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Abstract

This paper reports the phase distribution and particle size of Eu3+:Y2O3 nanoparticles prepared by gas-phase condensation as a

function of preparation conditions and annealing. Annealing improves the crystallinity of the as-prepared nanoparticles but also

increases the particle size. Gas-phase condensation at a low pressure (10Torr) produces 5-nm Eu3+:Y2O3 in multiple phases.

Annealing the 5-nm nanoparticles produces single-phase material in the cubic structure with a doubling of the particle size. Higher

chamber pressures produce larger particles. A pressure of 400Torr produces 13-nm Eu3+:Y2O3 in the monoclinic structure.

Annealing the 13-nm particles produces a mixture of monoclinic and cubic phase material with a 50% increase in average particle

size. We also report preliminary attempts to disperse Eu3+:Y2O3 and Eu2O3 nanoparticles in different surfactant and polymer

solutions.

r 2002 Elsevier Science (USA). All rights reserved.

Keywords: Nanoparticle; Europium; Yttria; Luminescence; Sintering; Size dependence; Metastable phase

1. Introduction

Europium-doped Y2O3 is a common red phosphor in
lighting and display applications [1], and nanoscale
Eu3+:Y2O3 is a candidate for new applications in field-
emissive displays (FED) and high-definition television
(HDTV) [2–4]. Producing optical materials in nanoscale
forms opens new opportunities to create materials with
new or enhanced properties and to use polycrystalline
materials in new applications [5,6]. However, creating
nanoscale optical materials can also introduce detri-
mental effects due to changes in the structural and
optical properties. Structurally, forming materials in
nanoscale can produce metastable crystal structures [7],
and affect the degree of inhomogeneous distortion and
dopant distribution [8,9]. The optical properties of a
luminescent ion in a nanoscale host can change due to
changes in the band edge or charge-transfer bands
[10,11], and due to changes in the phonon spectrum,
phonon relaxation, or the electron–phonon interaction

[12–14], The spontaneous transition rate can depend on
the nanoparticle surroundings [15], and the high surface-
to-volume ratio can lead to greater quenching due to
surface defects [16].

Nanoparticles and nanostructured films of doped and
undoped Y2O3 have been synthesized by a variety of
methods [2,4,11,17], In many of these methods, the as-
prepared material is annealed to attain a preferred phase
and to improve the crystallinity for the highest
luminescence efficiency [10,16]. Annealing usually re-
sults in an increased particle size. Grain growth can be
suppressed using appropriate dopants [18], and recently
a two-step sintering process produced a full-density
nanostructured yttria ceramic without late-stage grain
growth [19]. Many phosphor applications can be met
with particles on the scale of tens or hundreds of
nanometers, however, new types of applications such as
bioimaging can require smaller particles [20]. In this
paper we investigate the annealing effects on Eu3+:Y2O3

nanoparticles produced by inert-gas condensation,
which allows us to study Y2O3 particles in the 4–20 nm
range [21,22]. Past studies using this preparation method
have shown metastable phases [7], lifetime dependence
on the surroundings [15], and phonon restriction effects
(in Eu2O3) [17]. We have not made measurements of

*Corresponding author. Fax: 540-231-3255.

E-mail address: tissue@vt.edu (B.M. Tissue).
1Current address: AXT-LED Technologies, Monterey Park, CA

91754, USA.

0022-4596/03/$ - see front matter r 2002 Elsevier Science (USA). All rights reserved.

doi:10.1016/S0022-4596(02)00140-8



band edge changes or quantum efficiencies in our
samples.

2. Experimental section

The nanoparticles were prepared by inert-gas con-
densation using a CO2 laser to heat a spot of
approximately 1-mm diameter on a ceramic target [22].
The target was a sintered pellet of 0.1% Eu3+:Y2O3 that
rotated on a platform in a vacuum chamber. In this
study, the condensation chamber was filled with 10 or
400 Torr of nitrogen to prepare smaller or larger
particles, respectively. The nanoparticles collected on a
stainless steel cone approximately 3.5 cm directly above
the heated spot. The nanoparticles thus made are
labeled ‘as-prepared’. Portions of the nanoparticles were
annealed as loose powders in platinum crucibles in a box
furnace. The dopant concentration is taken to be the
same as the target, although some enrichment of
europium is common. There was no evidence in the
optical spectra or transients of the annealed samples to
indicate a significantly higher average concentration [7].

