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urface plasmons (SPs) are electromag-

netic waves bound to free-electron

oscillations at the surface of a metal.'
Light at visible and near-infrared frequen-
cies can couple to SPs in gold and silver
nanostructures, resulting in the concentra-
tion of optical fields to dimensions well
below the optical wavelength. Plasmonic
metal structures can thus be the basis of
nanophotonic devices that are much smal-
ler than conventional optical circuits.” The
simplest such device is a plasmonic wave-
guide, which serves to transport optical
signals between different components.®*
The central goal in constructing nanopho-
tonic waveguides is simultaneously achiev-
ing high-speed and low-loss data transmis-
sion or image transfer® and confinement of
the optical fields to dimensions much smal-
ler than the diffraction limit.

The simplest plasmonic waveguide is a
solid nanowire of silver or gold. Experimen-
tal studies of such waveguides initially
focused on strips of metal fabricated
using metal evaporation and electron-beam
lithography.5~'° Although these struc-
tures are capable of supporting propagat-
ing plasmons, the plasmons suffer signifi-
cant losses due to scattering off the rough
surfaces and grain boundaries that are in-
herent to these lithographically fabricated
structures. Colloidal synthesis has been de-
monstrated as an inexpensive route for the
bottom-up fabrication of silver nanowires
without grain boundaries and with very
smooth surfaces,'’ and low-loss propaga-
tion of plasmons has been observed in such
nanowires."'? However, silver is chemically
unstable under ambient conditions, readily
reacting with oxygen and hydrogen sulfide
in the environment. Chemically synthe-
sized silver nanowires thus generally have
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ABSTRACT Recent advances in chemical
synthesis have made it possible to produce
gold and silver nanowires that are free of

large-scale arystalline defects and surface
roughness. Surface plasmons can propagate
along the wires, allowing them to serve as
optical waveguides with cross sections much
smaller than the optical wavelength. Gold

nanowires provide improved chemical stabi-
lity as compared to silver nanowires, but at the cost of higher losses for the propagating plasmons. In
order to characterize this trade-off, we measured the propagation length and group velocity of
plasmons in both gold and silver nanowires. Propagation lengths are measured by fluorescence
imaging of the plasmonic near fields. Group velocities are deduced from the spacing of fringes in the
spectrum of coherent light transmitted by the wires. In contrast to previous work, we interpret these
fringes as arising from a far-field interference effect. The measured propagation characteristics agree
with numerical simulations, indicating that propagation in these wires is dominated by the material
properties of the metals, with additional losses due to scattering from roughness or grain boundaries
providing at most a minor contribution. The propagation lengths and group velocities can also be
described by a simple analytical model that considers only the lowest-order waveguide mode in a
solid metal cylinder, showing that this single mode dominates in real nanowires. Comparison
between experiments and theory indicates that widely used tabulated values for dielectric functions
provide a good description of plasmons in gold nanowires but significantly overestimate plasmon
losses in silver nanowires.
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a lifetime of only about one day when
exposed to the atmosphere and must be
carefully protected if they are to be used.
Gold, by contrast, is more chemically
stable in ambient conditions. Early attempts
to fabricate single-crystal gold wires in-
volved labor-intensive methods such as
nanoskiving.'® Recently, though, it has been
demonstrated that colloidal synthesis
methods can be used to fabricate gold
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nanowires with high aspect ratios and structural
properties similar to those of the silver nanowires.'*'
In particular, the gold and silver nanowires both have
pentagonal cross sections and have diameters around
100 nm for lengths in the range from 10 to 20 um. The
high quality of these wires has been demonstrated to
lead to dc conductivities near the bulk limiting value."”
Plasmon propagation has been observed for a wave-
length of 532 nm in chemically synthesized gold nano-
wires with large diameters.'® For these short wave-
lengths, the optical absorption of gold is strong due to
interband absorption, and the SPs can propagate only
very short distances before being absorbed. At longer
wavelengths, which are more relevant for applications,
it is expected that the losses will be less severe and the
propagation lengths will thus be longer.

Shorter propagation lengths are nonetheless expected
at all wavelengths in gold nanowires as compared to
silver.'” It is therefore important to quantify these propa-
gation lengths, in order to determine the trade-off that is
being made in exchange for the improved chemical and
physical stability of the gold nanowires. As well as losses,
dispersion will limit the application of nanowires as
plasmonic interconnects. Together, dispersion and loss
as a function of frequency provide a complete description
of propagation in waveguides, and a quantitative deter-
mination of these values is necessary if they are to be
used as nanophotonic interconnects.

Dispersion and loss are often described using com-
plex propagation constants or effective refractive in-
dices. Experimentally, it is more convenient to use the
propagation length, Ly, and the group velocity, vg.
The propagation length is defined as the energy decay
length for plasmons propagation along the wires; that
is, the intensity of the SP field at a point x along the
propagation direction is given by

Isp = loe /e M

The group velocity is defined as the derivative of the
dispersion relation

dw

Vgr = WSP (2)

where o is the angular frequency and ksp is the wave-
number of the SP propagating along the nanowire.
Although v, describes dispersion only within an overall
phase factor, it defines the speed at which signals travel
along the waveguide and is thus the crucial quantity
when using the nanowires as plasmonic interconnects.
The propagation length and group velocity are charac-
teristics of the waveguide modes that are excited in the
nanowires; they therefore depend on the cross section of
the nanowire but are independent of its length or how
the modes are excited.

