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We review the basic physics of surface-plasmon excitations occurring at metal/dielectric interfaces
with special emphasis on the possibility of using such excitations for the localization of
electromagnetic energy in one, two, and three dimensions, in a context of applications in sensing
and waveguiding for functional photonic devices. Localized plasmon resonances occurring in
metallic nanoparticles are discussed both for single particles and particle ensembles, focusing on the
generation of confined light fields enabling enhancement of Raman-scattering and nonlinear
processes. We then survey the basic properties of interface plasmons propagating along flat
boundaries of thin metallic films, with applications for waveguiding along patterned films, stripes,
and nanowires. Interactions between plasmonic structures and optically active media are also
discussed. © 2005 American Institute of Physics. [DOI: 10.1063/1.1951057]

TABLE OF CONTENTS

L INTRODUCTION. . ................an.. 1
II. LOCALIZED PLASMON RESONANCES IN
METAL NANOPARTICLES. .................. 2
A. Optical properties of single metal
nanoparticles. .. ....... .. i 2

B. Interacting particle ensembles as a basis for
applications of metal nanoparticles in
optical devices. . ......... ... ... 4
C. Local field enhancement around metal
nanoparticle structures for sensing and

nonlinear applications. . .................. 5
III. INTERFACE PLASMON POLARITONS AT
METAL/DIELECTRIC BOUNDARIES. ........ 6
A. Surface-plasmon polaritons at metal
interfaces. ......... ... i 6

B. Metal stripes and nanowires:
Two-dimensional confinement.............
C. Apertures in a metallic screen.............
D. Interactions with optically active media. .. ..
IV.OUTLOOK. . . ...

O \O o0 o0

I. INTRODUCTION

The electromagnetic properties of metal/dielectric inter-
faces have attracted a vast amount of research effort ever
since the work of Mie' and Ritchie® for small particles and
flat interfaces, respectively. The ability of such structures to
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sustain coherent electron oscillations known as surface-
plasmon polaritons (SPPs) leading to electromagnetic fields
confined to the metallic surface has been intensively
investigated3’4 both in light of the fundamental physics in-
volved and for applications such as surface-enhanced spec-
troscopy and enhancement of nonlinear light generation. Af-
ter initial studies of the physics of these excitations, in the
1980s SPPs started to attract the attention of chemists, as the
electric-field enhancement around metal nanostructures was
found to be crucial for surface-enhanced Raman spectros-
copy.

More recently, the development of nanofabrication tech-
niques such as electron-beam lithography, ion-beam milling,
and self-assembly, together with modern nanocharacteriza-
tion techniques such as dark-field and near-field optical mi-
croscopies and the emergence of quantitative electromag-
netic simulation tools, has lead to a resurgence of interest in
this field,’ partly due to potential applications for creating
subwavelength optical devices enabling the miniaturization
of optical components to size dimensions of their electronic
counterparts, i.e, to the sub-100-nm-size regime. The unify-
ing physical processes enabling light localization and guid-
ing in such structures are the above-mentioned SPP excita-
tions, and the name “plasmonics” for the subfield of modern
optics studying such processes has been proposed.6

Due to the vast amount of research in this exploding
field,” we naturally had to select a rather small amount of
topics for this review, leading to the omission of important
applications of SPPs, for example, their use in integrated
biological sensors based on multilayer structures,’ investiga-
tions from a more chemical viewpoint,8 as well as an in-
depth treatment of fabrication techniques.9 Here, we limit
ourselves to a discussion of the fundamental physics of
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FIG. 1. (Color online) (a) The Lycurgus glass cup, demonstrating the bright
red color of gold nanocrystals in transmitted light. (b) scanning electron
microscopy (SEM) image of a typical nanocrystal embedded in the glass
(courtesy of the British museum). (c) Calculated absorption spectrum of a
thin gold film (blue dots) and of 30-nm Au nanoparticles in water (red dots)
using classical electromagnetic theory. A measured absorption spectrum of
an aqueous solution of 30-nm Au colloids (black dots) shows good agree-
ment with the theory.

surface-plasmon excitations both for localized plasmons in
metallic nanoparticles and for interface plasmons at metall-
odielectric film boundaries. A special focus has been put on
the localization and guiding properties for electromagnetic
radiation in light of applications of plasmon excitations for
surface-enhanced spectroscopy such as sensing and higher
harmonic generation and for the creation of a planar wave-
guide technology that can beat the diffraction limit.

