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Abstract

This paper reports on the controlled manipulation of high aspect ratio ferroelectric microtubes on pre-pat-
terned templates by dielectrophoresis. Microtubes of ferroelectric lead zirconate titanate (PZT, a chemical
Jormula of Pb(Zr, .Ti, ,.)O,) with an outer diameter of 2 um, a length of about 30 um and a wall thickness of
400 nm were prepared by vacuum infiltration method using macroporous silicon templates. To position and
align tubes at designed places, an alternating electric field was applied to a colloidal suspension of PZT tubes
through lithographically defined microelectrodes. This would enable creation of a stable electrical connection
to individual tubes for making a testing structure for rapid electrical characterization. Electric-field assisted
assembly experiments demonstrated that the frequency and magnitude of the applied electric field control di-
electrophoretic long-range forces, and hence spatial movement of the tubes in a non-uniform electric field. The
most efficient biasing for the assembly of tubes across the electrode gap of 12 um was a square wave signal of
5V, . and 10 Hz. By varying the applied frequency in between 1 and 10 Hz, an enhancement in tube alignment
was observed due to possible changes in dielectrophoretic torque. The results indicate a great potential for
utilizing dielectrophoresis in construction of more complex, hierarchical 3-D device structures using the PZT
1-D like tubes as the building units.
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L. Introduction devices, such as chemical and biological sensors, ink-jet

Ferroelectric one dimensional (1-D) systems have re-  actuators or tunable photonic crystals [1-5]. For the real-
ceived considerable attention in the last decade because  ization of simple planar geometries or more complicated
of their unique properties on the nanoscale and special ~ three dimensional (3-D) designs with reliable electrical
structure useful in the fabrication of next generations of ~ connections, the development of an appropriate method
integrated electronic devices [1-3]. Highly ordered arrays 1S required to manipulate and align large quantities of in-
of Pb(Zr,Ti)O, tube structures with increased electro-ac- dividual 1-D like ferroelectrics. Some useful and efficient
tive (dielectric and piezoelectric) surface area would en-  approaches have been proposed for insulating and metal-
able extreme miniaturization of piezoelectric sensors and  lic materials, wherein chemical surface treatment, mag-
actuators, fluidic delivery systems and nonvolatile Fe-  netic field, or an electric field is utilized for manipulating
RAM memories [4,5]. These miniaturized devices with ~ micron and sub-micron sized objects [6-8]. However, a
size shrinked down to mesoscale dimensions will make it selective and controllable assembly of ferroelectric struc-
possible to manipulate nano- and microobjects with nano-  tures with high aspect ratio has not been reported yet.
sized tools, sense force at piconewton scales, induce giga-  Connecting and interfacing of the small ferroelectrics re-
hertz motion and store high densities of information. motely without direct contact remains a challenge.

High aspect ratio ferroelectric objects of a small size One of the most promising candidates for precise po-
can serve directly as functional elements of miniaturized  sitioning and alignment of high aspect ratio nano- and

micro-ferroelectrics is dielectrophoresis, which uses
* Corresponding author: tel: +421 55 7922464 an electric field. Dielectrophoresis refers to a transla-
fax: +421 55 7922408, e-mail: vkoval@imr.saske.sk tional motion of neutral particles in a suspending me-
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dium caused by the polarization of the particles in an
external non-uniform electric field. The fundamentals
of dielectrophoresis and its early applications in biolo-
gy were introduced by Pohl in 1951 [9]. Since then, the
phenomenon has attracted a great interest of nanotech-
nologists and nanoscientists worldwide and been used
for trapping and separation of organic as well as inor-
ganic particles with typical sizes down to the micro- and
nanorange. The suitability of the dielectrophoretic tech-
nique has been demonstrated for assembling conductive
as well as semiconducting carbon nanotubes, CdS and
GaN nanowires, ZnO nanostructures, gold nanoparti-
cles and wires [10—14]. The advantages of the electric-
field assisted approach in case of ferroelectrics are that
a) the electrode array used for directed assembly can
serve as a functional electrical connection in electron-
ic devices under operation, b) the position and number
density of assembled individuals can be controlled by
the adjusting the electric field, and c) the technique is
compatible with conventional top-down silicon (Si) mi-
cro- and nanomachining techniques, and hence dielec-
trophoresis offers a powerful tool for batch manufactur-
ing of next generation micro-electro-mechanical system
(MEMS) and N(ano)EMS devices.

