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any recent nanomaterial device

proposals and experimental

studies call for the nanomaterial
to be suspended as a two-point beam, or
“air bridge”. This three-dimensional geom-
etry simultaneously creates a nanomechan-
ical element and isolates the element from
various substrate effects (except at the sup-
ports), e.g., surface adhesion and strain
forces, substrate temperature, reduced sur-
face area in contact with the atmosphere,
substrate conductivity, and parasitic capaci-
tance. Not only are bridges accessible along
the length of such structures, but near-
field probing, manipulation, and actuation
of suspended nanostructures have
provided' ™ and will continue to provide in-
teresting physical properties and device
possibilities.

The typical approaches for fabricating
air bridges either (1) disperse nanomateri-
als in solvents, followed by mapping, litho-
graphic patterning, and undercutting,’ or
(2) selectively grow nanomaterials in high-
temperature reactors.* The first approach is
laborious, and the second requires that an
appropriate growth recipe exist for the ma-
terial of choice.

Previously we, and recently others,
showed that suspended nanofibers, as
small as 50 nm diameter, are formed by
hand brushing of solutions of polymer in
volatile solvent onto micrometer-scale cor-
rugated surfaces.>® Figure 1A-C illustrates
the method. Here we show that this single-
step method can be extended to suspend-
ing a variety of nanomaterials by similarly
forming fibers from solutions of nanomate-
rials and polymer. The additional step is il-
lustrated in Figure 1D, where the sus-
pended nanomaterial-composite fiber is
thermally decomposed to leave an air
bridge of the nanomaterial.
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ABSTRACT In a two-step method, carbon nanotubes, inorganic nanowires, or graphene sheets are connected

between two anchor points to form nanomaterial air bridges. First, a recently developed method of forming
directionally oriented polymer nanofibers by hand-application is used to form suspended composite polymer—
nanomaterial fibers. Then, the polymer is sacrificed by thermally induced depolymerization and vaporization,

leaving air bridges of the various materials. Composite fibers and bundles of nanotubes as thin as 10 nm that span

1 pum gaps have been formed by this method. Comparable bridges are observed by electrospinning solutions of

the same nanomaterial-polymer composites onto micrometer-scale corrugated surfaces. This method for
assembling nanomaterial air-bridges provides a convenient way to suspend nanomaterials for mechanical and

other property determinations, and for subsequent device fabrication built up from the suspended nanosubstrates.
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Of course, the decomposition step could
also be applied to nanofibers formed by
processes other than brushing. For instance,
Figure 2A shows a composite fiber of multi-
wall carbon nanotubes (MWNTSs) in
poly(methyl methacrylate) (PMMA, 996 000
g/mol, Sigma-Aldrich) that has been elec-
trospun onto the tops of micrometer diam-
eter pillars from a chlorobenzene solution
containing 1 wt % MWNTSs and 4 wt %
PMMA. The solution also contains less than
1 wt % of nanotube functionalization and
residuals (which are analyzed by TGA, EDS,
and Raman as described below.) The nano-
tube functionalization is an adsorbed or-
ganic (trade name Kentera, Zyvex Corp.,
Richardson, TX) that consists of an alkane
group connected to a phenyl end group
that adsorbs to the nanotube and an end
group that enhances the solubility of the
nanotubes in chlorobenzene.” The func-
tionalized nanotubes and PMMA are both
easily dispersed in chlorobenzene, leading
to a well-mixed nanotube-PMMA solution.
The electrospun fiber shown in Figure 2A is
then placed on a preheated hotplate in air
at 450 °C (i.e., the sample is heated rapidly;

VOL.1 = NO.1 = 57-62 = 2007 A@NN_N{)

*Address correspondence to
rwcohn@Iouisville.edu.

Received for review May 29, 2007
and accepted July 25, 2007.