In this paper, we experimentally quantify the propa-
gation length and group velocity for SPs in chemically
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Figure 1. Scanning electron microscope images of chemi-
cally synthesized (a) gold and (b) silver nanowires. Here the
nanowires were deposited on a silicon substrate to allow
scanning electron microscopy.

synthesized gold and silver nanowires.'*'® In addition,
we provide a simple theoretical description of the
propagation that will facilitate application of these
nanowires as plasmonic waveguides. First, using rigor-
ous electrodynamic simulations, we demonstrate that
propagation in the nanowires is dominated by the
dielectric functions of the metals, with additional losses
due to defects providing at most a minor contribution.
In fact, the propagation is so good that well-regarded
measurements of the dielectric function (in ref 17) are
inadequate to describe the plasmon losses in silver;
that is, the losses we measure are less than what are
generally considered to be minimum possible values.
Furthermore, we show that the propagation character-
istics can be described quantitatively by a simple
analytical model for the lowest-order waveguide mode
in a solid metal cylinder. Finally, we identify far-field
interference as the origin of the observed fringes in the
output spectrum of the nanowires when they are
excited by broad-band, coherent light, in contrast to
other reports of the spectroscopic properties of metal
nanowires.

RESULTS

Plasmon Propagation Length. Scanning electron micro-
scope (SEM) images of representative gold and silver
nanowires are shown in Figure 1. The nanowires have
lengths up to 14 um and diameters, D, of about 120 nm
for the gold wires and 80 nm for the silver wires. As a
first step to fully characterize the properties of SPs
propagating in gold and silver nanowires, we mea-
sured the propagation length of the SPs. The method
used is based on the ability of the propagating SPs to
excite fluorescence of dye molecules that are in close
proximity to the nanowire through the evanescent
fields that extend from the metal surfaces.'®?°

The nanowires are deposited on a glass subst-
rate and embedded in a thin layer of poly(methyl
methacrylate) (PMMA) containing fluorescent dye mol-
ecules. As well as holding the dye molecules, the
PMMA layer serves to protect the silver nanowires
against degradation. In addition, the PMMA has nearly
the same refractive index as the glass substrate, so that
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Figure 2. (a) Image of two-photon fluorescence excited by surface plasmons propagating along a silver nanowire.
(b) Two-photon fluorescence intensity, obtained from the image, as a function of the position along the nanowire. Points
are experimental data; red line is exponential fit (linear fit on logarithmic scale).
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Figure 3. Propagation lengths as a function of energy for surface plasmons propagating along (a) gold and (b) silver
nanowires. Black points are average values from measurements; error bars are standard deviation. Blue points and blue
dashed line: values calculated using finite-difference time-domain simulations for a nanowire with a diameter of 100 nm. Solid
curves: values obtained from a waveguide model. For gold wires, the green curve shows values for a nanowire diameter of
100 nm, and the red curve for 120 nm. For silver wires, the red curve shows values for a diameter of 70 nm. Red dashed curve:
values for a diameter of 70 nm, calculated by uniformly decreasing the real part of the refractive index for silver by 0.01 from

tabulated values in ref 17.

the nanowires experience a homogeneous dielectric
environment. One end of the nanowire is excited with
afocused laser beam in an optical microscope; some of
the light scattered off the end of the wire is coupled
into SPs that propagate along the wire. These propa-
gating SPs excite two-photon fluorescence from dye
molecules in their optical near field. This fluorescence is
imaged using the same optical microscope onto a CCD
camera, producing images such as the one shown in
Figure 2a. The fluorescence intensity in this image
decays exponentially, as shown in Figure 2b; because
two-photon fluorescence is used for imaging, the
decay length of the fluorescence is half the plasmon
propagation length:

lwor ~ (/SP)Z = Ioze*ZX/mep 3)

Fluorescence images were obtained and propaga-
tion lengths determined by fitting the fluorescence
decay for a range of laser frequencies for individual gold
and silver wires. The experimental results are summa-
rized in Figure 3, with the points showing the average
values and the error bars showing the standard devia-
tions associated with the measured results from four
wires. This distribution of propagation lengths is related
to the distribution of nanowire diameters in the sample
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since, as we show below, the propagation length
decreases as the diameter decreases.

