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ABSTRACT
Mastery over the shape of a nanostructure enables control over its
properties and usefulness for a given application. By controlling
the crystallinity of the seeds from which nanostructures grow and
the rate of atomic addition to seeds, we selectively produced
pentagonal nanowires, cuboctahedra, nanocubes, nanobars, bi-
pyramids, and nanobeams of silver with a solution-phase polyol
synthesis. The example of nanobars illustrates how the shape of a
silver nanostructure affects the color of light that it scatters. We
further show how silver nanowires and nanobeams can serve as
conduits for both electrons and photons.

Introduction
Silver has an array of properties that could be tuned or
enhanced through the nanoscale control of morphology.
For example, silver is the most popular catalyst for the
oxidation of ethylene to ethylene oxide and methanol to
formaldehyde.1 In 2000, over 4 × 106 tons of these
chemicals were consumed by the U.S. alone. Silver also

has the highest electrical and thermal conductivity among
metals, making it a popular material for electrical contacts
and an additive for conducting adhesives. However, silver
is perhaps most widely recognized for its unique optical
properties, as manifested by its central role in photogra-
phy. Photographic films are composed of silver halide
crystals embedded in gelatin matrices. Upon exposure to
light, silver ions are reduced into clusters of silver, creating
a latent image. A critical cluster of 3–5 atoms catalyzes
growth in an electron-donating developer, producing a
gain of about 108 atoms and making the image visible.2 A
similar process has employed silver ions to produce
contrast in biological tissues since the late 1800s.3 These
two applications of silver nanoparticles could be consid-
ered one of the most influential early examples of nano-
technology. More recently, silver nanoparticles have been
shown to locally amplify light by 10–100 times, leading to
surface-enhanced Raman scattering (SERS), with enhance-
ment factors on the order of 106–108.4 Several groups have
reported SERS detection on the single-molecule level.5

Given the range of applications in which silver is
important, better control of its properties would have
profound economic implications. It is now well-estab-
lished that, by shrinking the size of a solid particle to the
nanometer regime, one can alter its chemical, electrical,
mechanical, and optical properties.6 Analogous to the way
metals are machined to form macroscopic devices, tools
are required to control the size and shape of metal
nanostructures for a particular application. This Account
is focused on the polyol synthesis, in which the nucleation
and growth of silver atoms is guided in solution to produce
a surprising variety of shapes. Our tools are necessarily
chemical, and our goal is to refine this approach to grow
nanostructures of any desired morphology.

The Polyol Synthesis
A polyol synthesis involves heating a polyol with a salt
precursor and a polymeric capping agent to generate
metal colloids.7 In the case of silver nanostructures,
ethylene glycol (EG), AgNO3, and poly(vinyl pyrrolidone)
(PVP) serve as the polyol, salt precursor, and polymeric
capping agent, respectively. The reductant is continuously
generated in situ upon heating of EG; therefore, we do
not have to concern ourselves with changes in the kinetics
of nanostructure growth as the reductant is added or
consumed.

To delineate the relationship between the reduction
rate and temperature, EG was heated in an oil bath at a
given temperature for 1 h before adding AgNO3 and PVP.
The amount of reduced silver was then measured with
atomic emission spectroscopy. As illustrated by Figure 1,
a wide range of reduction rates can be accessed by merely
adjusting the temperature. The temperature-dependent
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reducing power of EG, its high boiling point, and its ability
to solvate many metal precursors make the polyol syn-
thesis an attractive method to synthesize colloidal particles
of Au, Bi, Cd, Co, Cu, Pb, In, Ir, Ni, Pd, Pt, Rh, Ru, and
Sn.7–9 This flexibility facilitates the translation of the
shape-control protocols developed for silver to other
metals.

