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Abstract In this work, a simple, reproducible, and inexpen-
sive fabrication route for moldless micropatterning of a
colloidal assembly on a conducting substrate surface is
actualized by means of electrophoretic deposition (EPD)
technique. A synergetic combination of photolithography and
EPD is employed for fabricating micropatterns of barium
titanate (BaTiO3) nanoparticles on an indium-tin-oxide (ITO)
coated glass slide or a P/ITO substrate. At first, high quality
resist molds with various micropatterns are fabricated on
ITO glass slide by photolithography technique, which is
used for providing a controlled local electric field during the
EPD process. Then, BaTiO; nanoparticles suspension is
prepared in KCl aqueous solution and is demonstrated the
BaTiO; nanoparticles are negative charged in the suspen-
sion. At last, EPD of various BaTiO; micropatterns is
accomplished successfully on the anodic ITO glass slide or
Pt/ITO substrate using the micropatterned ITO glass slide as
the cathode, indicating that it is a simple and potential route
for micropatterning of colloidal assembly on a non-modified
conducting substrate by virtue of EPD process.
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1 Introduction

In recent years, more and more researchers have come to
recognize that the development of microfabrication techni-
ques for particle assembly processing is of great importance
for producing micro- and nano-scale materials or devices with
a high performance [1]. In particular, the technique for
fabricating patterned colloidal microstructures from particle
suspensions has the promising purposes in the materials
processing [2]. Very recently, a great deal of attention has
been focused on the fabrication of patterned electroceramic
materials due to the increasing demands for integrating them
into microelectronic devices, and their potential applications
as sensing, optical, and photonic band-gap materials [3, 4].
Specially, deposition of micropatterned barium titanate
(BaTiOs3) films onto metal electrodes has attracted significant
interest for its conspicuous technological applications in both
the electronic and optical component industries. Various
strategies, basing on gravity-sedimentation, electrostatic
interaction, nanosphere lithography, electrophoresis, have
been explored to fabricate BaTiO; and other colloidal
particle micropatterns on a solid substrate [4—6]. Among
these techniques, the electrophoretic deposition (EPD)
process has been demonstrated to be a promising method
for its extensive employments not only in ceramic film
forming but also in particle alignment for microscale ceramic
or polymer spherical particles on planar or patterned
substrates [1, 3, 7]. Furthermore, lithography (including
electron beam lithography and photolithography) has been
utilized for fabricating very high resolution resist molds with
nano- or mico-scale structures [8]. Nowadays, some results
have been reported that confinement from lithographically
defined electrode can be used for enhancing colloid crystal
growth and producing patterned microstructures by dint of
EPD process [9, 10]. For example, Xiong et al. [10] and
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Winkleman et al. [11] attested that the micrometer and
nanometer scaled micropatterns were electrophoretically
achieved by selective deposition of the spherical latex
particles in the predesigned trenches, respectively. In our
lab, Dr. Wu et al. [3, 4] also proved previously that electron
beam lithography and EPD could be combined and
employed for selective deposition of nanoscale BaTiO;
micropatterns with the microarrays of lines, grids, and dots.
On the other hand, it has been demonstrated that an
important challenge in micromanufacturing is the direct
growth or assembly of nanoelements over macroscopic
length scales [12]. However, up to now, no interrelated
work has been published on fabricating micropatterns of
BaTiO; and other electroceramic nanoparticles on the
moldless substrate using EPD technique. Herein, a differ-
ent kind of assembly technique was presented and a
combination of photolithography and EPD was employed
for fabricating micropatterns of BaTiO3 nanaoparticles on
a moldless conductive substrate. At first, high quality resist
molds with various micropatterns were prepared on ITO
glass substrate by photolithography technique, which was
used for providing a controlled local electric field during
EPD process. Then, commercial spherical shape BaTiO;
nanoparticles with an average size of about 50 nm were
adopted for preparing EPD suspension in KCI aqueous
solution. At last, BaTiO; micropatterns were electropho-
retically deposited on a moldless substrate. The micro-
structures and surface morphologies of the fabricated
microelectrode and the as-deposited BaTiO; micropatterns
were observed by an optical microscope and a field
emission scanning electron microscopy.

2 Experimental
Schematic representation for fabricating micropatterns of

BaTiO; nanoparticles is displayed in Fig. 1. The commer-
cial positive photoresist (OFPR-8600 LB, Tokyo Ohka
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Fig. 1 Schematic illustration of the fabrication procedures for micro-
patterning of the BaTiO; colloidal nanoparticles

Kogyo Co., Ltd., Japan) was spin-coated on an ITO glass
slide for several times and a photoresist film with a
thickness of about 5 wm was obtained. Then, a mask was
covered onto the photoresist film and this set was placed
into the exposal system (Mask Alignment M-1S, Mikasa
Co., Ltd., Japan) to be exposed under 405 nm UV light for
a certain time. After developed and baked, a patterned
microelectrode for providing a controlled local electric field
during the EPD process was fabricated.

