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The structure, luminescence spectroscopy, and lifetime decay dynamics of Eu2O3 nanoparticles formed in
MCM-41 have been investigated. Both X-ray diffraction and high-resolution transmission electron microscopic
observations indicate that Eu2O3 nanoparticles of monoclinic structure are formed inside channels of MCM-
41 by heating at 140°C. However, heat treatment at 600 or 700°C causes migration of Eu2O3 from the
MCM-41 channels, forming nanoparticles of cubic structure outside the MCM-41 channels. After heating to
900 °C, some of the cubic Eu2O3 particles change to monoclinic Eu2O3, and the MCM-41 structure breaks
down and a different or disordered phase is formed. The feature of the hypersensitive5D0 f 7F2 emission
profile of Eu3+ is used to follow the structural changes. In the luminescence spectrum of the sample prepared
at 140°C, the emission spectrum is dominated by peaks at 615 and 623 nm, while in the other samples a
peak at 612 nm is prevalent. Photoluminescence lifetimes show the existence of short (<1 µs) and long
(microsecond to millisecond) components for each sample. The fast decay is attributed to quenching by surface
states of the nanoparticles or energy transfer to the MCM-41, while the longer time decays show the effects
of concentration quenching. The monoclinic sample prepared at 140°C shows a higher luminescence intensity
than the cubic samples or the bulk powder. These observations indicate that MCM-41 as a template can be
used for making and stabilizing monoclinic rare earth oxides, which normally are stable only at high
temperatures and high pressures. More importantly, the nanophase Eu2O3/MCM-41 composite materials formed
at low temperatures might represent a new type of efficient luminescence material with fast response, with
potential applications in lighting and displays.

1. Introduction

The unique physical and chemical properties of the lanthanide
oxides make them useful in a variety of diverse applications,
such as laser materials,1 phosphors,2 and heterogeneous chemical
catalysis.3 The luminescence of Eu3+ is particularly interesting
because the major emission band is centered near 612 nm (red),
which is one of the three primary colors (red, blue, and green)
from which a wide spectrum of colors, including white, can be
generated by appropriate mixing. For this reason, Eu3+ has been
thoroughly investigated as a luminescent activator in many host
lattices.4,5 Indeed, Eu3+ doped in Y2O3 is a commercially
available phosphor with extremely high quantum efficiency. In
several aspects, oxide phosphors may be better suited than
sulfides for applications such as low-voltage cathodoluminescent
devices, primarily because oxide phosphors show improved
stability in high-vacuum environments as well as lower con-
taminant gas emission.3 Eu2O3 is one of the most important
oxide phosphors and has been studied extensively.2,3,6,7

Due to quantum confinement, a large ratio of surface to
volume, and the geometrical confinement of phonons, semi-
conductor nanoparticles behave differently from bulk materials
and have some novel properties and effects. More and more

evidence has emerged showing that quantum size confinement
not only affects the intrinsic properties of semiconductors but
also changes the properties of doped ions.8-11 The spectroscopic
properties of Eu2O3 nanoparticles prepared by laser evapora-
tion,12-16 sol-gel,17 and colloidal chemistry18 have been
reported. Electron-phonon interaction and spectral hole-burning
have been reported in Eu2O3 nanoparticles.19,20All these studies
have demonstrated some novel properties and potential applica-
tions of Eu2O3 nanoparticles. Furthermore, the luminescence
time dependence of Eu2O3 nanoparticles deposited on and doped
in alumina has been investigated.21 The coated samples show a
short, 340µs lifetime, while the Eu3+ doped in the alumina
display a much longer, 1.5 ms lifetime.21 This difference was
attributed to a reduction in concentration quenching in the doped
sample.21 An increase in the decay lifetime of Eu3+ in Y2O3

12,16

and Eu2O3
14 nanoparticles with decreasing size has been reported

by Tissue and Bihari15 and has been attributed to a decrease in
the radiative decay rate with decreasing size. To further reveal
the effect of quantum size confinement on the luminescence
decay of Eu2O3 nanoparticles, we describe the effect of size
confinement on the structure, luminescence, and decay dynamics
of Eu2O3 nanoparticles formed in the mesoporous silicate MCM-
41.

