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ABSTRACT

By slowing the rate of atomic addition to singly twinned seeds, we have grown silver nanobeams with lengths of 3 −30 µm, widths ranging
from 17 to 70 nm, and a width to thickness ratio of 1.4. The well-defined dimensions, smooth surface, and crystallinity of nanobeams make
them promising candidates for studying the effects of size on electron transport. With a simple method that allows rapid characterization of
single nanobeams, we find that even the thinnest nanobeams largely retain the low resistivity of bulk silver. Nanobeams can support remarkably
high current densities of up to 2.6 × 108 A cm -2 before the conduction path is broken by the formation of a nanogap.

A central theme of nanotechnology research is discovering
and developing methods of growing useful nanoscale objects,
or nanostructures, from their constituent atoms.1,2 In syn-
thesizing a nanostructure for a particular application, it is
not only important to consider its intrinsic material properties
but also to control its size and shape. For example, nanoscale
silver spheres, cubes, triangular plates, and bipyramids all
exhibit distinct colors because conduction electrons col-
lectively oscillate at different resonant frequencies in each
shape, and thus cause light of different frequencies to be
scattered or absorbed.3 One-dimensional nanostructures of
silver are promising nanoscale conduits for electricity or heat
because bulk silver has the highest electrical and thermal
conductivity of any metal.4 It is therefore important to
determine down to what scale individual nanostructures of
silver retain the excellent properties of the bulk material.

In this letter, we investigate the electrical properties of a
new type of nanostructure, the silver nanobeam. Silver
nanobeams are so named because they have a cross-sectional
aspect ratio similar to that of a beam of wood. They differ
from previously synthesized pentagonal silver nanowires in
their dimensions, internal structure, and cross section. Like
pentagonal nanowires, they grow in a direction parallel to a
twin plane. Despite their small cross sections, nanobeams
largely retain the low resistivity of bulk silver and can support
current densities of up to 1.4× 108 A cm-2 before a nanogap
forms to break the conduction path.

Silver is isotropic with a face-centered cubic (fcc) crystal
structure, but silver atoms can nonetheless be made to
assemble in solution to form anisotropic nanostructures of
different shapes by controlling (1) the presence of twin
defects in the seeds from which they grow and (2) the rate
of atomic addition.5 In the initial stages of a polyol synthesis,
in which ethylene glycol (EG) serves as both solvent and
reducing agent, the reduced silver atoms agglomerate to form
nuclei of fluctuating structure.6 Most nuclei incorporate twin
boundary defects because such defects enable a lower surface
energy.7 As nuclei grow, fluctuations cease, and a distribution
of single-crystal, singly twinned, and multiply twinned seeds
form, with the 5-fold twinned decahedron being the lowest-
energy and most abundant morphology.

The key to obtaining silver nanostructures of one specific
shape to the exclusion of others is controlling the crystallinity
of seeds formed in the nucleation step. Addition of a
corrosive anion such as chloride selectively etches twinned
seeds and enables the production of pure single-crystal seeds
that grow to form nanocubes whose level of corner truncation
can be controlled by the rate of atomic addition.8,9 Con-
versely, if oxidative etching is prevented through the removal
of oxygen from the reaction, then the product is dominated
by pentagonal nanowires that grow from decahedron seeds.10

If a less corrosive anion such as bromide is substituted for
chloride, then there is still adequate etching to eliminate the
multiply twinned seeds, but seeds with a single twin remain
intact.11 These single twinned seeds grow to form right
bipyramids in 3-5 h. By decreasing the rate of atomic
addition to these same single twinned seeds, we found that
we could grow silver nanobeams.
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To synthesize nanobeams, two EG solutions, one contain-
ing 96 mg AgNO3 in 3 mL EG, the other containing 96 mg
poly(vinyl pyrrolidone) (PVP) and 0.034 mg NaBr in 3 mL
EG, were added dropwise via a two-channel syringe pump
into 5 mL of EG heated in an oil bath at 148°C. Compared
to the synthesis of right bipyramids, the concentration of
AgNO3 and PVP was doubled and the temperature was
lowered by 12°C. Although the concentration of silver
precursor was doubled, the lower reaction temperature
resulted in a much slower reduction rate. After injection,
the reaction solution initially appeared bright yellow, indi-
cating the formation of small (<20 nm) spherical nanopar-
ticles, but the solution gradually turned clear by 1 h because
of oxidative etching.8 By about 20 h, a light yellow tint
returned to the reaction solution, and this color became a
translucent, silvery gray by 24 h as the seeds grew to form
nanobeams.

