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Nano-optics from sensing to waveguiding

The design and realization of metallic nanostructures with tunable plasmon resonances has been

greatly advanced by combining a wealth of nanofabrication techniques with advances in computational

electromagnetic design. Plasmonics — a rapidly emerging subdiscipline of nanophotonics — is

aimed at exploiting both localized and propagating surface plasmons for technologically important

applications, specifically in sensing and waveguiding. Here we present a brief overview of this rapidly

growing research field.
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Plasmonics is a subfield of nanophotonics that is concerned
primarily with the manipulation of light at the nanoscale, based
on the properties of propagating and localized surface plasmons.
Plasmons are the collective oscillations of the electron gas in a
metal or semiconductor. Optical waves can couple to these electron
oscillations in the form of propagating surface waves or localized
excitations, depending on the geometry. Although all conductive
materials, such as metals, support plasmons, the coinage metals
(that is, copper, silver and gold) have been most closely associated
with the field of plasmonics as their plasmon resonances lie closer
to the visible region of the spectrum, allowing plasmon excitation
by standard optical sources and methods. The field of plasmonics is
based on exploiting plasmons for a variety of tasks, by designing and
manipulating the geometry of metallic structures, and consequently
their plasmon-resonant properties.

In quantum theory, a plasmon is a quasiparticle that results from
the quantization of plasma oscillations interacting with a photon.
Despite their origins in quantum mechanics, the properties of
plasmons can be described rigorously by classical electrodynamics.
Surface plasmons are supported by structures at all length scales
and are certainly not limited to quantum confined systems. For thin
metal films, for example, surface plasmons are the electromagnetic
waves that propagate along metallic-dielectric interfaces"?. They
can exist at any interface and frequency range where the real
dielectric constants of the media constituting the interface are of
opposite signs. Small noble metal particles, with dimensions from
a few up to several hundred nanometres, support localized surface
plasmon oscillations that create large electromagnetic fields at the
nanoparticle surface*™*.

The plasmon resonance frequency, determined by the frequency-
dependent dielectric function of the metal and the dielectric
constant of the surrounding medium, is strongly dependent on
the size and shape of the nanostructure®®. Although both the
surface plasmon resonance for a thin film and the localized surface
plasmon resonance supported on isolated nanoparticles have
been of great interest in the scientific community, the resonances
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supported by single nanoparticles in particular have received
considerable attention owing to numerous significant advances
in nanoparticle synthesis. Wet chemical synthesis methods have
now made it possible to fabricate plasmonic nanoparticles having
a variety of shapes (for example spheres’, triangles'’, prisms'!, rods'?
and cubes'®) with controllable sizes and narrow size distributions.
Furthermore, metallic-dielectric and metallic-metallic core-shell
nanoparticles and mixed metallic-alloy nanoparticles with different
shapes (for example, nanoshells''® and nanorice'”’) have been
prepared. Fabrication of this large variety of different structures
makes a variety of applications possible, as the spectral position of
the surface plasmon resonance depends on both the shape and the
size of the nanoparticle. For spherical nanoparticles, a resonance
of the oscillating electrons with an incident optical wave occurs
when the negative of the real part of the particle’s dielectric constant
equals twice the value of the dielectric constant of the medium (see
theoretical section below). However, for non-spherical particle
shapes, the electron oscillation is non-isotropic and localized
either along the principal axes' or at the edges and corners of the
nanoparticle' (or both), leading to an additional shape-dependent
depolarization and splitting of the surface plasmon resonance into
several modes (such as longitudinal and transverse modes for
nanorods or symmetric and antisymmetric modes in nanoshells®).
Alarge variety of structures have been synthesized and characterized
whose plasmon resonances may be varied over the entire visible to
mid-infrared part of the electromagnetic spectrum (see Fig. 1). In
contrast to this explosion of plasmonic nanoparticles of various
shapes and sizes, the controlled assembly and integration of
nanoparticles into plasmonic materials and devices remains a
challenge at present. Fabrication strategies using clean room and
wet chemical techniques are leading to numerous advances in
nanoparticle assembly and integration methods.

