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PREFACE

At the moment the first issue of this book appears, hundreds of groups around the
world are pushing the boundaries of the field of surface plasmon nanophotonics. The
newfound ability to use metallic nanostructures to manipulate light at a length scale
far below the diffraction limit has opened a myriad of exciting opportunities. Based
on the exponential increase in the number of published papers every year (Chapter 1),
it is clear that we are at the eve of a new revolution that will impact many fields
of science and technology, including photonics, computation, the Internet, biology,
medicine, materials science, physics, chemistry, and photovoltaics.

It has been a great pleasure and honor to work with some of the leading scientists in
the field during the preparation of this work. The book truly reflects the present status
of this rapidly developing area of science and technology and highlights some of
the important historic developments. Most of the chapters discuss ongoing scientific
research, and promising future directions are identified. Plasmon excitations in single
and periodic arrays of metallic nanostructures are discussed in Chapters 2 and 3.
The unique properties of metallic waveguides and metallo-dielectric photonic crystal
structures that can route information on a chip are treated in Chapters 3 through 7.
Surface Plasmon Mediated Field Concentration and Imaging methods, including su-
perlenses and nanoscale optical antennas, are described in Chapters 8 through 10. The
rapid developments in nanoscale optical probes that can visualize the flow of light and
new, powerful electromagnetic simulation tools are treated in Chapters 11 through 13.
The final chapters (Chapters 14—17) analyze a set of exciting applications of surface
plasmon nanophotonics with tremendous commercialization potential, ranging from
biology to data storage, and integrated optics.

We would like to thank all of the contributing authors for providing us with such
excellent snapshots of the current state of the field of plasmonics. We would also like
to acknowledge Kathleen Di Zio and Beatriz Roldan Cuenya for boundless mental and
moral support. Kathy also contributed in a significant way by carefully proofreading
many of the chapters and providing useful editorial comments. It has been a great
pleasure to work with each and every one of you.

The Editors
Mark L. Brongersma
Pieter G. Kik

vii



CHAPTER ONE
SURFACE PLASMON NANOPHOTONICS

PIETER G. KIK! AND MARK L. BRONGERSMA?

ICREOL, College of Optics and Photonics, University of Central Florida, Orlando,
FL 32816, USA

2 Geballe Laboratory for Advanced Materials, Stanford University, Stanford,

CA 94305, USA

1.1. INTRODUCTION

In recent years, we have witnessed a flurry of activity in the fundamental research
and development of surface plasmon based structures and devices. Surface plasmons
are collective charge oscillations that occur at the interface between conductors and
dielectrics. They can take various forms, ranging from freely propagating electron
density waves along metal surfaces to localized electron oscillations on metal nanopar-
ticles. Their unique properties enable a wide range of practical applications, including
light guiding and manipulation at the nanoscale, biodetection at the single molecule
level, enhanced optical transmission through subwavelength apertures, and high res-
olution optical imaging below the diffraction limit. This book is intended for people
entering this diverse and rapidly growing field, recently termed “Plasmonics”. It cov-
ers the fundamentals of surface plasmon science as well as some of the exciting new
applications. The contributing Authors include world leaders in the field. Together
they provide an overview of the current state-of-the art and their personal views on
where the field is heading. The Editors hope that by reading this book you will get
caught up in the excitement and join us to define and shape the future of Plasmonics.

1.2. SURFACE PLASMONS—A BRIEF HISTORY

Well before scientists set out to study the unique optical properties of metal nanostruc-
tures, they were employed by artists to generate vibrant colors in glass artifacts and
in the staining of church windows. One of the most famous examples is the Lycurgus
cup dating back to the Byzantine Empire (4th century AD). Some of the first scien-
tific studies in which surface plasmons were observed date back to the beginning of
the twentieth century. In the year 1902 Prof. Robert W. Wood observes unexplained

1
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2 Pieter G. Kik and Mark L. Brongersma

features in optical reflection measurements on metallic gratings.! Around that same
time, in 1904, Maxwell Garnett describes the bright colors observed in metal doped
glasses? using the then newly developed Drude theory of metals, and the electromag-
netic properties of small spheres as derived by Lord Rayleigh. In an effort to develop
further understanding, in 1908 Gustav Mie develops his now widely used theory of
light scattering by spherical particles.’

Some fifty years later, in 1956, David Pines theoretically describes the characteristic
energy losses experienced by fast electrons traveling through metals,* and attributes
these losses to collective oscillations of free electrons in the metal. In analogy to earlier
work on plasma oscillations in gas discharges, he calls these oscillations “plasmons”.
Coincidentally, in that same year Robert Fano introduces the term “polariton” for
the coupled oscillation of bound electrons and light inside transparent media.’ In
1957 a study is published by Rufus Ritchie on electron energy losses in thin films,®
in which it is shown that plasmon modes can exist near the surface of metals. This
study represents the first theoretical description of surface plasmons. In 1968, nearly
seventy years after Wood’s original observations, Ritchie and coworkers describe the
anomalous behavior of metal gratings in terms of surface plasmon resonances excited
on the gratings.” A major advance in the study of surface plasmons is made in 1968
when Andreas Otto as well as Erich Kretschmann and Heinz Raether present methods
for the optical excitation of surface plasmons on metal films,® making experiments
on surface plasmons easily accessible to many researchers.

At this point the properties of surface plasmons are well known, however the con-
nection to the optical properties of metal nanoparticles has not yet been made. In 1970,
more than sixty years after Garnett’s work on the colors of metal doped glasses, Uwe
Kreibig and Peter Zacharias perform a study in which they compare the electronic and
optical response of gold and silver nanoparticles.’ In their work, they for the first time
describe the optical properties of metal nanoparticles in terms of surface plasmons. As
the field continues to develop and the importance of the coupling between the oscillat-
ing electrons and the electromagnetic field become more apparent, Stephen Cunning-
ham and his colleagues introduce the term surface plasmon-polariton (SPP) in 1974.'°

Another major discovery in the area of metal optics occurs in that same year, when
Martin Fleischmann and coworkers observe strong Raman scattering from pyridine
molecules in the vicinity of roughened silver surfaces.!! Although it was not realized
at the time, the Raman scattering—an exchange of energy between photons and
molecular vibrations—was enhanced by electromagnetic fields near the rough silver
surface due to the presence of surface plasmons. This observation led to the now well
established field of Surface Enhanced Raman Scattering (SERS). All these discoveries
have set the stage for the current surge in surface plasmon nanophotonics.

1.3. SURFACE PLASMONS—PRESENT AND FUTURE

Since the early days of surface plasmon optics there has been a gradual transition from
fundamental studies to more application driven research. The present surge in plasmon
based research is happening at a time where crucial technological areas such as opti-
cal lithography, optical data storage, and high density electronics manufacturing are
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approaching fundamental physical limits. Several current technological challenges
may be overcome by utilizing the unique properties of surface plasmons. Thanks
to many recent studies, a wide range of plasmon-based optical elements and tech-
niques have now been developed, including a variety of passive waveguides, active
switches, biosensors, lithography masks, and more. These developments have led
to the notion of plasmonics, the science and technology of metal-based optics and
nanophotonics.'?

The growth of the field of plasmonics is clearly reflected in the scientific literature.
Figure 1.1 shows the annual number of publications containing the words “surface
plasmon” in the title or the abstract. Since 1990 the annual number of papers on
surface plasmons has doubled every five years. This rapid growth is stimulated by the
development and commercialization of powerful electromagnetics simulation codes,
nanofabrication techniques, and physical analysis techniques, providing researchers
and engineers with the necessary tools for designing, fabricating, and analyzing the
optical properties of metallic nanostructures. A major boost to the field was given by
the development of a commercial surface plasmon resonance (SPR) based sensor in
1991. At present an estimated fifty percent of all publications on surface plasmons
involve the use of plasmons for biodetection.

Most recently, metal nanostructures have received considerable attention for their
ability to guide and manipulate “light” (SPPs) at the nanoscale, and the pace of new

2000 —
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Figure 1.1. The growth of the field of metal nanophotonics is illustrated by the number of scientific articles

published annually containing the phrase “surface plasmon” in either the title or abstract (based on data
provided on www.sciencedirect.com).
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inventions in the area has accelerated even further. In 1997 Junichi Takahara and
co-workers suggest that metallic nanowires enable the guiding of optical beams with
a nanometer scale diameter,!* in 1998 Thomas Ebbesen and coworkers report on
the extraordinary optical transmission through subwavelength metal apertures, and in
2001 John Pendry suggests that a thin metallic film may act as a “perfect lens”.'*-13 All
these findings have motivated a tremendous amount of new research, captured in a
number of exciting review articles.'®!7 It should be noted that the brief overview
provided here cannot do justice to all the different research directions the field of
Plasmonics. Rather than making an attempt to be exhaustive, we have tried to present
a short historical perspective including the fundamentals and some of the current hot
topics. In the following section we highlight the various topics covered in this book.
Together, these represent the true state-of-the art in the field of plasmonics.

1.4. THIS BOOK

This book contains seventeen chapters broadly divided into five major topical areas,
which are indicated in boldface below. Although, all the chapters are self-contained,
the topical areas help to provide connections between the different research directions.

Surface plasmon excitations in isolated and periodic metal nanostructures are
discussed in the first two chapters. This section forms a solid basis for understanding
several concepts used throughout this book.

Chapter 2 deals with the optical near-field and far-field properties of isolated metal
nanoparticles and periodic metal nanoparticle arrays (Fig. 1.2). First, a qualitative
introduction to surface plasmon excitations in metal nanoparticles is given and their
resonant behavior is discussed in detail. In the latter part of the chapter, the properties

Figure 1.2. Optical near fields of metal nanoparticle chains (Chapt. 2) with a grating constant of 400 nm.
The chains are excited under total internal reflection from the right at 800 nm. The image was taken using
a photon scanning tunneling microscope. The circles indicate the nanoparticles.
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of metallic nanoparticle arrays (extinction spectra, optical near fields, non-linear op-
tical properties and particle interactions) are treated. Metallic nanoparticle arrays
played an important role in the early days of this field and hold tremendous promise
for the development of new applications, from nanoparticle-based plasmonic waveg-
uides discussed in Chapt. 7 to advanced substrates for surface enhanced Raman spec-
troscopy, as shown in Chapt. 14. A deep understanding of the optical properties of
metallic particles has also provided an intuitive vantage point from which the reso-
nant behavior exploited in optical nanoscale antennas (Chapt. 9) and tip-enhanced
spectroscopy (Chapt. 10) can be understood.

Chapter 3 provides the theoretical foundation of the extraordinary optical trans-
mission (EOT) phenomenon observed in thin metallic films perforated with a two-
dimensional array of subwavelength holes. It also explains the appearance of EOT
in single apertures surrounded by periodic corrugations in the input side and the ob-
servation of beaming effects for the case in which the periodic corrugation is placed
in the output surface. This phenomenon has given the field of plasmonics a tremen-
dous boost in attention in recent years and the role of SPPs in this phenomenon is
discussed.

Surface plasmon waveguides are analyzed in detail in Chapts 4 through 7 and 15.
Such waveguides can manipulate and route “light” at the nanoscale. A number of dif-
ferent geometries are discussed, each with their individual strengths and weaknesses.

Chapter 4 shows how near-field optical techniques can be employed to characterize
the properties of SPP waveguides. It starts with an explanation of the operation of a
photon scanning tunneling microscope with which the propagation of SPP patterned
metal films can be imaged. The authors apply this technique to analyze straight waveg-
uides, bent waveguides, and structures with Bragg gratings. These measurements pro-
vide a deeper understanding of the properties of patterned, stripe waveguides and will
be invaluable in designing improved more complex devices, including biosensors,
interferometers, and active plasmonic structures.

Chapter 5 discusses the behavior of plasmonic transmission lines consisting of
metal strips embedded in an isotropic medium. To this end, a computational method
is presented that relies on the use of Eigensolutions available from many commercial
solvers. Particular attention is given to the long-range modes supported by the strips
and important practical issues such as the effect of surface roughness and smooth,
curved edges on the propagation distance are analyzed. Practical device geometries
such as periodically corrugated waveguides and waveguide bends are treated. These
form important building blocks for plasmonic devices.

Chapter 6 demonstrates the feasibility of employing photonic band gap effects
for realizing miniature photonic circuit elements by nano-patterning metal surfaces.
In particular, the Authors show that SPP waveguiding and routing structures can be
realized by defining line-defects in periodically corrugated metal surfaces. Numerical
methods are used to simulate the behavior of these structures by solving the famous
Lippmann-Schwinger equation. The reader is provided with intuitive insights into
the operation of these devices and with a working knowledge on how to choose the
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bump spacing, height, and type of lattice for obtaining high transmission at specific
operating wavelengths.

Chapter 7 discusses how metallic waveguides can be constructed that enable deep
subwavelength spatial confinement of optical modes. Two waveguide types are inves-
tigated in detail, namely nanoparticle-based waveguides and metal-insulator-metal
waveguides. Although the propagation distances are short (a few microns), they offer
exciting opportunities for the development of truly nanoscale optical and photonic
components.

Surface Plasmon Mediated Field Concentration and Imaging methods are dis-
cussed in Chapts 8 through 10. Such imaging techniques include the now famous
perfect lens and the apertureless near-field optical microscope. Both optical elements
rely on the use of metallic nanostructures and the excitation of SPPs to enable deep
subwavelength operation.

Chapter 8 reviews the intriguing properties of superlenses. A superlens is an optical
element capable of imaging objects of subwavelength dimensions. First the theory
behind the superlens is discussed and it is shown how a thin slab of metal is capable
of enhancing a broad band of evanescent waves in the wave vector spectrum. Such
enhanced evanescent waves can be used to reconstruct the image of a subwavelength
object. The theory is followed by a series of experiments that provide information
on the transfer function of a silver superlens and show true subwavelength imaging
with imaging resolution of 60 nm or A/6. Super lenses exhibit enormous potential
for commercial applications including ultra-high resolution imaging, high-density
memory storage devices, and nanolithography.

Chapter 9 analyzes the intriguing properties of resonant bowtie antennas that can
cause enormous field concentration (Fig. 1.3 (a)). Experimental and theoretical results
demonstrate that local optical field enhancements greater than 1000 times can be
obtained compared to the incident light wave. Physical explanations are given for the
resonant behavior and its dependence on the dimensions of the antennas.

|E|z Normalized, Peak Value=1645

160 1600

1400

11200

y axis (nm)

40

-

Figure 1.3. (a) Simulation of the intensity, | E|2, enhancement in the 16 nm wide gap of a bowtie antenna,
as measured 4 nm above the antenna (Chapt. 9). (b) Artist impression of the optical field enhancement
underneath the metallic tip used in apertureless, near-field optical microscopy (Chapt. 10).
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Chapter 10 reviews the application of apertureless, near-field optical microscopy
for the local excitation and detection of SPPs. In such a microscope a sharp metallic tip
is used for the imaging. Similar to the bow-tie antennas in Chapt. 9, such tips possess
the ability to convert incident free-space light waves to strongly confined fields at the
end of'the tip (Fig. 1.3(b)). It is explained in detail how a combination of lightning-rod
and surface-plasmon resonance effects gives rise to the localization. It is this light
confinement that allows for the use of these tips as tiny (secondary) light sources
with which structures can be imaged with nanoscale spatial resolution. To illustrate
this, it is shown how SPP interference, decay, and scattering on patterned metal
surfaces can be visualized. The strong field enhancement near the end of metal tips
can give rise to a range of exciting non-linear effects, including second-harmonic and
continuum generation. This is demonstrated experimentally and analyzed in theory.
These microscopic techniques are expected to play a key role in the analysis of future
nanoscale plasmonic devices.

Experimental characterization and simulation techniques for plasmonic struc-
tures are treated in Chapts 11 and 12. Our current understanding of plasmonic devices
is largely based on the development of powerful far-field and near-field optical analysis
tools and numerical simulation techniques. The unique ability of SPP-based struc-
tures to manipulate light at the nanoscale has generated substantial and fascinating
challenges in the analysis and prediction of their behavior. Some of these challenges
and their solutions are described in the following three chapters.

In Chapt. 11 Alain Dereux discusses ways to map the optical near-field in the
vicinity of nanoscale optical structures. It is shown that a true near-field measurement
does not allow the simultaneous detection of the electric field and the magnetic field.
Calculational methods to predict near-field distributions on scattering structures are
described, and practical examples are given that prove the validity of the developed
approach under specific experimental conditions.

Chapter 12 provides a valuable overview of numerical simulation techniques that
are suitable for predicting the behavior of plasmonic structures and devices. The au-
thors first describe the challenges we are faced with in the numerical modeling of
metallic nanostructures. These include the arbitrary device geometries, the compli-
cated dispersive properties of metallic materials at optical frequencies, and the rapid
decay of surface plasmons away from metal-dielectric interfaces. The strengths and
limitations of various techniques are highlighted and future research directions in this
area are outlined.

Chapter 13 discusses a very intuitive model that can be used to predict the optical
response of complex metallic nanostructures and systems. It is called the plasmon
hybridization model and shows intriguing similarities to the well-established theories
on molecular orbital formation from atomic orbitals. This model can predict the loca-
tion of plasmon resonances in complex systems based on knowledge of the resonant
behavior of elementary building blocks. It thus provides a powerful tool for optical
engineers in the design of future functional plasmonic nanostructures. The basic the-
ory is explained and applied to a number of important examples, including multilayer
concentric gold nanoshells and multi-particle geometries.
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Figure 1.4. A schematic representation of several integrated optical devices based on Long Range Surface
Plasmon Polaritons that are described in Chapt. 15. The insets represent optical images recorded at the exit
facet of a real device.

Applications of surface plasmon nanophotonics are analyzed in Chapts 14
through 17. In these chapters, several exciting applications of SPPs that have al-
ready been commercialized or have tremendous potential to be commercialized are
discussed.

Chapter 14 is devoted to the applications of Raman spectroscopy and way to improve
the power of this technique with the use of metallic nanostructures. Raman scattering
spectra enable molecular “fingerprinting”, which is of great importance in the fields
of molecular sensing and biology. Carefully engineered metallic nanostructures can
enable surface enhanced Raman scattering (SERS) to provide a far greater detection
sensitivity than conventional Raman spectroscopy. It is further shown that under
special conditions, nanoparticulate silver films allow for fine rearrangement of their
local structure under protein deposition, causing substantial SERS enhancements.
Such newly discovered adaptive, metal nanostructures allow for new way to perform
protein sensing and can be applied in protein micro-arrays.

Chapter 15 introduces a variety of integrated optics components based on long-
ranging surface plasmon polaritons (Fig. 1.4). The current state-of-the art is reviewed,
with an emphasis on passive elements including straight and curved waveguides,
s-bends, y-junctions, four-port couplers, Mach-Zehnder interferometers and Bragg
gratings.

Chapter 16 discusses a unique near-field based technology that can push the current
limits in optical data storage. It is based on a so-called “super-resolution near-field
structure” that enables the generation of strong, localized optical fields and localized
surface plasmons in a thin film that exhibits a giant optical nonlinearity. The use of
strongly localized fields occurring in nonlinear resonant systems could lead to optical
data storage and readout with a capacity exceeding 1 terabyte.

Chapter 17 treats the use of metallic structures to modify and control the fluores-
cence properties of dyes. Particular attention is paid to a recently reported phenomenon
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that allows surface plasmon-coupled emission of excited fluorophores into a cone-like
directional beam in a glass substrate. This allows for simple and efficient collection of
the emitted photons. The authors expect that such near-field manipulation of light in
combination with other nanophotonic technology will open a new era for biophysical
and biomedical applications of fluorescence.
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2.1. INTRODUCTION/MOTIVATION

The reason for the strong interest in the electrodynamic properties of metal nanoparti-
cles (i.e., particles with sub um dimensions) is based on their surface plasmon modes
(see Sect. 2.2.2). A metal nanoparticle can in some sense be seen as a resonator for
surface plasmons and, like any (moderately damped) resonator, if excited resonantly
the oscillation amplitude can overcome the excitation amplitude by orders of magni-
tude. For surface plasmons on metal nanoparticles this means a strong enhancement
of the local electromagnetic field compared to the exciting electromagnetic field.!~*

Applications of metal nanoparticles are based on this resonance behavior in dif-
ferent ways. Biological labels®® (Chapt. 14), optical filters’ or product labels>® use
their extinction and absorption properties and waveguide applications’!? are based
on the enhanced near fields at frequencies close to the resonance (Chapt. 7). Surface
enhanced effects, like surface enhanced Raman scattering (Chapt. 14) or surface en-
hanced fluorescence,*!!-!? take advantage of both, the near field and the far field of
resonantly excited metal nanoparticles: on one hand, the enhanced near fields lead
to a higher excitation efficiency and on the other hand, the nanoparticles act as a
transmitting antenna and enhance the coupling of atomic or molecular resonances to
the optical far field.

The application of regular arrays of metal nanoparticles this chapter deals with is
mainly to be seen for scientific purposes. This is due to the rather complicated and
expensive fabrication scheme for such arrays, which requires the use of electron beam
lithography. However, the huge advantage above other common fabrication schemes
for metal nanoparticles (chemical production or thermally vacuum deposited metal
island films) is the unsurpassed design flexibility and the particles monodispersity
and homogeneity achieved by this method.

11

M.L. Brongersma and PG. Kik (eds.), Surface Plasmon Nanophotonics, 11-25.
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2.2. SURFACE PLASMONS ON ISOLATED METAL NANOPARTICLES
2.2.1. Optical Properties of Metals

Metals are defined by their quasi-free electrons in the ground state, which are not
bound to single atoms but to the metal bulk. These free electrons are responsi-
ble for the well-known properties of high electric conductivity and high optical
reflectivity.

Qualitatively, the free electrons of the metal behave like a gas of free charge carriers
(a plasma) and can be excited to sustain propagating plasma waves.'?> Plasma waves
are longitudinal electromagnetic charge density waves and their quanta are referred
to as plasmons. They exist in two forms: bulk plasmons in the volume of a plasma
and surface plasmons, which are bound to the interface of a plasma and a dielectric.
Both modes cannot directly couple to propagating electromagnetic modes (light) in
adjacent dielectrics. Surface plasmons exist for metals like Au, Ag, Al, and Cu from
DC up to optical and near UV frequencies, depending on the dielectric function of
both, the metal and the neighboring dielectric.

2.2.2. Qualitative Description of Surface Plasmons
on Metal Nanoparticles

For small, isolated metal particles, with sizes in the range of the penetration depth
of an electromagnetic field into the metal (e.g., ~20 nm for silver in the optical
spectral range), the clear distinction between surface and bulk plasmons vanishes.
In contrast to bulk metals, an external electromagnetic field can penetrate into the
volume of the metal nanoparticle and shift the free conduction electrons with respect
to the particles’ metal ion lattice. The resulting surface charges of opposite sign on the
opposite surface elements of the particles (see Fig. 2.1) produce a restoring local field
within the particle, which rises with increasing shift of the electron gas relative to the
ion background. The coherently shifted electrons of the metal particle together with
the restoring field consequently represent an oscillator, whose behavior is defined by
the electron’s effective mass and charge, the electron density and the geometry of the
particle. Throughout this text its resonances are called surface plasmons on metal
nanoparticles.

E(1=T/2)
—_—

~10nm

Figure 2.1. If a metal nanoparticle (a) is exposed to an electric field, the electrons are shifted with respect
to the ion-lattice (b—c). The polarization charges on opposite surface elements apply a restoring force on
the electrons. This, together with the mass of the electron gas leads to coherent, resonant oscillations of
the electron gas.
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Most of the physical effects associated with surface plasmons on metal nanoparti-
cles (SPN) can qualitatively be understood in this simple oscillator model. Spectrally,
the SPN resonances are found somewhere in the visible to near-infrared spectral re-
gion, depending on the particle shape, the environment and the metal. If excited at
resonance, the amplitude of the induced electromagnetic SPN-field can exceed the
exciting fields by a factor in the order of 10 (i.e., optical near field enhancement)
and in analogy to a classical oscillator, the damping of the SPN limits the maximum
amplitude of the resonance and determines its spectral width.

It is important to consider this model just as a qualitative description of the SPN.
Especially for the damping mechanisms described below, the quantum mechanical
view of the SPN is important, since at usual excitation conditions and usual values for
the damping at optical frequencies, hardly more than a single SPN quantum is present
on a nanoparticle at a given time.* Further, metal nanoparticles usually have more
than a single oscillation mode. The different modes differ in their charge- and field-
distribution.'* For the lowest (or dipolar) SPN-mode, the distributions are dominated
by a dipolar character; the higher energetic modes can be associated with multipolar
charge distributions of higher order.

2.2.3. Theoretical Descriptions of SPN

Mie Theory

An exact analytical theoretical description of surface plasmons of spherical metal
nanoparticles is part of Mie’s theory for the scattering and absorption of light by
spheres.*!1415 According to Mie-theory, the different eigenmodes of the spherical
particles are dipolar or multipolar in character and their excitation strength is deter-
mined by the expansion of the exciting electromagnetic field into vector spherical
harmonic functions.

Quasistatic Approximation

For particles small compared to local variations of the involved electromagnetic fields,
the quasistatic approximation!* leads to results in good agreement with the exper-
iment. It assumes the exciting field to be homogeneous and not retarded over the
particle’s volume. Under these assumptions, the results of electrostatics can be ap-
plied by using the corresponding frequency depended dielectric function instead of
the electrostatic values. The polarizability «; (in SI-units) of an ellipsoidal metal
nanoparticle parallel to the ellipsoid axis i follows from this theory as:
4 Em — Ee

;= —abc————~% 2.1
* 3 ¢ Cge+Ai[8m_£e] ( )

*This can be estimated from the SPN-lifetime (~10 fs), the absorption cross-section (e.g., in the or-
der of 1071%cm?) and the light intensity (e.g., 100 kW/cm? at a wavelength of 800 nm, photon flux
~4 1035~ lem™2).
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en and e, are the frequency dependent dielectric functions of the metal and the
environment, respectively, and A4; is the shape or depolarization constant. a, b and ¢
are the ellipsoid’s half axes. 4; depends on the axis ratio of the ellipsoidal particle
and the polarization of the exciting field with respect to the ellipsoid axis i. The value
of A; is determined by the ratio of the ellipsoid axes lengths'* and ranges from 0 to 1.
For spherical particles witha = b = ¢, A; = 1/ in all directions.

Despite its simplicity the quasistatic approximation already reveals the major pa-
rameters influencing the surface plasmon resonance:
¢ The particle shape
e The dielectric function of the metal
¢ The dielectric function of the environment
It is important to note that the quasistatic theory does not account for re-radiation
(scattering) of light since the interaction of the induced polarization with the retarded
electromagnetic field caused by it is ignored in the quasistatic formulation. In an
improved form, scattering is approximately included in a complex effective depolar-
ization constant 4,."3 This correction is only introduced phenomenologically and not
strictly justified. Additionally, the quasistatic theory allows only the description of
dipolar surface plasmon modes.

Dipole Approximation

To a good approximation, the electromagnetic field of the dipolar surface plasmon
modes on ellipsoidal metal nanoparticles outside the particles can be analytically
described by the electromagnetic field of an oscillating point dipole located in the
center of the particle.!® This is in accordance with the results of the quasistatic ap-
proximation for spherical particles, but also holds for dipolar surface plasmon res-
onances on arbitrarily shaped metal nanoparticles, if the distance from the particle
is much larger than the particle itself. The major conclusion from this approxima-
tion is the existence of two limiting spatial domains of the electromagnetic field of
SPN’s:
¢ The near field: It dominates in the vicinity of the particle for distances much smaller
than the wavelength of the electromagnetic fields. For spherical particles it falls off
with distance » from the particle center proportional to » 3. Retardation effects
play a minor role in this regime.
o The far field: For distances from the particle much larger than the wavelength of
the electromagnetic fields, spherical waves dominate. In this range of distance 7,
the field falls off proportional to » .

2.2.4. Damping of SPN-Resonances

According to the theoretical descriptions, the spectral width and the amplitude of
the SPN-resonances as well as the SPN temporal decay are influenced by the damp-
ing of the surface plasmons. The mechanisms for the damping or decay, respec-
tively, can be categorized into radiation damping, energetic relaxation and pure
dephasing.
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Radiation-Damping—Scattering

Scattering of an exciting electromagnetic wave by SPN’s results from the re-radiation
of electromagnetic waves by the oscillating SPN charge distribution. The radiated
power is taken from the power stored in or pumped into the SPN and therefore, leads
to the so-called radiation damping.'®

Energetic Relaxation—Absorption

In addition to radiation damping, also internal (i.e., ohmic) loss mechanisms of the
surface plasmons exist. The plasmon relaxes energetically and after different inter-
mediate processes it heats the metal nanoparticle.

SPNss typically have their resonances in the visible or near-infrared spectral range.
The interaction of an electromagnetic field in this energy range with a metal leads to
the creation of electron-hole pairs.'® Since also surface plasmons are electromagnetic
modes, they will decay by the same process, the creation of an electron hole pair.**

After being excited by the decay of a surface plasmon, the electron-hole pair has
all usual decay channels known from solid state physics: electron-electron scattering,
electron—phonon scattering, surface scattering etc.!’

Pure Dephasing

Pure dephasing of the plasmon describes the elastic scattering of the surface plasmon
quanta themselves, which destroys their phase relationship to the exciting electro-
magnetic field. Experiments show that this contribution to the overall damping of
surface plasmons on metal nanoparticles is negligible.!”

Size Dependence of Absorption and Scattering Cross-sections

From the point dipole approximation together with the results of quasistatic theory
(Eq. (2.1)), relatively simple equations for the absorption and scattering cross-sections
Cabs and Cyea (in SI-units) of a particle can be found.!*

Cabs = kIm(w)
i 2.2)

Cscat = a |0[|2
The complex polarizability of the particle « is proportional to the particle volume
within the quasistatic approximation (Eq. 2.1). || denotes the modulus and Im (&)
the imaginary part of the polarizability. The important conclusion from Eq. (2.2) is
that, the radiation damping or scattering, respectively depends on the square of o and
therefore on the square of the particle volume whereas the absorption depends only
linearly on « and the particle volume. Therefore, the SPN-damping for small particles
is dominated by absorption but for large particles it is dominated by scattering. This

**The SPN has only discrete quantum states with energy-quanta of 4v (4 is the Planck-constant and v the
frequency) and there is no possibility for the scattering of single electrons out of their coherent oscillation.
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is responsible for the broader spectra observed for larger particles compared to very
small particles.*

2.3. FAR FIELD EXTINCTION SPECTRA OF NANOPARTICLE ARRAYS
2.3.1. Spectral Position of the Surface Plasmon Resonance

The spectral position of the extinction maximum depends on the dielectric function
of the metal and the dielectric environment and, most prominently, on the particle’s
shape. All these dependencies are qualitatively described by the results from the
quasistatic model of the particles (see Quasistatic Approximation in Sect.2.2.3).

Influence of the Particle Shape

Considering ellipsoidal particles, the spectral resonance position shifts from the value
for a sphere depending on the asymmetry of the particle. Compared to the SPN-
resonance of spherical particles, the SPN-resonance of ellipsoidal particles is shifted
to the red for a polarization parallel to the long ellipsoid axis and to the blue for a
polarization parallel to the short ellipsoid axis. Figure 2.2 shows the extinction spectra
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Figure 2.2. Extinction (logjo (transmission)) spectra of arrays of metal nanoparticles with varying shape.
The extinction spectra (c) of rotationally symmetric oblate particles on a glass substrate (a) shift to the
red with increasing axis ratio a/c and are independent of polarization for light incident parallel to the
direction of z. For prolate particles (b) the extinction is red shifted with respect to spherical particles for a
polarization parallel to the long particle axis and blue shifted for a polarization parallel to the short axis (d).
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of arrays constituted of differently shaped oblate and prolate metal nanoparticles on
a glass substrate.!%20

Influence of the Dielectric Functions

Ag nanoparticles have their surface plasmon resonance at shorter wavelength than
Au particles of the same shape due to the difference in the dielectric function of these
metals.?! Additionally to this material dependence of the dielectric function, also its
size dependence plays a role for small particles. If the particle size gets below the
dimension of the mean free path of the electrons in the metal (=10 nm) the electron
scattering at the particle surface leads to a modification of the dielectric function,
mainly increasing its imaginary part.* At even lower particle dimensions (=1 nm) the
spill-out of the electrons from the particle surface cannot be neglected anymore and
can only be described by an anisotropic and inhomogeneous dielectric function.* The
concept of a continuous medium describable by its dielectric function starts loosing
its validity in this size regime.

Also the dielectric environment influences the spectral position of the surface plas-
mon resonance. An increase in the refractive index leads to a red-shift of the SPN

resonance.*

2.3.2. SPN Spectral Width and Decay Time

For single particles and arrays of identical particles, the spectral width of the sur-
face plasmon resonance is directly related to its decay time, in analogy to a damped
oscillator.?>?3 The decay time in turn is determined by the damping of the surface
plasmon resonance and consequently, a change in the surface plasmon damping will
lead to a change in the spectral width of the surface plasmon resonance.

Influence of Radiation Damping, Grating Orders

A simple possibility for the investigation of the relationship between damping and
spectral width is the study of regular arrays of identical particles with varying grating
constant.’> Depending on the grating constant and the wavelength of the exciting
light, different grating orders exist, and the light scattered from the particle array is
confined in its propagation to certain directions and is partly prohibited. For grating
constants d in the range of the light wavelength A, there are three relevant domains
(see Fig. 2.3).

For d > X (Fig. 2.3(c)), due to the coherent excitation and scattering of the indi-
vidual nanoparticles, the light is scattered only at defined angles, in analogy to light
diffraction from a grating. For d = X (Fig. 2.3(b)) the light scattered to the first grat-
ing order is emitted parallel to the plane of the particle grating. For (theoretically
considered) infinitely large gratings, the partial waves scattered from the single parti-
cles sum up and lead to a singularity in the function of the scattered intensity vs. the
grating constant or wavelength respectively. Experimentally, these so-called Wood-
anomalies show up as sharp dips or peaks in the extinction or reflection spectra, but
for gratings of metal nanoparticles they can be seen only for arrays of larger particles
with relatively strong scattering cross-sections.?*
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Figure 2.3. Different domains of the grating constant concerning the scattering to the far field ((a), (b)
and (c)), SPN far field extinction spectra (d) and SPN decay time if excited at A = 800 nm (e) of regular
square gratings of oblate gold nanoparticles (diameter 150 nm, height 14 nm) on a glass substrate. The
SPN-resonance is at Ares = 780 nm (vacuum wavelength). At a vacuum wavelength of 800 nm, the first
grating order (in glass) is grazing at a grating constant of 533 nm (indicated by the arrow in (e)).

For d < A (Fig. 2.3(a)), scattering is mostly prohibited and only possible in the
direction of the zeroth grating order (i.e., the transmission direction).

Since scattering is a relevant contribution to the damping of surface plasmons on
larger metal nanoparticles, the suppression of scattering by the suppression of higher
grating orders leads to a reduced surface plasmon damping and a narrower spectral
width of the surface plasmon resonance.

