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The effects of AC field strength and AC frequency on the density of dielectrophoretically
deposited multi-walled carbon nanotubes (MWCNTSs) were investigated and explained in
terms of existing theory. We show that while both parameters can be used to control depo-
sition density, the experimentally observed frequency trend can not be explained by the

theoretical Clausius-Mossotti factors. We demonstrate the ability to make surfactant-free
dispersions of long, difficult to disperse MWCNTs and use them with dielectrophoresis to

make clean, single and few connections between electrodes.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Precise placement of individual carbon nanotubes (CNTSs) be-
tween electrodes is vital for practical device applications. The
popularity of CNTs arises due to their unique structural and
electronic properties which have facilitated a wide array of
applications, examples of which include field-effect transis-
tors [1-5], chemical and biological sensors [6,7], scanning
probe microscopy tips [8-10] and field emitters [11,12]. How-
ever, it is still challenging to place the carbon nanotubes at
desired locations within the devices [13-16].

Many techniques have been used to position CNTs, but
each has drawbacks. Spin coating, for example, is convenient
and simple, but lacks control of position and distribution
[5,17]. Direct growth of CNTs requires high temperatures
and has the additional disadvantages of poor selectivity and
non-compatibility [18-20]. Manual attachment allows precise
placement, but is unviable for devices of any significant den-
sity due to the enormous amounts of time necessary to place
individual CNTs [21]. Dielectrophoresis (DEP), on the other
hand, is quick, convenient, and can result in well-aligned
CNTs in the position of interest.
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It is well known that single-walled CNTs can be semi-con-
ducting or semi-metallic depending on their structural prop-
erties. As the current technology is unable to precisely
synthesize single-walled CNTs with desired properties,
large-scale application of the semi-metallic multi-walled
CNTs (MWCNTs) will definitely come ahead of applications
that require semi-conducting CNTs. In particular, MWCNTSs
are ideal for use as nanowires and nanoelectrodes in devices
[22-24]. As DEP was originally applied to dielectric particles,
the theoretical principles of DEP are not thoroughly under-
stood for the MWCNTs that have high aspect ratios and are
semi-metallic. Thus, it is important to examine the relation
between the theory of DEP and its experimental application
to deposit MWCNTs between pairs of electrodes.

In this report we focus on two main aspects of the DEP pro-
cess of MWCNT deposition: (1) controlling the density of
MWCNTSs across electrode pairs, and (2) depositing unbun-
dled MWCNTs across a pair of electrodes without using
surfactants. Although the DEP theory is relatively well estab-
lished for dielectric particles, for experiments in which
MWCNTs are used to span gaps between electrodes, the
assumptions of the theory are explicitly violated. We examine
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whether or not the qualitative predictions of the theory con-
tinue to give insight into the experimental results in these
cases. In addition, of extreme importance to any of these
placement techniques is the ability to create suspensions of
MWCNTs in liquids, which is difficult due to their generally
low solubility and tendency to aggregate. Though surfactants
can be used to greatly ease the difficulty of MWCNT disper-
sion, many applications, such as molecular electronics and
(bio)chemical sensors, demand as little contamination as pos-
sible. It is necessary, therefore, to develop a method by which
to achieve MWCNT suspensions without the use of surfac-
tants. Here we report our method for successful dielectroph-
oretic deposition of MWCNTs with tunable density, by using
surfactant-free dispersions.

2. Dielectrophoretic theory

Whenever a polarizable object is placed within an electric
field, charge migration is induced on the material causing a
dipole moment with a net positive charge on one side and
an a net negative charge on the reverse side. The electric field
will act to pull the positive charge in one direction and the
negative charge in the reverse direction. In the case of a uni-
form electric field, these two forces are balanced and the ob-
ject experiences no net force. However, if the field is non-
uniform, the forces will be out of balance and the object will
experience a net force [25] - using this force imbalance to de-
posit material in a desired location is the basis of
dielectrophoresis.

