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1. Introduction

Semiconducting micro and nano-structures are attracting
tremendous research interest due to their novel properties and
the potential applications in device miniaturization. However, in
device assembly it is of most importance to have not only the
precision but also reproducibility of handling of these nanomater-
ials. Different approaches in nanostructures manipulations were
studied and reported [1]. Electrokinetic manipulation has been
recognized as a useful technique for separation, alignment and
positioning of microscopic objects, owing to its simple implemen-
tation and reliability from no moving parts [2]. Two types of
electrokinetics are worth to consider, DC electric field application
and AC electrokinetics. Although using DC electric fields is
important for the manipulation of nanoscale particles, high voltage
operation and consequently excessive electrochemical reactions
and electrolysis at the electrodes makes it less attractive in nano-
particles manipulation. Low operating voltage, minimizing elec-
trolysis and chemical reactions, and the nonlinear nature of AC
electrokinetics provest to be more suitable for the micro-nano

scale operation of particles on the micro-nano scales [3]. Thus, AC
electrokinetics is the study of the behavior of particles in
suspension when they are subjected to AC electrical fields [4].
Particles influenced by DC electric fields move toward the
electrode with opposite polarity. With the AC electric field
application particle becomes a subject to dielectrophoresis
(DEP) effect and moves toward high/low electric field regions
based on the polarizability of the particle compared to the
medium. DEP effect comes from the interaction between non-
uniform AC electric field and the dipoles in the particles created by
this field. When particles move toward regions with high electric
field, the process is referred to as a positive DEP. The strength of the
force depends strongly on the medium and particles’ electrical
properties, the particles’ shape and size, as well as the frequency of
the electrical field [4]. Based on this, the dielectrophoresis
technique is commonly used for characterization, separation,
orientation and precise manipulation of micrometer and sub-
micrometer particles suspended in fluid media.

Another AC electrokinetic phenomenon arises from the
interaction of the non-uniform electric field with the free charge
generated in the double layer above electrodes. This phenomenon
is known as AC electro-osmosis (ACEO), [5].

The electric force acting on the free charges is transferred
through viscous interactions to an induced fluid flow which forms
a vortex above the electrodes. This fluid flow results in a viscous
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We report the AC electrokinetic behavior of selenium (Se) nanoparticles for electrical characterization

and possible application as micro/nano devices. selenium Se nanoparticles were successfully

synthesized using a reverse-microemulsion process and investigated structurally using X-ray diffraction

and transmission electron microscope. Interdigitated castellated ITO and non-castellated platinum

electrodes were employed for manipulation of suspended materials in the fluid. Using ITO electrodes at

low frequency limits resulted in deposition of Se particles on electrode surface. When Se particles

exposed to platinum electrodes in the 10 Hz–1 kHz range and V p�p> 8, AC osmotic fluid flow repulses

the particles from electrode edges. However, in 10 kHz–10 MHz range and V p�p> 5, dielectrophoretic

force attracts the particles to electrode edges. As the Se particle concentration increased, the trapped Se

particles were aligned along the electric field line and bridged the electrode gap. The device was

characterized and can potentially be useful in making micro/nano electronic devices.
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drag on any particle residing near the microelectrode. Therefore
ACEO can be used to transport particles as well as fluids. Great
advantage of ACEO is this fact that it is not dependent on the
particle size [6].

Out of variety of materials used for particle fabrication, Se is an
important elemental semiconductor with high photoconductivity
and large piezoelectric, thermoelectric and nonlinear responses
which has been extensively used in solar cells, pressure sensors,
catalysts, photographic exposure meters, xerography, electrical
rectifier, etc. [7]. It is also one of the essential elements for human
well being. It has been confirmed that Se can improve the activity
of the seleno-enzyme, glutathione peroxidase and prevent free
radicals from damaging cells and tissues in vivo [8,9]. Recently, Se
nanoparticles are attracting more and more attention due to their
excellent photoelectric performance and high biological activity
[10,11], and much effort has been devoted to the fabrication of Se
nanoparticles [7].

Different synthetic approaches have been used for synthesis of
Se nanostructures such as pulse laser ablation [12], chemical vapor
deposition [13] or wet chemical methods such as templating
methods, sonochemichal process [14], etc. Among all these
techniques, the microemulsion process proves to be a promising
method for synthesizing ultrafine inorganic powders [15]. The
main advantage of using microemulsions to manufacture Se
nanoparticles is in fact that by simple adjustment of the molar ratio
of water with respect to surfactant, the precision control of
particles shape and corresponding size distributions may be
achieved [16].

2. Experimental

In the first step Na2SeSO3 solution was prepared by dissolving
Se powder (Merck, Germany) in hot sodium sulfite. Analytical
grade Cyclohexane (Merck, Germany), sodium dodecane (SDS), HCl

and n-butanol were used as starting materials. The synthesis of Se
particles was achieved using a reverse microemulsion method at
room temperature. The microemulsion solution were prepared
based on method reported earlier [17]. The product powder,
suspended in the interface between two phases, was separated by
centrifugation, and washed with acetone, deionized water and
absolute ethanol for several times, and then dried in a vacuum at
room temperature. Powder X-ray diffraction (XRD, PhilipsPW1710
with Cu Ka radiation) and transmission electron microscopy (TEM)
were employed for characterization of the as-prepared products.

