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Fabrication of molecular-scale interconnects is key to achieve
extremely dense logic and memory circuits.' Nanowires (NWs) are
considered an essential component for these interconnects and have
been used extensively to build nanoelectronic devices for applica-
tions in sensors,> waveguides,® photonics,* and piezoelectronics.’
Gold (Au) is chemically inert and has very low resistivity. These
properties make Au NWs an ideal candidate as interconnects for
linking molecular devices. Various methods have been developed
to synthesize Au NWs. These include solution phase reduction of
HAuCly in a micellar structure formed either by CTAB in an
aqueous solution,® or by oleic acid/oleylamine in an organic
solvent,” reduction of HAuCl, in a nanoporous anodic aluminum
oxide template® or on other templates.” Au NWs can also be
fabricated via physical deposition of Au on a lithographically
patterned substrate.'® Once formed, these Au NWs can be as-
sembled onto a substrate via either the Langmuir—Blodgett tech-
nique,'" or under an electric field.'> However, Au NWs obtained
in these approaches are polycrystalline and have rough surface.
Transport studies have revealed that the resistivity of these
polycrystalline Au NWs is higher than the bulk Au, and these NWs
can only stand for a comparatively low current density (~10'% A/m?
for 60 nm Au NWs) that drops precipitously at the diameters below
60 nm due to electromigration.'® There is no conclusive evidence
on the origin of this high resistivity and low failure current density,
which may arise from the electron wave function confinement at
the nanometer scale, or from electromigration in the polycrystalline
Au NWs. Here we report a facile synthesis of single crystalline
ultrathin Au NWs with their diameters controlled in less than 10
nm. Transport study shows that the 9 nm Au NWs have a failure
current density of 3.5 x 10'> A/m?, indicating that the electro-
migration problem can be circumvented in ultrathin single-crystal
NWs.

The Au NWs were synthesized by the reduction of HAuCly in
oleic acid (OA) and oleylamine (OAm). OAm serves both as a
reducing agent and a stabilizer. In a typical synthesis of micrometer
long Au NWs with 9 nm diameter, a solution (2 mL hexane and 2
mL OAm) of 0.2 g of HAuCl, was added to the mixture of OA
(10 mL) and OAm (8 mL) at 80 °C under vigorous magnetic
stirring. Hexane was evaporated under nitrogen atmosphere.
Magnetic stirring was stopped after 5 min, and the solution was
kept steady at this temperature for 5 h. The Au NWs were
precipitated out by adding ethanol and centrifugation. The dark-
red product was washed twice with ethanol and redispersed in
hexane.

Figure 1 shows the representative transmission electron micros-
copy (TEM) images of the as-synthesized Au NWs with their
diameter in 3 (Figure 1A) and 9 nm (Figure 1B) respectively. This
diameter was tuned by controlling solvent combination during the
synthesis. 3 nm Au NWs were made when only OAm was used as
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Figure 1. TEM images of (A) 3 nm Au NWs, (B) 9 nm Au NWs, and
HRTEM images of (C) 3 nm NW, (D) 9 nm Au NW.

solvent, whereas 9 nm Au NWs were obtained from a mixture
solvent of 10 mL OAm and 10 mL of OA. In all these syntheses,
Au NWs were in micrometer long. High resolution TEM (HRTEM)
images show the ordered crystal fringes perpendicular to the growth
direction with relatively smooth wire surface (Figure 1C and D).
The interfringe distances are measured to be 0.23—0.24 nm,
corresponding to (111) lattice spacing (0.23 nm) of the face centered
cubic (fcc) Au. The fcc structure of these Au NWs is further
confirmed by X-ray diffraction (XRD) pattern of the NW assembly
(Figure S1, Supporting Information).

