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ontrolled positioning is one of the

most significant hurdles in the ap-

plication of carbon nanotubes
(CNTs).' * Chemical vapor deposition (CVD),
involving the decomposition of a carbon
source over a catalyst particle, overcomes
this drawback by a priori control of the nan-
otube growth site, when catalyst position-
ing is possible on the device structure.’
However, devices rarely tolerate the typical
CVD growth temperatures, and the synthe-
sis of high quality CVD CNTs at low temper-
ature remains a subject of intensive re-
search. Although significant progresses
have been achieved in the optimization of
the CVD process in terms of product
quality,%” catalytically grown CNTs still ex-
hibit high density of structural defects,®
which make them inappropriate for several
applications, in particular those involving
individual CNTs. In contrast, arc discharge
(AD) sublimation or laser ablation of graph-
ite allows high quality CNT synthesis® with
defect-free structures. AD-grown CNTs of-
ten exhibit exceptional properties, close to
the ones predicted by theory.'® Therefore,
they are of particular interest for the con-
struction of device prototypes despite the
fact that only a small quantity is available.
Nevertheless, CNT handling is difficult as
AD-synthesis methods do not allow grow-
ing CNTs directly on a device. Moreover,
AD-grown CNTs require several subsequent
purification and dispersion steps resulting
in a CNTs suspension. Therefore, the biggest
challenge is to controllably deposit indi-
vidual CNTs on substrates out of colloidal
solutions of AD-grown CNTs at specific de-
vice locations.
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ABSTRACT We demonstrate the ability to precisely control the deposition of a defined number of carbon

nanotubes (CNTs) from solution onto microfabricated electrodes using dielectrophoresis. The solvation shell

around the CNTs, exhibiting a high dielectric constant which is possibly larger than the intrinsic dielectric constant

of CNTs, is found to play a crucial role in electrophoretic processes. Substrate resistivity is also very important:

The spatial repartition of the electric field between the substrate and the microelectrodes leads to deviations from

the precise location of the CNTs. A recipe is given for the dielectrophoresis of CNTs which can be extended to

other nanowires or nanotubes.

Different methods exist to deposit CNTs
on a surface; the most intuitive approach is
to place a drop of suspension and wait for
the solvent evaporation. This method has
recently been improved by the so-called
“boil deposition”" which avoids agglomera-
tion by boiling the solvent during the dry-
ing step. A second method consists of sur-
face modification combined with dip
coating which allows positioning and orien-
tation of CNT arrays.'? Unfortunately, both
methods do not provide the possibility to
precisely position individual CNTs. Nanoma-
nipulation using a scanning probe micro-
scope makes the precise placement and the
realization of individual nanodevices pos-
sible;'* however, this low-scale and highly
time-consuming process does not afford
wafer-range applications. A promising tech-
nique for mass-scale assembly of individual
CNTs is the microelectrode dielectrophore-
sis (DEP) which allows controlling deposi-
tion of CNTs from colloidal solutions.'* DEP
deposition yields CNTs in contact with elec-
trodes which makes the method particu-
larly suitable for the application of CNTs as
electronic devices.

Described simply, a drop of CNT solu-
tion is applied over a pair of opposing
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microelectrodes between which an AC voltage is ap-
plied, attracting CNTs to the electrode boundaries,
where they stay after the solvent dries up. Depending
on the electrode geometry and the nanotube length, a
CNT may bridge the electrode pair. Previous works have
studied the effects of CNT chirality,’ AC/DC voltage
level and signal frequency,'® as well as the electrode ge-
ometry.'* Despite these numerous studies, the role of
solvent and the interaction of solvent molecules with
CNTs as well as the electric coupling, which appears be-
tween the substrate and the electrodes, have been
overlooked so far. In this work, we demonstrate that
both the solvent and the substrate are the major play-
ers in the dielectrophoresis of CNTs. More specifically,
the dielectric permittivity of the CNT solvation shell and
the pattern of the electric field as dictated by the sub-
strate resistivity lead to qualitative and quantitative dif-
ferences in the DEP results. We also present the experi-
mental parameters that lead to single-CNT bridging of
electrode pairs.