The particle morphology and average particle dia-
meter were obtained from transmission electron micro-
graphs using a Philips EM 420 scanning transmission
electron microscope (TEM) operated at 100 kV. The
crystal structure was confirmed by powder X-ray
diffraction (XRD) using a Scintag XDS 2000 diffract-
ometer with CuKa radiation. For optical spectroscopy,
the nanoparticle powders were packed into a depression
on a copper sample holder and mounted on the cold
head of a cryogenic refrigerator (Cryomech GB15). The
sample was maintained at approximately 12K for all
spectroscopic measurements. The excitation source was
a Nd3+:YAG-pumped dye laser (Continuum) with
Coumarin 540A dye (Exciton). Excitation and lumines-
cence spectra were obtained using a 6-nm bandpass,
0.25-m monochromator with a Hamamatsu P-28 PMT
or a 0.3-nm bandpass, 1-m monochromator (Spex
1000M) with Hamamatsu R-636 GaAs PMT. Spectra
were recorded with a gated photon counter (Stanford
SR400) and computer data acquisition. Luminescence
decay transients were recorded by signal averaging with
a 350-MHz digital oscilloscope (Tektronix TDS460).

3. Results

3.1. Five-nanometer Eu3+:Y2O3

(condensation at 10 Torr)

3.1.1. Five-nanometer Eu3+:Y2O3 as-prepared

Fig. 1(a) shows a TEM micrograph of the as-prepared
nanoparticles synthesized in a 10-Torr nitrogen atmo-
sphere. The networked morphology is typical for gas-

phase-condensed nanoparticles. The average diameter
measured by TEM of these as-prepared particles is
approximately 5 nm (4.7 nm calculated average) with a
95% distribution within 71 nm. Fig. 2(a) shows the
particle size distribution as determined by surveying
micrographs. The powder XRD pattern of this sample
(not shown) contains a strong background and several
broad reflections. The XRD lines are not well resolved,
but close to those of both the cubic and monoclinic
phase.

Fig. 3 shows the 7F0-
5D0 excitation spectrum of the

as-prepared nanoparticles monitoring 5D0-
7F2 lumi-

nescence at 614.7 nm, where several phases have over-
lapping emission lines. The spectrum shows that Eu3+ is
present in this as-prepared sample in multiple phases:
monoclinic Y2O3, cubic Y2O3, monoclinic Eu2O3, and
an unknown phase that produces a very broad band. In
general, the optical spectra of lanthanides can provide
greater sensitivity than XRD to detect secondary phases.
The monoclinic structure has three distinct crystal-
lographic sites, labeled A, B, and C. The cubic structure

Fig. 1. (a) TEM micrograph of as-prepared 0.1% Eu3+:Y2O3

nanoparticles prepared in 10 Torr N2. (b) The same nanoparticle

sample annealed at 8001C for 24 h. The magnification of these positive

micrographs is 210 000.
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has two sites, but only the stronger C2 site is visible in
this spectrum. The assignment of the excitation lines was
confirmed by exciting each peak in the spectra and

comparing the resulting luminescence spectra (not
shown) to previous samples [7,23,24]. The broad band
centered at approximately 579.5 nm is attributed to a
very disordered phase of indeterminate crystal structure,
which is consistent with the background observed in the
XRD pattern. The Fig. 3 spectrum is recorded by
monitoring 5D0-

7F2 luminescence at 615 nm to en-
hance the signal from Eu3+ in the monoclinic phases.
The fraction of nanoparticles in the monoclinic phases is
relatively small compared to the disordered phase and
the cubic phase. Fig. 4(a) shows the excitation spectrum
of this sample monitoring 5D0-F2 luminescence at
612 nm to enhance the cubic phase line.

3.1.2. Five-nanometer Eu3+:Y2O3 annealed at different

temperatures

The as-prepared, 5-nm nanoparticles were divided
into several portions and each portion was annealed in
air for 24 h at a temperature between 3001C and 900oC.
Fig. 5 shows the average particle size obtained from
TEM micrographs versus the annealing temperature.
The particle size becomes significantly larger for
annealing temperatures greater than approximately
600oC. Fig. 2(b) shows the resulting particle distribution
for the 5-nm sample annealed at 800oC and Fig. 4(b)
also shows the resulting excitation spectrum. Fig. 6

Fig. 2. Particle size distribution of 0.1% Eu3+:Y2O3 nanoparticles as

determined from a survey of TEM micrographs. Inert-gas pressure

during gas-phase condensation and annealing are indicated in the figure.

Fig. 3. Excitation spectrum of 0.1% Eu3+:Y2O3 nanoparticles as-

prepared at 10 Torr. 5D0-
7F2 luminescence was monitored at

614.7 nm with a bandpass of 0.3 nm.

