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Single Nanowire Manipulation within
Dielectrophoretic Force Fields in the Sub-Crossover
Frequency Regime

N. K. R. Palapati,” E. Pomerantseva” and A. Subramanian®”

This paper presents the quantitative relationship between the control parameters of a
dielectrophoretic (DEP) force field and the resulting electrokinetic region of influence
experienced by individual nanowires (NWs) in colloidal suspensions. Our results show that
DEP operation at sub-crossover frequencies, which are defined as frequencies slightly below
the transition from positive-to-negative DEP, offers a suitable but previously unexplored
performance regime for single NW manipulation and assembly. The low-magnitude DEP
forces at these frequencies, which are estimated to be 8 orders of magnitude smaller as
compared to near-DC frequencies, provide an efficient avenue to controllably extend
electrokinetic influence on suspension volumes that present isolated NWs. These results are
demonstrated using a-phase manganese dioxide NWs as a model one-dimensional construct.
Based on experimentally extracted values for the NW intrinsic conductivity and dielectric
permittivity, we employ computational models to explain each of the performance regimes
observed in this nanoassembly system. In addition, we use a new approach to estimate the

concentration of a NW suspension from experimentally observed data for deposition yields.

Introduction

Since the advent of carbon nanotubes in the 1990s, an
increasing number of new material systems have been
synthesized in one-dimensional (1-D) form factors such as
nanowires (NWs) and nanotubes (NTs). Most nanomaterial
synthesis techniques typically result in an end-product that
contains the NWs / NTs either as macroscopic agglomerates in
powder form, or as dense, aligned forests on substrates.
Isolation and manipulation of individual 1-D elements from
their respective agglomerated precursors, and their integration
into functional nanostructures is essential for two reasons: (1)
to understand the unique structure-property-performance
relationships that emerge in these nanoscopic objects,' and (2)
to realize functional devices for application areas such as
sensing, nanoelectromechanical systems, energy storage, fuel
cells and nanoelectronics.?

One technique for the integration of 1-D elements into
nanostructures and nanodevices is their assembly by
dielectrophoresis (DEP)*'® on substrates such as silicon. DEP
relies on the forces exerted by spatially non-uniform electric
fields on polarizable objects to manipulate NWs / NTs, which
are suspended either in solvents or in a surfactant stabilized
aqueous medium. If the nano-objects are more polarizable than
the suspension medium, then the induced dipole along their
long axis will experience a DEP force that pushes it towards the
electric field maxima. This represents the positive DEP regime
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and occurs at frequencies below a characteristic threshold
called the crossover frequency. At frequencies above this
crossover threshold, the nano-object becomes less polarizable
as compared to the medium and is manipulated towards the
electric field minima. The electric field is typically generated
by a potential applied between nano- or microfabricated
electrode pairs on silicon chips, onto which the nano-objects are
eventually assembled by operating in the positive DEP regime.
This approach has been employed to assemble 1-D nano-
objects based on diverse material systems. This is because DEP
forces are exerted on any object as long as it has a sufficiently
higher polarizability with respect to the suspension medium at
the excitation frequency. Past reports, which have included
contributions from the authors of this article, have
demonstrated DEP assembly of material systems such as carbon
nanotubes,’” silicon nanowires,!'® rhodium nanowires,"
manganese dioxide nanowires,* gold nanowires,'® and lithium
iron phosphate nanowires,'” among others.

A key consideration with the DEP integration of nanomaterials
is the ability to localize single NWs or NTs from their colloidal
suspension and yield their deposition on to the assembly
electrodes. While most earlier reports demonstrated assembly
of multiple or bundles of nanowires at the deposition
locations,?®*? there have since been many reports on successful
demonstration of single particle DEP assembly, though with
varying yields.*!* Some of these single particle assembly
methods, particularly ones with higher deposition yields, have
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employed additional steps / processes beyond DEP
manipulation.''3!%?* For instance, ref. [13] has employed pre-
defined target deposition sites for DEP through lithographic
patterning of photoresist wells, followed by a post-assembly
resist lift-off process to selectively remove NWs, which were
assembled at unwanted locations.