Multiwalled CNTs were produced by AD. De-
tailed information on the production process is re-
ported elsewhere.'”'® CNTs are high quality materi-
als with low defect density as detailed Raman
scattering spectroscopy revealed.' Scanning elec-
tron micrographs of AD multiwalled CNTs (MWCNTSs)
revealed a tube length of 200—4000 nm (see Sup-
porting Information, Figure S1). CNTs were dispersed
in three different solvents to prepare colloidal solu-
tions: deionized water, isopropyl alcohol (IPA), and
cyclohexanone. These solvents have been frequently
used in the literature in order to prepare CNTs sus-
pensions. In 100 mL of each solvent, 0.2 mg of CNT
powder was dispersed using an ultrasonic finger."
The proper and damage-free dispersion of individual
CNTs was verified by scanning electron microscopy
(SEM) study of boiled-off deposits prepared after the
DEP experiments. Colloidal stability of the prepared
CNT solutions was monitored through optical ab-
sorption measurements; agglomeration results in a
decrease of optical absorption. All these surfactant-
free solutions were stable for the time frames rel-
evant to the DEP experiments, confirmed by high
and stable optical absorption for at least 20 min af-
ter sonication (see Supporting Information, Figure
S2).

Microelectrode pairs of 2 um gaps were fabricated
by photolithography and lift-off on different substrates:
silicon (Si) wafers with different thicknesses of ther-
mally grown oxide layer, quartz, glass, and GaAs. DEP
was carried out on the patterned substrates, each
within a few minutes after sonication. A 100 L drop
of CNT solution was deposited over 20 electrode pairs
(see Supporting Information, S3), while Vior (being the
sum of equal amplitude of DC (Vpc) and AC rms value
(Vac, f = 1 MHz) voltages) was applied. Using equal val-
ues of Vpc and Ve (rms) amplitudes was found to give
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Figure 1. Statistics of electrode connection yield after di-
electrophoresis of CNTs dispersed in cyclohexanone, water,
and IPA solvents: 2 Vior was applied on silicon wafer with 2
m of oxide layer. Electrode connection yield was measured
over 20 electrode pairs for each solvent. Representative
SEM micrographs are presented for each solvent with a scale
bar of 5 pwm. Error bars represent 1 SD of the measurement
results.

optimal results.'® The drop was left for 2 minutes, and
the substrates were then thoroughly dried with a
stream of nitrogen gas.

The resulting deposits were studied by SEM. In
particular, the number of connected electrodes was
counted in order to determine the yield. Results of
DEP carried out with different solvents are summa-
rized in Figure 1. As the statistics show, water- and
IPA-based CNT solutions reveal high probability of
“success”: the majority of electrode pairs are bridged
by CNTs. In contrast, the cyclohexanone-based solu-
tion shows a significantly lower yield. All CNT solu-
tions had nearly identical concentration of dispersed
CNTs, as verified by optical absorption measure-
ments and boiled-off deposit studies. Other experi-
mental parameters such as the substrate and the ap-
plied voltage were kept constant. Consequently,
the differences in yield have to be attributed solely
to the solvent effect.

For CNT solutions containing low-conductivity sol-
vent and neutral pH, the dielectrophoretic force ex-
erted on a tube with its major axis parallel to an inho-
mogeneous alternating electric field is described by the
following equation:

EENT &
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where VE is the average gradient of the electric field
over the volume of the nanotube; &yt and &%, are the
complex dielectric constant of the CNTs and of the sol-
vent, respectively. The depolarization factor L is of the
order of 10~ for a CNT with a diameter of 5 nm and a
length of 1 um."®

A net force F appears when the dielectric constants
of the nanotube and of the solvent are different. The di-
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electric constants of the solvents em-
ployed here are 16.1 (cyclohexanone),
20.18 (IPA), and 78.36 (water).?° Hence,
the solvent-derived yield differences in
the DEP dielectrophoretic experiments, as
presented in Figure 1, cannot be explained
by the DEP standard approach based on
the difference between the CNT and the
solvent dielectric permittivity.?' For
surfactant-free suspension, the first layers
of solvent molecules ordered on the CNTs
surface, the solvation shell, induce a local
modification of the dielectric permittivity.

