Journal of Fluorescence, Vol. 8, No. 4, 1998

Lanthanide Luminescence as a Probe of Nanocrystalline

Materials
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The sharp lines in the optical spectra of lanthanide ions in solids are sensitive to the local envi-
ronment surrounding the ion and, therefore, provide a local probe to study new materials. This
paper reports the laser spectroscopic characterization of a series of Eu,0, nanocrystals, which serve
as a model compound for understanding the spectroscopy of lanthanides in nanocrystalline mate-
rials. The optical spectra of Eu,0O, particles with diameters of approximately 18 to 4 nm show an
increase in inhomogeneous broadening and a transition to a very disordered phase as the particle
size decreases. The 5D, fluorescence transients of the nanocrystals are shorter than in bulk material
show no clear trend as a function of particle size but do become single exponential for 6- and 4-
nm particles.
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INTRODUCTION

Nanophase and nanocrystalline materials are poly-
crystalline solids with particle diameters of {00 nm or
less. The large surface-to-volume ratio of nanometer-size
particles determines the structure and chemistry of the
particles, which in turn controls the structural, electronic,
and optical properties of the materials. Nanocrystals can
form in new phases [1] or exhibit enhanced structural,
electronic, and optical properties [2-4]. They therefore
offer new possibilities for advanced phosphor applica-
tions. The development of new types of flat-panel and
projection displays has created a need for optical phos-
phors with new or enhanced properties [5]. Nanocrys-
talline materials also provide model compounds for
using fluorescence spectroscopy to study the surface
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structure and interparticle chemistry at interior surfaces
in bulk polycrystalline materials.

Lanthanide-doped cubic-phase Y,0, and related
materials are common phosphors in optical display and
lighting applications [6], and the search for new phos-
phors has led to the preparation of nanocrystalline forms
of Y,0, [7-10]. Gas-phase condensation of nanocrystal-
line Eu,0, and Y,0, of approximately 20-nm diameter
results in the formation of the monoclinic crystal struc-
ture [8,11,12], rather than the usual cubic structure [13].
Eu,0, through Dy,0; in the lanthanide series can form
in the monoclinic structure at high temperature or high
pressure [13-15], but Y,0, and lanthanide sesquioxides
with a smaller ionic radius than Dy,O, require both high
temperature and high pressure [14]. Formation of nan-
ocrystalline Y,0, in this denser metastable phase at am-
bient conditions has been attributed to an additional
hydrostatic pressure component, resulting from the
Gibbs—Thomson effect [11].

The monoclinic phase of these sesquioxides has
space group C2/m, and the lattice possesses three crys-
tallographically distinct cation sites, each having point
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Fig. 1. Schematic of the nanocrystal preparation chamber.

Table L. Effect of Chamber Pressure on the Resulting Size of Eu,0,
Nanocrystals

Average particle

Chamber pressure diameter
(Torr) (nm) Crystal structure
400 18 Monoclinic
100 12 Monoclinic
10 6 Transitional
1 4 Cubic (disordered)

group symmetry C, [16,18]. All three cation sites are
sevenfold coordinated. The coordination of two cation
sites (Ln I and Ln II) can be described by six oxygens
at the apices of a trigonal prism with a seventh oxygen
lying along the normal to a face. The coordination of
the third site (Ln III) is described as a distorted octa-
hedron with a seventh oxygen at a long distance (3.13
A for Eu,0,) [14,16-18]. Optical spectroscopic studies
of bulk monoclinic Eu,0, [15,19], Eu**:Gd,0O, [18,20],
and Eu**:Y,0, [21] show that the Eu** ion occupies the
three nonequivalent crystallographic sites in the mono-
clinic structure, producing three distinct sets of optical
spectra. Theoretical energy-level splittings for the "F; en-
ergy levels were generated from ab initio calculation of
the crystal-field parameters for each cation site in mon-
oclinic Eu’*:Gd,0, [18]. These calculations indicated
that the three distinct sets of optical spectra, labeled sites
A, B, and C, correspond to cation sites Ln III, Ln II,
and Ln [, respectively.

Preliminary work showed that the optical spectra of
nanocrystal Eu,0, larger than approximately 10 nm have
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the same overall energy-level splitting pattern for the
three cation sites as in the bulk monoclinic Eu,0; [7].
However, the spectral lines of the nanocrystals were
broadened, and a ‘‘secondary phase’’ increases in dom-
inance as the particle diameter becomes smaller. This
paper reports the optical spectroscopy of Eu,O; nano-
crystals as a function of particle size. The goals of the
experiments are to determine the utility of using lantha-
nide fluorescence as a probe to understand the structure
and defect chemistry of nanocrystalline materials and to
investigate the optical properties of fluorescent dopant
ions in confined geometries.