In Fig. 2.3(d), the extinction spectra measured on gratings of identical metal
nanoparticles but different grating constants are depicted. If the center-to-center dis-
tance of the particles d < s (Ares 1S the wavelength of the SPN-resonance) there
is only zero order transmission (curve a). For d = X the first grating order exists
only for wavelength below A..s which leads to the asymmetric shape of the SPN-peak
(curve b). For d > A, grating orders exist over the whole spectral range (curve
c¢). The SPN-resonance is again symmetric, but broader and weaker as compared to

curve 3.22

Direct Measurements of SPN Decay Times

Besides the indirect determination of the decay times of surface plasmons on metal
nanoparticles by the spectral width of their resonance, there is also the possibility
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for its direct measurement by femtosecond laser pulses.?® The measurement is based
on a non-linear autocorrelation of the surface plasmon field excited by an fs-laser
pulse. The width of the recorded autocorrelation function contains information on the
SPN-lifetime, which can be extracted from the measurement by a fitting procedure.

The important results from these investigations are the directly measured SPN
decay times in the order of 10 fs and the proof, that the relation of SPN spectral width
and decay time can be understood qualitatively and quantitatively in terms of a simple
harmonic oscillator model.?3-26

One application of this method is the study of the influence of radiation damping on
the SPN decay time in particle arrays. As shown in Sect. 2.3.2, the radiation damping
of SPN can be influenced by the grating constant. The more grating orders exist, the
larger is the radiation damping and the shorter the SPN decay time. Figure 2.3(e)
depicts the results of the measured decay times vs. grating constant.

2.4. OPTICAL NEAR-FIELDS OF NANOPARTICLE ARRAYS

If excited, SPN not only scatter light to the far field, but they also possess near fields,
which can be much stronger than the exciting optical fields (see Sect. 2.2.2). For spher-
ical particles, to a first approximation, these near fields can be described by the near
field of oscillating point dipoles located at the center of the particles. If the particles
are non-spherical, an external field can lead to strongly inhomogeneous polarization
states in the particle and especially in close proximity to tips and corners of particles,
the near fields can be strongly enhanced. Qualitatively, this can be viewed as the
optical pendant to the electrostatic field enhancement in the strongly inhomogeneous
field close to a sharp metal tip (lightning rod effect).?’

The optical near fields of SPN excited by light can be measured in a photon scanning
tunneling microscope (PSTM) setup (see Fig. 2.4(a)). Typically, the particles are
excited in total internal reflection geometry and the optical near fields are probed

{(a) _fibre tip (b)
detection planc
particle ||

glas- — Ly
substrate

rellected light excitation

Figure 2.4. Sketch of the PSTM with excitation under total internal reflection (a) and optical near field
image of a SPN on a gold nanoparticle (b) outlined by the circle. The particle diameter is ~ 80 nm and its
height is ~30 nm. The excitation wavelength is 633 nm. The white arrow in (b) indicates the direction of
the exciting light.
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by the tip of a sharpened optical fiber. The optical field at the fiber tip is partly
scattered into guided modes within the fiber which is attached to a photo-detector.
The recorded intensity is proportional to the electric field intensity at the tip to good
approximation.?® Typical tip sizes are in the range of 50-100 nm, which limits the
spatial resolution for this type of microscope.

2.4.1. Optical Near fields of an Isolated Metal Nanoparticle

The optical near fields of an SPN as recorded by a PSTM for an isolated metal
nanoparticle result from the interference of the evanescent, exciting light field with the
field scattered from the particle.?” The optical near field of the excited particle shows
two lobes (see Fig. 2.4(b)), whose intensities depend on the polarization of the exciting
light. For ellipsoidal nanoparticles, this near field intensities can be qualitatively
understood as an interference of the exciting plane light-wave with the field of a point
dipole located at the center of the particle.

2.4.2. Optical Near Fields of Particle Arrays

Similar to the far field extinction, the optical near fields of particle arrays depend
on the grating constants and one has to distinguish between different domains of the
grating constant. If excited under total internal reflection condition, for sufficiently
small grating constants no diffraction orders of a particle grating exist above the
grating. Only the near fields of the particles are present. In case of the larger grating
constants, additional to the near fields one or more grating order exist as well and
lead to interferences with the exciting evanescent field.

The contributions of the SPN near field and the grating orders can be nicely observed
in the case of one-dimensional particle arrays, i.e., particle chains (see Fig. 2.5).

As a result of the invariance of the chain against translation by a grating vector, the
optical near field intensities always show the same periodicity as the particle chain
and independent of the excitation (this can be considered as an implication of the
“optical” Bloch theorem).

(a) (b)
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Figure 2.5. Optical near fields of nanoparticle chains with different grating constant; (a) 200 nm, (b)
400 nm, and (c) 500 nm. The chains are excited under total internal reflection from the right (see Fig.
2.4(a)) at 800 nm. The circles indicate the metal nanoparticles.
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Figure 2.6. ptical near field of SPN (a) and topography (b) of a 2D particle array. The optical near
fields exhibit the same periodicity as the array. The near field of the particles (lobes left and right of
the particles) and grating orders interfering with the exciting evanescent wave (maxima in between the
particles) determine the intensity pattern (unpublished results).

For small grating constants only the bright lobes due to the particles near field can
be observed. The particles are so close that their enhanced near fields overlap and
are strongly squeezed between the particles (Fig. 2.5(a)).2° For larger particle spacing
(Fig. 2.5(b) and (c)) grating orders exist above the substrate and additional to the
bright lobes close to the particles also fringes further away from the particles can be
seen. These fringes result from the interference of the exciting evanescent field with
the grating orders scattered parallel to the substrate.>

For two-dimensional arrays of particles, the same behavior as for the particle chains
is observed. Figure 2.6 shows exemplarily the measured optical near fields of metal
nanoparticles arranged in a quadratic grating. In analogy to the chain, the invariance
of the near field with respect to grating invariant translations can be recognized.

2.5. OPTICAL NONLINEARITIES

As described in Sect. 2.2.2, the surface plasmon resonance on metal nanoparticles
can be considered to a first approximation in a simple oscillator model, where the
quasi free electrons of the particle are shifted coherently with respect to the metal ion
background by an applied electromagnetic field (light). The restoring force is due to
the charging of the opposite surface elements by the coherent shift of the electron
cloud. This restoring force responds linear to the displacement of the electron cloud
only at low electromagnetic field strength. Athigher field strength (some MW per cm?)
the restoring force (and therefore the polarization) depends nonlinearly on the exciting
field and consequently nonlinear optical effects occur.

Qualitatively, one has to distinguish between centrosymmetric and non-
centrosymmetric particle shapes and array configurations (see Fig. 2.7). For cen-
trosymmetric particles (the particle is symmetric with respect to an inversion center)
the restoring force and particle polarization as a function of the applied electromag-
netic field is symmetric around the particle-center as well (see Fig. 2.7(a)). When a
harmonic field excites such an oscillator, the anharmonic polarization will lead to
scattering of the exciting wave (fundamental) and to the emission of waves with an
odd-numbered multiple frequency of the fundamental (third, fifth, etc. harmonics).
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Figure 2.7. Optical nonlinearities of metal nanoparticles. For centrosymmetric particles (a), also the polar-
ization is centrosymmetric and only odd order nonlinearities are allowed. For non-centrosymmetric particles
(b), also even order nonlinearities exist. Part (c) depicts an electron micrograph of a centrosymmetric array
of non-centrosymmetric particles (no even order nonlinearities), part (d) a non-centrosymmetric array of
non-centrosymmetric particles (also even order nonlinearities). The unit-cells of the particle arrays are
sketched by the dashed lines in (c) and (d).

Since the intensity of higher harmonics strongly decreases with the order of the non-
linearity, usually only the lowest (i.e., the third) harmonic wave has considerable
strength.

For non-centrosymmtric particles (see Fig. 2.7(b)), also the polarization will not
be non-symmetric with respect to the applied electromagnetic field and, addition-
ally to the odd harmonics, also even harmonic waves (i.e., second, fourth etc har-
monics, dominated by the second harmonic) will be emitted (scattered) from the
particle.’!

It is important to note, that not only the particles themselves, but also the array
in which they are arranged has to maintain a non-centrosymmetry to produce even
order nonlinear effects. If the particles are non-centrosymmetric, but are arranged
in a centrosymmetric array (see Fig. 2.7(c)) the even order harmonics produced by
the single particles of a unit cell interfere destructively. Therefore, in the far field no
second-order nonlinear effect can be observed.

2.6. PARTICLE INTERACTIONS

Up to here, particle arrays were treated, in which the surface plasmons on the individual
nanoparticles only showed some interaction in terms of a modified far field of the
scattered light due to the coherent excitation and therefore, coherently scattered fields.
This had influences on the spectral width of the surface plasmon resonance, but the
fields scattered by one particle were so weak at the positions of the other particles
compared to the exciting field, that the direct interaction of the particles could be
neglected. However, if the particles get closer to each other, the electromagnetic near
fields get comparable to the exciting field and the particles become electromagnetically
coupled. The simplest case for the discussion of the effects expected in this distance
domain is a system of only two interacting particles.

To gain qualitative insight, the coupled SPN system of a particle pair can be
described as a system of two interacting dipolar oscillators. Depending on the
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(a) (b)

Figure 2.8. Two possible configurations of a pair of metal nanoparticles with respect to the polarization
of the exciting light field. The thin lines sketch the electric field lines of the polarized particle.

polarization with respect to the particle pair orientation, one can distinguish be-
tween two cases of polarization either parallel (Fig. 2.8(a)) or perpendicular to the
pair-axis (Fig. 2.8(b)). For parallel polarization, the near field of one particle dipole
acting on the other points to the same direction, whereas for polarization perpendic-
ular to the pair axis, it points to the opposite direction. Thus, if both particles are
excited together, the dipole (SPN) field either weakens (perpendicular polarization)
or strengthens (parallel polarization) the exciting field at the position of the other
dipole (particle). In analogy to coupled harmonic oscillators, one therefore expects
a shift of the resonance to higher frequencies for perpendicular polarization and to
lower frequencies for parallel polarization.3?

The experimentally measured positions of the SPN resonances are in agreement
with these expectations: The degenerate modes of the two identical nanoparticles split
up and shift to the red or the blue depending on the polarization of the exciting light
(see Fig. 2.9).

It is important to note that, due to the retarded interaction of the polarized particles,
the damping of particle pairs (“radiation-damping”) is larger compared to single
particles.
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Figure 2.9. Experimental extinction spectra of arrays of particle pairs for polarization parallel (a) and
perpendicular (b) to the pair axis. The oblate particles have a diameter of ~150 nm and a height of ~14
nm and varying spacing (center to center), see insets.
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2.7. CONCLUSION

On hand of the results of different exemplarily chosen experiments, this chapter
demonstrates that for the understanding and description of the near-field and far-field
properties of metal nanoparticle arrays, the properties of the surface plasmons on the
individual particles (Sect. 2.2.2) and their interaction to the surface plasmons on the
other particles have to be taken into account. For arrays of closely spaced particles,
this interaction is due to the optical near fields of the surface plasmons on neigh-
boring particles (Sect. 2.2.6). For larger distances the particles still influence each
other due to coherent grating effects and changed radiation patterns (see Quasistatic
Approximation in Sect. 2.2.3.2).

Therefore, by controlling the geometry of the particles and their arrangement in
the array, the arrays’ optical properties can be controlled, in the near-field (near-field
enhancement and -pattern (Sect. 2.2.4)) as well as in the far field (spectral reso-
nance position (see Mie Theory 2.3.1), spectral width and decay time (see Quasistatic
Approximation 2.3.2)). This controllability of the optical properties suggests the po-
tential of nanoparticle arrays as thin layer materials with tailored optical properties
in numerous micro- and nano-optical applications.
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3.1. INTRODUCTION

As illustrated throughout this book, surface plasmons (SPs) are well known for their
capabilities of concentrating light in subwavelength volumes and also for guiding
light along the surface of a metal. But this does not exhaust the phenomena related
to SPs. Even the scientific community working on this subject was greatly surprised
in 1998 by the suggestion that SPs could enhance the transmission of light through
subwavelength holes.! That seminal paper reported that, when subwavelength holes
are disposed on a metallic film forming a two-dimensional (2D) array, the transmission
of light through this structure is greatly enhanced at some particular wavelengths. The
locations of the transmission peaks appearing in the experimental spectra could be
approximately found from the dispersion relation of SPs modes running on the metal
surface. Then, from the beginning of the history of this subject, it was clear that there
was a close connection between extraordinary optical transmission (EOT) and the
excitation of SPs. Since 1998, several experimental and theoretical groups around
the world have reproduced the main features found in the first set of experiments. The
dependence of this phenomenon with the type of metal (noble metals show larger
enhancements), type of lattice (square or triangular), shape of the holes (circular,
elliptical, square or rectangular) and frequency regime (optical, THz or microwave)
have been thoroughly analyzed.?~'3 Four years after the discovery of EOT in 2D hole
arrays, it was also reported'# that EOT phenomenon also appears in a single aperture
(hole or slit) flanked by periodic corrugations in the side of the metal film the light
is impinging on. Moreover, it was also found that very strong directional emission
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(beaming) is possible through single apertures if the corrugation is placed on the exit
side. In this chapter, we concentrate on the explanation of the fundamental physics
behind the phenomenon of EOT both in 2D hole arrays and in single apertures and
also behind the beaming effect observed in single apertures surrounded by periodic
corrugations.

3.2. TWO-DIMENSIONAL SUBWAVELENGTH HOLE ARRAYS

Our goal in this section is to explain the physical origin of EOT in subwavelength
hole arrays.

Let us briefly describe the basic ingredients of our theoretical formalism that was
presented in Ref. 3 for the case of'a 2D array of square holes and in Ref. 15 for circular
holes. In our formalism, the dielectric constant of the metal is taken into account by
considering surface impedance boundary conditions'® (SIBC) on the metal-interfaces
defining the metal film. However, in the metal walls defining the hole, the metal
is treated as a perfect conductor. This approximation greatly simplifies the formalism
as it allows the expression of the electromagnetic (EM) wavefield inside the hole in
terms of the eigenmodes of the hole. For simple hole shapes (such as rectangular, tri-
angular or circular), these eigenmodes are known analytically.!” This approximation,
therefore, neglects absorption by the metal walls surrounding the hole. It is expected
that this approach is not too bad as the area of the “horizontal” metal-dielectric in-
terfaces (in which absorption is properly taken into account) is much larger than the
“vertical” ones, for the geometrical parameters typically analyzed in the experiments.
However, assuming perfect conductor walls also neglects the penetration of the EM
fields. This is an important deficiency, as it is well known that in the optical regime EM
fields penetrate into the metal up to a distance mainly controlled by the skin depth of
the metal (of the order of 10-20 nm for noble metals). We circumvent this deficiency
by considering an (wavelength dependent) effective hole radius such that the propa-
gation constant inside the hole is equal to the one extracted from an exact calculation.
Within these approximations, the calculation of the transmission properties of 2D
hole arrays amounts to expanding the EM fields in terms of the Bloch EM modes in
each spatial region (plane waves in vacuum regions and hole waveguide modes inside
the holes), and obtaining the expansion coefficients by just matching appropriately
the parallel components of the E- and H-fields in the two metal-dielectric interfaces.

In Fig. 3.1 we plot the result of our numerical simulation corresponding to the
geometrical values of the structure experimentally analyzed in Fig. 1 of Ref. 3, but
this time the calculation considers circular holes. Clearly, our model is capturing the
main features of the experimental spectrum; the position of the highest peak (located
at around 780 nm) is in reasonable agreement with the experimental data. However,
the experimental peak is lower and wider than the one obtained in the calculations.
This could be indicative of the presence of disorder and/or finite size effects.

In order to gain physical insight into this phenomenon, it is important to look for
the minimal model in which EOT is still present. In Fig. 3.2 we compare the result
of the fully converged calculation (solid curve) displayed in Fig. 3.1 with the one
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Figure 3.1. Zero-order transmittance (solid curve) and total transmittance (dashed curve) calculated for
a 2D hole array (period of the array, d = 750 nm and the diameter of the circular holes, a = 280 nm)
perforated in a silver film of thickness # = 320 nm.

(dashed curve) obtained by just considering one eigenmode inside the hole (the TE ;;
mode, the least decaying evanescent mode). As clearly seen in the figure, the inclusion
of more evanescent modes inside the hole provokes a very small shift (2 nm) in the
transmission peaks to shorter wavelengths but the overall picture of the spectrum
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Figure 3.2. Zero-order transmittance for the structure analyzed in Fig. 3.1 obtained by using a fully
converged calculation (solid curve), by only considering the TE;; mode inside the holes (dashed curve)
and the same calculation as the dashed curve but assuming that no absorption is present in the metal (dotted
curve); this case is also displayed in the inset but in a logarithmic scale.
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Figure 3.3. Schematic drawing of the different scattering magnitudes at interfaces I-1I and II-11II. See text
for a detailed explanation of the different terms.

remains the same. Moreover, by neglecting the absorption in the metal film (in our
calculations we can do it very easily by assuming that the imaginary part of the
dielectric constant of silver is zero), we find that the spectrum has two peaks (dotted
curve) that reach 100% transmittance and that the net effect of the absorption in the
metal is to reduce the amount of light emerging from the structure without altering
the physical picture. In the inset of the figure, we plot this last curve in logarithmic
scale in order to better illustrate the presence of a zero (the so-called Wood’s anomaly,
see Ref. 1) in the transmittance spectrum. We will discuss the origin of this zero
later on.

From now on in this section we are going to analyze the results of this minimal
model (only TE;; considered and Im(¢(w)) = 0). In order to unveil the physical
mechanism responsible for EOT and to relate EOT with the SPs modes of the metal-
dielectric interfaces, we calculate the transmittance through the structure within the
multiple scattering formalism. Within this framework, transmission amplitudes for
crossing the whole system can be obtained from the scattering amplitudes for crossing
the two different individual metal-dielectric interfaces and the propagation constant
of the fundamental (TE ;) mode inside the hole (see Fig. 3.3).

The zero-order transmission amplitude (¢y) can be expressed then as:

e’y

=1 ok pLe2ikch’ (3.1

where 7 and T3 are the transmission amplitudes for crossing the I-II and the II-IIT

interfaces, respectively. k. = \/k3 — (1, 84/a)?, ko is the EM wavenumber in vacuum,

and p® and p’ are the amplitudes for the TE ;;mode to be reflected back into the
hole at the II-III and II-I interfaces, respectively. In the symmetric system we are
now considering where dielectric constants in reflection and transmission regions are
equal, p®= pr= gp. In Fig. 3.4 we show the behavior of the modulus of 71 753 and
p as a function of the wavelength for the case of a 2D square array with d = 750 nm
of holes and @ = 280 nm. There are several interesting features appearing in these
scattering magnitudes. Firstly, the three quantities present a maximum at around
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Figure 3.4. Modulus of p (solid), 715 (dashed) and 1,3 (dotted) as a function of the wavelength for a silver
surface perforated with a 2D array of period d = 750 nm of circular holes with diameter ¢ = 280 nm.

785 nm. Moreover, |p| >> 1 at this resonant location. This counterintuitive result is
due to the fact that the fundamental eigenmode inside the hole is evanescent, for
which current conservation only restricts Im p > 0, with no restrictions applied to
the real part of this scattering magnitude.

The strong peak in p (and in 75, andt,3) signals the existence of a surface resonance
(or surface leaky mode) of the perforated metal surface. Its spectral width is related
to the time the EM field spends at the surface before it is either radiated or absorbed.
This large reflection amplitude opens up the possibility of a resonant denominator in
Eq. (3.1) even for metal thicknesses such that e 2/%:1" « 1.

Figure 3.5 illustrates graphically that the peaks appearing in the zero-order trans-
mittance occur at the wavelengths for which the distance between |p| and el®" is
minimal. This figure unambiguously shows that EOT in 2D hole arrays has a
resonant nature and that the origin of this resonant behavior is the existence of
SPs decorating the metal-dielectric interfaces. For thin films (4 = 100 — 400 nm
in Fig. 3.5), the two curves intersect at two different wavelengths giving rise to the
appearance of two transmission peaks in the spectrum. It can be shown that these
two peaks correspond to the symmetric and antisymmetric combinations of the two
SPs of the two interfaces that are coupled through the evanescent fields inside the
holes. These two coupled surface modes are able to transfer energy very efficiently
(100% if no absorption is present in the system) through the structure. When #4 is
further increased, there is no crossing between the two curves and only one peak with
associated transmittance less than 100 % remains in the spectrum. As commented
above, the location of this peak coincides with the location of the SP at parallel mo-
mentum 27 /d of the silver surface perforated with a 2D array of holes. A detailed
discussion of the formation of the coupled surface modes and the typical times in the
transmission process can be found in Ref. 3.
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Figure 3.5. Upper panel: modulus of p and curves exp(|k;|#) for different values of h (100, 200, 300, 400
and 500 nm) for the same geometrical parameters than in the previous figures. Bottom panel: zero-order
transmittance versus wavelength for the silver thicknesses considered in the upper panel.

An additional feature appearing in Fig. 3.4 is that both |t| and |7,3| have a
zero located at around 765 nm, that translates into a minimum in the zero-order
transmittance theoretical spectrum (see Fig. 3.2), the so-called Wood’s anomaly. It is
worth commenting that the location of this zero does not coincide with the location
of the Rayleigh minimum that occurs when a propagating diffracted wave becomes
evanescent (in this particular case this should appear at 750 nm). On the contrary, it
can be shown that the location of the minima in both |t1,| and |t,3| coincides with
the location of the SP at parallel momentum 27 /d of the plain (without holes) silver
surface. This is the origin of some criticism on the relation of EOT and excitation of
SPs.'® As we have stated here and already shown in Ref. 3, EOT is mediated by SPs
but those corresponding to the structured metal surface.

Once EOT is explained in terms of the excitation of SPs in the optical regime,
the question about the transferability of EOT to other frequency regimes naturally
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arises. In Ref. 3 we showed that the EOT phenomenon also appears even in a perfect
conductor film perforated with a 2D array of holes. A more extensive theoretical
analysis of the existence of EOT in perfect conductors can be found in Ref. 15.
But, flat perfect conductor interfaces do not posses SP modes. This could imply that
the origins of EOT for metals in the optical regime and for perfect conductors are
different. Importantly, surface EM modes appear in corrugated perfect conductors
and, in particular, in perfect conductors perforated with 2D hole arrays. Very recently,
we have shown that these surface EM modes are responsible for the existence of EOT
in perfect conductors.!® Therefore, EOT seems to be a more general phenomenon that
will appear in any electromagnetic structure in which surface EM modes are present
and can couple to radiative modes. This hypothesis has been verified for metals in the
THz'? and microwave regimes'® and for photonic crystal waveguides.?’

3.3. EOT IN SINGLE APERTURES FLANKED BY CORRUGATIONS

As was discussed in the previous section, surface EM modes are at the origin of
the EOT phenomenon. The two necessary ingredients for observing EOT are: (i) the
existence of a surface EM mode and (ii) the presence of a grating coupler that allow
the incident light to interact with the surface mode. Therefore, it was reasonable to
expect that EOT phenomenon could also appear in a single aperture surrounded by
a finite periodic array of indentations. This hypothesis was experimentally verified in
Ref. 14 both for a 1D slit surrounded by a finite array of grooves and for a 2D circular
hole flanked by circular trenches, the so-called bull’s eye geometry. Here we present
the theoretical foundation of this phenomenon for the 1D case.

We present a brief description of the theoretical formalism used to simulate the
transmission of light through a single slit of width ¢ symmetrically flanked by a finite
array (with period d) of 2N grooves of width a and depth w (see Fig. 3.6). A normal
incident p-polarized plane wave is impinging at the structure.

The theoretical formalism we have developed in order to describe the transmission
properties of this type of structures is a non-trivial extension to finite structures of the
framework previously used for analyzing 2D hole arrays. First we consider an artificial
supercell with cell parameter L that includes the finite set of indentations we are

Hy?k—‘Ed

—+le+— —

b{ I U U U ‘
WL e

h

Figure 3.6. Schematic figure of the structure analyzed in this section: a single slit of width a, surrounded
by grooves of width a and depth w in the input and output surfaces. The metal thickness is # and we analyze
the transmission properties of this system for a normal incident p-polarized plane wave.
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considering. Then we express the EM-fields in different regions in terms of their mode
expansion. In vacuum we expand the fields by a set of plane waves whereas for the
grooves and central slit only the fundamental propagating eigenmode is considered.
That is, inside indentation «, E, is a linear combination of ¢a(x)eiikz, where 27 /A
and ¢, (x) = 1/4/a. Then we match the fields appropriately on all interfaces (as in the
case of 2D hole arrays, in the horizontal interfaces we apply SIBC while perfect metal
boundary conditions are assumed in the vertical ones). At the end the limit L — oo
is taken, leading to a set of linear equations for the unknowns {E,, £, }:

[Gaa - 80(]E05 + Z GaﬁEﬂ - SQOGVEZX = IO‘
pa

[ny — 8y]E; + ; Gval/; — SyOGVEy =0 s
VFEY

(3.2)

where o and y runs over all indentations (slit or grooves). The set {E,} gives the
x-component of the electric field right at the indentations in the input surface:
E(z =0%) =", Ey¢o(x) whereas the set {E",} describes the x-component of the
electric field at the output surface: Ey(z = h~) = ZV E )’/ ¢, (x). The different terms
appearing in these tight-binding equations have a clear physical interpretation. 7,
takes into account the direct initial illumination term over object « and it is basically
the overlap integral between the incident p-polarized plane wave and wavefield ¢, .
In this structure, the two metal interfaces are only connected through the central slit
by the term Gy = 1/ sin(kh). &, measures the back and forth bouncing of the EM
fields inside indentation «:e,, = cot(kw) at the grooves (« # 0) and &g = cot(kh) for
the slit. The term G,g controls the EM coupling between indentations. It takes into
account that each point in the indentation 8 emits radiation that can be collected by
indentation «. Mathematically, Gqp is the projection onto wavefields ¢, and ¢4 of
the Green’s function G(7, 7). It can be shown that this Green function contains the
contribution of both diffraction modes and the SP channel. In general, it has to be com-
puted numerically although in the case of perfect conductors its expression is known
analytically as: G = (in/A) Hy(k [F — 7'|), H" being the 0-order Hankel function
of the first kind. Once the values for {£,, E ;,} are calculated the normalized-to-area
transmittance can be obtained from ' = Gy Im(E(E}).

In Fig. 3.7 we show the theoretical results for the normalized-to-area transmittance
T'(A) for a single slit surrounded by 2 Ngrooves in the input side and located symmet-
rically (N to the left and right) with respect to the central slit. The set of geometrical
parameters used is typical for experimental studies of this phenomenon in the optical
regime (a = 100 nm, d = 600 nm, w = 100 nm and # = 400 nm).

The curve for N = 0 (solid curve) corresponds to the single slit case; in this fre-
quency range, the spectrum presents two broad peaks that correspond to the excitation
of slit waveguide modes inside the central slit.>! As the number of indentations in-
creases, a maximum in 7'(1) develops at A, = 755 nm. For this set of geometrical
values and for the metal considered, maximum in 7'()) saturates at about N = 5-10,
when T is enhanced by a factor close to 5. With respect to the output corrugation,
we have demonstrated in previous works (see Ref. 22) that it has little effect on the
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Figure 3.7. Normalized transmittance versus wavelength for a single slit of width @ = 100 nm surrounded
by 2N grooves (N ranging from 0 to 15) located symmetrically with respect to the central slit and only
disposed in the input surface. In these calculations the output surface is not corrugated. The period of the
array is d = 600 nm, the width of the grooves is also 100 nm and their depth is 100 nm. The silver film
has a thickness of 400 nm.

total transmittance. From the set of Egs. (3.2), it is possible to identify the different
mechanisms that help to enhance the transmission of light through the central slit and
are present in Fig. 3.7. The corresponding two equations for {Ey, E{} are (assuming
that the slit is flanked by the grooves only at the input surface):

[Goo — €0lEo + Y- GowEoy — Gy Ej = Iy
470 : (3.3)
[Goo — €0]E) — GyEo =0

As commented before, one mechanism is already present in a single slit. For this
particular case, Eg = 2(Goo — €0)/D and E, = 2Gy /D where the denominator D =
(Goo — €0)* — G%,. For some particular wavelengths, D is very close to zero. These
resonances are essentially slit waveguide modes. Corrugating the input surface opens
up the possibility of having a large E by having a large E,. If we have a look to the
equation for E,, this magnitude can be large if Go, — &, = 0, that is the condition
of the excitation of a groove cavity mode. However, in order to have a large Ey, the
illumination coming from the different grooves has to reach the central slit in phase.
The phase in this re-illumination process is controlled by Gy,. By looking at the
asymptotic expression of Hé D (x) ~ €'** | it is expected that all light re-emitted from
the grooves reaches the other grooves and the central slit in phase for A & d, although
the presence of a SP channel in G, modifies slightly this condition as seen in Fig. 3.7.
The combination of the two mechanisms described above (groove cavity mode and
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Figure 3.8. Normalized-to-area transmittance versus wavelength and depth of the grooves for a single slit
of width 100 nm surrounded by 20 grooves located symmetrically in the input surface. The thickness of
the metal film is 400 nm as in the previous figure. In panel (a), we are assuming SIBC in the horizontal
interfaces of the structure whereas panel (b) shows the results for a perfect conductor film.

in-phase groove re-emission) is responsible for the peak located at around 755 nm
appearing in Fig. 3.7.

In order to illustrate how the three different mechanisms influence the transmittance
through the central slit, in Fig. 3.8(a) we show 7 versus A and depth of the grooves,
w, for a = 100 nm, 2 = 400 nm, d = 600 nm and N = 10. As clearly seen in this
figure, when two mechanisms coincide, there is a boost in the transmittance. For small
w, maximum transmittance appears close to the A &~ d condition. It can be shown
that this line corresponds to the excitation of a surface EM mode, originated by
the interplay between the groove cavity modes and the in-phase groove re-emission
mechanisms. This surface mode has strong similarities with the one responsible for
EOT in periodic apertures. It is quite interesting to compare the results we have
presented in (a) with the ones obtained within the perfect conductor approximationand
rendered in panel (b) of Fig. 3.8. The similarities between the results obtained in these
two cases reinforces the conclusion that the main ingredients of the EOT phenomenon
in 2D hole arrays and in single apertures is already present in corrugated perfect
conductor surfaces.

3.4. BEAMING OF LIGHT IN SINGLE APERTURES

As commented before, it was found experimentally in Ref. 14 that the radiation
pattern emerging from the structure (basically controlled by the output corrugation)
presents a very small angular divergence at some resonant wavelengths. As a way
of example, in Fig. 3.9 we show our calculated radial component of the Poynting
vector, S,(0), in the far-field region and normalized to the total transmittance for
a single slit surrounded symmetrically by 2N grooves in the output surface. The
theoretical framework used is the same as the one described in previous section.
Several N are presented (from 1 to 15) for the resonant wavelength A, = 750 nm.
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Figure 3.9. Radial component of the Poynting vector evaluated in the far field versus angle for a single slit
of width a = 100 nm surrounded symmetrically by 2N grooves (N ranging from 1 to 15) of width 100 nm
and depth 100 nm. The wavelength of the incident radiation is 750 nm.

Note that this resonant wavelength is the same as the one found for EOT in a single
slit flanked by a finite array of grooves in the input surface for the same set of
geometrical parameters. This fact clearly shows that the origin of the beaming effect
is the same as the EOT in single apertures surrounded by periodic corrugations: the
excitation of a surface EM mode in the output surface. Details about the formation

of this surface mode and its relation with the radiation pattern mode can be found in
Ref. 23.
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4.1. INTRODUCTION

A polariton is an electromagnetic mode related to the oscillation of polarization charge
density. At the interface between two media with frequency dependent complex di-
electric functions ¢; and &;, surface polaritons with electromagnetic field exponen-
tially decaying into both media may occur according to the well-known dispersion
relation': &, = (w/c)\/(€182)/(e1 + €2) (Where kg,  and ¢ are respectively the
in-plane wave-vector of the surface polariton, the angular frequency and the speed
of light) provided the real part of the dielectric functions in the two media are of
opposite sign. If the material with the negative real part dielectric function is a
metal, the polarization charge density oscillation corresponds to the oscillation of
the electron gas, and then the surface polariton is called a surface plasmon polariton
(SPP). Unlike SPP excited on extended metal thin films, which have been studied
for decades, SPP sustained by thin metal films of finite width (metal strips) have
been considered only recently. These metal strips, that can be viewed as SPP waveg-
uides, could play an important role in the development of surface wave based optical
devices.

When embedded inside a dielectric medium, thin metal strips (MS) can sup-
port long-range type SPP modes with propagation distances of a few millime-
ters at telecommunication frequencies.>* Based on these MS, passive and active
devices such as couplers and modulators have been recently demonstrated.>” If the
metal strips are deposited onto a substrate with a refractive index different from that
of the superstrate, the field of the SPP penetrates more deeply into the metal, leading
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to much shorter propagation distances than in the symmetric case. Nevertheless,
asymmetric MS are still promising for applications such as reduced size optical
components® or bio-sensors where the propagation distances of practical interest
are small. Additionally, the field confinement in the direction perpendicular to the
surface along which the SPP propagates is much higher in the asymmetric case than
in the symmetric case, making asymmetric MS appealing for the design of optical
systems integrated into coplanar geometries.

In this work, we present a detailed study of the SPP propagation along gold strips,
performed by means of a near-field optical microscope known as the photon scanning
tunneling microscope (PSTM).” We first analyze the near-field intensity distribu-
tions obtained for MS of varying widths. Once the guiding properties of straight SPP
waveguides have been described, we focus on the use of double-bent MS for SPP rout-
ing. Then with the aim of improving such routing, we consider structured waveguides
equipped with micro-gratings formed by periodic surface defects (bumps, slits). We
show that such micro-gratings act as Bragg mirrors on the SPP modes. Tilted Bragg
mirrors integrated into metal strips are used to achieve highly efficient SPP guiding
along 90° sharp bends. Finally, we demonstrate the fabrication of metal strip based
SPP beamsplitters.

4.2. EXPERIMENTAL BACKGROUND
4.2.1. Near-Field Microscopy

The experimental PSTM setup used in this work is sketched in Fig. 4.1. The mi-
croscope consists of three parts: an optical stage, a piezo-tube scanner, and a data
acquisition system. The optical stage is used to excite the SPP in the Kretschmann-
Raether configuration. The samples are glued on the hypotenuse of a right angle glass
prism using an index matching fluid that provides the refractive index continuity be-
tween the sample substrate and the prism. The samples are illuminated by means of

I

PM
Fiber tip
\lﬁJ/ Sample

v v , . —— Polarizer

Microscope objective

Optical fiber

Focusing lens

Figure 4.1. Schematic view of the PSTM setup.
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either a collimated or a focused beam, obtained by injecting a Titanium—sapphire
laser into a suitably lensed monomode optical fiber. The output end of the excitation
fiber is mounted on a three axis micro-positionner, which controls the location and
focal position of the spot on the sample. The excitation of the SPP is achieved by
finely adjusting the angle of incidence with a rotation platform. The SPP excitation
is effective for an angle of incidence 6 given by: n k¢ sin(@) = k,, where nk is the
incident light wave-vector into the prism and %, is the in-plane wave-vector of the
SPP. All the experimental results shown in this work have been obtained using PSTM
probes comprising tapered multi-mode fibers coated with a thin layer of chromium.
The tapered fibers are fabricated by a standard heat—and—pull technique and are sub-
sequently coated with chromium while rotating around their axis. The PSTM probes
are mounted on the piezo-tube and scanned just above the sample surface. Because
the refractive index of the PSTM probe is larger than that of the surrounding medium
(air in our case), the evanescent field of the SPP is frustrated and converted into
guided modes. The output end of the PSTM probe is connected to a photo-multiplier
(PM) tube, where the near-field intensity detected by the tip is converted into a cur-
rent signal and then amplified (typical gain 10°) using a current/voltage amplifier.
Thus, for each position of the tip relative to the sample, a voltage proportional to
the near-field intensity is transmitted to the data acquisition system. Scanning the tip
at a constant height (typical tip-sample distances are around 150 nm) allows us to
obtain the electric near-field distribution in an observation plane parallel to the sample
surface.