Within the first minute of a reaction, silver ions are
reduced to atoms, which in turn come together to form
nuclei. When nuclei are sufficiently small, the available
thermal energy causes their structure to fluctuate, allowing
defects to form or be removed depending upon their
energetic favorability.10 Most silver nuclei incorporate twin
boundary defects because such defects enable a lower
surface energy.11 As nuclei grow, changes in the defect
structure become too costly relative to the available
thermal energy and they become stuck in a given mor-
phology. As illustrated by Figure 2, this process results in
a Boltzmann-like distribution of multiply twinned, singly
twinned, and single-crystal seeds, with the 5-fold twinned

decahedron being the lowest in free energy and thus the
most abundant morphology.12

This variety of seeds grows to form nanostructures with
different shapes. Our work has centered on manipulating
the nucleation and growth conditions so that only one
shape becomes the dominant product.

Multiply Twinned Pentagonal Nanowires
Multiply twinned decahedra are the naturally abundant
seed morphology, but because of their twin defects, they
are also the most reactive.13 Silver atoms preferentially add
to the twin defects of decahedra, leading to uniaxial
elongation (Figure 3A). As decahedra grow into pentagonal
nanorods, PVP will interact more strongly with the {100}
side facets than the {111} facets at the ends of the
nanowire.14 The side surfaces of nanorods are thus
passivated by PVP, while the ends remain reactive toward
silver atoms. As a result, nanorods rapidly grow into
nanowires tens of micrometers long. Although other seed
morphologies may also nucleate and grow in the same
solution, their small sizes relative to nanowires facilitate
their separation by centrifugation.

To synthesize nanowires, 5 mL of EG was heated in an
oil bath at 160 °C for 1 h before simultaneously injecting
3 mL of two EG solutions, one containing 48 mg of AgNO3

and the other containing 48 mg of PVP (Mw ) 55 000).
Nanowire formation also required that the reaction solu-
tion contained 60 µM of NaCl and 3 µM of Fe(acac)3; these
species were added through the PVP solution.15 If no
chloride was added, the seeds rapidly aggregated to form
irregular particles, suggesting that chloride adsorbs on
seeds and electrostatically stabilizes them against aggrega-
tion.16 The formation of AgCl, as indicated by the reaction
solution exhibiting a white color, was not observed. FeIII

was added to prevent the etching of twinned seeds by
chloride and oxygen. Chloride and iron are common
contaminants in EG, whose concentration will vary de-
pending upon the source; therefore, the amount added
to the reaction must be adjusted in proportion to the
amount initially present.

Figure 3B shows a TEM image of a sample taken from
a nanowire synthesis at 30 min. At this point, the deca-
hedral seeds had elongated to form nanorods. The nano-
rods rapidly grew longitudinally into nanowires tens of
micrometers long by 1 h (Figure 3C). The inset shows a
cross-sectional transmission electron microscopy (TEM)
image of a microtomed nanowire, revealing its 5-fold
twinned crystal structure and pentagonal profile. To test
our hypothesis about the role of PVP in nanowire forma-
tion, we sonicated silver nanowires first with a dithiol
linker and then with gold nanoparticles. Figure 3D shows
that the {111} facets at the ends of nanowires were
decorated with gold nanoparticles but not the {100} facets
on the sides of the wires, which should have been blocked
with PVP.

FIGURE 1. Percent of Ag+ converted to Ag after heating with PVP
in EG for 10 min at a given temperature. Each point is the average
of at least three reactions, with error bars giving the standard
deviation of the percent of silver reduced.

FIGURE 2. Reduction of Ag+ ions by EG leads to the formation of
nuclei. The structure of nuclei fluctuates depending upon their size
and the thermal energy available. Most nuclei contain twin boundary
defects because such defects enable a lower surface energy. As
nuclei grow, fluctuations cease and they are stuck as a multiply
twinned, singly twinned, or single-crystal seed. Different seeds then
grow into nanostructures with different shapes; therefore, one must
regulate the crystallinity of the seeds in a reaction to produce a
specific shape.
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Single-Crystal Nanocubes and Cuboctahedra
One must prevent the formation of decahedral seeds
to obtain nanostructures other than nanowires in high
yields. We accomplished this by following the same
procedure as the nanowire synthesis but without adding
any iron species. In the presence of Cl- and air, the
higher reactivity of seeds with twin defects caused them
to be selectively etched away.17 For oxidative etching
to occur, the concentration of iron species should be
below 0.2 µM.