EXPERIMENTAL

A bulk Eu,0, sample was prepared by heating a
pressed pellet at 1400°C for 4 h and letting it cool at the
intrinsic rate of the furnace. Nanocrystalline samples of
Eu,O, were prepared by a gas-phase condensation tech-
nique {7,8,12]. Figure 1 shows a schematic of the prep-
aration chamber. A CO, laser heats a spot on a ceramic
target consisting of a pressed and sintered pellet of
Eu,0,. The laser power was typically 40 W and vaporize
material that forms gas-phase clusters. The target tem-
perature was monitored with an optical pyrometer and
was typically 2500°C. The nanocrystalline particles col-
lected on the cold finger, which was filled with 50-60°C
water to keep the quenching temperature constant. Va-
porization took place in a nitrogen atmosphere at differ-
ent pressures, and Table I summarizes the Eu,0O,
nanocrystal size dependence as a function of chamber
pressure. Most particles for a given preparation condi-
tion were approximately +25% of the average diameter
based on a survey of electron micrographs. The phase
and particle sizes of the nanocrystalline material were
characterized by transmission electron microscopy
(TEM) and powder X-ray diffraction (XRD). The par-
ticle sizes were determined from X-ray diffraction line-
widths using the Scherrer equation [22] and from a
survey of the TEM micrographs. The assignment of the
crystal structures is described with the spectral results
discussed below.

For optical spectroscopy, the materials were packed
into a depression on a copper sample holder, which was
mounted on the cold head of a closed-cycle refrigerator
(Cryomech GB 15). All of the spectra were recorded at
a sample temperature of approximately 13 K to eliminate
thermally populated energy levels and broadening of the
transitions. All spectra and decay transients were re-
corded using a Nd*:YAG-pumped dye laser with Cou-
marin 540A dye as the excitation source. Excitation
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Fig. 2. Partial energy-level diagram of the Eu** ion in solids. Each
level can be split into 2]+ 1 sublevels.
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Fig. 3. 'F, — °D, excitation spectra of nanocrystalline Eu,0,. The
spectra were recorded with the 0.25-m monochromator at 624 nm and
a boxcar gate width of 150 ps. The y-axis for all spectra in this paper
is fluorescence intensity in arbitrary units.

spectra were recorded by scanning the laser and moni-
toring fluorescence with a 0.25-m monochromator (6-nm
bandpass) with a Hammamatsu P-28 photomuitiplier
tube (PMT). Fluorescence spectra were recorded by tun-
ing the laser to an excitation line, and scanning a 1-m
monochromator (Spex 1000M) that was equipped with
a cooled GaAs PMT (Hammamatsu R-636). The PMT
signal was processed with a boxcar averager (Stanford
SR250), and stored using an analog-to-digital data-ac-
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quisition board (National Instruments Lab-PC+) and
LabView computer program. Fluorescence transients
were recorded with a 350-MHz digital oscilloscope
(Tektronix TDS460) after typically averaging 200 laser
shots.

OPTICAL SPECTRA

Figure 2 shows a simplified energy-level diagram
of the Eu** ion in a solid host. The overall energy-level
structure of the Eu’* ion does not change in different
hosts due to the shielding of the 4f electrons by outer
shell 5s and Sp electrons [23]. Each energy level shown
in Fig. 2 can be split into 2J + 1 sublevels. This fine
structure is sensitive to the local crystalline field sur-
rounding the Eu** ion, producing distinct spectra for
each different crystallographic site that Eu** ions occupy.
These fingerprint spectra makes Eu** an effective probe
ion of the local structure. The spectra in this paper fol-
low the site A, B, and C labeling notation for the mon-
oclinic structure used in references [18,19].

Figure 3 shows the F;, — 5D, excitation spectra of
the Eu,O, nanocrystals. For the 18- and 12-nm samples,
there are three distinct lines at 578.5, 582.1, and 582.3
nm, corresponding to sites A, B, and C, respectively.
The spectrum of the 18-nm nanocrystals was essentially
the same as bulk material, but with an increase in the
inhomogeneous broadening. Figure 4 shows the F, —
D, excitation spectra of the Eu,O; nanocrystals. As in
Fig. 3, the spectrum of the 18-nm nanocrystals was es-
sentially the same as bulk material. The labels at the top
of the figure indicate the sharp lines in the spectra that
correspond to sites A, B, and C. Figure 5 shows the 5D,
— 7F, fluorescence spectra for these samples. Energy
transfer is rapid in this pure europium system, and ex-
citing any of the sites results in fluorescence from the B
and C sites, which are thermalized at 13 K.

The excitation spectra of the Eu,O, nanocrystals in
Figs. 3 and 4 show extensive broadening of the sharp
site A, B, and C lines as the particle size decreases. In
Fig. 3, a weak broad feature at 579 nm increases in in-
tensity as the particle size decreases (this broad band is
visible in the 18-nm sample when the y scale is ex-
panded). Similar changes occur in the excitation and flu-
orescence spectra in Figs. 4 and 5. These broad lines are
completely absent in bulk monoclinic Eu,0, and are at-
tributed to a ‘‘phase’’ transition as the particle size of
the nanocrystals decreases. The broadened lines that
dominate the 4-nm sample are attributed to a return to
the regular cubic phase, although with a large amount
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Fig. 4. 'F, — D, excitation spectra of nanoctystalline Eu,0,. The
spectra were recorded with the 0.25-m monochromator at 624 nm and
a boxcar gate width of 150 ps.
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Fig. 5. °D, — 7F, fluorescence spectra of nanocrystalline Eu,0, excit-
ing the *D, level at approximately 578.5 nm and with a boxcar gate
width of 150 ps.

of disorder. Powder XRD patterns and annealing exper-
iments are consistent with this interpretation [24].