Barium titanate nanosize powders (BaTiO;, 99%) were
purchased from the Aldrich Co. and water (>18.0 MQ2/cm)
used for all experiments and for all cleaning steps was
obtained from a Millipore Milli-Q Plus water purification
system. The suspension with a concentration of 0.25 g L™
was obtained by ultrasonically dispersing appropriate
BaTiO; powders in 1x10~> M KCl aqueous solution. The
BaTiO; micropatterns were electrophoretically deposited
from the prepared suspension. In order to avoid any effects
associated with gravity-sedimentation of particles, EPD was
carried out against gravity. An ITO glass slide or a Pt/ITO
sheet (aforehand, a 60 nm Pt layer was coated on the ITO
glass slide with a JEOL JFC-1200 Fine Coater) in a size of
1x1.5 cm was used as the top electrode (anode) and the
prepared ITO microelectrode with the same size was
employed as the bottom electrode (cathode). A dc voltage
ranging from 0-30 V provided by a dc voltage source
(HP4140B, Hewlett-Packard, Japan) was applied to the two
electrodes separated by the resist film, in which appropriate
volumes of suspension were injected in advance, to
electrophoretically deposit BaTiO; micropatterns on the
top electrode. Following EPD, the samples were rinsed with
water for removing any loose particles and dried.

The particle size distribution and zeta potential measure-
ment analysis of the BaTiO; particles in the KCI aqueous
suspension were performed using a Zetasizer Nano Instru-
ment (Nano-ZS, United Kingdom Malvern Instruments
Ltd.) and the final data were obtained by averaging 10
measurements for each sample. The microstructures and
surface morphology of the prepared microelectrodes and
the as-deposited BaTiO; micropatterns were observed by an
optical microscope (Eclipse E600 POL, Nikon, Tokyo,
Japan) and a field emission scanning electron microscopy
(FE-SEM, JEOL JSM-6340F).

3 Results and discussion

In this experiment, ultrapure water was employed as the
dispersive medium for preparing BaTiO; suspension be-
cause, to our best of knowledge, the patterned photoresist
film only could be existed in the aqueous solution and
would be dissolved quickly by some common organic
dispersive media such as methanol, ethanol, acetone, etc.

@ Springer
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Fig. 2 BaTiO; particle size distribution in KCI aqueous solution

Moreover, a little KCI was added for improving the stability
of the aqueous suspension, the deposition rate in EPD
process, and the adhesion of BaTiO; particles to the
substrates [13, 14]. The size distribution of BaTiO;
particles in KCl aqueous solution was measured with the
Zetasizer Nano Instrument and the result was shown in
Fig. 2. It is noted that the size distribution of BaTiO;
particles in suspension is approximately between 30 and
300 nm, and the average particle size is about 78 nm, which
reveals that, according to the estimation from SEM analysis
(Figure is omitted) and the reported size of 30-50 nm
provided by the vendor, the most of BaTiO; particle
aggregations in KCIl aqueous suspension exists in the
aggregated state of 2-3 single BaTiOj; particle. In addition,
the zeta potential value of BaTiO; particles dispersed in
KCI aqueous suspension is about -33 mV at pH=7.10,
determined by the laser electrophoresis zeta-potential
analyzer, indicating that the BaTiO; particles are negatively
charged in this case and the prepared suspension is
normally considered stable according to the definition of
zeta potential. So, the BaTiO; particles will be deposited on
the anode (top electrode) during the EPD process.

Before EPD process, the patterned ITO glass micro-
electrodes with different shapes and sizes were firstly
fabricated by use of photolithography technique, which
would be used for providing a local electric field for the
following EPD experiment. The typical optical microscopy
photographs of the prepared microelectrodes with the zonal
and circular shapes are presented in Fig. 3, combining the
information from the surface profile curves (Figures are
omitted) obtained by an Alpha-Step IQ Surface Profiler
(KLA-Tencor Corp. USA), illuminating that high quality
microelectrodes, which not only possess the sharp edges
but also the walls of resist molds are almost perpendicular
to the bottom of ITO sheet, have been fabricated success-
fully. It also can be seen that the zonal trenches have a
width of 50 um with a spacing of 50 pum in between [see
Fig. 3(a)], while circular holes have a diameter of 50 um
with a spacing of 100 um in between [see Fig. 3(b)].

