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terialsd in a regular and purposeful orientation to the sub-
strate. After the dispersion, the samples were characterized in
a field emission high-resolution scanning electron micro-
scopesFEI Sirion modeld. Of immediate notice is the drastic
morphological transformation that each individual tube un-
dergoes. Dispersion schemes that do not entail the shear
forces associated with the gas flow method tend to leave the
CNTs in a very twisted and curved state. Figures 2sad and
2sbd demonstrate the dramatic difference between tubes
without and with gas blow alignment, respectively. Notice
that all of the kinks and bends are removed with the gas blow
method sbd, leaving only straightened CNTs. It has been
shown that kinks and bends can lead to anomalous electron
transport behavior.8 Thus, to obtain the predicted and stable
electron transport sought from a CNT, the tube should be as
straight as possible. Results from other promising alignment
methods, i.e., dielectrophoresis, show tubes that, although
generally aligned, still have varying degrees of curvature
along the length of the tube that might interfere with electron
transport.9 It is well known how the growth process can
leave a CNT sample quite contaminated with catalyst par-
ticles and other undesirables.10 An important phenomenon
observed in this study is that the gas blow and the pressures

associated with the flowing fluids serve to displace unwanted
particles from the region of the aligned CNTs. Among the
well-aligned SWNTs, very few nanoparticles, such as cata-
lyst particles and carbon debris, were observed in compari-
son to the original sample. A plausible explanation for this
phenomenon is that, in general, the amount of adhesion due
to van der Waals interactions increases as the amount of
actual contact area between the nanotubes and the substrate
surface increases. This amounts to a value for an adhesion
potential that varies in proportion to the nanotube contact
area. Competing with this value is the kinetic energy of the
particle in motion in the flow. Heavier objects with less con-
tact area and higher kinetic energies, namely the undesired
catalyst remnants and amorphous bits, will be less likely to
be caught by the adhesion potential of the surface. Also,
these mechanisms affect the alignment and dispersion of
more massive nanomaterials, such as the ZnO nanowires.
Although the nanowires are aligned in the flow field, in this
case, they tend not to adhere very well to the surface over
which they flow since the van der Waals adhesion potential is
much weaker than the kinetic energy.

This technique has proven to be successful for the dis-
persion of nanotubes over electrodes with both shortsd
,200 nmd and largesd.4 mmd separation distances; see
Figs. 2sdd and 3, respectively. To further test the feasibility of
this gas blow technique for the accurate alignment of carbon
nanotubes between electrodes, two- and four-point Au elec-
trode configurations were created with standard photolithog-
raphy. The N2 gas flow method was then used to apply
SWNTs and across the gaps, thereby bridging the electrodes

FIG. 2. Comparison of dispersed CNTssNanocs in ethanold sad without and
scd with gas flow alignment.sbd Large area view of long SWNTs aligned via
the multichannel blow method.sBucky USA in DCBd sdd SWNT aligned
across five 300 nm gaps.

FIG. 3. sad SEM image shows two Au electrodes separated by a,4 mm
gap. sbd and scd show higher magnification images of the contact points
between the CNTsBucky USA and ethanold and the upper and lower elec-
trodes, respectively.

FIG. 4. I –V curves for a SWNT across two Pt electrodes beforesad and
after sbd annealing. This nanotube exhibits semiconducting behavior.
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and making the nanomaterials ready for electronic measure-
ment. It has been elsewhere shown that Au will make satis-
factory electrical contact with SWNTs;11 however, this
method is applicable to electrodes made from other metals as
well.

Using the electrodes created by the alternate production
methods, electrode gaps in the order of a few hundred na-
nometers were made. Nanotubes were dispersed quite easily
across this gap. Such results will be useful for a wide variety
of applications.

Figure 3 shows an example of a CNT dispersed via the
gas flow method across two Au electrodes separated by
,4 mm. Ever a problem in electrical measurements, the con-
tact resistance between the Au electrode and the CNT must
be dealt with. To reduce this contact resistance, thermal an-
nealing at 450 °C for 30 s in a N2 sArd environment was
performed on the samples.12 It is expected that the removal
of adsorbed molecules affects the tube-electrode interface.13

Using a microprobe electrical testing station, standard two
probe measurements were obtained. These measurements, as
shown, agree with previously published results for nanotube
conductivity tests. Establishing the difference between semi-
conducting and metallic nanotubes was accomplished by ap-
plying a gate voltage in a standard field-effect transistor
sFETd configuration. Referring to Fig. 4, the results obtained
from a testing structure synthesized by the gas blow tech-
nique demonstrate the characteristic of the SWNT–FET,
where theI –V curves were generated with reference to vary-
ing gate voltages,VG, range between −6 and +6 V. Consid-
ering the linear region of theVG=0 sweep, a value for the
resistance of the tube can be calculated. Preannealing resis-
tance was 397 kV, which was decreased to 138 kV after
thermal annealing. Much of the resistance can be attributed
to contact resistance between the CNT and the Pt electrode.
This particular nanotube exhibited semiconducting behavior;
however, metallic nanotubes were also found among the
nanotubes tested.

In conclusion, we have demonstrated an effective means
for the placement of carbon nanotubes onto prefabricated
electrode structures. This method avoids many of the com-

plications presented by electric field alignment and is, in ad-
dition, far faster than single tube manipulation by atomic
force microscopy or other nanomanipulating devices. Cur-
rently we are investigating the analytic aspects of the mecha-
nism responsible for the alignment of nanotubes in a flowing
fluid. This method will aid in the development and fabrica-
tion of CNT applications by offering an easy and effective
means of controlled nanomanipulation.
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