2.1. The dipole approximation

If we assume that the presence of the dipole does not alter the
field and that the length of the dipole is much less than the
characteristic dimension of the field uniformity (the dipole
approximation - Assumption 1), we can drop higher order
terms and arrive at the familiar expressions for a dipole in
an electric field [25,26]:

p=qd (1)

?dipole = ?d = Q(a ) V_‘)E‘(?) = (ﬁ . V_‘)E:(?) (2)

where p is the dipole, d is the vector describing the separation
of the charges of magnitude q in the dipole (pointing from
negative to positive charge), E is the electric field and F is
the force the dipole experiences due to the applied electric
field. What is immediately apparent is that the theory pre-
dicts that only an electric field gradient results in a net force
on the dipole. Further, since strength of the induced dipole is
proportional to the strength of the externally applied electric
field, the force is a function of VE? and, therefore, is indepen-
dent of field direction and can be driven by either DC or AC
fields [27].

2.2.  The Rayleigh electrostatic and the uniform internal
field approximations

A more complicated model is necessary to consider non-point
objects, like CNTs, in a medium. The common approach is to
model the CNTs as slender prolate ellipsoids and to use the

Rayleigh electrostatics approximation [28]; the key assump-
tions are that the CNTs are small compared to the spatial
change of the electric field, | VE > lent | VVE |, where Ig,; is
the length of the CNT (Assumption 2), and that the induced
field internal to the CNTs is uniform (Assumption 3) [27].
Then the magnitude of the dipole moment of the CNT can
be determined using [26-28]:

Pt = chllmE : ﬁ (3)

where V, is the volume of the CNT, ¢, is the permittivity of
the medium, P = Re[K']iii + Re[K"] (I - il is the polarizabil-
ity tensor, i is the unit vector along the CNT axis, Tis the iden-
tity tensor, and Re [K'] are the real parts of the axial (or
parallel) and radial (or perpendicular) Clausius-Mossotti
(CM) factors [27]. The CM factors depend on the differences
between the complex permittivities of particle material
(CNTs) and the medium, and are given for prolate ellipsoids
by [27]:
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where LI are depolarization factors dependent on geometry.
Since CNTs are modeled geometrically to be prolate ellipsoids
with high aspect ratios, for this case the depolarization fac-
tors are written as [26]:
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where 1., is the CNT radius. As expected, the CNTs are more
polarizable along the longer axis of the ellipsoid. It is impor-
tant that the permittivities of the materials are frequency-
dependent in AC fields because the charges must move and
dissipate energy; this dependence is written as [27,29]:

s*(w):afi% (7)

where o =2xf is the angular frequency of the AC field. The
CNTs are assumed to be a homogeneous material with the
same &qne and oy for both CM factors because the anisotropy
in the dielectric constants is negligible [27]. Further, &, and
ocne are treated as being independent of frequency, since the
values should only begin to deviate from their DC values in
the THz range [30].

The result is the CM factors have frequency dependence in
both magnitude and phase. The phase angle represents a lag
in the induced dipole relative to the changing external field
due to a finite charging time [27]. The build-up and decay time
are expressed by the Maxwell-Wagner relaxation time con-
stant [26]:
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Here wc represents the critical frequency at which the
charge within the medium can no longer keep pace with
the switching of the AC field, causing a reduction in the dipole
moment; for CNTs, the critical frequency of the axial direc-
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tion is what matters. Note that it is possible for the CM factors
to be or become negative in certain situations. If conditions
are such that the particle is more polarizable than the med-
ium, the CM factors are positive and the DEP force pushes
the particle to regions of higher electric fields in a process
called positive dielectrophoresis. If the medium is more polar-
izable, the CM factors are negative and the particle is pushed
to the weaker regions of electric field; this is called negative
dielectrophoresis [25].