4.2.2. Sample Fabrication

The samples considered in this work are fabricated by electron beam lithography
(EBL), combined with focused ion beam (FIB), milling when needed for the ad-
ditional patterning. The EBL is a six-step fabrication process which starts by spin
coating indium tin oxide (ITO) doped glass substrates with a polymethylmethacry-
late (PMMA) layer (typical thickness of 200 nm). After baking the PMMA layer,
the coated substrates are exposed in a scanning electron microscope equipped with a
beam motion-control software. The subsequent development of the sample dissolves
the exposed PMMA areas. The samples are then coated with metal, and finally lift-off
of the metal film is performed by chemically removing the non-exposed PMMA areas.
In our case, a gold film with a typical thickness of 50-60 nm is evaporated onto the
samples. Thus, after the lift-off step, we end up with positive gold patterns lying on
the glass substrate.

4.3. RESULTS

4.3.1. Field Distribution of Metal Strip Modes

By analogy to the different guided volume electromagnetic modes supported by chan-
nel waveguides and planar slab waveguides, the properties of a guided SPP are ex-
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Figure 4.2. (a) and (b) Scanning electron microscope (SEM) images of the samples used to study
the near-field response of metal strips of different widths. (c) Atomic force microscope (AFM) image
of the taper connecting the extended thin film area and a strip with a width of 2.5 pm. (d) PSTM image
of the 2.5 um wide strip. A SPP launched on the extended thin film area couples with a SPP propagating
along the strip.

pected to differ along a finite width metal thin film (metal strip) as compared to
an infinitely wide, extended thin film. For example, it has been shown that SPP
attenuation depends on the width of the MS along which it propagates.'® Similarly,
the field distribution of the SPP sustained by MS (MS-SPP modes) is also expected
to depend on the waveguide width. In order to study the modal field distribution of
MS, we have considered the structures shown in Figs. 4.2(a) and (b). The samples
consist of various width MS connected to a larger thin film area. A surface plasmon
is launched on the extended thin film area through a focused spot according to the
method described in the experimental section. The locally launched SPP propagates
along the surface of the extended thin film and couples with the SPP sustained by
the MS. Figs. 4.2(c) and (d) show an atomic force microscope (AFM) image and the
corresponding PSTM image of a 2.5 pm wide MS excited with incident light having
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a free-space wavelength of 1y = 800 nm. It can be seen that, above the waveguide, the
field distribution exhibits a neat three-peak longitudinal structure. This multiple-peak
intensity distribution is characteristic of the SPP mode for a fixed incident wavelength
and a given MS width.!!-12

The influence of MS width on the near-field distribution has been studied by
taking PSTM images of seven waveguides with widths ranging from W = 4.5 to
W = 1.5 microns. All of these images have been obtained for an incident free-space
wavelength of 800 nm. The transverse cross sections (taken along the x axis) of
these PSTM images, together with the topographic profiles of the strips measured
by AFM, are displayed in Fig. 4.3. Note that the MS provide a very efficient lateral
confinement of the SPP field. Indeed, except for W = 1.5 um (which corresponds to
roughly 2 x 1), it can be seen that the near-field intensity drops to zero within the
width of MS for wide waveguides or at the location of the vertical walls for thinner
waveguides.

The near-field optical profiles of the MS are found to depend upon strip width (W).
For decreasing 7, the number of peaks in the optical profiles and/or the distance
p between these peaks decrease. Clearly, the sustained nature of these transverse
intensity patterns is characteristic of optical waveguide modes. However, the physical
origin of these peaks and, in particular, their connection to the guided modes of the
MS are still the subject of debate.

Ithas been shown recently that finite width MS lying on a glass substrate, can sustain
leaky surface plasmon modes with phase constants that differ only slightly from that
of a SPP launched on an extended metal thin film.!> The physical basis for these
modes is the interference of counter-propagating SPPs, which undergo continuous
total internal reflection at the edges of the MS. Thus, it is possible to understand these
modes by analogy to those of conventional dielectric slab waveguides, where lateral
confinement is provided by index guiding.!# Just as the normalized phase constant
for a dielectric slab, waveguide lies between that of a high index core and low index
cladding. The normalized phase constant for the surface plasmon MS mode resides
between that of a high index SPP core and a low index air cladding.

Considering our illumination method, the initial SPP excited along the extended
thin film area, could couple to the leaky surface plasmon modes on the MS, which are
well matched in terms of momentum and overlap. Thus, the observed field distribu-
tion may result from the multimode excitation of several such modes. This hypothesis
is supported by the correspondence of the observed lateral peaks with the simulated
electric field intensities above such MS.!'3 With increasing stripe width, an increasing
number of leaky MS modes are supported with additional intensity peaks. For exam-
ple, 1.5 um and 2.5 um wide strips support only a single fundamental MS mode with
three lateral intensity peaks, while a 3.5 um wide strip also supports a higher order
mode with four such peaks. (Note that in addition to intensity peaks, which result
from the modal interference of counter-propagating SPPs, there are also two peaks
associated with the severe dielectric discontinuities at the edge of the MS; hence,
the fundamental MS mode has three peaks instead of one.) These simulated results
are in good agreement with the experimental results shown in Fig. 4.3, but questions
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Figure 4.3. (solid lines) Transverse cross sections of the near-field images recorded at constant height

over several strips. All these results have been obtained for an incident free-space wavelength of 800 nm.
(Dashed lines) Topographic profiles of the considered strips.
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remain regarding the experimental relevance of higher order modes which have odd
lateral parity. Given that the initial SPP from the extended film area should be lat-
erally symmetric (i.e. even parity), one would suspect that the overlap integral with
odd modes would be small. However, it is unclear if potentially small asymmetries in
illumination or structure may be sufficient to provide for the excitation of such modes.

On the other hand, it has been shown unambiguously that the edges of the strip play
a key role in the near-field distribution of the MS-SPP modes. On the basis of these
experimental results, the MS field distribution can also be attributed to the coupling
of a finite interface SPP mode (which corresponds to the fundamental leaky mode
sustained by a given MS) and eigenmodes supported by the MS edges.'?

While not fully understood, the near-field intensity distributions of the MS-SPP
modes are nevertheless of great interest for future applications. In particular, the
field confinement achieved by MS is a key parameter for the design of integrated
optical devices such as directional couplers. Because of their very efficient field
confinement, MS can be viewed as SPP waveguides. However, to be useful for prac-
tical applications, MS should also allow for manipulation of the SPP propagation
direction; in particular, MS should allow SPP to be guided along bent paths. From
this point forward, we focus our analysis on two different methods to direct SPP along
bent paths: (1) routing along bent strips and (2) integration of basic optical elements,
such as mirrors, inside the strips.

4.3.2. Routing Metal Strip Modes

Bent Homogeneous Strips

The simplest strategy to guide MS-SPP modes along bent paths is to use bent strips. To
assess the guiding efficiency of SPP along bent MS, the sample shown in Fig. 4.4(a),
has been fabricated. This sample comprises dual MS connected to a large launching
area. The separation between the straight and the bent MS has been chosen large
enough (1 pum) to prevent significant cross-talk between the two waveguides. For
continuity, the straight and the bent waveguides have a cross sectional dimension of
2.5 pm along the x axis, which results in the bent regions having a slightly smaller
width (W = 2.5 um/cos(9)). Likewise, the length of the bent region is 10 um along
the y axis, which results in a slightly longer path for increasing bend angle. The
excitation of a dual MS is performed by focused beam illumination on the extended
thin film area: the waist of the incident spot is large enough to achieve the excitation
of both the straight and the bent MS at the same time. A typical PSTM image recorded
at Ao = 800 nm over the dual MS with a bend angle of 10° is shown in Fig. 4.4(b). As
expected from the previous discussion, a near-field intensity distribution with three
peaks is observed throughout the entire length of the straight MS. For the bent MS, this
modal structure is clearly visible at the input, but becomes more difficult to identify
following the initial bend. Clearly, the SPP traveling along the doubly bent MS suffers
additional losses (mainly scattering losses) as compared to the straight strip. In order
to quantify these losses, we compare the near-field intensities at the output of the bent
(1,) and straight MS (/), normalized by their corresponding input levels (/; and I
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Figure 4.4. (a) SEM image of the sample used to assess bend losses. (b) PSTM image of dual MS consisting
of a straight reference waveguide and a doubly bent waveguide (bend angle 10°). (c) Plot of the bend losses
as a function of the bend angle.

for the bent and straight MS, respectively). The bend losses are then given by:

1, I
L(dB) = —10 x log [1—’ X [—’i| 4.1)

o

The input and output near-field levels are extracted from transverse cross-sections of
the PSTM images (see Fig. 4.4(b)). Note that, by using these levels for the compu-
tation of the bend losses, we do not account for the longer propagation distance of
the SPP along the bent MS as compared to the straight MS. However, this additional
propagation distance is small, and the related damping is expected to be negligible
as compared to the bend losses. Figure 4.4(c) shows the experimentally measured
losses as a function of the bend angle. As expected, the losses increase with the bend
angle in such a way that the signal at the end of the bent MS is roughly half that of
the straight strip for an angle of about 12°. While such a loss level is reasonable for
a guiding system with small damping, this is a limiting result for SPP waveguides.
Indeed, owing to the short propagation distances for SPP, the distances needed to
change direction cannot be of arbitrary length and thus, only modest lateral shifts of
the SPP propagation direction can be achieved with small bend angles. For example, a
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bend angle of 10° corresponds to a lateral shift of 1.5 um for the sample we have used.
Note that this shift is smaller than the width of the MS; thus, a part of the incident
SPP mode traveling along a straight trajectory can reach the output end of the bent
MS without being deflected by the bends. For this reason, the losses obtained for a
given bend angle are expected to increase with the length of the tilted strip until the
lateral overlap between the input and output waveguides no longer exists. In any case,
guiding SPP along sharply bent MS with low losses is not realistic, so alternative
solutions have to be developed. It has been shown recently that a SPP traveling along
an extended thin film can be efficiently deflected by a micro-grating of closely packed
lines of gold nano-particles acting as a SPP Bragg mirror.!> Thus, it is worth investi-
gating the ability of tilted Bragg mirrors integrated inside MS for similar routing of
MS-SPP.

Micro-structured metal strips

The field of a MS-SPP mode can be laterally confined over typical distances of a few
SPP wavelengths. This tight confinement corresponds necessarily to a broad plane-
wave spectrum and thus a large numerical aperture for the SPP waveguide. The sample
shown in Fig. 4.5(a), has been designed to assess the numerical aperture of a MS with
a width of 2.7 um excited at Ao = 800 nm. Figure 4.5(b) shows the PSTM image
recorded over the white dashed perimeter displayed in Fig. 4.5(a). It can be seen that
the MS mode spreads out when it reaches the wider pad (W = 8 um). By using the
scattering spot at the horizontal edge of the pad, we measure a spreading angle ¢ of
roughly 17°. On the other hand, an extended thin film SPP is Bragg reflected by a
surface-defects grating, if its in-plane wave-vector verifies:
kg

ksp = 2 x cosf “2)
where k, = 2 x 7 /d denote the grating Bragg vector and  the SPP angle of incidence
on the grating. Thus, at a given frequency, a SPP Bragg mirror with a period d
is expected to be efficient for a fixed angle of incidence 6 (or possibly for angles

Figure 4.5. (a) SEM image of the sample fabricated to investigate the angular spreading of a MS mode.
(b) PSTM image corresponding to the dashed perimeter shown in (a). The input strip has a with of 2.7 um.
When it reaches the wider area, the MS-SPP mode spreads out with an angle of 17°.
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Figure 4.6. (a) and (b) SEM images of MS equipped with Bragg mirrors consisting of micro-gratings of
slits. The period of the micro-grating is 400 nm and the width of the slits is 150 nm.

of incidence for a small range centered around 6). Combining this result with the
significant spreading of the MS modes observed previously, we end up with the
conclusion that the Bragg condition cannot be fulfiled for all components of the plane-
wave expansion of a confined MS mode. In other words, the reflection efficiency of
Bragg mirrors obtained for collimated SPP beams cannot be directly transposed to
MS modes.

In order to gain insight into the interaction of MS modes with micro-gratings, a
periodic arrangement of slits has been engraved by focused ion beam milling into a
2.5 um wide strip (Figs. 4.6(a) and (b)). The period of the grating is 400 nm, and the
width of each slit is 150 nm. The PSTM images obtained for a homogeneous strip
and a micro-structured strip using an incident light with Ao = 800 nm are respectively
displayed in Figs. 4.7(a) and 4.7(b).

The longitudinal cross sections taken along the center of each strip are shown
in Figs. 4.7(c) and (d). While the dominant feature in the cross section of the ho-
mogeneous strip is the strong scattering spot at the end of the waveguide, the optical
profile for the micro-structured strip clearly exhibits a standing-wave periodicity. This
standing-wave pattern is created by the interference of the incident SPP mode with
the mode that is back-reflected by the mirror.'® By comparing the amplitude of the
standing-wave pattern for the homogeneous and the structured MS, we conclude that
the reflection efficiency of the micro-grating is significantly larger than that of the
abrupt step at the strip end. Thus, the reflection efficiency of the micro-grating is due
to an interaction of the incident SPP with several slits and not to the scattering from
the very first slit of the grating. With the aim of proving that the micro-grating acts
as a Bragg mirror, we have studied the influence of different structural parameters on
reflection efficiency. The reflection efficiency of the mirrors is assessed by computing
the modulation depth of the interference fringes visible on the experimental PSTM
images. The modulation depth is obtained by averaging, for up to several tens of
fringes, the contrast as defining by the following expression:

C = Imax - [min

= 4.3)
Imax + Imin
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Figure 4.7. (a) PSTM image of an homogeneous MS (width 2.5 um). (b) PSTM image of a micro-
structured MS equipped with a Bragg mirror [see Fig. 4.6(b)]. The free-space incident wavelength exciting
the propagating SPP is 800 nm. (c) (resp (d)) Longitudinal cross section taken along the center of the
homogeneous (resp. textured) strip.

where 1., and I,,;, are respectively the near-field intensity at a given maximum and
at the following minimum. Note that, by using this modulation depth we can compare
the efficiency of various mirrors, but we cannot compute their respective reflectivity.
Indeed, due to the convolution resulting from the finite size of the PSTM tip, the
contrast we obtain experimentally is probably an underestimate and thus, prevents us
from computing an accurate value for the mirror reflectivity. The modulation depth
obtained for micro-gratings with an increasing number of slits is shown in Fig. 4.8(a).
The reflectivity reaches an asymptotic value for a reduced number of Ny, = 10 slits
leading to the conclusion that large losses occur as the SPP propagates through the
textured area. The interaction of the SPP with the micro-grating has been qualitatively
simulated by using an equivalent Bragg mirror model (EBM) consisting a multilayer
stack of two materials (A) and (B). The thicknesses of these two materials have
been chosen equal to the width of the slits (150 nm) and the separation between
two slits (250 nm), respectively. Considering an incident plane-wave normal incident
upon the EBM, the refractive index of materials (A) and (B) have been obtained
empirically in such a way that a saturation of the EBM reflectivity occurs for 10 layers
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Figure 4.9. (a) and (b) SEM image of the 90° bent strip equipped with tilted Bragg mirrors. The mirror
comprised gold ridges with a height of 60 nm. The losses related to the SPP guiding along the right angle
bent is measured by comparison with a reference straight strip. (¢) and (d) PSTM image of the reference
strip and the right angle bent strip.

of material (A). A qualitative fair agreement with the experimental data has been
obtained using refractive index n(4 = 1.0 +i0.3 and np) = 1.01 for materials (A)
and (B) respectively (see Fig. 4.8(d)).!® These refractive index values have been
used to simulate the spectral response of a micro-grating with a period of 400 nm
(Fig. 4.8(e)) and the reflectivity of gratings with different periodicities (Fig. 4.8(f)).
We find a rather good agreement between the experimental results and the reflectivity
computed using a simple Bragg mirror model. This allows us to conclude that a
micro-grating integrated into a metal strip acts as a lossy Bragg mirror for the MS-
SPP mode.

Tilted Bragg mirrors for routing MS-modes

Based on the conclusion of the previous study, micro-gratings tilted with respect to
the strip axis have been used to route SPP along bent paths. In particular, tilted Bragg
mirrors integrated into metal strips have been designed and fabricated to route MS-
SPP modes along 90° bends (for an incident free-space wavelength of 800 nm, gratings
with a period d of 550 nm have been used). The scanning electron microscope images
of these integrated tilted Bragg mirrors are shown in Figs. 4.9(a) and (b). These
samples have been fabricated by a double electron beam lithography process: The
Bragg mirrors are defined first and then the metal strips. Prior to the second lithography
step, an accurate alignment of the sample is necessary in order to superimpose the
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Figure 4.10. (a), (b) and (c) SEM images of MS based SPP splitters. Two configurations are considered:
mirrors comprising three ridges (b) and five ridges (c). (d) (resp (e)) PSTM image of the splitter equipped
with the three (resp. five) ridges mirror.

strips onto the mirrors. Unlike the previous micro-structured strips, the Bragg mirrors
here do not comprise slits, but rather gold ridges with a width of about 150 nm and
a height of 60 nm. In order to assess the bend losses related to the propagation of a
MS-SPP mode along a 90° bend, we compare the intensity of the scattering spot at
the end of the bent strip (/,) with the intensity of the scattering spot at the end of a
reference straight strip (I) with a length L equal to the total length of the bent strip
L + L, (seeFig. 4.9(a)). Normalizing these output intensities by their corresponding
input levels, the bend losses are computed according to Eq. 4.1. Figures 4.9(c) and (d)
show typical PSTM images of respectively a reference strip and a bent strip equipped
with a mirror consisting of 10 ridges. By taking small scan PSTM images of the input
and output of both the reference and bent strip to accurately determine the relevant
intensities, typical bend losses as low as 1.9 & 0.6 dB have been observed.

A low-loss 90° bend is the elementary building block necessary for building many
optical devices such as splitters. The samples shown in Figs. 4.10(a), (b) and (c) have
been fabricated to demonstrate MS-SPP mode splitters. The splitters consist of Bragg
mirrors with very few elements integrated at the crossing of two strips. For example,
by using a mirror with only three ridges (see Fig. 4.10(b)), the PSTM image shown
in Fig. 4.10(d) has been obtained. It can be seen that the scattering spots at the end of
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the two outputs are of same intensity leading to the conclusion that we have achieved
a 50/50 MS-SPP mode splitter. The intensity level at the end of the two outputs of
the splitter has been found to correspond to 40% of the intensity at the end of the
corresponding reference strip. By increasing the number of ridges in the mirror from
three to five (see Fig. 4.10(c)), the splitter shown in Fig. 4.10(e) has been obtained.
In this case, the MS-SPP mode is mainly guided along the branch of the splitter
perpendicular to the input strip. Indeed, we have found that the spot at the end of this
branch (1) (resp. branch (2)) is 48% (resp. 19%) of the reference strip intensity, and
therefore, this device corresponds to a 70/30 beam splitter.

4.4. SUMMARY AND OUTLOOK

In summary, the propagation of SPP along homogeneous and micro-structured metal
strips has been characterized by means of near-field optical microscopy. We have
shown that the field of a SPP traveling along a metal strip is tightly confined in the
transverse direction. Owing to this confinement, one can anticipate weak cross-talks
between strips placed in close proximity and, thus, an opportunity to integrate MS at
high densities in coplanar geometries. Such prospects could be of great interest in the
context of SPP bio-sensor miniaturization.

By texturing metal strips, we have shown that micro-gratings patterned from peri-
odic surface defects act as lossy Bragg mirrors for the strip SPP modes. Tilted Bragg
mirrors have been found to be efficient for routing SPP along sharp bends. In partic-
ular, we have demonstrated the fabrication of MS-based SPP beam splitters, opening
the way toward the design of more complex devices such as interferometers. To this
end, the next step in the development of SPP based optical devices is necessarily the
investigation of dynamically controlled systems.
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CHAPTER FIVE

NUMERICAL SIMULATIONS OF LONG-RANGE
PLASMONIC TRANSMISSION LINES

ALOYSE DEGIRON AND DAVID R. SMITH

Department of Electrical and Computer Engineering, Duke University, Durham,
North Carolina, 27708, USA

5.1. INTRODUCTION

Structures that guide waves can be found in almost every optoelectronic or photonic
device. Yet, the basic principles of guided waves in practical realizations have not
evolved substantially over the past several decades. At microwave or radio frequen-
cies (RF), waveguides typically comprise metal-enclosed volumes with or without a
central conductor;! in the latter case, the lateral dimensions of the waveguide dictate
the frequencies of operation. At optical wavelengths, metals are comparatively poor
conductors and have traditionally been excluded as optical components. Instead, di-
electric waveguides are employed in which the mismatch between a higher dielectric
region and free space or a lower dielectric cladding constrains light in a plane per-
pendicular to propagation.? Because of the low losses in insulating dielectrics, optical
waveguides (such as fiber optics) can support propagating modes with extraordinarily
low absorption attenuation—often less than 1 dB per kilometer.

Although very powerful for current technologies, the minimum dimensions of
optical waveguides are constrained to be on the order of or larger than the wavelength
of light within the dielectric. As a consequence, waveguide based devices such as
couplers, bends or interferometers occupy a relatively large footprint in photonic
circuits, typically requiring many wavelengths for operation.

At RF and microwave frequencies, the use of metals allows for waveguides and
transmission lines that are virtually unconstrained by the wavelengths of the electro-
magnetic waves they carry. Coaxial cables, for example, can transport electromagnetic
energy at frequencies from zero (DC) up to over one hundred GHz. This transport
can occur in metal structures because the energy of the wave is converted to surface
currents and charge distributions relating to the inductance and capacitance of the
designed metal structure.
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In response to the need for miniaturization and multifunctionality in optical waveg-
uides, there has been an emergence of wave guiding structures based on the controlled
excitation of surface plasmon polaritons (SPPs).3~!2 SPPs are hybrid guided waves
resulting from the resonant coupling between two-dimensional electromagnetic waves
and collective electronic oscillations along a metal surface.!® SPPs are characterized
by large, localized electromagnetic fields confined within a subwavelength region
near the interface, making them extremely sensitive to their immediate environment.
Consequently, their properties can be tuned by an appropriate design of the interface.
As a corollary, the manipulation of SPPs constitutes a powerful means to squeeze and
control light at a scale smaller than the diffraction limit.'* These unique properties
suggest the pursuit of SPP structures as transmission lines in the optical regime: an
increasing number of theoretical and experimental studies demonstrate that low-loss
SPP modes can, in effect, be carried along metal strips with subwavelength cross-
section.®~12

Because its localization is based on the inherent capacitance and inductance of the
planar geometry, and not restricted by the wavelength, the SPP waveguide is in some
sense the optical analog of the transmission line, common to RF and microwave fre-
quency technology. However, the established techniques used to analyze transmission
lines at lower frequencies or dielectric waveguides at optical frequencies cannot be
applied to determine the properties of SPP transmission lines, which rely predom-
inantly on the frequency dispersion inherent to metals at optical wavelengths. The
frequency dispersive nature of the material and the subwavelength localization of the
modes especially complicate the numerical analysis of SPP waveguide transmission
lines. In both finite-difference and finite-element techniques, in which a discrete ver-
sion of Maxwell’s equations are solved, the number of volume elements required to
achieve convergence is far greater than is needed for geometries involving only posi-
tive (dispersionless) dielectric materials or perfect conductors. The mesh requirements
make all but the simplest geometries requiring the smallest computational domains
unfeasible for solution on currently available personal computers.

Much of the analysis on SPP transmission lines has been performed using semi-
analytic techniques. However, such techniques are restrictive in terms of the geome-
tries that can be solved. For general engineering of SPP transmission lines, it is
convenient to have a method capable of solving for the modes of SPP transmission
lines of arbitrary geometry and material composition. For transmission lines whose
properties do not vary in the propagation direction, the computational domain can
be significantly reduced to being nearly a two-dimensional problem. In this chapter
we describe a numerical method based on utilizing an eigenmode solver to simu-
late SPP transmission lines, which may be useful for the engineering of practical
geometries and SPP transmission line applications. In Sect. 5.2, we will briefly re-
view the theoretical and experimental framework for guiding SPP along metal strips;
Sect. 5.3 will expose the principle of our simulations, based on using commer-
cially available finite-element codes; and Sect 5.4 will provide several illustrative
examples.
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5.2. PHYSICAL BACKGROUND

The development of thin metal strips as plasmonic waveguides has been motivated
by the short lifetime of SPPs supported by an isolated metal/dielectric interface.
In this case, the propagation constant seldom exceeds a few tens of microns (at
visible wavelengths) because the high field confinement near the interface leads to
strong damping by absorption in the metal.!*> However, much longer propagation
lengths can be achieved with a SPP mode whose field distribution extends significantly
into the dielectric medium and is less confined to the metal. For such a mode—
frequently referred to as a long-range surface plasmon—the losses due to absorption
are minimized. Long-range surface plasmons are actually coupled modes that form
when the SPPs of two or more interfaces overlap significantly.!> This condition occurs
when the individual modes have similar energies and are in close proximity—precisely
the case for optically thin metal films and strips surrounded by a symmetric (or almost
symmetric) environment.

The existence of long-range SPPs has been first reported in the case of freestanding
metal films two decades ago.'>!® At small thicknesses, the SPPs of both interfaces
couple and form two transverse magnetic (TM) modes, whose field distributions are
antisymmetric and symmetric with respect to the center plane of the film. Following
a well-established convention, we call antisymmetric (resp. symmetric) mode the
solution whose electric field component normal to the surface is antisymmetric (resp.
symmetric) with respect to the center symmetry plane of the structure. While the
antisymmetric mode is characterized by a field distribution mainly confined within the
metal, thus yielding to high absorption and short propagation ranges, the symmetric
mode can be made long-ranging for small enough thicknesses. In fact, the thinner the
film, the less (most) attenuated the symmetric (asymmetric) mode so that at vanishing
thicknesses, propagations over centimeters are theoretically possible in the symmetric
case. However, such performances require such a low confinement of the fields that
the modes are actually much closer to freely propagating waves in the surrounding
dielectric than genuine SPPs bounded to the structure. Therefore the practical design
of a plasmonic waveguide involves a trade-off between low-loss guiding and strong
electromagnetic confinement.

Similar conclusions have been reached recently for thin metal films of finite width,
although the modes are more complex and in greater number owing to the lower degree
of symmetry of these strip-like structures. As an example, the field distribution of the
modes supported by a straight rectangular strip embedded in a homogeneous dielectric
medium (Fig. 5.1(a)) must be either symmetric or antisymmetric with respect to the
two symmetry planes perpendicular to the propagation direction. For each of the
four different field symmetries that are thus possible, a series of a fundamental and
several higher-order modes can be excited along the strip in much the same way as
electromagnetic modes supported by hollow waveguides. Among them, several long-
ranging SPPs have been identified. In particular, one of these modes is of greater
practical interest because it has neither a cutoff thickness nor a cutoff frequency
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Figure 5.1. (a) Unit cell for simulating a straight waveguide of rectangular cross-section. The horizontal
boundaries of the problem domain are perfect electric walls; the vertical patterned boundaries are perfect
magnetic walls. (b) Real, £}, and imaginary, £}, parts of the Ag dielectric function sag = €}y, +1€%,.

and also because its field pattern allows excitation via a simple end-fire technique
(e.g., focusing light on the input of the strip).® In fact, as the thickness decreases,
this interesting mode evolves toward the transverse electromagnetic (TEM) wave
supported by the adjacent dielectric medium. It is thus similar in many regards to
the (long-ranging) symmetric mode of a freestanding thin metal film. A thorough
description of modes corresponding to the rectangular strip has been made by Berini
who used the semi-analytical method of lines to solve Maxwell’s equations in this
particular geometry.” Very recently, Zia et al. proposed an original approach to
simplify the problem by modeling the modes with the solutions of two-dimensional
dielectric slab waveguides.'? Although such a model is highly idealized, the results are
in good agreement to the rigorous calculations presented by Berini.® Other theoretical
studies can be found in the literature but they mainly discuss very particular issues
such as the near-field properties of short range SPPs.?

The SPP modes propagating along thin metal strips have also been studied experi-
mentally. On one hand, experiments on short-range SPPs have been performed with
asymmetric structures consisting of metal strips lying on a glass substrate. For exam-
ple near-field measurements were used to map the fields around the air/metal interface
of an asymmetric SPP mode.* Far-field measurements have further established that
the propagation length for such asymmetric waveguides hardly exceeds 50 nm at op-
tical frequencies.’ On the other hand, the existence of long-ranging modes has been
confirmed in the case of symmetric structures consisting of millimeter-long metal
strips embedded in an isotropic dielectric medium.®~!!' These studies also show that
single symmetric waveguides can be combined to make passive optical elements’
(such as junctions or couplers) and even active components as demonstrated with
thermo-optic interferometers and switches.'!

All of these contributions successfully demonstrate the exciting potential of metal
strips as plasmonic transmission lines. However, it should be noted that this topic is
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still at an early stage of development since existing theoretical works only apply for
highly idealized structures, i.e. straight metal strips with perfectly smooth surfaces
and sharp corners. As engineered SPP waveguides are becoming of increased interest,
there is a need for novel simulation tools that allow a better understanding of the actual
samples (including material dispersion, surface roughness, etc.) and also that could be
used for designing innovative structures. In the next section, we present a simulation
approach that may help to bridge the gap between current theoretical and experimental
studies.

5.3. NUMERICAL METHODS

The structures considered in this study are infinitely long Ag strips embedded in a
homogeneous dielectric medium, typically glass or SiO;. Their properties are inves-
tigated by numerically solving a suitably defined eigenvalue problem with HFSS
(Ansoft), a finite-element commercial code. The principle of the finite-element
method is to decompose the computational domain into smaller volumes in which the
fields can be solved separately. The global solution, obtained by assembling the solu-
tions obtained in each element, converges to the true result by successive refinement
of the calculation mesh. In our case, the computational domain is a box enclosing a
lateral section of the waveguide, as shown in Fig. 5.1(a) for the case of a rectangular
strip. Periodic boundary conditions are applied in the direction parallel to propagation
in order to simulate an infinite structure whereas the remaining boundaries are perfect
electric and magnetic walls placed far enough from the strip in order to prevent any
perturbation of the SPP modes. The periodic boundary conditions ensure that the
electromagnetic field on one surface of the computational domain matches the field
on the opposite face to within a phase delay ¢. A field component therefore satisfies
f(z+d)=exp(ip) f(z), where z is the space coordinate parallel to the propagation
direction and d is the distance between the two planes of periodicity. Once ¢ is fixed,
then an eigenvalue problem is specified by the materials within the unit cell and the
boundary conditions. At every value of ¢, an infinite number of eigenmodes can, in
principle, be obtained, each with a different complex frequency.

A major difficulty in simulating plasmonic structures, common to most numerical
methods, is that the mode density can often become very large, with modes spaced
closely in frequency. For numerical solvers that rely on solving a discrete version
of Maxwell’s equations, the closely spaced plasmon modes translate effectively to a
poorly conditioned matrix (in the frequency domain) whose inversion can be inac-
curate. In the time domain, the extreme modal density results in slow convergence.
We do not present a specific solution to this difficulty here, other than to note that
we make use of symmetry (both translational and reflection) to reduce the size of the
computational domain as much as possible. Even our restricted computational domain
can support a wide variety of cavity modes in addition to the SPP modes of interest
supported by the waveguide. Therefore a careful review of the field distributions is
generally required in order to identify the solutions of interest, i.e. the modes having
their field bounded to the strip.



60 Aloyse Degiron and David R Smith

800 —
—— Light line
A Inconsistent solutions

= B00 - |—e—Ag strip
T
=
)
c 400
@
=
T
o
* 200 -
0 + T T T
0 0.01 0.02 0.03

ke (NM7)

Figure 5.2. Dispersion curve for a rectangular Ag strip (w = 1 um, ¢ = 40 um) embedded in an isotropic
medium (g4 = 4). The gray triangles illustrate the iteration process for obtaining a self-consistent solution at
vo = 473.61 THz (which corresponds to the free-space wavelength Ay, = 633 nm). The iteration process
converges to the true result represented by the white diamond on the curve.

The definition of the material parameters within the unit cell presents an additional
problem of self-consistency that is particular to our eigensolver approach. We ad-
dress this issue here via a non-optimized iterative approach to converge at a mode
whose material parameters, frequency and phase advance are in agreement. For ex-
ample, in the following simulations we assume a lossless dielectric host with constant
permittivity e; = 4 and a complex dielectric function e5¢ of the silver strip as de-
termined from a fit to the experimental data of Johnson and Christy.!” As shown
in Fig. 5.1 (b), €ag strongly varies with frequency so that once a specific value
Econst 18 assigned to the strip, the frequency vg of the mode must be consistent with
eag(V0) = &const in order to be a valid solution. For each mode, we therefore adjust
the initial phase delay ¢ between the two planes of periodicity to satisfy the previous
equality. We start this iteration process with an initial guess for ¢ and complete the
process once a self-consistent solution is achieved. After having determined ¢, the
real part of the propagation constant k., can be found from the definition exp (i¢) =
exp(i - kyy - d).

The dispersion curve of the mode v(k,, ) is obtained by repeating the simulations
for different values of £, as shown for instance in Fig. 5.2 fora 1 um wide and 40 nm
thick Ag strip. Then k,;, the imaginary part of the propagation constant parallel to the
surface, can be calculated at any frequency according to the relation k,; = 2w v” /vg,
where v” is the imaginary part of the frequency and v, is the group velocity i.e. the
derivative of v(ky,).

It should be noted that our approach for modeling SP waveguides can be transposed
to simulate conventional planar transmission lines at RF or microwave frequencies.
This case is less challenging because such structures typically involve two conductors
to guide electromagnetic waves so it is possible to directly focus on the mode of
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interest by specifying the polarization, the voltage, and the impedance between the
two conductors.

5.4. RESULTS

We begin by reproducing some of the key results reported by Berini® for Ag strips
having a rectangular cross-section and surrounded by a homogeneous medium of
permittivity e; = 4 (Fig. 5.1(a)). As mentioned earlier, four families of modes are
expected in this case owing to the geometrical symmetry. Each family is characterized
by a specific field distribution with respect to the two symmetry planes of the structure
and can thus be generated separately by placing the proper combination of electric
and/or magnetic walls halfway through the structure. Consequently only one quarter of
the structure need be simulated, which significantly reduces the calculation time. Still,
simulating a rectangular strip with a finite element code is not straightforward because
the 90° corners of the structure generate strong field singularities that cannot be solved
properly without using an extremely large finite-element mesh. In the following, we
avoid this problem and shorten the calculation time by slightly rounding the corners
of the strips. As we will see, this modification does not alter the results significantly.

