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Abstract. We investigate the fundamental properties of films resulting from the deposition of Eu®* doped
Gd20s3 clusters. We first report that the crystalline structure of clusters with diameter as low as 2.8 nm is
still BCC (as in the bulk phase at ambient temperature and pressure). No phase transition to monoclinic
structure is observed. We show that contamination from air (formation of hydroxide) is important and
leads to the modification of the luminescence of the Eu®* ions. Furthermore, films protected from this
contamination have been fabricated and show a new feature (broad peak at 625 nm). It means that
contamination is not the only mechanism responsible for the modification of the light emission spectrum.
The crystal field symmetry breaking induced by the surface also plays a major role. Eventually, we show
that the widening of the optical gap continues for these very small clusters. We discuss this effect in the
frame of the quantum confinement model.

PACS. 36.40.Mr Spectroscopy and geometrical structure of clusters — 36.40.Vz Optical properties of
clusters — 36.40.Jn Reactivity of clusters — 42.72.Bj Visible and ultraviolet sources — 61.46.4+w Nanoscale
materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

Nanophotonics is a rapidly growing field among
nanoscience and nanotechnology topics. As so, it demands
sources with nanometer dimensions capable of emitting
light with a high efficiency, stable in time and under
high excitation power. Several categories of materials are
contemplated as potential candidates. Literature deal-
ing with semiconductor nanoparticles, either of group IV
(Si, Ge) [1-6] or II-VI (ZnS, CdSe...) [7-9], is abun-
dant. These materials are primarily interesting because
of their photo- and electroluminescence properties. Their
light emission spectrum is usually centered in the visible
range and broad (full width at half maximum of a few ten
of nanometers). They also exhibit effects typical of their
nanometer size. The first one is the dependence of the ab-
sorption gap and of the emission spectrum on the particle
diameter. This effect is of quantum nature and is fairly
described by the model of the delocalized Wannier-Mott
exciton [10]. The confinement of a wide exciton within a
small particle can lead to an increase in the optical gap as
large as 0.6 eV for Si [11]. The second effect is the general
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fact that small particles have a large number of atoms on
the surface compared to the number of bulk atoms. These
surface atoms are usually responsible for non-radiative
surface states or enhanced chemical reactivity which is
often detrimental to the luminescence. That is the reason
why Si or Ge nanoparticles need to be passivated (by oxy-
gen in most of the cases or even hydrogen) in order to emit
light. CdSe particles also need to have a protective shell to
be stable [12-14]. Additionally, the luminescence of group
IV semiconductors is typically rather small. II-VI semi-
conductor nanoparticles have higher quantum efficiency
but are not stable under high excitation power. Their lu-
minescence tends to be quenched with time. A second
category of materials is the dye molecules family. These
molecules exhibit very efficient luminescence in the visible
range but are usually highly sensitive to high excitation
power. Despite these drawbacks, the first nanophotonic
systems based on these categories of materials become ef-
fective (in biological sensing for instance [15]). However,
another category of promising materials exists. It is the
class of rare-earth ions. Rare-earth ions are already widely
used to produce light in many systems. For instance, Eu3t
and Th3T ions are used in cathode tube to produce red
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and green light respectively. Er>t ions are used for near-
infrared telecommunications and several ions among the
lanthanide family are used in solid state lasers. Their emis-
sion is rather bright, generally characterized by a high
quantum efficiency, and stable in time even under high ex-
citation power. Light-emitting rare-earth ions (Eu®* and
Th3*+) can be incorporated in fluoride, bromide, chloride
and oxide. We focus our attention on a referential oxide
system (Gd2Os). This has two major advantages: to avoid
luminescence quenching resulting from too high a concen-
tration of luminescent ion (as it is the case in the pure ox-
ides EupO3 and Tby03) on one hand and preserving the
3+ valence state of the ions necessary for luminescence
on the other hand. It is therefore quite naturally that a
still wider community has sought to synthesize nanoparti-
cles from rare-earth oxides doped with light-emitting rare-
earth ions. Three major effects due to the size reduction
have been observed. The first one is a strong modification
of the luminescence spectrum. As soon as the diameter of
the particles is of the order of 6 nm or less, the sharp peaks
of the spectrum, characteristic of the emission of an ion
in a material of nearly perfect cristallinity, broaden and
shift slightly. Several explanations have been evoked to ac-
count for this phenomenon. It has been proposed that the
particles with very small dimensions distort their centered
cubic crystal structure [16,17] and even turn to monoclinic
structure, at least partially [18]. Also, since most of the
particles from literature are produced by chemical routes,
they always contain some residues of the solvent solution
which perturb the luminescence spectrum [19]. It is there-
fore not straightforward to distinguish which mechanism
is the most important one. The second size effect is the
widening of the optical gap with the reduction of the parti-
cle size. Even though this effect is less pronounced than for
semiconductors, it has been recently shown that the gap
of Gdy03 particles doped with Eu®* ions increases from
5.4 €V to 5.55 eV as the particle diameter is reduced from
50 nm to 7 nm [20]. Surprisingly for iono-covalent materi-
als such as these ones, this effect can be modeled by the
quantum confinement model of the delocalized Wannier
exciton. the third effect is a reduction of the decay time of
luminescence. In this work, we have synthesized and ana-
lyzed films of Gd2O3 particles doped with Eu?* ions (5%
of the Gd ions substituted by Eu ions) by the Low Energy
Cluster Beam Deposition technique (LECBD) with the
smallest mean size reported yet (~3 nm). First, it allows
us to investigate on the possible structural transition from
BCC to monoclinic for very small particles. In a second
time, we evaluate the influence of surface contamination
which is expected to be strongly enhanced at such small
sizes. Eventually, we show that the gap widening contin-
ues even for particles with 3 nm diameter and that the
quantum confinement model is still a valid description.

