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’ INTRODUCTION

The ability to control the synthesis and self-assembly of nanos-
tructures with ultrahigh aspect ratios will play an important role in
the design of next-generation optoelectronic devices1�8 and other
nanotechnologies. These nanoscale materials will form the building
blocks of multifunctional devices that, when fabricated through
precise control of the chemical and surface forces, will allow us to
overcome the fundamental and economic limitations of con-
ventional lithography-based (or “top-down”) fabrication.3,9,10

With their ultrahigh aspect ratios, long nanowires provide new
opportunities for self-assembly as well as for the transfer of
electronic, optical, thermal, or other signals over large length
scales.

During the past decade, considerable progress has been made
in the synthesis of hybrid nanostructures, such as carbon nanotube
(CNT)�inorganic hybrids, by various wet-chemistry methods.11

For instance, gold (Au) nanorods (L/d ∼ 2.5, where L ∼ 30 nm)
functionalized with anionic poly(vinylpyrrolidone) have been elec-
trostatically assembled on the surface of cationic poly(diallyldime-
thylammonium chloride)-coated CNTs.12 This assembly process
exploited the low surface potentials of the nanorods’ ends, com-
pared with their sides, to encourage end-to-end assembly of the
nanorods along the lengths of the nanotubes. Despite such efforts,
however, it remains challenging to assemble hybrid nanomater-
ials with large aspect ratios (e.g., diameters smaller than 10 nm

and lengths of micrometers or more, as in the present study) in a
controlled and efficient way.13,14

The recent report of facile methods for the preparation of
ultrathin Au nanowires1,15�24 has prompted us to undertake the
present study, in which we have developed a simple and rapid
method for the self-assembly of Au nanowires along CNTs. The
driving force of our self-assembly process is the strong van derWaals
and hydrophobic interactions that occur between the side chains of
oleylamine-coated Au nanowires and the sidewalls of CNTs. These
surface forces allow the assembly of one-dimensional hybrid struc-
tures, comprising ultralong Au nanowires adsorbed along the length
of CNTs, without the prerequisite for functionalization of nanotube
surfaces (Figure 1). Furthermore, we have also demonstrated that
these micrometer-long hybrid nanowires can be easily microcon-
tact-printed (μCP) onto various substrates in a patterned form.
Therefore, this approach is potentially useful for organizing novel
one-dimensional nanostructures as building blocks for the bottom-
up assembly of new electronic and photonic nanosystems.25

’EXPERIMENTAL SECTION

All chemicals and solvents were purchased from Sigma-Aldrich and
used without further purification.

Received: November 28, 2010
Revised: March 29, 2011

ABSTRACT: We report a novel approach for the assembly of one-dimensional hybrid
nanostructures that consist of gold nanowires with ultrahigh aspect ratios (L/d > 500) self-
assembled along the axes of multiwalled carbon nanotubes. The micrometer-long hybrid
nanowires exhibit high electrical conductivity and can be easily microcontact-printed onto
various substrates in a patterned form, suggesting that these hybrids have considerable
potential as interconnects for nanoelectronic applications.
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Synthesis of Hybrid Nanostructures. The ultrathin single-
crystal Au nanowires used in this study were synthesized according to
the method developed by Yang’s group.17 The reaction typically pro-
duces uniform, continuous, and ultrathin nanowires dispersed in a purple
solution. Because some Au nanoparticles often form in addition to the
nanowires, we filtered the solution through a hydrophobic Durapore
0.22 μmmembrane to remove the nanoparticles. The final product was
then washed several times with a toluene and ethanol mixture (1:3, v/v)
to remove excess oleylamine. The as-prepared Au nanowires, coated
with oleylamine, are hydrophobic and can be dispersed readily in hexane.
They are also highly flexible: the nanowires, once dried on a transmission
electronmicroscopy (TEM) grid, were frequently observed to be looped
or bent (see Figure S1 in the Supporting Information). To produce the
hybrid material, we combined the as-prepared Au nanowires in hexane
with a dispersion of multiwalled nanotubes (MWNTs) in hexane; each
solution had a concentration of up to 0.2 mg/mL. Mixtures were gently
shaken for 20 min to enhance the interaction between the MWNTs and
the polar heads of the oleylamine molecules covering the nanowires.
Characterization of Hybrid Nanostructures. To characterize

the nanostructure of the hybrids, a 10 μL drop of the mixed solution was
deposited on a carbon-coated copper TEM grid and dried for 1 h before
examination in a scanning transmission electron microscope (STEM;
VG HB601 system) operated at an accelerating voltage of 100 kV.
Besides conventional bright-field (BF) imaging in the STEM, we also
used high-angle annular dark-field (HAADF) imaging in the STEM to
obtain atomic number contrast (or “Z-contrast”) micrographs of the
hybrids.
Molecular Dynamics (MD) Simulation of the Self-Assem-