Figure 2. Arrangement of solvent molecules on a graphitic surface which is similar to
CNT surface for (a) water, (b) IPA, and (c) cyclohexanone when an electric field E is ap-
plied. The hydrogen atoms bonded to the carbon atoms are not shown; black, red, and
white balls represent carbon, oxygen, and hydrogen atoms, respectively. The small green
arrows represent the direction of the dipole moment aligned in the electric field direc-
tion for water and IPA and the respective alignment of the molecule for cyclohexanone.
The number of molecules per carbon cycles corresponds to calculated value from ref 24 for

For water-based CNT solutions, calcula-
tions reveal that water molecules are
aligned tangential to the CNT surface,? to
minimize the surface and electrostatic energies.”2 How-
ever, the interaction between water and graphitic struc-
tures is generally weak: The calculated water adsorp-
tion energy on graphite surfaces is about 3 kcal/mol.2*
Therefore, the dipole moments of the solvation shell,
based on freely rotating water molecules, can align
along the direction of the applied electric field (Figure.
2a). This induces a dielectric permittivity of the solvation
shell along the CNT axis. The maximum dipole mo-
ment of the first water molecules layer of the solvation
shell is about 500kD per micrometer length of a 5 nm-
diameter CNT when all water molecules are aligned
along the electric field direction. On the other hand,
metallic nanotubes have been predicted to have infi-
nite permittivity, but the finite length and the presence
of defects effectively lead to a finite permittivity.?>2°
The polarizability of a 1 wm length CNT is calculated to
be about 530 kD for an electric field of 1 V/um. Conse-
quently, when all water molecules are aligned along the
electric field, the dipole moment of the solvation shell
is contributing to the DEP force by the same amount as
does the dipole moment of the CNT itself.

The adsorption energy of IPA molecules on
graphite is much higher than that of water mol-
ecules. However, the dipole moment is parallel to
the O—H bond of the molecule. The sp? hybridiza-
tion of carbon, to which the OH group is attached, al-
lows the dipole moment to freely rotate (Figure
2b). Therefore, the dipole moment of the IPA solva-
tion shell - considering the dipole moment of IPA,%®
and the number of adsorbed IPA molecules per unit
length of CNTs?’ - is about the same order of magni-
tude as that of the solvation shell of water; the lat-
ter being larger than the dipole moment of the CNTs.
Consequently, the dielectric permittivity of the IPA
solvation shell along the CNT axis is approximately
as large as that of the water solvation shell. There-
fore, the DEP forces applied to the MWCNTSs solvated
by water or IPA are similar resulting in comparable
yield of connected electrodes (Figure 1).
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water and ref 27 for IPA and cyclohexanone.

For cyclohexanone, the adsorption energy on CNTs
is as high as for IPA.?” Nevertheless, the dipole mo-
ment of the cyclohexanone molecule is pointing along
the carbonyl ((=0) group. The ketone molecule being
cyclic and the C of the carbonyl group being sp? hybrid-
ized, the dipole moment of cyclohexanone molecules
adsorbed on CNTs cannot freely rotate and therefore
cannot align along the dielectric field (Figure 2c). There-
fore, the dielectric permittivity of the cyclohexanone
solvation shell cannot significantly contribute to the
DEP force applied, and the yield of DEP experiments is
low. Consequently, the dielectric constant of the solva-
tion shell must be included into the force calculations,
in addition to the dielectric constant of CNTs, in order to
take the solvent effect correctly into account. Thus, the
dielectrophoretic force thus becomes:

* — *
ECNT+5s — €m
*

nd
Forp = ——¢_SPel
o g ™ (8; + (ednriss — EmL

)VE2 )

where (g¥s..cn7) is the complex dielectric constant of
the solvated CNTs.

For the present work, pristine nanotubes dis-
persed in solvents have been studied. However,
chemically modified, functionalized CNTs (with po-
larizable functional groups) are expected to signifi-
cantly affect the polarizability of CNTs and, conse-
quently, the dielectrophoresis yield. This will be the
subject of future studies.