2. Experimental Details

MCM-41 was prepared under hydrothermal conditions by
literature procedures.22,23N-Brand sodium silicate (18.7 g) was
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combined with H2O (40.0 g, 2.22 mol) and H2SO4 (1.20 g, 12.2
mmol). The solution was stirred for 10 min to obtain a
homogeneous white solution. The template C16-TMA-Br (16.8
g, 46.1 mmol) was added to the solution with additional H2O
(55.0 g, 3.06 mol), and the mixture was stirred for 0.5 h. Further
H2O (15.5 g, 0.861 mol) was added and the solution was
transferred to a stainless steel bomb and heated at 100°C for
165 h. The resulting white powder was calcined at 540°C for
10 h to remove the organic template. Identity of the product
was confirmed by powder X-ray diffraction (XRD) and nitrogen
adsorption. From the XRD study it was observed that MCM-
41 had the characteristic diffraction pattern (h100, h110, h200)
indexed from a hexagonal cell.22 The d spacings are 3.83 nm
(d100), 2.22 nm (d110), and 1.96 nm (d200). It is possible to
calculate the pore diameter from thed100 spacing. A value of
4.42 nm is obtained, and subtracting 1 nm resulting from the
average diameter of the pore wall provides a channel diameter
of 3.42 nm. The nitrogen adsorption isotherm has a Brunauer-
Emmett-Teller (BET) surface area of 1172 m2/g resulting from
a characteristic type IV isotherm and distinct capillary conden-
sation.23 The pore diameter is confirmed with a value of 3.5
nm calculated from 4 V/A (by BET), which compares closely
to the value obtained by XRD.

The formation of Eu2O3 nanoparticles in the channels of
MCM-41 was conducted at high temperatures by solid-state
diffusion. Typically, 1 g of MCM-41 powder was mixed with
0.005 g of Eu2O3 powder in an ethanol solution. After drying
at room temperature, the mixed powder was heated at 140, 600,
700, or 900°C for 3 h. The particle structure, size, and stability
were studied by X-ray diffraction, analytical and high-resolution
transmission electron microscopy (HRTEM). The X-ray dif-
fraction patterns were recorded with a Rigaku diffractometer
with graphite-monochromated Co KR radiation of wavelength
0.179 02 nm. Thin fragments of the samples were collected on
lacy carbon film on copper grids for analytical electron
microscopy. HRTEM images of the sample prepared at 700°C
particles were recorded with a JEM-4000EX operated at 400
kV and with a structural resolution of 0.16 nm. Energy-
dispersive X-ray analysis (EDX) was performed with a JEM-
2000FX using a LINK spectrometer. Electron energy loss
spectroscopy (EELS) was performed with a GIF 100 mounted
on a Philips CM120 microscope. Energy-selected elemental
mapping was done for silicon (Si-L2,3 edge at 99 eV) and for
europium (Eu-N4,5 edge at 130 eV) on the two samples prepared
at 140 and 700°C. The Si-L2,3 edge has a delayed edge with a
maximum at about 130 eV and consequently the three-window
method of elemental mapping for the Eu edge must be
performed with very narrow energy windows (5 eV).

The photoluminescence (PL) emission spectra were recorded
at room temperature on a Spex Fluorolog fluorescence spec-
trophotometer. The time-resolved spectra and luminescence
lifetime data were collected with a nanosecond optical para-
metric oscillator/amplifer (OPO) operating at a 10 Hz repetition
rate and tunable between 440 and 1800 nm. The output was
directed onto the particles and emission was collected at right
angles to the excitation and focused into a 1/8 m monochromator
with a standard photomultiplier tube detector (used for lifetime
measurements) or a gated intensified charge-coupled device
(CCD) camera (used for spectra). The output of the photomul-
tiplier tube was directed into a digital oscilloscope to record
the emission decays. The response time of the system is about
15 ns fwhm. Picosecond lifetime data was collected by using
the output of a femtosecond-amplified Ti:sapphire laser operat-
ing at 1 kHz. The 150 fs, 800 nm output was frequency-doubled

in a 1 mmBeta Barium Borate crystal to provide excitation at
400 nm and directed onto the samples. The output emission
was collected at right angles and focused into the entrance of a
streak camera (Hamamatsu C5680). Appropriate filters were
used to isolate the wavelengths of interest. The time resolution
was determined to be 14 ps fwhm by use of a standard scattering
material.