Fig. 4. Broad-band excitation spectra of as-prepared and annealed

0.1% Eu3+:Y2O3 nanoparticles. 5D0-
7F2 luminescence was mon-

itored at 612 nm with a bandpass of 6 nm to include all phases.
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shows a more detailed study of the excitation spectrum
as a function of temperature. As the annealing
temperature increases, the emission from the cubic
phase of Eu3+:Y2O3 grows and the emission is
essentially eliminated from the other phases at 700oC
and higher. XRD results (not shown) also confirm that
the sample can be converted to the cubic-phase
completely. The overall luminescence intensity does
not change significantly, but it is concentrated in the
cubic-phase emission. The cubic-phase luminescence of
the sample annealed at 900oC increased by approxi-
mately two orders of magnitude compared to the

as-prepared material. The luminescence lifetime pro-
vides a check on the phase purity and dopant distribu-
tion. In samples annealed above 600oC, the
luminescence decay of the cubic phase is a single
exponential function of time. The luminescence lifetime
remains B3 ms when the nanoparticles are not packed
under high pressures [15]. Annealing the nanoparticles
at less than 600oC produces a more complicated
luminescence decay which is not single exponential.
Presumably, overlap of lines from the multiple structur-
al phases results in a summation of decay transients that
have different lifetimes. It is also possible that there is
energy transfer between different phases, but we have
not investigated this possibility in detail.

3.1.3. Five-nanometer Eu3+:Y2O3 annealed at 800oC

In another series of annealing experiments, the as-
prepared, 5-nm nanoparticles were annealed at 8001C
for 15min, 1,4, and 24 h. Fig. 7 shows the average
particle size versus annealing time. (Note that the
average size tends to be slightly higher than the peak
in the particle size distribution in Fig. 2.) The nanopar-
ticle grain growth is very fast initially and then slows with
time. Annealing at 8001C for a period as short as 15min
also greatly reduces the luminescence from the disordered
phase and the Eu2O3 and Eu3+:Y2O3 monoclinic phases.
Annealing at 8001C for 15min produced the same results
in TEM and spectroscopy as annealing at 7001C for 24h
(see the 7001C spectrum in Fig. 6).

3.2. Thirteen-nanometer Eu3+:Y2O3 (400-Torr)

Nanoparticles prepared with a chamber atmosphere
of 400-Torr nitrogen have an average size of 13 nm.
Fig. 2(c) shows the particle size distribution for this
as-prepared material. The excitation spectrum in
Fig. 3(c), fluorescence spectra, and XRD show only

Fig. 5. Average particle diameters of 0.1% Eu3+:Y2O3 nanoparticles

annealed in air for 24 h.

Fig. 6. Broad-band excitation spectra of 0.1% Eu3+:Y2O3 nanopar-

ticles annealed at various temperatures for 24 h. 5D0-
7F2 lumines-

cence was monitored at 612 nm with a bandpass of 6 nm to include all

phases. All spectra are normalized to the maximum intensity.

Fig. 7. Average particle diameters of 0.1% Eu3+:Y2O3 nanoparticles

annealed at 8001C in air for 15min, 1,4, and 24 h.

B.M. Tissue, H.B. Yuan / Journal of Solid State Chemistry 171 (2003) 12–18 15



the Eu3+:Y2O3 monoclinic phase for 13-nm, as-pre-
pared nanoparticles. Annealing the as-prepared, 13-nm
nanoparticles at 8001C for 24 h increases the particle size
and the size distribution (see Fig. 2(d)) but mostly
retains the monoclinic phase. The excitation spectrum in
Fig. 4(d) shows that both the monoclinic and cubic
phases are present. The total intensity from the
monoclinic phase is approximately 3 time higher than
that from the cubic phase, even when the luminescence
wavelength was monitored at 612 nm to favor the cubic
phase. No significant changes were observed in this
sample after annealing at 10001C for an additional 24 h.

4. Annealing discussion

The magnitude of the grain growth on annealing that
we observe is comparable to other reports [16,10,25].
Annealing the 5-nm particles at 800oC eliminated the
secondary phases and produced single-phase material in
the cubic structure in a very short time. The rapid
change on annealing, including the disappearance of the
broad band in the excitation spectrum, suggests that an
unstable amorphous phase is present in the smallest as-
prepared samples. Whether the different phases arise
from separate discreet particles or multiphase particles,
e.g., surface and interior phases, is not determined.
Annealing the 13-nm, as-prepared nanoparticles in-
creases the particle size and the size distribution, and
mostly retains the monoclinic structure with some cubic
phase material detected. The as-prepared, 5- and 13-nm
nanoparticles thus show a significantly different anneal-
ing behavior.