Fig. 1. Schematic diagrams of interdigitated castellated microelectrodes with castellations opposite to each other [18].

Fig. 2. TEM image of aggregated selenium nanoparticles.
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Suspensions of the synthesized powder in the concentrations of
1 and 10 (g/lit) were prepared in a mixture of absolute ethanol and
distilled water (volume ratio of 3/1). The Suspensions were
dispersed by ultrasonication for 10 min.

Two types of microelectrodes were fabricated by deposition of
ITO (indium tin oxide) and platinum on a glass surface (Delta
Technologies Ltd., Stillwater, MN). Interdigitated castellated and
non-castellated microelectrodes were used to study the electroki-
netic behavior of the powder particles (Fig. 1).

Microelectrode devices were energized using a function
generator (RIGOL DG 1022). The applied alternating current (AC)

sinusoidal signal had frequencies in the range 1 mHz–20 MHz and
amplitudes in the range 0–20 Vp�p.

Electrochemical impedance spectroscopy (EIS) analyses were
performed by applying an AC oscillation of 1 and 5 V in the
frequency range from 0.01 Hz to 1 MHz. The current–voltage (I–V)
measurements were performed on randomly deposited and DEP-
patterned powders on microelectrodes at room temperature using
an autolab analyzer.
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Fig. 3. XRD spectrum of reverse-microemulsion derived selenium nanoparticles.

Fig. 4. Microscope figures before (a) and after (b) application of electric field signal

to the ITO electrodes. The amplitude and frequency of the electrode energizing

potential were 10 V (peak-to-peak) and 100 Hz, respectively.

Fig. 5. Microscope images of (a) before and after AC signals being applied to

generate fluid flow and to trap particles on platinum electrodes at (b) low

magnification (c) high magnification. The amplitude and frequency of the electrode

energizing potential were 10 V (peak-to-peak) and 1 kHz, respectively.
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3. Results and discussion

The morphology of synthesized particles was investigated using
TEM. The TEM image of an agglomerate Se particle is shown in
Fig. 2. From the TEM image, it can be revealed that agglomerated
particles consist of nanoparticles with the average diameter of
about 20 nm. The X-ray diffraction (XRD) spectrum of the product
is shown in Fig. 3. All the diffraction peaks can be indexed on a pure
trigonal Se structure. Crystallite size was calculated from Sherrer’s
equation. The average crystallite size estimated from XRD data of

sample was 24.6 nm, which is in good agreement with the TEM
observations.

Two types of microelectrode array were employed for the
manipulation of Se nanoparticles via AC electric field. For the first
set of experiments interdigitated castellated ITO microelectrodes
were used to find the conditions for trapping of particles. Fig. 4(a)
shows ITO electrodes as observed under the microscope when no

Fig. 7. Patterning results at a frequency of 10 Hz and 10 Vp�p (a) and 20 Vp�p (b)

shown at low magnification.

Fig. 8. Patterning results at a frequency of 10 kHz and 10 Vp�p with (a, b) 1 g/l (c)

10 g/l concentration.

Fig. 6. Impedance spectra of the ACEO microelectrodes from 0.1 Hz to 100 kHz. The

inset shows the simplified electrical model and equivalent circuit based on which

the calculated curve is extracted.
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electric field is applied to the suspension. As it can be seen,
nanostructured particles form aggregates that can be easily
detected by optical microscope. Comparison of Fig. 4(a) and (b)
shows that Se particles did not respond to AC electric field on ITO
electrodes, this can be attributed to large gap distance between
ITO electrodes, which will lead to severe drop in generated
electric field. However in response to frequencies lower than
1 kHz and voltages larger than 10 Vp�p, Se particles were found
to attach to ITO electrode surface regardless of high and low
electric field regions. Such a behavior has been reported for TiO2

nanoparticles in another study [18]. They have attributed this
phenomenon to existence of surface charge on the glass
substrate.

The second design of electrode array is parallel interdigitated
electrode. Fig. 5 (a) and (b) shows platinum electrodes before and

after the electric field is applied. As it can be observed, when an AC
electric field of 15 Vp�p and 1 kHz was applied between the
electrodes, the particles were pushed away from the electrode
edges to the middle of the gap surface and bigger aggregates were
being aligned to the electric field. This is consistent with the
expected AC electroosmotic flow pattern. As a general fact,
Electroosmosis occurs if there is a gradient in charge density in
the fluid. Fluid flow is considered to be the result of the interaction
between electric field and free ions within the suspension. Fig. 5(c)
shows surface of the electrode at the same conditions at higher
magnification. As the light intensity of microscope increases at this
magnification, surface of platinum microelectrodes becomes
hardly visible. Particles were observed to be patterned along
electrode center which confirms the existence of AC electroosmot-
ic fluid flow.