In the case of the gold nanowires, we measured
propagation lengths in the range of 2.4 to 3.6 um for
the photon energy range of 144 to 1.63 eV, ie,
wavelengths of 760 to 860 nm (Figure 3a). The mea-
sured propagation lengths are greater than previous
reported values for thin gold strip waveguides, reflect-
ing the substantial reduction and perhaps even ab-
sence of scattering from grain boundaries and surface
roughness in our chemically synthesized nanowires.
The propagation length reported in ref 16 of about
1.8 um at a photon energy of 2.3 eV is consistent with
an extrapolation of our results. By contrast, the propa-
gation lengths determined for the silver nanowires are
greater, due to the lower optical losses in silver as
compared to gold, ranging from 11 to 17.5 um over the
measured frequency range (Figure 3b). These results
are consistent with a previously measured propagation
length of about 10 #m at a photon energy of 1.58 eV"'
but are much greater than a previous report of a 3 um
propagation length for a photon energy of 1.5 eV.?'
Other measurements have involved photon energies out-
side of the range that we measure®®~2 but are consistent
with an extrapolation of our results. A quantitative

ACRT A RN
VOL.6 = NO.1 = 472-482 = 2012 A@@L%{\)

WWwWW.acsnano.org

474



TABLE 1. Calculated and Measured Plasmon Propagation
Lengths in Gold Nanowires

plasmon propagation length, L, («m)

waveguide model FDTD calculation experiment

photon energy (V) D=120nm D=100nm D =100 nm
1.63 23 1.8 21 23
1.53 27 22 24 28
1.44 33 2.7 3.0 3.6

comparison to these previous results is not possible,
though, because the nanowires that were previously
measured have, in general, different diameters than
those considered here, and the exact diameters were
not always reported. Similarly, longer propagation
lengths have been measured in other geometries,
including smooth films,®* but these have not be ob-
tained at the same time as two-dimensional con-
finement well below the diffraction limit, as in the
nanowires.

In order to understand the measured propagation
lengths, we modeled plasmon propagation in gold
nanowires with finite-difference time-domain (FDTD)
numerical simulations.>>? In these calculations, a
radiating point dipole with a particular frequency
(corresponding to a particular photon energy) was
placed at one end of the nanowire, exciting propagat-
ing plasmons in the wire. The gold nanowire diameter
was taken to be 100 nm, equal to the average of
diameters measured from SEM images such as those
shown in Figure 1. Since the dielectric constants of
PMMA and glass are nearly identical, the simulations
treat the wire as being surrounded by a homogeneous
dielectric environment. An exponential fit to the decay-
ing electric-field intensity along the wire then gives the
corresponding SP propagation length. The calculation
results, as shown in Figure 3a and Table 1, track the
measured values well but are consistently lower by
approximately 0.25 um; part of this difference may be
attributable to the relatively large grid size required for
the FDTD calculations. The fact that the measured
propagation lengths are as long as, or even longer
than, predicted by the calculations demonstrates that
the plasmon losses in these wires are dominated by
intrinsic losses in the metal, with scattering providing
at most a minor contribution to the propagation losses.

Because of the long lengths of the nanowires, the
FDTD calculations are computationally expensive.
Nevertheless, we can use the good agreement of
experiment and FDTD simulations to establish the
veracity of an analytical model that provides a simpler
description of the SP propagation and allows for great-
er physical insight into their characteristics. For this
model, we consider the waveguide modes of an
infinitely long, solid cylindrical rod with a circular cross
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section. In particular, we consider only the lowest-order

waveguide mode, which satisfies the following char-

acteristic equation:>"?®

@) (KR es HV(KsR)
a4 - = =0 (4)
KR Jo(KR) ~ KsR H{(KsR)
with
K? = elw)w?/(2 — h?) (5a)
and
K = esw?/( —h?) (5b)

where J(x) and H(x) are ordinary Bessel functions and
Hankel functions, respectively, R = D/2 is the radius of
the wire, e(w) is the complex dielectric function of the
metal, &s is the dielectric constant of the surrounding
medium, w is the optical frequency, c is the speed of
light in the vacuum, and h is the complex propagation
constant for the waveguide mode:

h = ksp +ia (6)

where Lo, = 1/(20). The group velocity can be calcu-
lated as vg, = 1/(3ksp/dw).

In our experiments, the nanowires are surrounded
by PMMA and glass, providing a nearly homogeneous
dielectric environment with &5 = 2.25. The silver and
gold dielectric constants are taken from ref 17. We use
a simulated annealing procedure? to find the real,
positive values of o and ksp that satisfy eq 4. An
important point concerns the branch adopted for
Ks = (esw®/(c? — h?))""? the sign must be chosen such
that Im[Ks] > 0 because only then are Hankel functions
of the first kind asymptotically stable and thus valid
cylindrical wave functions.

Figure 3a shows the calculated propagation lengths,
according to the waveguide model described above,
for a gold nanowire with a diameter of 100 nm. There is
only a small offset, approximately 0.25 um, between
the waveguide model and FDTD results, indicating that
the model captures the essential physics of the prob-
lem. Compared to the experimental results, the wave-
guide model gives values that are consistently lower
by 0.5—0.75 um. The offset can be partially attributed
to the choice of the diameter for the circular cross
section of the waveguide: (i) both calculations approx-
imate the pentagonal nanowire cross section as circu-
lar, and the proper choice of diameter in the model is
not obvious; (ii) it is difficult to obtain a precise
measurement of the nanowire diameter from SEM
images; and (iii) nanowires in the sample have a
distribution of diameters, with wires observed in the
SEM having apparent diameters that range from 90 to
170 nm. It is therefore reasonable to treat the wave-
guide diameter as a fitting parameter when comparing
theory to experiment. With this single adjustable para-
meter, we are able to achieve quantitative agreement
between the calculated and measured propagation
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TABLE 2. Calculated and Measured Plasmon Propagation Lengths in Silver Nanowires

plasmon propagation length, Ly, («m)

dielectric function ref 17

waveguide model

D =70 nm
photon energy (eV) D=170nm (n — 0.01) D =90 nm
1.67 7.6 11 10.8
1.58 8.8 12.8 12.2
1.46 9.2 12 12.7
White Light Microscope
Continuum Objective
Glass
Prism