bly of Au Nanowires and MWNTs. The MD simulation modeled
the interaction between (30, 30), (35, 35), (40, 40) MWNTs, with a
length of 36.77 nm, and an Au nanowire, with dimensions of 1.63 nm�
1.63 nm � 36.77 nm, by using the MD code LAMMPS26 (http://
lammps.sandia.gov/). The interatomic interactions were modeled with
the embedded-atom method potential27,28 for the Au�Au interaction,
Brenner’s potential29 for the C�C interaction, and a Lennard�Jones
potential with parameters given in refs 30 and 31 for the Au�C
interaction. In the beginning of the MD simulation, the MWNT and
Au nanowire were inserted parallel to the center of the simulation

supercell. The size of the supercell was 45 nm� 45 nm� 36.77 nm, and
the MWNT and nanowire were aligned along the direction of length
36.77 nm. The initial edge-to-edge distance between theMWNT and Au
nanowire was about 0.82 nm. Periodic boundary conditions were en-
forced in all three directions. The system temperature was kept at 300 K
using a Nose/Hoover temperature thermostat.32 The time (t) step was
1 fs in the simulation.
Pattern Formationwith the Hybrids. Silicon slides were cleaned

by immersion in a freshly prepared “piranha” solution [1:2 (v/v) H2O2

(30%)/H2SO4 (96%)] for 1 h.Warning! piranha solution reacts strongly
with organic materials and should be handled with extreme caution. The
silicon substrates were then washed with deionized ultrafiltered water
(Fisher) and dried in a stream of high-purity nitrogen. Microcontact
printing, a soft-lithographic technique, was used to pattern thiol-group-
enriched areas onto the glass surfaces. Each time, a poly(dimethylsilo-
xane) stamp was used to regiospecifically transfer a (3-mercaptopropyl)-
trimethoxysilane (MPTMS) solution [1:2 (v/v) MPTMS/chloroform]
onto the cleaned surface. The slideswere then gently rinsedwith chloroform
and ultrafiltered deionized water and dried with nitrogen gas. A solution,
of an approporiate concentration, of Au nanowires on CNTs in hexane
was then dropped onto the patterned surface to allow chemical inter-
actions between the Au nanowires and surface-bound thiol groups. The
surfaces were then allowed to dry.

’RESULTS AND DISCUSSION

Figure 2 presents STEM BF and HAADF micrographs of one
of the as-prepared hybrid nanowires (parts a and b). The low-
magnification image (Figure 2a) shows that the assembly is ex-
tremely uniform over a large portion of the nanotube length,
while the higher magnification images (Figure 2c,d) show the
alignment of Au nanowires along theCNT to form approximately
longitudinal stripes. From high-resolution images (Figure 2e), we
estimated the mean distance between the Au nanowires and the
surface of the MWNT to be approximately 2 nm, close to the chain
length (X.Y nm) of the oleylamine chains that coat the nano-
wires. The HAADF images use a high-angle annular detector to
form the image and so only collect electrons that have been
Rutherford-scattered by the nuclei of the atoms in the sample. As
a result, the brightness in HAADF images is not representative of
the diffracted intensity, as is the case in conventional dark-field
images, but rather of the nuclear charge (or atomic number, Z) of
the atoms present. Consequently, the high brightness of the
nanowires is as would be expected for the high Z of the Au
nanowires, while the MWNTs show less contrast because they
are made only of carbon.

We also examined the effect of the aspect ratio, from L/d of
approximately 20 to 500, on the nature of the nanowire alignment
along the nanotube axes. The Au nanowires with the highest aspect
ratio, L/d of approximately 2000, tended to align along the
sidewall of the MWNTwith uniform coverage, as is evident from
Figure 2a,b. Similar results were obtained for the assembly of
nanowires with aspect ratios all the way down to L/d of about 80
(data not shown). This suggests that even moderate aspect ratios
still provide sufficient surface area for the nanowires to allow their
longitudinal adsorption on the MWNTs. Given this aligned ar-
rangement, we have termed the hybrids “nanostripes”.

To investigate the surface forces responsible for this con-
trolled assembly, we also prepared hybrid samples in which the
MWNTs were first covered with sodium dodecyl sulfate (SDS)
to impart a polar character to the nanotube surfaces. In this case, a
few Au nanowires assembled on these hydrophilic MWNTs
(data not shown). This finding suggests that van der Waals

Figure 1. General scheme of Au nanowire self-assembly onto CNTs.
The interaction between nanowires andMWNTs leads to the formation
of hybrid nanostructures.
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and hydrophobic interactions between the oleylamine side
chains of the Au nanowires and the sidewalls of unmodified
CNTs are responsible for the successful assembly of hybrid
nanostripes.

