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ABSTRACT

This paper presents a new electrorotation (ROT)
device composed of thick walls and multi-electrode layers,
called as mille-feuille electrode device. The proposed
device has three advantages: (1) The height of a measured
particle is controllable by adjusting levitation forces.
(2) The rotation of the particle is not affected by the
friction to the substrates. (3) The number of electrode
layers is extensible.
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INTRODUCTION

Non-invasive measurement and analysis of a living
single cell is necessary in many biological applications.
For example, in the case of biofuel production from
microalgae cells in culture, the rapid and non-invasive
single-cell analysis is required to quantify the amount of
intracellular lipids prior to the extraction process [1]. Such
characterization and analysis of the cell content can be
achieved in a non-invasive way through its dielectric
properties. In the case of microalgae, for example, those
properties are directly dependent on the lipid content
within cells. Impedance spectroscopy and electrorotation
(ROT) are commonly used techniques for the measurement
of the dielectric properties. Impedance spectroscopy
measures the electrical impedance of an analyte, versus the
electrical frequency of the applied electric field. However,
when measuring the impedance of a micro-object within a
microfluidic environment, the accuracy of impedance
spectroscopy depends on the dimension of microchannels
and electrodes [2,3]. On the other hand, ROT technique is
independent on the volume factor (volume of cell versus
the volume of the analyte) [3] and renders possible the
dielectric properties characterization without a high degree
of confinement of the cell between the electrodes.
Conventional ROT measurement utilizes four-electrodes,
where the measured particle is trapped at the center of the
electrode set by negative dielectrophoresis (DEP) forces
and then rotated by phase shifted four signals [4]. In ROT
measurement, the dielectric properties are extracted by
comparing the measured ROT spectra (cell mechanical
velocity versus the electrical frequency) and the theoretical

model, using least-square minimization algorithms.

Electrodes of a typical ROT device are patterned in a
thin metal layer shown in Fig. 1a [5]. In this structure, there
are two bottlenecks that degrade the precision of the ROT
characteristic: one is friction between the particle and the
top or bottom substrates, and the other is the levitation
forces caused by variation of the electric field with the cell
altitude. Friction affects the rotation velocity. Levitation
causes variation of the applied electric field modulus (and
thus modify the strength of the ROT torque), and also
causes the difficult focusing of the cell by the video
recording system. Indeed, with the thin-electrode structure,
the electric field is only generated on the bottom substrate.
Therefore, the real electric field distribution varies with the
altitude, which results to a gradually rise of the cell during
the measurement. Consequently, the particle might even
reach the top glass substrate, which generates large friction.
However, if the electric field is decreased to moderate the
non-uniformity, the cell remains on the bottom substrate
which also generates high friction forces. Moderate
levitation is therefore desired in order to levitate the cell
between bottom and top substrates.

To decrease such drawbacks effects, thick electrode
ROT devices shown in Fig. 1b are often proposed to obtain
uniform electric field [6, 7]. In such architecture of the
device, the insulating channel wall and thin electrodes is
replaced by thick electrodes which are electroplated.
However, with such technology the electric field is not that
uniform, due to the tilting of electrodes (Fig 1b) that
appears when electroplating those. The tilting of the thick
electrodes causes - once again - the cell levitation towards
the top glass substrate.

A Dbetter solution is to introduce double-sided
electrode structure shown in Fig. lc, which allows the
precise control of the altitude of the cell. This structure is
composed of an insulating channel wall sandwiched by two
levels of thin electrodes. By applying voltages on top and
bottom electrode sets, the altitude of the particle is kept at
the midway of the channel due to their repulsive force [8].
However, the fabrication of such device requires a
complete encapsulation by permanent flip-chip wafer
bonding. Besides, a complex electric and fluidic
connection are required. Moreover, the cell height is fixed
at one level, it cannot utilize the free-friction space at the
other altitudes.
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Figure 1. Schematics of (a) conventional

thin-electrode,  (b)  thick-electrode, and (c)
double-sided electrode electrorotation device. In the
thin and thick electrodes, sample gradually rises
because of the asymmetry of electric field. In
double-sided electrode device, levitation effect can be
controlled, but changing samples is hard.

In this paper, we describe a novel multi-electrode-
layer ROT device. Such device allows the levitation of a
particle or cell at a precise altitude, defined by the electrical
layers that are selected. The device is monolithic and thus
does not require complex flip-chip, bonding and complex
double side fluidic or electrical connections.

DEVICE DESCRIPTION

Figure 2a shows the proposed multi-electrode-layer
ROT device. The device is monolithic and does not require
any complex assembly of processed sub-components. All
the layers are successively deposited on the same bottom
substrate. The z-directional forces are applied to the cell
from each of the upper and lower electrodes. The
z-directional (levitation) force generated by each of the
electrodes set (in the case of figure 2b, the top layer
electrodes and the bottom layer electrodes respectively) is

expressed as [8, 9]:
aEZ.TmS]Z

s . .0
(F,) = mepr Re[fcm] 2zl oz 9]
where ¢, is the permittivity of medium, r is the radius of
the cell, and E, .5 is the z-directional root mean square of

the electric field. The polarization coefficient fg,, is given
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Figure 2: (a) Schematic of proposed method. This
method does not need permanent encapsulation. The
height of a particle can be controlled. (b) Schematic of
“mille-feuille”  structure composed of stacked
proposed structures by the same protocol.

Table 1: Comparison of characteristics in previous
electrorotation devices and this work.