These efforts towards DEP integration of single NWs will
benefit from quantitative strategies for precise control of the
electrokinetic region of influence (ROI, or the extent of space
from which the NWs can be successfully assembled / captured)
through the use of deposition parameters such as assembly
voltage, frequency and time. However, there has been no
quantitative study so far to understand this relationship between
the deposition parameters and the resultant ROI. This paper
addresses this knowledge gap, and paves the way for predictive
manipulation of single nanowire constructs in order to
successfully trap them at target locations. More importantly, we
show for the first time that operation within a low assembly
force-field regime, which is characteristic of sub-crossover
frequencies (near the transition from positive-to-negative DEP),
provides better avenues for controllable modulation of the
electrokinetic ROI as compared to near-DC frequencies.
Furthermore, we present the quantitative impact of assembly
bias and time on the ROI at these sub-crossover frequencies.
Using experimentally extracted values for the NW conductivity
and permittivity, we employ computational models to both,
explain and gain further insights into these experimentally
observed results. This includes a new approach for determining
the NW concentration in its suspension.

Experimental

Hydrothermally grown o-MnO, NWs** were used as a model

one-dimensional system in these nanoassembly experiments.
This material system was chosen as a part of our efforts to
understand the ionic intercalation mechanisms within their
crystalline tunnels for lithium-ion battery applications. A
colloidal suspension is created by sonicating a sub-milligram
scale quantity of the NWs in 20ml of ethanol for a period of
~10 minutes. The on-chip DEP platform is schematically shown
in Fig. 1.* A silicon chip with a 200nm thick film of silicon
nitride serves as the starting substrate. We define arrays of gold
nanoelectrode pairs using electron beam lithography followed
by metal deposition and resist lift-off. The electrodes are made
of gold with a chromium adhesion layer. The electrodes on one
side of the array are all wired to a common contact pad, and the
DEP bias is applied to this pad (Fig. 1(a-b)). The opposing
electrodes on the right are all traced to their own individual
pads. During DEP, these electrodes are held at a floating
potential, while the AC ground is connected to the backside
silicon substrate.*®?' The left electrode, right electrode and the
backside gate electrode are called as biasing (B), floating (F)
and gate (G) electrodes, respectively.

In order to perform DEP, we apply an AC bias (V) between
electrodes B and G, while placing a droplet of the NW
suspension in ethanol on the surface of the chip (Fig. 1(a)). The
AC bias creates an electric field, which is non-uniform in space,
in the region surrounding the electrodes. If the NWs are more
polarizable with respect to the ethanol medium, then the
induced dipole along their long axis will line up along field
lines (electro-orientation) and experience a DEP force that
pushes it towards the electric field maxima located on the chip
surface. This represents the positive DEP regime and occurs at
frequencies below the crossover frequency (fco) for the NW
material / suspension. At frequencies above fco, the NW
becomes less polarizable as compared to the medium and is
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Figure 1. (a-b) Cross-sectional and top-view schematics of the on-chip electrokinetic nanomanipulation platform. (c) Equivalent electrical circuit
showing the effective DEP bias (Vpgp), which is the voltage that appears across the suspension. (d-e) SEM images of the single 0-MnO, NWs
assembled across electrode pairs with gaps of 400nm and 800nm, respectively. Scale bars indicate 500nm. (f) An optical microscopy image of the
electrode array design. In this image, the design width of the common bond pad for the left electrodes in the array measures 150pum.
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Figure 2. (a) SEM image of an assembled nanowire with arrows pointing to top-side EBID Pt contacts. (b) AFM image of a representative NW. (c)
I-V plots from 2 nanowire samples. These are used to extract the contact resistance and NW conductivity to be 182.2 S/m and 145.7kQ,

respectively.

manipulated towards the electric field minima. After the pre-
determined assembly time, we turn off the assembly bias and
dry the chip with a N, gun, after rinsing it in ethanol. After the
assembly process, the NWs remain anchored in place due to the
van der Waals interactions with the electrode surface. In our
discussions on these experiments, we define two types of
electrokinetic ROI for any given DEP condition: (1) an axial
ROI, which represents the farthest distance along a given axis
from which a NW will be manipulated to the electrode surface,
and (2) a volumetric ROI, which represents the largest
hemispherical volume (centered about the electrodes) within
which a NW will be manipulated to the electrode surface for
the given deposition conditions.

The equivalent circuit for the DEP system consists of three
impedance components in series (Fig. 1(c)): the capacitive
coupling between G and F (Zr_g), the impedance offered by the
suspension between B and F (Z,,), and the grouped electrical
double layer capacitance (from Zg_p; and Zr_p; contributions at
electrodes B and F, respectively).® The effective assembly bias
experienced by the NWs, Vpgp, depends on the relative
magnitudes of these impedance components (Fig. 1(c)). In our
experiments, we employ chip designs with an array of 100
electrode pairs. We define the yield for a certain type of
deposition condition (such as single or multiple NWs) as the
percentage of these 100 locations, which exhibited that
condition after assembly.