Within this rapidly developing and highly multidisciplinary
field, several key research directions have been emerging with the
potential for robust and commercializable technological applications.
These range from enhanced sensing and spectroscopy for chemical
identification and detection of biomolecules or biological agents,
near-field optics and scanning microscopy using metallic probe tips,
to signal propagation with metal-based waveguides. Broadly, one
can distinguish between two main areas based on the properties of
plasmons: sensing applications based on either the refractive-index
dependence of the plasmon resonance or the amplification of the
optical field near the nanostructure; and manipulation and guiding of
light using plasmonic waveguides. This review focuses specifically on
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Figure 1 Nanoparticle resonances. A range of plasmon resonances for a variety of
particle morphologies.

the plasmonic properties of nanostructures for sensing applications,
and on plasmonic waveguides. We first start by reviewing some
theoretical methods used throughout the field of plasmonics. For the
many preparation methods developed for metallic nanostructures we
refer the interested reader to the cited literature.

THEORFTICAL BACKGROUND

Asafirstapproximation, the plasmon resonance for a small spherical
metallic nanoparticle can be understood by a simple Drude free-
electron model, assuming that the positively charged metal atoms
are fixed in place and that the valence electrons are dispersed
throughout a solid sphere of overall positive charge. In the quasi-
static limit, where the wavelength of light is much larger than the
size of the particle, the force exerted by the electromagnetic field of
the incident light moves all the free electrons collectively. Using the
boundary condition that the electric field is continuous across the
surface of the sphere, the static polarizability can be expressed as

— 3 S—Em
o =4nR> —2,
£+2£m

where R is the sphere radius, ¢ is the complex dielectric function of
the metal and ¢, is the dielectric constant of the embedding medium.
The polarizability shows a resonance when the denominator is
minimized, which occurs when the magnitude of the real part
of the complex dielectric function, &,,, is —2¢,. This resonance
condition for the polarizability leads to a strong extinction of light
at the plasmon resonance frequency. Within this free-electron
description, plasmons can be thought of as collective oscillations
of the conduction-band electrons induced by an interacting
light wave.

To determine the plasmon-resonant properties of arbitrarily
shaped particles, solutions to Maxwell’s equations must be obtained.
For nanoparticles with a spherical symmetry, Mie scattering
theory?"? provides a rigorous solution that describes well the optical
spectra of spheres of any size. To determine the extinction spectrum
of a nanoparticle using Mie theory, the electromagnetic fields of the
incident wave, scattered wave and the wave inside the particle are
expressed as the sum of a series of vector spherical harmonic basis
functions. The electromagnetic fields must then satisfy Maxwell’s
boundary conditions of continuity at the junction between the
nanoparticle and the embedding medium. Mie theory is exact and
accounts for field-retardation effects that become significant for
particles whose size is comparable to the wavelength of light. A
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complete description of the Mie scattering problem can be found in
the classic book by Craig Bohren and Donald Huffman®.

For non-spherical geometries, brute-force computational
methods, such as the discrete dipole approximation, DDA (ref. 23),
and the finite-difference time domain, FDTD (refs 24,25), are
widely used. In the DDA, the scattering and absorption properties
of arbitrarily shaped nanostructures are calculated by approximating
the complete nanostructure as a finite array of polarizable point
dipoles. In response to an external field, the points acquire a dipole
moment, and the scattering properties are then calculated as the
interaction of a finite number of closely spaced dipoles.

The FDTD is a computational method based on numerically
evaluating the temporal evolution of electromagnetic fields using
Maxwell’s equations. Because Maxwell's equations relate time-
dependent changes in the electric (magnetic) fields to spatial
variations in the magnetic (electric) fields, FDTD programs
implement an explicit time-marching algorithm for solving
Maxwell’s curl equations, usually on an offset cartesian spatial grid.
Modelling a new system is therefore reduced to grid generation,
instead of deriving geometry-specific equations. In addition,
the time-marching aspect of the FDTD method enables direct
observations to be made of both near- and far-field values of the
electromagnetic fields at any time during the simulation. With these
‘snap shots), the time evolution of the electromagnetic fields can be
calculated directly. The FDTD has become an extremely powerful
technique for modelling nanostructures with complex shapes as
well as arrangements of multiple nanostructures.