We can consider the time-averaged force on the CNTs as
well. The time-averaged force on a tube aligned with the field
lines can be given by [29]:

(Fpep) = %nrfmlmste (xhv | EP (10)

This expression makes explicit that the force the CNT feels
should be proportional to the gradient of the field strength
and the CM factor and, therefore, has a dependence on fre-
quency which predicts the force will drop off quickly above
the critical frequency, wc. The idea that the average force is
proportional to the CM factor is extremely important and will
be returned to later in this report. A diagram of a dipole in-
duced in a prolate ellipsoid by a non-uniform electric field is
shown in Fig. 1. The instantaneous force vector on the CNT
is shown as Fpgp = ﬁ + ?,, where ﬁ and F_ are the instanta-
neous force vectors between the electrodes and the electro-
static poles on the CNT as shown.

3. Experimental procedure

Dielectrophoretic deposition was performed with two types of
electrode geometries, (1) large, flat planar electrodes and (2)
long, slender microelectrodes. The planar electrode DEP
experiments took used a WAVETEK Sweep Generator model
22 as the AC electric field source; the microelectrode DEP
experiments used a Tektronix TM502A as the AC electric field
source (sinusoidal). In both cases, the waveform frequency

F

and magnitude were verified by an oscilloscope before using
them for DEP, then the generator was connected to two tung-
sten microprobes used to contact the electrodes. The electric
fields were always turned on before the drop of suspension
was placed on the gap, and were turned off 5 s after the drop
of solution looked completely evaporated under the optical
microscope. All experiments were conducted using thermal
chemical vapor deposition (T-CVD) and plasma-enhanced
chemical vapor deposition (PE-CVD) grown MWCNTs made
in-house, the details of which can be found in references
[31] and [32], respectively. Briefly, PE-CVD tubes are short with
a relatively low aspect ratio (3 pumx50nm) while T-CVD
grown MWCNTs are longer and thinner (13 pm x 20-30 nm)
and, as a result, tend to be tangled and difficult to separate
in solution. Because the PE-CVD tubes are easier to disperse,
they are tested first, while the T-CVD MWCNTs are to be used
in the final devices, but offer a greater challenge due to their
tendency to tangle. Results were observed using a Hitachi
S4700 field-emission scanning electron microscope (SEM).
MWCNT solutions were made by removing the tubes from
the growth substrate by scalpel, and placing them in 200 proof
ethanol where they undergo ultrasonication.

4. Results and discussion

4.1. Flat electrode gaps

Initial experiments utilized the simple geometry of a flat gap
between large planar electrodes for MWCNT deposition. Elec-
trodes were patterned on glass substrates by pulsed laser
deposition (PLD) of an iron film to a thickness of 50 nm. The
gaps of roughly 1 pm were made by focused ion beam (FIB)
milling. MWCNT dispersions were made from MWCNTSs
grown by the PE-CVD process [32], grown directly on the cat-
alyst-film coated substrates. After growth, the 3.85mm?
growth region was removed and placed in ethanol for disper-
sion to a density of roughly 108 MWCNTs per mL. The suspen-

Fig. 1 - A CNT (modeled as a single dipole in a prolate ellipsoid) in the electric field between two charged electrodes.
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Fig. 2 - MWCNT deposition with varying sinusoidal AC voltage. Frequency was kept fixed at 2 MHz. The density of MWCNTSs
in the gap increases with increasing applied voltage.
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Fig. 3 - MWCNT deposition with varying sinusoidal AC frequency. Voltage was kept fixed at 20 V,,,.. (a) At low frequency
(50 Hz) the deposition is sporadic and contains a high level of impurities in the gap region (inset). (b to d) Density of deposited
tubes peaks at 2 kHz, then decreases with increasing frequency through 10 MHz; there are little to no impurities deposited in
the region of interest.
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sion was placed in an ultrasonication bath for 2 h to facilitate
dispersion.

Deposition was performed by turning on the AC field and
applying a 40 pL drop of the ethanol/MWCNT dispersion di-
rectly to the gap, giving it time to completely dry before the
applied field is turned off. In order to observe the effect of ap-
plied field strength, the frequency was fixed to 2 MHz while
varying the voltage from 3 to 22 V,;;; Fig. 2 shows the results
of this test. Clearly the density (number of MWCNTS per unit
length of the electrode gap) of tubes increases along with
increasing field strength. Alignment is generally good with
no apparent dependence on the field strength. Field strength
is, therefore, one method of controlling the spacing between
MWCNTs, which is important for the fabrication of density-
dependent parallel nanoelectronic devices.