Figure 5.3 shows the real and imaginary parts of the wave vector as a function of
the strip thickness for the four fundamental modes of the structure. The modes are
computed at the free-space wavelength A, = 633 nm for strips of width w = 1 pm;
the radius of the rounded corners is » = 5 nm. We have labeled the modes according
to the nomenclature proposed by Berini® in which a pair of letters indicates whether
E,, the dominant electric field component for a rectangular shape, is symmetric or
antisymmetric with respect to the horizontal and vertical plane of symmetry, respec-
tively. The subscript » means that the modes are bounded to the surface and the
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Figure 5.3. Dispersion curves for the real (a) and imaginary (b) parts of the four fundamental modes
supported by a straight Ag strip (w = 1 um, » = 5 nm) at the free-space wavelength Ay,c = 633 nm. The
data are normalized against the free-space wave vector kg = 277 /dyac. Insert: geometry of the system.
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Figure 5.4. Electric field distributions of the sag mode (a,b) and the ssg mode (c,d) for different thicknesses
at the free-space wavelength Ay, = 633 nm.

superscript indicates the number of maxima in the spatial distribution of £, along the
largest dimension.

The modes essentially follow two opposite behaviors depending whether their field
component £, is antisymmetric or symmetric with respect to the horizontal symmetry
plane of the structure. While the modes following the upper branches of Figs 5.3 (a)
and 5.3(b) remain degenerate for all studied thicknesses, the lower branches charac-
terizing the two other modes eventually split as the strip gets thinner. In particular,
the dispersion curve of the ssg mode becomes nearly identical to that of the symmet-
ric mode of an infinitely wide Ag film.® The curvature of the branches is correlated
with the field distributions of the corresponding modes. As shown in Figs 5.4 (a) and
5.4 (b), the fields of the upper branch modes remain localized near the corners and
penetrate deeper into the strip with decreasing strip thickness. The localized modes
possess smaller group velocities and consequently higher damping by absorption,
thus increasing both the real and imaginary parts of the wave vector. Conversely,
Figs 5.4 (c) and 5.4 (d) show that for decreasing thicknesses, the fields of the lower
branch modes spread around the strip structure and extend farther into the dielec-
tric region. These modes bear similarity to (unbounded) TEM modes that propagate
freely within the dielectric. Being weakly bound, nearly TEM-like modes, the imagi-
nary part of their wave vector vanishes while its real part tends to the value of a plane
wave in the dielectric material-a behavior that corresponds to the expected signature
of long-ranging SPPs. It should be noted that a compromise between propagation
length and field confinement will typically be required for practical applications, as
one is always achieved at the expense of the other.

While the previous results are in excellent agreement with Berini’s calculations,’ the
branches of Figs 5.3 (a) and 5.3 (b) reach slightly different asymptotic values at large
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Figure 5.5. Influence of the corner curvature on the ssg mode for two different thicknesses (a,b) at
Avac = 633 nm. Insert: geometry of the strip.

thicknesses. This discrepancy, on the order of 2—-3% for both the real and imaginary
parts of the wave vector, arises from the strong localization of the fields around the
strip corners. This localization makes the modes very sensitive to the specific corner
geometry, so it is not surprising that the results obtained here for rounded corners
are somewhat different from those calculated by Berini, in which 90° corners are
assumed. The same remarks apply for the remaining part of the upper branches,
where the field remains mostly confined in the vicinity of the corners. In contrast, the
lower branch modes supported by structures with sharp and rounded corners become
nearly identical at small thicknesses. This limit is as expected because the fields
surround the strip and therefore the general shape of the strip has more influence on
the SPPs than its local details.

This qualitative discussion can be confirmed quantitatively by carefully analyzing
the influence of the corner curvature on the fundamental mode field distributions
and frequencies. Figure 5.5 plots the wave vector of the ssg mode as a function of
the curvature for a 40 nm and 160 nm-thick strip, respectively. As expected from
our previous considerations, the wave vector remains almost constant in the case
of the thinnest strip because the field distribution is not localized near the corners.
The converse holds true for the thickest strip which reveals a decrease in both the
real and imaginary part of the wave vector. Interestingly, this result implies that the
attenuation length can be increased in the case of thick strips by simply rounding
the corners. Mode field distributions are mapped in Figs 5.6 (a) and 5.6 (c) for the
cases of 90 degree corners and for completely rounded corners. The latter modes
are not confined near the corner anymore but rather stretch along the long edge of
the structure, extending deeper into the dielectric region and thus diminishing the
damping by absorption in the metal.

Similar conclusions can be drawn for the other modes. However, it should be noted
that the field distribution of the fundamental short-range modes (i.e. the upper branch
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Figure 5.6. Electric field distributions of the ssg mode (a,c,e) and the sag mode (b,d,f) for different geome-
tries at Ayye = 633 nm.

modes of Fig. 5.3) stretches along the smaller rather than the longer edge of the strip
when the curvature of the corner increases (see Figs 5.6 (b) and 5.6 (d)). In order
to explain this difference, we compared these results with the modes supported by a
cylindrical wire whose cross-section has the same radius as the radius of curvature
of the strips shown in Figs 5.6 (c) and 5.6 (d). Figures 5.6 (e) and 5.6 (f) display the
electric field of the two modes computed by simulating a quarter of the wire with
the same perfect walls as those used to generate the ssg and sag modes of the strip,
respectively. It turns out that the latter modes are similar to the field patterns of the
ssp and sa) modes around the corner of the strip. In other words, rounding the corners
of a strip of rectangular cross-section changes the nature of the SPPs as the latter
tend to the modes of a cylindrical wire having the same field symmetries. Again, this
conclusion is only valid if the modes of the strip are localized near the edges. For thin
strips, the lower-branch modes of Fig. 5.3 are long-ranging and are rather insensitive
to the shape of the corner. Also, the same modes are not much affected by a small
surface roughness, as will be explained below.

Although a complete study on the effects of the surface roughness is beyond the
scope of this chapter, we show here that some insight into the effect of surface dis-
order can be gained by the eigensolver techniques presented here. We consider a
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Figure 5.7. A unit cell for simulating a straight waveguide with subwavelength corrugations. The dashed
zones are the boundaries of the computational domain. Here they consist in a horizontal electric wall and
in a vertical magnetic wall in order to simulate the ssg mode. Also shown is the electric field pattern of the
mode. Insert: detail of the Poynting vector above the surface.
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20 nm thick Ag strip of rectangular cross-section surrounded by an isotropic medium
(e4 = 4) with a fictitious surface roughness modeled by the random addition of sub-
wavelength Ag cylinders of various sizes on the surface of the strip. The height of the
cylinders is treated as a random variable with values uniformly distributed between
0 and 5 nm, with the cylinder radius always smaller than half its diameter. This small
roughness constitutes a small perturbation to the plasmon modes, as shown in Fig. 5.7
for the ssg mode: the field distribution is globally not very different than for the case
of perfectly smooth surfaces except that localized “hot spots” can be observed around
the cylinders. The randomly placed corrugations act as subwavelength scatterers, as
indicated by the local Poynting vector, which generally assumes all directions in the
vicinity of a given perturbation. The surface roughness thus presents an additional
decay channel through which the damping of the SPP is increased due to local scat-
tering. Radiation losses, however, remain small, as can be determined by comparing
the complex wave vector for the rough strip with that of the perfectly smooth strip.
This study provides evidence that long-ranging modes are rather insensitive to small
perturbations of the strip shape because they are only weakly bound. This result is also
consistent with the fact that long-ranging modes have been measured experimentally
despite the unavoidable surface roughness of real samples.?~!!

Although the results of Fig. 5.7 indicate that a small surface roughness can be
analyzed by the eigensolver method, we should emphasize three following points.
First, the solutions of a given problem are not unique. The corrugations strongly
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increase the mode density within the unit cell so that a large number of modes, each
having very similar wave vector and energy, are generated. Secondly, it is expected
that increasing the surface roughness will significantly enhance the radiation losses by
scattering. As a result, the boundaries of the unit cell would need to be reconsidered in
order to allow the light emitted by the strip to radiate freely. This important issue will
be discussed later in the context of leaky modes. Last, but not least, it should be noted
that the surface roughness modeled in the above example actually follows a periodic
pattern due to the periodic boundary conditions in the direction of propagation and the
use of perfectly conducting electric or magnetic walls to reduce the unit cell to a quarter
ofthe actual structure. In other words, the numerical analysis of SPP transmission lines
based on solving an eigenvalue problem enables only a qualitative analysis of a truly
disordered surface roughness. However, and for the same reasons, this method can
be intrinsically adapted to investigate metal strips with artificial periodic roughness.

The SPP modes traveling along a periodically patterned surface can be significantly
altered by the periodicity. In particular, the periodic scatterers result in the formation
of standing waves when the in-plane SPP wave vector k., reaches the edge of the first
Brillouin zone + 7/P, P being the lattice constant of the structure. For symmetry
reasons, two standing waves actually exist when k., = & 7/P because the nodes of
the electric field can be either centered at the minima or at the maxima of the periodic
surface modulation.!® These two field patterns correspond to two distinct surface
charge distributions and thus to two different energy values. As a consequence, a
gap in frequency opens up in the SPP dispersion relation, in direct analogy with
Bragg scattering of electron waves in a periodic potential. These so-called photonic
surfaces' have attracted much attention in recent years, mainly because they can be
used as Bragg reflectors for SPP modes. For instance, they provide another means for
guiding (short-range) SPP along a metal surface by creating a line defect in a two-
dimensional lattice of metallic dots. If the period is tuned so as to produce a bandgap
at the SPP mode frequency, then propagation is prevented except in the direction
of the line defect?®. Photonic structures have also begun to be investigated for their
ability to exhibit a negative effective index of refraction, related to the zone-folding
of certain SPP bands in the first (or higher) Brillouin zones.?! =22

To illustrate the effect of periodicity on the SPP dispersion we compute the band
structure of a SPP transmission line with periodic modulation. The structure consists
in an Ag strip of rectangular cross-section with a crenel-shaped modulation of the top
and bottom surface (Fig. 5.8 (a)). Strictly speaking, such a surface profile contains
an infinite number of spatial Fourier components which each may influence the SPP
modes. However, it has been shown that the lowest harmonic 27 /P dominates the
scattering of the SPP modes so that the role of the higher Fourier components can be
safely ignored for sake of clarity.'® As in the previous calculations, the computational
volume is filled with a lossless medium with ¢; = 4 and containing one quarter of
the strip. The length of the unit cell in the direction of propagation is set to one
period of the surface modulation, so that the phase advance between the two planes
of periodicity is such that the corresponding propagation constant (ky,) always lies
within the first Brillouin zone.
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Figure 5.8. (a) Metal strip with periodic corrugations (P = 150 nm, w = 1pm, #; = 20 nm, £, = 40 nm).
(b) Dispersion relation of the ssg mode.

Figure 5.8 (b) shows the dispersion curve of the ssg mode. As expected, a gap
opens up at k,, = /P owing to the formation of standing waves. More importantly,
the group and phase velocities, dw/dk and wk, respectively, of the upper branch have
opposite signs, indicating that the energy and wavefront propagation velocities are
antiparallel. In this sense, periodic SPP waveguides operating in this regime might
be considered as the optical counterparts of the left-handed transmission line meta-
materials that have been demonstrated at RF and microwave frequencies.?>2* The
property of “left-handedness,” or negative refractive index, is usually associated with
bulk materials for which the electric permittivity and magnetic permeability are si-
multaneously negative.?3~2° The “backward wave” transmission line modes available
in periodic structures, however, are the planar analogs of left-handed materials and
can exhibit many of the interesting and unusual properties initially proposed for bulk
materials. For both the bulk material and the planar transmission line the modes of
interest propagate as if in a medium with a negative index of refraction (or nega-
tive propagation constant). An experiment demonstrating the existence of backward
modes in a hybrid plasmonic/photonic crystal has been recently reported, in which ex-
citation of the modes was achieved via evanescent transfer of energy from a tapered
optical fiber.2> This coupling required a phase matching between the conventional
forward modes in the fiber and the backward modes of the periodic waveguide. But
since the group velocity of the former is parallel to the phase velocity and the converse
holds true for the latter, a contra-directional power coupling can be achieved.

It should be noted that the upper band of Fig. 5.8(b) actually crosses the light
line; however the mode density within the computational domain is so large at those
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Figure 5.9. (a) Unit cell for simulating a bent waveguide. The dashed volume behind the boundary p = ps
represents the PMLs. The remaining boundary conditions are periodic boundary conditions in the direction
of propagation and perfect walls elsewhere. (b) Dispersion relation of the ssg mode for a straight and a
bent structure.

frequencies that the solutions of interest could not easily be identified with our com-
putational resources. We note that the dispersion curve for these modes lies within the
light cone of Fig. 5.8(b), such that a coupling can occur between the guided modes
and photons in free space satisfying the momentum conservation law:/k,, =% sinc,
where « is the angle between the SPP wave vector £, and the free-space wave vector
ko. In other words, these states are leaky modes which spontaneously decay into the
far field away from the strip.?’ Consequently, they cannot be generated in the same
manner as were the bounded modes we have examined so far, because the light emit-
ted from the strip would be artificially reflected from the external boundaries of the
computational domain. The solution consists in replacing the problematic boundaries
by surfaces having “open” boundary conditions; that is, surfaces that effectively fully
absorb the electromagnetic fields impinging upon them. The efficiency of this method
will be demonstrated in the following paragraphs by the leaky SPP modes sustained
by waveguides swept along a circular curve.

Similar to the case of bent dielectric waveguides,?® SPP transmission lines having
a radius of curvature lose power by radiation, as an electromagnetic flux away from
the structure and parallel to the plane of the strip develops. For this reason, and
also because of the geometry of the system, the numerical analysis of bent metal
strips imposes significant changes on the computational domain. An illustration of
the unit cell can be seen in Fig. 5.9(a): it consists in an arc of waveguide, described
by the cylindrical coordinates (p, 6, z). The curved transmission line is described by
the parameters pp, the mean radius of curvature (defined as the distance between the
origin of the cylindrical coordinates and the middle of the strip), and p, the position
of the outer surface of the unit cell; we maintain the previous notations for the width
and thickness of the strip. The periodic boundary conditions applied at the edges
of the unit cell are now that a field component satisfies f(6y + 61) = exp(i¢)f(6o),
where 6, and (6y + 6;) are the position of the two planes of periodicity in cylindrical
coordinates, and ¢ is the phase delay (Fig. 5.9 (a)). Note that when py > w, the
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field of the guided modes should have almost the same form as those supported by a
straight waveguide. The previous equality can thus be approximated by f(6y + 6,) =
exp(if; - po - kv ) f(6p), which provides a qualitative relationship between ¢ and the
in-plane component of the SPP wave vector k.

An important point is that the light emitted by the SPP modes should be prevented
from being numerically reflected by the outer face p = p; of the unit cell. To this end,
we surround this surface with Perfect Matching Layers (PMLs), which have been
specifically developed to avoid unwanted reflections at the boundaries of truncated
computational domains.?*~3° PMLs are fictitious anisotropic materials that fully ab-
sorb the electromagnetic fields impinging upon them, thus essentially pushing the
boundary infinitely far away from the structure. As already mentioned earlier, there is
no need to apply PMLs on the remaining boundaries because the electromagnetic flux
arising from the radiation losses is expected to cross the sole surface p = p,. For this
reason we place perfect conducting walls along the inner surface and the horizontal
faces of the problem domain.

It should be noted that Fig. 5.9(a) is in fact a schematized representation of the actual
unit cell. In order to reduce the calculation effort, we have made two modifications
to this picture. First, we decrease the angle 0, between the two planes of periodicity
to a few milliradians. Secondly, we need only simulate the upper half of the structure
because of its symmetry along the center plane of the strip. It is thus necessary to
generate the symmetric and antisymmetric modes separately, by successively placing
a perfect electric wall and a perfect magnetic wall along the plane of symmetry.

We focus on the ss) mode of thin Ag strips ( = 40 nm and w = 1 um), bent with
several different radii of curvature. Experimental investigations’ have demonstrated
that this mode can propagate between two straight strips linked by an S-shaped seg-
ment without experiencing significant losses. These observations are confirmed by
Fig. 5.9(b) showing that the dispersion relation computed for a strip with a radius
of curvature py = 15 um is almost identical to that of a straight waveguide. How-
ever, both experimental and theoretical results are somewhat surprising if we keep
in mind that the ssg mode supported by a thin strip is supposed to be only poorly
bounded to the metal surface, which is likely to hamper its ability to be guided by bent
structures.

To gain further insight into the behavior of long-range SPPs on bent strip trans-
mission lines, we map the electric field of the mode for different radii of curvature.
Figure 5.10 summarizes these simulations performed at the free-space wavelength
Avac = 633 nm. As py decreases, the field evolves from a symmetric pattern sur-
rounding the strip to a localized and highly asymmetric distribution around the outer
corner. In other words, the curvature improves the field confinement and hence al-
lows the mode to round the bend without losing too much power. Consequently the
radiation losses in real structures (which are typically composed of several straight
and curved elements)’!! are probably dominated by the transition losses between the
different parts of the strip rather than by the curvature losses themselves, as further
suggested by the significant mismatch between the field patterns of Fig. 5.10. It would
be thus interesting to analyze in detail the coupling between structures of different
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Figure 5.10. Electric field distribution of the ssg mode for different radii of curvature py.

curvatures. This would require simulating the junction and a significant length of
strip, since the geometry of the problem does not allow the efficient use of periodic
boundary conditions. Unfortunately, the size of the computational domain required
would be too large to perform the simulations using the eigensolver as outlined.

Although the eigensolver method significantly limits the simulation domain, and
thus the size and type of structures that can be analyzed, nevertheless, the variety of
examples examined in this chapter illustrates the versatility of the method as well as its
potential for use in designing new types of plasmonic waveguides and transmission
lines. Through the application of eigensolutions we have been able to explore the
rich propagation behavior of SPP transmission lines. Because of the wide diversity
of modes supported, including modes localized to much less than the free-space
wavelength, plasmonic transmission lines may be exploited in numerous situations
where waveguides and other optical components are now typically used.
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CHAPTER SIX

SURFACE PLASMON POLARITON GUIDING
IN PHOTONIC BANDGAP STRUCTURES
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6.1. INTRODUCTION

Surface plasmon polaritons (SPPs) are quasi-two-dimensional electromagnetic exci-
tations, propagating along a dielectric-metal interface and having the field compo-
nents decaying exponentially into both neighboring media.! The field of a plane SPP
comprises a magnetic field component, which is parallel to the interface plane and
perpendicular to the SPP propagation direction, and two electric field components, of
which the main one is perpendicular to the interface (Fig. 6.1(a)). SPPs can be tightly
bound to the metal surface, penetrating on the order of 100 nm into the dielectric
and ~10 nm into the metal. This feature implies the possibility of using SPPs for
miniature photonic circuits and optical interconnects and has attracted a great deal of
attention to SPPs.? It has been shown using numerical simulations that nanometer-
sized metal rods can support extremely confined SPP modes, though only propagating
over hundreds of nanometers.® Similar properties were expected* and indeed found®
for the electromagnetic excitations supported by chains of metal nano-spheres. Metal
stripes of finite width can also be employed to laterally confine the SPP propagation
along the stripes.®—%

In conventional integrated optics based on dielectric waveguides, the problem of
miniaturization is approached by making use of the photonic band gap (BG) effect
that is essentially a manifestation of Bragg reflection of waves propagating (in any
direction) because of periodic modulation of the refractive index.’ Indeed, efficient
waveguiding along straight and sharply bent line defects in two-dimensional (2D) BG
structures (i.e., planar waveguide structures with periodic arrays of holes to control the
light propagation in the waveguide plane) has been demonstrated for light wavelengths
inside the BG.!? It became clear that these BG structures, when properly designed and
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Figure 6.1. (a) Schematic representation of a SPP propagating along a metal-dielectric interface and orien-
tations of electric and magnetic field components. (b) Illustration of the SPP reflection by a periodic array
of surface scatterers, showing also scattered field components propagating away from the metal surface.

realized, might be advantageously used for miniature photonic circuits allowing for
an unprecedented level of integration.!! Furthermore, one can conjecture that other
(quasi) 2D waves, e.g., SPPs, might be employed for the same purpose. In fact, the BG
effect for SPPs excited along a specific direction was first observed more than 30 years
ago in the experiments on light diffraction by periodically corrugated metal surfaces.'?
The SPPBG effect for all directions in the surface plane of a silver film having a 2D
periodic surface profile has also been reported.'® It should be emphasized that the
SPP interaction with a periodic surface corrugation, similarly to the interaction of a
waveguide mode with a periodic array of holes, produces inevitably scattered waves
propagating away from the surface (Fig. 6.1(b)). This (unwanted) process results in
the additional propagation loss and has to be taken into account when considering the
SPPBG structures.

SPP guiding along line defects in SPPBG structures was first demonstrated with
~45 nm-high and 200 nm-wide gold bumps arranged in a 400 nm-period triangular
lattice on the surface of a 45 nm-thick gold film.'* The efficient SPP reflection by
such an area and SPP guiding along channels free from scatterers was observed, as
well as significant deterioration of these effects at 815 nm, indicating the occurrence
of the SPPBG effect in these structures. The observations were made with a stand-
alone scanning near-field optical microscope (SNOM) used to collect the radiation
scattered by an uncoated sharp fiber tip into fiber modes and an arrangement for SPP
excitation in the usual Kretschmann configuration (Fig. 6.2(a)). Similar experiments
have followed revealing that the SPP guiding is strongly damped in narrow channels'>
contrary to what was expected from the experience in (conventional) photonic BG
structures.!! It was also found that the SPP guiding around sharp corners exhibited
a bend loss increasing quadratically with the bend angle.'® In fact the bend loss
was found significant already at the bend angle of >15° (Fig. 6.2), an observation
that was again somewhat unexpected. It became clear that further progress in the
development of SPPBG structures for compact photonic circuits requires detailed
theoretical studies.

In general, the process of SPP scattering by surface features is very complicated
and yet to be understood in all its complexity, and the SPP scattering by periodic ar-
rays of surface scatterers is not an exception. A similar scattering geometry was first
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Figure 6.2. (a) Schematic representation of the excitation of SPPs and their detection with a fiber tip
of a collection SNOM. The polarization of the incident laser beam is also indicated. Gray-scale (b, ¢)
topographical and (d, e) near-field optical images (32 x 32 um?) for SPPBG structures (made of gold)
at wavelength 737 nm with (b, d) and (c,e) taken simultaneously. Periodic surface structures are of I'M
orientation with the following parameters: the period is 410 nm; the bump height and width are 45 and
200 nm, respectively. The structures contain ~ 2 um-wide straight defects followed (from right to left) by
double-bent defects with (b,d) 5°, 10°, and 15° and (c, e) 20°, 25°, and 30°.16

considered by making use of a scalar two-dimensional multiple-scattering approach!’
accounting for some features observed experimentally, e.g., influence of the defect
width on the SPP propagation loss. This scalar model, which considers only elastic (in
the surface plane) and isotropic SPP scattering, being rather simple and efficient pos-
sess however important drawbacks that limit severely its applicability. The effective
polarizability of a scatterer introduced to relate the amplitude of the scattered SPP to
the incident one is only a phenomenological quantity that is difficult to connect to the
scatterer parameters. Furthermore, in a rigorous consideration of SPP scattering from
surface scatterers,'® isotropic SPP scattering is only a limiting case of SPP scattering
by a small particle and only for the component of the exciting field being incident
on the scatterer which is perpendicular to the surface. Finally, the out-of-plane SPP
scattering was completely ignored, thereby excluding the possibility of analyzing and
taking into account this (very important) scattering process. Usage of the reduced
Rayleigh equation allowed for the first time to relate characteristics of the SPPBG
to the geometrical and material parameters of periodical arrays of hemiellipsoids.'®
However, it is questionable whether this approach can be adapted to consider line or
point defects in finite-size scattering arrays, since the periodicity of a surface profile
is a rather crucial assumption in the formulation used.

Recently, we have extended the scalar multiple-scattering approach into a vec-
tor dipolar multiple-scattering theory based on a dyadic Green’s tensor description
and applied it to finite-size SPPBG structures with and without line defects.?? Our
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simulations have reproduced not only the influence of the defect width on the SPP
propagation loss but also the threshold in sizes of scatterers with respect to the realiza-
tion of efficient SPPBG. On the other hand, from the point of view of the point-dipole
approximation used in this model, the threshold radius (75 nm) of spherical scatterers
is rather large for the considered wavelength range (~800 nm). Our latest simulations
of an SPP beam splitter using the same model have indicated that the sphere radii
larger than 60 nm resulted in the violation of energy conservation and phase relation-
ships for transmitted and reflected SPP beams.?! We arrived thereby to the conclusion
that it is imperative to go beyond the point-dipole approximation in the modeling of
efficient SPPBG structures (i.e., made of relatively large scatterers).

In this Chap. we model the SPPBG phenomena, including SPP guiding and bend-
ing, treating surface scatterers as finite-size cylindrical bumps. Modeling results on
transmission and reflection, and field magnitude images, are presented along with
the consideration of waveguides and bends based on introducing channels in SPPBG
structures. The idea is to provide a reader with practical guidelines on appropriate
scatterer sizes and lattice constants for making SPPBG structures exhibiting the BG
for both main orientations of the lattice. We investigate various, though not all possi-
ble, waveguide and bend designs, so that one can expect further improvements being
made to the structure designs that we present.

As is the case with photonic crystals based on dielectric materials, SPPBG struc-
tures can also be tried out for creating components that are small and compact with the
aim of integrating a large number of functionalities on a single optical chip. Due to the
absorption by metal in the SPPBG structures it is not only desirable but also important
to realize components that are small and compact since otherwise the propagation
loss may become a major problem.

6.2. NUMERICAL METHODS

The method that we have applied for modeling of SPPBG structures, including waveg-
uides and bends, is based on the Lippmann-Schwinger integral equation

E(r) = Eo(r) + / G(r, ¥ )i} (e(r)) — erer (1)) - E(X)d’r'. (6.1)

In this method the starting point is a reference structure with dielectric constant
erer (T) as a function of the position r, which in our case is a planar air-gold interface.
The incident field E is a field solution in the reference structure. We have chosen E as
the field of a Gaussian SPP beam propagating along the air—gold interface. The actual
structure of interest has the dielectric constant &(r) so that the term (e(r) — & (1))
in (6.1) represents the modification made to the reference structure, which in our
case corresponds to placing an array of gold scatterers on the gold surface. This
modification results in scattering of the incident beam E so that the total electric field
becomes E. In (6.1), the term G(r,r’) is the Green’s tensor of the reference structure
that here represents the field generated by a dipole as a function of the dipole position
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1/ in the air—gold interface structure. The Green’s tensor can be calculated numerically
by use of Sommerfeld integrals.??

Since modeling of a single scatterer is already a demanding task,'® and because
we aimed at modeling structures with many (~10%) scatterers, we had to employ
an approximation when treating an individual scatterer. In this approximation, the
field incident on a scatterer (Eq + field originating from other scatterers) is assumed
constant across the scatterer. This approximation is reasonable for small scatterers,
and is better than treating the scatterers as (spherical) point particles (dipoles),?%?? in
which it is the fotal field inside the scatterers that is assumed constant, because the
total field inside a small scatterer may vary much faster than the incident field. Having
calculated the scattering in the case of a single scatterer with cylindrical symmetry,>
being exposed to various orientations of the incident field, it is possible to use this
result to significantly reduce the numerical task for scattering systems consisting of
several thousand scatterers.

6.3. NUMERICAL RESULTS

The first task when considering the SPPBG structures is to determine the range of
useful design parameters of the SPPBG structure, such as size and shape of scatter-
ers and lattice constant. Our approach to this task is to calculate transmission and
reflection (as a function of light wavelength) for a Gaussian SPP beam incident on
rectangular SPPBG structures with various choices of the lattice constant, various
scatterer heights and scatterer radii. From the transmission and reflection spectra,
one can get an impression of BG properties (rigorous consideration of the BG effect
requires an infinitely extended periodic scattering system) and try to find parameters
where the structure exhibits the BG for both main orientations of the structure, 'M
and 'K, with respect to the incident beam. Examples of this type of calculation for
the lattice constant A = 450 nm, scatterer height h = 50 nm and two scatterer radii
r = 100 nm and r = 125 nm are presented in Fig. 6.3. The structures considered
consist of a finite array of cylindrical gold scatterers (30 x 30 or 26 x 34) arranged
on a triangular lattice on the gold-air interface. The insets show the orientations I'M
and 'K with respect to the incident beam.

In these particular calculations, the reflection and transmission are evaluated far
from the regions occupied by scatterers along the axis of the Gaussian incident beam
(beam waist 2.8 pwm) but close to the air-gold interface. Considering first the structure
with the scatterer radius r = 100 nm and 'K orientation, one notices a reflection peak
and the related transmission dip from ~785 nm to ~850 nm. For the corresponding
structure with I'M orientation, we also notice a reflection peak and a transmission dip.
The reflection is somewhat lower in this case because most of the reflected light does
not propagate directly backwards, where the reflection is evaluated, but propagates at
60° with respect to the incident direction (i.e., in the direction of Bragg reflection).
The transmission dip at 750 nm is stable regarding changes in the dimensions of the
SPPBG structure, and field calculations show that the incident SPP cannot propagate
through the SPPBG structure at this wavelength. The dip at 785 nm is, however, not
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Figure 6.3. Transmission and reflection spectra for 450 nm-period SPPBG structures.

stable, and is here due to a resonance effect caused by the finite number of scatterers
in the array resulting in light being transmitted in directions other than directly for-
ward. For this particular choice of scatterers (r = 100 nm) there is no overlap between
the reflection peaks for the two orientations. As the scatterer radius is increased to
r = 125 nm, one may notice from the reflection spectrum for I'K orientation that the
short-wavelength BG edge remains at nearly the same wavelength, whereas the long-
wavelength edge shifts toward longer wavelengths. For 'M orientation, the reflection
peak broadens and shifts to longer wavelengths. Similar trends were observed with
changes in scatterer size when using the point-dipole approximation in our previous
work.?? It is no longer easy to extract the BG-related information from the transmis-
sion spectra, but the transmission is low for both orientations. It should also be borne
in mind that the transmission spectra contain features associated with the coupling
between SPPs propagating at flat and corrugated (with scatterers) surface regions.
For the radius 125 nm, there appears to be an overlap in reflection peaks for the two
main orientations at wavelengths close to 800 nm, a feature that can be considered as
the indication of the complete (for all in-plane directions) SPPBG effect. In the fol-
lowing, we model straight and 30°—bent waveguides based on this SPPBG structure
design.

A waveguide can be formed, e.g., by starting out with 60 x 30 periodically arranged
scatterers having I'K orientation relative to the incident beam and removing 7 adjacent
center rows (W7) of scatterers. A waveguide can also be created by starting out with
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Figure 6.4. Transmission spectra for K- and 'M-oriented waveguides. These waveguides were formed
by removing 3(W3) and 7(W7) adjacent center rows, respectively, from periodic arrays of scatterers.

52 x 34 scatterers and I'M orientation by removing 3 adjacent center rows (W3) of
scatterers. Note that the distance between rows is larger for I'M orientation. For these
two waveguides, the transmission spectra for an incident Gaussian beam with beam
waist 2.8 pm are shown in Fig. 6.4.

From Fig. 6.4, it can be noticed that there is a peak in transmission near 800 nm
for both waveguide orientations. The peak for I'K orientation is, however, shifted
towards shorter wavelengths, and the peak for I'M orientation is shifted towards longer
wavelengths. These shifts are opposite to the shifts of reflection peaks observed in
Fig. 6.3 for 'K and I'M orientation. Note that efficient waveguiding implies efficient
suppression of both SPP propagation through the front edge of SPPBG structures and
SPP penetration through the sides of a waveguide channel. Since the arrangement of
scatterers at the channel sides for the 'K waveguide is similar to that at the front edge
in the case of I'M orientation (and vice versa), it seems reasonable to find waveguide
transmission spectra with features associated simultaneously with both orientations.
The wavelength of ~800 nm appears to be a reasonable compromise where both
waveguides are efficient. Note that the transmission in Fig. 6.4 includes losses due to
the SPP coupling in and out of the waveguide.

The electric field magnitude distributions at the height 300 nm above the air-gold
interface for the two considered waveguides and wavelength 800 nm are shown in
Fig. 6.5. The SPPBG structures and channel regions are indicated with dashed white
lines. It is seen that the Gaussian beam (incident from the left) gradually transforms
into a well-confined field propagating in the waveguide channel, which in turn trans-
forms into a divergent beam radiating from the output end of the waveguide. Notice
also that the backward scattering of light is rather different in the two cases. As was
also mentioned above for SPPBG structures without channel waveguides, a large part
of the backward scattered light for I'M orientation is propagating at 60° relative to
the direct backscattering.
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Figure 6.5. Electric field magnitude at the height 300 nm above the gold surface for 'K- and I'M-orientated
waveguides corresponding to the wavelength (800 nm) marked in Fig. 6.4.

Since both waveguides are reasonably efficient at the same wavelength of 800 nm,
one may expect thatit is possible to combine them into an efficient 30°-bent waveguide.
The corresponding transmission is shown in Fig. 6.6 Three different choices for the
bend region are considered, namely a sharp bend, and smoothened versions of the
sharp bend obtained by removing 1 or 3 scatterers in the bend region. The insets show
the arrangements of scatterers in the bend region for these three cases. It is seen that,
by moving three scatterers in the bend region, an increase in the transmission by a
few dB can be achieved for wavelengths close to 800 nm, where the BGs for both
main orientations overlap. It should be kept in mind that, although the transmission
is only —20 dB, this value includes not only the bend loss and propagation loss (due
to absorption by the metal) but also losses incurred when coupling into and out of the
SPP waveguide mode. For comparison, the transmission of a straight I'M oriented
waveguide with width W3 is ~ —12 dB, implying that the bend loss is at the level of
~8 dB. One should also be aware of the following intricate detail of our simulations.
The transmission was evaluated by calculating the average field intensity in a box

-15
— 0 moved
-=-=- 1 moved
_20 - 3 moved
o
5,
S35
w
Ri]
uE: -30+
oy
©
[ Joun
-35}
_4 .
900 750 850 200

800
Wavelength [nm]

Figure 6.6. Transmission spectra for three designs of the 30° bend formed by the waveguides considered
in Fig. 6.4.



Surface Plasmon Polariton Guiding in Photonic Bandgap Structures 81

0.2 0.4 0.6 0.8 1 1.2

Figure 6.7. Electric field magnitude (wavelength = 800 nm) at the height 300 nm above the gold surface
for the 30° bend (smoothened by removing 3 scatterers) considered in Fig. 6.6.

region placed near the exit of the bend. One may notice that it is not the wavelengths
at ~800 nm that result in the largest transmission but that at ~700 nm. However, for
the wavelengths of ~700 nm, field calculations reveal that the field intensity at the box
position originates rather from scattered SPP fields than from the guided (around the
bend) SPP mode. This can be implicitly confirmed by noticing that moving scatterers
in the bend region does not lead to an improvement in the transmission at ~700 nm,
but it does at ~800 nm. Furthermore, for wavelengths at ~800 nm, field calculations
do show that the SPP mode is guided by the channel around a 30° bend.