Although DDA and FDTD correctly predict the spectral response
of arbitrarily shaped nanostructures, they provide little physical
insight into the nature and origin of a plasmon. Thus, it is difficult
to rationally design nanostructures with predictable plasmon
resonances based on DDA and FDTD. Plasmon hybridization
(PH) theory is a more intuitive method for calculating the plasmon
resonances of complex nanostructures. The PH model is a mesoscale
electromagnetic analogue of the molecular-orbital theory used to
predict how atomic orbitals interact to form molecular orbitals.
Plasmon hybridization theory separates complex nanoparticle
geometries into simpler constituent parts and then calculates
how the plasmon resonances of the elementary parts interact
with each other to generate the hybridized plasmon modes of the
composite nanostructure. For example, the plasmon resonances of
a silica core with a gold shell, called a nanoshell, can be explained
as the interacting plasmons of a solid spherical gold particle and
a spherical cavity inside a bulk block of gold (see Fig. 2a). The
plasmon resonances of nanoshells can then be understood as the
interaction or hybridization of the sphere and cavity plasmons.
This hybridization leads to a higher-energy antisymmetric plasmon
and a lower-energy symmetric plasmon. The symmetric plasmon
has a larger dipole moment and couples easily with light giving
rise to plasmon absorption (see Fig.2a). The tunability of the
nanoshell plasmon resonance (Fig. 2b) arises from the combination
of silica-particle size (cavity plasmon) and gold-shell thickness
(interaction distance). Thinner (thicker) shells have a stronger
(weaker) interaction, leading to larger (smaller) energy splitting of
the symmetric and antisymmetric plasmon modes. Therefore PH
theory provides an elegant and more intuitive plasmon description
and has become a useful guide in the engineering of metallic
nanostructures with predictable resonances when applied to other
complex geometries with interacting plasmons.

PLASMONIC SENSNG
REFRACTIVE-INDEX PLASMON SENSING
Chemical sensing based on surface plasmon resonances (SPRs) can

be accomplished in a variety of ways. Historically, SPR sensing was
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Figure 2 Tunability of nanoshells. a, Plasmon hybridization. Nanoshell plasmons can be understood as a hybridization of a sphere and a cavity plasmon. The schematic of the
plasmon hybridization shows the charge distribution forming symmetric and antisymmetric plasmon resonances. b, Plasmon resonances of a 120-nm-diameter silica core
coated with varying thicknesses of gold shell. Note the blue shift in the plasmon resonance as the size of the gold layer increases from 5 nm to 20 nm. ¢, Surface plasmon
resonance (SPR) shifts of a nanoshell’s resonance in solutions with different refractive indices varying from 1.00 to 1.63.

first performed using propagating surface plasmons on continuous
metal films that had been chemically functionalized. Modifications
in the chemical environment due to binding of molecules to a
functionalized film were monitored as a change in the incidence
angle required for surface plasmon excitation in an evanescent
coupling geometry®. Similarly, metallic nanoparticles that support
the excitation of a localized SPR are also highly sensitive to the
environment, because the resonance frequency depends on the
dielectric constant of the local medium (for example see Fig. 2c and
refs 4,7). In nanoparticle-based SPR sensing, changes in the dielectric
constant of the medium surrounding the metallic nanostructure
are detected by measuring the shift of the SPR absorbance
maximum (see Fig. 2c and refs 26,27). This enables the detection
of molecules with different dielectric properties at the nanoparticle
surface. Although the SPR response is not chemically specific, this
disadvantage hasbeen overcome by detection techniques using metal
particles conjugated to, for example, antibodies or DNA, allowing
for that selectivity of target-receptor molecules through binding
specificities®®?. For example, the highly robust biotin-streptavidin
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labelling scheme has been used extensively for plasmon sensing in
biological systems. Although SPR spectroscopy using nanoparticles
is less sensitive at present than its thin-film-based analogue, it has the
advantages of portability (that is, the technique can be miniaturized)
and affordability*® ($5,000 versus $300,000).