Next, the voltage was held at 20 V,, and the frequency var-
ied in order to study the effects of AC frequency on DEP; the
results are shown in Fig. 3. Low frequencies (a) 50 Hz showed
the MWCNTs clumping on the gap with little to no alignment.
Increasing the field to higher frequencies (b) 2kHz and (c)
2 MHz showed increased alignment and higher density than
the clumps seen at 50 Hz. At (d) 10 MHz, the MWCNTs show
alignment, but a remarkably lower density; the bundles of
tubes are farther apart and contain fewer tubes per bundle.
This shows that the degree of alignment and MWCNT density
can be tuned by controlling the AC frequency of the applied
field.

All results were reproduced and confirmed by DEP with
CNTs grown by T-CVD processes as well. For example, the
tendency of the MWCNT density to decrease once the AC fre-
quency has passed a critical frequency is shown in Fig. 4 for
thermally grown MWCNTs (with a gap of ~40 um). Here a
20 Vpp field was used and clearly shows better alignment
and lower density at 5 MHz than 3 MHz. As the gap is bigger
than the length of these CNTs, once a tube touches an elec-
trode, it acquires the potential of the electrode and can attract
other MWCNTs to itself, leading to the chains observed by the
SEM.

One aspect of the results is simple to determine: since
higher electric fields result in higher field-induced forces on
the CNTs, higher electric field yields a higher density of ori-
ented tubes. The MWCNTSs feel more force and are able to
reach the deposition region before the solution evaporates.

However, from the data it is clear that deposited MWCNT den-
sity rises, peaks and falls with increasing frequency, which is
not as straightforward to understand. Going back to the the-
ory, we must look to the CM factor, proportional to the
time-averaged force, which indicates the there should be a fall
as frequency increases beyond wc. This happens because the
response of the electrons in the MWCNTSs can no longer keep
pace with the oscillating AC field and as a result the maxi-
mum induced dipole moment shrinks. Smaller induced di-
pole means lower force, so the MWCNTs do not have
enough time before solution evaporation to reach the gap in
the numbers they could below the critical frequency. How-
ever, the CM factor cannot explain why at low frequency the
CNTs are present in lower numbers.

We believe the poor alignment and low density of depos-
ited MWCNTs is best explained by the formation of an electri-
cal double-layer forming near the electrode surfaces. Trace
impurities exist in the ethanol, and others may have been
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Fig. 5 - Plot of the real part of the CM factor for CNTs of the
aspect ratio of the in-house T-CVD MWCNTSs. The CM factor
predicts no perceptible drop in time-averaged dipole force
over the frequencies investigated, in contrast with
experimental results.

Fig. 4 - Effect of varying the frequency on thermal-CVD grown MWCNTs. The T-CVD tubes experience the same trend of
decreasing density with increasing field strength as the PE-CVD tubes.
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incorporated into the ethanol during the sonication process,
though not to the extent that would inhibit the DEP mecha-
nism. As a voltage is applied, these trace ions and molecules
with induced dipoles move to the surface of the electrode.
Specifically adsorbed particles form what is referred to as
the inner Helmholtz plane on the surface [33]. Beyond the in-
ner Helmholtz plane is a layer of diffuse attracted molecules
called the outer Helmholtz plane [33]. If a double-layer is gi-
ven time to form, it can screen nearly all of the applied volt-
age [33-35]. However, formation of the double-layer takes
time - the effect we see is due to this finite charging time.
When the switching of electrode polarity is very slow, such
as in the 50 Hz range, the double-layer has time to form and
greatly screens the electric potential. As the AC frequency in-

S4700 10.0kV 14.2mm x10.0k SE(U)

e U L 0 S AR (e 5
S4700 10.0kV 14.3mm x10.0k SE(V) 5.00um

creases, the double-layer becomes less and less well formed
until we reach a frequency beyond which it has insufficient
time to form and no longer screens the electric field [33-35];
from this point on the effect of the CM factor dominates
MWCNT deposition density.