0 Large Medium Small Small
4 Fixed Fixed Fixed Controllable
q Levitated Levitated Controllable Controllable
P
od o Easy Easy Difficult Easy
25 pm
50 pm 50 pm 60 pm
9 X Nlayer
by following equation:
fom = e @
M = 5% ~
28, + 3¢,

where &, and &, are the complex permittivities of the
trapped particle and the medium, respectively. The
complex permittivity of a material is given by
o
E=e—j— 3)
where ¢ is the permittivity, o is the conductivity, j is the
imaginary unit, and w is the angular frequency of DEP. As
a result, the z-directional force applied to the particle is
given by:
E, = zbottom T+ Fz,top + F;] (4)
where F, ,ottom and Fy s, are the levitating force from the
bottom and top electrodes following the equation (1), and
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Figure 3: Process flow of the proposed device. (a) The
silicon wafer is oxidized by 1um. (b) The bottom
electrode layer of Ti, Au, and Ti are sputtered. (c) Each
bottom electrode layer is wet-etched. (d) Channel wall
of SU-8 3025 was patterned. (e) The top electrodes of
Ti and Au are sputtered. (f) The top electrode layers
were patterned.

F, is the gravity of the particle. In the proposed
electrode-sandwiching structures shown in Fig. 2a, by
adjusting F; potrom and Fy .o, independently, the altitude
of the measured particle is controlled. In other words, it
allows us to control friction, electric field, and particle
altitude without any limitation. In addition, since the
proposed structure does not require any microfluidic
operation to introduces the measured particles, changing
samples becomes simple. Moreover, the proposed structure
has another advantage of extensibility to a “mille-feuille”
structure by the same protocol as shown in Fig. 2b. As the
mille-feuille structure has multiple electrode layer, it is
possible to integrate the sensing electrode layer between
the ROT electrodes. Besides, the channel height is
independent on material properties and fabrication steps,
the mille-feuille method can cope with various sized
particles. Table 1 shows the comparison of the
characteristics between the previous researches and the
proposed structure.
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Figure 4: SEM Images of electrorotation device.
Figure (a) shows the center of the four electrodes
composed of double-side electrodes and thick SU-8
walls. Figure (b) has false color added to highlight the
different layers in the structure. Red is top electrode,
and green is bottom electrode.

FABRICATION

Figure 3 shows the processes of the proposed device.
We used a 525-um-thick silicon wafer. First, the silicon
wafer was oxidized by 1 um. Next, 20-nm-thick titanium,
200-nm-thick gold, and 20-nm-thick titanium were
sputtered for the bottom electrode. The last titanium layer
works as an adhesive layer to SU-8 3025. After that, the
negative photoresist Zeon ZPN1150 was patterned, and the
titanium and gold layers were etched using 5% APM and
gold etchant (KANTO CHEMICAL AURUM-302),
respectively. After the photoresist was removed by acetone,
the 25-pum-thick SU-8 3025 was patterned. Then, for the
top electrode, 20-nm-thick titanium and 200-nm-thick gold
were sputtered. Subsequently, negative photoresist
ZPN1150 was patterned and these electrode layers were
etched in the same way as the bottom electrode. Finally,
the photoresist was stripped by acetone.

RESULTS

Figure 4a shows the SEM image of the fabricated
proposed device. Figure 4b shows the close-up view of the
channel wall structure sandwiched by the bottom and top
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Figure 5: Setup of the experiment. DEP and ROT
signals are added by the external circuit. To confirm
the levitating force, the same voltages were applied to
the top and bottom electrodes. The rotation was
observed through a microscope.
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Figure 6: Images of the micro bead at (a) t=0 s and (b)
t=30 s after rotation started. Thanks to the levitating
force from the both sides, the micro bead was trapped
at the center of electrodes without changing the
levitating height.

electrodes. Figure 5 shows the setup of the experiment. We
observed rotation of a 5-um polystyrene micro bead in
DI-water through microscope. The bead is introduced
using a micropipette and then 100-pm-thick glass cover is
put on the device as the top substrate. DEP signals and
ROT phase shifted signals are applied after mixed by the
external circuit. We used 100 kHz 5 V AC signal for DEP
and 1 MHz 3V AC signal for ROT. When the voltages
were applied to the bottom electrode, the rise of the
measured bead is observed, whereas when we applied the
voltages on the top electrodes, the bead fell down. Then,
we applied the voltages to both the top and bottom
electrodes to confirm if the bead is trapped at the center of

the electrodes and rotate it stably. Figure 6 shows the
images of the micro bead at # = 0 s and ¢ = 30 s after the
ROT started. Owing to the levitating force from the both
sides, the micro bead was trapped at the center of
electrodes without changing the levitating height.

CONCLUSIONS

We have proposed a novel multi-electrode-layer
structure for ROT experiment, which avoids any friction of
the characterized micro-object with the top of bottom
substrate, due to the precise control of the object levitation.
For the first time, the microfabrication of such a device is
proposed without any assembly step. The device is
monolithic, all layers being successively grown and
patterned on the same substrate. . This method has
extensibility to stack the wall and electrode layers the
proposed structure to mille-feuille structure that allows us
to integrate the sensing electrode layer between the ROT
electrode layers. Using the fabricated device, we
confirmed that a 5-pm polystyrene bead was successfully
trapped and rotated at the center by applying the DEP and
ROT voltages to the bottom and top electrodes without
out-of-focus phenomena.
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