LOCAL FIELD ENHANCEMENT

When an electromagnetic wave interacts with a roughened metallic
surface or a nanoparticle, the electromagnetic fields near the surface
are greatly enhanced relative to the incident electromagnetic field.
This phenomenon is due to two processes. The first is the ‘lightning
rod’ effect, conventionally described as the crowding of the electric
field lines ata sharp metallic tip. The second process is the excitation of
localized surface plasmons at the metal surface and is responsible for
the amplification of fluorescence and second-harmonic generation
from thin metal films®. For metal nanoparticles often both processes
are involved in creating the localized enhanced near field. Although
this electromagnetic enhancement effect has been exploited in
several spectroscopy techniques, it is mainly the amplification of the
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Figure 3 Surface-enhanced Raman spectroscopy. a, Schematic sample geometry for nanoparticle-based SERS. b, Raman spectrum of p-mercaptoaniline collected with no
nanoshells (blue) and SERS spectra with nanoshells (red). €, Scanning electron microsopy image of a typical silver tip used for TERS. The inset shows a zoom in of the tip apex,
which has a radius of curvature sharper than 50 nm. d, Tip-enhanced Raman spectra from a benzenethiol self-assembled monolayer on a planar gold surface. Spectra were
collected before and after the approach of the tip with an exposure time of 10 seconds per frame. Parts ¢ and d reprinted with permission from ref. 79. Copyright (2007) ACS.

otherwise very weak Raman signal that has triggered the greatest
amount of interest. Surface-enhanced Raman spectroscopy (SERS)
is a very attractive spectroscopic method because the Raman signal,
unlike fluorescence, contains detailed information derived from
molecular structure that may be useful in chemical identification.
It was discovered accidentally, and then pursued aggressively by
numerous groups, before a deeper understanding of how plasmon
properties could be manipulated to maximize signal amplification
began to emerge. At present this topic is becoming an important
field in plasmonics, with a concentrated effort in developing and
optimizing SERS substrates for practical use. Surface-enhanced
Raman spectrocopy was first discovered for molecules attached
to roughened silver electrodes® as the molecules showed a large
increase in their scattered Raman intensity with typical enhancement
factors of 10°. It is now well understood that these large enhancement
factors are due to electromagnetic enhancement caused by plasmon
excitation, and ‘chemical effects’ — a broader term that encompasses
all molecule-metal interactions that may lead to an enhanced SERS
signal. The relative contributions of electromagnetic and chemical
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effects in numerous metal-molecule systems are still a very active
topic of discussion and ongoing research.

Single-molecule spectroscopy®>** has revealed that the SERS
ensemble enhancement factor of 10° is actually due to a distribution
of enhancement factors because some molecule-substrate
combinations show much smaller or no enhancements, whereas
others can reach values of up to 10" for dye molecules on aggregated
gold and silver nanoparticles. In this context, nanoparticle aggregates
can serve as efficient nanoantennas that harvest and focus the
incident light, resulting in greatly enhanced electromagnetic fields
in the direct nanoscale proximity of the nanoparticles. Work in this
area has led to the improvement of SERS substrates, making SERS
a chemical-specific sensing technique surpassing the capabilities
achieved in single-molecule fluorescence spectroscopy.

It is now well understood that maximizing the SERS signal
requires a combination of factors. First, the nanostructure or
nanoparticle substrate must have a strong plasmon resonance.
Nanostructures and nanoparticle assemblies with nanoscale gaps
have been found to be the most efficient substrates owing to junction
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plasmons created in the gaps (see following section). Next, because
SERS excitation is a near-field phenomenon and the near field decays
exponentially with distance away from the nanoparticle surface®, it
isimportant that the analyte molecule is located within the enhanced
fringing field of the nanoparticle surface or in the highly enhanced
field region in the gaps between adjacent nanoparticles. Finally, a
strong correlation has been observed between the SERS excitation
wavelength and the SPR maximum?®?¥. Maximum enhancement
is achieved under resonant excitation conditions, which requires
that the excitation laser is tuned near the plasmon resonance of the
nanoparticle substrate or, alternatively, that the plasmon resonance
of the substrate is tuned near the excitation-laser wavelength.

JUNCTION PLASMONS

Aggregated colloidal particles show localized areas of intense local
fields, or ‘hot spots, that give rise to the largest enhancement factors
and make single-molecule SERS possible. However, the heterogeneity
of ‘hot spots’in SERS substrates consisting of nanoparticle aggregates
makes quantitative measurements unreliable and optimization
difficult. For the past few years there has been a great emphasis
on rationally designing substrate geometries to achieve large
enhancement factors. A variety of shapes and geometries have been
explored as SERS substrates, including metal island films*, large
silver and gold colloids®, silver triangle arrays®, silver and gold
nanoshells* and fractal silver films*. In many applications where
single-molecule detection is not required, substrates are optimized
in such a way as to achieve the largest enhancement factors and
the densest coverage of the detected adsorbate molecules. Another
approach for optimizing SERS substrates is the fabrication of
nanoscale structures with controllable nanoscale gaps between two
or more nanoparticles.