An example of the electric field magnitude distribution at the height 300 nm above
the air-gold interface for the 30° bend with 3 scatterers removed and wavelength
800 nm is shown in Fig. 6.7. One observes that, at the input of the bend, only a
fraction of the incident beam power is coupled into the waveguide channel. The
SPPBG structure and (bent) channel region are indicated with dashed white lines. It
is clearly seen that an appreciable part of the SPP field does follow the channel being
guided around the bend, and that a well-defined beam comes out of the exit waveguide
propagating at the angle of 30° with respect to the incident beam direction. Although
the loss is not negligible, this example still shows that the SPPBG structures can guide
the radiation around sharp 30° bends.

Another method for changing the SPP propagation direction (using the SPPBG
waveguides) is to gradually rotate the crystal lattice containing a line defect, an ap-
proach that was reported for conventional photonic crystal waveguides.?> Transmis-
sion spectra for 45° bends corresponding to gradual bending of the I'M waveguide
(W3) were calculated for three different bending radii (23, 35 and 46 um) and are
shown in Fig. 6.8.

We may expect that the losses due to leakage out of the waveguide will decrease as
the bending radius increases from 23 to 46 um. However, at the same time, the bend
will become longer, and the SPP mode has to propagate a longer distance inside the
channel resulting in an increased propagation loss. For a given dielectric constant for
gold?® at wavelengths around 800 nm, the SPP propagation length (intensity reduced
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Figure 6.8. Transmission spectra for 45° bends obtained by gradual rotation (with different radii) of a
straight waveguide. The structure for the smallest bending radius (23 pm) is shown to the right.

by a factor of le™') is ~45 um for a flat air-gold interface. The SPP scattering
at the waveguide sides reduces the propagation length further (depending on the
channel width'3). Allin all, it turned out that, when increasing the bending radius from
23 to 35 um, the decrease in the leakage loss and the increase in the propagation loss
cancel each other to some extent, so that the peak transmission does not significantly
change (Fig. 6.8). Note that, in this case, the bend loss is ~5 dB lower compared to
that for the sharp bends considered in Fig. 6.6. Further increase of the bending radius
to R = 46 um results in the decrease of the peak transmission (due to the increase in
the propagation loss). The SPP propagation through a 45° bend with the radius 35 pm
is shown in Fig. 6.9.

There are at least two ways in which the SPP propagation loss can be reduced. The
first is to increase the wavelength moving further away from the plasma resonance
and thereby decreasing the SPP propagation loss. The second approach is to replace a
metal-air interface structure with a symmetric structure of a thin metal film (10-20 nm
thickness) embedded in a dielectric. The metal film supports both long-range and
short-range SPPs, which differ in the symmetry of field components across the center
of the film. Compared to the SPPs of the metal-air interface structure, the long-
range SPPs have smaller propagation loss, whereas the short-range SPPs have larger
propagation loss by proper symmetric design with scatterers on both sides of the
film, it is (in theory, and for perfect structures) possible to avoid coupling between
the long-range and short-range SPPs. However, in both cases (i.e., for SPPs at longer
wavelengths and for long-range SPPs) a reduction in the SPP propagation loss is partly
related to the fact that the SPP modes in question are weaker bound to the metal and
penetrate farther in the dielectric. Consequently, it may also become necessary to use
larger scatterers in order for the scatterers to cover the same fraction of the mode
and to achieve the same efficiency in the SPP scattering. On the other hand, the
efficiency of unwanted out-of-plane SPP scattering (into modes propagating away
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Figure 6.9. Electric field magnitude (wavelength = 810 nm) at the height 300 nm above the gold surface
for a 45° bend obtained by gradual rotation of a straight waveguide (bend radius = 35 pum).

from the metal surface) increases as SPPs become less strongly bound to the metal ?*

These general considerations imply that the reduction in propagation loss obtained by
changing the wavelength or by using long-range SPPs can only be obtained at a price,
namely, that larger scatterers may be needed, and the SPP out-of-plane scattering
might increase (whereas the SPP in-plane scattering would decrease accordingly).
The latter circumstance may even jeopardize the possibility of realizing the SPPBG
effect, which is originated in efficient multiple (in-plane) SPP scattering.

The effect of increasing the operating wavelength is illustrated with the reflec-
tion spectra calculated for SPPBG structures at telecom wavelengths are shown in
Fig. 6.10. The arrangement and number of scatterers on the air-gold interface are the
same as in Fig. 6.3. Two sizes of scatterers and four choices of lattice constants are con-
sidered. Notice that, for 'K orientation, the reflection does not increase much above
—3 dB (50%), whereas for shorter wavelengths it could approach 100% (Fig. 6.3).
This difference we attribute to higher losses due to stronger out-of-plane SPP scatter-
ing related, as elaborated above, to weaker SPP localization at the air-gold interface.?*
Note that longer (I"K-oriented) structures do not significantly increase the SPP reflec-
tion. For example, with SPPBG a structure consisting of 60 x 30 scatterers instead
of 30 x 30 scatterers it is only possible to increase the reflection by ~0.5 dB.

For the scatterers with radius 200 nm and height 100nm, there is no overlap between
the reflection maxima for I'M and 'K orientations for lattice constants A ranging
from 800 nm to 950 nm, although it is close to being the case for A = 800 nm. When
increasing the radius to 248 nm, we observe tendencies similar to those seen previously
for shorter wavelengths (Fig. 6.3). Namely, for 'K orientation, the short-wavelength
edges of the reflection maxima are almost unaffected, and the long-wavelength edges
shift to longer wavelengths, whereas, for I'M orientation, the reflection maxima
broaden and shift (as a whole) to longer wavelengths. These changes result in an
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Figure 6.10. Reflection spectra for SPPBG structures at telecom wavelengths.

overlap between reflection peaks for the lattice constant 800 nm but not for the other
lattice constants. It is interesting that, compared to the scatterers that resulted in the
reflection overlap for wavelengths of ~800 nm (Fig. 6.3), the radius and height are
twice as large. However, the corresponding wavelength and lattice constant have not
been doubled, so that, effectively, the dimensions of scatterers were increased more
than the wavelength and lattice constant. This is in agreement with the above gen-
eral consideration conjecturing that weaker SPP localization requires the use of larger
scatterers. Note that, for wavelengths of ~1430 nm, the SPP propagation length along
a flat gold-air interface is approximately 4 times longer compared to that at ~800 nm.

6.4. CONCLUSIONS

SPP scattering phenomena associated with the SPPBG effect is analyzed theoretically
in this Chap. We considered the SPP propagation in SPPBG waveguides and bends
by making use of the Lippmann-Schwinger integral equation method. The SPPBG
structures consisted of a gold-air interface with gold scatterers arranged on a triangular
lattice. From calculations of reflection spectra we found appropriate sizes of the
scatterers and lattice constants that, for certain wavelengths, result in high reflection
for both main orientations of the SPPBG structure with respect to the incident SPP
beam. Our results indicate that, for longer wavelengths (e.g., for 1400-1600 nm
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instead of 700—800 nm), it is necessary to use progressively larger scatterers in order
to obtain the overlap in reflection peaks for the two main SPPBG structure orientations.
Furthermore, the out-of-plane SPP scattering increases for longer wavelengths as well,
decreasing the efficiency of SPPBG effects. We argue that these features stem from the
SPP being less confined to the metal surface for longer wavelengths, a circumstance,
which is in agreement with our recent analytical investigations of SPP scattering from
a single scatterer.>*

We present transmission spectra for two waveguide designs based on removing a
number of rows of scatterers in SPPBG structures. It is observed that the waveguide
created by removing rows in the SPPBG structure of I'K orientation is most efficient
for the BG seen along I'M orientation and vice versa. This feature can be accounted
for by noticing that the channel sides for a 'K-oriented waveguide resemble the re-
flection interface for a 'M-oriented structure (and vice versa). We show that both
waveguides are reasonably efficient for the wavelengths of ~800 nm and considered
their combination forming a 30° bend. Transmission calculations indicate an appre-
ciable efficiency of the bend transmission that could be further increased by moving
3 scatterers in the bend region and thereby smoothing the bend. Another type of bend
obtained by gradual rotation of one of the straight SPPBG waveguides is found even
more efficient, e.g. the improvement of ~5 dB is expected for a 45° bend with the
bending radii of ~30 um. Finally, it is worth noting that simulations of the field in-
tensity distributions above the SPPBG structures show for the parameters considered,
the SPP mode field can be reasonably well confined to the waveguide channels and
bend regions.

The experimental and theoretical results reported previously and in this
Chap. indicate that SPPBG structures having carefully chosen parameters can be
employed for efficient SPP guiding and bending in plasmonic circuits, though the
losses incurred are not negligible and would limit the number of SPPBG components
that could be integrated. It is important to note that further improvements in the
designs of SPPBG structures, waveguides, and bends, can be expected, since there
still exists many unexplored possibilities for the design of individual scatterers and
scatterer configurations.
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CHAPTER SEVEN
SUBWAVELENGTH-SCALE PLASMON WAVEGUIDES

HARRY A. ATWATER, JENNIFER A. DIONNE AND LUKE A. SWEATLOCK

Thomas J. Watson Laboratory of Applied Physics, California Institute of Technology,
Pasadena, California 91125

7.1. INTRODUCTION

By the mid-17th century, numerous scientists—notably including Hooke and
Gallileo—had developed transparent ground lenses and applied them in the construc-
tion of compound optical microscopes. This development revolutionized the contem-
porary understanding of the natural world by, for example, enabling the imaging of
blood cells and microbes. Ever since this now bygone era of fantastic development of
optics principles and instrumentation, the size and performance of photonic devices
has been largely limited by diffraction. Photonic devices of today are generally com-
posed of dielectric materials with modest dielectric constants, and are much bigger
than the smallest electronic devices (e.g., transistors in silicon integrated circuits) for
this reason.

By contrast, subwavelength spatial confinement of light at dimensions down to less
than 10% of the free-space wavelength is possible using plasmonic components, ow-
ing to the large and highly tunable dielectric permittivities for metals, especially near
their plasmon resonances. Ultimately it may be possible to employ plasmonic com-
ponents to form the building blocks of a chip-based nanophotonic device technology
that is scaleable essentially to molecular dimensions, with potential imaging, spec-
troscopy and interconnection applications in computing, communication and chemi-
cal/biological detection. The basic component required to demonstrate feasibility of
this approach through realization of nanophotonic networks is a subwavelength scale
waveguide structure, several designs for which are outlined in this chapter.

7.2. NANOPARTICLE CHAIN PLASMONIC WAVEGUIDES

Photonics is in transition toward a world of sub-100 nm designs and components. This
is an evolution to a subwavelength world, and actual electromagnetic wavelengths in
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Figure 7.1. A typical planar interface plasmon dispersion relation. Surface plasmons are collective exci-
tations that have non-radiating modes bound to the surface of a metal or thin metallic film. Light can be
coupled from free space into the surface plasmon mode only by matching the momentum of the plasmon;
this can be done, e.g., via index matching or grating coupling. Near the surface plasmon frequency, the
real part of the dielectric constant &; changes sign from positive to negative (while &; is positive) and
thus the accessible in-plane wavevector values ky can be very large. High wavevectors are just what is
needed to produce strongly localized optical modes on surfaces, potentially giving rise to imaging and
light manipulation at optical frequencies and soft X-ray wavelengths (10’s of nm).

some media, such as metals, can be much shorter than free-space optical wave-
lengths. Photonic devices and systems that are conventionally said to operate at
certain wavelengths (e.g., 1300-1600 nm telecommunication wavelengths), but the
dispersion curve in Fig. 7.1 amply illustrates that it is more appropriate to describe
device operation in terms of frequencies, since for plasmonic materials' and de-
vices, frequency is invariant, but wavelength is highly variable, depending on the
situation.

Advances in particle synthesis and fabrication techniques have recently allowed
for studies of ordered arrays of noble metal nanoparticles. Recently, the use of metal
nanostructure arrays as waveguides has been considered.>~> In such arrays, each
nanoparticle with a diameter much smaller than the wavelength of the exciting light
acts as an electric dipole.®~® Thus, two types of electromagnetic interactions between
the particles can be distinguished, depending on the spacing d between adjacent
nanoparticles. For particle spacing on the order of the excitation wavelength, far-field
dipolar interactions with a d ~! dependence dominate.*~® For particle spacing much
smaller than the wavelength of light, near-field dipolar interactions between adja-
cent particles with a distance dependence of d ~> dominate. These strongly distance-
dependent interactions lead to the formation of collective eigenmodes of the chain,
which are manifested by a splitting of the plasmon dipolar peak for regular, one-
dimensional chain arrays of metal nanoparticles,'’~!? implying the possibility of
using such structures as waveguides.

Individual noble metal nanoparticles strongly interact with visible light at their
dipole surface plasmon frequency due to the excitation of a collective electron motion
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giving rise to a plasmon excitation inside the metal particle.” The surface of the
nanoparticle confines the conduction electrons inside the particle and sets up an
effective restoring force leading to resonant behavior at the dipole surface plasmon
frequency. When the frequency of the light is far from the intrinsic plasmon resonance
of the metal nanoparticle, energy flow around the particle is only slightly perturbed.
At the plasmon resonance frequency, the strong polarization of the particle effectively
draws energy into the particle, giving rise to a strong enhancement in the scattering
cross-section in optical extinction measurements.” The dipole surface plasmon res-
onance is most pronounced for particles much smaller than the wavelength of the
exciting light, since in this case all conduction electrons of the particle are excited in
phase. The resonance frequency is determined by the particle material, the shape of
the particle and by the refractive index of the surrounding host. Surface plasmons can
be efficiently excited in noble metals, such as gold, silver, and copper, due to their free
electron like behavior. For these metals the plasmon resonance occurs in the visible
range of light in a variety of hosts.

The strong interaction of individual metal nanoparticles with light can be used to
fabricate waveguides if energy can be transferred between nanoparticles. The dipole
field resulting from a plasmon oscillation in a single metal nanoparticle can induce a
plasmon oscillation in a nearby particle due to near-field electrodynamic interactions.
The finding that ordered arrays of closely spaced noble metal particles exhibit a
collective behavior under far field illumination confirms the existence of this near-field
coupling.® In 1999, we proposed the name plasmon waveguides apply to structures
operating on this principle and the name plasmonics for the field of study, to draw
attention to the energy guiding mechanism via surface plasmons.’

When metal nanoparticles are spaced closely together (separation a few tens of
nanometers), as depicted in the inset of Fig. 7.2, the strongly distance-dependent,
near-field term in the expansion of the electric dipole interaction dominates. The in-
teraction strength and the relative phase of the electric field in neighboring particles
are both polarization and frequency dependent. This interaction leads to coherent
modes with a wavevector k along the nanoparticle array. One can calculate a dis-
persion relation for energy propagation along the nanoparticle chain by taking into
account nearest-neighbor interactions, and non-nearest-neighbor interactions via a
polarization dependent interaction frequency w; derived from the electromagnetic in-
teraction term and the plasmon dipole resonance wy. Internal and radiation damping
are also accounted for in the model.? Fig. 7.2 shows the results of such a calculation
for modes with the electric field polarized along the chain (longitudinal modes) and
for modes polarized perpendicular to the chain (transverse modes). Both analytic cal-
culations and full-field electromagnetic simulations illustrate the dispersion relations
that arise from the near-field coupling.

Calculations that include nearest-neighbor coupling only (solid lines) and including
up to five nearest neighbors in the coupling term (dotted lines) for an infinite linear
array of metal nanoparticles. The inclusion of up to five nearest-neighbors has little
effect on the dispersion curves, confirming that the interaction is dominated by nearest-
neighbor coupling. For both polarizations, the propagation velocity of the guided
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Figure 7.2. At top, dispersion relation for plasmon modes in a linear chain of metal nanoparticles (see
inset), showing the twofold degenerate branch corresponding to transverse modes (T) and the branch
corresponding to longitudinal modes (L). Results are shown for calculations incorporating nearest-neighbor
interactions only (solid curve), and including up to fifth nearest-neighbor interactions (dotted curve). The
small difference in the dispersion curves illustrates that mode propagation in plasmon waveguides is
dominated by near-field interactions. At bottom, comparison of full-field electromagnetic simulations
for the longitudes (squares) and transverse (triangles) modes of a chain of 50 nm diameter spherical
Au particles separated by a 75 nm center-to-center spacing. The left panel gives the energy-wavevector
dispersion relation whereas the right panel gives the electric field strength associated with modes of different
energies.

energy, given by the slope dw/dk of the dispersion relation, is highest at the resonance
frequency wy. Calculations for 50 nm diameter silver spheres with a center-to-center
distance of 75 nm show energy propagation velocities of about 10% of the speed of
light. This is ten times faster than the velocity of electrons in typical semiconductor
devices.
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Figure 7.3. Calculated power transmission coefficient 7 in nanoparticle chain arrays for a 90 degree corner
and a tee structure. The thick arrows indicate the direction of the energy flow, the thin arrows indicate the
direction of polarization corresponding to either the longitudinal mode (L) or the transverse mode (T).

The dispersion relations for Au nanoparticle chain arrays have been derived from
full-field electromagnetic simulations. The waveguides were excited with an oscillat-
ing point-dipole placed at a distance of 75 nm to the center of the first Au nanopar-
ticle of the waveguide. In consecutive runs, the point-dipole source was driven con-
tinuously at various frequencies in the vicinity of Ey. The field distribution along
the nanoparticle chain structure was then analyzed to determine the wave vector k
of the propagating waves. The bottom part of Fig. 7.4 shows the dispersion rela-
tion for both longitudinal (squares) and transverse (triangles) excitations. The dotted
lines indicate the dispersion relation calculated using a simple point-dipole model.
The obtained w(k) data are in excellent agreement with the predictions from the
point-dipole model despite the limitations of the latter. The right panel of this figure
shows the electric field amplitude at the center of the last nanoparticle for longitu-
dinal excitations (squares). Note that the waveguide loss is a minimum at the center
of the dispersion band, as expected since the group velocity is a maximum at this
point.

Aside from the dispersion relation, another important parameter in waveguide de-
sign is loss. In plasmon waveguides, the loss can be due to radiation into the far
field and due to internal damping. Radiation losses into the far field are expected to
be negligible due to the dominance of near-field coupling. Internal damping of the
surface plasmon mode is due to resistive heating. This damping was shown to induce
transmission losses of about 6 dB um~!.

Waveguides can be concatenated to form circuit elements such as corners and tee
structures (Fig. 7.3). Due to the near-field nature of the coupling, signals can be
guided around 90 degree corners and split via tee structures without radiation losses
into the far field at the discontinuity. Power transmission coefficients for the guiding
of energy around corners and for signal splitting in tee structures were calculated by
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requiring continuity of the plasmon amplitude and of the energy flux at the corner
where the wave gets partly transmitted and reflected. The transmission coefficients
are a strong function of the frequency of the guided wave and of its polarization and
show a maximum at the dipole plasmon frequency. Transmission coefficients close to
100% are possible for propagation around 90 degree corners for certain polarizations,
and lossless signal splitting was shown in tee structures. Over length scales in which
plasmon excitations remain coherent, it is also possible to design switches that rely
on interference effects, such as Mach-Zehnder interferometers.>

We have also investigated optical pulse propagation through these plasmon waveg-
uides driving local dipole sources.'* In Fig. 7.4(a) a pulse centered at the resonance
energy Eo = 2.4 eV corresponding to the k = 7/2d~! modes with the highest group
velocities is launched from the dipole source located on the left-hand side of the array.
The upper inset of Fig. 7.4(a) shows a snapshot of the x-component of the electric
field in the xy-plane for longitudinal polarization on a linear color scale. The period-
icity of the field distribution along the chain confirms that the pulse is centered on the
k = /2d~" mode corresponding to a wavelength of 4 particle spacings. An anal-
ogous snapshot for the y-component of the electric field for transverse polarization
is shown in the lower inset. The main part of Fig. 7.4(a) shows the pulse position,
defined as the location of maximum field amplitude, over time for both longitudinal
(squares) and transverse (triangles) excitation. Linear fits of the datasets yield val-
ues for the group velocities of transverse and longitudinal modes. These full-field
electromagnetic simulations quantitatively confirm the possibility of using plasmon
waveguides for information transport with v, = 0.01c. The calculations also show the
occurrence of negative phase velocities in these plasmon waveguides when excited in
a transverse mode. For the transverse pulse, the group velocity and thus the direction
of energy propagation and the phase velocity of the individual wave components are
anti-parallel. This is illustrated in Fig. 7.4(b), which shows ten electric field snapshots
spaced At = 0.166 fs (10% of a cycle at Ey) apart. The wave packet is seen to move
away from the source while the individual phase fronts travel towards the source,
since for transverse modes a positive group velocity, required for causality, occurs at
negative wavevectors k, as seen in the dispersion relation of Fig. 7.2. Nanoparticle
chain plasmon waveguides could thus serve as a relatively simple model system for
the investigation of negative phase velocity structures.!>~16

Local excitation and detection of guided light at optical frequencies with a lat-
eral mode profile below the diffraction limit of light provides the most direct evi-
dence for near-field coupling between particles in ordered arrays. Indeed, it has been
shown both theoretically and experimentally that such array, depicted schematically
in Fig. 7.5 and experimentally in Fig. 7.6 can guide electromagnetic energy over dis-
tances of several hundred nanometers via near-field particle interactions.!” Highly
ordered plasmon waveguides such as illustrated in Fig 7.6(a) can be fabricated by
electron beam lithography and liftoff fabrication and can be imaged using atomic
force microscopy, as shown in Fig 7.6(b), and near-field optical microscopy. Such
structures could potentially be used in nanoscale all-optical networks, contributing to
anew class of functional optical devices operating below the diffraction limit of light.
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Figure 7.4. (a) Pulse peak positions over time in a plasmon waveguide consisting of spherical parti-
cles for both longitudinal (squares) and transverse (triangles) polarization. The spheres along the or-
dinate indicate the position of the Au nanoparticles. Snapshots of the x(y) component of the electric
field in the xy plane for longitudinal (transverse) polarization are shown in the upper (lower) inset.
(b) Time snapshots of the electric field for transverse pulse propagation show a negative phase veloc-
ity with an antiparallel orientation of the phase and group velocities.
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Figure 7.5. Schematic of local excitation and detection of energy transport in a subwavelength-scale
plasmon waveguides by near-field optical microscopy. Light emanating from the tip of an illumination-
mode near-field scanning optical microscope (NSOM) locally excites a plasmon waveguide. The waveguide
transports the electromagnetic energy to a fluorescent polymeric nanosphere, and the fluorescence intensity
for varying tip positions is collected in the far-field.

7.3. STRONGLY COUPLED PLASMON MODES IN NANOSTRUCTURES

Nanoparticles provide highly enhanced local fields which are promising for molecular
sensors'~2! or miniature nonlinear optical elements.?>~2¢ When arrays of particles
are very closely spaced there are dramatic quantitative and qualitative changes in
the collective eigenmodes and dispersion properties of the chains. Although precise,
lithographically-based fabrication of such structures is presently difficult, closely
spaced and contacting linear chain nanoparticle arrays in glass can be formed non-
lithographically by use of high energy ion irradiation technique,?’ as illustrated in
Fig. 7.7(a) and (b). Finite difference time domain simulations performed for arrays
of touching particles (i.e., spacing 0 nm) illustrate this most dramatically, as seen in
Fig. 7.7(c) and (d). In this case, two distinct modes were found in the spectrum, at
0.35 eV (free space wavelength 3500 nm) and 1.65 eV (750 nm), respectively. The
physical significance of each of these modes becomes apparent by studying the spatial
distribution of the electric field for the two cases. This is demonstrated in Fig. 7.7(c)
and (d), which shows the longitudinal component Ey of the electric field in a system
which consists of a linear array of 12 touching Ag spheres excited at the two resonance
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Figure 7.6. Above, noncontact atomic force micrographs of Au nanoparticle chain plasmon waveguides
with fluorescent polymeric nanospheres which were positioned at the left end of each plasmon waveguide
by scanning force manipulation prior to imaging. Left image illustrates polymeric nanospheres prior
to manipulation; right images is nanospheres after manipulation. Below, Evidence for energy transport
in plasmon waveguides by the width of the intensity of fluorescent nanospheres. Individual data sets
represent averages of five parallel cuts along the plasmon waveguide direction through the fluorescent
spots for isolated nanospheres (control A and B, square and diamond data points) and nanospheres located
on top of plasmon waveguides (WG 1 and WG2, up-triangles and down-triangles data points) as depicted in
the inset. Gaussian line-shape fits to the data show an increased width for nanospheres located on plasmon
waveguides, indicating plasmon propagation.

frequencies. In a snapshot of the chain driven by a longitudinally polarized plane wave
at 0.35 eV (panel (c)), regions of positive Ey are observed at either end, with negative
E throughout the body of the array. This electric field pattern indicates that positive
surface charge is concentrated on the rightmost particle, and negative charge on the
leftmost particle. The mode is typical of a single wire antenna, and requires surface
charge to flow from particle to particle along the entire length of the array. Alterna-
tively, when the same structure is driven at 1.65 eV (panel (d)) the coupled-dipole



96 H.A. Atwater et al.

L A00 him

Figure 7.7. (a)Plan-view TEM image of Ag nanoparticles in Ag-doped soda lime glass after 30 MeV Siion
irradiation. Alignment of nanoparticles along the ion beam direction is observed, and verified by spatial fast
Fourier Transform image, inset. (b) TEM indicates typical particle diameter of 10 nm, albeit with significant
size polydispersity, and that the particles are arranged into quasi-linear arrays of up to ~10 particles. (c) and
(d): Distribution of the x component of the electric field in the vicinity of an array of twelve Ag particles
with 10 nm diameter, illustrating two distinct modes. In panel (c), an antenna-like mode resembling that of a
single elongated wire is excited resonantly at 0.35 eV; in panel (d) a coupled particle-like mode resembling
that of a chain of independent particles is excited resonantly at 1.65 eV. The slight axial asymmetry of the
field distribution is caused by superposition of the resonant mode with the exciting plane wave.

resonance is selectively excited. The field diagram alternates from positive in each
dielectric gap to negative inside each particle. This indicates an alternating surface
charge distribution in which each individual particle is polarized but electrically neu-
tral. Thus, in the touching-particle configuration, the system can support two kinds
of longitudinal resonance: the particles can still act as individual coupled dipoles, or
instead, as a single continuous wire antenna.?® From Fig. 7.7(c) it is also clear that
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the wire-like resonance has a lesser degree of energy confinement than the coupled
dipole mode.

7.4. METAL/INSULATOR/METAL NANOSCALE SLOT WAVEGUIDES

In planar metallodielectric structures, surface plasmon polaritons are the appropri-
ate solutions to Maxwell’s equations, with the complex wavevector determining both
field symmetry and damping. For bound modes, field amplitudes decay exponentially
away from the metal/dielectric interface with field maxima occurring at the surface.
While the dispersion properties of long-ranging surface plasmons (SPs) in insula-
tor/metal/insulator structures mimic those of a photon, multicentimeter propagation®’
is often accompanied by significant field penetration into the surrounding dielectric.
For thin Ag films (~10 nm) excited at telecommunications frequencies, electric field
skin depths can exceed 5 um.3*3! In order to realize highly integrated photonic and
plasmonic structures with densely nested waveguide structures, a more favorable
balance between localization and loss is required.

Surface plasmon polariton modes of single metal/dielectric interface exhibit
strongly wavelength-dependent electric field penetration depths, increasing rapidly
in the dielectric as the wavelength is varied away from resonance but the field pene-
tration depths remain approximately constant (~25 nm) in the metal over a wide range
of visible and near-infrared excitation frequencies. This observation has inspired a
new class of plasmon waveguides that consist of an insulating core and conduct-
ing cladding. Not unlike conventional waveguides, including dielectric slab waveg-
uides at optical frequencies, metallic slot waveguides at microwave frequencies, and
the recently-proposed semiconductor slot waveguides,*” these metal-insulator-metal
(MIM) structures guide light via the strong refractive index difference between the
core and cladding.>? However, unlike dielectric slot waveguides, both plasmonic and
conventional waveguiding modes can be accessed, depending on transverse core di-
mensions. MIM waveguides may thus allow optical mode volumes of planar surface
plasmon waveguide to be reduced to subwavelength scales—with minimal field decay
out of the waveguide physical cross-section—even for frequencies far from the plas-
mon resonance. Several theoretical studies have already investigated surface plasmon
propagation and confinement in MIM structures.>*** Here identify the wavelength
dependent surface plasmon and conventional waveguiding modes of MIM structure.>>

When a plasmon is excited at a metallodielectric interface, electrons in the metal
create a surface polarization that gives rise to a localized electric field. In insula-
tor/metal/insulator structures, electrons of the metallic core screen the charge con-
figuration at each interface and maintain a near-zero (or minimal) field within the
waveguide. As a result, the surface polarizations on either side of the metal film re-
main in phase and a cutoff frequency is not observed for any transverse waveguide
dimension. In contrast, screening does not occur within the dielectric core of MIM
waveguides. At each metal/dielectric interface, surface polarizations arise and evolve
independently of the other interface, and plasma oscillations need not be energy- or
wavevector-matched to each other.
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Figure 7.8. Dispersion relations for MIM planar waveguides with a SiO; core and an Ag cladding. Disper-
sion of an infinitely thick core is plotted in black and is in exact agreement with results for a single Ag/SiO,
interface plasmon. (a) For oxide thicknesses of 250 nm, the structure supports conventional waveguiding
modes with cutoff wavevectors observed for both the symmetric (s, dark gray) and antisymmetric (ay,, light
gray) field configurations. (b) As oxide thickness is reduced to 100 nm, both conventional and plasmon
waveguiding modes are supported. Accordingly, tangential electric fields are localized within the core for
conventional modes but propagate along the metal/dielectric interface for plasmon modes, (Field plots for
the allowed modes are shown in the insets to (a) at free-space wavelengths of A = 410 nm (~3 eV) (top
two panels), A = 650 nm (~1.2 eV), and A = 1.7 um (~0.73 eV), and in (b) at A = 410 nm (~3 eV)).

Therefore, for certain MIM dielectric core thicknesses, interface SPs may not
remain in phase but will exhibit a beating frequency; as transverse core dimensions are
increased, “bands” of allowed energies/wavevectors and “gaps” of forbidden energies
will be observed.

This behaviorisillustrated in Fig. 7.8, which plots the dispersion relations fora MIM
waveguide with core thicknesses of 250 nm (Fig. 7.8(a)) and 100 nm (Fig. 7.8(b)). The
waveguide consists of a three-layer metallodielectric stack with an SiO, core and an
Ag cladding. The metal is defined by the empirical optical constants of Johnson and
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Christy® and the dielectric constant for the oxide is adopted from Palik’s Handbook .3’
Solution of the dispersion relations was achieved via application of a Nelder-Mead
minimization routine in complex wavevector space; details of implementation and
convergence properties are described elsewhere.’! For reference, the figures include
the waveguide dispersion curve in the limit of infinite core thickness, plotted in black.
Allowed wavevectors are seen to exist for all free space wavelengths (energies) and
exhibit exact agreement with the dispersion relation for a single Ag/SiO, interface SP.

Figure 7.8(a) plots the bound modes (i.e, modes occurring at frequencies below
the SP resonance) of an Ag/SiO,/Ag waveguide with core thickness d = 250 nm.
The asymmetric bound (a,) modes correspond to solution of L and are plotted in
light gray; the symmetric bound (sp) modes correspond to solution of L~ and are
plotted in dark gray. As seen, multiple bands of allowed and forbidden frequencies
are observed. The allowed a, modes follow the light line for energies below ~1 eV
and resemble conventional dielectric core/conducting cladding waveguide modes for
energies above ~2.8 eV. Tangential electric fields in each a, regime (considering
free-space wavelengths of A =410 nm (~3 eV) and A = 1.7 um (~0.73 eV)) are
plotted in the inset and illustrate the photonic and transverse electric nature, respec-
tively, of the modes. In contrast, the s, modes are only observed for energies between
1.5 and 3.2 eV. Dispersion for this mode is reminiscent of conventional dielectric
core/dielectric cladding waveguides, with endpoint asymptotes corresponding to tan-
gent line slopes (effective indices) of » = 8.33 at 1.5 eV and n = 4.29 at 3.2 eV. For
energies exceeding ~2.8 eV, wavevectors of the s, mode are matched with those of
the SP, and the tangential electric field transits from a core mode to an interface mode
(see the top 1st and 3rd panels of the inset, comparing A = 410 nm (~3 eV) and
A = 650 nm (~1.9 eV)). As the core layer thickness is increased through 1 pm (data
not shown), the number of a;, and s, bands increases with the a, modes generally lying
at higher energies. In analogy with conventional waveguides, larger (but bounded)
core dimensions increase the number of modes supported by the structure.

Figure 7.8 (b) plots the bound mode dispersion curves for an MIM waveguide
with SiO, core thickness d = 100 nm. Again, the allowed a, modes are plotted in
light gray while the allowed s, modes are dark gray. Although the s, mode resembles
conventional waveguide dispersion, the a, mode is seen to exhibit plasmon-like be-
havior. Accordingly, the conventional waveguiding modes are found only at higher
energies (over a range of ~1 eV), where photon wavelengths are small enough to be
guided by the structure. The inset shows snapshots of the tangential electric field for
both modes at a free-space wavelength A = 410 nm (~3 eV). As seen, the s, field
is concentrated in the waveguide core with minimal penetration into the conducting
cladding. In contrast, the ay field is highly localized at the surface, with field pene-
tration approximately symmetric on each side of the metal/dielectric interface. The
presence of both of conventional and SP waveguiding modes represents a transition
to subwavelength-scale photonics. Provided momentum can be matched between the
photon and the SP, energy will be guided in a polariton mode along the metal/dielectric
interface. Otherwise, the structure will support a conventional waveguide mode, but
propagation will only occur over a narrow frequency band.
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Surface plasmon polariton dispersion and propagation relations in planar structures
are governed by the real and imaginary components, respectively, of the in-plane
wavevector. Generally, propagation is high in regimes of near-linear dispersion where
high signal velocities overcome internal loss mechanisms. In insulator/metal/insulator
structures, long-range propagation is achieved at the expense of confinement: trans-
verse field penetration typically exceeds microns in the surrounding dielectric. In
MIM structures, SP penetration into the cladding will be limited by the skin depth of
optical fields in the metal. This restriction motivates the question of how skin depth
affects propagation, particularly for thin films.

Figure 7.9 illustrates this interdependence of skin depth and propagation in MIM
structures for film thickness from 12 to 250 nm. The top panels plot propagation for
the structure as a function of free space wavelength; the bottom panels plot the cor-
responding skin depth. Figure 7.9(a) plots propagation and skin depth for a 250 nm
oxide layer. In accordance with the dispersion relations, wave propagation exhibits
allowed and forbidden bands for the symmetric and anti-symmetric modes. The sym-
metric bound mode is seen to propagate for wavelengths between 400 and 850 nm,
with maximum propagation distances of ~15 um. The skin depth for this mode is
approximately constant over all wavelengths, never exceeding 22 nm in the metal. In
contrast, the anti-symmetric bound mode is seen to propagate distances of 80 pum for
wavelengths greater than 1250 nm. For wavelengths below 450 nm, a smaller band
of propagation is also observed, though distances do not exceed 2 um. In regions of
high propagation (i.e., above 1250 nm), skin depth remains approximately constant
at 20 nm; below 1250 nm, however, skin depths approach 30 nm. Interestingly, the
figure indicates only a slight correlation between propagation and skin depth for both
the a, and s, modes. This relation suggests that the metal (i.e., absorption) is not the
limiting loss mechanism for wave propagation in MIM structures.

