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Quantitative measurements of dielectrophoresis in a nanoscale electrode

array with an atomic force microscopy
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Nanoelectronic devices integrated with dielectrophoresis (DEP) have been promoted as promising
platforms for trapping, separating, and concentrating target biomarkers and cancer cells from a
complex medium. Here, we visualized DEP and DEP gradients in conventional nanoelectronic
devices by using multi-pass atomic force microcopy techniques. Our measurements directly
demonstrated a short range DEP only at sharp step edges of electrodes, frequency dependent DEP
polarity, and separation distance dependent DEP strength. Additionally, non-uniform DEP along
the edges of the electrodes due to a large variation in electric field strength was observed. The
strength and apparent working distance of DEP were measured to be an order of a few nN and
80nm within the limited scale of particles and other parameters such as an ionic strength of the
medium. This method provides a powerful tool to quantify the strength and polarity of DEP and allows
optimizing and calibrating the device’s operating parameters including the driving field strength for the

effective control and manipulation of target biomolecules. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4983785]

Recent advances in biotechnology have allowed captur-
ing individual biomolecules including disease-markers and
cancer cells and monitoring their biological activities.'™ The
ultimate goal of this field would be to completely control
and manipulate the biomolecules for practical diagnostic
applications. Among a number of techniques developed for
the detection and manipulation of biomolecules, dielectro-
phoresis (DEP)-based methods have demonstrated the feasi-
bility of a remote control of target molecules to trap and
dissect for highly sensitive screening. For example, DEP has
been used for the separation of yeast cells,5 viruses,6 and
cancer cells,"” as well as to trap particular DNA mole-
cules,*® providing tremendous potential in biomedical
applications.

In principle, DEP is a force exerted on a polarizable par-
ticle such as biomolecules and cells in the presence of non-
uniform AC electric fields in liquid medium.'® Depending on
the dielectric responses of the particle and the surrounding
medium, the external fields induce an effective dipole
moment p on the particle and an instantaneous force
Fpgp=p - VE, acting on the dipole.' 112 For the particle sus-
pended in the non-uniform fields, the net force does not
vanish. Thus, spatially asymmetric force due to the inhomo-
geneous field gradient in the medium drives the movement
of the particle. In general, the force can be used to selectively
attract (attractive Fpgp) or repel (repulsive Fpgp) biomole-
cules of interest from a complex medium to regions of strong
electric fields. For example, cancer cells,'” cellular compo-
nents,1 and biomarkers'*'®> can be collected, separated,
concentrated, and transported using DEP-based micro-fluidic
devices.
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Although such non-invasive, non-contact DEP manipu-
lation is a promising platform for biomedical applications,
measuring and determining the strength of Fprp on biomole-
cules in nanoelectronic devices are challenging problems. In
addition, several issues associated with DEP limit its applica-
bility in practice. First, the external AC field intensity and its
frequency to generate bipolar DEP can cause unwanted elec-
trochemical reactions such as water electrolysis at metal
electrodes,® destroying both the biological sample and the
nanoelectronic devices. Second, Fpxp may not be uniformly
distributed in the electrodes patterned on the devices due to
the high sensitivity of the field variations near the sharp cor-
ners or edges of the electrodes at the nanoscale.'® Effective
solutions to the problems, on the other hand, would help to
design the nanoelectronic device and tune the operating
parameters to achieve strong Fpgp to effectively manipulate
target biomolecules in a desired manner under physiological
conditions.

Here, we show that Fgp in the nanoelectronic devices
can be experimentally measured and quantitatively evaluated
by atomic force microscopy (AFM). A non-contact, dynamic
AC lift-mode AFM method similar to the typical electric or
magnetic force measurement methods'”"'® was used to inves-
tigate the force between an AFM probe tip and the nanoelec-
tronic devices including both the smooth surface and the
sharp edges of electrodes. The measurements allowed map-
ping out the force variation along the direction (z) normal to
the electrode surface in the device.

In this work, the conventional interdigitated electrode
array that has proven to be quite useful for dielectrophoretic
separation and travelling wave dielectrophoresis in previous
research studies'”” was examined as shown in Fig. 1. The
device consists of planar metallic electrode arrays on a SiO,
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substrate. With a pre-patterned mylar mask, gold electrodes
were defined by the standard optical lithography, similar to
the previous study.21 The width of electrodes, gaps between
the electrodes, and the height of the electrodes were 16 um,
10 um, and 140 nm, respectively.