Il. LOCALIZED PLASMON RESONANCES IN METAL
NANOPARTICLES

A. Optical properties of single metal nanoparticles

The strong interaction of microscopic metal particles of
dimensions below 1 wm with visible light has been em-
ployed for beautiful applications long before Gustav Mie’s
seminal 1908 paper Beitrige zur Optik triiber Medien, spez-
iell kolloidaler Metallosungen (contributions to the optics of
turbid media, particularly solution of colloidal metals)." His-
torically, one prominent use of metal nanoparticles has been
the staining of glass windows and ceramic pottery as seen in
Fig. 1(a) by example of the Lycurgus cup (Byzantine empire,
4th century A. D.). The glass cup, on display in the British
Museum, shows a striking red color when viewed in trans-
mitted light, while appearing green in reflection. This pecu-
liar behavior is due to small Au nanoparticles embedded in
the glass [Fig. 1(b)], which show a strong optical absorption
of light in the green part of the visible spectrum [Fig. 1(c)].

Indeed, the optical properties of metal nanoparticles, es-
pecially those of the noble metals Au, Ag, and Cu, show
striking differences relative to their bulk or thin-film optical
responses. As an example, Fig. 1(c) shows the calculated
absorption of a thin Au film (blue dots), as well as that of
30-nm Au spheres immersed in water (red dots), where the
dispersion properties of Au have been modeled using mea-
sured dielectric data for bulk Au.'® For the nanoparticles, the
optical-absorption spectrum has been obtained by directly
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solving Maxwell’s equations for the scattering of electro-
magnetic waves by spherical objects as carried out by Mie,'
and retaining only the dipolar term, which is suitable for
nanoparticles with a diameter d<<\, where \ is the wave-
length of light in the surrounding medium. As shown, this
quasistatic approximation is in good agreement with mea-
surements (black dots), which has been confirmed via a
plethora of studies of the optical response of metallic nano-
particles with a diameter well below A in solid, liquid, and
gaseous environments.” Figure 1(c) further demonstrates a
striking difference between the optical response of the thin
film and the nanoparticles. Whereas the film absorbs light
throughout the near-infrared and visible regions due to free-
electron absorption, for the nanoparticles this process is
strongly quenched for energies lower than 2 eV (correspond-
ing to wavelengths larger than 620 nm). Indeed, all the free-
electron oscillator strength for absorption is pulled into a
dipolar absorption peak around 2.25 eV, the dipolar surface-
plasmon particle resonance. This modified optical response
leads to the bright colors of noble-metal nanoparticles, a nice
discussion of which can be found in Ref. 11. For higher
energies above the dipole resonance, the optical absorption
of particles and films is similar, due to the dominance of
d—sp electronic interband transitions, which are prominent
for Au and Cu in the vicinity of the dipole plasmon reso-
nance, but less so for Ag.

The resonant electromagnetic behavior of noble-metal
nanoparticles is due to the confinement of the conduction
electrons to the small particle volume. For particles with a
diameter d <<\, the conduction electrons inside the particle
move all in phase upon plane-wave excitation with radiation
of wavelength A\, leading to the buildup of polarization
charges on the particle surface. These charges act as an ef-
fective restoring force, allowing for a resonance to occur at a
specific frequency—the particle dipole plasmon frequency-,
where the response of the electrons shows a /2 phase lag
with respect to the driving field. Thus, a resonantly enhanced
field builds up inside the particle, which in the small particle
limit is homogeneous throughout its volume, producing a
dipolar field outside the particle. This leads to enhanced ab-
sorption and scattering cross sections for electromagnetic
waves, as well as to a strongly enhanced near field in the
immediate vicinity of the particle surface. It is this reso-
nantly enhanced near field from which most of the promising
applications of metal nanoparticles stem. For larger particles,
the spectral response is modified due to retardation effects
and the excitation of higher-order (quadrupole and higher)
modes, the spectral signature of which can be calculated by
retaining higher orders of the Mie theory scattering
coefficients."

In general, the spectral position, damping, and strength
of the dipole as well as of the higher-order plasmon reso-
nances of single metal nanoparticles depend on the particle
material, size, geometry, and the dielectric function of the
surrounding host.* For theoretical considerations, the large
variety of naturally occurring or synthesized shapes of nano-
particles is often approximated via spheres or spheroids, for
which analytically exact solvable solutions exist to all
orders."*'%!3 The analysis is further facilitated for particles
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much smaller than the wavelength of light, where only the
lowest (dipolar) order of the modal expansion of the scat-
tered fields has to be retained. In this case, a quasistatic ap-
proach serves well to describe the spectral position, width,
and strength of the dipolar plasmon resonance, as pointed out
in the discussion of Fig. 1. For a spherical metal nanoparticle
of radius a <\ embedded in a nonabsorbing surrounding me-
dium of dielectric constant g,,, the quasistatic analysis gives
the following expression for the particle polarizability a:
s €E— 8y