Figure 7.9(b) illustrates the propagation distance and skin depth for the asymmetric
bound mode for oxide thicknesses of 12—-100 nm. The continuous plasmon-like dis-
persion relations of Fig. 7.8 are well correlated with the observed propagation: decay
lengths are longest for larger wavelengths, where dispersion follows the light line.
Plasmon propagation generally increases with increasing film thickness, approaching
~10 pum for a 12 nm oxide layer and ~40 pum for a 100 nm thick oxide. Nevertheless,
field penetration remains approximately constant in the Ag cladding, never exceeding
20 nm. Thus, unlike conventional plasmon waveguides, MIM waveguides can achieve
micron-scale propagation with nanometer-scale confinement.

Figure 7.9(c) plots propagation and skin depth for the symmetric bound modes of
thin films. As with the a, modes, larger oxide thicknesses support increased propa-
gation distances. However, the wave remains evanescent for thicknesses up through
50 nm, with propagation not exceeding 10 nm for longer wavelengths. As SiO,
thicknesses approach 100 nm, a band of allowed propagation is observed at higher
frequencies, reflecting the dispersion of 7.8(b): at A = 400 nm, propagation lengths
are as high as 0.5 um. In addition, thin films exhibit a local maximum in propagation
for wavelengths corresponding to the transition between quasi-bound and radiative
modes (see inset), analogous to insulator/metal/insulator guides.?®3° For films with
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Figure 7.9. MIM (Ag/SiO2/Ag) propagation and skin depth plotted as a function of wavelength for core
thicknesses of d = 250 nm (a) and d = 12, 20, 35, 50, and 100 nm (b, c). In panel (a), propagation lengths
of conventional (as opposed to plasmonic) waveguiding modes are recovered and correlated with skin
depth. In (b), the field anti-symmetric modes of MIM guides are seen to propagate over 10 microns with
skin depth never exceeding 20 nm. In (c), the symmetric modes of thinner films (4 < 50 nm) remain
evanescent for all wavelengths. However, as d approaches 100 nm, conventional waveguiding modes can
be accessed, and a region of enhanced propagation is observed for A < 400 nm.Inset: Propagation distances
of the symmetric mode for wavelengths characteristic of the quasi-bound regime. The dissociation of the

thin-film single peak to the thick-film double peak indicates the onset of conventional waveguiding.
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d < 35 nm, only a single peak is observed. However, as film thickness is increased,
the peak begins to split with the lower energy peak forming the first band of allowed
propagation. The transition indicates a dissociation of the quasi-bound modes and
marks the onset of conventional waveguiding. While this regime is characterized
by a slight increase in skin depth, field penetration for a given d remains generally
constant over the full wavelength range. Thus, unlike IMI structures, extinction is
determined not by ohmic losses but by field interference upon phase shifts induced by
the metal. Whether MIM structures support propagating modes or purely evanescent
fields, skin-depth is limited by absorption and will not exceed 30 nm.

7.5. SUMMARY

Today, photonic networks currently are comprised of largely dielectric materials and
utilized the low index contrast between low loss dielectric media for signal storage and
transmission. Conventional waveguides fabricated using this approach are now well
understood and widely used in photonic networks for communications applications. In
such networks, component size and in turn system compactness for complex systems
is limited by diffraction usually to the micron or greater scale. However as this chapter
has shown, another approach based on high index and high index contrast structures
comprising metals and metallo-dielectric media may enable truly nanophotonic net-
works. Such structures are exemplified by the plasmon waveguides formed in nanopar-
ticle chain networks and planar metal/insulator/metal structures discussed here, but fu-
ture networks may employ a wide variety of topologically complex metallo-dielectric
structures to optimize nanophotonic confinement as well as insertion and propagation
loss characteristics of plasmon modes. Rapid advances in computer power for electro-
magnetic simulations coupled with rapid progress in nanofabrication technique devel-
opment may ultimately enable a new class of nanophotonic networks whose critical
and minimum dimension features are based on subwavelength plasmonic waveguides.
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CHAPTER EIGHT
OPTICAL SUPERLENS

X.ZHANG, M. AMBATI, N. FANG, H. LEE, Z. LIU, C. SUN AND Y. XIONG

Nanoscale Science and Engineering Center, 5130 Etcheverry Hall, University of California,
Berkeley, CA 94720-1740, USA.

8.1. INTRODUCTION

The diffraction limit has long been a fundamental barrier for optical imaging. The
ability to improve the resolving power of optical systems has attracted considerable
interest. This ever-growing interest is due to the enormous potential benefit it offers
in diverse fields such as bio-imaging, data storage, and lithography. Significant efforts
have been made to enhance optical resolution. As an earliest effort to improve the
resolution, contact mask imaging was proposed and demonstrated.'> Immersion mi-
croscopy improves the resolution by increasing the refractive index of the surrounding
medium; this method is limited by the availability of high index materials. Although
scanning near-field optical microscopy (NSOM) provides subwavelength resolution,
it does not project a whole image like a regular lens does. The optical information is
collected by scanning a sharp tip in a point-by-point fashion near the surface which
suffers from slow speed of serial scanning. It is often an “invasive” measurement
that requires complicated post procedures for imaging reconstruction to remove the
artifacts due to the tip-structure interaction. Recently, Pendry proposed an interest-
ing “perfect lens theory’”® in which a left-handed material (LHM) is used to obtain
super-resolution well below the diffraction limit.

LHMs are classified as materials whose permittivity and permeability are si-
multaneously negative.* The phase velocity and the group velocity are in oppo-
site directions in these LHMs, and the sign of the refractive index must be neg-
ative. Such negative-index materials are not readily available in nature; however
metamaterials®®—artificial materials—can be constructed in the form of periodic
structures with size of the unit cell far less than the wavelength. These metamateri-
als are characterized by effective material properties—permittivity and permeability.
These properties are highly dispersive, and they can turn negative simultaneously in
certain frequency bands.” Lately, there has been a tremendous growth of interest in
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the investigation of negative-index materials owing to their intriguing properties—
reversed Doppler effect and negative Cerenkov radiation—and the exciting perfect
lens theory of Pendry.3

Pendry proposed the theory of the perfect lens, in which a slab of negative-index
material, under ideal conditions—Iloss free and perfect impedance matching to the
surrounding media—acts as a perfect lens. This lens provides a perfect copy of an ob-
ject by fetching both evanescent waves that carry subwavelength details of the object
and propagating waves to the image plane. Evanescent waves that decay exponentially
away from the object are significantly enhanced at the surfaces of the negative-index
materials. This amplification of evanescent fields is attributed to the surface reso-
nance modes that are present because of negative electromagnetic (EM) properties.
The restrictions—Iloss free and negative index—for a perfect lens are rather stringent.
In addition, there is no magnetic response in the natural materials at optical frequen-
cies. Only very recently, metamaterials are fabricated that exhibit magnetic response
at THz and infrared frequencies.®® Significant efforts are underway to create artifi-
cial materials—metamaterials—that have negative responses to electric and magnetic
fields at optical wavelengths. However, in the quasistatic limit—in the length scale
much less than the wavelength—electric and magnetic fields decouple, and only one
of the material properties has to be negative® to achieve the similar effect of a perfect
lens. Negative electric permittivity is readily attainable in metals at optical frequen-
cies; thus a thin slab of metal whose permittivity is equal and opposite to that of the
surrounding media can be used as a “poor man’s” perfect lens in the quasistatic limit.
However, due to the losses in the metal film only a band of evanescent fields in the
wave vector spectrum are enhanced. These enhanced electrostatic fields are used to
construct an image with subwavelength resolution in the near field. Such a thin slab
of metal that provides the resolution well below the diffraction limit is termed as a
superlens.

The subject of this chapter is formulated in the following way. Section 8.2 dis-
cusses superlens theory and the imaging properties of the superlens. In section 8.3,
experimental confirmation of thickness dependence on the enhanced transmission of
evanescent waves through the silver superlens is presented, which is a key propo-
sition in superlens theory. Finally, sect. 8.4 is devoted to the experimental study on
optical superlens imaging beyond the diffraction limit. Detailed experimental design
and fabrication procedures are presented. This chapter will extensively review work
that has been done by many authors and their collaborators although many additional
contributions to the development of the metamaterials and superlensing have been
accomplished by various researchers.'0~13

8.2. SUPERLENS THEORY AND IMAGING PROPERTIES

The performance of a conventional optical lens is limited by the diffraction limit. The
rationale behind this limitation is that a conventional lens is only capable of trans-
mitting the propagating components. The evanescent waves that carry subwavelength
information about the object decay exponentially and cannot be collected in far field
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Figure 8.1. A slab of a negative refractive index (n = —1) material focuses the light diverging from a point
source.

to reconstruct the image. These features can be explained by considering an infinites-
imal dipole of frequency w in front of a conventional lens.® The electric component
of the field is given by Fourier expansion.

E(r,t)= Y E (ke ky)exp (ik.z + ikex + ikyy — i) 8.1)

k.= Jo*c™? — kI =k} 8.2)

The axis of the lens is taken to be z-axis. For larger values of transverse wave vector
that carries the finer details of the source,

ke = 4i JK2+ K2 — 0?2, &P <k 4k (8.3)

These waves decay exponentially away from the source, and the information of these
large transverse wave vectors is completely lost at the image plane. Only propagating
wave information is restored at the image plane, and therefore the resolution is limited.

An unconventional alternative to the lens is proposed by Pendry.® Parallel sided
slabs of negative index materials focus the light as shown in Fig. 8.1. In case of
the negative refractive index medium, phase velocity is in the direction opposite to
that of group velocity. An important characteristic of the negative-index medium is
the double focusing effect shown in Fig. 8.1, which is obtained by satisfying Snell’s
law of refraction (n = —1,& = —1 and p = —1). For the negative-index medium

considered:
k,=—Jo*c? — kI -k (8.4)

A remarkable feature of the negative-index medium is that the evanescent waves
which emerge from the far side of the negative-index medium are enhanced in am-
plitude by the transmission process as shown in Fig. 8.2. The transmission enhance-
ment of evanescent waves from the object plane to image plane can be calculated by
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Figure 8.2. The restoration of the amplitude of an evanescent component is depicted schematically.

Fresnel equations,® accounting for multiple reflections. The degree of enhancement
as a function of wave vector is termed as the transfer function. The characteristics of
the transfer function determine the performance of the negative-index material. With
negative-index materials, both propagating and evanescent waves contribute to the
resolution of the image. Perfect reconstruction of an image is possible with a loss-free
negative-index material, whose impedance exactly matches that of the surroundings.’

Negative-index metamaterials at optical frequencies have not been designed to date.
So, an alternative to negative-index materials is a metal in the quasistatic limit. In such
acase, a thin slab of metal whose electric permittivity is negative at optical frequencies
can be used to enhance the transmission of the evanescent fields. This enhancement
is assisted by the excitation of surface plasmons on the metal film. These surface
plasmons are collective excitations of electron plasma at a metal surface coupled
with photons.'* The losses in the metal film and its thickness determine the band
of evanescent fields in the wave vector spectrum that are enhanced. The detailed
calculations are presented here. The transfer function is calculated using Fresnel
equations, and this transfer function is used in calculating the imaging properties of a
superlens. The system considered for these calculations is shown in Fig. 8.3, and the
permeability is taken as ‘1 in all the media.

For a given transverse wave vector

ky = k2 + k2 (8.5)

one has k.; = ,/¢; (%)2 - k/z/ (j=1,2)and k;py =i k?/ — &y (%)2
Where ¢; is the dielectric constant in the media 1, (j = 1), and media 2, (j = 2)
adjacent to the metal slabs.
The overall transmission coefficient across a superlens of thickness ‘d’ using Fres-

nel equations is:

N thsz exp(lksz)
L4 riyrao exp (i2k.yd)’

T, (ky. d) (8.6)
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Figure 8.3. The model of a superlens imaging system under the radiation of two-line current sources.

where 71, and 7y, are the reflection coefficients at the two interfaces,

kzl kzM kzM kzZ
€1 EMm EMm &2
TS T o M T T R ®.7)
z1 + zM zM z2
&1 Em Em &

and #), and #,,, are the corresponding transmission coefficients
tm=1+ry, tn=1+ry. (8.8)

The approximation of an exponential growth of the overall transmission 7}, is valid
when the following condition |ry 72| > 1 is satisfied, and the overall transmission
in this case is:

hmim .
Ty (ky.d) = 222 exp(<ikad). (8.9)

The condition for exponential growth of evanescent waves, |rjorp3| > 1, which

gives the condition that
k; k, k, k,
(—1+ M)( M+—2)—>o. (8.10)
€1 Em Em &2

This form is exactly the condition for surface plasmon resonance on either side
of the slab.!> Therefore surface plasmon conditions should be met to amplify the
evanescent fields.

Superlenses are described theoretically by matching the electric permittivity of the
slab with that of the surroundings in magnitude. An example of this configuration’
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shows considerable focusing. Enhancement of evanescent fields provides high con-
trast in superlens imaging; however, propagating waves are not focused at the image
plane. The effect of loss, permittivity mismatch on the image quality and the depth of
focus in the superlens are very important to investigate. Full-wave numerical calcula-
tions were performed to study these effects.!® Figure 8.3 depicts the two-dimensional
imaging system. The imaging quality of two monochromatic line current sources is
considered. The sources are embedded in medium 1 with uniform and isotropic per-
mittivity €; and permeability u;, separated by distance 2a; the separation from the
current source to the slab is defined as the object distance, #. The EM field due to trans-
verse magnetic (TM) sources J () = zI8 (r — '), located at ¥ = (x = +a,z = —u),
travels through the superlens of thickness d with designed properties €, and (¢, , and
reaches medium 2 where the images are formed at a distance vto the right-hand side
of the lens.

As discussed before, the imaging quality of the superlens can be quantified using
the transfer function. This optical transfer function (OTF) is defined as the ratio of
image field to object field, Himg/ Hop;, for different lateral wave vectors. The transfer
function for a superlens is calculated by the Fresnel coefficients as in Eq. (8.6).
The imaging properties are obtained by decomposing the incident field Hy,; at
(—u < z < () into a superposition of transverse components with the help of the Weyl
integral

Hopi (x, —u <z <0)= I (ky, k21).

o0
Vxz f i exp (ikyx +ikzy |z + ul)
4 * ikzl

—0o0

(8.11)
where 7 (ky, k,1) represents the Fourier transform of the line current source I8 (r — r’),

and ,BM =\/EMMUM (%)2 — k)%
The image field at the focal plane z = d + v is the convolution of the source field
and the OTF

o0
V Xz Ky
Hung(voz2=d +v) = ~——— / ke, SPEE) L OTF (k). (8.12)
4 ik,
The OTF for the system is given as:
OTF (ky) = T, (ky, d) exp (ikz1u) exp (ikzov) . (8.13)

The sensitivity of image resolution depends on the material properties mismatch.
The image collected at the paraxial focal plane with the original sources separated by
A /6 for a different set of parameters is shown in Fig. 8.4. In the numerical calculations,
medium 1 is considered to be glass, &; = 2.368, and medium 2 to be photoresist,
&, = 2.79. Thisis aslightasymmetric configuration with imag (g5/) =0.4and pp = 1.
The simulation result of the average Poynting vector Real(S(x, z)) at the paraxial
focal plane, z = d + v, is shown in Fig. 8.4. A resolution of 1/6 is obtained at rea/
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Figure 8.4. The image collected at the paraxial focal plane with the original sources separated by A /6.

(¢y) = —2.4 which corresponds to the 364 nm wavelength for silver. However, a
compressed image is observed for real (¢),) = —3.0. In contrast, an expanded image is
obtained for real (¢)/) = —1.5. These phenomena can be attributed to the contribution
of surface resonances, which detuned the lateral peak width and position.

The power density distribution for the case real (¢3,) = —2.4 is shown in Fig. 8.5.
In contrast to the conventional imaging, the highest power flux is not observed at focal
points. This effect is because of the decaying nature of evanescent waves; therefore, the
field strength is much higher at the surface of the superlens. At the exit of the superlens,
the enhanced evanescent field strength outweighs the contribution of propagating
waves.

0.00

0.04 4

-d (A)

Z

0.08 4

0.12

Figure 8.5. The logarithmic contour of power density in medium 2 for the case 2a = A /6. The dashed line
corresponds to the paraxial focal plane.
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8.3. TRANSMISSION ENHANCEMENT OF EVANESCENT WAVES

This section is a short review of the methods used for experimental investigation of the
transmission enhancement of evanescent waves across the silver film—a key precursor
of superlensing.'>!7-!8 This enhancement is assisted by the excitation of surface
plasmons on the silver film. These surface modes exist for the entire band of evanescent
fields in the wave vector spectrum in the quasistatic limit, when the permittivity of
metal and dielectric are of the same magnitude but opposite in sign. The loss in the
metal film (silver has the lowest loss among the metals) limits the surface bound modes
to a finite band of evanescent fields in the wave vector spectrum. The evanescent fields
that carry subwavelength information of the object are resonantly enhanced at the
surface of metal films, and the finite film thickness affects surface plasmon coupling
and the enhancement of evanescent waves.

Experiments were performed to measure the transfer function of a thin silver slab
superlens. The subwavelength surface roughness at the silver—air interface scatters
the normal incident beam and produces EM waves of all possible transverse wave
vectors, and these scattered waves provide the necessary momentum to excite surface
plasmons at the same interface. It is important to note that the surface roughness acts
as a broad band random grating to excite surface plasmons instead of evanescent fields
from the near-field objects. Surface plasmons are characterized by the wave vector k;),
exceeding the wave vector of propagating photons of the same frequency in vacuum
(k = w/c) and, therefore, cannot be excited directly by light on a perfectly smooth
surface. An asymmetric configuration, where a thin slab of silver is sandwiched
between air and glass, is considered. The evanescent waves scattered by the surface
roughness as shown in Fig. 8.6(b) permeate the silver film. And when k; < 27n,/A,
(n, is the refractive index of the prism), the evanescent waves are converted back
to propagating waves. Therefore, the transmissivity of each evanescent mode across
the silver slab can be measured in far field. The experimental scheme is presented in
Fig. 8.6(a); Fig. 8.7(c) is image captured by placing a screen at far field, displaying
a double crescent ring, with the center of the direct transmitted beam blocked by a
circular disk.

In the experiments, a spectrum of surface roughness /s(k,)/ is obtained with all
k. of interest by an accurate characterization with an atomic force microscope. This
procedure helps in utilizing the random surface roughness of metal films as a nat-
ural grating with precisely determined Fourier components used for coupling light
waves into the metal films. Silver films with thickness ranging from 30 to 90 nm
were deposited onto BK7 glass hemispheres using an e-beam evaporator. The film
thickness is chosen to be larger than 30 nm, ensuring that the bulk optical prop-
erties of silver can be applied in the calculations.!” Cross-sectioning transmission
electron microscopy (TEM) on a 50 nm thick silver film shows voids and volu-
metric cracks, which confirms that the contribution from bulk inhomogeneities in
silver to scattered intensity are insignificant. In order to measure the relative trans-
mission enhancement of the evanescent waves, a reversed attenuated total reflec-
tion (RATR) setup is used.?’ This setup includes a collimated Ar* ion laser beam
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(c)

Figure 8.6. (a) Reversed attenuated total reflection setup for measuring the relative transmittivity of evanes-
cent waves. (b) The assumed evanescent coupling by surface roughness scattering, and the schematic of
the enhancement of evanescent fields (c) The scattered ring pattern observed at far field.

with wavelength A and diameter < 1.5 mm, which illuminates the sample surface
from the air side with normal incidence. A charge-coupled device (CCD) camera is
placed about 5 cm away from the center of a BK7 glass prism to measure the rel-
ative light intensity along the azimuthal angle 6, while ¢ is centered at zero. The
input laser power, Iy, is adjusted so that the power of transmitted light cone falls
in the linear dynamic range of the CCD camera. The intensity profiles captured by
CCD are averaged in —3° < ¢ < 3° direction to further enhance intensity resolu-
tion. The angular resolution and repeatability in the setup is calibrated to within
0.1°.

The far-field light intensity dI per solid angle element d 2 is normalized by incident

intensity /y and can be written as:?!?2
dl T\4 5
=4 (3) |7t 1 P 17 0. 0P S
aa =4 (5) [T G O s Gl 17 0. ) (8.14)

with T, being the p-polarization transmission coefficient through the silver film, A the
incident wavelength, /s (kx)/ the roughness Fourier spectrum of the silver/air interface,
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(b)

Figure 8.7. The computed (a) and measured (b) relative power transmissivity, as a function of azimuthal
angle and silver film thickness. Incident wavelength = 514.5 nm.

and W (6, @) the dipole function. The above equation assumes the scattering occurs
only once at the air/metal side; the roughness at the metal/prism interface and the
scattering inside metal films do not contribute to the collection of evanescent waves.
It is necessary to obtain the appropriate dipole function in addition to the surface
roughness spectrum. The dipole function is calculated using theoretical values,??
with the dielectric properties of silver and BK7 glass.?*?* The measured relative
transmittivity, | 7,(ky, d)|* can be extracted from Eq. (8.15), and they are plotted in
Fig. 8.6(b). In comparison, in Fig. 8.7(a), the theoretical transmissivity calculated
from Eq. 8.6 as a function of silver thickness are plotted with the dielectric properties
of silver and BK7 glass. In Figs. 8.7(a) and (b) one can see the good agreement of the
peak shapes and strengths.
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Figure 8.8. Measured peak field enhancement vs. the thickness of silver films at A = 514.5 nm. The dashed
line is calculated by the Fresnel equations.

The enhanced transmission of the evanescent components occurs only in a finite
band centered at a surface plasmon wave vector ky = kp/€ (@) / (1 + € (w)) known
in metal optics and surface sciences. At this wave vector and frequency, the pho-
ton impinging on the metal surface can excite a collective oscillation of conduction
electrons, that is, surface plasmon with maximum efficiency.

The peak enhancement is plotted as a function of sample thickness in Fig. 8.8. The
enhancement factor | 7,|? rapidly grows with increasing silver thickness up to 50 nm.
Above 50 nm, the enhancement is sharply suppressed due to the intrinsic loss inside
the silver film,!” so that the transmissivity decays as film thickness further increases.
Experimental results provide direct evidence of the thickness dependence of enhanced
evanescent field across the silver film, a key proposition in Pendry’s superlens theory.

The transmittivity bandwidth broadens when the surface plasmon excitation fre-
quency approaches resonance frequency. This broadening opens the avenue to access
the subwavelength features of a near-field object. In order to obtain the sub-diffraction
limited resolution, the object distance and its image distance from the interface of
the superlens, and the thickness of the superlens must all be subwavelength. Oth-
erwise, the evanescent waves from the object decay to the extent that their recov-
ery becomes impractical from material losses and other material imperfections of
the lens.

8.4. EXPERIMENTAL DEMONSTRATION OF THE SUPERLENS

After the confirmation of the key proposition of superlens theory in the last section,
we now focus on the experimental demonstration of optical superlensing through a
thin silver slab with A /6 resolution. In addition to the detailed experimental design
and fabrication procedures, simulation studies of silver superlens characteristics are
also included in this section.?2’
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In this study, the superlens is in the form of a thin slab of metal and subwavelength
features imaged through the superlens are recorded on the opposite side in photo resist.
The key to the experimental design is to maximize the enhancement of evanescent
waves. Silver is chosen as the superlens material for its low absorption loss in the
optical region, the selection of illumination wavelength is critical to the superlens
design. The permittivity of the surrounding dielectric material should be equal and
opposite in sign to that of silver for a wide band surface plasmon excitation. The
wavelength of 365 nm is used, the permittivity of silver (g,,) at this wavelength is
em = —2.4012+10.2488. Polymethyl-metacrylate (PMMA) (¢; = 2.30) was used as
a spacing layer between the superlens and the object. A commercial I-line negative
Photoresist (PR) [NFR 105G, Japan Synthetic Rubber Microelectronics (JSR Micro),
&, = 2.886 4 0.059i] was directly spun on the other side for image recording. It was
shown in the previous section that a slight asymmetric configuration still supports
efficient coupling of broad band surface plasmon resonance of the two surfaces of the
silver film.!®

The enhancement of the evanescent field depends strongly on the thickness of the
superlens, silver slab, and PMMA layer, which determines object distance from the
superlens. Thicker silver films do not ensure an efficient plasmon coupling due to
damping and result in a diffraction limited image.?® Thinner PMMA shows larger
enhancements, however, the use of a PMMA thickness of 40 nm in the superlensing
experiment came from current fabrication limitations, as discussed later in the section.
OTFs are obtained for various thicknesses of silver as shown in Fig. 8.8; such calcula-
tions are made by considering infinitely thick PR. The silver slab of 35 nm thick gives
the optimum transfer function with resolution limit up to 4ky. Thinner sliver slabs,
15 nm and 25 nm, show higher but narrower enhancement bands. Thicker slabs with
45 nm and 55 nm show smaller enhancements compared to zero order transmission,
which result in low image contrast of sub-diffraction limited scale features.

Transmissivity dependence for one particular wave number, 277/120 nm, with
varying silver thickness is shown in Fig. 8.9(c). The optimum silver thickness of
35 nm exhibits maximum enhancement. Finally, Fig. 8.9(d) shows polarization depen-
dence of the evanescent field enhancement through the designed structure, PMMA
(40 nm)/silver (35 nm)/PR (thick). The solid curve shows enhanced transmission
through the superlens with TM incident waves and the dashed curve is that of trans-
verse electric (TE) waves where there is no enhancement. Also shown is the transfer
function of a control sample, where silver is replaced with a dielectric PMMA of same
thickness. As expected, the evanescent wave is strongly attenuated without a silver
layer even with TM incident light (dashed line). The incident light scattered by an ob-
ject consists of all possible polarizations; only TM component fields can excite surface
plasmons on the silver surface, which can lead to sub-diffraction limited imaging.

The sample structure to demonstrate optical superlensing is shown in Fig. 8.10.
A subwavelength object—a Cr nanowire grating with a subwavelength period
(120 nm)—is located on one side of the silver slab. Upon normal incidence, the
subwavelength features of the object generate evanescent fields. These evanescent
fields of TM-polarized nature excite surface plasmons at the silver/PMMA interface.
The evanescent field is then enhanced through the silver layer and the field of the object
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Figure 8.9. Transmissivity curves for superlens structures with (a) fixed PMMA (40 nm) and varying
Ag (15 nm-55 nm), (b) fixed Ag (35 nm) and varying PMMA (30-60 nm). (c) Transmissivity of wave
number 277/120 nm through fixed PMMA (40 nm) and varying Ag (0-70 nm). (d) Polarization-dependant
transmissivity.
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Figure 8.10. Optical superlensing experiment. The embedded objects are inscribed onto the 50 nm thick
chrome (Cr) layer. (a) An array of 60 nm wide slots of 120 nm pitch, separated from the 35 nm thick silver
film by a 40 nm PMMA spacer layer. (b) A schematic of the enhancement of evanescent waves in imaging
the word “NANO”.
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Figure 8.11. E-field intensity profile in photoresist of (a) superlens and (b) control sample. Six periods are
simulated with periodic boundary conditions. The superlens sample restores the field of the object while
the control sample shows no intensity contrast inside the photoresist.

is restored on the other side of the silver as an image, which is recorded by photoresist.
While it is possible to image a grating object by restoring a narrow band of Fourier
components, it is necessary to excite a wide band of large wave numbers in order to
image an arbitrary object with sub-diffraction-limited resolution. An arbitrary line ob-
ject, “NANO”, with line width of 40 nm, is also to be imaged in this experiment which
consists of broad band Fourier components. From Fig. 8.9(a), it can be determined
that wave numbers in the range, 2k,—4ko, can be transmitted through the superlens.?®

Although numerical calculations using Fresnel equations provide valuable infor-
mation to examine the characteristic behavior of the field transferring through the
superlens structure, multiple reflections that might occur in each interface and the
material property of the object (Cr) have not yet been considered. Therefore, a full
vector simulation of the designed superlens structure is performed. A strong lateral
field confinement in PR within ~60 nm (Fig. 8.11(a)) is observed, indicating the
restoration of the evanescent field of the object. This simulation proves that the effect
of the nature of the object on the performance of superlens is negligible. In the control
structure, a 35 nm silver layer was replaced by a 35 nm PMMA layer, totaling the
PMMA thickness to 75 nm. It is designed to prove that the enhancement of evanes-
cent waves and subsequent optical superlensing is not possible without the silver. As
shown in Fig. 8.11(b), there exists hardly any intensity contrast near the PR/PMMA
interface. These two results provide strong evidences that the silver layer can indeed
act as a superlens that is capable of imaging beyond the diffraction limit.

The fabrication process of the sample shown in Fig. 8.10(a) starts with an ultraviolet
(UV) transparent quartz wafer. A 50 nm thick Cr layer is deposited using e-beam
evaporation, and the objects are fabricated on the Cr film by Focused lon Beam (Strata,
FEI Company). Line gratings as well as a two-dimensional line pattern, “NANO” were
written with subwavelength line width of ~40 nm. The periods of grating objects
range from 120 nm to 180 nm in 20 nm steps with a 60 nm line width. Then a 40 nm
thick planarized spacing layer is applied on the object using PMMA followed by the
deposition of a 35 nm silver layer by e-beam evaporation. The silver surface is coated
with negative PR, NFR105G, and is exposed from the substrate side to record the
image reconstructed by the superlens.
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The planarization of the spacing layer is a crucial step in the sample fabrication
because imperfect surface conditions of the silver layer will modify its dispersion rela-
tion, which limits the final resolution.?’ The PMMA spacing layer needs to eliminate
the surface modulation from the Cr and its surface needs to be smooth enough to mini-
mize the surface roughness of silver down to I nm root mean square (RMS). According
the superlens structure design discussed earlier, it is desirable to have the spacing layer
as thin as possible. However, it is found that the film quality degrades when thinner
than 40 nm. Such a thin layer with desirable flatness over 50 nm deep grating grooves
is not achievable with a single spin coating process because the polymer layer tends
to follow the profile of the surface topology.>? In order to achieve a 40 nm thick pla-
narized and smooth PMMA layer, multiple spin coatings of PMMA are used toproduce
a thick layer (~0.7 um) to eliminate surface irregularities. The peak-to-valley depth is
gradually reduced after each coat, and after several coatings, a flat surface is achieved.
A sufficiently long (~10 min, 180°C hot plate) bake is essential between each coating
to remove the solvent from the polymer and harden the layer. The desired thickness is
achieved through oxygen plasma blanket etch. A commercial photoresist asher (Te-
gal) is used to etch PMMA down to 40 nm. Because of the non-linear etch rate in the
plasma, etch-and-measure step is repeated until 40 nm a thickness is reached. Finally,
a reflow bake smoothes out the surface which was roughened by plasma bombard-
ment during the blanket etch. Reflow effectiveness depends on the PMMA molecular
weight and flow temperature. In this experiment, 495 PMMA is used and reflowed for
30 min at 180-200°C on a hotplate. After the planarization, less than 1 nm modulation
and angstrom-scale (~0.5 nm) RMS roughness was achieved. Next, a 35 nm silver
film was deposited on the spacing layer using electron beam evaporation. The surface
quality of the film has to be controlled in order to maximize the image quality.?’
The average roughness analysis showed improvements from 3—4 nm RMS at a lower
rate to 1-2 nm RMS at higher deposition rates. This improved surface quality avoids
additional surface scattering, and thus improves the performance of superlens.

A negative I-line photoresist NFR 105G was used to record the image recon-
structed by the superlens. The diluted photoresist was spin-coated to approximately
120-150 nm thickness and after 1 min bake at 100°C, the sample was exposed from
the substrate side with 365 nm UV light on a commercial Karl Suss MAG6 aligner. Af-
ter a post-exposure bake of 1 min at 100°C the image was developed. Sub-diffraction
limited imaging was expected because of enhancement of the evanescent fields. A
control experiment was also carried out by replacing the silver layer with another layer
of 35 nm thick PMMA. Significant decay of the evanescent field was expected without
the silver superlens. After the development and hard bake of the resist (~1 min at
100°C), topography of the resist was imaged by Atomic Force Microscopy (AFM).

The superlens imaging results show that the nano-wire object with 120 nm period
is clearly resolved (Fig. 8.12 (a)). The height modulation of the recorded image is
observed in a cross-sion plot (Fig. 8.12(b)) and the Fourier analysis, showing sharp
peaks at 120 nm (Fig. 8.12(c)) further confirms that the imaged period is indeed that of
the object. These results indicate that sub-diffraction-limited imaging with half-pitch
resolution down to 60 nm (A/6) can be obtained using the silver superlens.
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Figure 8.12. (a) AFM image of 120 nm period grating object recorded by PR in a superlensing experiment;
(b) its average cross section perpendicular to the black line; and (c¢) 2-D Fourier analysis plot. (d) AFM
image recorded by PR in a control experiment; (e) its average cross section and (f) 2-D Fourier plot.

The cross-section profile of the image shows the average peak-to-valley depth is
7 nm (Fig. 8.12(b)), while the entire height of the developed feature is ~30 nm.
This difference has been expected from the simulation result shown in Fig. 8.11(a).
A relatively stronger background signal is shown close to the silver surface and the
image is recorded on top of the residual layer with smaller modulations than the
entire exposed height. The reconstructed image on the silver surface is not perfect;
the non-uniformity is due to lack of restoration of higher Fourier components, and
also the non-ideal chemical process of photolithography. The line widening of the
resist is another possible cause as negative resist tends to swell during the baking and
development process. Surface scattering on silver surfaces is also a non-negligible
source of noise.

The control experiment result supports the role of silver as a superlens. There is no
evidence of imaging contrast without the silver as shown in Fig. 8.12(d). The cross sec-
tion (Fig. 8.12(e)) and Fourier spectrum analysis (Fig. 8.12(f)) also show no evidence
of periodic structure imaged by the control sample. As predicted in the numerical sim-
ulations, the evanescent wave generated by the object decayed significantly in a 75 nm
thick PMMA layer. The decay length Z can be estimated by: Z~! = 4nv/a=2 — g1 2
where, a is the grating period, ¢ is the permittivity of surrounding media, and A is
the incident wavelength. For ¢ ~2.4 for PMMA, a 120 nm period evanescent wave
will decay to approximately 1/3 of the original field amplitude within 11 nm above
the object. Because of this fast decay rate and with no means to enhance the field,
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Figure 8.13. A 2-D arbitrary object imaging result. (a) FIB (Focused Ion Beam) image of the Cr line
object “NANO” after fabrication. (b) Superlensing image recorded by PR (scale bar—2 pum) and (c) its
cross-sectional profile. (d) Control imaging result of the same object (scale bar—2 pum) and (e) its average
line cross section.

a significant decay occurs at 75 nm away from the object. This experiment confirms
that the silver layer indeed acts as a superlens that enhances the evanescent field and
images with sub-diffraction-limited resolution.