The simplest geometry of a structure with a nanoscale gap is a pair
of closely spaced nanoparticles, usually referred to as a nanoparticle
dimer. For spherical nanoparticles, we can invoke PH to explain
theoretically the dimer plasmon as the hybrid plasmon of two
interacting sphere plasmons*. The dimer plasmon is polarized***
and for polarization perpendicular to the interparticle axis of the
dimer, the hybridized plasmon is slightly blueshifted with respect
to the single-particle plasmon. For incident polarization parallel
to the dimer axis, there is a strong hybridization of the sphere
plasmons, and the symmetric plasmon shows a continuous redshift
as the gap between the spheres decreases. This has been observed
experimentally for well-defined dimers made by electron-beam
lithography*~. In addition to the strong redshift of the plasmon
resonance, there is an accumulation of charge in the gap between
the two nanoparticles leading to a large enhancement of the near
field and an increase in the far-field extinction. It is important to
point out that the enhancement in the junction is much larger than
the sum of the enhancements for individual nanospheres®***.

NANOSHELL-BASED SUBSTRATES

The plasmon resonances of nanoshells can be tuned over a wide
spectral range by changing the geometrical dimensions of the
core and shell thickness (see Fig. 2b). Additional tunability of the
plasmon resonance can be achieved through asymmetric nanoshell
geometries such as nanorice', a prolate spheroidal core-shell particle
or a nanoegg' — a nanoshell with an offset core. The nanoshell
plasmons furthermore give rise to large near-field enhancements
when they are excited resonantly. Nanoshell synthesis methods have
been optimized and PH has successfully been applied to rationalize
the plasmon properties of single nanoshells, nanoshell dimers,
clusters®, nanorice!” and a nanoegg®. This makes nanoshells a
well-characterized and highly reproducible substrate with large
SERS enhancements and an ideal candidate for investigating the
electromagnetic origins of SERS (refs 48,49).
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Figure 4 Micrographs showing the spatial sensitivity of launching plasmons.

a, Nanowire with excitation at the bottom end. b, The same nanowire when excited
from the top end. e, A different nanowire excited at the left end. d, The same
nanowire with a laser positioned at the middle of the nanowire. Notice that the
plasmon is not excited in this geometry. Figure reproduced with permission from
ref. 67. Copyright (2006) ACS.

Enhancement factors of around 10° have been achieved with
SERS even for non-resonant molecules such as para-mercaptoaniline
(pMA) on gold nanoshells (see Fig. 3a,b and ref. 48). When the
single nanoshell plasmon is resonantly excited by the pump laser,
a linear response of the SERS signal with nanoshell density was
observed indicating that individual nanoshells are responsible
for the observed SERS signal. Nanoshell dimers and arrays have
also produced large enhancement factors of more than 10® over a
large interrogation area***. Nanoshell arrays furthermore support
hybrid junction plasmons that can be tuned into the infrared
region of the spectrum, which extends the usefulness of nanoshell-
based substrates to measurements of surface-enhanced infrared
absorption, SEIRA (ref. 50). Finally, nanoshells have been used
to characterize the effect of metals (gold versus silver)'>!, surface
defects® and morphology on the SERS response. Thus, nanoshells
with their well-characterized nanoenvironments are ideal substrates
for sensitive chem-bio detection using SERS.

TIP-ENHANCED RAMAN SPECTROSCOPY

Junction plasmons or ‘hot spots’ in nanoparticle aggregates and
assemblies are small, and it is often difficult to place the SERS analyte
into the hot spot. An alternative approach that uses nanosized
metallic or metal-coated tips to produce an enhanced optical field
at the tip apex has been developed for SERS detection®***. The metal
tip is scanned over the analyte molecules, and the SERS signal is
recorded as a function of tip position using an experimental set-
up similar to near-field scanning optical microscopy. Tip-enhanced
Raman spectrocopy or TERS offers enhanced SERS signals together
with high spatial resolution beyond the diffraction limit>**.