(1)

a=4ma s
e+2¢,
with the complex e=g(w) describing the dispersive dielectric
response of the metal. The polarizability and thus the in-
duced homogeneous polarization inside the particle are reso-
nantly enhanced at the Frohlich frequency where the de-
nominator shows a minimum, limited by the imaginary part
of & describing Ohmic heating losses within the particle.
These losses are due to the creation of electron-hole pairs,
the energy of which is subsequently coupled to the phonon
bath.'* The spectral position of this resonance is seen to red-
shift with increasing dielectric constant of the surrounding
host due to the buildup of polarization charges on the dielec-
tric side of the interface, thus weakening the total restoring
force. For ellipsoidal particles with principal axes a, b, and c,
an analogous expression can be found in the quasistatic ap-
proximation via introducing geometrical depolarization fac-
tors L; along these axes,*!? leading to
e—g,

a-37mbc£m+Li(8_8m), EL,-—l. (2)
For spherical particles, L;=L,=L;=1/3. For spheroidal par-
ticles (L;=L,), the plasmon resonance thus splits into a
strongly redshifted long-axis mode (polarization parallel to
the long axis) and a slightly blueshifted short axis mode
(polarization perpendicular to the long axis)."?

For larger particles beyond the Rayleigh approximation,
the dipolar resonance redshifts while at the same time suffer-
ing substantial broadening. The redshift is due to a reduction
of the depolarization field due to retardation effects' —the
conduction electrons do not all move in phase anymore,
leading to a reduced depolarization field at the particle center
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FIG. 2. (Color online) (a) Dark-field
microcopy image (top) and light-
scattering spectra (bottom) of Au
nanocrystals of different shapes
(adapted from Ref. 17). The measured
spectra (black curves) show good
agreement with predictions from a
simple analytical extension of quasi-
static Mie theory (open circles). (b)
Electric near-field profile of the
lowest-order modes of Ag nanoprisms
calculated using the discrete dipole ap-
proximation formalism (adapted from
Ref. 54).

generated by the surrounding polarized matter. Additionally,
radiative losses'® begin to significantly contribute to the plas-
mon damping, dominating the total damping of Au and Ag
nanoparticles for particle sizes in excess of 100 nm. The de-
polarization field and radiation damping effect can be seen as
lowest-order corrections to the quasistatic theory, leading to
additional real and imaginary parts of the denominator of the
polarizability. A generalization of the quasistatic approach to
particles of arbitrary shape has been suggested, with surpris-
ingly good results'’ [see Fig. 2(a)]. For particles with a di-
ameter smaller than the free-electron scattering length, scat-
tering processes at the particle surface are thought to begin to
contribute to the total damping.4 These additional damping
mechanisms for large and small particles lead to respective
decreases in the total enhancement of the exciting field via a
decrease of the plasmon dephasing time T2.4

Generally, numerical methods such as the 7-matrix
method,'® the discrete dipole approximation' [Fig. 2(b)], or
finite-difference time-domain simulations™ have to be used
to calculate the resonance frequencies and mode profiles of
more complex shapes. Such simulations have especially been
employed to determine the local-field enhancement at the
particle surface, in conjunction with discussions of enhance-
ments of nonlinear processes and surface-enhanced Raman
scattering (SERS) as discussed below.

Experimentally, sophisticated modern fabrication meth-
ods allow for the fabrication of metal nanoparticles and other
nanostructures of a variety of shapes using both colloidal
synthesis methods®' and top-down nanofabrication tech-
niques such as electron-beam lithography,22 and a wide vari-
ety of methods for the fabrication of metallic nanoparticles
and ensembles thereof have recently been described in a dif-
ferent review article.” The good control over the size and
shape of the particles provided by these methods method
allows one generally to observe homogeneously broadened
line shapes of dipolar23 and multipolar24 plasmon modes in
particle ensembles using conventional far-field spectroscopy.
The direct examination of single particles has been demon-
strated using both dark-field” and near-field optical
rnicroscopies.26 The former method allows for a dramatic
visualization of the spectral properties of single particles, as
can be seen by the example in Fig. 2(a).
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B. Interacting particle ensembles as a basis for
applications of metal nanoparticles in optical devices

Advances in particle synthesis and fabrication tech-
niques (for example, Refs. 22, 27, and 28) have recently
allowed for studies of ordered arrays of noble-metal nano-
particles. In such arrays, each nanoparticle with a diameter
much smaller than the wavelength A of the exciting light acts
as an electric dipole. Thus, two types of electromagnetic in-
teractions between the particles can be distinguished, de-
pending on the spacing d between adjacent nanoparticles.
For particle spacings on the order of the exciting wavelength
\, far-field dipolar interactions with a d~' dependence domi-
nate. Work on regular two-dimensional arrays of Au nano-
particles has indeed confirmed the existence of such interac-
tions, and quantified their influence on both the spectral
position of the collective dipolar extinction peak and the
plasmon damping characteristics.”’ Figures 3(a) and 3(b)
show an example of the dependence of both extinction peak
and plasmon decay time on the grating constant d for a regu-
lar square array of 150-nm-diameter Au nanoparticles. Both
the variation of the spectral position and width of the reso-
nances can be explained by assuming far-field dipolar
interactions—the ensemble acts effectively as a grating, lead-
ing to increased radiation damping of the collective reso-
nances for grating constants where grating orders change
from evanescent to radiative in character.”’ Applications of
such ordered arrays lie, for example, in the possibility of
maximizing surface-enhanced Raman scattering of adsorbed
molecules by careful spectral tuning of the plasmon
resonance.””