Figure 1A is a scanning electron microscopy (SEM) image
of the silver nanobeams produced after 24 h. Their widths
ranged from about 17 to 70 nm; about 85% had widths less
than 40 nm, and 40% less than 30 nm. On the basis of this
image and others, we estimate that 95% of the nanobeams
were over 3µm long, approximately 60% were over 10µm
long, and 10% were over 30µm long. Usually those
nanobeams with greater lengths also had greater widths so
that nanobeams longer than 30µm had widths of at least 40
nm. Figure 1B shows a transmission electron microscopy
(TEM) image, in which nanobeams displayed striations of
contrast quite distinct from the 2-fold contrast characteristic

of pentagonal nanowires.12 This contrast may result from
slight bending and/or twisting of the nanobeams. To view
the cross section of the nanobeams, we oriented the sample
normal at 65° to the electron beam in an SEM. Figure 1C
shows that at this viewing angle a nanobeam appears to have
a somewhat rounded profile. To obtain a clearer picture of
the cross section and internal structure of the nanobeams,
we suspended them in epoxy and microtomed 100 nm thick
slices for viewing under TEM. The cross sections of two
nanobeams can be seen in Figure 1D. Both appear to be
bisected by a single twin plane, suggesting that the nano-
beams grew from singly twinned seeds. To analyze the cross-
sectional dimensions, we considered the nanobeam in the
lower left of this image because it appears to be more closely
aligned with the electron beam. This cross section is 38 nm
wide and 27 nm thick; hence, the width to thickness ratio
W/T is 1.4. If 17 nm wide nanobeams have similar dimen-
sions, then they will only be 12 nm thick.

At present, we do not completely understand the growth
mechanism of silver nanobeams. However, a slow reduction
rate has previously been found to facilitate the anisotropic
growth of single-crystal seeds in the polyol synthesis of
platinum nanowires.13 This anisotropic growth may result
from the fact that, when there is a small driving force for
atomic addition, atoms add only to the most energetically
favorably sites on a nanostructure. In the case of single
twinned seeds of silver, defects at the twin boundary provide
a favorable site for atomic addition and the nucleation of
new atomic layers.14 If such defects were greater in number

Figure 1. (A) SEM and (B) TEM images of silver nanobeams. (C) SEM image of a nanobeam tilted at 65° relative to the electron beam,
where its rounded profile is visible (the scale bar only applies to the horizontal axis). (D) TEM image of a microtomed sample of silver
nanobeams showing their cross-sectional profile. This image suggests that the nanobeam is bisected by a twin plane parallel to the
base.
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on one side of the seed, then the greater rate of atomic layer
generation on that side could result in the anisotropic growth
of nanobeams.

To make electrical contact with a single nanobeam, an
aqueous suspension of nanobeams was dried on an oxidized
silicon substrate, after which gold was evaporated through
a shadow mask to make gold contacts (see Figure 2A). Figure
2B shows an SEM image of a nanobeam spanning gold
contacts separated by 4µm. The nanobeam was measured
to be 45 nm wide from SEM, and 30 nm thick by atomic
force microscopy (AFM), givingW/T ) 1.5, consistent with
the results of TEM analysis. At low bias, this nanobeam had
a stable ohmic resistance of 248Ω. As the bias was increased
at a rate of 10 mV/s, failure occurred at a current of about
2.7 mA, as shown in Figure 2C. This corresponds to a current
density of 2.6× 108 A cm-2. Failure occurred by formation
of a gap about 15 nm wide in the nanobeam at the edge of
one of the contacts, as can be discerned in the SEM images
in Figure 2D. With careful control of the current during the
electromigration process that forms the gap, we expect to
be able to form considerably smaller gaps. The formation
of such gaps suggests this procedure as a simple way of
fabricating nanoscale electrodes separated by a few nanom-
eters that, unlike previous methods, completely circumvents
the need for lithography.15