Etching could be monitored by the reaction color.
Because silver nanoparticles absorb blue light at λ ≈
400 nm, red and green combine to give the reaction a
yellow color at 10 min (Figure 4A). Figure 4B shows a
TEM image of a reaction sample at 10 min, in which
most particles were twinned. However, rather than grow
into silver nanowires, these twinned particles were
etched away. After 7 h, the solution became clear (Figure
4C) and very few silver particles could be found with
TEM. The UV–vis spectra of reaction samples in Figure
4D further illustrate that the plasmon resonance peak
intrinsic to silver nanoparticles was present at 10 min
but gradually disappeared as twinned particles were
etched away.

The yellow color returned at about 24 h and grew in
intensity until 44 h, at which time the TEM of a sample
showed that the particles were all single crystals (Figure

5A). After this point, the single crystals rapidly grew in size.
Scanning electron microscopy (SEM) of the reaction
product at 46 h showed the single crystals to be
80 nm cuboctahedra (Figure 5B). If the water initially
present in EG was removed by flowing dry nitrogen
through the reaction flask for the first 8 min of preheating,
the reaction time was cut in half.18 The TEM image in
Figure 5C shows that the single crystals subsequently
produced by 22 h were nanocubes, 25 nm in edge length.
After 24 h, these nanocubes grew to be 80 nm in size while
retaining relatively sharp corners (Figure 5D). Although a
nanocube has a higher surface energy than a cubocta-
hedron of the same size, its formation may be favored at
relatively high rates of atomic addition {111} facets
because of the adsorption of PVP to {100} facets. Thus,
when the rate of atomic addition to different facets is
controlled, single-crystal seeds can be grown into different
shapes.

Studies of silver catalysts have shown that a higher
defect density leads to greater activity for oxidation
reactions.19 We propose that it is the higher density of
defects on the surface of twinned seeds that led to their
greater activity for oxidative etching. Our experiments
indicate that both Cl- and O2 were required for oxidative
etching of twinned seeds.17 If the reaction was performed
under argon rather than air, the twinned particles present
at 10 min grew to form multiply twinned nanowires in
1.5 h. Without the addition of Cl-, the Ag precursor was
quickly reduced to form multiply twinned particles,

FIGURE 3. (A) Once twinned decahedral seeds lengthened into rods. PVP selectively adsorbed on the {100} side facets so that Ag atoms
could only add to the {111} facets at the ends of each rod. (B) After 30 min, TEM shows the presence of nanorods along with twinned
particles in a reaction to which Fe(acac)3 and NaCl were added. (C) SEM image of nanowires obtained at 1 h. (D) SEM image of as-prepared
silver nanowires that were sonicated with a dithiol linker and then gold nanoparticles. This image indicates that gold nanoparticles stuck to
the ends of wires and freshly cleaved surfaces but not to the sides of the wires coated with PVP.
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100–300 nm in size, in less than 1 h. Incidentally, it is
widely recognized that Cl- accelerates the corrosion of
metals.20 The corrosion of steel in salt water is a well-
known example. Although it seems likely that the corrosive
effect of Cl- helped to etch twinned seeds, as in the

corrosion of steel, the role of Cl- is not completely
understood. Nonetheless, because oxidative etching plays
a role in the polyol synthesis of palladium, platinum, and
rhodium nanostructures, it can be considered a general
tool to control both crystallinity and shape.21–23

FIGURE 4. (A and C) Photographs of a reaction solution at 10 min and 7 h, respectively, showing the formation and subsequent etching of
silver nanoparticles in the presence of NaCl and air (molar ratio of Ag/Cl ) 4.2 × 105). (B) TEM image showing that mostly twinned nanoparticles
were present in the reaction at 10 min. (D) UV–vis spectra of six samples taken from the same reaction between 10 and 120 min, further
confirming the initial formation and subsequent dissolution of twinned silver nanoparticles.

