and non-

radiative transition rate, respectively. WNR is proportional
to R�6 and rather sensitive to the R, and the lifetime si of
Ce3+ ions at a different distance from the surface to the
core in the NPS can be distinctly different. It is expected
that quenching is more severe when the Ce3+ ions are closer
to the surface of the particles, i.e., when R becomes smaller.
An additional source of quenching could derive from the
organic functional groups, introduced during the chemical
synthesis, which may stick to the surface. These groups
may accelerate the quenching process because of high-
energy vibrational modes associated with O–H and C@O,
which existed even when the sample was sintered at
900 �C (Fig. 1c). This could explain that the luminescence
was heavily quenched as evidenced by the shortening of
the lifetime to 150 ps in our sample.

We would like, however, to stress that the model in
which the dopant distribution is divided into four compo-
nents is just a simplified concept of real continuous
situation.

Finally, we would like to comment on the observation
that the steady-state spectrum of Ce3+ ions doped in
NPS is similar to that of their bulk counterpart. As the
steady-state spectrum is simply a time integration of the
emission decay, the steady-state spectrum would be domi-
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nated by the longest lifetime component since the relevant
amplitudes are similar (vide supra). From our aforemen-
tioned discussion it is clear that the longest component is
from the Ce3+ ions located in the core where the energy
transfer to the quenching centers is negligible and their
spectrum should be similar to the one doped in bulk mate-
rial. Therefore it is reasonable that the steady-state spec-
trum of Ce3+ in nanosystem does not differ much from
their bulk counterpart.

4. Conclusions

In summary, Ce3+ luminescence in YAG nano-phos-
phors has demonstrated a non-exponential decay behavior,
which is ascribed to the quenching by the surface states.
Employing time-resolved spectroscopic techniques, four
representative quenching regimes have been brought in as
a simplified approach to the real continuous situation.
The closer the Ce3+ ions approach the surface, the more
severe the quenching and the faster the luminescence decay.
When the Ce3+ ions are located further into the nanoparti-
cle, say >7 nm from the surface, the quenching effect is neg-
ligible and the spectrum behaves like its bulk counterpart.
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