Glass substrate
/l\ Scattered Surface

Plasmons

Nanowire

Microscope
covered with PMMA

Objective

Figure 4. Sketch of the experimental setup for the measure-
ment of group velocity for surface plasmons in metal
nanowires (not to scale).

lengths in gold nanowires, as shown in Figure 3a and
Table 1. We note that, as shown later, the same value of
120 nm for the nanowire diameter that reproduces the
measured propagation lengths also allows for quanti-
tative agreement with measured group velocities in
the nanowires. (A similar optimization would, in prin-
ciple, be possible using FDTD calculations but would
be computationally prohibitive.)

For silver nanowires, the agreement with the wave-
guide model is much poorer, even if the nanowire
diameter is used as an adjustable parameter. Figure 3b
and Table 2 show the results of waveguide calculations
for a silver nanowire with a diameter of 70 nm, which
was also optimized with respect to the measured
group velocities. The fitted diameter compares reason-
ably to a measured range of 60—100 nm from SEM
images. In addition, the waveguide model gives pro-
pagation lengths in reasonable agreement with FDTD
calculations, as shown in Table 2. We therefore attri-
bute the disagreement between the model and the
experiment, not to any flaw in the model itself, but
rather to inaccuracies in the tabulated values of the
dielectric function. The propagation length is sensitive
principally to the imaginary part of the dielectric func-
tion of silver, Im[e] = 2nk, where n and k are the
corresponding real and imaginary parts of the refrac-
tive index. In the photon energy range considered, the
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dielectric function ref 30

FDTD waveguide model FDTD
D =90 nm D =70 nm D =90 nm D =90 nm experiment
14 20 103
n 17 24 22 12
21 3.0 175

magnitude of n is small, so that experimental uncer-
tainties in tabulated values are significant and can lead
to considerable uncertainty in Im[e]. For example,
at hw = 1.64 eV, n = 0.03 & 0.02, according to ref 17.
Simply reducing n by 0.01 from tabulated values, which
is well within the reported experimental error, leads to
significantly different values for the calculated propa-
gation, as shown in Figure 3b and Table 2. Table 2 also
shows that using different tabulated values for the
dielectric constant of silver, such as those in ref 30,
leads to calculated propagation lengths that do not at
all agree with experimental values.

We note also that, since the imaginary parts of the
dielectric functions are larger in gold than in silver,
the errors in these tabulated values have less of an
impact on the calculated propagation lengths for gold
wires; the experimental uncertainties in ref 17, for
example, correspond to errors of only 12% in calculated
propagation lengths in gold nanowires. Regardless of
the values chosen for the dielectric constant, the
measured propagation lengths in the silver nanowires
are consistently longer than or equal to the calculated
values, again indicating that extrinsic losses such as
surface scattering are negligible in these chemically
synthesized nanowires.

Plasmon Group Velocity. Apart from the propagation
length, the key quantity describing propagation in
waveguides is the group velocity. In order to determine
vgr in the gold and silver nanowires, they were excited
by a white-light continuum focused on one end of the
nanowire (which we refer to as the input) in a total
internal reflection configuration (Figure 4). The excited
SPs propagate to the other end of the nanowire (which
we refer to as the output), where they scatter into the
far field. The output light is imaged onto the input slit
of a spectrometer, which is used to measure the
spectrum of light emerging from the nanowires. The
samples were coated with PMMA to protect them
against chemical degradation and to provide a homo-
geneous dielectric environment; unlike for the samples
used for the propagation length measurements, no
dye molecules are embedded in the PMMA layers.
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Figure 5. Spectrum of light emerging from the output end of (a) a 10 um long gold nanowire and (b) a 14 um long silver
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Figure 6. (a) lllustration of the input and output scattering spots on a metal nanowire. Calculated interference between
scattered “input” light (A) and the “output” light (B) that propagates along (b) a 10 um long gold nanowire and (c) a 14 um long
silver nanowire. The calculations are based on eq 7, an idealized model of far-field interference. Results are normalized by

arbitrary factors so that they can be plotted on the same y-axis.

As shown in Figure 5, the transmission spectra
exhibit strong oscillations as a function of frequency.
Similar fringes have previously been observed in the
output spectrum of silver nanowires and have been
interpreted as corresponding to standing waves along
the length of the wire, analogous to Fabry-Pérot cavity
modes.'"'? However, theoretical calculations using
either the FDTD method?® or the waveguide model
predict that these standing-wave modes would produce
a fringe spacing equal to half what is measured. We
therefore propose an alternative origin for the spectral
fringes that we observe, based on far-field interference
between incident light that scatters off the input end of
the nanowire and light emerging from the output.