3. Results

Figures 1-3 show the XRD patterns of MCM-41, a Eu2O3/
MCM-41 mixture, and the samples prepared by heat treatment
at 140, 600, 700, and 900°C. The Eu2O3 source has two phases,
cubic and monoclinic, which are labeled in the pattern. It is
interesting to note that, after heat treatment at 140°C, a pure
monoclinic Eu2O3 is observed. After heat treatment at 600 or
700°C, the Eu2O3 changes to a cubic structure. Heat treatment
at 900°C results in both cubic and monoclinic phases (Figure
2).

The above phase changes during heat treatment at different
temperatures are confirmed by the particle sizes estimated from
XRD and HRTEM observations. As a result of size and/or strain,

Figure 1. XRD patterns of MCM-41, a Eu2O3/MCM-41 mixture, and
the samples prepared by heat treatment at 140, 600, 700, and 900°C.

Figure 2. Enlarged XRD patterns of the Eu2O3/MCM-41 mixture, and
the samples prepared by heat treatment at 140, 600, 700, and 900°C
(c ) cubic, m) monoclinic).
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the XRD peaks are broadened.24 From the Debye-Scherrer
equation,24 the average sizes of the nanoparticles can be
approximated from the XRD peak half-width by assuming that
there is no strain. For the sample prepared at 140°C, the particle
size is around 3 nm, which is close to the cavity diameter (3.5
nm) of MCM-41, allowing the particles to be formed within
the hexagonal channels. At 600 and 700°C, the particle sizes
are around 5 and 7 nm, respectively. At 900°C, the size of the
cubic Eu2O3 is about 10 nm and the monoclinic phase is about
4 nm in size. After heat treatment at 600, 700, or 900°C, the
particle sizes are larger than the cavity diameter of MCM-41.
This indicates that Eu2O3 is formed outside the cavities of
MCM-41. Heating at 900°C produces both cubic and mono-
clinic Eu2O3, and the XRD peaks of MCM-41 disappear. This
indicates that MCM-41 breaks down at 900°C and most likely
becomes a different or disordered phase of SiO2.

To confirm the above observations from XRD studies, we
have used HRTEM to image the samples prepared at 700°C.
Figure 4 shows a HRTEM image of Eu2O3/MCM-41 prepared
at 700°C. The Eu2O3 particles imaged by HRTEM have an
average size of about 8 nm. The (100) lattice spacing in some
of the particles was estimated to be about 1 nm. This is close
to the lattice spacing of cubic Eu2O3 (a ) 1.087 nm). These
observations are in agreement with the conclusion from the XRD
studies.

Analytical electron microscopy using energy-dispersive spec-
trometry (EDS) and elemental mapping shows that europium
exist either outside or inside the MCM-41 particles. Three-
window elemental mapping also shows that europium exists in
the same region as the silicon of the MCM-41 particles (see
Figure 5). These analytical TEM methods however, do not prove
that europium fills the channels of MCM-41 in this sample. A
similar result is observed for the sample prepared at 140°C
(Figure 6). In this sample, with the electron beam focused on
the edge of MCM-41 fragments, the EDS spectra indicate small
levels of Eu. The mapping results cannot show clearly that
Eu2O3 particles are inside or outside the channels of MCM-41.
This is probably because the mapping resolution is not good
enough. However, the combination of XRD, HRTEM, mapping,

Figure 3. Enlarged XRD patterns of MCM-41, the Eu2O3/MCM-41
mixture, and the samples prepared by heat treatment at 140, 600, 700,
and 900°C.

Figure 4. Fragments of Eu2O3/MCM-41 prepared at 700°C show a
lattice spacing of 1 nm when imaged by HRTEM.

Figure 5. Energy-selected imaging (main picture) of MCM-41
fragments and three- window elemental mapping (inserted maps) of
silicon and europium reveal the existence of Si and Eu in the same
region in the sample prepared at 700°C.