2 Experimental set-up

The cluster films have been deposited according to the
LECBD technique described in details elsewhere [21].
Briefly, a target pellet made of a sintered powder of Gd2Og3
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doped with EuT ions (5% of the Gd ions substituted
by Eu ions) is hit by a pulsed (10 Hz repetition rate)
YAG laser. The laser heating creates a plasma which is
quenched by a synchronized helium burst (3 bars), start-
ing the cluster nucleation. The plasma then undergoes a
supersonic expansion through a nozzle. This adiabatic ex-
pansion freezes the nucleation of the clusters at an ap-
proximate rate of 10'° Ks™!. The cluster synthesis is far
from the thermodynamic equilibrium conditions. The pre-
formed clusters are then deposited on a substrate with
sufficiently low kinetic energy (~0.5 eV) to ensure they
do not break upon deposition. Films for optical measure-
ments have been deposited on LiF substrates whereas
films for electronic structure analysis (XPS) have been de-
posited on deoxidized Si wafers. Two batches of samples
have been fabricated: one at a pressure of 10~% mbars and
then put at air, the other one in ultra high vacuum (UHV)
at a pressure of a few 10~ mbars and then covered by a
protective layer of LiF evaporated by Joule heating. Dur-
ing each deposition several samples have been deposited
on carbon coated copper grids for high resolution trans-
mission electron microscopy (HRTEM) measurements.
The TEM analysis has been performed with a TOPCON
microscope particularly adapted for high resolution mea-
surement. The electronic states of the constituents have
been investigated with a CLAM 4 VG X-ray photoelec-
tron spectrometer with a mean resolution of 0.2 eV. We
have used the Al-K line at 1486.6 eV and the calibra-
tion has been done with Audf7/2 (84.0 eV), Ag3d5/2
(368.3 V), Cu2p3/2 (932.6 eV) and Si2p (99.8 eV). The
spectra have been corrected from background according to
Shirley’s procedure. The photoluminescence spectra have
been recorded using a 450 W xenon lamp. An excitation
wavelength of 307 nm was chosen from the spectrum of
the lamp by a Jobin Yvon H10D monochromator. The
emitted light was collected by an optical fiber and ana-
lyzed by a Triax 320 Jobin Yvon monochromator (reso-
lution 0.05 nm) and a Peltier cooled charged coupled de-
vice detector. The absorption gap has been deduced from
vacuum ultra violet (VUV) excitation spectra. The proce-
dure is as follows. The light emitted between 605 nm and
625 nm is collected from the sample and measured as a
function of the excitation wavelength. The VUV measure-
ments have been carried out at 10K at the synchrotron
radiation beamline SUPERLUMI of the DESY facility
(Germany). The spectral resolution was 0.24 eV.