In order to verify that the result in Figs. 8.12(a)—(c) indeed resulted from the
predicted transfer function of the superlens (Fig. 8.9(d)), several more objects with
different periods have been imaged under the same exposure conditions. The wave
numbers represented by different periodic objects are indicated by arrows in the
transfer function curve in Fig. 8.9(d), which shows that for larger periods, the
transmission intensity decreases. The imaging experiment results show good agree-
ment. A 140 nm period image was recorded also with good fidelity, while, for
160 nm and 180 nm period objects, the image contrasts become lower. This is ad-
ditional evidence of direct imaging by silver superlens with its own OTF which
is unique.

In addition to the periodic gratings, an arbitrary, subwavelength structure, “NANO”
was also imaged. The grating objects represent a very narrow band of wave numbers,
but an object such as the word “NANO” has broad band Fourier components. The
image of the object (Fig. 8.13(a)) captured by the superlens (Fig. 8.13 (b)) clearly
shows far better resolution with a line width of ~90 nm (Fig. 8.13(c)) while that
of the control experiment (Fig. 8.13(d)) still resulted in a diffraction-limited image
with a line width of 360 nm (Fig. 8.13(e))—even with extended development times—
which is comparable to the exposure wavelength (365 nm). Imaging of such arbitrary
patterns proves that large wave vectors are transmitted through the superlens, enabling
sub-diffraction-limited imaging.



122 X Zhang et al.

8.5. CONCLUSIONS AND REMARKS

This chapter reviewed both the theoretical and experimental investigations of the
superlens. Pendry’s theory described a superlens—a thin slab of metal at the quasistatic
limit—which is capable of enhancing a broad band of evanescent waves in the wave
vector spectrum. Such enhanced evanescent waves can be used to reconstruct the
image of a subwavelength object. The unique features associated with superlens
imaging—compressed and expanded images—can be attributed to the characteristics
of a superlens transfer function at different surface excitation conditions. Experiments
were designed to obtain the transfer function of a silver superlens that confirmed the
enhancement of evanescent waves, which is the key proposition of the superlens
theory. This evanescent wave enhancement is largely due to the surface excitations or
more specifically, plasmons, on the lens, and the degree of enhancement depends on
the thickness of silver superlens and the loss associated with it. Finally an experimental
demonstration of a silver superlens was presented with imaging resolution of 60 nm
or A /6, breaking the optical diffraction limit. Recent breakthroughs in this field are
very encouraging and are just in the beginning stages. Truly, the far-field superlens
remains a grand challenge. The concept of the superlens will have a significant impact
in science and technology. The optical superlens has tremendous potential in ultra-
high resolution imaging, high-density memory storage devices, and nanolithography.
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CHAPTER NINE

OPTICAL FIELD ENHANCEMENT WITH PLASMON
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9.1. INTRODUCTION

When light of wavelength A is focused into a medium of refractive index », the
minimum spot size due to diffraction is on the order of A/(2rn). For example, at a
wavelength of 405 nm, at the edge of the visible band, diffraction limits the minimum
spot size to be greater than 100 nm. Near-field techniques based on the idea that light
can be passed through a tapered metal-covered optical fiber, which acts as a cut-off
waveguide when the guide diameter is less than A/(2n), have made it possible to obtain
spot sizes on the order of 50 nm with power transmission on the order of 1073 to 10~°
of the incident power.! Similarly, passing light through a small pinhole on the order
of 50 nm diameter leads to a field intensity at the end of the guide which is greatly
reduced from that of the incident field.

An alternative technique, “Apertureless Imaging,” illuminates nanoparticles or
sharp tips (like atomic force microscope probes) with an incident beam.>? The field
intensity in nanosized subwavelength regions near the sharp edges of metal nanopar-
ticles or sharp tips can be much larger than the intensity of the incident wave due to the
so-called lightning rod effect. Antenna-like resonances or plasmon resonances can
enhance the fields still further. These effects can be used for a variety of applications
like near-field imaging,* Raman spectroscopy,” and guiding electromagnetic energy
in subwavelength-sized optoelectronic devices.®

Crozier et al. studied metallic antennas at mid-infrared wavelengths with shapes
and sizes determined by electron-beam lithography, and explored the reasons for elec-
tric field enhancement by computing the current distribution in the antennas.” They
found good agreement between the experimental extinction efficiency and resonant
wavelength values with those obtained from finite difference time domain (FDTD)
computations. Typically, at infrared wavelengths the resonant length of these antennas,
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along the direction of incident polarization, is approximately X /(2n5) where g is the
refractive index of the substrate on which the metal is deposited. However, in the
optical range, as we shall show, the resonance for antennas made from Au and Ag
is highly dependent on the plasmon resonant frequency, and the required size for
resonance is much smaller than A /(2#n5).

Many groups have studied nanoparticles of various shapes to enhance the field
intensity and have used various theoretical techniques to predict the behavior. Genov
et al.® studied gold nanodisks separated by small gaps and predicted near-field inten-
sity enhancements greater than 10°. Hao et al.® studied nanostructures of different
shapes and sizes, including two triangular nanoprisms facing each other tip-to-tip and
separated by 2 nm, using the discrete dipole approximation method. They predicted in-
tensity enhancements as high as ~5 x 10*. Rechberger et al.'° considered coupling
between gold nano disks experimentally and showed that the resonant wavelength
depended on the spacing between the particles.

9.2. BOWTIE ANTENNAS

Grober et al. suggested that a receiving antenna shaped like a bowtie could be used
to receive an incident wave with its E-field in the y-direction, along the line between
the two opposing triangles (see Fig. 9.1 for an example of bowties fabricated to res-
onate at optical wavelengths).!! This produces a large field between the facing tips
of the two triangles comprising the bowtie. They demonstrated this principle at mi-
crowave frequencies and suggested extending its use to visible wavelengths. Follow-
ing this suggestion, we have fabricated and experimentally characterized metallic Au
bowtie structures with sizes small enough to resonate at visible/near-IR wavelengths. '?

Our experiments were aimed at making reproducible sub-100 nm sized bowties
which could be located at specified positions. To achieve this, Au bowties were
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Figure 9.1. SEM images of two representative gold bowties on a fused silica—ITO substrate. The polariza-
tion of the incident beam and the coordinate system are shown.
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fabricated with electron beam lithography (EBL) on a transparent substrate using
a commercial EBL tool (Raith 150), at the Stanford Nanofabrication Facility. Sub-
strates consisted of 160 pum thick fused silica coverslips (refractive index, n = 1.47),
overcoated with 50 nm of indium tin oxide (ITO) to reduce charging effects during
EBL. Goodberlet et al. demonstrated the ability to write line widths of 19 nm with
this tool using single pass lines.!> The bowties were laid out using single pass lines
to reduce proximity effects, thus increasing EBL resolution. Prior to EBL writing,
the sample was cleaned in acetone and baked in an oven at 150°C for 2 h to re-
move moisture. A 50-nm thick layer of poly-methyl-methacrylate (PMMA) (1% in
chlorobenzene, 950,000 m.w.) was spun on the ITO layer and the sample was baked in
an oven at 150°C for 2 h to harden the resist and remove residual solvent. During EBL,
the resist was patterned at an acceleration voltage of 10 kV and a dose of 275 pC/cm.
After exposure, the resist was developed at 22°C using a 25% methyl-iso-butyl-ketone
in isopropyl alcohol solution for 28 s. A 5 nm Cr adhesion layer and 20 nm Au were
then deposited using an electron-beam evaporator, and the patterns were transferred
to the substrate via a lift-off process.

Scanning electron microscope (SEM) images of representative bowties are shown
in Fig. 9.1. For this study, the shape of each constituent triangle of a bowtie was held
constant at 75 nm in length (the distance from the midpoint of the triangle base to its
apex), gap lengths were varied from 16 nm to nearly 500 nm, and the triangular tips
were observed to have a radius of curvature of 16 nm. Single bowties were separated
by a 10 um pitch to eliminate long-range coupling effects and to ensure that only
scattering from a single bowtie was collected.!?

9.2.1. Single-Photon Effects

Single bowtie scattering spectra were measured with far-field total internal reflection
(TIR) microscopy. This method has the advantage that the excitation beam is trapped in
the evanescent field until scattered toward the detector by the bowtie. Broadband light
from a 30-W halogen lamp was passed through a 455 nm long-pass filter and coupled
into a multimode fiber (65 um core), which served as a spatial filter. The fiber output
was collimated and focused into a fused silica prism. Index-matching fluid (refractive
index n = 1.47) coupled the prism to the bottom of the fused silica substrate, placing
the Au bowties at the ITO—air interface which was also the location of the evanescent
field. The excitation light was s-polarized and the axis of each bowtie was carefully
oriented parallel to the polarization axis. (The perpendicular polarization lead to
unremarkable results, similar to the scattering from isolated triangles.'?) Scattered
light was collected with an air objective (100x, 0.8 numerical aperture, NA) and
a 50 um pinhole was placed at the microscope image plane to spatially filter the
collected light to an area ~0.5 um in diameter on the sample plane. The antennas were
located by scanning the sample stage and collecting broadband scattered light with
a single photon counting avalanche photodiode. Spectra were acquired during 60 s
exposures by dispersing the scattered light with a 150 lines/mm grating spectrograph
with a liquid nitrogen cooled charged coupled device Si detector at the image plane. All
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spectra were corrected for the wavelength and polarization dependences of the lamp
emission, optical system throughput, and detector quantum efficiency. The measured
results were compared to finite-difference time-domain FDTD calculations of the
electromagnetic field distributions.

The electric field variation in the vicinity of a bowtie antenna was determined
theoretically through three-dimensional FDTD simulations'# (and experimentally by
the use of two-photon scattering effects, as described below). The FDTD simulations
did not make any approximations to compute the final field intensity in the vicinity
of the bowties. The size of each node in the simulation grid was 4 nm along the x-, y-
and z-directions. In the simulations, the bowtie antennas were illuminated from the
substrate side by a plane wave polarized along the y-direction and the antennas radiated
into free space. The wavelength-dependent dielectric constants used for the bowtie
antennas and the substrate were taken from Palik et al.!> Perfectly matched layers
(PML) were used at the top and bottom of the simulation domain to completely absorb
waves leaving the simulation domain in the direction of propagation. The FDTD
simulations assumed periodic boundary conditions in the x—y directions, thereby
simulating an array of antennas while the experimental results were obtained for
individual bowtie antennas. The inter-element spacing between the antennas in the
FDTD simulation were chosen to be sufficiently large so that coupling between the
antennas had a negligible effect on the near-field distribution in each antenna. This
enabled a direct comparison between theory and experiment.

All the bowtie antennas simulated have constituent triangles that are equilateral,
where each side is 88 nm in length with tip to base length 75 nm, and the radius of
curvature at the triangle apex equal to 12 nm. The gap between the triangles in the
bowtie is varied from 16 to 500 nm. The thickness of each bowtie antenna simulated
is 24 nm (20 nm gold layer 4+ 4 nm chrome sticking layer). The substrate is fused
silica (n = 1.47) with a 52 nm layer of indium tin oxide (ITO, n = 1.95) evaporated
on it. These values are very close to the specifications of the fabricated bowties.!>16

The figure in the overall introduction shows a surface plot of the calculated intensity
enhancement 4 nm above a bowtie antenna with a 16 nm gap. Figure 9.2 shows the
peak near-field intensity (| E|?) enhancement values for bowties with 16 and 160 nm
gaps as a function of excitation wavelength. The bowtie antenna with a 16 nm gap
has a peak near-field intensity enhancement of 1645 relative to the incident beam at a
wavelength of 850 nm and is spatially confined to a 20 nm region in the x—y direction,
measured as a full width half maximum (FWHM) value. The bowtie with 160 nm
gap has a far smaller enhancement peaking at 730 nm. The maximum intensity value,
4 nm above the bowtie surface, is found to be close to each triangle apex with a slight
dip in the middle of the gap. The direction of the maximum field for gaps smaller than
60 nm is along the plane of the bowties in the y-direction, and for gaps greater than
60 nm it is in the direction of propagation (z-direction), perpendicular to the surface
of the metal.'® It should be noted that with smaller gap spacings than 16 nm and
smaller tip radii of curvature than 12 nm, it should in principle be possible to obtain
stronger fields. However, smaller and well controlled gap spacings and tip radii may
be difficult to reliably fabricate in practice.
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Figure 9.2. Peak near-field intensity enhancement for bowtie antennas with gap widths equal to 16 and
160 nm as a function of excitation wavelength. The maximum enhancement in the case of a 16 nm gap
bowtie is 1645.

In the experimental measurements, using TIR excitation with s-polarized light,
there is no transmitted wave when the bowtie antenna is not present, while a scattered
wave is produced in the presence of the antenna. In the FDTD calculation for triangles
much smaller in extent than a wavelength, we calculate the scattering efficiency, Qycat,
as the ratio of scattering cross section, Cy,t, to the metal antenna area, 4. We compute
the current density distribution in the antennas and use this to compute far-field
radiated power, Wy (in Watts), thereby obtaining the scattering cross section, Cycy
which is defined by the relation:

Cscat = Wext/[v (91)

where I = E?/2n is the calculated incident power density (Watts/ium?) on an antenna
with a known current distribution, £ is the incident electric field on the antenna and
n is the impedance of the medium containing the incident wave.

To calculate Ci,t, we use the fact that antenna theory provides a systematic method
to compute average radiated power (in Watts) from an antenna, which has a known
current distribution.!” The total current in the y-direction in the metal of the an-
tenna is obtained by integrating the complex polarization current density (Jym) in
the metal over x and z. The current density in the antenna, the scattering efficiency,
and the maximum intensity in the gap are all calculated to be largest at the same
wavelength.

Figures 9.3(a) and (b) show the calculated and experimentally determined variation
in scattering efficiency with wavelength for bowtie antennas with two different gap
widths. To make a fair comparison with the experimental data, the radiated power
obtained from the FDTD simulations is multiplied by a constant factor to model
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Figure 9.3. Plots (a) and (b) compare the spectra obtained from FDTD calculations (full curve) and
experiments (curve with experimental noise) for 32 and 232 nm gap lengths respectively. The theoretical
and experimental peak resonant wavelengths are A1 and Ag are A,y = 779 nm and A,z ~776 nm for the
32 nm gap and A,r = 756 nm and Az ~ 748 nm for the 232 nm gap.

the finite acceptance angle of the collection lens (0.8 NA) used in the experiment.
The theoretical scattering efficiency at resonance is highest for the smallest gaps
(Qext = 4.1 for a 16 nm gap) indicating that antennas with smaller gaps radiate more
power relative to their area. All the experimental photon counts were scaled to match
the peak theoretical FDTD calculated scattered power for a 16 nm gap in Fig. 9.3(a)
and (b). The absolute experimental scattering cross section could not be accurately
computed because it was not possible to determine the equivalent incident power on
the bowtie with TIR excitation. The experimental scattering spectra shown here rest
on the assumption that as a function of wavelength, the incident power is proportional
to the measured illumination power from the source scaled by the detection efficiency
of our microscope.

The displacement current density, Jp, = jwegE,, inthe x—y plane in the gap normal
to the edge of the metal is continuous with the current density J;,,, normal to the edge
inside the metal, where

Jon = jWeo(er — 1) Enmn, 9.2)
(n+ jk)y* = & 9.3)

and where w is the angular frequency, ¢ is the dielectric constant of free space, &; is
the relative complex permittivity of the metal, the subscript » stands for the normal
component of field, and (rn + jk) is the complex refractive index of Au taken from
Palik ef al.'5 and E,, is the E field in the metal normal to the edge. The relation
between the field components normal to the surface is ¢, En, = E,. Consequently,
the enhanced field in the gap is primarily due to the enhanced current density near
the tips of the constituent triangles of the bowtie.

Figure 9.4 shows the resonant wavelength as a function of gap length for both
theory and experiment, and the agreement is excellent. At resonance the bowtie with
the smallest gap has the largest peak current density, and the calculated peak current
density decreases as the gap width increases. For a bowtie with a 16 nm gap width,
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Figure 9.4. The variation of resonant wavelength with gap length for light polarized along the line between
the two triangles, with experiment shown as open circles and FDTD simulations as filled triangles.'?

the peak current density lies at the apex of the triangle and the current density is fairly
uniform with x across the tip region. In this situation, the resonance wavelength is
856 nm, where the real part of the dielectric constant of the metal is negative and hence
the impedance of the metal is inductive. Consequently, we might expect to observe a
coupled plasmon resonance controlled by the capacity of the gap and the inductance
of the tip regions rather than by the dimensions of the relatively large triangles. For
gaps smaller than 60 nm the antenna resonance is dominated by the capacitance of
the air gap with its associated field in the y-direction. In this regime the resonant
wavelength decreases with increasing gap (decreasing capacity).

At the other extreme of a 500 nm gap, since the capacity of the air gap is small, the
total current flowing into the gap is small. In this regime, the £-field outside the metal
is at a maximum in the z-direction normal to the plane of the triangles, the coupling
between the triangles is decreased and the current distribution approaches that of a
single triangle. For a gap width greater than 60 nm, the field lines near the tip tends to
return either to infinity or to the metal triangle from which they left and the resonant
wavelength increases with gap width.

9.2.2. Two-Photon Effects

It is difficult to directly measure the electromagnetic fields in the gap because the
incident pumping field extends over a much larger (diffraction-limited) area and
tends to leak into the detector. Instead, we have found it useful to use two-photon
effects which only occur in the region where the optical fields are very strong. Using
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this approach, we have experimentally determined the optical intensity enhancement
values for the fields in the metal of these structures, which closely approximate fields
outside the metal near the surface.?

Strongly enhanced local fields due to the excitation of surface plasmons in rough
films, sharp tips, and nanoparticles give rise to detectable two-photon absorption in
Au.'8720 The resulting excitation of electrons from the d valence band to the sp con-
duction band leads to a broadband emission continuum, termed two-photon-excited
photoluminescence (TPPL) in Au. Due to its nonlinear (intensity squared) depen-
dence on excitation intensity, TPPL is a sensitive probe of excitation field strength
and distribution. Variations between the TPPL spectra from differently shaped Au
nanoparticles provide evidence for the localized origin of the absorption and sub-
sequent emission.”! We have used TPPL to directly determine absolute values for
optical field enhancements of single Au bowties by comparing the strength of TPPL
from bowties with TPPL from a smooth Au film.?

The TPPL from individual bowties was measured with a sample-scanning micro-
scope. A mode-locked Ti:sapphire laser producing 120 fs pulses at A = 830 nm with
a repetition rate of 75 MHz was used for excitation through the epifiuorescence port
of an inverted optical microscope (Nikon TE300). The value A = 830 nm was chosen
since the smallest gap bowties were measured to be resonant close to this wavelength
(see Fig. 9.4). The laser is focused through the coverslip to a diffraction-limited spot
on the bowtie—air interface using a 1.4 NA, 100x oil objective. Au TPPL is collected
by the same objective and passed through three spectral filters, which effectively trans-
mit emission with wavelengths between 460 and 700 nm while attenuating 830 nm
laser light with an optical density (OD) > 18. The luminescence is focused onto a
single-photon counting avalanche photodiode (APD) for broadband collection. After
optical experiments, the sample is studied with an atomic force microscope (AFM),
then coated with a thin Cr layer (~4 nm) for particle analysis in the SEM to carefully
measure gap sizes.

To directly determine optical field enhancements from bowtie nano-antennas, the
TPPL emission from smooth Au films was used for calibration. The optical spectra
of the TPPL were identical for the smooth film and the bowties in the collected
wavelength range. Figure 9.5(a) and (b) show that the TPPL is strongly polarization
dependent. Figure 9.5(c) shows TPPL from an array of bowties with 20 nm nominal
gap, where the inhomogeneity in brightness results from variations in the actual gap
width, and where bowties which appear dark were later found to be shorted by SEM.
Fig. 9.5(d) shows an array of 400 nm gap bowties, and both the weaker signal and the
ability to optically resolve the two constituent triangles are evident (note the higher
pumping power required). Figure 9.5(e) is a TPPL image from an Au film square,
which required even higher pump power. As expected, TPPL is brightest at the edges
due to the field enhancement caused by localized plasmon resonances at the rough
edge caused by the lift-off procedure. Less intense and remarkably uniform TPPL is
also observed from the interior of the square. In addition, five hot spots of localized
field enhancement are visible with less than one hot spot per 10 um?, providing optical
evidence of the film’s smoothness.
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Figure 9.5. Visible luminescence images from bowties. Incident polarization dependence is shown in
(a) and (b) for a single 20 nm gap bowtie (note different scales). Images of arrays with nominal gap sizes
of 20 nm (c) and 400 nm (d), as well from a smooth Au film (e), with 10 ms per pixel dwell time, 830 nm
pump, and average incident powers (c) 4.2 uW, (d) 42.3 uW, (¢) 167 uW.2

The intensity variation of the TPPL with input power is shown in Fig. 9.6 for a
smooth Au film, a single 400 nm gap bowtie, and a single bowtie from the array
with nominal gap size of 20 nm. The APD count rates from the Au film have been
normalized for the relative surface area of Au illuminated by the focused laser. For
the Au film and 400 nm gap bowtie, the collected emission shows a quadratic de-
pendence, as expected for TPPL. For the bowtie with a 20 nm gap, the collected
emission follows a quadratic dependence at low average powers. However, as inci-
dent power increases, TPPL intensity deviates from this dependence and begins to
decrease until, at still higher powers, it again shows a quadratic dependence but along
an I? curve shifted to the right of the original curve. This behavior occurs for almost
all small gap bowties (gaps <40 nm). As is confirmed by SEM observations, this is
because the field intensity becomes large enough to physically damage the tips of the
bowtie, thus reducing its field-enhancing capabilities. Thereafter, the emission fol-
lows a new quadratic curve defined by the lower enhancement factor. For subsequent
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Figure 9.6. TPPL intensity dependences for a smooth Au film, a 400 nm gap bowtie, and a bowtie from

an array with nominal gap size of 20 nm. Open square: measurement at lower power after the intensity

scan.22



134 G.S. Kino et al.

measurements at low powers, the measured TPPL lies on the shifted curve (open
square in Fig. 9.6), indicating an irreversible change. Note that the original gap size
for this particle is not known since it was damaged before SEM analysis, thus we use
the phrase “nominal gap size of 20 nm.”

The intensity enhancement in the metal of the bowtie i, a{;t, can be calculated from
the ratio of TPPL intensities from the bowtie and the film:

<TPPL{3t> _ Avt « (a{)t)z(Plit)z
(TPPLgim)  Afim ( Ppitm)?

(9.4)

where (T PPL{,t) is the (time-averaged) TPPL signal when the bowtie i is centered in the
focus of the laser excitation spot, (TPPLgy,) is the TPPL signal when the excitation
spot is anywhere within the uniform emission region from the Au film, (Pét) is the
average incident power at bowtie i that yields (TPPL},), ( Paim) is the average incident
power at the film that yields (TPPLgi), Awe is the surface area of the bowtie from
which the (TPPL] ) originates and Agy is total surface area of the Au film from which
the (TPPLgm) originates.

We assume the area Agy, excited by two-photon absorption of the focused laser is
equal to a circular region with a diameter equal to the full width at half maximum
(FWHM) of the square of the intensity point spread function (PSF) of our microscope
objective. For & = 830 nm and NA = 1.4, the measured FWHM from a diffraction-
limited TPPL spot is equal to 214 nm, 50 4 gim = 35,600 nm?. FDTD calculations show
that plasmonic current densities and optical near-field intensities are concentrated in
a confined region of each bowtie, e.g. within the Au nearest the gap, particularly for
bowties with small gap sizes, thus Ay, is also gap-dependent and must be calculated.

As mentioned above, the strongest optical fields are found in the gap between the
constituent triangles. However, the experimentally observed TPPL is certainly arising
from electromagnetic fields in the metal. Therefore, the intensity of the TPPL should
be proportional to the fourth power of electric field in the metal, £y, and the total
TPPL power will be correlated to the integral of | E, |*.

For comparison with these experimental results, plane wave excitation normally
incident on the bowties is assumed in FDTD calculations. For an incident electric
field amplitude E, the tangential electric field at the metal surface is Ejp = 2Eo/[1 +
(n 4+ jk)]. In the metal film, the electric field falls off as exp(—kz). FDTD simulations
for the bowties show that, to a good approximation, the £-field in the bowties also
falls off as exp(—kz). Since all fields have the same z-dependence in the metal, the
integral of | E,|* need only be performed along the x- and y-directions just below the
surface of the metal in the FDTD computations.

We used FDTD calculations to determine the square of the intensity enhancement

i,FDTD ‘2

in the bowtie i, |oy,

using

4
i,FDTD’z _ JI |Ebt,m‘ dxdy
. ff Eﬁlcidentdxdy

(9.5)
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Figure 9.7. Comparison of experimental (circles) and theoretical (asterisks and triangle) values of the
square of intensity enhancement, (a{)t)z, for bowties with gaps of 16406 nm. FDTD simulations for (O‘{n)z
from an individual triangle are used for comparison to the bowties with nominal gap size of 400 nm.
Excellent agreement is observed, especially for the largest and smallest gap sizes where experimental
conditions most closely approximate the theoretical treatment.

where | Eym|* = <E2

bt,mx

2
+ Eppmy + E gt,mz) and the integrals are over the area of

the bowtie. The experimental and theoretical results for |oz{)t|2 are shown in Fig. 9.7
for various gap widths. The effective area Ay, of the TPPL source is determined from
the following integral:

Ay = / Efdxdy/En.. 9.6)

where Ejaxis the maximum field in the bowtie. Ay, is a function of gap size, increasing
as gap width increases. The Ay obtained from theory for the smallest gap width
(16 nm) was 642 nm? indicating that the field was confined to approximately one-
tenth of the ~6530 nm? area of the metal in the bowtie. Using these values for Ay,
in Eq. (9.1) along with the experimentally determined TPPL intensities yields E?
enhancement factors of greater than 10°, or greater than 10° for > for bowties with
the smallest gaps (Fig. 9.7). These are the largest such factors reported to date for
lithographically produced nanoantennas.

We observe good agreement between the £* values for theory and experiment for
gap widths less than 30 nm, but slightly less so for gap widths of 40—60 nm. For
nominal gap widths of 400 nm, we again get good agreement. This can be explained
by the fact that the plane wave excitation used for FDTD closely approximates the
experimental conditions for small gap bowties, but does not accurately model in-
termediate gaps, where the triangles are not uniformly pumped by the focused laser
spot. To avoid this difficulty for gap widths of 400 nm, we excited and collected TPPL
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from each triangle of the bowtie separately and summed the two since the coupling is
minimal. Furthermore, since a bowtie with a 400 nm gap was too large to simulate, the
E* enhancement value was obtained by doubling the value from FDTD simulations
for a single triangle (Fig. 9.7, triangle).

9.3. CONCLUSION

We have fabricated Au bowtie nanoantennas by e-beam lithography which have res-
onances in the visible/near-IR wavelength range. FDTD calculations have been used
to predict resonance frequencies, field profiles and local field enhancements. Experi-
mental measurements of peak scattering wavelength by TIR microscopy for bowties
with a range of gap sizes from 20 to 500 nm are in good agreement with theory.

We have also experimentally measured optical intensity enhancements at Au bowtie
nanoantennas of various gap sizes using TPPL, and find good agreement with FDTD
simulations. For small gap bowties, the field intensity enhancement is >103 confined
to a region ~650 nm?, which may be interpreted as a dramatic improvement in the
mismatch between conventional optical excitations and nanoscale structures.

It is to be expected that with optimization of the fabrication, Au bowties will be
reproducibly manufactured either individually on a scanning probe or in large arrays
on a single substrate. The large enhanced fields in the metal will also lead to similarly
enhanced, localized fields on the metallic surface and in between the two bowties. This
will yield extremely intense near-field optical light sources with high local contrast that
have applications ranging from the elucidation of SERS mechanisms, ultra-sensitive
biological detection, single-molecule spectroscopy, and nanometer-scale lithography
to high-resolution optical microscopy and spectroscopy.
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10.1. INTRODUCTION

By definition, surface plasmons are the quanta of surface-charge-density oscillations,
but the same terminology is commonly used for collective oscillations in the elec-
tron density at the surface of a metal. Because the surface charge oscillations are
intimately coupled to electromagnetic fields, surface plasmons are polaritons. In the
past, surface plasmons have attracted considerable attention due to their application
in optical sensor devices.!? Because of their localized nature, surface plasmons have
recently also been explored in integrated optical circuits and optical waveguides.>*
However, one of the key properties of surface plasmons is the associated light local-
ization, which can be explored for localized photon sources in optical spectroscopy
and microscopy.>® Surface enhanced Raman scattering (SERS) is a prominent exam-
ple of the latter application. Recently, it was demonstrated that the SERS effect can be
spatially controlled with a laser-irradiated metal tip. This combination of SERS and
microscopy provides high spatial resolution and simultaneous chemical information
in the form of vibrational spectra.’

Starting with experiments on planar metal surfaces, we will discuss in this chap-
ter general properties of surface-plasmon polaritons (SPPs) and then concentrate on
light localization associated with laser-irradiated metal tips. This localization is ac-
complished through an interplay of the quasi-static lightning-rod effect associated
with the sharpness of the tip and surface plasmons.® The localized field can be used
as a secondary light source for highly confined optical interactions with a sample
surface. Vice versa, a localized field such as the field at a metal tip or the field ema-
nating from a tiny aperture, possesses the large spatial frequencies that are necessary
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to couple to surface plasmons on a sample surface. This approach of launching sur-
face plasmons on a plane metal surface has been first experimentally demonstrated by
Hecht et al®

The use of a light-irradiated particle for achieving subwavelength light localiza-
tion has already been suggested by Synge in a letter that he wrote to Einstein.!'”
The idea was never published in its original form. Instead, Synge published an ar-
ticle in which he proposed to use a tiny aperture in a metal screen to achieve a
subwavelength-scale light source.!! In 1984, even before the invention of the atomic
force microscope (AFM), John Wessel proposed a concept very similar to the orig-
inal idea of Synge.’ A laser-irradiated, elongated metal particle is used to establish
an enhanced, localized light field. By raster-scanning the metal particle over the sur-
face of a sample, and detecting a spectral response due to the interaction with the
sample surface point-by-point, a spectroscopic map can be recorded of the sample
surface. Wessel’s proposal was soon forgotten and it resurfaced again in the context
of near-field optical microcopy. In fact, within this field of study, several research
groups reinvented Wessel’s idea. Denk and Pohl suggested to use the enhanced field
at a metal tip in combination with nonlinear optical spectroscopy'? and first exper-
imental results demonstrating the field enhancement effect associated with a sin-
gle metal nanoparticle have been published by Fischer and Pohl.'* In the following
years, metal tips were introduced as scattering centers to convert the nonpropagating
evanescent fields near the surface of an object into propagating radiation that can
be recorded by a remote detector. This scattering-type near-field optical microscopy
has recently found various important applications ranging from localized measure-
ments of dopants to the characterization of surface phonon polaritons.'* However,
scattering-type near-field microscopy does not make explicit use of the light localiza-
tion associated with the field enhancement effect. The use of the field enhancement
effect near a metal tip for localized spectroscopic measurements was theoretically
formulated® and subsequently experimentally demonstrated by Sanchez et al. us-
ing two-photon excited fluorescence.!® Following these experiments, the same prin-
ciple was extended to other spectroscopic interactions such as Raman scattering.’
In essence, Synge’s and Wessel’s original ideas have made their way into real ap-
plications, and enabled chemically specific measurements with nanoscale spatial
resolution.

10.2. LOCALIZED EXCITATION OF SURFACE PLASMONS

Before discussing the field enhancement effect at laser-irradiated metal tips, we first
review some important experiments aimed at locally exciting SPPs propagating on
planar metal surfaces. The optical excitation of surface plasmons on flat metal inter-
faces is challenged by the phase matching condition between the plasmons and the
exciting radiation. The surface plasmon dispersion w(k) is located outside the light
cone w = ck and hence, no SPPs can be excited with freely propagating radiation. The
excitation of SPPs can only occur if the photon momentum—or the wave vector—
can be artificially increased. Various experimental techniques have been developed
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Figure 10.1. Spatial distribution of the leakage radiation of a propagating surface plasmon excited by a
near-field probe. (a) the tip is far away from the film interface, (b) the tip gets closer and (c) optimum
distance for plasmon excitation. The polarization of the excitation light is horizontal. Some inhomogeneities
in the plasmon intensity distribution is seen in the right emission lobe.

to accomplish this task, such as (1) increasing the index of refraction of the incident
medium, or (2) engineering the surface of the film (grating coupler). While these
approaches provide very efficient coupling between the incident photons and the SPP
waves, the interaction area is usually comparable or greater than the SPP propagation
distances.

With the advance of near-field optics, the localized excitation of surface plasmons
became feasible. In the first experiments, tiny apertures were used as SPP excita-
tion sources.”!¢!® To describe the excitation efficiency in these experiments, the
Bethe-Bouwkamp model?” is instrumental. It considers a small circular aperture in
a perfectly thin, metallic, infinite, and flat screen, illuminated by a plane wave. The
angular spectrum representation of the emitted field demonstrates that the emitted
field is composed of both homogeneous plane waves (kK < w/c) and of evanescent
waves (k > w/c). Here, k denotes the projection of the k-vector on the aperture
plane. Because the dispersion of evanescent fields lies outside the light-cone, it is
possible to excite surface plasmons on a plane metal surface by the field emitted by
the aperture, provided the separation between aperture and surface is much less than
the wavelength of light. Thus, surface plasmons can be excited by the large in-plane
component of the wave vector much like in the Otto configuration?' with the differ-
ence that the excitation area is extremely local owing to the very small size of the
aperture.

Figures 10.1 (a), (b) and (c) are snapshot images from a video sequence acquired, as
a near-field probe approaches a thin silver film deposited on a glass substrate. These
images were recorded by focusing a high numerical aperture (NA) oil immersion
objective at a metal/glass interface. When the tip is far away from the sample [Fig. 10.1
(a)], the light emitted from the tip extremity can be seen through the finite thickness
of the silver film (= 60 nm). As the tip comes closer to the surface, a drastic change
in the spatial distribution of the emission occurs: surface plasmons are resonantly
excited by the large evanescent wavectors emitted from the tip and they propagate
along the silver/air interface [Fig. 10.1 (b) and (¢)].

The two-lobe patterns seen in the images originate from intrinsic lossy waves asso-
ciated with the SPP. The wave amplitude of the bounded SPP mode is exponentially
decaying along the metal surface. As the field penetrates to the opposite interface
(silver/glass), it couples to radiative leaky waves that can be detected with the ob-
jective lens. The far-field observation of this leakage radiation (LR) gives a direct
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Figure 10.2. Surface plasmons in interaction with triplets of grooves. The distance between the two centered
triplets is 10 um. The hyperbola fringes are the signature of an interference between the SPP beam and its
reflection on the left-hand side triplet.

measurement of the nonradiative surface plasmon propagation at the opposite inter-
face. The intensity of the radiation, at a given lateral position in the film, is proportional
to that of the SPP at the same position.” 82223

The SPP emission pattern of Fig. 10.1 (c) has the characteristics of a two-
dimensional dipole. The intensity distribution, /,;, can be heuristically compared
to the following functional dependence® '8:

r,
Li(p, ) = 7” e 2 cos? y, (10.1)

where I,/ is a measure for the right-hand side and the left-hand side lobe intensities,
respectively. The coordinates p and i are the distance from the source and the azimuth
with respect to the central axis of the right-hand side lobe, respectively. For the radial
decay of the intensity, a 1/p dependence due to spreading in two dimensions is
expected. In addition, damping resulting from intrinsic losses and potentially extrinsic
ones, is to be accounted for by an exponential decay term (decay constant ). ¥ = 0
is defined as the central direction of the right-hand side surface plasmon lobe. The
angular representation of the two-lobe pattern is included in the term cos? .