Figure 6. Energy-selected imaging (main picture) of MCM-41
fragments and three- window elemental mapping (inserted maps) of
silicon and europium reveal the existence of Si and Eu in the same
region in the sample prepared at 140°C.
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and luminescence properties provides strong evidence for the
formation of Eu2O3 nanoparticles in MCM-41.

The formation and structures of Eu2O3 nanoparticles in MCM-
41 can be further confirmed by the luminescence characteristics
of Eu3+. In monoclinic and cubic Eu2O3, the emission spectra
of Eu3+ are different in both relative intensities and positions
because the effects of the crystal field perturbations on the
individual f-f transitions are different. The5D0 f 7F2 transition
is highly sensitive to structural change and environmental
effects;25 therefore, this transition can be used for distinguishing
the two structures.26 It has been shown that, upon the change
from cubic to monoclinic Eu2O3, the5D0 f 7F2 emission peak
at 612 nm decreases in intensity or disappears, while the5D0

f 7F2 emission peak between 620 and 630 nm appears or
increases in intensity.26 In addition, peaks at 614 and 618 nm
may appear in the monoclinic phase.13-15 Figure 7 shows the
luminescence spectra of Eu2O3, a Eu2O3/MCM-41 mixture, and
the samples prepared by heat treatment at 140, 600, 700, and
900 °C. The primary peak centered around 612 nm and
extending to 620 nm is the5D0 f 7F2 transition. The5D0 f
7F2 is composed of several subbands, which are split by crystal
field perturbations.25 The emission spectrum of the sample
prepared at 140°C is significantly different from those of the
other samples. In this sample, the peak at 612 nm disappears
and new peaks at 615 and 623 nm appear. This spectrum is
consistent with spectra of monoclinic nanoparticles measured
previously.13-15 In general, the emission bands are broadened
and the fine structure is obscured in the nanoparticles. This is
particularly clear in the samples prepared at 600, 700, and 900
°C. This broadening has been attributed to inhomogeneous
broadening due to a disordering of the crystal phase, possibly
induced by the increase of surface/volume ratio with decreasing
size.12-16 This broadening is less pronounced in the sample
prepared at 140°C than in the samples formed at 600, 700,
and 900°C.

The relative luminescence efficiencies of the different samples
may be obtained from the photoluminescence spectra in Figure
7 due to the fact that the concentration of Eu2O3 is the same in

all samples. The luminescence efficiency increases in the order
Eu2O3/MCM mixture∼ 600°C < 700°C < 900°C < 140°C.

Figure 8 displays the decay curves of the5D0 f 7F2 emission
at 612 nm for the Eu2O3/MCM-41 mixture, samples prepared
by heat treatment at 140, 600, 700, and 900°C, and bulk Eu2O3

powder after excitation at 525 nm. A sample made from the
mixture of MCM-41 and the bulk powder shows a response
identical with that of the bulk powder alone. Lifetimes recorded
at both 618 and 623 nm show nearly identical characteristics.
The inset in Figure 8 displays an expanded short-time region
(<1 µs) of the 600°C sample and the bulk powder. As can be
observed, there is a significant fast (<15 ns) component to the
lifetimes. The nanoparticle/MCM-41 samples all show that this
component is a significant contribution to the luminescence,
whereas in bulk Eu2O3 powder this component is significantly
diminished. Figure 9 depicts this short-time component mea-
sured with picosecond time resolution for the 140, 600, 700,
and 900°C heat-treated samples and a Eu2O3 powder/MCM-
41 mixture. In general, the lifetimes in this time regime for each
sample are characterized by multiexponential decay dynamics
with very short lifetimes in the 100 ps range followed by a
longer,∼5 ns decay. It is difficult to accurately define decay
lifetimes and associate them with a particular species. However,
there are some very important conclusions we may obtain from
these measurements. First, all samples formed with MCM-41
show the pronounced, short lifetimes. Second, the short lifetimes
are similar in all samples. The decays are fastest in the 140°C
sample (3 nm size) and proceed in the order 600°C (5 nm)>
700°C (7 nm). The 900°C (4 and 10 nm) sample lifetime decay
is usually between the 600 and 700°C sample decays.