FIGURE 5. (A) Second round of nucleation and growth produced single-crystal spheres ∼ 20 nm in diameter, as illustrated by this TEM image
of a sample taken at 44 h. (B) SEM shows single crystals grew to form truncated nanocubes approximately 80 nm in diameter after 46 h. (C)
Faster growth of single crystals resulted in the formation of nanocubes about 25 nm in edge length by 20 h. (D) Nanocubes grew to about
80 nm in edge length by 22 h.
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Single-Crystal Nanobars and Nanorice
If NaCl was substituted with 60 µM NaBr and the oil bath
temperature was lowered to 155 °C, the reaction produced
silver nanobars in 1 h.24 PVP and AgNO3 concentrations
remained the same as in the synthesis of nanowires. The
formation of AgBr was not observed at this NaBr concen-
tration. Figure 6A shows a SEM image of the product,
which contained both nanocubes and nanobars with a
range of aspect ratios. In Figure 6B, where the sample has
been tilted by 45°, it appears that nanobars are both
narrower and thinner than nanocubes in the same sample.
Figure 6C shows a TEM image of silver nanobars. Con-
vergent beam electron diffraction on several nanobars
gave patterns identical to the one included as an inset,
which shows diffraction from the (100) planes. Because
all sides of the nanobars meet at right angles, this pattern
proves that nanobars, similar to nanocubes, are single
crystals bound on all sides by {100} facets. Storage of
nanobars in a 5 wt % aqueous solution of PVP for 1 week
resulted in their transformation into single-crystal nan-
orice with rounded corners and edges (Figure 6D).

Given that every side of the nanobar has the same
surface energy, it is not clear why nanobars grew aniso-
tropically. Obviously, the most important ingredient for
promoting the growth of nanobars is bromide. Higher
concentrations of bromide also promote anisotropic
growth in the synthesis of Pd nanobars and nanorods (Br/
Pd ≈ 30), as well as gold nanorods (Br/Au ≈ 190).25,26

Although questions remain as to its mechanism of action,
it is interesting that bromide generally induces anisotropic
growth among these noble metals.

Singly Twinned Right Bipyramids
To selectively produce seeds with a single twin plane, the
degree of etching must be moderated so that the most
reactive multiply twinned seeds are etched away but seeds
with a single twin plane remain intact.27 This is ac-
complished by reducing the amount of bromide by half
relative to the nanobar reaction, to 30 µM. Again, the PVP
and AgNO3 concentrations were the same as in the
nanowire synthesis, and the oil bath temperature was 160
°C.

Figure 7A shows a high-resolution (HR)TEM image of
a single twinned seed, many of which could be found in
a reaction sample taken at 1.5 h. Atomic lattice fringes
reflect across the twin plane, with the 2.4 Å fringe spacing
confirming that the twin defect is on the (111) plane. A
zoomed-out view of the same particle is given in the inset
to illustrate its spherical profile and bisection by a twin
plane. Figure 7B shows a 40 nm right bipyramid present
in the reaction at 2.5 h. It is tilted 45° to show its bisection
by a twin plane, with each half being equivalent to the
corner of a nanocube. Right bipyramids grew to be 75 nm
(Figure 7C) or 150 nm (Figure 7D) in edge length in a
reaction stopped at 3 or 5 h, respectively. The inset in
Figure 7C shows a typical electron diffraction pattern
obtained from a single right bipyramid, with the beam
perpendicular to the substrate. The spot array is charac-
teristic of diffraction from the (100) zone axis and indicates
that the bipyramid lies with a (100) facet flush with the
substrate. Because every facet on the bipyramid is identi-
cal, we can conclude that the bipyramid, similar to the
nanocube, is also bound by {100} facets.