In the microelectrode DEP of CNTs, the goal is of-
ten to have a defined number of CNTs bridging the
electrode gap (one or more). Having uniform CNT
deposits around the whole electrode is not desir-
able. The degree of deposits can be quantified with
the “bridge-to-deposit ratio”, which describes the ra-
tio between the substrate area between an elec-
trode pair (green ellipses in Figure 3) and the total
substrate area covered by CNT deposits. This bridge-
to-deposit ratio is 1 when all deposited CNTs bridge
an electrode pair and ~0 when CNTs are deposited
uniformly around the electrodes without connecting
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Figure 3. Bridge-to-deposit ratio (area between elec-
trodes, green ellipses, over area covered by CNTs) around
microelectrode pairs obtained for substrates covered
with SiO; layer and for 500 um thick quartz substrate. Ra-
tios were measured over 20 electrode pairs used for di-
electrophoresis from CNTs suspended in IPA. Representa-
tive SEM micrographs are presented for each solvent.
Scale bar is 10 pum. Error bars represent 1 SD of the mea-
surement results.

the electrodes. We found that the dielectric layer
thickness and substrate resistivity are important fac-
tors for the resulting deposit pattern. On Si sub-
strates with a thin oxide layer of 200 nm, the unde-
sirable pattern with uniform-deposit was observed,
whereas Si substrates with a thick oxide layer of 2
pm resulted in a pattern with high degree of
bridging-deposits. The best results were obtained
for 500 wm thick quartz substrates (Figure 3). Ideal
bridging deposits were also obtained with GaAs and
glass substrates.
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The effect of the substrate on the bridge-to-
deposit ratio can be explained by calculating the
pattern of the electric field around the microelec-
trode pairs (Figure 4). Finite element simulations
were performed on the basis of (i) 50 nm thick gold
electrodes deposited on top of 200 nm SiO, sup-
ported by a silicon substrate (10 S/m) (see Figure
4a,b) and (ii) a quartz substrate (500 wm thick, 107
S/m) (see Figure 4d,e). In Figure 4 panels a and d,
the electrodes are separated by a 1 um wide gap
(marked by A—A’ in the SEM image), and the elec-
trodes in Figure 4 panels b and e represent the side
of a single electrode (marked by B—B’ in the SEM im-
age). The silicon substrate and one electrode of the
microelectrode pair are fixed at the electric ground
level (the silicon substrate is grounded through the
sample holder, and the electrode is grounded
through the function generator). Even if an insulat-
ing layer exists between the electrodes and the sub-
strate, the electric field shape still induces uniform
deposits around the ungrounded electrode if the ox-
ide is too thin (Figure 4c). The DEP force at the elec-
trode sides (Figure 4b) is found to be as high as be-
tween two electrodes for 200 nm of SiO, layer
(Figure 4a) on top of the 10 S/m silicon substrate.

In contrast, the DEP force is found to be almost neg-
ligible at the electrode sides when an insulating
quartz substrate is used (Figure 4e) leading to pref-
erential CNT placement between the two electrodes
(Figure 2 and Figure 4f).

Controlled positioning of CNTs by the DEP method
was found to be substrate independent when insulat-
ing substrates are used. Results obtained with insulat-
ing polymers like nylon, Teflon, PMMA, and PVC are

Figure 4. Finite element simulation of the gradient of the squared electric field, proportional to the DEP force, around gold
metallic electrodes (black squares) on top of a silicon wafer (10 S/m) coated with a 200 nm SiO, layer (a,b) or on 500 pm thick
quartz (d,e). The simulations correspond to cross sections taken at the points (A—A’ and B—B’) denoted by red lines in the
SEM micrographs (c,f) of CNTs attracted around the microelectrodes (top view) on the corresponding substrates. The colors
and the arrows represent the magnitude (in log scale) and the direction of the gradient of the squared electric field, respec-
tively. The electric field propagation into the insulating substrate, below the gold electrodes (d), is shown to enhance the

SiO, layer effect.
&) VOL. 4 = NO.1 = DUCHAMP ET AL.