The majority of the light scattered off the input end
of the wire is scattered into the far field, and this strong

WILD ET AL.

scattering is collected by the microscope objective that
is used to collect light from the output end of the wire.
Only a small fraction of the scattered input light
couples into SPs that propagate along the wire; these
SPs are further attenuated by losses along the wire, and
only a fraction of the SPs that reach the far end of the
wire scatter out to free space and are collected by the
objective. The output spot is therefore much less intense
than the input spot. In fact, when the output spot is
imaged, nearly as much light may be captured from the
scattered input light as from the output spot itself. This is
confirmed by wide-field optical images on the nano-
wires, which show a significant optical background at
the output end of the wire. Light from the input end of
the wire will therefore interfere with light from the
output end, producing the observed spectral fringes.
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Figure 7. Group velocity as function of energy for surface plasmons propagating along (a) gold and (b) silver nanowires. Black

points are average values from measurements; error bars are

standard deviation. Blue points: values calculated using finite-

difference time-domain simulations; the gold nanowire is taken to have a diameter of 100 nm, and the silver a diameter of
90 nm. Red solid curve: values calculated by a waveguide model; the gold nanowire is taken to have a diameter of 120 nm, and
the silver a diameter of 70 nm. Red dashed curve: values calculated by a waveguide model; the gold nanowire is taken to have

a diameter of 100 nm, and the silver a diameter of 90 nm.

This far-field interference can be illustrated by con-
sidering the idealized case in which the microscope
objective used to collect the scattered light forms per-
fect, diffraction-limited images of both the input and
output spots. In this case, the images of the input spot
(point A in Figure 6a) and the output spot (point B) can
each be described as Airy disks, producing the following
electric field at the position (x,y) in the image plane:

J1(ki ; J1(ki
1 rA(x')+EBelkSPLefL/(2Lprop) 1(krs ) @)

E(x,y) = E
) A kraco krgo

where k = w/c is the free-space wavenumber of the
scattered light, ra is the distance from (x,y) to point A, rg is
the distance to point B, E, is the amplitude of the field
scattered at point A, Eg is the amplitude scattered at
point B, and a.= M- (NA), where M is the magnification of
the image and NA is the numerical aperture of the
objective. The factor e’ takes into account the phase
of the SP after traveling once along the length of the
wire, L, from point A to point B, and e~ "2t accounts
for propagation loss. For this illustration, we use the
dispersion relationships inferred from the waveguide
calculations in order to approximate ksp and Loy, and
we take Ex = 1000 E5?, as a reasonable approximation of
the experimental condition. The output field is inte-
grated over a circle of radius 1 um around point B to
approximate the area of the sample that is collected in
the experiment. Figure 6b,c show the spectra calculated
from this model for a Au wire with L = 10 um and a Ag
wire with L = 14 um, respectively. The calculated spectra
show fringes with nearly the same energy spacing as in
the experimental spectra. Figure 6¢c compares the results
for a silver wire with Ex® = 10000 Eg” to those for Ex® =
1000 Eg?, demonstrating that the fringe spacing is not
sensitive to the assumed scattering strength.

We note that this model is not intended to provide a
quantitative description of the experiment but is rather
intended simply to demonstrate that far-field interfer-
ence can produce fringes in the measured spectra, and
that those fringes have the same spacing as the ones
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we measure experimentally. In particular, it is clear that
the idealizations of the model lead to calculated fringes
that have lower visibility than those measured experi-
mentally. Despite its approximations, though, the
model allows the quantitative prediction that the
maxima of a far-field interferogram are determined
by the phase accumulated by SPs as they propagate
from one end of the wire to the other. Specifically, a
fringe maximum means that the light scattered from
the input at A and the light emerging from the output
at B are in phase with one another. This will occur when
the phase accumulated by the SP when propagating
from one end of the wire to another is an integer
multiple of 2

D = kepl = 2Tm (8)

for integer values of m. The fringe spacing can there-
fore be used to obtain a piecewise estimate of the SP
group velocity:

Aw LAw AL

~— = ~~ — 9
Vor Aksp 2mAm ¢ /'{02 )

where Aw is the difference in frequency, Aksp the
difference in wavenumber, and A4 the difference in
wavelength for SPs at two adjacent fringe maxima, for
which Am =1, and where 4, is the center wavelength
between the two fringes. It is important to note that
eq 8 is different by a factor of 2 from the condition for
standing waves along the wire.'??® In other words, for
a given dispersion relation and a given photon fre-
quency range, the number of fringe maxima predicted
by the far-field interference model is exactly half the
number of fringe maxima predicted based on the
standing-wave resonance condition. This is the key
qualitative feature that the model describes that is
consistent with the experimental observations.

Figure 7 shows the spectral dependence of the
group velocity extracted from scattering spectra of six
gold nanowires and eight silver nanowires. The mea-
sured group velocities from the different nanowires
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were grouped together in energy bins of 0.2 eV, and
the average and standard deviation of the measured
values are plotted for each of those bins. The group
velocity of the gold nanowires decreases monotonically
over the measured energy range, reflecting increasing
dispersion in the dielectric function of gold as the
photon energy approaches the energy of intraband
transitions. By contrast, the group velocity of the silver
nanowires is nearly constant over the measured range.