Fig. 9. (a) Assembly of Se nanostructures on a microelectrode by positive DEP with 10 g/l solution after 20 min. The amplitude and frequency of the electrode energizing

potential were 10 Vp�p and 10 kHz, respectively (b) I–V characteristics of Se nanoparticles bridging the electrode gaps.
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AC electroosmotic fluid flow is governed by the charge induced
by the electric field at the electrode/suspension interface. Since the
amount of charge is frequency dependent, the magnitude of AC
electroosmosis is also frequency dependent. The flow occurs
mainly at low frequencies (of the order of Hz to tens of kHz). In the
low frequency limit, the magnitude of the AC electroosmotic flow
tends to zero since there is no field in the bulk suspension. At high
frequencies the AC electroosmotic flow again tends to zero,
because there is insufficient time for the induced charge to form in
the double layer. Therefore, the measured high frequency
impedance represents the impedance of the bulk suspension.
However, at lower frequencies the measured impedance is the sum
of double-layer and bulk impedances. For this reason, the
frequency-dependent effective potential of the electrodes due to
the electrical double layer is calculated from the measured
impedance. The measured impedance of the solution with
suspended Se particles is shown in Fig. 6. Assuming a simplified
equivalent circuit model [19,20] made of two components
(resistors and capacitors), as it is shown in the inset of Fig. 6,
the impedance of the electrode in the suspending medium was also
computed by curve fitting using Nova 1.6 software. The measured
impedance decreases gradually and steadily as the frequency
increases. Although the potential drop across the electrodes is
much lower compare to aqueous solutions [19,20], the variation in
impedance level in low and high frequencies can obviously be seen.
A value of 369 V was achieved for the resistance of the solution
from curve fitting.

At a frequency of 10 Hz and 10 Vp�p, particles pattern randomly.
However, when the voltage is increased from 10 to 20 Vp�p,
particles start to pattern between the electrodes due to fluid flow
(Fig. 7). These phenomena show that AC electroosmosis may
happen at frequencies as low as 10 Hz and also ACEO fluid motion
is clearly dependent to the magnitude of electric field. This is
consistent with the measured impedance in Fig. 6 that decreases
when the frequency of AC signal increases from 0.1 Hz to 10 Hz.

At frequency of 10 kHz, the particles moved toward the
microelectrodes collecting at their edges (Fig. 8(a)). A higher
magnification image (Fig. 8(b)) clearly shows that the particles are
attracted around the electrode corner, where the electric field
became higher, probably due to positive DEP. The DEP trapping
process was little influenced by the field frequency in the range of
10 kHz–1 MHz. When the concentration of Se in solution increased
to 10 g/l, it was observed that particles are pulled together at the
electrode edges and form aggregates that can bridge the electrode
gap by positive dielectrophoresis. Fig. 8(c) obviously shows that
particles have connected the electrodes, by bridging over them as a
result of dielectrophoretic forces. This patterning of particles
would be useful in making micro/nano electronic devices.

The assembly of Se nanostructures by positive DEP with 10 g/l
solution is shown in Fig. 9(a). The uniformity of the nanostructures
alignment and bridging patterns were spotted across the whole
electrode. Fig. 9(b) shows I–V curves for DEP electrode and drop
coated electrode with Se particles, respectively. When a drop of Se
particles is poured on the electrode surface, particles randomly
deposit on electrode surface and make connection between the
strips. For both electrodes, due to lack of reproducibility in the
fabrication conditions of individually fabricated samples, we
cannot fabricate the very same sample, but almost the same
behavior observed in all experiments.

I–V characteristics are very different in the two cases. In the case
of DEP electrode, the curve is non-linear, indicating non-ohmic

contacts, which is characteristic of metal (Au), semiconductor (Se)
junction. However, the I–V curve for drop coated electrode is close
to linear. A possible explanation for this behavior is that because of
the varying levels of contact of the large numbers of particles
involved in drop coated sample, the non-ohmic behavior of the
individual nanoparticles averages out and gives an almost linear
curve. Forward and reverse bias characteristics are similar in both
cases.

4. Conclusion

AC electrokinetic behavior of selenium nanoparticles for
electrical characterization and possible application as micro/nano
devices was investigated. Selenium nanoparticles were success-
fully synthesized using a reverse-microemulsion process. Using
ITO electrodes at low frequency limits resulted in deposition of Se
particles on electrode surface. When Se particles exposed to
platinum electrodes in the 10 Hz–1 kHz range, ac osmotic fluid
flow runs the particles away from electrode edges. However, in
10 kHz–10 MHz range, dielectrophoretic force attracts the parti-
cles to electrode edges. As the Se particle concentration increased
to 10 (g/l), it was observed that the trapped Se particles were
aligned along the electric field line and bridged the electrode gap.
An electrical characterization of the pearl chains yielded an ohmic
behavior for drop-coated electrode however, DEP electrode
showed non-ohmic behavior. The device can potentially be used
as a nanosensor.
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