Devices were mounted in a liquid-compatible commer-
cial AFM (NT-MDT NTEGRA AFM), and the AFM imag-
ing was performed in an ionic buffer solution without
evaporation while measuring. Conventional silicon AFM
probe tips without a coating (force constant=2.7 N/m,
Budget sensors) were used for the imaging. The external AC
voltage between the two metal electrodes was applied by a
commercial function/arbitrary waveform generator (Agilent
33220A), which was filtered and synchronized with the
AFM scanning. A multi-pass scanning technique was
employed for the precise measurements of both surface
topography and the force gradient. The first-pass scanning
was performed in the typical semi-contact mode to obtain
the surface topography characteristics. During the second-
pass measuring the force gradient, the probe was raised
above the surface at a distance z followed by the surface
topography contour. Such lift-mode scanning in the second-
pass prevents any influence of surface features on the
measurement.

The second-pass measurement depends solely on the
force gradient along the z direction based on the point probe
approximation assuming that the probe tip has a dipole
moment located in the center of the tip end. The AC lift-
mode operates with a lock-in feedback loop to keep driving
the probe oscillation at the nearly resonance frequency.'”*
When a force acts on the probe tip, it causes the resonance
frequency of the tip to shift, depending on the force gradient
and the direction. Additionally, such changes in resonance
frequency result in an amplitude and phase shift. Thus,
although the three parameters serve as an indicator of the
force measurement, the force gradient is mainly detected by
measuring the probe tip’s phase vibration in the amplitude
modulation mode using a simple lock-in amplifier. A mathe-
matical relationship between the phase shift and the force
gradient when OF/0z is very small in magnitude compared to
k is given by

QOF
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where Q is the Q-factor of the resonance peak, & is the force
constant of the probe tip, and OF/0z is the force gradient in

the direction normal to the surface.”>** When OF/0z is
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FIG. 1. Schematic of an interdigitated
metal (Au) electrode array connected
to the AC voltage source.

measured according to z, F' can be obtained by integrating
OF[0z. For example, the negative shift of the measured phase
corresponds to the attractive F and negative 0F/0z along the
z direction.

The AFM measurements were carried out in a phosphate
buffer (1-10 uM KH,PO,, pH 7) at room temperature. The
ionic strength of the buffer and the amplitude and frequency
of the applied AC voltage were determined by the classical
Maxwell-Wagner (MW) theory.'®!" Specifically, the com-
plex Clausius-Mossotti (CM) factor depending on the com-
plex permittivities of the particle and suspending medium
and a depolarizing factor of the particle allow estimating the
frequency dependent effective dipole moments of the par-
ticles as well as the magnitude and polarity of Fpgp (see
Figs. S1 and S2 in the supplementary material). The CM fac-
tor for the spherical and ellipsoidal geometry is discussed in
the supplementary material.

Figure 2 depicts typical multi-pass AFM images of the
device in the absence and in the presence of the external AC
fields (V). Figure 2(a) presents a topography image and the
corresponding height profile of the device acquired during
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FIG. 2. Multi-pass AFM measurements. (a) A topography image of the
metal electrode (red color) and the SiO, (black color) substrate and a height
profile of line-cuts of the cross-section. (b) Phase images of (a) at three V.
fields. (c) The averaged phase shifts along the electrode step edge. Blue,
black, and red curves correspond to 10kHz, GND, and 5 MHz fields,
respectively.
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the first-pass scanning, while the V,. was in the off-mode.
The metal electrodes and SiO, substrates were relatively flat
and smooth compared to the sharp edge of the electrodes in
the image. The edge line of the electrode is highly disordered
at the nanoscale, producing additional non-uniform electric
field distributions due to the lighting rod effects.'® During
the second-pass, lift-mode scanning at a particular z, a sinu-
soidal wave form of V. with a peak to peak potential of 5V
is applied through the two electrodes (Fig. 1) to examine the
AC field effects. Figure 2(b) shows the phase images of the
same electrode [Fig. 2(a)] under three different conditions:
Vae (5 Vpp, 10kHz); V. (0V, GND); and V.. (5 Vi, SMHz)
at z=20nm.

In the control measurements performed without the
external AC field (V,.=0YV), the phase shift was observed
along the electrode edge direction. Such a phase shift is
attributed to a geometry effect at the sharp step edge. When
the AFM scans over the step edge, the distance z between
the tip and the sample instantly decreases and brings the tip
into a more negative force gradient until the feedback loop
restores the initial distance z.** Therefore, the negative force
gradient due to the attractive force variations is shown in the
dark color phase image only at the edge.

When the AC electric fields were applied with different
frequencies, further phase shifts were observed as depicted
in Fig. 2(b). In the presence of V,. (10kHz), the features
along the edge line in the phase image were unchanged, but
their color was revealed to be darker, reflecting additional
attractive forces acting on the AFM tip. Thus, the low fre-
quency AC fields generated the attractive Fprp and negative
OF prp/Oz. In contrast, repulsive Fprp generated by the high
frequency (5 MHz) fields reduced the net force, resulting in
the brighter edge line in Fig. 2(b). Figure 2(c) compares the
mean phase shift along the edge direction for each measure-
ment. Taken together, the frequency dependent, binary Fpgp
effects were able to be measured by our multi-pass AFM
experiments.