FIGURE 6. (A) SEM image of the Ag nanobars produced when NaCl was substituted with NaBr. (B) SEM image of the same sample tilted
by 45°. (C) TEM image of the silver nanobars. The inset is a convergent beam electron diffraction pattern, indicating that the nanobars are
single crystals bound by (100) facets. (D) SEM of nanorice at a 45° tilt.
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To depict its shape and orientation more clearly, Figure
7E shows SEM images of a single right bipyramid from
above and from 45° at three different rotations. The tilted
bipyramids are compared with computer-aided design
(CAD) models of right bipyramids at identical orientations.
It is impossible to visualize the right bipyramid from the
top view alone, but from 45°, it becomes clear that one
half of the bipyramid, which can be thought of as a corner
of a cube, points up and away from the substrate. The
other half points toward and has one of its sides in contact
with the substrate. The selective enlargement of (100)
surfaces on the twinned seed to make a right bipyramid
is consistent with our nanocube and nanowire syntheses,
in which the selective capping of {100} facets by PVP and
relatively fast growth of other facets led to the formation
of nanostructures bound by {100} facets.

Singly Twinned Nanobeams
Seeds with a single twin could also be grown slowly over
24 h to form silver nanobeams.28 Silver nanobeams are
so named because they have a cross-sectional aspect ratio
similar to that of a beam of wood. In comparison to the
synthesis of right bipyramids, the concentration of AgNO3

and PVP was doubled and the temperature was lowered
by 12°, while the concentration of NaBr was kept the same.
Although the concentration of the silver precursor was
doubled, the lower reaction temperature resulted in a
slower reduction rate.

Figure 8A shows a SEM image of the silver nanobeams
produced at 24 h. Their widths ranged from about 17 to

70 nm; about 85% had widths less than 40 nm. On the
basis of this image and others, we estimate 95% of the
nanobeams were over 3 µm long and approximately 60%
were over 10 µm. Under TEM (Figure 8B), nanobeams
displayed striations of contrast distinct from the 2-fold
contrast characteristic of pentagonal nanowires.14 When
a nanobeam is viewed at 65° from normal by SEM (Figure
8C), it has a rounded profile. The microtomed nanobeam
cross-sections in Figure 8D appear to be bisected by a
single twin plane, suggesting that the nanobeams grew
from singly twinned seeds. The nanobeam in the lower
left of this image, which is more closely aligned with the
electron beam, is 38 nm wide and 27 nm thick; hence,
the width/thickness ratio, W/T, is 1.4. Correlated SEM and
atomic force microscopy measurements gave aspect ratios
consistent with this TEM analysis.

Tuning Plasmons with Nanobars and Nanorice
Morphological control provides a powerful tool for the
creation of nanostructures with unique spectral signatures
for optical labeling and sensing applications.29 Silver nano-
particles have a particular advantage in labeling applications
because their scattering cross-section is an order of magni-
tude larger than that of gold, they are equivalent to 106

fluorescein molecules in light-producing power, and they
do not photobleach.30 Nanobars and nanorice illustrate how
the optical properties of a silver nanostructure are deter-
mined by its shape.24 The normalized scattering spectra of
individual nanobars are plotted in Figure 9A, with insets
giving SEM images of the nanobars from which scattered

FIGURE 7. (A) HRTEM image of a singly twinned seed present at 1.5 h in a reaction to which NaBr was added at a ratio of Ag/Br ) 8.4 ×
105. Lattice fringes reflect across the (111) twin plane denoted by an arrow. The inset illustrates the spherical profile of the particle and
bisection by a twin plane. (B) TEM of a right bipyramid ∼40 nm in edge length taken from the reaction at 2.5 h. It is tilted by 45° to show its
bisection by a twin plane. (C and D) SEM images of bipyramids approximately 75 and 150 nm in edge length. The electron diffraction pattern
from a single bipyramid, shown as an inset in C, indicates that the bipyramid is bound by (100) facets. (E) SEM images of a right bipyramid
at different rotations from above (top panels) and at a 45° tilt. CAD models of a right bipyramid are shown for a comparison.
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light was collected. For each nanobar, the position of the
transverse resonance peak (from light polarized along the
short axis) stayed in the blue region of the visible spectrum.

In contrast, the longitudinal resonance peak shifted from the
visible into the near infrared (NIR) as the nanobar aspect
ratio increased.