The polarizability of the NWs in the ethanol suspension is
determined by the following components: the real permittivity
(enw) and conductivity (onw) of the NWs, and the real
permittivity (g,) and conductivity (c,) for the suspending
medium, i.e., ethanol. While the values of these parameters for
ethanol are known from literature,”> we have used an
experimental approach to extract these values for the a-MnO,
NWs. Two DEP-assembled NW samples, with different
suspended lengths between the assembly electrodes, were
clamped at their distal ends on the top-side using electron beam
induced deposition (EBID) of platinum (Pt) contacts (Fig. 2(a)).
This top-side contact is established to reduce the contact
resistance at the NW-gold interface. The two terminal
resistances of these devices are obtained from their current-
voltage (I-V) measurements, which were performed with a
Keithley 2636B source-meter. This two terminal resistance
(Ryy) is given as:®

l
O-NWA

Ryr = 2R + (€Y)]
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where R, / and A4 represent the NW-metal contact resistance,
NW length and NW cross-sectional area, respectively. By
performing the measurements on two separate NW samples
with different NW diameters and lengths, we extract the two
unknowns in the above equation, i.e., R, and oyy. Furthermore,
the crossover frequency depends on the conductivity and
dielectric permittivity of the NW sample. From experimental
measurements of fco and from the computed value of oy, we
then extract the value of eyw (as discussed later).

Results and Discussion

Representative SEM images of single a-MnO, NWs assembled
across electrodes is shown in Fig. 1(d-e), while the electrode
array design is shown in panel ‘f* of this image. Fig. 2(a-b)
show SEM and AFM images of NW samples after the post-
assembly, Pt EBID deposition step. I-V measurements obtained
from two NWs of different sizes are shown in Fig. 2(c). In this
measurement, the first NW (with a lower two-terminal
resistance) was 412nm long and had a diameter of 19nm, while
the second NW sample was 759nm long and had a diameter of
16nm. By inserting this data in Eq. (1), we obtain the intrinsic
conductivity and NW-metal contact resistance to be 182.2 S/m
and 145.7kQ, respectively. It is important to note that the top-
side metallization results in a contact impedance, which is an
order of magnitude smaller than the two-terminal resistance (>
2 MQ) observed in our devices. Furthermore, the extracted
value of the instrinsic NW conductivity is similar to the 101
S/m value, which was reported previously for 15% Ba-
stabilized a-MnO, thin film samples.*®

At a given deposition condition, the time-averaged value of the
dielectrophoretic force acting on a NW ((Fpgp)) is given by’ >"
28

(Fpgp) = ;nrzlemRe{K}V(E -E®) (2)

where 7, E and E” represent the NW radius, the applied electric
field, and the complex conjugate of the electric field,
respectively. In the above model, the NW is approximated as a
prolate ellipsoid with a length much greater than its diameter.
In the above equation, the complex parameter K, or the
Claussius-Massotti factor, indicates the relative polarizability of
the NW with respect to the medium and is defined as*

K = gNW~_ Em (3)

Em
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Figure 3. (a) Claussius-Massotti factor and experimentally observed NW deposition metrics are plotted as a function of frequency. The crossover
frequency is highlighted on the frequency axis in blue. (b) The trajectory assumed by NWs that start at three different initial positions. The model
assumed DEP conditions of 800nm electrode gap, NW with 10nm diameter and 3pum length, Vpgp of 1V, at IMHz and 2 minute deposition time. (c)
The electric field distribution, which is computed using an ANSYS finite-element model and is used as an input to the MATLAB model of panel ‘b’.
(d) NW velocity and time lapsed as a function of its position in the trajectory. This is shown for the NW of ‘b’ that starts at (0,-8pum).

where &y, and &, represent the complex permittivity of the
NW and the ethanol medium, respectively. It is important to
note that the complex permittivity , €, of an object is related to
its real dielectric permittivity (&), conductivity (o) and the field

frequency () by the following relation:
o

E=¢ lw 4)
At frequencies below fq, the real part of K is positive (in Eq.
(2)) and results in positive DEP or manipulation of the NWs
towards the electric field maxima (located on the electrode
surface). Otherwise, negative DEP regime occurs and the NWs
are pushed towards regions of electric field minima, resulting in
no deposition on the -electrodes. Assuming a constant
magnitude for the electric field along the length of the NW
dipole and a spatially invariant phase,® 7 " 3! Eq. (2) can be
written as