These measured group velocities can again be
compared to FDTD calculations and to the waveguide
model. For FDTD calculations, the wires are excited by a
plane wave whose propagation direction is perpendi-
cular to the long axis of the wire.?® The resulting scatter-
ing spectrum shows fringes whose spacing is equal to
the fringe spacing we measure experimentally, again
allowing the group velocity to be extracted using eq 9.
As shown in Figure 7, the calculated group velocities are
in good agreement with the measured values.

Group velocities can also be determined from solu-
tions to the waveguide model by numerical differentia-
tion of ksp(w). Using the same diameters in the wave-
guide model that were used to obtain good agreement
with measured propagation lengths (120 nm for the
gold nanowires and 70 nm for the silver nanowires) also
provides quantitative agreement with the measured
group velocities. This confirms the validity of our inter-
pretation of the fringes as arising from far-field inter-
ference. It also demonstrates that the group velocity,
which is sensitive principally to the real part of the di-
electric function, is not affected by errors in the
tabulated values for the dielectric functions of the
metals. (The reported experimental errors in ref 17
correspond to an error of less than 1% in the calcu-
lated group velocities.)

DISCUSSION

Approximating SP propagation using only the
lowest-order waveguide mode in a solid metal cylinder
provides quantitative agreement with the measured
group velocities in both gold and silver nanowires and
with the measured propagation lengths in gold nano-
wires. Disagreement between the model and measured
propagation lengths in silver nanowires is attributable to
inaccuracies in tabulated values of dielectric constants for
silver. Our results thus indicate that a single waveguide
mode dominates SP propagation in these nanowires. The
ability to describe propagation using a single waveguide
mode saves the computational effort that would other-
wise be required for numerical simulations.

However, waveguide theory indicates that the nano-
wires considered here, with diameters close to
100 nm, should be able to support two or three
waveguide modes.! The reason that the higher-order
modes do not contribute to the measured propagation
is notimmediately clear. It may be that the symmetry of
these modes is such that they are not efficiently excited
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by the incident light scattering off the input end of the
nanowires. An additional possibility is that the higher-
order waveguide modes are strongly damped, as
compared to the fundamental mode, through radia-
tion to the far field. The experimental methods used
here will favor the observation of tightly confined
modes that propagate efficiently to the far end of the
wire and will not readily allow for the observation of
leaky modes or other lossy modes. This is in contrast to
previous measurements on larger-diameter silver na-
nowires that showed evidence of plasmons propagat-
ing in modes that were mostly confined to the corners
of the pentagonal cross section? In those earlier
measurements, plasmon propagation was monitored
by imaging light that leaks into a dielectric substrate
from wires sitting at the dielectric—air interface; this
imaging method favors the imaging of leaky modes, as
evidenced by the short propagation lengths measured
in these experiments.

We also note that we base our determination of
group velocity on a different interpretation of the
spectral fringes in the scattering spectra from the
nanowires than in previous, similar studies.""'?33 In
previous work, fringes in the output spectrum from
silver nanowires were interpreted as arising from
standing waves within the nanowires themselves. In
order to form a standing wave, a propagating SP must
interfere constructively with itself after propagating
back and forth along the wire, over a total length 2L.
This is twice the length required for interference in our
far-field model and thus leads to spectral fringes
spaced half as far apart as the fringes that we observe
experimentally. In ref 12, the measured fringe spacing
is comparable to the spacing we measure; these fringes
are interpreted as arising from standing waves, leading
to a group velocity twice what we report for similar
photon energies. Although it is difficult to make a
direct comparison because of the different nanowire
diameters, it seems possible that the fringes in ref 12
actually arose from far-field interference.

By comparison, the reported fringe spacings in
refs 11 and 33 appear to be consistent with standing-
wave resonances. In ref 11, at least, the nanowires were
illuminated with an incoherent light source, unlike the
coherent white-light continuum that we use. The in-
coherent source would prevent far-field interference
between two points in the image. (Since it is unclear
what illumination source is used in ref 33, we cannot
comment further.) If the far-field interference has been
removed, fringes due to the standing-wave resonances
may then be resolved. These Fabry-Pérot fringes are
expected to have lower visibility than the far-field
fringes that we observe since the SPs will need to
travel twice as far to produce this form of interference
and will thus experience significantly stronger damp-
ing along the way. We believe that these Fabry-Pérot
fringes still exist in our nanowire systems but are
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obscured below the higher-visibility fringes that are
associated with the far-field interference. We note also
that illumination of the entire wire by a plane wave
leads to excitation of only symmetric standing-wave
modes, which would produce the same fringe spacing
as in our measurements.?3* Our experimental config-
uration, with focused illumination of one end of long
nanowires, is not subject to this symmetry considera-
tion, so the same explanation cannot be used to
explain our observed mode spacing.