FIGURE 8. (A) SEM and (B) TEM images of Ag nanobeams. In comparison to the synthesis of right bipyramids, the concentration of AgNO3
and PVP was doubled and the temperature was lowered by 12°. (C) SEM image of a nanobeam tilted at 65° relative to the electron beam (the
scale bar only applies to the horizontal axis). (D) TEM image of a microtomed sample of Ag nanobeams showing their cross-sectional profile
and bisection by a twin plane.

FIGURE 9. (A) SEM images of individual Ag nanobars with their corresponding normalized scattering spectra. (B) DDA calculated scattering
spectra of nanobars, 100, 150, and 200 nm in length, keeping width ) 55 nm and height ) 50 nm. (C) SEM images of individual nanorice with
their corresponding normalized scattering spectra. (D) Plot of the longitudinal plasmon peak location versus the aspect ratio.
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The resonance peaks of synthesized nanobars are blue-
shifted relative to spectra calculated with the discrete
dipole approximation (DDA), shown in Figure 9B.31 We
suspected that this shift was caused by the DDA calcula-
tions using nanobar models with sharper corners and
edges than synthesized ones. To explore the effect of
sharpness on the resonance peak position, we looked at
the spectra of individual nanorice. The normalized scat-
tering spectra of nanorice with different aspect ratios are
plotted in Figure 9C, with insets showing SEM images of
the nanorice from which the scattered light was collected.
Similar to nanobars, the position of the transverse reso-
nance peak did not change significantly for nanorice with
different aspect ratios and the longitudinal resonance peak
red-shifted with an increasing aspect ratio. However, the
rounded corners and edges of nanorice caused both the
transverse and longitudinal resonance peaks to be blue-
shifted relative to those of nanobars.

To compare the scattering spectra of individual nanobars
and nanorice with the DDA-predicted spectra from ideal
nanobars, we plotted the longitudinal resonance peak
position versus the aspect ratio in Figure 9D. For each
nanostructure, the longitudinal resonance red-shifts lin-
early with an increasing aspect ratio. The DDA calculations
on nanobars with ideal corner and edge sharpness exhibit
the most red-shifted resonance at a given aspect ratio,
followed by nanobars and nanorice. Thus, the optical

properties of a silver nanostructure can be tuned by
controlling both anisotropy and corner sharpness.

Electron Transport through Nanobeams
The well-defined dimensions, smooth surface, and crys-
tallinity of nanobeams make them promising candidates
for studying the effects of size on electron transport.28 The
effective resistivity, F, of a nanoscale metal film or wire is
higher than the bulk value, F0, because of surface scat-
tering. If we theoretically reduce the cross-sectional area,
A ≡ a2, of wires with a given shape, the correction to F
should initially be linear in the surface/volume ratio, a-1,
i.e., F ) F0(1 + λ/a), where λ is a characteristic length scale
and λ/a , 1.32 The scale λ is set by the bulk mean free
path, l, the shape, and the details of the surface scattering.
In addition to the resistance of the nanobeam, we
anticipate a contact resistance, Rc. Assuming for simplicity
that Rc is the same for every device and putting A ≈ πWT/4
≈ 0.56W2 and a ) A1/2 ≈ 0.75W for the nanobeams, we
obtain

R-Rc ≈ FL
A

≈ F0
L

0.56W2(1+ λ
0.75W) (1)

To see how well this describes the nanobeams, we plot
values of R against values of the expression on the right

FIGURE 10. (A) Plot of the resistance of nanobeams versus X ) F0(L/0.56W2)(1 + (λ/0.75W)) to give λ ) 15 nm. The straight line fit has a
slope of unity, and the y intercept gives a contact resistance, Rc ) 164 Ω. Here, λ is a characteristic thickness at which the resistivity
deviates from bulk silver and is determined by the bulk mean free path, l, the shape, and surface scattering. (B) Current at failure, Imax, is
proportional to the cross-sectional area of the nanobeams, with a slope representing a well-defined maximum current density of approximately
1.8 × 108 A cm-2. (C and D) SEM images of a nanobeam before and after testing for the maximum current that it could support, with the inset
showing the 15 nm gap that formed as a result.
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hand side of eq 1, calculated using the bulk value of F0 )
1.6 µΩ cm for silver and a value of λ that was adjusted to
give the best fit to a line of slope unity. The result is shown
in Figure 10A, with λ ) 15 nm and Rc ) 164 Ω. The scatter
about the line could be explained by random variations
in the resistance of the contacts. Because, according to
eq 1, even our thinnest nanobeams, with W ≈ 20 nm, have
a resistivity only twice that of bulk silver, it appears that
nanobeams largely retain the electrical conductivity of the
bulk material.