Usually, dielectrophoresis is performed under an al-
ternating current (AC) sinusoidal field over a wide fre-
quency range. It should, however, be noted that motion
of particles has been also observed at very low frequen-
cies [15], indicating that dielectrophoresis occurs in al-
most direct current (DC) like conditions too. A com-
bination of AC and DC dielectrophoresis was shown
very useful in assembling multi-walled carbon nano-
tubes [16]. It was demonstrated that while DC or low
frequency AC electric field can attract the nanotubes to
electrodes quickly, a higher frequency electric field pro-
vides for an enhancement in tube alignment. Shim et al.
[17] have recently revealed that AC dielectrophoresis
induced by a square wave signal can be very effective
in manipulating carbon nanotubes in a low-frequen-
cy range (~10 kHz) without the need for a DC signal.
Much lower frequencies (~10 Hz) were used by Bowen
et al. [18,19] for optimum alignment of the PZT fibers
and micron sized PZT powders in thermoset polymers.

Besides the frequency of an applied voltage, the
dielectrophoretic force depends on a number of other
parameters such as the arrangement of the electrodes
- electrode shape and gap size; the amplitude of the
electric field or the resulting electric field distribution
[12,17,20]. Whether the force on the manipulated ob-
ject is positive (attracting) or negative (repelling) is de-
termined by the polarizability factor, often called as the
Clausius-Mossotti factor, whose value mainly depends
on the dielectric properties of both the object manipu-
lated and the surrounding medium [21].

In this paper, as an extension of our earlier research
on electric-field-assisted manipulation of ferroelectric
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tube structures with high aspect ratio [22], the ability
to assemble as-synthesized PZT microtubes from solu-
tion onto pre-patterned electrodes using AC dielectro-
phoresis is demonstrated. A promising aspect of this re-
search is the possibility to quickly and simply create
a stable electrical connection to microtubes at ambient
conditions. While the microelectrodes used for tubes
alignment can serve directly as bottom electrodes, a de-
position of parallel electrodes on top of the assembled
tubes would allow for making an electro-active struc-
ture for potential applications in high-storage capacitors
and high-performance actuators and sensors. The dens-
er upper/bottom electrode structures the larger capaci-
tance or piezoelectricity would be available.

Dielectrophoresis was performed on Ti/Au elec-
trodes with different gap sizes and the influence of the
voltage amplitude, waveform and frequency on parallel
assembly of PZT tubes was studied and analyzed. It is
summarized that careful electrode design and appropri-
ate voltage biasing will allow for arranging ferroelectric
microtubes at designed positions with controlled orien-
tation on pre-patterned silicon wafers.

I1. Experimental

Highly ordered arrays of polycrystalline PZT micro-
tubes were fabricated by vacuum infiltration method, as
described elsewhere [23], using silicon templates with
hexagonal two-dimensional pore arrays. Prior to crys-
tallization, an isotropic-pulsed XeF, reactive ion etch-
ing tool (RIE, Xetch e’series, Xactix Inc., Pittsburgh,
PA) was employed to release the tubes from the Si tem-
plate. This prevents a chemical reaction between silicon
and PZT occuring typically at annealing temperatures
[23,24], and thereby reduces secondary phase formation
in PZT microtubes.

For dielectrophoresis experiments, the 30-um-long
tubes with an outer diameter of 2 pm and a wall thick-
ness of 400 nm were released completely from the tem-
plate by rinsing in isopropanol (IPA). Then, they were
suspended into IPA-filled container by sonification for
5 s. The solution was pipetted onto a pre-patterned sil-
icon wafer. Microelectrodes (Ti/Au = 10/60 nm) were
fabricated using electron-beam lithography followed by
metal deposition and a standard lift-off procedure. Four
different electrode array structures with electrodes gap
sizes of 6 um, 9 um, 12 um and 15 pm, respectively,
were employed in our experiments. Each electrode ar-
ray contained a set of 18 alignment sites, each of which
has an opposing pair of 240-pum-wide fingers, as shown
in Fig. 1.