To examine the spatial distribution of Fpgp and OF prp/
Oz along the x and z directions, the AFM measurements
were carried out by varying z across the electrodes with two
fixed frequencies of 10kHz (attractive Fprp) and 5 MHz
(repulsive Fpgp). Figure 3(a) displays pure OF prp/0z com-
ponents and their z dependence, where the background
component without the AC fields was removed at each z.
Both positive and negative OF pgp/0z peaked at the edge of
the electrode (x=0) for all z. The magnitude of OF pgp/0z
fell off along the x axis regardless of the sign of OF pgp/0z
and z, suggesting the reduction in the field strength variations
along the x axis. Finally, the magnitude of OFpgp/Oz
approached minimum values when the tip was away from
the edge (|x| >0), indicating minimum points in the field
strength at the top of the electrode and a point equidistant
between two electrodes. Such observations are in excellent
agreement with the strong dependence of Fppp on the
strength of field gradients (Fpgp VEZ).”

Figure 3(b) displays the peak values of OF pgp/Jz and
Fprp calculated from the measured OF prp/Oz as a function
of z."” The values were nonlinearly decreased upon increas-
ing the separation distance z between the tip and the elec-
trode edge. The shape of these curves suggests the nonlinear

pp>
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FIG. 3. The spatial distribution of OF pgp/dz. (a) The average OF ppp/Oz
versus two driving (10kHz and 5 MHz) frequencies, demonstrating attrac-
tive Fpgp with 10kHz and repulsive Fprp with 5MHz. (b) The average
OF pep/Oz and Fpgp versus the separation distance z. Fpgp Was obtained by
integrating OF pgp/Oz.

changes in the intensity of the field gradient at the edge.
Furthermore, the magnitude of Fppp and OF ppp/0z was
almost identical for two different frequencies at the same z.
The results indicate that the CM factors for the low (10 kHz)
and high (5 MHz) frequencies are nearly identical, which is
further supported by our CM calculation (Fig. S1, supple-
mentary material). When the tip was further away from the
edge (>80nm), Fpgp approached nearly zero, providing an
upper limit for the working distance of the short-range Fpgp.

To further support our experimental observation, the
fields and the field gradients were generated using commercial
finite element software, COMSOL Multiphysics (COMSOL
Inc.),zl under identical conditions used in the experimental
measurements (see supplementary material). Figure 4 presents
the spatial distributions of the fields and the strength of the
gradient of the fields VE? over and across the electrode. The
large variations in the fields appeared at the sharp edge, which
was in strong agreement with our experimental observations.
An asymmetric shape of the gradient of the field is due to the
non-uniform charge distribution near the electrode edge.
Furthermore, the magnitude of field gradients decreases as z
increases, confirming the separation distance-dependent,
short-range DEP that is observed experimentally.

Previous studies performed with both micro-scale par-
ticles and electrodes have revealed that Fpgp was sufficient
to drive motions of the particles.”>>’ When the particle size
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FIG. 4. (a) A two dimensional plot of the strength of the gradient fields and
(b) its profile along the x direction at various z values generated by
COMSOL Multiphysics simulations.

decreases to the nanoscale, however, Fpgp substantially
decreases due to the particle volume dependence of Fpgp
(Fpgp Rj). Thus, although Fpgp can be either repulsive or
attractive by the driving frequency of the fields, our results
proved that the strength and the apparent working distance
of Fprp were strongly dependent on both particles’ dimen-
sion and electrodes’ fine structure.

In conclusion, we achieved quantitative measurements
of Fprp and OF prp/Oz in conventional, nanoscale, electronic
devices using the multi-pass AFM methods. The results pro-
vided the spatial distribution of DEP and its strong depen-
dence on the nanoscale structure of the electrode and the
nanoscale separation distance from the electrode edge. On
this scale, precise measurements of DEP are more important
for quantitative comparisons among the competing forces
such as viscous drag, Brownian, and hydrodynamic forces to
determine the dominant forces governing the movements of
biomolecules. Thus, the present study could benefit further
development of DEP-based sensors and detectors for nano-
scale proteins and biomarkers. For example, DEP could be
integrated with conventional field effect transistor-based bio-
sensors to lower the detection limit of target molecules on a
rapid timescale. Alternatively, DEP could be used to pre-
screen and filter the target/non-target molecules in microflui-
dic devices to maximize detection sensitivity or minimize
interference from the non-target molecules in the blood sam-
ple. The development of such techniques demands precise
knowledge of DEP to design nanoelectronic devices and
tune the operating parameters associated with other

Appl. Phys. Lett. 110, 203701 (2017)

interfering forces for the effective manipulation of the target
molecules.

See supplementary material for the CM factor and
COMSOL Multiphysics calculation.
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