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Abstract The structural properties of nanocrystalline
europium oxide (Eu,Os) thin films, produced via
electrophoretic deposition (EPD), were investigated.
We found that EPD from our Eu,0O; nanocrystal
solutions yielded both translucent films, with uniform
size and distribution of the microstructure, and opaque
films, with marked anisotropy to the size and distribu-
tion of the constituents of the microstructure. The
disparity in the film morphology arose from the initial
temperature conditions of the nanocrystal solution.
The translucent films, produced from pre-chilled
(25 °C) EPD solutions, were bimodal films, com-
prised of homogeneous, tightly packed, glassy nano-
crystalline films interspersed with micron-sized
nanocrystal aggregates. In contrast, the opaque films,
produced from room temperature solutions, consisted
of an irregularly distributed and shaped microstruc-
ture. The evolution of the microstructure was moni-
tored for the chilled samples as a function of film
thickness (deposition time) and juxtaposed with the
resultant structure of the room temperature film.
Optical microscopy and scanning electron microscopy
were employed to characterize the films.
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Introduction

Europium oxide (Eu,03), the stable sesquioxide of the
Eu’* ion, has been employed extensively a component
phosphor in cathode-ray tube displays and as a
phosphorescence agent in other light-emitting com-
pounds [1-6]. The optical properties of Eu,O; origi-
nate from the Eu®" ion absorption (4f — 4f2p') and
the electric dipole (°Dy — "Faj_,) and magnetic
dipole (SDJ — "Fay _ ¢, .1) transitions, whose primary
fluorescence peak resides at 612 nm [7-10]. These core
optical transitions are relatively unaffected by the size
or the surface morphology of the materials. Therefore,
Eu,0; is an attractive material for use in a variety of
device size regimes, from nanoscale to macroscopic.
Recent studies have sought to take advantage of the
optical properties of europium oxide nanocrystals and
other rare-earth-based materials for implementation in
nanoscale optical devices, such as biocompatible bio-
imaging reagents or nanocrystalline light-emitting
diodes [11, 12]. Thin films of Eu,O3 nanocrystals also
could be employed in nanoscale applications, such as
fluorescent video displays [13, 14], photoactive coatings
[14, 15], optical data storage [15], and even high-x
dielectrics [16, 17].

One attractive way to integrate nanocrystals into
nanoscale optical devices is the controlled assembly
and deposition of nanocrystals. Of the well-known
deposition techniques for nanocrystals, electropho-
retic deposition (EPD) provides the most substantial
control over the film thickness, the deposition rate,
and film composition homogeneity [18-21]. In this
study, we investigated the electrophoretic deposition
of Eu,O; nanocrystals on metallic electrodes. We
produced two types of thin films with markedly
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different microstructure, based on the initial temper-
ature conditions of the nanocrystal solution. Translu-
cent films, created from chilled nanocrystal solutions,
were comprised of smooth, homogeneous, transpar-
ent, glassy films [22-24] of tightly packed Eu,Oj3
nanocrystals, interspersed with micron-sized (1-5 um),
glassy aggregates of Eu,O3 nanocrystals. These micron-
sized aggregates also appeared transparent under high
optical magnification. However, the size of the aggre-
gates caused the total film to appear hazy due to Mie
scattering. In contrast, the opaque films, created from
room temperature nanocrystal solutions, consisted of
glassy Eu,O; nanocrystal films and micron-sized
agglomerates, which were significantly larger, more
irregularly shaped, and more unevenly distributed than
the chilled solution films. Further, we observed that the
film morphology, from the chilled solutions, evolved as
a function of the deposition time. To track the differ-
ences in the films, we probed their composition and
morphology using optical microscopy, scanning
electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and photoluminescence spectros-
copy (PL).

Experiment
Nanocrystal synthesis

Our approach to synthesize the Eu,Os; nanocrystals
was adapted from the room temperature colloidal
chemistry of Wakefield et al. [10]. The precursor
chemicals for the nanomaterials synthesis, Europium
(IIT) chloride hexahydrate (EuCl; - 6H,O, 99.99%),
Trioctylphosphine oxide (TOPO, [CH;(CH,),]5sPO,
99%), and sodium hydroxide (NaOH, 98%), were
obtained from Sigma-Aldrich and were used without
further purification. A mixture of methanolic solutions
TOPO (5 mM) and EuCl; - 6H,O (5 mM) was pre-
pared in a 1:1 volumetric ratio to synthesize 4.0 nm
nanocrystals, with a size distribution of less than 15%.
The addition of 50 mM methanolic sodium hydroxide
solution to the aforementioned solution initiated the
formation of the Eu,O3 nanocrystals, as seen in Fig. 1.
An absorption spectrum, taken immediate after syn-
thesis, confirms the quality of the nanocrystals (Fig. 2).