Figure 2 illustrates schematically an experimen-
tal apparatus for manipulation of ferroelectric micro-
tubes through dielectrophoresis. An HP33120A (Hewl-
ett-Packard, Palo Alto, CA) function generator was
connected to a voltage amplifier (790 series, AVC In-
strumentation) to generate sufficiently large ac elec-
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Figure 1. Interdigitated electrode structure used in the dielectrophoretic assembly experiments:
(a, b) schematic diagram - top and side view, (c) optical microscope image - top view

tric fields between the electrodes. The sinusoidal and
square-wave signals ranging from 1 to 15 V_ were ap-
plied at frequencies between 1 Hz and 1 MHz across
the microtubes suspension through the two gold micro-
probes. Each probe can be self-adjusted in the z-axis for
a pressure contact setting. The movement of the silicon
wafer in the x-y direction was carried out with a trans-
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Figure 2. Schematic diagram of the experiment for the
electric-field assisted manipulation of microtubes
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lation xy-stage (Probe Solution Inc., USA). An optical
microscope equipped with a CCD camera was used to
observe and capture an image of the PZT tubes after
electric-field assisted manipulation.

IT1. Results and discussion

A representative micrograph of a bunch of the 30
um long, 2 pm diameter PZT microtubes released from
the Si template is shown in Fig. 3. It can be seen from
the figure that the tubes are straight, nearly uniform, and
completely discrete.

Figures 4a-c show the results from an assembly ex-
periment carried out on with an AC electric field with a
RMS (V_ ) voltage of 3 V and 5 V (a square wave), re-
spectively, driven at a frequency of 10 Hz. Results are
shown for a pair of opposing electrodes, 240 um wide
fingers separated by 12 um. It can be seen from Fig. 4a
that the applied voltage of 3 V__ was not sufficiently
large to cause an alignment of tubes. Only a few micro-
tubes near the centre of the electrode gap aligned in the
direction of the applied electric field. As the electrode
voltage increased to 5 V__, microtubes, which were de-
posited and oriented randomly between electrodes at
the beginning, aligned in a uniform way and orient-
ed preferentially perpendicular to the direction of the
electrodes and parallel to each other. It should also be
noted that the tubes appear to be randomly positioned
along the electrode length and are mostly touching one
of the two adjacent electrodes, as shown in Fig. 4b. The
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Figure 3. Pb(Zr  ,Ti, )O, microtubes released from macroporous silicon template

changes in alignment behaviour caused by a variation in
the amplitude of the applied square wave signal are due
to forces that induce a translational movement and spa-
tial reorientation of PZT microtubes across the microe-
lectrode array structure and can be rationalized by con-
sidering the dielectrophoretic force model [20,21].
When an electric field (E) is applied to a suspension
of ferroelectric microtubes, charges accumulate at the
interface between the tube and isopropyl alcohol due
to Maxwell-Wagner interfacial polarization. As a result,
there will be a positive charge induced on one side of
the tube and an induced negative charge of the same
magnitude on the other side of the tube. The magnitude
and direction of the dipole moment (p), induced along
the tube, depends on the difference in the polarizability

of the tube and the [PA medium. Assuming that the PZT
tube is a long prolate spheroid with the longest axis (/)
aligned with the electric field, the effective dipole mo-
ment can be expressed as [21,25]:

p = 4nr’le, OE (1)

where ¢ _is the absolute permittivity of the IPA medium,
ris the tube radius, and a is the complex effective polar-
izability or so called the Clausius-Mossotti factor.

The interaction between the induced dipole moment
and a non-uniform electric field produces an unbalanced
force (F) on the two poles; the positive charge will ex-
perience a pulling force and the negative charge will
experience a pushing force, which results in the trans-
lational movement of the tube. Generally, the time av-

a) b)

a 12 pm gap by applying a square wave signal of 10 Hz and: a) 3V

¢)

Figure 4. Optical microscope images of the selected area of the electrode array with PZT microtubes manipulated within

b)5V
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and ¢) SV_ with rapid frequency
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variation prior the complete evaporation of isopropanol medium
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eraged dielectrophoretic force on an electric dipole in
a spatially (and time) dependent electric field is given

by [21]:
<FDEP>:%Re[(ﬁ.v)E*]

where E is the complex conjugate of the electric field.