3
(Fogp) = 5r2lep Re(KIVIE|? ®)

The experimental results from this frequency-dependent DEP
behavior of the a-MnO, NWs in an ethanol medium is shown in
Fig. 3(a). The experiments were carried out by varying the
excitation frequency, while keeping the bias voltage and
deposition time constant at 1V, (peak-to-peak) and 2 minutes,
respectively. In these plots, the term ‘fill-factor’ represents the
percentage of electrode locations (within the 100 electrode
array) that resulted in some form of NW deposition, which
includes locations with single, multiple, overlapping and
cantilevered NWs. Fill-factor provides insights into the number
of electrode locations in the array that have one or more
nanowires within the volumetric ROI of the electric field. On
the other hand, the ‘single NW’ plot represents the percentage
of electrode locations within the array that yielded exactly one
NW bridging the electrode pairs. This represents the number of
electrode locations in the array that have exactly one NW in
their volumetric ROI of the electric field. From these results,
we see that the DEP fill-factor is low at near-DC frequencies
and it increases to a maximum at a 100KHz field. Beyond 100
KHz, the fill-factor monotonically decreases with frequency
until 20MHz, when it drops to a value of 2%. Beyond 20MHz,
we did not observe any NW deposition at all. Thus, fco for our
system occurs at 20MHz. While oyw Wwas previously
determined from IV measurements to be 182.2S/m, the values
of &, and o, are known to be 2.17*10™!° F/m and 1.35*107 S/m,
respec‘[ively.25 By inserting these values for fco, onw, €n and oy,

4| J. Name., 2012, 00, 1-3

in Eq. (3), we have employed a MATLAB code to solve for the
dielectric permittivity of the NW and obtained this to be
2.07*%10'° F/m. This corresponds to a relative permittivity of
23.5 for o-MnO, NWs and agrees with measurements
previously reported for a-MnO, nanorods (~26, as estimated at
300K from a plot of permittivity vs. temperature).*?

Using these experimentally estimated values for exw and onw,
we have plotted the claussius-Massotti factor, K, as a function
of AC frequency in Fig. 3(a). Since Fpgp is proportional to K
(Eq. (5)), the volumetric ROI and fill-factor are expected to
scale as a function of K. We find that our experimental results
are in agreement with the numerically computed profile for K at
frequencies above 100KHz. On the other hand, we observe very
little NW deposition at lower frequencies, even though the DEP
force is estimated to be 8 to 10 orders of magnitude higher at
these frequencies as compared to that at 20MHz. For example,
the values of K are estimated to be 6.45%10° and 0.1218 at
100Hz and 10MHz, respectively (note the log scale of the left
y-axis in Fig. 3(a)). This deviation in experimental results from
the computational models at frequencies below 100KHz is
explained by the ineffective coupling between Vpgp and V¢
(see Fig. 1(d) for voltage definitions). We attribute this
behavior to the dominating influence of both, the insulation
layer capacitance and the electrical double-layer capacitance at
frequencies below a characteristic threshold, which is
determined by the medium conductivity, permittivity and
Debye length.*® At frequencies below this threshold, the system
has sufficient time to develop an electric double-layer at the
electrode-suspension interfaces, resulting in Vpgp << V. As a
result, the DEP force is too small at the lower frequencies to
achieve substantive deposition. On the other hand, the electrical
double-layer capacitance vanishes at frequencies above this
characteristic threshold, and there is efficient coupling between
the floating electrodes and the grounded back gate, i.e., Vpgp=
Vac. While a direct quantification of the contributions from
individual impedance components and the resulting threshold
frequency has been obtained in the past from impedance
spectroscopy techniques,® our analysis has relied on the
comparison between experimentally observed dependence of
deposition results on the frequency and the computationally
estimated profile for electrokinetic force scaling.