The Au NWs are likely obtained from the micellar structure
formed by self-assembly of OAm or OAm/OA from which the polar
groups attract to each other and the hydrophobic chains are
intercalated to give the alternating channel structure. OAm can bind
to Au via its NH; group. Assuming the Au nuclei start as polyhedral
shape, which is reasonable for fcc metal due to the minimum surface
energy,'* OAm must bind preferentially to the (100) faces on the
Au nuclei, and the one-dimensional Au growth along [111[direction
is channeled by the micellar structure. This is similar to what has
been predicted for the growth of Au, Ag and FePt NWs in the
recent reports.' This channel-mediated growth is further evidenced
by controlled growth of Au NWs and Au nanoparticles under
stirring conditions. Figure S2A (Supporting Information) shows a
representative TEM image of the product obtained from growing
the 3 nm Au NWs under a magnetic stirring condition (~600 rpm).
It can be seen that the product contains high portion of Au
nanoparticles (5—6 nm) with few Au NWs present in the mixture.
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Figure 2. (A) SEM image of a 9 nm Au NW cross two patterned Au
electrodes; (B) room-temperature I—V behavior of the 9 nm Au NW; (C)
SEM image of the broken 9 nm Au NW; and (D) the break-down I—V
behavior of the 9 nm Au NW.

In a separate test, the reaction solution was left undisturbed after
adding the HAuCly solution, and dominant product was Au NWs,
as shown in Figure 1A. Similar results were obtained in the
synthesis of 9 nm Au NWs. This implies that the growth of Au
NWs is indeed from the one-dimensional micellar structure and
mechanical stirring can destroy the one-dimensional structure,
leading to the formation of nanoparticles.

To measure the transport properties of the as synthesized Au
NWs, Au NWs from their hexane dispersion were deposited onto
a Si0,/Si substrate. E-beam lithography followed by evaporation
of Cr/Au (5/50 nm) metal films was used to define the contacts.
Figure 2A shows the scanning electron microcopy (SEM) image
of the substrate with the 9 nm Au NWs assembled on its surface.
The room temperature [—V data is given in Figure 2B, from which
one can see that the NW as an electron conductor exhibits the
conventional ohmic behavior. For the 9 nm NW with the length of
450 nm, the resistance was measured to be 1.85 kQ (no contact
resistance correction). This corresponds to the resistivity of 260
Q-+nm, much lower than that measured from polycrystalline Au
NWs (1000 Q+nm).”*

The 9 nm NW broke down when the voltage applied on the NW
was raised to 0.58 V. Figure 2C shows the SEM image of the broken
NW between two electrodes and Figure 2D is the I—V curve of
the NW exhibiting breakdown behavior. The breakdown current
density was measured to be 3.5 x 10'> A/m?. This value is higher
than that measured from the Au NWs fabricated from either
lithography or DNA template — the failure current densities reach
1.0 x 10 A/m? for the 60—800 nm Au NWs but drop
precipitously for those smaller than 60 nm."? The low failure current
densities observed from the polycrystallline Au NWs are attributed
to electromigration that occurs preferentially at crystal grain
boundaries. It has been predicted that elimination of these grain
boundaries can increase the failure current densities in small NWs.'?
This is clearly seen in the 9 nm Au NWs. With their single
crystalline nature, these 9 nm NWs are free of energy dissipation
and void diffusion at the grain boundary or defect sites, giving high
failure current densities. The study proves that ultrathin metallic
nanowire interconnects should function as well as their larger
counterparts, provided that they are essentially single crystalline.

The transport measurements further show that the single-crystal
Au NWs without the presence of grain boundaries can support a

very high current flow. From Figure 2D, we can see the maximum
current that flows through the 9 nm Au NW reaches 250 uA. This
is comparable to the failure current of multiwall CNT (10 nm in
diameter) devices with a wall-by-wall breakdown current at 200

1A' (about 20 uA for single-wall CNT).'” The failure current of

Si NWs is much higher, but the working current of transistors based
on Si NWs is only in the order of 100 nA.'® The resistance of the
Au NW is also small compared to the CNT and SiNW (usually in
the order of MQ), implying great potential of these Au NWs as
interconnects for nanoelectronic applications.

In conclusion, this paper presents a facile synthesis of single-
crystalline Au NWs by reduction of HAuCly in oleic acid and
oleylamine. These micrometer-long NWs have been prepared with
controlled diameters of either 3 or 9 nm, and the diameter could
be further tuned within this regime by varying the volume ratio of
oleylamine and oleic acid. When linked between two gold
electrodes, the 9 nm Au NW shows good electron conductivity with
its resistivity at 260 Q +nm, breakdown current at 250 #A and failure
current density reaching 3.5 x 10'? A/m?. The study indicates that
the chemically made ultrathin single crystalline Au NWs can be
used as a molecular-scale interconnect for nanoelectronic applications.
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