Combining the above equations, the time averaged
dielectrophoretic force experienced by microtubes can
be approximated through its first dipole moment con-
tribution (the higher order terms are neglected) as
[21,25]:

2

2

3)

<FDEP> =r’le, Re[o?]V‘E,,ms

where V|E |* is the gradient of the square of the root-
mean-square of the electric field and Re[a] is the real
part of the effective polarizability. The gradient is af-
fected by both the geometry of the electrodes and the
applied voltage, while as the Clausius-Mossotti factor
is a function of the dielectric permittivities and conduc-
tivities of microtubes and suspending medium, as well
as frequency of the applied AC field [26]:

g, (@)-¢, ()
g, ()
where ¢" = ¢— j-o/w is the complex permittivity, w is
the angular frequency of the applied electric field, o is
the conductivity and j is the complex number (j = -1).
The subscripts # and m denote tube and medium, respec-

tively.

The accuracy of an Eq. 3 depends on how mirotube
size compares to the length of the uniformity of the ap-
plied electric field. Liu et al. [27] found that when the
characteristic length of the electric field is larger than
twice the diameter of the spherical particles, the dipole
moment approximation estimates the dielectropho-
retic force in the direction that is perpendicular to the
electrode edges with the relative error within 3 %. As
the characteristic length of the electric field increased,
the accuracy of the dipole moment approximation im-
proved. When the size of particle is comparable to the
characteristic length of the electric field or the spatial
field non-uniformity is very large, higher order correc-
tions are needed and multi-pole expansions are neces-
sary. For accurate modelling, Aubry ef al. [28] used Dis-
tributed Lagrangian Method and Maxwell Stress Tensor
approach to obtain a solution for the dielectrophoretic
force on rigid spherical particles in an electric field cage
with spatially disturbed profile.

Following an Eq. 3, the dielectrophoretic force is
proportional to the gradient of electric field, £, oc
VE?. That means the higher the voltages at a fixed fre-
quency and the same electrode gaps are, the larger the
gradients of the electric field intensity and the great-
er the forces. In this experiment, the force experienced

“)

a(w)=
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by microtubes at voltages below 5V was not enough
to overcome the resistance forces in the solution such
as the viscous drag force, gravity or the random ther-
mal force (Brownian motion). A majority of the tubes
is loosely pulled and distributed randomly over the en-
tire electrode array. Although, the tubes, which were al-
ready close to or in the electrode gaps, were captured
between the electrodes by the applied 3-V_ -square-
wave signal. This can be explained as a consequence
of the nature of the gradient and electric field direc-
tion within the electrode structure used [28]. The gradi-
ent of the electric field drops off quickly with distance
from the electrode. With increasing the electrode volt-
ageuptoSV_, the effective force of long-range dielec-
trophoretic attraction between the tubes and electrodes
becomes stronger than the Brownian motion or gravity,
resulting in trapping and improved alignment. The force
is directed along the gradient of electric field intensity,
which is not necessarily aligned with the applied elec-
tric field. As a result, PZT tubes may orient and align
either along the electric field line or in the direction of
the gradient of electric field intensity depending on the
applied frequency. Raychaudhuri et al. [29] revealed
that at low frequencies semiconductor nanowires fol-
lowed the electric field lines back to one of the two bi-
ased electrodes, whereas at higher frequencies the wires
were found to move in the direction of the electric field
gradient resulting in a greater percentage of nanowires
bridging the electrode gap. Our results for ferroelectric
microtubes are in agreement with those referred for the
low frequency data for InAs nanowires [27,29] and the
assembled PZT microtubes are observed only in contact
with one of the biased microelectrodes.