For particle spacings much smaller than the wavelength
of light, near-field dipolar interactions between adjacent par-
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ticles with a distance dependence of d~> dominate.”*!' These
strongly distance-dependent interactions lead to a splitting of
the plasmon dipolar peak for regular one-dimensional arrays
of metal nanoparticles as seen in Fig. 3(c) for ordered arrays
of 50-nm Au particles. The spectral position of the extinction
peak for far-field excitation shows a blueshift for polarization
perpendicular to the chain axis (7), and a redshift for longi-
tudinal polarization (L), which can easily be understood by
analyzing Coulombic force interactions between the elec-
trons in neighboring particles. The near-field interactions be-
tween such particles have been directly visualized using
near-field optical microscopy,3 2 confirming a strongly en-
hanced field between the particles [Fig. 3(d)], indicative of
near-field coupling.

One application of near-field coupling between particles
in ordered arrays is the use of such structures as waveguides
for electromagnetic energies at optical frequencies with a
lateral mode profile below the diffraction limit of 1ight.6’33
Indeed, it has been shown both theoretically34 and
experimentally35 that such arrays can guide electromagnetic
energy over distances of several hundred nanometers via
near-field particle interactions. Such structures could poten-
tially be used in nanoscale all-optical networks, contributing
to a class of functional optical devices below the diffraction
limit of light.>%*

Localized plasmon excitations mediated by particle in-
teractions also occur in randomly nanostructured metallic
surfaces.”” In this case, multiple-scattering processes can
lead to “hot spots” of extremely large field enhancement (on
the order of 1000), which has enabled the use of such struc-
tures for single-molecule spectroscopy.38
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C. Local field enhancement around metal nanoparticle
structures for sensing and nonlinear applications

The enhanced near fields around metallic nanostructures
induced by illumination at visible and near-infrared frequen-
cies allow for a variety of intriguing applications apart from
energy guiding in ordered particle arrays discussed above.
Since the enhanced fields are localized to the surface of the
nanostructures, they serve as a local probe of the dielectric
environment within a few nanometers of the particle surface.
This fact has, for example, been employed in studying varia-
tions of the local refractive index in light of biological
(mass) sensing applications.3 941 Also, the local response of
metallic nanostructures can serve so as to enhance the in-
coming and generated fields for nonlinear processes and de-
cay rate enhancements of emissive species.

For nonlinear applications and surface-enhanced Raman
sensing, the local-field Ej.. close to the metal surface
should be maximized so as to maximize the respective
higher-order processes, neglecting the possibility of
absorption-induced damage of the optically active medium.
The local-field enhancement factor L=FEy .,/ E, with E| be-
ing the amplitude of the incoming field, can for a single
nanoparticle be written as the product of two factors L
=Lgp(w)L;, highlighting two possible enhancement
processes—the surface-plasmon resonance of the whole par-
ticle (Lgp) and the lightning rod effect (L; ). For larger par-
ticles, surface roughness and crevices can lead to additional
localized resonances forming hot spots on the particle sur-
face.

For a perfectly spherical particle in the Rayleigh limit,
only the dipole surface-plasmon resonance contributes to the
enhancement process, with LgpxQ =T, in the absorption-
dominated regime, where 7, and Q are the dephasing time,
limited by the decay of the particle plasmon into electron-
hole pairs and photons and by phase-destroying elastic scat-
tering processes, and the quality factor of the resonance, re-
spectively. The origins of plasmon decay and dephasing have
been extensively discussed in the literature,14’42 and 7T, has
been determined both using time-resolved pump-probe
measurements**® and higher harmonic generation. " For
small Au nanospheres in air and low-index matrixes, plas-
mon excitation competes with interband transitions, leading
to low Q factors ~10, while radiation damping dominates
for larger spheres with diameters of about 100 nm.'¢ Higher
Q factors ~20 have been reported for spheroidal Au par-
ticles, due to a redshift of the long-axis dipolar resonance
away from the interband transition edge.42 For Ag nanopar-
ticles, the respective field enhancements at visible frequen-
cies are higher, partly due to a larger spectral separation of
the plasmon resonance from the interband transition edge.
Another promising route to larger quality factors are metallic
nanoshells, where Q factors up to 150 have been estimated
for Ag.48

For nonspherical shapes, the geometric and only weakly
frequency-dependent lightning rod effect L; g of the electric
field at sharp surface protrusions, leading to an increased
surface charge and thus a crowding of the electric-field lines,
serves as an additional enhancement process.w*51 This way,
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highly localized fields can be generated at the tips of elon-
gated spheroids or rough surfaces. For very rough or very
high-aspect ratio particles, additionally local-plasmon reso-
nances at specific parts on the particle surface can be excited,
leading to an additional enhancement. For the case of sphe-
roids with aspect ratios > 10: 1, the overall particle resonance
can be interpreted as an antenna effect, where the field is
further enhanced at the tip due to lightning rod and local
plasmon resonances.' > Fully analytical53 and a variety of
numerical models™ have been used to quantify the field en-
hancement at sharp points on a variety of single-metal par-
ticles, predicting highest-field enhancement factors of about
100 for Ag particles.