One last observed frequency-dependent phenomenon is
that of contamination. At 50 Hz, Fig. 3(a, inset), it is clear there
are large amounts of impurities gathered in the gap and coat-
ing the MWCNTs, but this effect is notably absent at higher
frequencies. The answer to this goes back to the CM factors
for the contaminant particles. The MWCNTs always have po-
sitive CM factors because their semi-metallic nature makes
them much more polarizable than the solvent (ethanol) they
are deposited in. This is not necessarily true for contami-
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S4700 10.0kV 14.3mm x30.0k SE(V) 1.00um

Fig. 6 - Effect of frequency for dielectrophoretic deposition of PE-CVD grown MWCNTSs without surfactants. Voltage was held
at 30 V.. (a and b) Deposition at 50 Hz shows little deposition and a very localized accumulation of impurities. (c and d)
Deposition at 2 kHz is extremely dense with no impurities in the region of interest. (e and f) Deposition at 2 MHz is

significantly less than at 2 kHz.
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nants, some of which can be more polarized than the solvent
at low frequency, but as frequency increases can quickly pass
their critical frequency and become less polarized than the
solution, beginning to experience negative dielectrophoresis.
Therefore, at higher frequencies the impurities move to the
areas of lowest field strength, leaving the areas of interest
clean. Apparently the detected impurities have higher dielec-
tric properties than the MWCNTs and are likely amorphous
particles.

4.2.  Clausius-Mossotti factor predictions

So far the CM factor has been discussed qualitatively in terms
of how it relates to the results of the deposition — but how
does it compare quantitatively? A calculation for the CM fac-
tor of our MWCNTSs was carried out using the following val-
ues: e =8.854 x 108 F/m [36], ethanol = 2.1516 x 107° F/m
[37], 0ot =2.221 x 10* S/m [38] and oemano = 1.3. x 1077 S/m
[39] with dimensions equal to the T-CVD grown MWCNTs,
r=0.02 um and I =13 um. Fig. 5 shows the resulting predic-
tions of the CM model, which indicate the time-averaged
force, should be roughly constant over the frequencies inves-
tigated. In fact, the critical frequency predicted is
f~5x10°Hz, well above the observed frequencies over
which force (and density) begin to fall (for I = 2 um, the critical
frequency prediction is still on the order of 10° Hz).

That the theory does not match our observation is not sur-
prising. Since in our experiments the MWCNTs are meant to
lay entirely across the electrode gaps, all three numbered
assumptions mentioned earlier are violated, including the
assumption that there is only a single dipole. Therefore, the
theory that depends on them cannot accurately apply to the
experiments we carry out. In addition, it has also been re-
ported that the situation is far more complex than the theory
currently accounts for. For example, the substrate plays a role
in dielectrophoresis and, for surfactant-free deposition as
conducted here, the solvated molecules affect the dielectric
permittivity of the MWCNTSs [40], so we know the model is
not sufficiently complete. However, the basic trend predicted
and explained by the CM factor is still present. We observe
that density of deposited MWCNTSs decreases with increasing
frequency, only the threshold has changed. Voltage can be re-
lied upon to modulate density since the effect is straightfor-

ST R
50.0u

$4700 1.0kV 13.7mm %700 SI m

ward. In short, we have experimentally determined that DEP
force (CM factor) will reduce at the frequency range of MHz,
which is lower that the predicted GHz range. Yet knowing that
the situation is more complex than our ability to predict, the
question remains: will we be able to tune the density of
deposited MWCNTSs within the same frequency range when
the geometry is changed from simple planar electrodes to
more geometrically complex microelectrode fingers?