Since the field appears as VE? in Eq. 3, reversing
the polarity of the applied voltage does not reverse the
force. The numerical sign of ', varies with the value
of a(w) because the complex permittivity spectra of mi-
crotubes and isopropyl alcohol are functions of the fre-
quency. In the low and high frequency limits, the real
part of the complex polarization factor, Eq. 4, can be
simplified as [30]:

(¢
Refa(@)] =19 )

Hence, at very low frequencies (w/2n < 100 kHz for
many practical systems) the dominant electrostatic ef-
fect is conduction and the F',,, will depend solely on the
conductivity of the PZT tube and suspending IPA medi-
um and is independent of the frequency as well as of the
permittivity of the tube and IPA. In the high frequency
region, the dielectrophoresis would be dependent on the
permittivity of the tube with respect to that of surround-

ing medium.
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For a frequency range, where the real part of the
Clausius-Mossotti factor is positive, or where the po-
larizability of microtubes is higher than that of the sur-
rounding medium, the dielectrophoretic force acting in
the direction of the gradient of the electric field is ex-
pected to move PZT tubes toward the region of stron-
ger electric field. These areas are, typically, the edges of
the planar electrodes [31]. The phenomenon is termed
as the positive dielectrophoretic effect. Negative dielec-
trophoresis with negative values of the effective polar-
izability factor will take place at frequencies, where the
tube is less polarizable than isopropyl alcohol. As a re-
sult, the tubes will be pushed to regions corresponding
to electric field intensity minima. Since conductivity of
the IPA (o, = 6 uS/m [13]) at a low frequency is larg-
er than that of a high dielectric PZT, ferroelectric mi-
crotubes are expected to experience the negative dielec-
trophoresis causing their collection at low field points
across the electrode array. Figure 4b demonstrates that
PZT tubes are pushed towards the regions between two
opposing electrodes by the applied 10 Hz electric field.

Some small local perturbations in tube placement
and alignment, as observed in Fig. 4b, can be explained
by considering (i) an existence of additional surface
tension forces associated with an isopropanol evapora-
tion [32], (ii) an unevenness in the distribution of the
strength of the dielectrophoretic force caused by the
overlapped electric fields from large electrodes [33],
and (iii) a variation in dielectrophoretic torque [34].

The dielectrophoretic torque (7),,,) or so called
“electrorotation” exerted on a microtube through di-
electrophoresis can be expressed in terms of the effec-
tive dipole moment approximation as [32]

(Tpsp) = 7’le,E,, " sin@cos O Re <f’ - g’”)z* (6)

ENE, —E,
where 6 is the angle between the electric field and the
longest tube axis.

Liu et al. [27] demonstrated using an electrokinet-
ic finite element method that the torque will be always
positive and a prolate spheroid will be always driven
into alignment with the parallel electrodes terminating
in a rectangular shape if the gap size is larger than the
length of the spheroid. Wires or tubes longer than the
distance between electrodes by two or more times were
shown in the analytical model to be misoriented with
respect to the microelectrode pair. In addition, Xu et al.
[33] calculated that the spacing between neighbouring
microelectrodes should be larger than twice the width
of the electrode to avoid overlapping electric fields and
unstable dielectrophoretic forces. These findings coin-
cide with our experimental observation, where several
30-um-long PZT microtubes are misaligned across the
array of 240-um-wide electrodes with spacing ranging
from 2 pm to 15 pm.

electric field line

electrodes

Figure 5a. Conceptual illustration of the frequency variation
enhanced alignment (time: 0-5 s, voltage: 0—5V, , freq.:
10 Hz). At the beginning of the assembly process, the tubes
move randomly. They can be trapped with the same
probability at any point of the minima of the electric field
occurring between two parallel electrodes because the
distribution of the electric field is approximately equal
along the electrode gaps.