Published online August 14, 2007.
10.1021/nn700047n CCC: $37.00

© 2007 American Chemical Society

57



ARTICLE

58

Micro-machined Pattern

B
C

mally Decmpose d
D

Figure 1. Nanomaterial air bridge fabrication technique. (A)
The composite solution on the applicator is (A-B) brushed
across the array. The solution wets to the pillars and forms
liquid threads between them. The threads thin as they dry
(C) until they solidify, leaving suspended composite fibers.
(D) The polymer in the fibers is removed by thermal decom-
position, leaving air bridges of the nanomaterial.

if instead the sample is heated gradually, the bridges
usually sag and fall onto the base of the pillars). The
temperature is maintained for 1 h to ensure thorough
removal of the polymer. The MWNTs that remain after
decomposition form the bridges shown in Figure 2B.
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The tapered shape of the nanotube bridge is probably
due to capillary thinning of the melted PMMA fiber prior
to decomposition, while the broad spreading of the
nanotubes on the top of the pillars is probably due to
rapid wetting of melted PMMA prior to decomposition.
Also note that the bridge shown in Figure 2B is across
different pillars than that shown in Figure 2A. In fact, the
portion of polymer viewed under the scanning elec-
tron microscope (SEM) in Figure 2A did not completely
decompose. Apparently the electron beam, which nor-
mally scissions the polymer chains when used for elec-
tron beam lithography, is also causing the polymer to
bond to the nanotubes. The region shown in Figure 2B
was not imaged under the SEM prior to decomposition.

If the fibers are formed using the brush-on method
(Figure 1A-C), the fibers can be well oriented in the di-
rection of brushing (sometimes with smaller fibers
found in the cross direction.) Also, the fibers can be sus-
pended either from the tops of the pillars or from the
sidewalls of the pillars. Figure 3A shows sidewall-
supported MWNT-PMMA composite fibers formed by
brush-on. These were formed by applying a thin bead
of solution from a pipet to the edge of an applicator
(e.g., a microscope coverslip, flexible plastic sheet, or
copper wire) and manually brushing it across the corru-
gated substrate at a velocity of around 15-35 mm/s.
The solution concentration used was 15 wt % PMMA
and 0.85 wt % MWNT in chlorobenzene, which results
in a solution thin enough that it can strongly wet the
pillars and sidewalls. Thick liquid bridges initially form
between adjacent sidewalls and then thin due to capil-
lary forces, finally reaching a stable diameter after

Figure 2. Suspension of MWNTSs by sacrificial decomposi-
tion of a suspended PMMA-MWNT fiber. (A) An air bridge
of the composite fiber and (B) the resulting MWNT air bridge
following thermal decomposition of the PMMA in the com-
posite fiber. For electrospinning, the solution was pumped
at 0.6 mL/h to a needle 5 cm long X 0.7 mm inner diameter,
with 13 kV applied between the needle and pillar array at a
separation of 5 cm. The sidewall roughness and particulates
on the pillars are due to the conditions used during the
plasma etching of this (n-type, 4 2-cm) silicon substrate.
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Figure 3. Suspended PMMA-MWNT composite fibers made
by hand-brushing. (A) An array of fibers and (B) an isolated
20-30 nm diameter fiber which appears to result from a re-
duced quantity of solution being applied in this region of the
pillar array.

enough of the solvent evaporates.®®® Increased solu-
tion concentrations (up to 40 wt % PMMA in this study)
lead to the formation of thicker fibers that are attached
closer to the top surface.

Figure 3B shows an isolated fiber from the brush-on
experiment processed similarly to the one shown in Fig-
ure 3A. This fiber varies between 20 and 30 nm diam-
eter along its length, which is about half the diameter
of our previously reported smallest fiber.® The nano-
tubes appear to provide additional reinforcement
against the fibers breaking during the process of capil-
lary thinning and fiber solidification. Certainly, we fre-
quently observe that fibers of pure PMMA break (due to
melting or decomposition) under the same SEM imag-
ing conditions as used for either image in Figure 3. It
should be noted that the SEM images (which are taken
without any conductive coating) show only slight
charging. Apparently the nanotubes are bridging the
pillars, providing a discharge path.