In micrometer-sized Y2O3, the cubic phase is the
stable structure at ambient conditions. The monoclinic
phase is metastable and can be obtained only by
quenching Y2O3 powders from high temperature and
under high pressure [26]. Formation of the monoclinic
structure in Y2O3 nanoparticles has been attributed to
the Gibbs–Thomson effect, in which the increased
surface tension converts the particle to the denser
metastable phase [21]. If this was the only effect
controlling the nanoparticle crystal structure, then it
would be an even larger factor in the 5-nm particles.
However, the 5-nm particles are predominantly in the
cubic and disordered phases with annealing producing
only the cubic phase, so other factors must play
significant roles in the resulting structure. A variety of
preparation and annealing procedures have produced
nanoparticles in this size range in the cubic phase
[8–10,16,25], and one study produced the cubic structure
for 20-nm particles and the monoclinic structure for
10-nm particles [27]. The stable phase appears to depend
on the details of sample preparation and annealing, and
not only on the particle size alone. In our samples, the
TEM micrographs show that the nanoparticles are not

spherical and the faceting could influence the structure
[28]. The presence of necks between particles [21],
annealing loose versus compacted powders, and the
presence of adsorbates and the detailed surface chem-
istry can also play a significant role [29]. The particle size
distribution in Fig. 2(d) hints at a bimodal distribution.
A possible explanation for the existence of both
monoclinic and cubic phases in the annealed 13-nm
sample is that the initial particle size distribution spans a
critical particle size, as reported in annealing studies of
other nanoscale materials [30–32].

5. Dispersing nanoparticles in solution

The TEM micrographs show that the as-prepared and
annealed nanoparticles are ‘‘connected’’ by necks.
Having mono-dispersed nanoparticles in solution is
necessary for many applications and for further proces-
sing or assembly of nanocomposites. To investigate if
the gas-phase-condensed nanoparticles are sintered
together tightly, we did some preliminary experiments
to disperse oxide nanoparticles in various solutions
containing surfactants and polymers. Due to the
availability of material, these dispersion experiments
used a variety of nanoparticles prepared by gas-phase
condensation: Eu2O3 nanoparticles dried at 1001C,
Eu2O3 nanoparticles annealed at 8001C for 24 h, and
5% Eu3+:Y2O3 nanoparticles annealed at 800oC for
24 h. The nanoparticles in the different solutions were
held in an ultrasonic bath for 30min or longer. All
experiments were at room temperature unless noted.
The extent of the dispersion was monitored by the
transparency of the solutions and by TEM. When
preparing samples for TEM, the copper grids were
dipped into the sample solutions and then dried in air.

5.1. AOT surfactant

A solution of 0.1M AOT (AOT = dioctyl sulfosuc-
cinate sodium salt) in hexane was transparent without
nanoparticles. Adding annealed nanoparticles (4mg of
Eu2O3 or Eu

3+:Y2O3 into 4 mL of solution) followed by
ultrasonic treatment produced a turbid, white suspen-
sion. After discontinuing the ultrasound, approximately
one-half of the nanoparticles settled to the bottom of the
container within one hour. There was no observable
change in the solution after standing overnight.

5.2. C12TAB surfactant

A solution of 0.05M C12TAB (C12TAB = dodecyl
trimethyl ammonium bromide) in methanol was trans-
parent before adding in nanoparticles. Adding several
mg of dried Eu2O3 nanoparticles into 4mL of solution
and ultrasonicating produced a white suspension. Most
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of the nanoparticles settled to the bottom of the
container in 2 h. A small amount of nanoparticles
remained in the transparent part of the solution as
detected a very weak luminescence on optical excitation.

5.3. Polybutadiene

Twenty-two mg of annealed Eu2O3 nanoparticles
were added to 20 mL of hexane followed by 2min in
the ultrasonic bath. The solution was very turbid with a
white color. Sixty milligrams of chopped polybutadiene
grains were then added and the solution was heated to
701C for 15min. The polymer grains dissolved com-
pletely and the solution remained turbid. After 2 h in the
ultrasonic bath the solution became much lighter in
color and less turbid. The suspension was stable, no
precipitation was observed after letting the solution
stand overnight. Reversing the order of addition of the
nanoparticles and polymer to the hexane produced the
same results. The white color indicates scattering by
agglomerates that are larger than the visible light
wavelengths, so apparently the polymer stabilizes the
nanoparticle agglomerates but does not produce a
monodisperse solution.