Initial TERS experiments were performed with a tapered metal
tip, which was brought close to the analyte molecules illuminated
in a diffraction-limited laser spot®. The spatial resolution of these
measurements depends mainly on the diameter of the tip apex.
This imposes a severe limitation on TERS because the scattered
fields from the tip decrease sharply as the tip size is reduced.
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Figure 5 Y-splitter and Mach—Zehnder interferometer for plasmons™. a, Scanning electron microscope image, along with, b, topographical and, e, scanning near-field optical
microscopy images of a Y-splitter. The inset in a is an image showing a typical groove profile of the channel waveguide. d=f, Scanning electron microscope (d), topographical
(e) and scanning near-field optical microscope (f) images of the Mach—Zehnder interferometer. Copyright (2006) Nature.

A tip coated with a granular silver film has been successfully used
to overcome this limitation because only one silver nanosphere near
the apex of the tip acts as a nanoantenna to excite surface plasmons
and to create enhanced local fields. Both of these geometries rely
on the fTightning rod’ effect for field enhancement. A second
TERS geometry is based on junction plasmons created between a
metallic tip and a flat metallic surface that also serves as the analyte
substrate®?. Figure 3c,d shows an SEM image of a silver tip used for
TERS along with the signal enhancement obtained when the tip is
close to benzenethiol molecules on an optically flat gold film.

Enhancement factors of 10°-10° under non-resonant excitation
conditions have been reported for benzenethiol molecules adsorbed
on optically flat gold and platinum surfaces probed with a gold
tip placed one nanometre from the surface®>. Owing to the high
spatial resolution of TERS and the large field enhancements in
easily accessible junctions between the tip and metal surface, TERS
promises to be a powerful technique for real-time chem-bio sensing
with nanoscale spatial resolution.

PLASMONIC WAVEGUDES

As demand for computer processing speed increases, on-chip
optical data transfer promises to greatly enhance current electronic
computation schemes. However, for an optical technology to
be feasible, light must be confined and routed in dimensions
smaller than its wavelength to allow for sufficient miniaturization
of chips. Surface plasmon waveguides offer the possibility of
propagating electromagnetic radiation much like an optical fibre
does, but using metallic waveguide structures that are an order of
magnitude smaller”*. The diffraction of classical optics constrains
the dimension of an optical fibre to be larger than about 1/2
(where A is the wavelength, giving dimensions of about 750 nm for
telecommunications applications), whereas plasmonic devices are
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only limited in their size by the dimensions of the input-output
coupler and the transmitting medium. Plasmonic devices are
therefore ideal candidates for next-generation nanoscale electronic
applications such as light-on-a-chip.

Plasmon propagation has been explored for a variety of
structures, such as patterned planar metal films, metal stripes,
nanowires, nanoparticle chains, and metal-insulator-metal (MIM)
waveguides. Two-dimensional plasmon propagation at the metal-
air interface of a planar metal film was achieved by introducing
height modulations. Scattering of the plasmons at holes or ordered
nanoparticle arrays acting as local defects enables guiding of the
plasmons. A propagation length of 10 um has been observed for
a system consisting of silica nanostructures deposited on a silica
substrate and overcoated with a 70-nm-thick silver film*. Ordered
arrangements of these surface modulations can be used to create
functional elements like Bragg mirrors® or focusing lenses®.
Focusing lenses were fabricated by milling a curved line of closely
spaced holes into a metal film. The authors of ref. 60 elegantly
demonstrated the focusing of their nanohole array by coupling a
plasmon in a metal-stripe waveguide.

A particularly simple geometry of a plasmon waveguide is a long,
thin metal stripe sandwiched between two insulator layers, that is, an
insulator-metal-insulator (IMI) geometry®’. Plasmon propagation
lengths of several micrometres in a 200-nm-wide stripe have been
observed. The propagation lengths depend strongly on the width of
the metal stripe®®, and it has been shown both theoretically* and
experimentally® that, as the stripe waveguide becomes narrower,
the number of guided modes decreases. At a certain stripe width,
no more guided modes exist, and thus propagation on the stripe is
very limited. For micrometre-wide stripes however, the propagating
plasmon modes can reach attenuation lengths of a centimetre at
telecommunication wavelengths in the near infrared. The IMI
waveguide geometry also includes metal stripes on an insulator
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substrate surrounded by air. It is worth mentioning this asymmetric
geometry separately because the plasmon modes excited at the
metal-air interface suffer radiative losses in addition to ohmic
heating. These additional losses cause shorter propagation distances
compared with symmetric IMI structures®>*. The same trend of
decreasing propagation length with decreasing metal stripe width is
also observed for the air-metal-insulator structures, confirming that,
for metal-stripe waveguides, there is a trade-off between confinement
and propagation length. Although the metal-stripe waveguide can, in
general, support long propagation lengths for large stripe widths, it is
not as useful for the purpose of subwavelength confinement.