In order to gain further insights into the significance of the
observed single NW and fill-factor yields, it is essential to

This journal is © The Royal Society of Chemistry 2012
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understand the NW response to the DEP force field in terms of
its positional trajectory, velocity and response time. Based on
hydrodynamic models developed by Hardings and Small,**>¢
the average friction factor, f, experienced by the prolate
ellipsoidal NWs is given as
3nnl
=T (6)
In(l/T)

where n represents the viscosity of ethanol. The velocity of the
NW, v, in response to the excitation force at any location within
the field is computed as

v = F DEP /f (7)
In the above equation, we have neglected the contribution from
inertial effects of the NW. This is because, in our system, the
characteristic time constant (t = m/f, where ‘m’ is the NW
mass)® for inertial effects is significantly smaller than the
experimental NW capture time. For example, in the case of a
representative NW with a 20nm diameter and 3pm length, T is
calculated as 0.8 nanoseconds (using a crystallographic mass
density of 4.34 kg/m for 0-MnO,) and remains 11 to 12 orders
of magnitude smaller than the experimental deposition time of
2 to 8 minutes.

We have employed 2-D finite-element models in ANSYS to
compute the electric field distribution around the electrodes for
a given potential across the electrodes (Fig. 3(c)). Based on Egs.
(2-7), we have created a MATLAB computational code to
convert the electric field distribution into DEP force and NW
velocity maps at each location within the workspace. This

Nanoscale

model enables us to compute the trajectory assumed by a NW
for a given initial position within the electrokinetic field (Fig.
3(b)). Furthermore, we calculate the NW velocity and the time
taken by it to navigate along this trajectory. For example, Fig.
3(d) plots the NW velocity and time lapsed as a function of its
position along the trajectory for a 20nm diameter, 3um long
nanowire, which is initially situated at an 8um distance from
the electrodes along the inter-electrode center-line [ i.e, the (0,-
8um) case of panel ‘b’]. The assumed length / diameter
dimensions are representative of NWs in our sample. It is
important to note that the NW velocity increases by 2 orders of
magnitude as it enters the vicinity of the electrode edges
(shown by a dotted line in figure). This step-like increase in
velocity is due to the large field gradients that are obtained at
electrode edges. As a direct consequence of this rapid increase
in velocity, the time taken for a NW to be captured at the
electrodes is highly non-linear and decays rapidly as one
approaches the electrode edges (Fig. 3(d)). For instance, in this
case, the NW will be captured at the electrodes within 0.2504
sec when it starts at an initial location of (0,-3pum). On the other
hand, the DEP field needs to remain on for 18.62 secs if the
NW starts at an initial location of (0,-8um).

Next, we discuss the impact of AC bias and deposition time on
the manipulation of NWs. These experiments were carried out
at a 10MHz excitation frequency, which represents a low-force
excitation field in the sub-crossover frequency regime. As a
result, this excitation frequency presents an avenue to precisely
control the volumetric region of electrokinetic influence
through an appropriate application of other control parameters
such as the deposition voltage and time. This argument is
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Figure 4. (a-b) DEP results as a function of applied bias at an assembly frequency of 10 MHz (the deposition time was kept constant at 2min). The
left y-axis represents the percentage DEP yield in terms of single NW locations, the fill-factor and the SN-FF ratio. The right y-axis represents the
calculated center-line, axial ROI for each of the respective deposition conditions. (b) A cartoon of the electrode designs showing the inter-electrode
center-line, along which the axial ROI is defined for panels ‘a-b’. (c) A polar plot showing the variation of axial ROI as a function of capture radius,
i.e., the angular location of the NW at its initial position with respect to the electrodes. In this plot, the r-axis represents the axial ROI in pms and the
0-axis represents the angular position of the ROI axis. (d) A plot of the experimentally observed number of NWs per electrode location as a function
of the computationally estimated volumetric ROI for the deposition conditions in panel ‘a’. (e) DEP results as a function of deposition time at an
assembly frequency of 10 MHz (the bias was kept constant at 1V for each data point). () A plot of the experimentally observed number of NWs per
electrode location as a function of the computationally estimated volumetric ROI for the deposition conditions in panel ‘e’.
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evident from the results of Fig. 4. Fig. 4(a) shows the single
NW and fill-factor yields as well as the single NW-to-fill factor
(SN-FF) ratio as a function of assembly bias for a deposition
time of 2 minutes. As seen in this plot, the fill-factor increases
monotonically with increasing bias, as would be expected due
to increasing DEP forces. On the other hand, the SN-FF ratio
decreases with increases bias starting with a ~90% yield of
single NWs at deposition voltages up to 1V. This indicates that
while the volumetric ROI increases with increasing DEP forces,
there are localized variations in the number of NWs within the
volumetric ROI at each electrode location. This is to be
expected due to the differences in sizes of NWs within our
sample. We have observed NWs with lengths ranging from 1 to
6um and diameters ranging from 15nm to 30nm, with very few
occasional outliers outside of this predominant range.
Assuming a constant density, i.e., a constant mass per unit
volume of NWs in the ethanol suspension due to ultrasonication
prior to DEP, this indicates a larger number of NWs per unit
volume in electrode locations with smaller sized NWs, as
compared to locations with larger sized NWs in their
volumetric ROI. It is important to note that larger SN-FF ratio
at high fill-factor deposition conditions may be obtained
through the use of additional strategies, which are designed to
limit deposition after the first nanowire is captured. Past reports
have employed strategies such as a combined electric field and
magnetic field assisted trapping of heterostructured nanowires,
which contain a magnetized component in their material
system.”® Another method for improving single nanowire yields
has involved lithographically patterned photoresist wells at
target sites (with well-widths that accommodate exactly a single
nanowire), followed by a post-deposition lift-off of nanowires
deposited at undesirable locations."?