A new sample was prepared by hand brush-on un-
der the same conditions as in Figure 3 (including the
same solution and the same substrate, which is cleaned
of all organics prior to reuse). The suspended struc-
tures shown in Figure 4A,B result after thermal decom-
position of the composite fibers at 540 °C. (This same
temperature is also used for decomposition of all hand-
brushed-on fibers reported below.) In Figure 4A, loose
bundles of suspended MWNTSs are connected between
pillars both in the brushing direction (from upper left to
lower right in the image) and orthogonal to the brush-
ing direction. The bundles also show a somewhat ta-
pered appearance, with the minimum diameter mid-
way between the supports. A close-up of one of these
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bundles is shown in Figure 4B. It has an appearance
that reminds one of the children’s string art figure called
“Jacob’s ladder”. The nanotubes appear to be roughly
aligned between the supports, as a result of the brush-
ing and fiber thinning (which can occur both during
brush-on and as the polymer melts.)

Another sample was made by hand brush-on onto
the same substrate, this time using a solution of
Kentera-functionalized single-wall carbon nanotubes
(SWNTs, 0.08 wt %) and PMMA (25 wt %) in chloroben-
zene. Figure 4C shows that the resulting array of SWNTs
is aligned in the direction of brushing. Figure 4D shows
a close-up of one bridge from the array that is ~10
nm in diameter. The SEM cannot resolve whether the
bridge consists of a bundle of well-aligned SWNTs or

-

Figure 4. Nanotube air bridges following decomposition of
(A,B) MWNT-PMMA and (C,D) SWNT-PMMA fibers.
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Figure 5. Thermogravimetric analysis of solutions of PMMA and functional-
ized MWNTs in chlorobenzene (CB). All measurements are performed in air at
a heating rate of 5 °C/min. The two dotted lines are derivatives with respect
to temperature (dm/dT) of the corresponding sample mass curves. The deriva-
tive curves are plotted on a linear scale. The braces indicate the extent of
the peak of each species as determined from derivative curves. All the curves

The ratio of D/G intensities (specifically, the inte-
grated area of the intensity peaks) changes from
0.0715 to 0.0292 after heating of the SWNT-chlo-
robenzene sample, and for the SWNT-PMMA-
chlorobenzene sample the ratio changes from
0.0525 to 0.0099 after heating. For the MWNT-
chlorobenzene sample, the ratio of D/G, rather
than decreasing (as with the SWNTSs), increases
from 0.4638 to 0.7107 after heating, and that for
the MWNT-PMMA- chlorobenzene sample in-
creases from 0.4357 to 0.6623. The reason for the
increase in disorder of MWNTs after heat treat-
ment is not clear without further study. However,
we do note that the disorder is much larger than
for SWNTSs, and the relative change in D/G is much
less, as might be expected for a material with less
accessible surface area."" Also, compared to the
changes in SWNTs, the overall changes before and
after heat treatment are much less for MWNTs.
Also note that both functionalized SWNT and
MWNT samples (whether dispersed in PMMA or
not) show a peak for Kentera at ~2190 cm™ ' that

have been smoothed substantially to aid in discussion.

contains other residuals. So far, transmission electron
microscopy studies to answer this question have not
been successful. Thermogravimetric analysis (TGA), re-
ported below, shows that most residues are removed,
but it cannot reliably measure fractional weight
changes much below 0.1 wt %. Even without a com-
plete knowledge of the nanomaterial purity, we do con-
sider the ability to form 10 nm suspended nanotube fi-
bers, starting with only hand application of the
composite polymer fibers, to be quite remarkable.