Nanocrystal solution

The electrophoretic deposition solution was produced
by air drying 3 ml of as-synthesized Eu,O3 nanocrystal
solution, yielding a nanocrystal powder. Thereafter, the
powder was mixed with 20 ml of hexane (99.99% Fisher

Fig. 1 Representative TEM image of the 4-nm Eu,O; nano-
crystals

Scientific) that was either pre-chilled to 25 °C (chilled
films) or kept at room temperature (room temperature
films) prior to mixing. The room temperature solution
was transferred to the EPD system for deposition. The
resultant chilled film solution was refrigerated at —25 °C
for an additional hour and, then, was transferred to the
EPD system immediately prior to deposition.

EPD system
Figure 3 shows the schematic of the EPD apparatus used
in this study. The deposition electrodes were fabricated

by the thermal evaporation of approximately 20 nm of
chromium and 120 nm of gold onto 2.5 cm by 1.3 cm
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Fig. 2 Absorption spectrum of the Eu,O; nanocrystals with
characteristic Eu®>* absorption peaks at 230 nm and 270 nm
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Fig. 3 Schematic of the nanocrystal electrophoretic deposition
system

glass substrates. The vertically aligned electrodes were
separated by approximately 2.0 mm in a parallel plate
capacitor configuration. A constant applied voltage of
525 V was provided by a Keithley 6-1/2-digit Model
6517A Electrometer/High-Resistance Meter, which also
measured the electrophoretic deposition current. For this
study, nanocrystals were deposited during 1, 3, 7, and
10 min experiments. At the conclusion of the deposition

% Gold

‘Electrode

Eu,0; Nanocrystal Film

Fig. 4 Photograph of the positive electrode from a 10 min,
chilled solution electrophoretic deposition experiment and SEM
images of the gold—film interface and the interior of the film.
Although Eu,0O5; does not absorb strongly in the visible, Mie
scattering of light off of micron-sized agglomerates provided the
film a hazy, white translucent appearance. The SEM images show
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run, the electrodes were extracted from the nanocrystal
solution and were kept at 525 V for five additional
minutes to anneal the film. Figure 4 illustrates a typical
EPD electrode from a 10 min, chilled solution deposition.

Characterization

The crystallinity and size distribution of the nanocrys-
tals were determined via high-resolution transmission
electron microscopy (HR-TEM) using a Philips
CM20T microscope, operating at 200 kV. Absorption
spectra were obtained in UV-visible region using a
Cary 5000 spectrophotometer. The SEM images of the
films were obtained using a Hitachi S-4200 field
emission scanning electron microscope, operating at
10 kV and 30 kV, coupled with an EDS detector. The
optical micrographs were obtained on a Leitz Ergolux
DIC photomicroscope, fitted with an Angstrom Sun
CFM-USB-2 digital microscope camera.

Discussion

Analysis of scanning electron microscopy, optical
microscopy, and digital photograph images of the

18.8kV X1.e88 Tesom

the interface detail between the gold and the thin film. In the
SEM images, the dark gray regions correspond to the smooth,
transparent, glassy films of Eu,O3 nanocrystals, whereas the light
gray masses correspond to the micron-sized agglomerates,
interspersed with the film
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EPD electrodes provided insight on the film morphol-
ogy and, hence, the film appearance from the different
solution preparations. Figure 4 juxtaposes a photo-
graph of an EPD electrode, from a 10 min chilled
solution experiment, with its corresponding SEM
images of the gold-film interface on the electrode
and the interior of the film. The film’s hazy, translucent
appearance was attributed to Mie scattering off of
micron-sized, optically transparent aggregates of nano-
crystals, which appeared as light gray masses, dispersed
within a dark gray background in the SEM images. For
these films, the gray background corresponded to the
smooth, transparent, glassy film of Eu,O3 nanocrystals
in which the aggregates were dispersed.

Timed electrophoretic deposition experiments were
conducted on both room temperature and -chilled
europium oxide nanocrystal solutions to investigate
the relationship among the microstructure, the depo-
sition time, and the overall appearance of the resultant
nanocrystal thin films. Of the timed experiments, the
1 min deposition of the chilled film proffered most
concise information about the constituents and the
overall microstructure of both the room temperature
and the chilled solution films. As evidenced in the SEM
image of Fig. 5, three distinct materials were identified
in the electrode images. The darkest regions in the
image corresponded to the bare gold substrate; its
chemical composition was confirmed by EDS, also seen
in Fig. 5. Only gold, chromium, and silicon, which
originated from the SEM detector tip, were evident in
the spectrum. A second material appeared as a faint,
grayish region that partially covered the electrode. This
corresponded to the glassy, homogeneous Eu,0;
nanocrystal film that pervaded the substrate’s surface.
Dispersed evenly throughout the substrate also were
micron-sized aggregates of Eu,O3 nanocrystals, seen as
bright spots in the SEM image. The EDS spectra for
the aggregates and the homogeneous film were iden-
tical, revealing traces of europium, sodium, and chlo-
rine. Only the secondary X-ray lines for europium are
visible within the energy range of our detector; thus,
the relative intensity of the europium peak was not
indicative of a paucity of Eu,O3 nanocrystals on the
gold electrode. Further, sodium chloride (NaCl) is a
byproduct of the nanocrystal synthesis, which ex-
plained its presence in the EDS spectrum.