Fig. 4(a) also plots the computationally estimated center-line,
axial ROI for each deposition condition (defined using the right
y-axis of this image). It is important to note that this axial ROI
represents the farthest distance along the inter-electrode center-
line (with respect to the mid-point of the electrode) within
which a NW needs to be located at in order to be captured by
the electrodes. This definition of the center-line ROI axis is
schematically illustrated in Fig. 4(b). From Fig. 4(a), we see
that the center-line, axial ROI increases from 2.6um at 0.5V to
5.2pum at 2V. This implies that, as the applied bias is increased,
NWs located further from the electrodes will be captured and
assembled on the chip.

Furthermore, the variation of this axial ROI as function of
radial position of the axis is illustrated in the polar plot of Fig.
4(c). From this plot, we find that the axial ROI increases with
the radial position of the axis (from 5.2um at 0° to 6.5um at
67.5%). Thus, an axial ROI of 5.2um represents a conservative
estimate for the ROI along any radial location within the plane
of the electrodes. It is important to note that our computational
models are 2-dimensional approximations of the electrokinetic
nanomanipulation system. However, these are valid for not just
the x-y plane containing the surface of the electrodes, but also
to any cross-sectional plane (in the y-z axis) that contains the
electrodes. As a result, it is also valid in the cross-sectional
planes that remain within the electrode width, which measures
4pm in our designs. Since the axial ROI of our DEP operating
conditions are on the order of electrode widths, we can
approximate the volumetric ROI to be a hemispherical volume,
which is centered at the mid-point of the inter-electrode gap

6 | J. Name., 2012, 00, 1-3

region and has a radius equal to the center-line ROI. Using this
approximation, we compute the volumetric ROI (Vgoy) as

Vror = §T”‘R301 ®
where rpo; represents the center-line ROI. Furthermore, for
each deposition condition, we calculate the average number of
NWs per electrode location by taking into account the total
number of NWs deposited at each of the 100 electrode locations
(obtained from SEM images). The variation in this number of
NWs (per electrode location) as a function of the volumetric
ROI is shown in Fig. 4(d). For a given suspension concentration,
the average number of NWs around each electrode location will
scale linearly with the volume of suspension around it. We find
this relationship to hold in our plot of Fig. 4(d) and the slope of
the linear fit to this data, which indicates the number density of
NWs per cubic micron of space around the electrodes to be
0.004 NWs per pm®.

The experimental results showing the dependence of single NW
yield, fill factor and SN-FF ratio on the deposition time is
shown in Fig. 4(e). Also, the data represented using the right y-
axis of this plot indicates the progressive expansion in center-
line ROI with increasing deposition time. Thus, as with the
excitation bias, we again find that the NW f{ill factor increases
with increasing ROI. Also, the SN-FF ratio monotonically
decreases with increasing ROI due to local variations in the
number of NWs per electrode location. For these experiments
involving changes in the deposition time, the variation of
average number of NWs trapped per electrode location is
plotted against the volumetric ROI in Fig. 4(f). This data also
exhibits a linear profile, thereby confirming the accuracy of our
computational models for the volumetric ROI. Also, we
compute the number density of NWs to be 0.0045 per cubic
microns. It is interesting to note that the estimate for NW
concentration from the time-dependence experiments is within
11.25% of that from bias-dependence experiments. This
agreement in estimated NW density in the suspension, from two
different sets of experimental data involving changes in AC
bias and deposition time, points to the accuracy of our
quantitative models and supports our arguments related to the
dependence of ROI on the DEP force fields.