TGA of solutions (from 50 to 280 mg) in air was
used to identify the decomposition temperatures and
residuals. Figure 5 reports on the solution of 15 wt %
PMMA and functionalized 0.85 wt % MWNTs in chlo-
robenzene (thick line), together with reference curves
for 15 wt % PMMA in chlorobenzene (thin line) and the
Kentera-functionalized 1 wt % MWNTs in chlorobenze
(medium line). The Kentera and PMMA peaks (thicker
dotted line and medium dotted line, respectively) lie on
top of each other. The tails of the PMMA and MWNT
barely overlap at 450 °C.

Raman spectroscopy (1.7 mW at 632.8 nm) of
samples spun onto a planar SiO, substrate further sup-
port the composition analyses. (Plots of the Raman
spectra of these samples are presented in the Support-
ing Information.) The removal of Kentera and PMMA
changes the intensity ratio of nanotube D (disordered
at ~1330 cm ™ ') to G (ordered at ~1590 cm ™ ') bands.
The appearance of the disorder peak at ~1330 cm™ " is
known to be associated with a decrease in symmetry
of the sp? structure due to nanotube defects, includ-
ing the presence of functionalized groups.'® The
change is most evident when SWNT solutions are used.

A@’Nﬁ@() VOL.1 = NO.1 = PABBA ET AL.

completely disappears after the sample is heated
to 540 °C.

Additional composition information is available
from these TGA and Raman measurements. A very small
residue of reddish-brown oxidized iron is found after
complete decomposition of the functionalized MWNTs
in chlorobenzene. TGA shows that the mass of all resi-
dues remaining above 650 °C totals only 5% of the
weight of pure (i.e., Kentera-free) MWNTSs. Since
electron-energy dispersive spectroscopy (EDS) of the
residue shows only oxygen and iron, we believe that re-
sidual iron catalyst from the growth of the nanotubes
was likely present in the MWNT-chlorobenzene solu-
tion. Raman spectroscopy of this residue confirms it to
be Fe,0,, and peaks from other materials were not evi-
dent in the spectra. Also, the Kentera peak in the TGA
accounts for only 10% of the weight of the pure MWNT.
This is close to the percentage of Kentera reported in
the material data safety sheet for the functionalized
nanotube-solvent solution. In summary, the mass frac-
tion of MWNT:Kentera:Fe,O; is 1:0.1:0.05. TGA of the
SWNTSs shows similar responses (though noisier due to
lower fractions of SWNT), giving a ratio of 1:0.8:0.1 in
SWNT:Kentera:Fe,O,.

The brush-on method also can be used to form air
bridges from other nanomaterials. We present ex-
amples of suspending GaAsP nanowires (grown by a la-
ser ablation technique'?) and graphene sheets (made
by exfoliation of powdered, highly ordered pyrolytic
graphite (HOPG)). These materials are mixed at ~0.03
wt % GaAsP and ~0.3 wt % HOPG into separate 18 wt
% solutions of PMMA in chlorobenzene. The GaAsP sus-
pension was sonicated for 20 min, while the HOPG so-
lution was ultrasonicated for 5 h to promote exfoliation
of graphene sheets. No functionalization is used to dis-
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Figure 6. Suspended bridges of (A) PMMA-GaAsP fiber (with
a nanowire somewhat visible in PMMA) and two GaAsP
nanowire bridges after thermal decomposition, resulting in
(B) two nanowires that are closely bundled and (C) a network
of nanowires plus residual ebeam-carbonized/cross-linked
PMMA.

perse the nanomaterials, so they rapidly settle. As a re-
sult, the solution applied to the applicator has less than
0.01 wt % nanowires and 0.1% graphene. Suspended
structures produced by brush-on of these suspensions
are shown in Figures 6 and 7.

Figure 6A shows a composite fiber in which at least
one GaAsP nanowire is visible. Figure 6B shows a
bundle of two nanowires formed after thermal decom-
position of PMMA. In Figure 6C, for a fiber that was im-
aged by SEM prior to decomposition, two features are
evident. First, the bridge is tapered in a similar way as
the nanotube bridges in Figure 4, which again suggests
that the shape is caused by surface wetting and capil-
lary thinning as the polymer melts, prior to decomposi-
tion. Second, residues of the PMMA are present, as a re-
sult of having imaged this fiber in the SEM prior to
thermal decomposition.