This initial contacting technique had two drawbacks. One
was the low probability of obtaining a gap spanned by a
single nanobeam. The second was that most nanobeams
smaller that 40 nm in width exhibited small breaks at the
edges of one or both contacts before any bias was applied,

as illustrated in Figure 3A. The origin of the breaks is
unclear, but we speculate that they are related to silver/gold
alloying and the high surface mobility of silver atoms. They
were also found to occur when the nanobeams are deposited
on top of preformed gold contacts. However, we succeeded
in eliminating the breaks by switching to the following
procedure: (1) evaporating the gold contacts on the SiO2

and immersing in a 1 mM1-octadecanethiol (ODT) solution
to coat the gold with an ODT monolayer; (2) drying droplets
of nanobeam suspension on top of these contacts and again
submerging the device in ODT solution to coat the silver;
and (3) annealing the nanobeams individually to the gold
contacts with a focused electron beam. This procedure,
illustrated in Figure 3B, has the additional advantage that it
eliminates the need to find gaps in gold spanned by a single
nanobeam. Instead, any one out of several nanobeams
spanning a given gap can be selected for annealing and
electrical characterization.

Figure 3C shows a 27 nm wide and 19 nm thick nanobeam
(W/T ) 1.4) spanning gold contacts separated by 1.5µm.
The initial resistance was 2.5 MΩ (Figure 3D), a high value
that can be attributed to the presence of an insulating ODT
monolayer between the gold and the nanobeam. To obtain
metal-to-metal contact, we focused the electron beam (130
µA, 20 kV) for about 1 min at points on the nanobeam where
it lay on the gold. Figure 3E shows that the electron beam
was focused on the very ends, resulting in slight deformation
as can be seen in the inset magnified images. After this
process the resistance decreased by 4 orders of magnitude
to 223Ω.

Figure 2. (A) Gold contacts were evaporated onto Ag Nanobeams to measure their electrical properties. (B) SEM image of a single
nanobeam 45 nm wide and 30 nm high spanning the gap beneath the gold contacts. (C) The nanobeam could support a current up to 2.7
mA at room temperature before gap formation caused the current to drop to zero (the ramp speed was 10 mV/s). (D) SEM image of the
nanobeam after testing for the maximum current it could support. The inset is a magnified image of the 15 nm gap that formed as a result
of the large current density. The linear features remaining at the sides of the gap are probably residual polymer.
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The key properties of these metal nanobeams at room
temperature are their resistivity and current-carrying ability.
To investigate these, we measured a collection of nano-
beams with different lengthsL and widthsW (with W/T ≈
1.4 for all). The effective resistivity,F, of a uniform metal
film or wire will be higher than the bulk value,F0, because
of surface scattering. If we take wires of a given cross-
sectional shape and consider reducing the cross-sectional area
A ≡ a2, then the correction toF should initially be linear in
the surface to volume ratio,a-1, that is,F ) F0(1 + λ/a),
whereλ is a characteristic length scale andλ/a << 1.16 Such
an expression has provided a good fit in a wide range of
thin film and wire measurements even whena is comparable
with λ, although different expressions are needed in the limit
λ/a >> 1.17 The scaleλ is set by the bulk mean free pathl,
the shape, and the details of the surface scattering. In addi-
tion to the bulk resistance of the nanobeam, we anticipate

a contact resistance,Rc. Assuming for simplicity thatRc

is the same for every device, and puttingA ≈ πWT/4 ≈
0.56W2 and a ) A1/2 ≈ 0.75W for the nanobeams, we
obtain