The heightened optical fields near metal nanostructures
manifest themselves in the enhancement of higher harmonic
generation and local spectroscopy. For example, the total en-
hancement of second-harmonic generation on a rough silver
surface is expected to scale as L(w)*L(2w)? upon resonance,
whereas for Raman spectroscopy the enhancement scales as
L(weyo)*L(wgg)?. Note that due to the small Stokes shift in
Raman scattering, usually the fields at both the excitation
frequency and the Stokes frequency are enhanced. For
second-harmonic generation on the other hand, usually only
one of the two processes shows enhancement due to the large
spectral separation between the two lines. Also, due to the
significant absolute value of |e(w)| at visible frequencies, the
field inside the particle (where second harmonic generation
from the particle itself occurs) is smaller than the field out-
side (where SERS occurs). Thus, the observed SERS en-
hancements are usually significantly larger than those of
second- and higher harmonic processes. Note that for calcu-
lations of field enhancement with metallic nanoparticles, the
enhancement is usually evaluated for the peak power at a
specific Stokes or higher harmonic output frequency, i.e., not
integrated over the total resonance line shape.

Experimentally, the enhancement of second-harmonic
generation at rough metal surfaces has been observed using
both far-field>* and near-field**® spectroscopic tech-
niques, with measured enhancements of second-harmonic
generation on Au and Ag island films up to 1000.%® While the
magnitude of the reported enhancement varies considerably,
recently direct observations of localized second-harmonic
enhancements of order 1000 have been reported on Au sur-
faces coated with random scatterers using laser scanning
microscopy.6 162

The highest enhancement of an optical process on a
rough metal surface so far reported is that of Raman Stokes
scattering (surface-enhanced Raman scattering), where emis-
sion from single molecules®*® with an enhancement factor
of the Raman cross section up to 10" has been observed,
although the interpretation of these experiments is somewhat
controversial. At this point, it is believed that this huge in-
crease in the cross section is due to both local-field enhance-
ments up to a factor of 1000 on roughened Ag surfaces,
leading to a Raman enhancement of 10'2, and to chemical
effects due to adsorbate binding at the metal surface,65 mak-
ing up for the additional factor of 100 in the total enhance-
ment. Since field enhancements of a factor of 1000 can
hardly be achieved for single particles, with the possible ex-
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FIG. 4. (a) Calculated dispersion of surface plasmon-polaritons propagating at a Ag/air, Ag/glass, and Ag/Si interface, respectively. (b)—(d) Measured
transmittance as a function of in-plane wave vector and frequency for p-polarized light incident upon an array of nontouching nanoparticles (b), an
intermediate array of bigger particles with some coalescence (c), and a periodic array of holes formed by touching nanoparticles (d), showing the transition

from localized to dispersive behavior (adapted from Ref. 69).

ception of gap modes in surface crevices, it is believed that
field localization in small gaps between metal particles due
to geometric effects and multiple photon scattering on rough
surfaces contributes to this high-field enhancement in
nanometer-sized volumes, so-called hot spots,53’54’62 and re-
cently a detailed analytical description of the enhancement
using a simple resonator model has been given.66 These lo-
calized resonances tend to show very different strengths, po-
larization, and localization characteristics. The importance of
multiple scattering for the creation of hot spots for field en-
hancement has been highlighted via many studies showing
the significance of fractal-like character of the silver
surface.”” %

lll. INTERFACE PLASMON POLARITONS AT METAL/
DIELECTRIC BOUNDARIES

A. Surface-plasmon polaritons at metal interfaces

Coherent electron oscillations leading to enhanced local
fields at the surface of metallic structures cannot only be
excited in metallic nanoparticles, but also at flat interfaces
such as metallic films. As is well known, the interface be-
tween a metallic film and a dielectric can sustain SPPs in the
form of coherent longitudinal charge oscillations of the con-
duction electrons, thus leading to a surface wave confined
within one dimension perpendicular to the surface.” At flat
interfaces, these charge oscillations were observed in energy
loss spectra obtained via bombardment of the film with fast
electrons, revealing “low-lying plasma losses” at energies
lower than the characteristic bulk-plasmon energy w, of the
respective metal.>*® At a metal/air boundary, these lovl-lying
plasma losses for electrons occur at a frequency w,/v2. This
lowering of the plasmon resonance is due to the depolarizing
effect of the flat surface, analogous to the case of localized

plasmons in metallic nanoparticles. However, while for exci-
tation with fast electrons plasma waves at flat interfaces do
not propagate (group-velocity »,=0), SPPs at lower energies
exhibit a significant dispersion with wave vector k due to
retardation effects. Figure 4(a) shows the dispersion relation
for surface-plasmon polaritons propagating at a flat interface
between Ag and air, glass, and silicon, respectively, calcu-
lated using a simple boundary condition analysis for electro-
magnetic surface waves,’ yielding

M) 3)

_9{
el e(w) + &

where e(w) are the (complex) dielectric function of the metal
and &, the dielectric constant of the adjacent dielectric half-
space.