FLUORESCENCE DYNAMICS

The 3D, fluorescence transients of Eu,Q, are non-
single exponential, but can be approximated with a biex-
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Table IL D, Fluorescence Decay Times of Eu,0,
Nanocrystals: The Dual Numbers Are for a
Biexponential Fit

Average particle diameter D, decay time (s)

Bulk (>1 pm) 12/61
18 nm 8/36
12 nm 257250
6 nm 40
4 nm 38

ponential fit. No fluorescence is observed from the °D,
level in either the bulk or the nanocrystalline Eu,0,. Ta-
ble II lists the results of least-squares fits to the *D, flu-
orescence transients of bulk and nanocrystalline Eu,0O,.
The decay time of the 18-nm sample is shorter than the
decay time of the bulk material. Reduced quantum ef-
ficiency and lifetime as phosphor particle size decreases
have been attributed to quenching by surface defects [6].
No clear trend is observed in the *D, fluorescence tran-
sients of the Eu,0, nanocrystals as a function of particle
size. An unexplained lengthening of the fluorescence
transient occurs when the Eu,O, particle diameter de-
creases from 18 to 12 nm. The fluorescence transients
of the 6- and 4-nm samples fit well to a single-exponen-
tial function. This change to single-exponential decay is
attributed to the disappearance of a distribution of cross-
relaxation rates since the small particle diameter elimi-
nates the distribution of distances between the Eu ions.

Figure 6 shows extended scans of the excitation
spectra of the 12-, 6-, and 4-nm Eu,0, particles. A large
increase in the intensity of hot bands compared to the
normal excitation lines occurs as the particle size de-
creases. There is no line broadening and no observation
of hot bands in the fluorescence spectra that would in-
dicate that the sample is at an elevated temperature. The
increase in hot-band intensity in Fig. 6 suggests that the
smaller particles have a nonequilibrium storage of pop-
ulation in the 7F, level and, presumably, also in other
low-lying excited states. This result suggests that there
is a decrease in the population of optical phonons that
facilitate nonradiative relaxation, which is counter to
predictions that the density of states of high-energy pho-
nons will increase as size-specific resonances become
possible in the smaller particle sizes [25]. Recent high-
resolution homogeneous linewidth measurements on
Eu,0; and Eu*:Y,0, nanocrystals show an exponential
temperature dependence, which is attributed to a Raman-
scattering dephasing mechanism [26]. The exponential
term arises due to the size-restricted nature of the pho-
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Fig. 6. Excitation spectra of nanocrystalline Eu,0, showing the F, —
5D, hotband region. The spectra were recorded with the 0.25-m mon-
ochromator at 624 nm and a boxcar gate width of 150 ps.

non density of states. Simulations can reproduce the
temperature dependence of the linewidths, however, the
simulations do not match the particle-size dependence.
The data suggests that there is a phonon limit that cor-
responds to a larger size than the actual physical particle
size. One explanation is that the phonon limit arises from
propagation of phonons between particles that are in
contact. A possible hypothesis to explain the increase in
hot-band intensity and these other results is that the elec-
tron—phonon coupling of the Eu* ions is different for
surface and bulk phonons.

SUMMARY

The optical spectra of 18-nm Eu,O, particles con-
firm the powder XRD results that the nanocrystals form
in the monoclinic crystal structure. The optical spectra
also show an increase in the inhomogeneous broadening
compared to the spectra of bulk Eu,0, and the presence
of broad features due to a second phase. The broad
bands increase in intensity as the particle size decreases
and completely dominate the spectra of 4-nm Eu,0, par-
ticles. The broad lines of the 4-nm particles are attrib-
uted to cubic-phase Eu,0,, although with extensive
disorder.

This phase transition from the monoclinic phase to
a highly disordered cubic phase for the smallest particles
suggests that the more open cubic structure can better
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accommodate the inherent disorder of the surfaces and
provides a lower surface energy. Obviously some other
factor(s) besides the Gibbs-Thomson effect controls the
overall crystal structure at very small particle sizes. The
structure of the 6-nm particles is described as transi-
tional, because the XRD patterns and optical spectra
contain features of both the monoclinic and cubic
phases. Determining whether this dual character results
from the distribution of particle sizes or due to a true
transitional crystal structure will require further work.

The spectral results in this paper show that the Eu*
ion provides an excellent probe of the local structure of
metal-oxide nanocrystals and provides a basis to use
Eu’* spectroscopy to investigate nanocrystals as a func-
tion of annealing and surface modification. The fluores-
cence dynamics results remain puzzling and will require
further experiments to obtain a clear picture of the pho-
non dynamics and electron—phonon coupling in these
materials.
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