It is also notable that this high fringe visibility mea-
sured experimentally (Figure 5a,b) is not reproduced in
the simple model of far-field interference (Figure 6b,c).
This model assumes that the scattering from the input
end of the wire and the measured emission from the
output end of the wire are both imaged as perfect,
diffraction-limited spots onto the detector. The spec-
trum of scattered input light measured at the output
arises from the wavelength dependence of the Airy
disk pattern for a diffraction-limited spot, according to
the first term on the right-hand side of eq 7. The
spectrum of output light, by contrast, arises from the
wavelength dependence of plasmon propagation
losses along the wire. The relative contributions of
input and output light thus vary with wavelength,
leading to an interference pattern with relatively low
visibility whose overall intensity varies nonmonotoni-
cally with wavelength. The shape of this interference
pattern depends on the strength of scattering at the
input end, as illustrated in Figure 6c.

The assumption of perfect, diffraction-limited spots
is clearly an idealization of the real experimental situa-
tion, in which many factors contribute to broaden the
spots in the image. For example, the excitation laser
illuminates more than one point on the wire, so that
scattering from the input end originates from a larger
region than the point source considered in the model.
In the calculation, we have assumed that light from the
output area of the wire is collected over a fairly large
spot size. In the experiment, the collection area may be
smaller, which will lead to greater fringe visibility. In
addition, the input end of the wire is located away from
the center of the field of view of the microscope
objective, so that spherical aberrations in the image
are inevitable; these, together with chromatic aberra-
tions in the imaging optics, will also serve to broaden
the spot in the image corresponding to scattering off
the input end of the wire. Furthermore, we have seen
experimentally and theoretically that emission from
the wire is not isotropic.3® This has the effect of
reducing the numerical aperture over which light is
collected as compared to the full numerical aperture of
the objective, which again broadens the output spot in
the image; similar considerations are likely to apply to
scattering at the input spot. Broadening of the spots in
the image means that more scattered light from the
input end of the wire will be collected when the output
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end of the wire is imaged, leading to greater fringe
visibility. The non-idealities will also lead to a more
uniform spectrum of scattered input light measured at
the output end and thus to a more uniform interfer-
ence pattern. The simplified case considered in the
model thus represents the minimum amount of inter-
ference that could, in principle, be observed. The
calculated far-field interference spectra should there-
fore not be taken to be a quantitative representation of
the experimental spectra. Rather, they are meant to
demonstrate that far-field interference leads to spec-
tral fringes, even in an idealized situation, and that
these fringes have the same spectral spacing as the
fringes that are measured experimentally.

CONCLUSIONS

In summary, we measured propagation lengths and
group velocities for surface plasmons propagating in
chemically synthesized gold and silver nanowires. The
experimental and theoretical results provide all the
information necessary to use these nanowires as plasmo-
nic interconnects in photonic circuits.

The propagation lengths are determined by imaging
of two-photon fluorescence from dye molecules in the
near field of the nanowires. The group velocities are
determined by measuring the spectrum of light com-
ing out one end of the wire when the opposite end is
excited with a coherent white-light source. In these
scattering measurements, the output spectrum exhib-
its fringes, which we interpret as being due to far-field
interference between the output light and a small
fraction of the incident light scattered off the input
end of the wire. This is in contrast to previous experi-
ments, where spectral fringes were interpreted as being
produced by longitudinal standing waves in the wires.

The interpretation of far-field interference allows us
to extract group velocities that are in quantitative
agreement with rigorous numerical simulations based
on the finite-difference time-domain method; these
calculations also reproduce the measured propagation
lengths in gold nanowires. Quantitative agreement
with experimental values was also obtained using an
analytical model that considers only the lowest-order
waveguide mode in a solid metal cylinder, provided
that the diameter of the waveguide is used as an
adjustable parameter. Agreement between calculated
and measured propagation lengths in silver nanowires
is not very good, but the discrepancy can be explained
as arising from inaccuracies in tabulated values for the
dielectric function of silver.'”” The waveguide model
thus demonstrates that plasmon propagation in the
chemically synthesized nanowires is dominated by the
lowest-order waveguide mode.

The results also indicate that plasmon propagation in
the nanowires is dominated by the bulk dielectric
functions of silver and gold, meaning that extrinsic
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sources of loss such as scattering off surface roughness
and grain boundaries are negligible. On the other hand,
the intrinsic metal losses are still significant, particularly
in the more chemically stable gold wires. Future work

METHODS

Chemical Synthesis of Gold and Silver Nanowires. The gold nano-
wires were synthesized by tip-selective growth from gold
nanorods at low pH.'*'® First, purified gold nanorods with a

high aspect ratio were synthesized using a method described in
detail in ref 14. The length of these nanorods was increased by

continuously adding a growth solution containing Au(l) ions
and ascorbic acid. In this way, highly uniform and crystalline
nanowires with pentagonal cross section and high aspect ratio
were obtained.