The microsecond to millisecond time scale lifetimes are all
multiexponential. These decays require three exponentials to
adequately fit the data in this region. The results of the fitting
are summarized in Table 1. It is clear from both the data and
Table 1 that the lifetime of the slowest component increases in
the order bulk< 140 °C < 600 °C < 700 °C < 900 °C.

Time-resolved emission spectra following excitation at 525
nm were recorded for all samples, and the results are shown in
Figure 10. The gate width was set at 1µs for all spectra. The
600, 700, and 900°C samples all show a significant sharpening
of the peak at 612 nm initially, followed by an evolution to a
significantly broader spectrum. In these samples, the sharp
spectrum is associated with the shortest microsecond lifetime.
In the case of the 140°C sample, the initial spectrum is not
significantly sharper than a continuous-wave spectrum shown
in Figure 7; however, the spectrum does broaden significantly
during the final decay lifetime. The final, broadened spectra
are similar in all the nanoparticle samples. In contrast, time-
resolved spectra of the bulk powder show little variation over
the same time range.

4. Discussion

4.1. Structure.An increasing interest in the study of guest-
host composite materials27,28 has heightened research in well-
defined periodic microporous structures such as zeolites and
MCM-41. These compounds are particularly attractive host
materials due to their high ultraviolet transparency and are
relatively inexpensive to prepare.29 MCM-41 is a mesoporous
silicate with straight, hexagonal channels and represents an
interesting host material. Numerous research efforts have been
reported on the encapsulation and characterization of organic
compounds,30 polymers,31 and metal and semiconductor clus-
ters32,33 in MCM-41. It has been reported that nanoclusters can
be encapsulated into MCM-41 at temperatures higher than 70

Figure 7. Luminescence spectra (excitation at 393 nm) of Eu2O3, a
Eu2O3/MCM-41 mixture, and the samples prepared by heat treatment
at 140, 600, 700, and 900°C.
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°C.23 The nanoparticles formed at 140°C are similar in size to
the pore diameter of MCM-41. Therefore, it is likely that Eu2O3

nanoparticles are formed within the channels of MCM-41 at
140 °C. Monoclinic Eu2O3 is usually stable only at high
temperature and pressure.26 The appearance of monoclinic-phase
Eu2O3 formed at such low temperatures and pressure in air may
provide a new, efficient, and low-cost method for making pure
monoclinic Eu2O3. Previous studies have produced similar
monoclinic Eu2O3 nanoparticles between 4 and 18 nm; however,

the smallest particles are thought to return to a cubic and/or
disordered phase.12,15

The presence of the denser, high-pressure monoclinic-phase
Eu2O3 at ambient conditions is probably a result of the increased
hydrostatic pressure resulting from the small size of the
nanoparticles due to the Gibbs-Thomson effect34 and the
additional hydrostatic pressure from the walls of MCM-41 when
the particles are squeezed into the channels. According to the
Gibbs-Thomson effect,34 an additional hydrostatic pressure

Figure 8. Lifetime decay curves of the 5D0f 7F2 emission following excitation at 525 nm of Eu2O3 bulk powder, an Eu2O3/MCM-41 mixture,
and the samples prepared by heat treatment at 140, 600, 700, and 900°C. The inset shows an expanded view of the short-time (<1 µs) time regime
for the bulk powder and the sample prepared at 600°C.

Figure 9. Picosecond lifetime decays following excitation at 400 nm of a Eu2O3 bulk powder/MCM-41 mixture, and samples prepared by heat
treatment at 140, 600, 700, and 900°C. The bottom trace shows the instrument response measured to be 14 ps fwhm.
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(∆p) can result from the surface curvature of the nanometer-
sized particles. The pressure increases with decreasing size
(D): ∆p ) 4γ/D, whereγ is the surface energy.34 Assumingγ
to be 1500 mJ m-2, a typical value of surface energy for
ceramics,35 the hydrostatic pressure for a 3.5 nm-sized Eu2O3

particle is estimated to be around 3.4 GPa. Investigation at high
pressure has demonstrated that at 5.4 GPa the cubic Eu2O3 phase
begins to convert to the monoclinic phase; however, the
complete conversion of the cubic phase to the monoclinic phase
does not occur until 13.9 GPa.35 This indicates that the
hydrostatic pressure resulting from the size effect alone is not
large enough to convert the cubic phase to the monoclinic phase.
The additional hydrostatic pressure may come from the walls
of MCM-41. The nanoparticles encapsulated into the channels
at 140°C may suffer an additional hydrostatic pressure from
the walls because the channel size decreases as the samples
prepared at high temperature cool to room temperature. The
combined effects may be high enough to stabilize the monoclinic
phase of Eu2O3. Therefore, the Eu2O3 nanoparticles that are
contained within the MCM-41 channels show the monoclinic
structure.