The current at failure, Imax, is plotted versus the cross-
sectional area, A, in Figure 10B. The data is consistent with
Imax ∝ A, with a slope representing a well-defined maxi-
mum current density of 1.8 × 108 A cm-2. This is
comparable to the highest current densities reported for
multiwalled carbon nanotubes (∼109 A cm-2).33 Failure
occurred by the formation of a gap about 15 nm wide in
the nanobeam, as can be discerned in the SEM images of
a nanobeam before and after testing for the maximum
current density (parts C and D of Figure 10). The forma-
tion of such gaps suggests this procedure as a simple way
to fabricate nanoscale electrodes separated by a few
nanometers that, unlike previous methods, completely
circumvents the need for lithography.34

Photon Transport through Nanowires
Figure 11A shows that if laser light is focused on one end
of a silver nanowire, it is re-emitted at the opposite end,
even around curves with a radius of curvature of 4 µm.35

The momentum of a photon is not the same as that of a
propagating plasmon; therefore, scattering is required to
provide an additional wave vector for coupling light into
a propagating plasmon. This condition is met at the sharp
ends of the nanowire, where light can scatter axially into
propagating plasmon modes. Propagating plasmons in-
cident upon the sharp ends of the wire can in turn re-
emit as photons. Figure 11B illustrates that if a nanowire
had sharp bends or kinks, light leaked out at the kink sites.
These kinks have radii of curvature below the diffraction
limit and thus, similar the ends of the nanowire, scatter
propagating plasmons into photons. Light can also couple
from one nanowire to another. Figure 11C demonstrates
this effect, in which light is observed not only at the
intersections but also at the ends of adjacent nanowires,
indicating that light is coupled between them.

Although dielectrics and semiconductors can guide and
propagate light over longer distances, silver nanowires can
focus and guide light at the nanoscale via plasmon
propagation. Future studies will focus on the incorpora-
tion of nanowire waveguides into nanoscale optical
circuits and sensors.36

Conclusion
Controlling the crystallinity of a seed is not only a
necessary prerequisite for producing a given nanostruc-
ture in high yield but also an effective tool to access a
wide range of shapes with only one synthetic process. A
challenge for future syntheses is to form new seed

morphologies that do not represent an energy minimum
for a given crystal structure but, instead, are induced to
form by the presence of or reactions with chemical species
added to the reaction. To this end, a combination of high-
resolution mass spectroscopy and theoretical calculations
will expedite an understanding of nuclei formation,37 as
well as the influence of chemical species on nuclei
morphology.

By exploring the properties of silver nanostructures, we
can gain a better understanding of the interaction between
light and electrons at the nanoscale. Although we chose
the example of nanobars and nanorice to illustrate the
effect of shape on color, this does not do justice to the
fascinating and complex relationship between the shape
of a nanostructure and its optical properties, as well as

FIGURE 11. Optical micrographs showing plasmon excitation,
propagation, and emission for Ag nanowires. The brightest point in
each image is scattered light from the incident laser. (A) Light
propagated as a plasmon along a nanowire of 7 µm long with a
radius of curvature of 4 µm and emitted from the other end. (B)
Sharp kinks of a wire caused the radiation of light in addition to the
end. (C) Excitation at the far left end of a nanowire produces emission
at both the junctions and ends of adjacent, coupled nanowires. The
inset gives the emission intensity profile along an adjacent nanowire.
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how shape affects signal intensity in molecular-sensing
platforms.29 The fact that silver nanowires are excellent
conductors of both electrons and photons opens up
intriguing possibilities for electro-optical devices that have
yet to be explored.
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