The silver nanowires are synthesized following an estab-
lished polyol process.'®° In a typical synthesis, 5 mL of ethylene
glycol (J.T. Baker) was added to a 100 mL three-neck round
flask. The solvent was heated at 160 °C for 1.5 h. Meanwhile,
ethylene glycol solutions of 0.10 M AgNOs (Aldrich) and 0.15 M
poly(vinyl pyrrolidone) (PVP, My, &~ 55 000, Aldrich, the concen-
tration calculated in terms of the repeating unit) were prepared.
To the PVP solution were added NaCl (Fisher) and tris-
(acetylacetonato)iron(lll) (Fe(acac)s, Aldrich) in order to reach
concentrations of 0.06 mM and 2.2 uM, respectively. In the next
step, 3 mL of each solution (i.e., AgNO5 and PVP with additives)
was simultaneously injected into the hot ethylene glycol with a
syringe pump (KDS-200, KD Scientific Inc., Holliston, MA) at a
rate of 45 mL/h. The reaction was maintained at 160 °C for
additional 1.5 h. Magnetic stirring at 240 rpm was applied
throughout the entire synthesis. This process results in high-
quality crystalline wires with smooth surfaces, a pentagonal
cross section, and very high aspect ratios.*

Sample Preparation. For deposition of gold nanowires, the
nanowire solution, as synthesized, was diluted in water (1:10)
and ~70 uL of the diluted solution was deposited on a glass
coverslip and then dried in air at 70 °C for ~20 min. Excess
surfactant that deposits on the substrate with the nanowires was
washed off with methanol. For deposition of silver nanowires, the
nanowire solution was diluted in ethanol (1:10) and ~10 uL of the
diluted solution was deposited on a glass coverslip and then
dried in air at room temperature for several minutes.

The samples were coated with a ~300 nm thick PMMA layer
by spin coating a 4% solution of 950 kDa PMMA in anisole
(MicroChem) at 6000 rpm and then baking for 60 s at 90 °C. For
the propagation length measurements, 0.1 mM of Coumarin 30
(Sigma Aldrich) was dissolved into the PMMA solution before
spin coating.

Measurement of Surface Plasmon Propagation Lengths. The sample
was mounted on an inverted microscope (Olympus IX-71) and
excited through a 40x objective (Olympus UPlanApo) by ultra-
fast laser pulses coming from a commercial tunable Ti:sapphire
laser (Coherent Mira). The laser produces pulses with dura-
tions of approximately 1 ps and line widths of approximately
3 nm at a repetition rate of 76 MHz. The excited two-photon
fluorescence was separated from the scattered laser light by a
dichroic mirror and a short-pass filter and then imaged onto a
CCD camera (PixelLink, PL-B957U). The polarization of the input
laser was adjusted in order to maximize the fluorescence signal
corresponding to plasmons propagating along the wire. For
each registered image, the integration time was adjusted so
that the bright spot at the end of the wire due to direct laser
excitation is saturated but none of the image of the surface
plasmon-excited emission along the wire is saturated. Twenty
frames were averaged in order to form each image. The back-
ground level was determined by taking an average intensity at
locations away from the wire and was subtracted from the
measured signals. For each image, a line was drawn along the
wire and the intensity cross section along that line was ex-
tracted as a function on the position of the nanowire. The scale
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will therefore aim at overcoming these losses and
further extending the propagation length by engineer-
ing the cross section of the wires and by coupling the
surface plasmons to adjacent gain media.>>~38

of the image (micrometers per pixel) was calibrated using a
standard U.S. Air Force resolution test chart. Measurements
were made as a function of photon energy by tuning the
excitation laser wavelength over the two-photon absorption
range of the coumarin dye. The measurements were repeated
for a different concentration of dye molecules (0.3 mM) in order
to verify that direct absorption by the dye molecules is
negligible.

Measurement of Surface Plasmon Group Velocities. The sample was
mounted on an inverted microscope (Olympus IX-71) and light
from a broad-band light source was focused by a long-working-
distance microscope objective (Mitutoyo Plan Apo, 10x, NA =
0.28) through a glass prism onto one end of the nanowire. The
polarization of the input light was adjusted in order to maximize
the amount of light emerging from the far end of the wire.
The white-light continuum was generated in a photonic-crystal
fiber (Femtowhite 800, Newport), excited by a commercial Ti:
sapphire laser (Coherent Micra). The light scattered from the
output end of the nanowires was collected by a microscope
objective (Olympus PlanApo, 40x, NA = 0.8) and was imaged
onto the entrance slit of a grating spectrometer (Princeton
Instruments SP 2300i). The light entering the spectrometer was
dispersed spectrally and detected using a CCD camera (Andor
Newton 920 BRD). A vertical row of pixels on the CCD detector
was selected for data collection; together with the entrance slit
on the spectrometer, this defines an area on the image from
which light is collected and detected. The measured spectra were
divided by the light that is scattered of the end of the nano-
wires in order to normalize spectral variance in the white-light
continuum.

FDTD Simulations. For the FDTD simulations, we used the
algorithm reported in ref 26. The grid size for all FDTD calcula-
tions was 4 nm. In these calculations, the complex, frequency-
dependent dielectric constants for gold and silver were de-
scribed by auxiliary differential equations® corresponding to a
Drude plus two-pole Lorentzian model, with parameters chosen
to be consistent with the tabulated values in ref 17 (unless
indicated otherwise). The dielectric constant for the surround-
ing medium was &s = 2.25, corresponding to PMMA or glass.
Gold nanowires with lengths of 10.5 um and circular cross
sections of 100 nm and silver nanowires with lengths of 6 um
and cross sections of 90 nm were simulated. These nanowire
diameters were chosen to match the average diameters mea-
sured from SEM images.
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