5.4. Polystyrene

Forty milligrams mg of polystyrene was dissolved in
5mL of CS2 at 751C. After the solution cooled to room
temperature, it turned from transparent to light blue.
Three milligrams of annealed Eu2O3 nanoparticles were
added to this solution. The nanoparticles remained in
relatively large flocs, which were visible by eye, even
after heating and ultrasonic treatment.

5.5. AOT surfactant and polybutadiene

1.8mg AOT was added to 20 mL hexane and stirred
until it became transparent. Adding 10mg of annealed

Eu2O3 nanoparticles caused the solution to become
turbid. After keeping the solution in the ultrasonic bath
for 15min, 120mg of polybutadiene was added. The
solution was heated to 75oC to dissolve the polymer and
then ultrasonicated for 2 h. On standing overnight the
solution became almost transparent with a very light
blue color. Since this procedure gave the best visual
results, it was checked by TEM. The TEM micrographs
showed nanoparticles in groups of 10–30 nanoparticles.
No isolated nanoparticles or groups of 4100 particles
were observed. The absence of single nanoparticles
could be an artifact of sample preparation since the
drying procedure could bring nanoparticles together.

5.6. Dilute HCl

A dilute acid solution with a pH of approximately 5
was prepared by diluting HCl with de-ionized water.
Three milligrams of annealed Eu2O3 nanoparticles were
added to 3 mL of this solution and then placed in the
ultrasonic bath for 30min. The resulting solution was
homogeneous with no precipitation and a very light blue
color. Visually, this solution was comparable to the
dispersion using AOT and polybutadiene. TEM micro-
graphs showed that the nanoparticles were mostly in
small groups, typically of 5–20 particles, however,
groups of approximately 100 nanoparticles were also
observed. All of the dispersion results are summarized in
Table 1. Using only surfactant or polymer did not
produce monodispersed nanoparticles. Using both AOT
surfactant and polybutadiene produced the best results
and was similar to a slightly acidic aqueous solution.

5.7. Eu2O3 embedded in polymer

Eu2O3 nanoparticles were embedded in polybutadiene
by filling a 5-mm mold with the polymer/nanoparticle
suspension and allowing the hexane to evaporate. The
sample displayed a significant intensity of luminescence

Table 1

Summary of dispersion experiments

Surfactant/polymer Solvent Nanoparticle(s), annealing

temperature

Result

0.1M AOT Hexane Eu2O3 or Eu:Y2O3 , 8001C Partially settled

(4mL) (4mg)

0.05M C12TAB Methanol Eu2O3, 1001C Settled

Poly butadiene (60mg) Hexane Eu2O3, 8001C (22mg) White suspension

(20mL)

Poly styrene (40mg) CS2 Eu2O3, 8001C (3mg) White suspension

(5mL)

AOT (1.8mg) and polybutadiene

(120mg)

Hexane Eu2O3, 8001C (10mg) Light blue suspension

(20mL)

— pH=5 water Eu2O3, 8001C (3mg) Light blue suspension

(3mL)
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under optical excitation. Both the excitation and
fluorescence spectra corresponded to monoclinic
Eu2O3. A spectral line shift was observed when the
sample temperature varied from 300 to 12K that was
not observed in the Eu2O3 nanoparticles alone. The
cause of this shift is not known but must be associated
with the polymers in which the nanoparticles were
embedded. Trying to make a thin film of Eu2O3

nanoparticles in polybutadiene by evaporating hexane
from a AOT/polybutadiene/nanoparticle hexane solu-
tion on a glass slide produced very weak luminescence.
The weak luminescence probably results from the small
number of nanoparticles in the film, but attempts to
prepare thicker films were not satisfactory.

6. Conclusions

Preparing gas-phase-condensed nanoparticles at 10
Torr of N2 resulted in multiple phases with an average
diameter of 5 nm. Annealing these nanoparticles at
8001C increased the particle size and transformed the
structure to the cubic phase. As-prepared and annealed
nanoparticles in the 12–20 nm range form in the
monoclinic phase. As a result, Eu3+:Y2O3 nanoparticles
can be synthesized selectively in either cubic or mono-
clinic phase between 10 and 20 nm. The range of
annealing results by us and others in the literature
indicate that subtle factors, possibly interparticle necks,
surface adsorbates, dopant concentration, etc., play a
significant role in the structure after annealing. Com-
plete monodispersion of annealed nanoparticles was not
proven, however, the results indicate that the annealing
does not sinter the nanoparticles to an extent that they
cannot be dispersed.
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