3 Results
3.1 Structural characterization

HRTEM has first provided us with the cluster size distri-
bution. Two sets of samples have been synthesized with
mean size of 2.8 nm and 3.2 nm by changing the vol-
ume of the nucleation chamber and the delay between
the laser shot and the helium burst. HRTEM has also
revealed the crystal structure of the clusters. Unambigu-
ously, the BCC structure has been observed as can be seen
in Figure 1. A representative cluster of 2.7 nm in diameter
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Fig. 1. HRTEM picture of a Eu®" doped Gd2O3 cluster. The
diameter of the cluster is 2.7 nm. Three distinct families of crys-
talline planes can be identified. The cluster points its (1,1,0)
direction towards the reader.

clearly shows three distinct families of planes. The BCC
structure (Ia3 group 206) is the stable structure of Gd2O3
at ambient conditions of temperature and pressure. The
measured crystal lattice is 10.65 A which is equivalent to
the nominal value of 10.81 A within our accuracy. Because
of our accuracy limit (0.2 A) we cannot infer any contrac-
tion of the lattice parameter for small clusters. Only X-
ray diffraction (XRD) measurements would confirm such
a contraction. Unfortunately, our films are too thin to al-
low XRD measurements. Nevertheless, the key result is
that despite the very small size of the clusters, the crystal
structure does not change to the high temperature stable
monoclinic structure (transition temperature of 1400 °C
for bulk Gd203). Another striking observation (cf. Fig. 1)
is that almost all diffracting particles are pointing their
(110) direction towards the diffraction screen. It means
that they are standing on a (110) face. Furthermore, one
can see that the clusters have facets. If we consider that all
these facets belong to the {110} family, the shape of the
clusters is then, in the most symmetrical case, a rhombic
dodecahedron. The rhombic dodecahedron is the shape
of the first Brillouin zone of the Ia3 (group 206) struc-
ture. This structure is the densest that can be achieved
considering the given ratio between the cation and anion
radii. The observation of the densest possible structure for
this compound means that the Coulomb interaction (ionic
character) prevails over the covalent interaction here. This
statement is not restricted to our synthesis method since
the BCC structure is also observed for particles resulting
from colloid synthesis [22].

3.2 Electronic characterization

In the case of a monoatomic rhombic dodecahedron struc-
ture, at sizes around 3 nm, roughly 40% of the atoms are
standing on the surface. Even though we are not dealing
with monoatomic clusters but with a diatomic compound,

binding energy (eV})

Fig. 2. Binding energy of the 1s electron of oxygen in (a) Eu®"
doped Gd2O3 clusters put at air, (b) Eu®t doped Gd2Os3 clus-
ters annealed at 300 °C for 15 mn, (c) in Gd(OH)s.

the fraction of surface atoms should not be very different
from 40%. Since rare-earth oxides are usually sensitive to
air moisture, we can expect a large contamination. Fig-
ure 2 shows the X-ray photoelectron spectroscopy (XPS)
spectra of the Ols electron of O in our clusters that have
been put at air, than annealed for 15 mn at 300 °C, along
with the spectrum from Gd(OH)s. One clearly sees two
contributions in the Ols spectrum at 532.4 eV (dotted
line) and 534.2 eV (dashed line), the latter being 1.5 times
more intense than the former. When annealing the clus-
ters at 300 °C for 15 mn, the intense peak shifts to the
value of 535.5 eV which is the value of the Ols electron in
gadolinium hydroxide. The ratio between the intensity of
this peak and that of the peak at 532.4 eV is now reduced
to 0.4. These two observations go to show that initially a
major part of the oxygen is in the hydroxide form (dashed
line). We have not reproduced hereafter the spectrum of
the Gd3d5/2 electron since it does not present any change.
The Gd3d5/2 electron spectrum is too large (at it is often
the case for lanthanides) to be of any significant help.

3.3 Optical characterization

To further confirm the presence of a hydroxide shell
around clusters that have been put at air, we have an-
nealed the samples at temperatures ranging from 300 °C
to 500 °C. Each temperature step has lasted 15 mn.
Figure 3 shows the corresponding evolution of the main
peak (around 610 nm) of the luminescence spectrum cor-
responding to the 4f% 5Dy — 4f% "Fy transition. Two
regimes can be distinguished. The first one occurs for an
annealing temperature of 300 °C. A broad peak centered
at 625 nm increases. This peak has not been reported in
literature yet. Consistently with XPS analysis, we assign
this peak to surface cleaning. An annealing at moderate
temperature gets rid of hydroxide contamination on the
surface. Consequently, the luminescence of most of the sur-
face Eut ions, previously quenched by the contamination
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Fig. 3. Photoluminescence spectra of Eu** doped Gd2O3 clus-
ters before and after a progressive annealing from 300 °C to
500 °C.
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Fig. 4. Luminescence spectra of Eu®t doped Gd203 clusters
at air (solid line) and deposited in UHV and protected by a
LiF capping layer (crosses).

shell, is now recovered. The total luminescence yield in-
creases (area under the spectrum). In a second step, as the
annealing temperature is increased, the peaks get sharper
and tend to resemble to those of bulk Eu3t doped GdyOs.
This is the result of cluster coalescence that leads to large
particles where surface ions do not play a significant role
anymore. A last confirmation of the presence of contami-
nation is given by luminescence of the films deposited in
UHYV and protected by a LiF capping layer.