4.3.  Microelectrode fingers

The next goal was to see if we could extend the frequency
dependence result to small gaps (about 2 um) that are not
long channels as before, but between arrays of thin “fingers.”
The microelectrode fingers are 250 nm thick Ni films pat-
terned using photolithography techniques coupled with plas-
ma sputtering; the substrate is p-type silicon with a 120 nm
SiO, layer. Initial MWCNT solutions were made using the
PE-CVD grown tubes. The entire 3.85 mm? growth area was
dispersed into 50 mL of ethanol by immersing the growth sub-
strate into the solution during ultrasonication. The ultrasoni-
cating bath was continued for 2 h to facilitate unbundling of
the MWCNTs, though the tubes are still partially bundled. Be-
fore DEP, the solution was re-sonicated for 30 s before each
deposition. A wave generator and a microprobe station com-
pleted the external circuit, starting the AC field before the
introducing the solution. A 10 uL biological syringe was used
to place a roughly 5 pL drop of the MWCNT-ethanol solution
directly on the pattern and allowed to dry before the AC field
was turned off.

Fig. 6 shows the representative results for varying the elec-
tric field from (a-b) S0 Hz to (c-d) 2kHz to (e-f) 2 MHz with
30 Vpp applied. Fig. 6(b) shows that for very low field frequen-
cies almost no MWCNTs are deposited preferentially to the
gap. However, a short range deposition of contamination
can be seen. At such low frequency the impurity particles
experience positive DEP, but the electrical double-layer keeps
the force relatively weak and therefore results in only local
contamination. The double-layer is responsible for the lack
of MWCNT deposition as well; this is consistent with our pre-
vious results for the flat electrode gap. In Fig. 6(d) it is clear
that 2 kHz shows a massive deposition of MWCNTs making
parallel connections between the fingers. Fig. 6(f) demon-

01 KSR SRS AN
10.0um

Fig. 7 - (a) Below 2.75 h of sonication, the MWCNTSs remain in large tangles. (b) At 3.5 h and above the majority of tubes are

broken into fragments too small to span the gap.
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strates that there is still a critical frequency above which the
DEP force falls off quickly. This means the critical frequency is
still well within our frequency range, even with the new
geometry. We can, therefore, use frequency as a tool to
tune the amount of deposition between the microelectrode
fingers.

4.4.  Surfactant-free deposition of T-CVD MWCNTSs

While we have demonstrated the tunability of deposited
MWCNTs by voltage and frequency, the PE-CVD tubes were
too short for the 2 ym gap and were still clumped. Further
work has resulted in the ability to reach our goal of surfac-
tant-free deposition of MWCNTSs spanning the gap entirely,
and performed using T-CVD grown MWCNTSs. In order to do
this, a method had to be found to disperse the long, flexible
and difficult to disentangle MWCNTSs. Most reported work dis-
cussed the issue of dispersion in minimal detail [41-43].

Our investigation has shown there is a small window for
which T-CVD grown MWCNTs in ethanol can be well dis-
persed without surfactants and without prohibitive amounts
of breakage. A growth region of ~16 mm? is put into 20 mL
of 200 proof ethanol to form the solution; the MWCNT con-
centration is estimated to be 0.56 mg/mL. Ultrasonication
using a Sonics Vibra-Cell ultrasonicator for 3 h at 80% ampli-
tude results in the desired solution. The quality dispersion
window is about 45 min wide, below 2.75 h the tubes are still
very tangled and clumped, and at 3.5h and above the tubes
have broken too much into smaller pieces, hindering their
ability to span the gap. Examples of under- and over-soni-
cated are shown in Fig. 7(a) and (b), respectively. As shown
in Fig. 7(b), some longer CNTs were occasionally deposited be-
yond the gap region, which may be avoided by centrifuge the
nanotubes suspension.