The typical FE-SEM micrographs of the as-deposited
BaTiO3; micropatterns with the zonal and circular micro-
structures, the shapes of which are almost complementary
with the corresponding resist molds, are shown in Figs. 4
and 5, respectively, suggesting that the means of EPD
BaTiO; nanoparticles, using the photolithographic ITO
microelectrodes to provide the local micro-electrical field,
is feasible to fabricate patterned BaTiO; microstructures
with different shapes on various substrates under the
appropriate EPD conditions (the zonal micropatterns are
deposited on ITO glass slide under the EPD conditions of
3 Vand 5 min, see Fig. 4(b) and (c); while the circular
micropatterns are obtained on Pt/ITO substrate under the
EPD conditions of 4 V and 5 min, see Fig. 5. Moreover, it is
also clear from Figs. 4(c) and 5(d), owning to the
inhomogeneity of electric field caused by surface rough-
ness, irregular shape and non-uniform size of BaTiOj
particles, that the particles are attached incompletely on
the substrates with disordered structures.

During the EPD process for fabricating the circular
BaTiO; micropatterns on different substrates, the assembly
currents as a function of time at different voltages were
measured using a picoammeter and the results were
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Fig. 4 FE-SEM photographs of the prepared ITO microelectrode (a), the as-deposited BaTiO5 micropatterns (b), and the accumulated states of

BaTiOj; particles (¢) on ITO glass slide

exhibited in Fig. 6. It reveals distinctly from Fig. 6(a) and
(b) that the assembly current initially decreases rapidly, then
decreases slowly and almost reaches a steady value with time,
which can be attributable to the effects of enhancement of
substrate resistance, electrode polarization, and decrease of
suspension concentration as the EPD process progresses [15,
16]. On the other hand, it is seen that no obvious assembly is
observed at a dc voltage of less than 2 V on both types of
substrates, consistent with the measured lower assembly
current. For the ITO glass slide, the optimal assembly
voltages are in the range of 3-5 V, while for the Pt/ITO
substrate, the optimal assembly voltages are in the range of
2.5-4 'V, with relatively higher current induced.

Recurring to the similar procedures, the BaTiO; micro-
patterns with the smaller size also can be accomplished
making use of the downsizing microelectrodes and the

Fig. 5 FE-SEM photographs of
the deposited BaTiO; micropat-
terns on Pt/ITO sheet at different
magnification

typical FE-SEM photographs are shown in Fig. 7. Using
5 V for 5 min, the circular micropatterns of BaTiO;
nanoparticles with a diameter of 20 um and a spacing of
40 um are fabricated on the ITO glass slide [see Fig. 7(b)
and (c)]. It is obvious from Fig. 7(c) that the most of
BaTiO; particles are located on the areas demarcated by the
borderline of patterned photoresist film and several layer
aggregations of BaTiO; particles are mainly assembled on
the center of circular microstructure [see Fig. 7(d)].

To gain more insights into the BaTiO; particle assembly
process using electrophoresis, it is helpful to explore the
particle transport mechanism under the influences of
electrostatic and other forces such as capillary force,
electrostatic force, gravitation, etc. [10]. During the EPD
process, the applied voltages were in the range of 2.5-5 V,
while the distance between two electrodes (corresponding
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Fig. 6 Assembly current varia-
tion as a function of deposition
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to the thickness of resist film) was about 5 pum, so the
electric fields were in the range of 5,000-10,000 V cm L,
indicating that the role of applied electric fields was
dominant over the effects from the capillary force,
electrostatic force, gravitation, etc., and the applied electric
field was strong enough for effective assembly of BaTiO;
particles on both substrates. Once the BaTiO; particles were
attracted and attached to the ITO (or P¥/ITO) domains,
further particles would be driven by the electrohydrody-
namic process to form aggregations as the EPD time
progressed, and colloidal assembly micropatterns would
be attained in the appropriate time. Moreover, it was found
that the flocculated BaTiO3 nanoparticles would be mainly
maintained after being rinsed with splash water, demon-
strating that the as-deposited BaTiO; nanoparticles had a
good adhesion to the substrate. In a word, the above
mentioned phenomena could be simply explained in virtue
of a theory made by Koelmans et al. [17, 18], i.e., the
BaTiO; colloidal particle transport toward the electrode was

Fig. 7 FE-SEM photographs of
the prepared circular microelec-
trode (a) and the as-deposited
BaTiO; micropatterns on the

ITO glass slide at different
magnifications (b), (¢), and (d)
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mainly determined by the applied electric field; while the
adhesion of the BaTiO3 deposit basically depended on the
reaction occurred at the electrode surface in which e.g. H"
might be produced and the suspension near the electrode
was flocculated.

4 Conclusions

A combination of photolithography and EPD was
employed for fabricating micropatterns of BaTiO3; nanao-
particles. Results demonstrate that BaTiO; micropatterns
with different shapes and sizes have been electrophoreti-
cally deposited successfully on the different substrates. This
method is a direct demonstration of large-scale assembly of
nanoparticles on a moldless substrate by virtue of the EPD
process. It is so simple and feasible, implying that extensive
applications will be found in the particle alignment
processing not only in the assembly of BaTiO3 particles
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but also in the micropatterning of other inorganic, poly-
meric, organic/inorganic composite particles on a non-
modified conductive substrate.
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