4.2. Luminescence and Dynamics.From the decay lifetimes
it is clear that there are two distinct time regimes in each sample,
a fast (<10 ns) decay and a slower (microsecond to millisecond)
component. The fast component is present in all the samples,
although it is significantly reduced in intensity in the bulk
powder. The fast component is also very similar in time scale
in all the samples and is slightly shorter in the smaller
nanoparticles relative to the larger ones. Lifetime decays from
surface states are generally very fast, on the nanosecond,
picosecond, or femtosecond time scale.36 The fact that this
component is present at a reduced amount in the bulk powder
and that it becomes faster with decreasing size implies that it
arises from surface and defect states. Previous results from
Eu2O3

14-16 and Eu3+-doped Y2O3
14 nanoparticle systems have

not found a significant influence from surface states, however.
Because this component becomes enhanced in nanoparticles
formed in MCM-41, it is also possible that energy transfer to
the MCM-41 matrix also serves to significantly shorten the
lifetime in this regime. The energy gap of MCM-41 is 9.0 eV;37

therefore, it is improbable that energy may be transferred from
Eu3+ to the MCM-41 host directly. However, energy transfer
from Eu3+ to defect states in the MCM-41 is possible, as MCM-
41 has several defect states that lie within the band gap.37 For
example, the nonbridging oxygen hole center is known to have
an absorption at 1.9 eV,37 which overlaps effectively with the
emission spectrum of Eu3+ as shown in Figure 7. In fact, given
that the samples prepared in MCM-41 show such a large
picosecond to nanosecond component, it is possible that this
pathway is the dominant energy dissipation pathway for Eu ions
on or near the surface.

The longer time regime is characterized by multiexponential
behavior that may be fit by three time constants (Table 1). The
140°C sample shows two time constants that are nearly identical

with those measured for bulk monoclinic Eu2O3.14 The 140°C
sample also shows a longer, almost 200µs decay not observed
in the bulk samples or pure Eu2O3 nanoparticles.14,15Emission
spectra taken during this longer lifetime show only a broad
featureless peak centered at 615 nm. The 600 and 700°C
samples show an extremely fast decay of 2µs and then two
slower decays, which are longer in the 700°C sample relative
to the 600°C. Time-resolved spectra taken during the initial
fast decay reveal a sharp feature at 612 nm, whereas spectra
taken during the longer decays show only the broad spectrum.
The 900°C samples show a short time constant, similar to the
other 600 and 700°C samples, and then an intermediate time
constant consistent with the bulk monoclinic and 140°C
samples. Time-resolved spectra taken at the earliest delays show
a peak at 612 nm from the cubic phase and a peak at about 614
nm from the monoclinic phase. This is consistent with the results
from the XRD data that show both cubic and monoclinic regions
within this sample. In addition there is an extremely long 1.3
ms decay. Spectra obtained during the longer lifetimes show
only the broad spectra, similar to the other samples.

The narrow, short-time spectra present in the 600, 700, and
900 °C samples are likely from a narrow distribution of sites
with a cubic Eu2O3 lattice. Analogously, in the 140°C sample,
the emission is derived primarily from a narrow distribution of
monoclinic sites. These sites may represent regions within the
nanoparticle with near bulk crystalline structure, likely in the
core of the particles. The longer time spectra are consistent with
Eu ions in a variety of sites. Previously, broadened nanoparticle
spectra have been interpreted in terms of disordered phases,
possibly involving surface states.13,15 It seems unlikely that
surface states have any influence on time scales this long;
however, regions within the sample that are more disordered
may exist and give rise to broad spectra and longer lifetimes.
Previous results have only shown this disordering in smaller
particles, however.12-16 Therefore, it is possible that the presence
of MCM-41 increases the disorder of the phases from those
regions near the walls.