Figure 4 shows the corresponding spectrum along with
that of the same unprotected film. The broad peak at
625 nm is present for the protected film. We can safely
conclude that this peak results from Eu3" ions on the
surface of the clusters that are not contaminated. This
emphasizes the need to have pure samples (not affected
by any sort of contamination from air or any chemical so-
lution) when discussing the effect of size reduction on the
luminescence properties. It also suggests, since the spec-
trum of unpolluted clusters is not identical to that of bulk
material, that the crystal field symmetry breaking induced
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Fig. 5. Variation (in ¢V) of the optical gap of Eu*t doped
Gd20Os3 clusters as a function of the cluster diameter. The cir-
cular marks correspond to the clusters studied in this work;
the square marks are from reference [20]. The solid line is the
result of quantum confinement model for silicon. The dotted
line is the fit of experimental results on Gd2Os3 clusters with
the same quantum confinement model.

by the surface is a major mechanism in the modification
of the luminescence properties. So far, we have been dis-
cussing the effect of size reduction on the luminescence
of the doping ion. We now investigate the effect on the
matrix optical gap. The main goal is to know whether the
quantum confinement model is still valid for very small
clusters. Optical gap values deduced from excitation mea-
surements for two mean sizes have been plotted in Fig-
ure 5 along with previous results from Mercier et al. [20].
In the quantum confinement model, the gap variation F,
and the particle diameter d are linked by the following
equation: E;, = a/d”. (1) The striking result is that the
simple quantum confinement model (dotted line) is still
able to account for the gap variation of small clusters. In
Figure 5 the slope of the fit line v was equal to that of
silicon, namely 1.39. We have already pointed out how
surprising it is to see the validity of this model for ionoco-
valent materials. This simple model relies on the hypoth-
esis of delocalized Wannier excitons which are not present
in ionocovalent materials. Nevertheless, it looks as though
a large part of the excitons in Gd2O3 are sensitive to the
confinement. However, further investigation is needed to
confirm the relevance of the model. Indeed, the o param-
eter is proportional to the Bohr radius of the exciton and
depends also on the effective dielectric constant of the clus-
ters. Taken into account the bulk value of & for Gd203 (3.6
from Ref. [23]) and the theoretical value of the Bohr ra-
dius (0.5 nm) obtained by Bhargava et al. [24] with the
LCAO method, it is not possible to fit our experimental
data. Since little is known about these two quantities, we
cannot draw a definite conclusion.

4 Conclusions

We have investigated the fundamental properties of films
obtained from the deposition of Eu?* doped GdsOs; clus-
ters. The first major result, concerning the crystalline
structure, is that particles with diameters as low as 2.8 nm
adopt the BCC structure (stable for the bulk phase at
ambient temperature and pressure) rather than the mon-
oclinic structure, stable at high temperature for the bulk
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phase. The particles show facets and their shape is close
to a rhombic decahedron. Secondly, the high ratio of sur-
face atoms (~40% of the total atoms) makes the clusters
highly sensitive to contamination from air. The amount of
contaminant species for samples put at air is high (more
than 50% of the oxygen atoms). The contaminant species
has been mainly identified as hydroxide. This contamina-
tion can be removed by an annealing at low temperature
(300 °C for 15 mn) or avoided by protecting the sam-
ples with a capping LiF layer. The luminescence spectrum
corresponding to unpolluted clusters is shown for the first
time. An unreported broad peak at circa 625 nm is visible.
The fact that the luminescence spectrum of pure clusters
is still very different from that of bulk material suggests
that the crystal field symmetry breaking induced by the
surface is also a major mechanism controlling the light
emission spectrum. Eventually, we have observed that the
gap widening with the decrease of size already noticed for
larger particles is still present for clusters with a mean size
of 3.2 nm and 2.8 nm. Surprisingly, the quantum confine-
ment model can describe this effect. However, a further
effort has to be carried out to validate the use of this
model for ionocovalent clusters.
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