As can be seen, the dispersion relations of the SPPs al-
ways lie tw right of the respective light line, approaching
wg,=w,/\1+e, for large wave vectors, the magnitude of the
wave vector at wg, being limited by dissipation. While ex-
periments with fast electrons mainly probe this high wave-
vector regime where dispersion is absent,” for lower wave
vectors surface-plasmon polaritons can be excited by TM-
polarized light, providing that the retardation-induced mo-
mentum mismatch is compensated. The main techniques for
achieving this momentum matching are prism coupling, cou-
pling via surface grating or roughness (defects), and using
highly focused optical excitation.’ Recently, excitation of
surface plasmons using regular hole arrays created via shad-
owed metal evaporation has been achieved.”” This work has
provided a beautiful demonstration of the transition between
localized surface plasmons of nontouching particles to dis-
persive surface-plasmon polaritons propagating along the
hole film [Figs. 4(b)-4(d)].
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FIG. 5. (a) Dispersion relation of
coupled surface plasmon modes on a

thin Ag-film embedded in glass, show-
ing the odd (s,) and even (a;) bound

modes. (b) Attenuation distances for
these modes (calculated using an ana-
Iytical model, courtesy of Jennifer
Dionne).
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Due to its surface wave character, the field of a surface-
plasmon polariton decays exponentially perpendicular to the
interface into the metal and dielectric. The decay length into
the latter is strongly wavelength dependent, leading to high
localization of the field and thus field enhancement (on the
order of ten for the field amplitude at a Ag/air interface at
visible frequencies) for large wave vectors. As in the case of
metallic nanoparticles, this confinement and field enhance-
ment near the metal surface have been used for applications
such as evanescent surface sensors’ and for higher harmonic
generation.” Note that while the enhancement is in general
more than an order of magnitude below that for metal nano-
particles, the ease of excitation of surface-plasmon polaritons
using waveguide substrates has made this geometry viable
for integrated optical sensors. The velocity of energy propa-
gation, which in the low damping regime is given by the
slope of the dispersion relation, and the attenuation length of
the propagating plasmons, given by the imaginary part of the
wave vector, both depend on the amount of field localization
in the metal and dielectric near the interface, which was con-
firmed by directly measuring the speed of a propagating
surface-plasmon polariton using pulsed excitation.” For the
visible regime, typical attenuation lengths for surface-
plasmon polaritons propagating at a Ag/air interface range
from tens of microns to about 100 um, as confirmed experi-
mentally. For larger near-infrared wavelengths, the dielectric
constants for Ag and Au in this regime:lo’71 predict attenua-
tion lengths in the range of several hundred microns.

Attenuation distances on the order of a couple of tens of
microns have enabled the use of patterned metallic surfaces
for the creation of waveguides in a two-dimensional micro-
optics framework, using both local scatterers to determine
the direction of energy propagation,72 and regular nanopar-
ticle arrays on top of continuous films for the creation of
surface-plasmon polariton band-gap structures and defect
waveguides.73

The exponentially decaying field inside the metal film
away from the surface supporting the plasmon polariton can
couple with a plasmon-polariton mode at the other surface
provided that the thickness ¢ of the metal film is thin enough
so that the evanescent tails of the respective modes show
considerable overlap, leading to the establishment of two
guided and leaky waves of opposite parities.74 For a thin-
metal film embedded in a symmetric dielectric environment,
the surface-plasmon frequencies of the top and bottom sur-

1000 1500 2000

Wavelength (nm)