Perhaps the most surprising result is that the longest-time
lifetime component increases in the order bulk< 140 °C <
600 °C < 700 °C < 900 °C. This concurrently represents an
increase in the lifetime with particle size. Water complexed with
Eu3+ is known to shorten the lifetime considerably due to fast
energy transfer from the Eu3+ ion to the overtones of the OH
stretching modes of water.38,39If water is present in the samples,
then one would expect that samples formed at higher temper-
atures would contain significantly less water adsorbed to the
MCM-41. Identical lifetime measurements were performed on
samples that were dehydrated for 1 week at 120°C, and no
noticeable difference in the lifetimes was observed. Therefore,
adsorbed water is unlikely to be the cause of the dispersion in
the lifetimes.

MCM-41 is also known to have surface Si-OH groups that
could shorten the lifetime, similar to the effects of water. While
these groups may have an influence on the shorter time scales,
i.e., they may be the source of the energy transfer observed on
nanosecond or shorter time scales, they do not likely influence
the longer time scale dynamics. Recent results from Eu3+-Y2O3

nanoparticles in porous silica and MCM-41 show no dramatic
shortening of the lifetimes due to the Si-OH groups.40 In
addition, the microsecond lifetimes measured here correlate well
with those measured in bulk monoclinic and cubic samples
where there is necessarily no influence from such moieties.14,15

In addition to the lengthening of the longest lifetime with
formation temperature or size, the luminescence efficiency

TABLE 1: Luminescence Decays of Eu2O3 Nanoparticles

Eu2O3 samples lifetime (µs, 610 nm) size (nm)

bulk (monoclinic)a 12 ( 2, 61( 6
bulk (cubic)a 38 ( 2, 183( 9
bulk powder 80, 170
140°C 15, 63, 195 3
600°C 2, 287, 685 5
700°C 2, 455, 1200 7
900°C 6, 62, 1300 4, 10

a Reference 14.
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increases in the order 600°C < 700 °C < 900 °C < 140 °C.
The quantum efficiency (QE) of an emitter is related to the
natural radiative ratekr and the nonradiative rateknr by

The measured luminescence lifetimeτ is given by

From these equations, it is clear that an increase in the radiative
rate will both decrease the measured lifetime and increase the
quantum efficiency. An increase in the nonradiative rate will
decrease the measured lifetime but will decrease the quantum
efficiency as well.

The prospect of modifying the radiative lifetime and thereby
enhancing the emission efficiency of phosphors is an attractive
goal with a variety of potential applications to lasers, displays,
and optical communications. Several means may be used to
modify the radiative lifetime and emission efficiency of an
emitter. These include altering the local environment of the
luminescence center by putting it in different hosts, in different
sites,41 by changing the local electric field of the center by
putting it in a microcavity,42 by putting the emitter between
two metal plates,43 and by putting the sample in a medium with
a high dielectric constant.44 Modifying by quantum size confine-
ment is a novel way under much attention.

Previous results from Y2O3:Eu3+ nanoparticles have shown
that the radiative lifetime of the5D0 transition of Eu3+ increases
by about a factor of 4 relative to micrometer-sized powder.41

This has been attributed to changes in the local index of
refraction of the nanoparticles inside the host.41,45 A “filling
factor” that describes the fraction of space occupied by the
nanoparticles in the host cavity is used to calculate the effective
index of refraction in the cavity.41 The Eu2O3 nanoparticles
formed within the MCM-41 channels may experience this effect;
however, differences in the filling factor alone cannot explain
the dramatic increases in lifetime observed in the larger

nanoparticles. It is also possible that there is a change in the
radiative rate with size due to quantum confinement. However,
results from pure Eu2O3 nanoparticles of similar sizes as those
studied here do not show dramatic or even systematic lifetime
dependences on size.12,15Therefore, differences in the radiative
transition rate are not likely causing the dramatic changes in
lifetime observed here.