To see how well this describes the nanobeams, we plot
values ofR against values of the expression on the right-
hand side of eq 1 calculated using the bulk value ofF0 )
1.6 µΩ cm for silver and a value ofλ that was adjusted to
give the best fit to a straight line of slope unity. The result
is shown in Figure 4A, withλ ) 15 nm and a best fit straight
line givingRc ) 164Ω. We deduce that the data is consistent
with eq 1. The scatter about the straight line could be
explained by random variations in the resistance of the

Figure 3. (A) SEM image illustrating the breakage that occurred in a 35 nm wide nanobeam before a bias was applied (inset scale bar)
100 nm). (B) Premature breakage was prevented by covering the gold contacts with an ODT monolayer before depositing nanobeams on
top and annealing them to the gold with an electron beam. (C) SEM image of a single nanobeam 27 nm wide and 19 nm high spanning the
gap across the gold contacts. (D) The ODT monolayer on the gold insulated the nanobeams, giving an initial resistance of 2.5 MΩ. (E)
SEM of the same nanobeam after annealing the ends to the contacts with a focused electron beam, with insets showing the resultant
deformation (scale bar) 50 nm). (F) The resistance decreased by about 10 000 times after annealing.

R - Rc ≈ F L
A

≈ F0
L

0.56W2 (1 + λ
0.75W) (1)
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contacts. Because, according to eq 1, even our thinnest
nanobeams, withW ≈ 20 nm, have a resistivity only twice
that of bulk silver, it appears that the nanobeams largely
retain the unparalleled electrical conductivity of the bulk
material.

The resistivity correction depends on the way conduction
electrons scatter from the metal surface. A semiempirical
calculation for a circular wire givesλ ) (3/4)(1- p)l, where
p is the fraction of surface scattering that is specular (i.e.,
mirror-like).16 [Note that if surface scattering were completely
specular (p ) 1) then it would have no effect on the
resistivity (λ ) 0) because each electron would retain its
momentum along the wire on scattering from the surface.]
Substitutingλ ) 15 nm and the known bulk mean free path
l ≈ 52 nm, we obtainp ≈ 0.6. This is consistent with the
values ofp found in transverse electron focusing experiments
on polished bulk crystals of silver at 4.2 K.18 The consistency
is quite surprising considering that surface phonon scattering
is insignificant at 4.2 K but is expected to diminishp in the
silver nanobeams measured at room temperature.19,20 How-
ever, we note that in support of these findings, arrays of
single-crystal silver nanowires grown in polymeric templates
by electrodeposition have recently been reported to exhibit
almost the same low resistivity as our nanobeams.21 To
reiterate, it appears that the resistivity of silver nanobeams

is as low as one could hope to achieve in uniform, smooth,
defect-free silver wires.

Last, we investigated the maximum current the nanobeams
can support. The current at failure,Imax, is plotted versus
cross-sectional areaA in Figure 4B. The data is consistent
with Imax ∝ A with a slope representing a well-defined
maximum current density of approximately 1.8× 108 A
cm-2. This is comparable to the highest current densities
reported for multiwalled carbon nanotubes (∼109 A cm-2).22,23

In summary, silver nanobeams synthesized in solution
exhibit superb electrical properties. Their resistivity remains
comparable with the bulk material for thicknesses down to
less than 15 nm, and their current carrying capacity is
comparable to the highest reported for multiwalled carbon
nanotubes. These consistent and predictable characteristics,
in addition to the ease with which they can be grown and
handled, make silver nanobeams a competitive option for
use as electrical interconnects. Further, passage of a large
current can convert nanobeams into nanoscale electrode pairs,
circumventing the need for lithography. Thus, silver nano-
beams serve as an excellent example of how the assembly
of atoms in solution can be guided to generate useful
nanostructures.
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