“well-aligned tube

mis-aligned tube

Figure 5b. Conceptual illustration of the frequency
variation enhanced alignment (time: 5-30 s, voltage: 5V, ,
fireq.: 10 Hz). The dielectrophoretic force acting on a
microtube is proportional to the gradient of the electric
field. Because the gradient of the gradient of the electric
field drops off quickly with the distance from the electrode,
the dielectrophoretic force acts primarily on microtubes that
are close to the electrode gaps. As microtubes approach the
electrode gap, large dielectric force induced by
dipole-dipole interaction between the electrodes and tube
tips leads to trapping of the tubes between the electrodes.
A large fraction of the collected tubes are only in contact
with one of the electrodes. They are mostly well aligned in
the direction of the electric field.
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tube oscillations

Figure 5c. Conceptual illustration of the frequency varia-
tion enhanced alignment (time: 30-40 s, voltage: 5V, , freq.:
110 Hz). An enhancement in tube alignment was obtained
by varying the frequency of the applied rectangular voltage.

Upon the frequency variation between 1 and 10 Hz, mis-

aligned tubes were observed to oscillate; while one end of

the tube is pivoted, the other end was suddenly freed from
its trapped position, rotated and finally re-trapped in a new,
energetically more preferable position near the electrode
edge with enhanced orientation. By repeating this process
several times before the complete evaporation of isopropa-
nol, the overall alignment of the tubes was improved.

well-aligned tube

Figure 5c. Conceptual illustration of the frequency variation
enhanced alignment (time: 40 s, voltage: 0, freq.: 0, IPA evap-
orated). PZT microtubes assembled between two parallel
rectangular shaped electrodes by dielectrophoresis.
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The additional degree of tube alignment for the elec-
trode structure used in our dielectrophoresis experi-
ments was achieved at a fixed voltage of 5V by vary-
ing the frequency of a square wave between 10 and 1 Hz
before the complete evaporation of the IPA. Little field-
induced oscillations of a misaligned tube were observed
as the frequency was rapidly decreased to 1 Hz. With in-
creasing frequency back to 10 Hz, one end of the tube
was suddenly freed, rotated and re-trapped in his new
position between the electrodes. We speculate that this
effect might be due to the frequency dependant com-
plex polarization factor that causes the changes not only
in the dielectrophoretic force but also in the dielectro-
phoretic torque. Figure 5 shows an illustration of trans-
lation and electrorotation of PZT tubes by dielectropho-
resis. The result of the repeated re-alignment process is
shown in Fig. Sc. It is obvious from the experiment that
the overall alignment of the tubes can be improved by a
rapid variation of the applied low frequency of a square
wave signal.

Increasing the electrode voltage from Supto ISV
ata fixed frequency of 10 Hz resulted in no tubes trapped
in the electrode gaps. The tubes drifted away rather than
stayed between the electrodes. This can be explained
by increased moving speeds, v, oc V|EJ* [35], at high-
er electric fields. The effect of a sinusoidal voltage on
positioning and aligning of the PZT tubes across the in-
terdigitated electrode structure was found to be ineffec-
tive for the investigated amplitudes and frequencies in
the range of 1-15V_ and 10 Hz-1 MHz, respectively.
Mechanisms associated with electrohydrodynamic pro-
cesses generated in suspension of high aspect ratio fer-
roelectric tube structures by various waveforms need to
be further studied. Also, a design of more intricate elec-
trode structures providing spatially confined electric-
field profile with greater alignment and capture forces
is necessary.

IV. Conclusions

In summary, the results of the electric-field assist-
ed manipulation experiments demonstrate the ability to
control the alignment and placement of large numbers of
PZT microtubes from solution onto pre-patterned elec-
trodes using dielectrophoresis. Dielectrophoretic behav-
iour study reveals that most effective electrode biasing
for assembling the 30-um-long microtubes on a 12 um
electrode gap is a rectangular voltage with amplitude of
5V and frequency 10 Hz. A little frequency variation
of the applied electric field in the assembled structure
with misaligned ferroelectric tubes can improve the over-
all alignment. It is anticipated that the directed capturing
and controlled alignment of high aspect ratio ferroelec-
tric tube structures by an applied electric field would al-
low for quick and simple creation of stable electrical con-
nections, and hence making a testing structure for rapid
electrical characterization. Also, it would facilitate the
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fabrication of complicated hierarchical structures for use
in miniaturized electronic devices, including piezoelec-
tric MEMS or NEMS, actuators and sensors, and ferro-
electric high-density FeRAM memories.
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