We performed preliminary MD simulations to further inves-
tigate the self-assembly of Au nanowires and MWNTs when in
close proximity. The initial edge-to-edge distance between the
MWNT and Au nanowire was set to 0.82 nm, and the top and
side views of the MWNT and Au nanowire system at times, t, of
0, 3, 6, and 9 ps are presented in Figure 3 (which was produced
with the software VMD33). These preliminary results show that
the MWNT and Au nanowire attract and attach to each other if
they are close enough. It seems likely that this attraction is due to
hydrophobic forces, and ubiquitous van der Waals forces, given
that the introduction of the polar SDS molecules eliminated
almost all interactions between the nanowires and nanotubes, as

is evidenced by the almost complete absence of adsorbed nanowires
on SDS-coatedMWNTs. Even if these forces were insufficient to
attract the Au nanowires to the MWNTs because of the large
initial separations (greater than 1 nm) in the solution, evapora-
tion of the solvent would reduce these distances. Of course,
capillary forces and surface tension during drying could be im-
plicated in the self-assembly,34 and also chemical interactions
between nanoparticles,35 although these forces depend on the
solvent and any surfactant (e.g., SDS) in the solution, the
substrate morphology, and the geometry of the nanopar-
ticles.36 In any case, these forces, although possibly reduced
by the presence of surfactant molecules, would also have been
present in the system containing the SDS adsorbed on the
MWNTs. This suggests that hydrophobic forces dominated
any effects due to the capillary forces and surface tension
during drying of samples.

Figure 2. TEM micrographs showing the assembly of Au nanowires along a MWNT: (a) a BF image, in which the Au nanowires appear dark, and
(b) the corresponding ADF image, which shows the Au nanowires in bright contrast; (c) a BF image and (d) an ADF image at higher magnification;
(e) a high-resolution BF image showing an individual Au nanowire along the layered graphitic fringe of the CNT sidewall. Scale bars: (a) 50 nm;
(b) 50 nm; (c) 100 nm; (d) 100 nm; (e) 10 nm.
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To explore the potential use of the nanostripes, we used the
soft-lithographic technique37,38 of microcontact printing to cre-
ate a pattern of these hybrids [Figure 4A(a�c)]. In view of the
large body of publications, including ours, in the literature about
the use of μCP for uniform pattern formation,39�42 we used che-
mical adsorption between the Au nanowires and μCP patterned
thiol for the formation of patterns of the Au nanowire/MWNT
nanostripes on the silicon surface. The typical micropatterns of
the nanostripes, as seen by scanning electronmicroscopy (SEM),
are shown in Figure 4A(d). The patterns of one-dimensional
hybrid nanostructures thus prepared have accurate spatial place-
ment down to the submicrometer scale. Such a simple method
for generating micropatterns of aligned nanostripes could open
avenues for the fabrication of various multifunctional nanostruc-
tures for potential applications from novel stretchable electronic
devices43 to electromechanical systems.44

To demonstrate the suitability of the nanostripes for such
applications, we have also measured the electrical transport
properties of the as-prepared hybrids deposited from their hexane

dispersion across two Au electrodes prefabricated on a SiO2-
capped silicon surface.45 For comparison, a similar device was
fabricated with pure MWNTs under the same conditions. The
electron-transport measurements show that the hybrid nanos-
tripes can support a high current flow (Figure 4B). As can be
seen, the resistance of the hybrid nanostripes is small com-
pared to the MWNTs and to silicon nanowires (usually on the
order of megaohms), suggesting that these hybrid nanostripes
could be used as high-performance interconnects for nanoe-
lectronic applications.46 As hybrid nanostripes with ultrahigh
aspect ratios, they may facilitate electrical transport as an ef-
ficient nanoscale assembly technique. The results suggest that
these nanostripes could outperform for use as on-chip inter-
connects, tiny wires that are used to connect transistors and
other devices on integrated circuits. Their use as interconnects
could help extend the long run of performance improvements
for silicon-based integrated circuit technology. We believe that
there are potential advantages of using the hybrid nanostripes
as future interconnects.47

Figure 3. (A) Top views of the Au nanowire and MWNT system with an initial separation of 0.82 nm at different times. (B) Side views of the Au
nanowire and MWNT system with an initial separation of 0.82 nm at different times.
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’CONCLUSION

In conclusion, we have presented a simple, but effective, me-
thod for the self-assembly of one-dimensional hybrid nanostruc-
tures from CNTs and ultrathin Au nanowires. We demonstrated
that these micrometer-long hybrids can be easily patterned onto
surfaces and display good electronic conductivity with a low
resistance compared with pure MWNTs. This indicates that
these hybrid nanostructures could conceivably be used as mol-
ecular-scale interconnects for future nanoscale electronics.

’ASSOCIATED CONTENT

bS Supporting Information. TEM image of the Au nano-
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