It appears the dispersion is a two-step process. First is the
untangling in which smaller bundles of tubes are freed from

(a) 30

S4700 2.0k 15.9mm x5.00k SE(U)

V. 2 kHz

i
|

Vgt
10 0um S4700 2 0KV 13 Tmm x5 00k SE(U)

165,00k SEIU)

Fig. 8 - Representative SEM micrographs of dielectrophoretic deposition of T-CVD grown MWCNTs without the aid of
surfactants showing the effects of field strength and frequency. Optimum deposition takes place at (a) 30 V;,, at 2 kHz. By
either lowering the field strength to (b) 3 V,;, or raising the frequency to (c) 2 MHz, the deposition results in most gaps
exhibiting single or few MWCNT connections. If the frequency is raised to 2 MHz and the voltage dropped to 3V,

simultaneously (d), the deposition has been reduced to none.
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Fig. 9 — Current-voltage characteristics of thermal-CVD grown MWCNTSs deposited between 20 and 40 nm Cr/Au

nanoelectrode fingers at 30 V,;,, 2 kHz.

the greater tangle of MWCNTs, after which begins the unbun-
dling. Because the tubes in large tangles are not as free to vi-
brate, they do not break even over several hours of
ultrasonication time, until they have untangled. The subse-
quent unbundling process appears to take place much more
quickly. Previous experiments indicate that if the MWCNT
density in the solution is not low enough, there will never
be a phase in which the majority of tubes are untangled
and unbroken.

Two things must be noted. First, the optimal ultrasonica-
tion time is entirely dependent on the density of the solution
- longer times are necessary for higher densities, though
there seems to be a maximum density above which good
unbroken dispersions are impossible. Second, the solution
must never be allowed to rest. Once ultrasonication stops,
the tubes immediately begin to re-aggregate, so they must
be used immediately. Solutions must be made fresh or resoni-
cating the solution will result in over-sonication and a large
percentage of broken tubes.

This dispersion technique was used to prepare a solution
for dielectrophoretic deposition of T-CVD MWCNTs, the re-
sults of which are shown in Fig. 8; frequencies of 50 Hz were
not repeated because they are undesirable for use. Maximum
deposition takes place at (a) 30 V;, at 2 kHz. By either lower-
ing the field strength to (b) 3 V,,, or raising the frequency to
(c) 2 MHz, the deposition is tuned such that most gaps contain
single or few MWCNT connections between electrodes,
though ~10% do not have a connection. Preliminary data sug-

gests that for those that do have connections, roughly 1/3 are
single connections and the remaining 2/3 are few (2-4) con-
nections. If the frequency is raised to 2 MHz and the voltage
dropped to 3 V,,, simultaneously (d), the deposition has been
reduced to none. It should be noted that we have found that
the same tunability is not limited to Ni electrode systems,
but can be demonstrated using dual-layer Cr/Au electrodes;
example I-V characteristics of thermal-CVvD MWCNTSs depos-
ited in this manner are shown in Fig. 9. The resistance of the
deposited MWCNTs is estimated as ~0.60 MQ by assuming a
linear I-V relation.

Finally, we have reached our desired result of clean, sur-
factant-free deposition of MWCNTs connecting electrodes
with density tunable by two parameters: AC field strength
and AC field frequency. We believe that our result will be use-
ful for future application of MWCNTs in devices that require
minimal contamination.

5. Summary

Though the formalism used to derive the CM factors contain
several assumption that are explicitly violated by the goals of
placing MWCNTs across gaps between electrodes, it has been
shown that their qualitative predictions still hold - frequency,
as well as field strength, can be used to tune the density of
deposited MWCNTSs. Experimentally, we found that the den-
sity of dielectrophoretically deposited MWCNTs drops dra-
matically as the frequency moves from 2 kHz to 2 MHz for
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both planar electrode gaps and microelectrode finger gaps.
This frequency range is much lower than the critical fre-
quency (f ~ 5 x 10° Hz) predicted by the CM factors. Further,
we have demonstrated T-CVD grown MWCNTSs, extremely dif-
ficult to disperse, can be dispersed into ethanol without the
aid of surfactants via a small window after 3 h of ultrasonica-
tion that untangles and unbundles the MWCNTs, but leaves
them long enough to span the electrode gaps. Combining
these techniques allows clean, surfactant-free MWCNT con-
nections of controllable density between electrodes.
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