In the subsequent experiments, we monitored the
morphology, surface coverage, and distribution of
these three film components, for longer EPD experi-
ments for both room temperature and chilled solutions,
through optical micrographs and SEM images (Fig. 6).
For all of the image pairs, the brightly colored
background of the optical micrographs, on the left,
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Fig. 5 SEM image of the nanocrystal film, formed during a
10 min, chilled solution electrophoretic deposition experiment.
The dark background in the image represented the bare
electrode. EDS on this region confirmed the presence of gold
and chromium alone. Micron-size light gray spots represented
the Eu,O; nanocrystals agglomerates; the light gray regions
correspond to the glassy Eu,O3 nanocrystal film. EDS taken on
this region of the electrode yielded the characteristic europium
signature

corresponded to the darkly shaded regions of the SEM
images, on the right. As well, the very bright and very
dark spots in the optical micrograph correspond to the
bright spots in the SEM image. Beginning with the
1 min deposition images, both the micrograph and its
complementary SEM image show the micron-sized,
optically transparent aggregates amidst the transpar-
ent, glassy nanocrystal film regions, like that observed
in Fig. 5. As the deposition time increased from 3 min
up to 10 min, the density of the aggregates, scattered
within the film, increased. For the 7 min deposition, the
microstructure began to change, as clusters, large
groups of aggregates, began to form within the films.
(See the circled feature in the 7 min optical micro-
graph.) These clusters, which were not uniformly
distributed throughout the film, were ascribed to
electric field gradients at the electrodes near already
deposited aggregates. The film prepared from the
10 min deposition experiment showed the highest
density of the aggregates.
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Fig. 6 Optical micrographs (left column) and SEM images (right
column) of the Eu,O3 nanocrystal films, deposited from chilled
solutions during different time durations runs. Note that the
complementary SEM and optical microscope images do not
correspond to exactly the same position on the sample

When we examined the 10 min EPD films from the
room temperature and the -25°C solutions, we
observed a marked difference in their microstructure,
as evinced in Fig. 7. The room temperature runs
produced a diversity of aggregate shapes and sizes,
many of which larger than 10 um, distributed irregu-
larly about the electrode. These misshaped, splotchy
aggregates were the very dark gray regions in the SEM
image. The interstitial regions, which appeared as a
light gray, corresponded to the glassy nanocrystal film.
These large aggregates gave the room temperature
films their clouded, opaque appearance.

A plausible explanation for the temperature depen-
dence observed in the room temperature and the
chilled films can be attributed to effects on the Debye
screening length (x') and the nanocrystal mobility, via
the solution viscosity. As the solution temperature
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Room Temp. Film

Fig. 7 SEM images of the 10 min deposition films of Eu,O3
nanocrystals made from (a) room temperature and (b) chilled
solutions. For the room temperature image, the light gray region
represented the glassy film of Eu,O5 nanocrystals, and dark gray
areas represented the micron-sized Eu,O5 agglomerates. For the
chilled image, the micron-size agglomerates (light gray) were
uniformly dispersed within the glassy Eu,Oj thin film (dark gray)

decreased, both the aggregation rate and the aggrega-
tion size decreased. This was due to a decrease in the
screening length ( k! o< /Temperature), which then
suppressed the coulombic attraction between and,
hence, the aggregation of the nanocrystals [25, 26].
An increase in the viscosity of the hexane solvent and,
hence, of the nanocrystal solution also was observed.
Since the chilled solution was refrigerated for 1 h, the
larger, irregularly shaped aggregates, normally ob-
served at room temperature, were suppressed. This
resulted in smaller agglomerates and individual nano-
crystals suspended in the solution and, therefore,
available for deposition onto the electrodes. Thus,
the chilled nanocrystal solution, with its concentration
of individual nanocrystals and smaller nanocrystal
aggregates, provided a more uniformly distributed film
microstructure than its room temperature counterpart.

Conclusions

Translucent and opaque thin films of 4.0 nm europium
oxide nanocrystals were produced via electrophoretic
deposition. Chilled (-25 °C) nanocrystal solutions
yielded translucent films with more uniform micro-
structure than that observed for room temperature
nanocrystal solutions. One minute deposition experi-
ments with the chilled solutions provided evidence of
the primary constituents of the thin films, micron-sized
aggregates, and glassy, transparent nanocrystal films.
Continued studies of the EPD of these nanocrystals
may lead to the fabrication of wholly transparent thin
films, which would be very attractive for use in
electroluminescent video displays, ultraviolet-photoac-
tive optical coatings, and other optical applications.
This could be achieved by decreasing the solution
temperature further or by selective filtration of the
nanocrystal aggregates.
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