Another important consideration in our electrokinetic
manipulation experiments is the operation in a sub-crossover
frequency regime, which is near the transition from positive to
negative DEP. This results in Claussius-Massotti factors, which

(a) (b)100 100
*
5

,x10 2000 g 80 * . an
@ Y © B i £
g I\ i geo . h 60 o
= o w . * =
8 1000 ®  IC 49 P 40 o
2 N e 2z Ad % A
& 58 e " g 20 °
o ;;~\—\;g~,, ) ;AT B single NW

. ======g P ® - fil-factor %

0.5 1 15 2 0 05 1 15 .

voltage (V) ) ’
voltage (V)

Figure 5. (a) A plot of estimated deposition time for a NW, which is at
an initial position of (0,5)um at the start of DEP. The eight-fold
reduction in time deposition time at 1KHz (as compared to the 10
MHz condition) can be observed here. (b) DEP results as a function of
voltage at an assembly frequency of 1 KHz and a deposition time of 2
minutes.
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are 8-10 orders of magnitude smaller at this sub-crossover
regime as compared to the near DC (i.e., 100 to 10KHz) regime.
We find that these low forces at the sub-crossover regime result
in NW capture times on the order of minutes. On the other hand,
at lower frequencies such as 1KHz, the capture times for the
same volumetric ROI and same applied bias voltage drop by 8
orders of magnitude (Fig. 5(a)). For instance, the capture time
for a NW, which is located Sum away from the electrodes on
that electrode pair’s center-line axis, is calculated to vary from
11.38usecs to 0.71usecs when the applied bias changes from
0.5V to 2V. These extremely short capture times associated
with these low frequency operating conditions will make it
challenging to controllably manipulate and capture single,
isolated NWs. This operating condition has not been verified
experimentally due to the dominating influence of the double-
layer capacitance® on the DEP assembly circuit associated with
our floating electrode DEP designs.*®*! As a result, the actual
DEP bias that appears across the suspension will be much lower
than applied AC signal (with much of the voltage dropping
across the electrical double-layer). Even though a direct
comparison of NW deposition as a function of Vpgp (DEP bias)
cannot be performed at these frequency regimes in the absence
of additional data such as impedance spectroscopy
measurements, we have experimentally studied the variation in
deposition yields as a function of V¢ (the AC bias) at 1KHz
(Fig. 5(b)). From this plot, it emerges that we find a
substantially higher NW deposition as compared to the 10MHz
excitation frequency, as can be observed from a 100% NW fill-
factor and a 4% SN-FF ratio at 1.4V. For comparison, when we
operated at a frequency of 10MHz, we observed a fill factor for
46% and a 76% SN-FF ratio at a slightly higher bias of 1.5V. It
is important to note that even though the AC bias, V¢, applied
between the biasing electrode and back-gate is nearly the same
in both cases, the actual voltage, Vpgp, appearing across the
suspension is expected to be much lower for the 1KHz. We
have still observed a substantially higher NW deposition at the
lower frequency, pointing to the extremely large force-fields.
Thus, we find that operating in the low force-fields generated
within the sub-crossover regime provides an appropriate avenue
to manipulate single nanowires within colloidal suspensions.

Conclusions

We have presented pathways to precisely control the region of
electrokinetic influence for manipulating single 1-D nano-
objects within DEP force fields. We show that electric field
excitation in the sub-crossover frequency regime provides an
effective avenue to control the electrokinetic ROI. This
information, together with complementary techniques reported
in past literature such as those involving hydrodynamic flow-
fields to achieve uniform density of aligned NWs,'! provides
avenues to precisely identify the DEP control parameters such
as assembly bias, frequency, and time for predictive deposition
of single NWs onto functional nanostructures. In addition, we
have determined the dielectric permittivity of the NWs by
monitoring their DEP crossover frequency. Finally, we have
also presented a new technique to extract the average
concentration of NWs in a colloidal suspension from
experimental DEP data on NW yields as a function of
parameters such as bias voltage and deposition time. These
results will enable the design, fabrication and characterization
of single nanomaterial platforms based on diverse, functional
material systems with multiple morphologies in 1-D (such as
nanowires, nanotubes, nanobelts, nanorods and nanoribbons)

This journal is © The Royal Society of Chemistry 2012
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