www.acsnano.org



similar to the ones obtained on quartz, so that devices
could be fabricated in the future on flexible organic
substrates by means of the DEP process. Moreover, DEP
of CNTs can be achieved on highly conducting sub-
strates like doped Si or metals as long as a thick insulat-
ing layer is intercalated between the electrodes and
the substrate. As we see in the Figure 5, substrates
whose conductance is smaller than 1072 S/m do not
need an additional insulating layer. On the other hand,
substrates with conductance above 1 S/m need an ox-
ide layer thicker than 2 wm (twice the gap between the
electrodes), preferably 20 wm, to show high selectivity
of CNT placement. We notice that the electrical field
gradient between the nongrounded electrode and the
substrate is dramatically reduced (yielding an electric
field shape that induces bridging deposits) when a SiO,
layer as thin as 2 nm, typically used in the current sili-
con technology, is employed on top of 1 S/m Si. In the
intermediate conductivity range (between 1072 and 1
S/m), the insulating layer thickness required for a con-
trolled positioning of CNTs between the electrodes
strongly depends on the thickness of the dielectric (see
Supporting Information, S3)

After studying the solvent and substrate effects in
the DEP of CNTs, we now address the experimental pa-
rameters that lead to single-CNT bridging over micro-
electrode pairs. IPA-based CNT solution and silicon sub-
strate with 2 um oxide layer were used to achieve high
electrode connection yield. As the DEP force depends
on the square of the gradient field eq 2, the variation of
Vror modifies the size of the attraction region leading
to a variation of the number of attracted CNTs in a given
time. By adding 1 G() resistance in series with the elec-
trodes,® the bridging of the electrodes by CNTSs re-
duces immediately the voltage drop across the elec-
trodes, thus decreasing the DEP force and the
deposition rate. In this way, we can control the num-
ber of attracted CNTs by choosing the applied voltage
and the deposition time. Figure 6 shows the distribu-
tion of the number of attracted CNTs for three differ-
ent voltage values applied. For Vior = 0.7 V, 30% of the
microelectrode pairs attracted a single CNT and only
10% of the electrodes were left without CNTs, while the
rest (60%) attracted two or more CNTs. For Vior = 1V,
all the microelectrodes attracted at least one CNT, but
the majority (about 30%) yielded 3 CNTs.

In summary, our results demonstrate that the sol-
vent and substrate effects are crucial parameters in
the DEP of carbon nanotubes. Depending on the sol-
vent, the dielectric constant of the solvation shell is
often as important as the dielectric constant of the
CNT. Solvents having a low solvation shell dielectric
constant should be used when the aim of DEP is the
separation of conducting CNTs. The undesirable
“uniform deposits”, which represent a practical prob-
lem of DEP experiments in general, were found to
be caused by the deformation of the electric field
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Figure 5. Ratio between the DEP force between the electrodes (indi-
cated AA’ in Figure 3) and the lateral DEP force (indicated BB’ in Fig-
ure 4) as a function of Si substrate conductivity for various SiO, layer
thickness on top (given in nanometers on the graph). A high ratio
value indicates a DEP attraction favorable between electrodes and
high degree of control of CNT localization. For the transition values
of log(Faa/Fgs’), the attraction between the two electrodes (Faa)) and
between the substrate and the electrode (Fgg) are in competition. For
low values of SiO, thicknesses, the electric field is highly confined be-
tween the electrodes and the substrate which decreases the lateral
DEP force (see Supporting Information, S4).

due to the proximity of a low resistivity substrate.
Good insulators such as glass or quartz are suitable
as substrates for obtaining ideal “bridging deposits”.
Doped silicon substrates can be appropriate if an in-
sulating layer of sufficient thickness (at least twice
the interelectrode spacing) is grown on the sub-
strate under the electrodes. The solvent and sub-
strate effects have been exploited to obtain a reli-
able recipe for single-CNT bridging of
microelectrodes. We also obtained comparable
yields for ZnO, TiO,, and VO, nanowires (see Sup-

0 3 6 9

Number of CNTs attracted

Figure 6. Distribution of the number of CNTs attracted be-
tween the microelectrode pairs as a function of applied volt-
ages, Vror; 20 electrode pairs were measured for each volt-
age. Dielectrophoresis of CNTs dispersed in IPA was
performed on Si wafers coated with 2 um SiO,: (red) Vior =
0.7V, (blue) VTOT =1V, (ye"OW) VTOT =17V.
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porting Information, Table S1) indicating that these
results are not limited to CNTs but can be extended
to other nanowires and nanotubes. Consequently,
taking our observations into account, the DEP can
be reliably used for the controlled placement of
nano-objects on a large scale.
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