faces are equal. Two solutions for purely bound-coupled
surface-plasmon modes exist for an infinitely wide metallic
thin film—a high-frequency odd mode (s;) showing an
asymmetric distribution of the component of the electric field
in the propagation direction (longitudinal component associ-
ated with the collective electron oscillations), and a low-
frequency even mode (a;).”*"® The analytically calculated
dispersion and attenuation properties of these modes are
shown for the case of Ag films embedded in a glass in Figs.
5(a) and 5(b), respectively. Both the s, and the a, modes
exhibit marked differences with decreasing film thickness,
due to the different symmetries of their spatial field distribu-
tions. The odd s, mode shows a node of the longitudinal
electric-field component in the symmetry plane of the metal
film, and penetrates less and less into the metal for decreas-
ing thickness. In the limit of an infinitely thin film, it evolves
into the fundamental TEM mode propagating in the homog-
enous embedding material, permitted by the symmetric dis-
tribution of the perpendicular component of the electric field.
Thus, the attenuation decreases significantly with decreasing
film thickness, with a concomitant decrease in confinement.
This mode has thus been named a “long-ranging surface-
plasmon polariton”76 with multicentimeter propagation dis-
tances predicted for excitation at A > 1 ,um,74 and has been
observed experimentally shortly after its first description.77’78
Conversely, the bound even mode (a,) shows the opposite
behavior with respect to both propagation constant and
attenuation—its field becomes more and more confined to
the metal with decreasing film thickness, since a mode with
an asymmetric transverse electric-field component cannot
exist in a homogenous background material. Both bound
modes do not show a cut-off thickness for a symmetric en-
vironment.

The low attenuation of the s, mode for small thicknesses
allows propagation distances for surface plasmons one to
two orders of magnitude longer than those of a thick-metal
ﬁlm,76 with a concomitant increase in the magnitude of the
field enhancement near the metal surface, which makes this
geometry also of interest for evanescent surface sensing79
and sensing using abnormal reflection geometry permitted by
the fact that the dissipative loss of long-range surface-
plasmon polaritons can be much less than their radiative
losses at suitably corrugated interfaces.™’

For thin metal films embedded in an asymmetric envi-
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FIG. 6. (Color online) (a) Finite-
difference time-domain-calculated
mode profile of a fiber accessible plas-
mon waveguide working in highly
asymmetric geometries (adapted from
Ref. 88). (b) Transmission spectrum of
a fiber taper placed in close proximity
to the waveguide, showing resonant
power transfer with efficiencies up to
75%. The inset shows the evolution of
the coupling with decreasing taper-

waveguide gap (adapted from Ref.
1620 89).

ronment, the situation becomes more complicated due to the
mismatch in surface-plasmon frequency between the low-
and high-index interfaces, leading to a cut-off height for the
s, mode, now defined as the mode of decreasing attenuation
with film thickness. For only a slight dielectric mismatch
between the sub- and superstrate, the possibility of long at-
tenuation distances exists for this mode.®" However, its cut-
off height increases with an increasing dielectric mismatch,
lowering the propagation length. The possibility of exciting
long-range plasmon modes with wave fronts tilted with re-
spect to the propagation direction in even highly asymmetric
environments has been suggested,82 or via the use of
multilayer structures necessary to push the node of the lon-
gitudinal electric field into the middle of the metal film, thus
yielding the lowest loss.*

B. Metal stripes and nanowires: Two-dimensional
confinement

Metallic stripe waveguides with a width w to thickness ¢
ratio >1 have received considerable attention lately due to
promising applications for guiding electromagnetic energy
both at visible and near-infrared frequencies in the telecom-
munications band. In contrast with arbitrarily wide thin metal
films, the modes are not purely TM in nature. As for metal
films, there exists a marked difference between slabs embed-
ded in a symmetric and asymmetric environment.*** In a
symmetric environment, four fundamentals and a number of
higher-order modes can be found and classified according to
their symmetries with respect to the horizontal and vertical
symmetry planes of the slabs.®* As for the infinitely wide
metal film, one of the fundamental modes (ssg) is long rang-
ing and of low loss for diminishing stripe thickness, and is
additionally the only allowed mode below a certain cut-off
thickness given by the stripe width and the dielectric envi-
ronment. This mode can show low attenuation on the order
of 10-0.1 dB/cm in the telecommunications band, and has a
Gaussian mode profile for sufficiently thin films, suggesting
the possibility of efficient end-fire coupling techniques to
conventional optical ﬁbelrs,84 which has been confirmed ex-
perimentally for Au stripe waveguides excited at 1.5 ,u,m.gs‘86

For metal stripes embedded in an asymmetric environ-
ment, the situation is more complicated due to the dielectric
mismatch between the sub- and superstrate. It has been

0520 1540 1560 1580 1600 1620
Wavelength (nm)

shown that with decreasing slab thickness, modes can change
their symmetry properties, and that all modes with decreas-
ing attenuation for decreasing slab height show a cut-off
height that increases both with decreasing width and increas-
ing dielectric mismatch between the sub- and superstrate.83
The dielectric mismatch further allows coupling of modes of
different orders between the top and bottom surfaces. Thus
the modes generally show complicated spatial profiles, pro-
hibiting efficient excitation techniques. For very large asym-
metries such as glass/metal/air configurations, propagation
lengths of a few microns have been experimentally demon-
strated for Ag stripes of w=1 um and t=70 nm (Ref. 87)
that do not support long-ranging modes in this regime.