Figure 7 shows an assortment of graphene bridges.
These sheets are rather thick (typically around 15 nm or
44 atomic monolayers thick, as determined by atomic
force microscopy) due to limitations in the exfoliation
process.'®> However, thinner steps between layers are
also evident. Also, the samples show different degrees
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Figure 7. Suspended graphene formed by fiber brush-on
and thermal decomposition. Step edges and curling of
delaminated sheets are evident in each SEM image, with
the degree of curling increasing from (A) to (D).

of curling and delamination from the edges, even roll-
ing up into an isolated tube in Figure 7D.

A brief comment on the reliability and controllabil-
ity of making nanomaterial air bridges is in order. While
no detailed yield studies have been performed, in our
casual observations of SEM images of 30 nanotube
brush-on experiments with MWNT solution, pillar ar-
rays, and processing conditions similar to those used
in Figure 3A, we observed a local area of sometimes as
many as 30 nanotube air bridges without a single miss-
ing bridge. For much larger areas (300 pillars), in the
worst case, we found as many as 75% of the bridges
missing (starting from 95% nanofiber composite
bridges.) However, for this worst-case sample, most of
the nanocomposite fiber bridges had diameters be-
tween 50 and 150 nm (as compared to diameters
around 200-400 nm for most typical samples). For the
graphene and GaAsP nanowires, we have much less
material available, which has limited us to only a few ex-
periments with much lower concentrations compared
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to the concentrations of available nanotube solutions.
Even with these low concentrations, we frequently
found three or four consecutive bridges (similar to Fig-
ure 6B) for the GaAsP nanowires formed from a single fi-
ber, and two consecutive bridges for graphene (similar
to Figure 7A).

In developing control of the process, two condi-
tions need to be kept in mind. These are that the poly-
mer fibers must span the supports and that the nano-
materials in the polymer also must span the supports. A
further condition (as pointed out above) is that the
polymer must be heated rapidly enough so that it de-
composes before it begins to fall apart due to reflow.
Related to these conditions, as the nanomaterial con-
centration decreases or the polymer fiber diameter de-
creases, the probability of a nanomaterial spanning a
gap decreases. Also, it is not required that a single nano-
wire or nanotube span the entire gap, but clusters and
bundles of shorter length nanomaterials promoted by
wetting and adhesion (e.g., suggested by Figures 4B
and 6C) can span the gap. The two above conditions
also are related to controlling the dimensions of the re-
sulting air bridges. That is, the diameter of the initial
nanocomposite polymer fiber®® and its concentration
of nanomaterials will strongly affect the resulting diam-
eter after thermal decomposition of the polymer. Fur-
thermore, densification due to wetting and adhesion
would need to be considered.

In summary, micro- and nanoscale polymer fiber
bridges reinforced with nanostructures such as nano-
tubes, nanowires, and graphite sheets were successfully
drawn using manual brush-on and electrospinning
techniques. Composition analysis seems to suggest
near-complete removal of residues. Some alternatives
to the processes reported here that can be considered
are the use of lower temperature decomposition poly-
mers or conditions that favor nanotube decomposition
at higher temperatures (e.g., decomposition under an
atmosphere of nitrogen.) We also had attempted sol-
vent dissolution of the polymers with limited success.’
While suspended fibers could be produced, organic
residues, most likely Kentera, were present and in fact
appeared to be essential for maintaining the structural
integrity of the air bridges. The process of brush-on fol-
lowed by thermal decomposition provides a new tool
for fabricating test structures for the evaluation and
characterization of suspended nanomaterials, which
supports the development of new nanoelectronic de-
vices and nanoelectromechanical systems.
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