In addition to radiative rate modification, there are many
sources of nonradiative quenching including electron-phonon
coupling, concentration quenching, and quenching via surface
or defect states. As mentioned earlier, quenching by surface
states often results in extremely short lifetimes similar to the
subnanosecond ones measured. Previous results on Eu2O3 and
Eu3+-doped Y2O3 nanoparticles show that electron-phonon
coupling increases with decreasing particle size.20 Eu3+ excited-
state lifetimes were observed to be up to 2 orders of magnitude
shorter in nanoparticles relative to the bulk.46 While the trend
to shorter lifetimes with decreasing particle size is consistent
with this picture, we note that the lifetimes reported here are
all longer than the bulk lifetimes, in contrast to the results from
ref 42. Still, changes in the electron-phonon coupling as a
function of the particle size cannot be ruled out.

Eu-doped samples are known to suffer concentration quench-
ing as a result of ion-ion interactions that require relatively
close proximity. It is likely that the shortened lifetimes of bulk
samples of Eu2O3 are the result of such quenching, as doping
Eu3+ at low concentrations into Y2O3 or other host materials
returns the lifetime to a value close to the natural radiative
rate.14,16,21,41,47Concentration quenching may be decreased in
the samples formed at higher temperatures. This may be a result
of Eu migration to the walls or even inside the MCM-41 matrix.
Higher-temperature formation may permit Eu ions to migrate
farther and therefore become more isolated from each other.
We note that Eu nanoparticles doped in alumina have a lifetime
of 1.5 ms, while those that are simply deposited on the alumina
have a 340µs lifetime.21 These results have been interpreted in
terms of the reduced concentration quenching experienced by

Figure 10. Time-resolved emission luminescence spectra of a Eu2O3 powder/MCM-41 mixture and the samples prepared by heat treatment at 140,
600, 700, and 900°C. The gate width is 1µs for all spectra and the excitation wavelength is 525 nm.

QE∼ kr/(kr + knr)

τ ) 1/(kr + knr)
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the Eu ions doped in the alumina.21 This behavior is extremely
similar to what is reported here. The broad spectrum may then
simply reflect the large number of sites occupied by the Eu
ions on or inside the MCM-41. In essence, this would represent
a disordering of the pure phases present in the interior of the
nanoparticles.

Therefore, it is likely that a decrease in either electron-
phonon coupling or concentration quenching is causing the
lengthening of the lifetimes in these samples. The increase in
luminescence efficiency from the 600°C sample to the 900°C
sample is certainly consistent with such a picture. In the sample
prepared at 900°C, some new or disordered phase is formed in
the MCM-41. This different phase might also affect the
luminescence behavior of Eu3+ in that sample.

The increase of the luminescence efficiency of the 140°C
sample may reflect a decrease in the nonradiative rate due to
the different crystal structure or an increase in the radiative rate,
due to either a change in symmetry or the effect of the local
dielectric constant within the cavity.41,45 The enhancement of
the luminescence efficiency indicates that the nanophase materi-
als formed at 140°C may be efficient luminescence materials
with potential applications in lighting and displays.

5. Summary

Eu2O3 nanoparticles of monoclinic structure are formed inside
channels of MCM-41 at 140°C. Upon heat treatment at 600 or
700 °C, the Eu2O3 migrates to form nanoparticles of cubic
structure outside the channels. After heating at 900°C, some
of the cubic Eu2O3 changes to monoclinic Eu2O3, the MCM-41
structure breaks down, and a different phase is formed. As a
consequence, the luminescence spectrum of Eu3+ in the sample
prepared at 140°C is different from the bulk cubic Eu2O3 and
other Eu2O3/MCM-41 samples prepared at 600, 700, and 900
°C. One obvious feature is the5D0 f 7F2 emission profiles and
lifetimes. The luminescence lifetimes from all the samples show
very short lifetimes associated with surface states or energy
transfer as well as longer lifetimes, which increase in the order
bulk powder< 600 °C < 700 °C < 900 °C. This dramatic
change in lifetime is attributed to a reduction in concentration
quenching as Eu ions become isolated, either within or adsorbed
on the MCM-41 matrix. The sample prepared at 140°C shows
a noticeably stronger luminescence efficiency that may be the
result of a decreased nonradiative transition rate.
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