Recently, a different approach for creating low-loss plas-
mon waveguides similar to stripe waveguides that show low
propagation losses for even highly asymmetric environments
has been described theoretically88 and demonstrated
experirnentally.89 The waveguides are based on a two-
dimensional array of metal nanoparticles, allowing addition-
ally efficient, phase-matched evanescent excitation of such
arrays using tapered fibers (Fig. 6).

The ultimate scaling down of metal stripe waveguides
results in metallic nanowires with a cross section signifi-
cantly smaller than the diffraction limit of light. It has re-
cently been demonstrated that such nanowires can be used as
waveguides for electromagnetic energy with a mode confine-
ment below the diffraction limit,” akin to the resonantly ex-
cited metal nanoparticle waveguides described above. Light
transport over a few microns was observed using a far-field
excitation scheme with a tapered launch-pad and near-field
optical techniques for monitoring the energy transport.

C. Apertures in a metallic screen

SPPs are also believed to play a key role in the recently
described highly wavelength-dependent enhanced transmis-
sion of light through regular arrays of subwavelength holes
in an optically thick metallic screen.”’ Here, it was found that
not only does such a film transmit more light than can be
accounted for using classical diffraction theory,92’93 but also
the fraction of the transmitted light exceeds the area covered
by the holes themselves. Thus, it was postulated that
plasmon-assisted evanescent tunneling through the subwave-
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length apertures allows light impinging on the opaque metal
surface between the holes to be transmitted via the conver-
sion into surface plasrnons.94 Intriguingly, the transmission
enhancement is also present for a single aperture provided
that the metallic surface on its input side shows a few periods
of a regular cormgation,95 and groove cavity modes and sub-
sequent reemission as well as aperture waveguide modes
have been postulated as mechanisms for this enhancement.”®
While corrugations on the input side lead to an enhanced
transmission, the occurrence of highly directional beam-
steering via corrugating the exit side of the screen around the
aperture has been observed”’ and subsequently explained in
this framework.” The wavelengths at which these effects
occur can be determined via the corrugation geometry, which
could make possible the creation of wavelength-selective
lenses.”” However, very recently an alternate explanation for
the observed effects has been presented, taking back some of
the earlier claims on the amount of the transmission enhance-
ment by presenting new experimental data.'"™ Theoretical
and experimental studies in this area are abounding.

D. Interactions with optically active media

The field confinement of SPP modes at metallodielectric
interfaces has been used for the enhancement of a variety of
optical processes apart from those mentioned in Sec. II C,
and SPPs start to be crucial components of a number of
devices incorporating optically active media. Prominent re-
cent applications include midinfrared quantum cascade la-
sers, where SPPs confined to the boundary between the gain
medium and a thin metallic layer were found to substantially
enhance the overlap between the optical mode and the gain
medium and further enabled reduced cladding heights com-
pared to semiconducting layers,ml’lo2 and the demonstration
of emission enhancement of Ref. 103 and strong coupling104
to semiconductor quantum dots.

When studying the interaction of emissive species such
as quantum dots'” and wells,'"! ﬂuophores105 or rare-earth
ions'® with metallic surfaces,'"’ gratingsm5 or nano-
palrticles,'08 special care must be taken for a distinction be-
tween radiative and nonradiative contributions to the total
enhanced decay rate. The huge increase of the non-radiative
decay rate observed for emissive species placed in nanomet-
ric distances to metallic surfaces makes the design of plas-
monic cavities for emissive devices c:hallenging,l09 but
promising routes for the creation of efficient emissive de-
vices such as light-emmiting diodes (LEDs) based on SPP-
supporting cavities have been developed“o’111 and partly
demonstrated."'? For dipolar emitters placed into the imme-
diate vicinity of metallic surfaces, where the dielectric con-
tinuum model, on which a macroscopic description of the
metal-emitter interaction is based, breaks down, a further
order-of-magnitude increase in the nonradiative decay rates
based on interactions with the unscreened electrons of the
metal surface has been predicted,113 which makes plasmonic
devices of high promise for high-speed optical switching.

J. Appl. Phys. 98, 011101 (2005)

IV. OUTLOOK

We have attempted to give the reader a limited overview
of some aspects of the current state of research into the fas-
cinating aspects and control over surface-plasmon polaritons,
a subfield of nanophotonics which currently experiences an
exponential growth in research efforts. Already, crucial com-
ponents such as waveguides and resonators that can lead the
way to a plasmonic infrastructure for highly integrated opti-
cal chips have been demonstrated and are constantly being
refined. Concurrently, important advances into the control of
light-matter interaction in a designed environment have been
made, and it will be interesting to see how this field con-
verges in terms of a unified description66 with the huge
amount of research efforts performed on dielectric
Whispering-gallery-mode114 or photonic crystal cavities."” It
is anticipated that joint efforts into the further advancements
of numerical design tools, fabrication as well as near-field
optical characterization techniques will continue to close the
size gap between optical and electronic devices.
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