In addition to lithographically prepared metal stripes, which are
several hundred nanometres wide, plasmon propagation has also
been reported for chemically prepared silver and gold nanorods
or nanowires with transverse and longitudinal dimensions of less
than 100 nm and around 4 pm, respectively. Light was coupled
in at one end of the rod and observed to emerge from the other,
proving that plasmons did in fact propagate along the rod® (see
Fig. 4). More recent experiments were carried out with even longer
and narrower silver wires (25 nm wide and about 50 um long)®.
Plasmon propagation was visualized by fluorescence markers
along the nanowire and terminated after a propagation distance of
about 15 pum. Similar to light propagation in optical fibres, plasmon
propagation is not limited to a straight line, but electromagnetic
radiation contained in the plasmon can be bent and split using
appropriate plasmonic structures®®. For example, a metallic wire
branching into more than one path enables a plasmon to continue
propagating down both paths of the wire, similar to an optical
beamsplitter. These observations show the great opportunity
to manipulate plasmons in the same way that light has been
manipulated in optics, but using much smaller components.

The interparticle coupling responsible for the giant local field
enhancement at the junctions between nanoparticles can also be
exploited for plasmon propagation. Linear chains of nanoparticles
can act as a plasmonic waveguide” because the metal nanoparticles
couple to each other by means of the optical near field when
irradiated with light””>. Using a near-field scanning optical
microscope to locally excite plasmons on one end of a nanoparticle
chain, plasmon propagation and waveguiding has been observed
along the nanoparticle chain by directly measuring the energy
transport”. It is anticipated that fabricating nanoparticle chains
with complex architectures could be far superior to conventional
top-down approaches such as electron-beam lithography.

The waveguide geometry consisting of an insulator with a metal
cladding has recently stimulated increased interest. Theoretical
studies suggested that these MIM structures could offer superior
subwavelength confinement for plasmon waveguides. Although
IMI structures (for example, metal stripes sandwiched between
two insulators or gaps and grooves in a planar film) generally
supported longer propagation lengths along the waveguide, the
MIM structures confine the plasmon to the insulator part with far
superior ability to achieve subwavelength confinement”. Planar-
multilayered MIM systems, furthermore, support both plasmonic
modes and photonic modes (normal propagating electromagnetic
modes)’®”. In Ag/Si,N,/Ag layered MIMs, light can be coupled
into and out of the waveguide structures using slit openings in
the metal, enabling broadband propagation of electromagnetic
energy over distances of several micrometres. Similarly, V-shaped
grooves milled into a gold film support propagating plasmon
modes localized at the bottom of the groove. Propagation lengths
of 100 um at a wavelength of 1,500 nm have been realized in
metal grooves’. The groove parameters (depth, d, which is about
1.1-1.3 um, and groove angle, 6, about 25°) can be optimized to
enable low-loss single-mode propagation at the bottom of the groove
at telecom wavelengths. The shape of the grooves can be designed
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to function as complex optical components, such as Y-splitters and
Mach-Zehnder interferometers. Figure 5 shows SEM images, along
with topographical and near-field optical images of a Y-splitter
(Fig. 5a-c) and a Mach-Zehnder interferometer (Fig. 5d-f) that can
be used to realize plasmonic components in an integrated optical
circuit. Inspired by the success of these plasmonic waveguides, more
complicated plasmonic elements are being actively explored, such as
Y-splitters, interferometers and ring resonators’®, with the ultimate
goal of building all plasmonic-based active devices that include
plasmonic light sources, waveguides and detectors.

SUMMARY

In conclusion, the rapidly growing subdiscipline of nanophotonics
known as plasmonics has yielded unique phenomena based on
light-metal interactions that may give rise to new, useful applications
and technologies. With applications ranging from ‘light-on-a-chip’ to
‘lab-on-a-chip; the future of this field looks exceptionally bright and
promising. We have no doubt that useful technologies will emerge from
the development of plasmonics for a wide range of applications.

doi:10.1038/nphoton.2007.223
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