The near-field probe acts as a localized SPP source that can be positioned precisely
over a selected spot near a metal surface. This opens new perspectives for investigating
plasmonic structures fabricated on the film. An example is shown in Fig. 10.2. The SPP
intensity distribution shows evidence of SPP reflection and transmission through an
array of grooves cut in the metal film. Here, the near-field tip was positioned between
two triplets of grooves. Attenuated transmission and reflection of the SPP is quite
obvious, the signature of the latter being extended interference fringes outside the
range of the grooves. The triplets apparently act as a SPP multilayer mirror. Analysis
of the visibility of the fringes yields a groove reflectivity of ~10%.'8 In reflective
optics, the reflectance of such a mirror is a function of wavelength and phase shift
between the different beams. Higher reflectivity might be achieved by optimizing the
groove separation for a given wavelength.

The excitation area of the surface plasmons is defined by the aperture size of the
near-field probe. Because of the low throughput of aperture probes, it is not possible
to arbitrarily reduce the aperture size. Better field localization can be achieved with
laser-irradiated metal tips as discussed in later sections of this chapter.
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10.3. CONICAL NEAR-FIELD PROBES SUPPORTING
SURFACE PLASMONS

In its classical embodiment, the heart of a near-field optical microscope consists of a
tapered optical fiber where the extremity is used as a local optical probe. In order to
achieve good imaging properties and subdiffraction resolution, the surface of the fiber
is usually coated with a metal layer, and a nanometer-size opening—or aperture—
responsible for the optical confinement, is situated at the tip apex. While these types
of optical probes have been successfully employed to produce subwavelength optical
resolutions in a large number of studies, it is commonly accepted that they suffer
from fundamental limitations. When the diameter of the opening becomes compa-
rable to the skin-depth of the coating material, the field distribution at the aperture
can be significantly larger than its physical size, resulting in an increased effective
opening. Furthermore, as the diameter of the aperture decreases, the intensity of the
light transmitted through the opening also rapidly decreases. Consequently, it be-
comes increasingly difficult to maintain a good signal-to-noise ratio for very small
apertures.

While it is most certain that the current design of aperture probes will not be able
to sustain routinely ultrahigh resolution imaging (<20 nm), the manufacturing tech-
niques of fiber-based probes are fairly mature, and provide a cost-effective alternative
to more involved top-down approaches. Therefore, it would be of practical interest to
restore an electromagnetic confinement that is localized at the apex of metal-coated
optical fibers.

There are a certain number of approaches making use of tapered optical fibers to
achieve field localization, and in some cases an enhancement effect. However, the
majority of these techniques require a postprocessing of the tip extremity such as
the attachment of a resonant metallic nanoparticle,>*2° or the controlled growth of a
nanotip.?

Different research groups suggested that subwavelength field localization may be
achieved by focusing surface plasmon polaritons (SPPs).?’2° Usually, SPPs are bound
to planar surfaces, but it was realized that cylindrical metallic waveguides can also
sustain SPP waves.?>3" A metal coating surrounding an optical fiber can therefore
act as a SPP waveguide, and for proper phase-matching conditions, focusing of the
SPPs at the extremity of the tip can occur.

Below the cut-off radius of an entirely metal-overcoated tapered optical fiber, opti-
cal modes are no longer guided and are decaying exponentially. The large wave vectors
that are associated with the electric fields after the cut-off can match the phase con-
ditions for surface plasmons propagating on the outer side of the metal layer.?’ As a
result, the electromagnetic energy associated with the initial waveguided mode can
be coupled to the surface plasmons. After being excited, the surface plasmons propa-
gate along the metal coating toward the tip apex. Despite the slow (almost adiabatic)
change of the waveguide radius, the propagation of surface plasmons is accompanied
by radiation losses. To create a strong field enhancement at the very end of the tip, the
surface plasmons propagating along the circumference must interfere constructively.
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Figure 10.3. (a) Intensity distribution at the end of a gold-coated glass tip. An excitation dipole orientated
perpendicular to the tip axis is placed at the cut-off radius as indicated by the dashed line and no field
enhancement is observed near the tip apex. Intensity plot with a logarithmic scale (factor of 2.33 between
successive lines). Picture size is 2 um by 6 um. (b) Magnified view (120 nm by 120 nm) of the very end
of the fiber tip (factor of 1.62 between successive lines). (c) Intensity distribution for an excitation dipole
oriented along the tip axis at a location indicated by the dashed line. The polarization state is such that an
enhanced field is created at the tip apex. (d) Magnified view (120 nm by 120 nm) of the very end of the
fiber tip.

The condition of constructive interference is met only for certain symmetries and
polarization states of the initial guided mode.!3?

If a linearly polarized mode is injected into the fiber, the electric fields associated
with the traveling surface plasmons cancel at the end of the tip and hence, do not
provide any field enhancement. This situation is shown in Fig. 10.3(a) where the
intensity distribution at the extremity of a gold coated tip was calculated for a linearly
polarized fundamental HE|; waveguided mode. For simplicity, the mode was modeled
by a dipole located on the tip axis at the cut-off radius (dashed line in the figure) and
aligned perpendicular to it. Figure 10.3(a) demonstrates that surface modes are excited
and that they converge toward the very end of the tip. Due to the phase mismatch
introduced by the tapered geometry, surface plasmons decay weakly in the form of
radiation, giving rise to a far-field background. The calculation also shows that there is
no field enhancement produced at the end of the tip. Figure 10.3(b) shows a magnified
view of the tip extremity and demonstrates that the polarization conditions give rise
to a cancellation of the electric field at the end of the tip.

In order to produce constructive interference at the tip extremity, the electric fields
of the surface plasmons must overlap in phase. For a radially polarized waveguide
mode possesses the desired rotational symmetry. The different plasmon waves overlap
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in phase at the apex of the tip thereby producing a high surface charge density, and thus,
a strong field enhancement. Figure 10.3(c) shows the calculated intensity distribution
at the tip extremity for a radially polarized mode. To mimic the field distribution of a
guided radial mode, a dipole oriented parallel to the tip axis was placed at the cut-off
radius (dashed line). Similar to Fig. 10.3(a), the surface plasmons propagate toward
the tip apex. While in the previous situation, the symmetry of the surface plasmons
gave rise to a cancellation of the electric field at the end of the tip, the present case
is characterized by a strongly localized field at the end of the tip as shown in the
magnified view of Fig. 10.3(d). The localization originates from the fact that the SPP
fields polarized along the tip axis add up constructively due to their phase relationship.

It is worth noticing that a recent theoretical work described the effect of SPP
superfocusing in a conical geometry through a radius-dependent wave number.>® It
was found that the magnitude of the wave number increases when the SPP propagates
toward smaller radius. As a consequence ofthe dispersion relation, the SPP wavelength
decreases for smaller and smaller radius, reducing thus its group velocity to finally
achieve localization at the extremity of the tip.?’

The practical implementation of plasmon guiding probes is challenged by the high
nanofabrication requirements. Slight imperfections will distort the axial symmetry of
the probes and disturb the phase relationship between the plasmon waves. Thus, while
one probe might work, the next one might not, which poses a challenge for repro-
ducible experiments. In principle, the ideal localized excitation or detection source in
near-field optical microscopy is a point dipole. As discussed in the following section,
a point dipole source is experimentally reasonably realized by a laser-irradiated metal
tip. The field confinement only depends on the tip size. Localized fields as small as
8 nm have been demonstrated.

10.4. FIELD DISTRIBUTIONS NEAR METAL TIPS

A metal is characterized by free electrons that interact with external electromagnetic
radiation. Depending on the type of the metal and its geometry, the collective response
of the free electrons can greatly enhance the electric field strength of the incoming
radiation. The coupled excitation of electrons and electromagnetic field is generally
referred to as surface plasmons. In this section, we discuss the role of surface plasmons
associated with the field enhancement effect at laser-irradiated metal tips.

The field enhancement at a sharp tip arises from a combination of the quasi-static
lightning-rod effect and surface plasmon excitations.® The former is a result of near
singularity at the tip; since Maxwell’s equations are second-order differential equa-
tions, the fields can become singular when the first or second derivative is not defined.
This situation is encountered for a perfectly conducting tip. But real metals have finite
conductivity and the radius of curvature at the tip is finite. Consequently, there is no
real field singularity, but the field at the tip can be strongly enhanced. The contribution
of surface-plasmon excitations arises from collective resonances on the tip’s surface.
Because of the open geometry, one does not expect a pronounced resonance for a tip
geometry. A tip is a challenging geometry and one is forced to use numerical methods
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(b)

Figure 10.4. Comparison of field distributions (E?) near a gold tip (a) and a gold particle (b) irradiated
by an on-axis focused Hermite-Gaussian (1,0) laser mode. At the apex of tip, the exciting laser field is
polarized along the tip axis resulting in a longitudinal polarization. The resulting field is enhanced near
the tip apex. The line scans at the bottom represent the field distribution on a transverse line 1 nm in front
of tip and particle, respectively. However, the field distribution in case of the metal tip has been scaled
by a factor of 0.02. The qualitative agreements between the field distributions indicate that in the case of
longitudinal polarization, the tip can be modeled as a polarizable particle, but with a modified polarizability
that depends on the field enhancement factor.

to analyze the field distributions near a tip. Figure 10.5(a) and Fig. 10.4(a) show cal-
culations for a gold tip performed with the multiple multipole method (MMP).3*
In these examples, two different excitation polarizations are used, transverse to the
tip axis and longitudinal to the tip axis, respectively. For transverse polarization, no
field enhancement is observed whereas for longitudinal polarization, the enhancement
depends strongly on tip geometry, tip material, and excitation wavelength.®

To gain a more physically intuitive understanding for the optical response of a metal
tip it is favorable to find an approximative model that is analytically exactly solvable.
The simplest model for the tip is a quasi-static sphere. Figure 10.5(b) and Fig. 10.4(b)
show the optical response of a small gold sphere with the same radius of curvature as
the tip geometry. For excitation with transverse polarization, the field distributions in
Figs. 10.5(a), and (b) demonstrate that the replacement of the tip with a polarizable
sphere provides a very good approximation. The curves in the figures represent the
field strength (|E|?) evaluated 1 nm beneath the tip and sphere, respectively. It turns
out that for transverse polarization even the phases of the secondary fields are equal.
However, for longitudinal polarization the agreement is only qualitative as shown in
Figs. 10.4(a,b). For the gold tip the field enhancement is much stronger than the field
enhancement associated with a small gold sphere. Therefore, one needs to adopt an
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(a) (b}

Figure 10.5. Comparison of field distributions (E2) near a gold tip (a) and a gold particle (b) irradiated by
an on-axis focused Gaussian laser beam. At the apex of tip, the exciting laser field is polarized transverse
to the tip axis resulting in a transverse polarization. The resulting field is depleted near the tip apex. The
line scans at the bottom represent the field distribution on a transverse line 1 nm in front of tip and particle,
respectively. The qualitative agreements between the field plots indicate that in the case of transverse
polarization, the tip can be modeled as a polarizable particle.

empirical polarizability for the sphere that depends on the field enhancement strength
at the gold tip. In short, we find that the fields near a metal tip can be described
by a polarizable sphere with anisotropic polarizability that accounts for the field
enhancement effect.

Figure 10.6(a) shows the calculated surface charge density on a gold tip, when the
tip is excited by longitudinal polarization (polarization along z). The surface charge
oscillates with the same frequency as the exciting field. The incident light drives
the free electrons in the metal along the direction of polarization. While the charge
density is zero inside the metal at any instant of time (V - E = 0), charges accumulate
on the surface of the metal. When the incident polarization is parallel to the tip axis
(Fig. 10.6(a)), the induced surface charge density is rotationally symmetric and has
the highest amplitude at the end of the tip. The surface charges form an oscillating
standing wave (surface plasmon) with wavelengths shorter than the wavelength of
the illuminating light.® On the other hand, there is no field enhancement when the
polarization is perpendicular to the tip axis. In this case, the tip is simply polarized
in the transverse plane and there is no surface charge accumulation at the tip. Let us
now invoke the dipole model for the tip using the coordinates defined in Fig. 10.6(b).
As discussed before, we find that no matter what the magnitude of the enhancement
factor is, the field in the vicinity of the tip can be quite accurately described by the
fields of an effective dipole p(w) oscillating at the angular frequency w, and located
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Figure 10.6. (a) Induced surface charge density on the surface of a laser-irradiated gold tip captured at a
certain instant of time. Polarization along the tip axis gives rise to a large surface charge accumulation at
the apex of the tip. The solid line indicates the outline of the tip whereas the shaded areas represent the
surface charge. (b) Coordinates used for the dipole model.

at the center of the tip apex and with the magnitude®

o 00
p@) =] 0 a1 0 | E,(w) (10.2)
0 0 o

where we chose the z-axis to coincide with the tip axis. E, is the exciting electric
field in the absence of the tip. The transverse polarizability «; is identical to the
quasi-static polarizability of a small sphere

5 &(w) —1
? e(w)+2°
where r, is the tip radius and ¢ and ¢, are the dielectric constant of the tip and the

surrounding medium, respectively. On the other hand, the longitudinal polarizability
o is given by

o (w) =4me,r (10.3)

aj(w) = 8me,r? fulw). (10.4)

with f, being the complex field enhancement factor. For a wavelength of A = 830
nm, a gold tip with ¢ = —24.9 + 1.57i, and a tip radius of 7, = 10 nm, our numerical
calculations based on the multiple multipole method®* lead to f, = —2.9 + 11.8i.
The expression for o originates from the requirement that the magnitude of the field
produced by p(w) at the surface of the tip is equal to the computationally determined
field which we set equal to f.E,. The electric field E at a given position of the tip
relative to the exciting laser beam r is now approximated as

1 o,
E(r, ) = Ey(r, o) + — = G°(r, 1., ©) p(w), (10.5)
& C

where r, specifies the origin of p and G° is the free space dyadic Green’s function.
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In summary, we find that the localized field near a laser-irradiated metal tip is well
approximated by the field of an oscillating dipole located at the tip apex. The size of
the tip defines how close the tip can be brought to a sample surface and how strong
the field localization is. Because the external illumination not only excites the metal
tip but also irradiates the sample surface, the field enhancement needs to be strong
enough to suppress the signal associated with direct sample irradiation. As discussed
in the next section, nonlinear signal generation at the apex of a bare metal tip provides
ultrahigh field localization that is basically background free and suitable for ultrahigh
resolution imaging.

10.5. LOCALLY EXCITED LUMINESCENCE FROM
METAL NANOSTRUCTURES

The local field enhancement associated with structural resonances has been found to
be a prerequisite for efficient surface-enhanced processes and nonlinear responses of
a material. Near-field scattering studies of rough silver films showed that the field-
enhancement predominantly originates from a few locations (hot spots) where local
plasmon modes are present.3® It was found that a visible broad-band photolumines-
cence originating from the surface itself was emitted from these regions.>”-3® Similar
emission has been reported for gold nanoparticles®’, and more recently, for ellipti-
cally shaped particles*>*? and nanometric tips.3” The white-light photoluminescence
emitted in the visible part of the spectrum originates from interband recombination
of holes in the d-band with electrons in the conduction band near the Fermi surface.
This signal can be excited directly with high energy photons, or through a nonlinear
two-photon absorption process. The spectrum of the photoluminescence represents
the convolution of the electronic joint density of states between the two bands, and the
optical coupling efficiency due to the particular structured geometry and associated
resonances. In particular, it was found that the photoluminescence yield is drastically
increased in regions of strong electromagnetic enhancement thus providing a probe
to investigate site-specific enhancement properties.’’

Recent experiments have shown that nanoparticles excited by the field of a tightly
focused femtosecond laser beam generate a photoluminescent continuum through a
two-photon absorption mechanism.>” Figure 10.7(a) shows the photoluminescence
emitted from a gold particle scanned through the focal region. The photolumines-
cence pattern indicates that the particle responds to the total field of the focal region,
and not to any particular polarization component present in the focus.*> The photo-
luminescence spectrum is shown in Fig. 10.7(b). The spectrum is peaked at 644 nm
in agreement with the predicted surface plasmon resonance indicating a strong rela-
tionship with the intrinsic response of the particle.*-42

In order to obtain spatial information about the local distribution of the photolu-
minescence, and consequently regions of large enhancement, a metal tip was used to
locally scatter the photoluminescence. The tip was held at a fixed position within the
focal area while the particle was laterally raster-scanned underneath it. Figure 10.8(a)
depicts the topography of the particle revealing its ellipsoidal shape. Figure 10.8(b)
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Figure 10.7. (a) Two-photon excited photoluminescence image of gold particles scanned through the focal
region of a strongly focused, 120 fs pulsed Gaussian laser beam. (b) Spectrum of the photoluminescence.

shows the near-field spatial distribution of the photoluminescence emitted by the par-
ticle as a function of its position. The original far-field pattern seen in Fig. 10.7(a)
is still visible as a faint background. Superimposed to this background are high res-
olution details originating from the tip-particle interaction. At the extremities of the
particle, the photoluminescence response is strongly enhanced relative to the far-field
background. On the other hand, the signal intensity is reduced at the two diametrically
opposed points along the short axis of the ellipsoid. Interestingly, these two effects
are not influenced by the polarization direction of the excitation and were observed
on all investigated particles.

The image of Fig. 10.8(b) strongly resembles the calculated surface intensity dis-
tribution of an ellipsoid excited at resonance as shown in Fig. 10.8(c). The image
demonstrates the dipolar character of the excited particle: charge accumulation at
both ends along the long axis and charge depletion along the short axis are in a
very nice agreement with the experimental image of Fig. 10.8(b). The calculation

Figure 10.8. (a) Topography of the investigated gold particle (b) Two-photon excited photoluminescence
distribution of the particle imaged with a stationary gold tip. (¢) Calculated intensity distribution of ellipsoid
with the same dimensions excited near resonance (650 nm).
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was based on MMP for an excitation wavelength of 650 nm and a gold permittivity
&4y = —12.941.09i. The width of the photoluminescence peaks at the particle ex-
tremities is approximatively 17 nm (full width at half maximum) indicating a high
degree of confinement of the photoluminescence. As a consequence, and due to the
sensitivity of the photoluminescence yield on the field strength, Fig. 10.8(b) also re-
veals the regions of large field enhancement localized on the nanoparticle. In summary,
the detection of localized photoluminescence near metal nanostructures provides an
efficient strategy for the localization and characterization of hot spots.

10.6. CONCLUSIONS AND OUTLOOK

The confined nature of surface plasmons and their relatively long propagation length
make them suitable for integration in metallic planar circuitry. Elementary plasmonic
functions are currently being developed and studied with techniques relying on ex-
tended, unlocalized excitation. With the increasing complexity of plasmonic struc-
tures, it is an advantage to understand the functional properties locally by confining the
surface-plasmon excitations to regions comparable to the dimensions of the nanocir-
cuitery. A near-field probe fulfills this requirement. Surface plasmons can be locally
excited near arbitrary structures on metal surfaces. Furthermore, the detection of
the intrinsic leakage radiation associated with plasmons propagating on metal films
deposited on dielectric substrates renders a direct measurement of the propagation
length of surface plasmons and the various damping mechanisms.

In the context of near-field optical microscopy, surface plasmons play an important
role in creating both a highly confined source of photons and an enhanced electromag-
netic field. Focusing of surface plasmons, for instance, might be instrumental to restore
the electromagnetic confinement of metal-coated, fiber-based, near-field probes. Sur-
face plasmons can be excited on the outer surface of near-field probes and propagated
toward the probe apex creating a virtually background-free localized excitation. Al-
ternatively, localized surface-plasmon resonances occurring at metal tips can produce
significant field enhancement used for high-resolution optical imaging. It is found that
the field in the vicinity of a laser-irradiated metal tip can be described by the field of a
dipole with an anisotropic polarizability. Furthermore, for excitation with high-peak
power laser pulses, the field enhancement effect gives rise to local nonlinear effects. It
was shown that both second-harmonic generation and continuum generation (lumines-
cence) at the tip apex create a highly confined light source. This property was utilized
to produce a direct map of the distribution of local fields (hot spots) of plasmonic
structures, and is a promising approach for the characterization of field-enhancing
structures used in future devices based on the general properties of surface plasmons.
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11.1. NEAR-FIELD OPTICAL MICROSCOPY

Before the emergence of the actual interest for the potential applications of nanopho-
tonics, a generation of surface physicists worked on the development of a new class
of instruments known today as near-field optical microscopes.! Many fundamental
phenomena discovered in this context are directly relevant for the development of
miniaturized optical devices. As time passed and as we will show in this chapter, it
was recognized that one main practical feature of near-field optical microscopes is
the ability to map the electromagnetic fields associated with optical waves. Today,
this functionality provides an essential way of characterizing miniaturized optical de-
vices, such as, but not limited to, plasmonic devices. In such devices, where the sizes
of the objects are of the order of the wavelength A or smaller, phenomena involving
evanescent electromagnetic waves, i.e. decaying within a range given by A, dominate.
To fully exploit the potential of optical nanodevices, it is clear that signal detection
or any signal conversion process should be controlled at the subwavelength scale.
Therefore, the development of nanophotonics demands a clear understanding of the
fundamental issue of the detection of optical fields at the subwavelength scale.

Since the 1980s, various configurations of near-field optical microscopes, operating
under stationary illumination conditions, have been developed around two generic
experimental configurations: the Scanning Near-Field Optical Microscope (SNOM)
and the Photon Scanning Tunneling Microscope (PSTM).

The SNOM exploits the analogy to the electron scanning tunneling microscope:
a nanometer size light source scans the sample surface. Depending on the nature of
the sample, the outgoing light is detected in transmission or in reflection. Although
reflection SNOM devices use the tip both as local emitter and as local probe, the
discussion below will make clear that SNOMs are fundamentally il/luminating probe
devices.
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The PSTM operates differently. The sample lies on a glass prism, which enables
illumination via total internal reflection. The nanometer size tip, scanning the sur-
face, then frustrates the total reflection. The PSTM probe tip is thus used as a de-
tector of the optical field close to the surface. This is referred to as the collection
mode. Note that it has been proven? that a third type of near-field optical microscope,
called an “apertureless” near-field optical microscope, may be viewed as a collec-
tion mode microscope in the sense discussed here. Both configurations generally
use tips obtained by pulling optical fibers which may be coated with a metal. The
structure of the metallization at the tip apex is not trivial. In a simplified descrip-
tion of this structure, the tip apex is modeled as a subwavelength (sub-A) aperture.
During the 1990s, the development of near-field optical microscopy was hindered
by the absence of a criterion that rigorously defines this sub-A nature. The lack of
any reliable criterion led to controversies about the interpretation of near-field optical
images.}

11.2. INTERPRETATION OF NEAR-FIELD OPTICAL IMAGES

In order to interpret the images obtained by either of the general setups, we propose a
practical point of view relying on the Heisenberg uncertainty principle, which deals
with a measurement in a volume 8/3 such that 8/ is of subwavelength (sub-1) size.

By going through a sub-A structure, the incident wave faces the consequence of the
Heisenberg uncertainty principle (i = x, y, z):

h

For an electromagnetic wave, this leads to an uncertainty principle which, through
the cyclic permutation of the indexes (i, j = x, y, z), links the components of the
electric E; and magnetic H; fields of the optical wave and the typical size &/ (SI
units):

hoc?

AE; AH; > 2 Gl (11.2)

If 8/ < 0.1 um, the right hand side of this formula becomes large (Fig. 11.1). This
uncertainty principle means that a simultaneous (in the sense of quantum theory,
i.e. without any reciprocal influence) measurement of the electric field and of the
magnetic field is not possible if the detection occurs in a volume 8/° such that 8/ is
sub-\. Consequently, the energy of an electromagnetic wave, containing both electric
and magnetic contributions, also becomes uncertain (in the sense of quantum theory)
in a sub-A volume. Therefore, using near-field optical microscopy one cannot achieve
a sub-A measurement that could be interpreted like the far-field measurement of the
reflected or the transmitted energy as is done in a standard microscope. The practical
interpretation that we propose, defines sub-X resolution by the detection of the spatial
distribution of the intensity of either the electric field or (exclusively) the magnetic
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Figure 11.1. Evaluation of the right hand side of equation 11.2 for two typical wavelengths in vacuum.

field close to the sample surface. Practically, we suggest that sub-A resolution is

achieved if +>:

e in collection mode, the experimental images agree with the theoretical distribution
of the electric or the magnetic field scattered by the sample surface, as computed
without including any tip.

e in illumination mode, the experimental images agree with the theoretical distribu-
tion of the electromagnetic Local Density of States (LDOS) at optical frequencies,
as computed without including any tip.

This criterion allows for a rigorous determination of not only the quality of the probe
tip, but also of the quality of the entire experimental setup. It requires the ability to
compute the electromagnetic field and the electromagnetic LDOS in the near-field
zone. The scattering theory explained in the next chapter enables the computation of
both within a single framework.

11.3. SCATTERING THEORY OF ELECTROMAGNETIC WAVES

From a mathematical point of view, scattering theory (also known as the field suscep-
tibility or Green’s dyadic technique) is based on the Green’s function theory applied
to the wave equation when a source term is introduced. It simply describes the most
general analytical solution of the inhomogeneous wave equation as an integral equa-
tion where the kernel is a Green’s function.® Several formulations of electromagnetic
scattering theory have been applied successfully to the modeling of near-field optical
phenomena. Although the Green’s function may be expanded in Fourier or multipole
series, most formulations favor a discretization in real space, since near-field optical
phenomena occur on a subwavelength scale.’
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Until now, most applications of near-field optics involve stationary laser illumi-
nation. This experimental mode allows one to restrict the theoretical description to
electromagnetic fields that depend harmonically on time. With this exp(—iwt?) time
dependence, the Maxwell’s equations in the absence of any external source lead to
the following vector wave equation for the electric field E (SI units):

2

—V x V x E(r) + = €(r) E(r) = 0 (11.3)
C
which may be written as
—V x V x E(r) + ¢* E(r) = V(r) E(r) (11.4)
with
2
w
' = ewr (11.5)

Any complicated behavior due to the anisotropy or due to the low-symmetry of
the geometrical shape of the original dielectric tensor profile €(r), is described as a
difference relative to the reference system &

>
V)= — (L erer — €(r)). (11.6)

The solution of (11.4) is obtained from the implicit Lippmann—Schwinger equation
E(r) = E,(r) + / dr’ G,(r,r) V(') E(r). (11.7)
D

In scattering theory, the first term E,(r) is referred to as the incident field, while
the second term is called the scattered field, obtained from the integration over the
domain D where V(r’) is non-zero. D defines the volume of the scatterer relative to
the reference system.

To solve the Lippmann—Schwinger equation, we need to know the analytical solu-
tion E, (r) satisfying

—V xVxXE,(r)4+¢* Ey(r)=0 (11.8)
and the associated Green’s dyadic defined by (I being the unit dyadic)
—V X VX Gy(r,¥)+¢* G,(r,¥) =I5 —). (11.9)

The reference structure &r is usually a homogeneous background material or a
semi-infinite surface system. For homogeneous media, the analytical form of G, (r, r’)
is known from ancient works®? to be:

1 ] exp(ig |[r —1r'))

G,(r,¥)=— |- —VV (11.10)
q> 4 |r — 1’|

For a surface system, the expression of the propagator is somewhat more
complicated.!%!2
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11.4. ELECTROMAGNETIC LDOS

The electromagnetic LDOS of vacuum p,(r, @) is well-known as the factor mul-
tiplying the Bose—Einstein distribution in Planck’s law describing the black-body
radiation.
ho
U(w) do = py(r, w) ——— do (11.11)

efT — 1
It also forms the basis of the Fermi Golden Rule, which describes the decay rate I'
as the problem of coupling a discrete system with a continuum. Indeed, from
2 .2
I'=— [flp- EMI)I" d(0 = oy — a;) (11.12)
one can show that

2
L= 2 1(/BIP por. o). (11.13)

Application of standard calculus of distributions shows that the factor p,(r, ®)
follows from the electric Green’s dyadic G, of vacuum (¥ stands for the imaginary

part):
1 , 1 o?
Po(r, ) = - J Trace G,(r, v, w) = Z 0o;j (X, w) = i

J=X,.z

(11.14)

where, to account for the vector nature of electromagnetic fields, we have defined the
“partial” LDOS by:

1
,Oo;j(l', a)) =—3 Go;jj(r, r, a)) (1115)
T

Close to sub-A structures deposited on surfaces, this LDOS may vary from point
to point and may depend on the polarization of the exciting dipole. In the case of a
system described by its dielectric function €(r, w), the LDOS is related to (but not
equal to) the dipolar point source corresponding to the Dirac § function appearing in
the wave equation that defines Green’s dyadic of the system:

2
VXV X Gr, vV, o)+ er,0) Gr, ¥, ) = [5(r — ) (11.16)
C

The Green’s dyadic of the actual system G(r, r’, @) may be deduced numerically
from one of a reference system after applying a Dyson equation. In principle, this
reference system can be chosen as a homogeneous medium such as vacuum, therefore:

G(r,¥) = G,(r,¥)+ / G,(r, Y V") G, x) dr’ (11.17)
v
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The LDOS is deduced from the electric Green’s dyadic G:

o(r, ) = ~ 1 S Trace Gr.r.o)= Y pir o) (11.18)
9 7'[ N 9 9 j 9 .

J=X0,Z

where, again, we have to define the “partial” LDOS by:
1 o~
,oj(r,a)):—; S Gii(r,r,w) (11.19)

Through the unit dyadic Z, each partial LDOS is related to a given orientation x, y,
or z of the point-like source. The above summary points out that in order to detect
a signal proportional to the LDOS, the adopted point of view requires finding the
experimental conditions such that, in practice, one can consider the probe tip as a
point-like dipole oscillating at the angular frequency w.

11.5. MAPPING THE OPTICAL NEAR-FIELD

11.5.1. PSTM Detection of the Electric or Magnetic Components
of Optical Waves

In the context of the interpretation of PSTM images, the tip design is of primary
importance. It turns out that dielectric tips obtained by pulling optical fibers provide
a signal proportional to the electric field associated with the optical wave. These
same tips, when coated with a thin film of Au (10 nm to 50 nm), provide a signal
proportional to the magnetic field associated with the optical wave. Experiments have
reproduced the phenomenon of the detection of the magnetic component of the optical
wave at several incident wavelengths. However, to observe this phenomenon at a given
wavelength, the thickness of the gold coating surrounding the dielectric core of the
tip has to be adjusted precisely in order to excite a circularly symmetric plasmon in
the coating.

Figures 11.2, 11.3 and 11.4 illustrate the detection of the optical magnetic field
close to nanostructures as observed by PSTM. Figure 11.2 shows an AFM image of
the topography of the reference nanostructure. Figure 11.3 displays the theoretical
distributions of the intensities of the electric (a) and magnetic (b) fields. For this spe-
cific sample, the distributions keep the same features if . = 543 nm. The calculations
assume that the nanostructures are deposited on a perfectly planar surface. This leads
to strong interference patterns in the vicinity of the pads. In experiments, realistic
surfaces degrade these interference fringes, resulting in a speckle pattern. For this
reason, a comparison between theory and experiment must be limited to the contrast
on top of each pad. Figure 11.4 combines PSTM images recorded above the sample of
Fig. 11.2 using optical fiber tips that were coated with different thicknesses d of Au.
In Fig. 11.4(a) and (c), the thicknesses have been selected in order to excite a circu-
larly symmetric plasmon. Images (a) and (c) agree with the distribution of the optical
magnetic field (Fig. 11.3(b)), while images (b) and (d) agree with the distribution
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Figure 11.2. AFM image of the topography of the reference nanostructure: seven gold glass pads (130 nm x
130 nm x 100 nm) are deposited on a planar glass surface.

of the electric field (Fig. 11.3(a)). At both wavelengths A = 543 nm et A = 633 nm,
dielectric (uncoated) tips provide images similar to (b) and (d).

Using another incident polarization or observing a different kind of sample such
as gold pads supporting plasmon resonances leads to similar conclusions.'?

The unprecedented agreement of the experimental PSTM results with the relevant
theoretical distributions validates the practical point of view proposed in sect. 11.2
for collection mode near-field optical microscopes.'#'® Moreover, the excitation of
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Figure 11.3. Theoretical distributions (angle of incidence = 60 degrees, TM polarization, A = 633 nm) of
the intensity of the electric (a) and magnetic (b) fields scattered in the near-field zone close to the surface
of the sample shown in Fig. 11.2.
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circularly symmetric localized surface plasmons supported by the metal coating on
the probe tip turns out to be essential to confirm the validity of the proposed point of
view.

11.5.2. SNOM Detection of the Electromagnetic LDOS

Applying the practical point of view of Sect. 11.2 to SNOM configurations is some-
what less intuitive. Indeed, since the local probe is also the source of incident light,
how can one identify the field when no tip is present, which is assumed in the practical
point of view? To answer this question, one should remember that the field existing
independently of any external excitation corresponds to the ground state of the elec-
tromagnetic field. This ground state is described by the electromagnetic LDOS at the
frequency of the laser used in the experiment. The practical point of view assumes that
SNOM configurations meet the criterion of sub-A resolution if a signal proportional
to the electromagnetic LDOS is detected.
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the constant value of vacuum (height of calculation plane: z = 160 nm above the substrate) (b) Ap, (r, w),
©) Apy(r. ).

The experimental verification of the hypothesis of detection of the electromag-
netic LDOS by SNOM configurations requires the realization of specific nanos-
tructures. Numerical simulations of the spatial distribution of the variation of
the LDOS Ap,(r, w) et Ap,(r, ) relative to the constant value in vacuum (see
Fig. 11.5(b) and (c)), have established that the “stadium” geometry (Fig. 11.5(a))
provides an easy way to study the effects related both to the polarization and to
the sub-A tailoring of the LDOS. Inside the stadium, Ap,(r, w) displays a pattern
of concentric replica of the stadium shape, while Ap,(r, w) features two “focal”
zones.

The experiments (Fig. 11.6) lead to the following conclusions about the necessary
conditions to detect the LDOS:
¢ Including a device to detect the scattered light at angles larger than the critical angle

for total reflection in the substrate;
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Figure 11.6. SNOM images recorded above the sample shown in Fig. 11.5(a) for two polarization states
giving rise to an effective dipole oriented along x (a) and y (b) at the tip apex.

e Using a specific tip whose emission features can be considered as a point-like
dipole. Bare (uncoated) optical fiber tips turn out to be inefficient for this purpose.
The same optical fiber tip coated with Au provides a signal proportional to the
LDOS. Contrary to an assumption commonly spread in the literature, it was not
found necessary to form a small hole in the coating at the apex of the tip.

The agreement between the experimental results of Fig. 11.6 with the theoretical
distributions (Figs. 11.5(b) and (¢)) is unprecedented in the context of SNOM research
and confirms the possibility of detecting a signal proportional to the electromagnetic
LDOS. The practical point of view suggested in sect. 11.2 is thus also valid for
illumination mode near-field optical microscopes.'’2!

11.6. OBSERVATION OF LOCALIZED PLASMONS

We now discuss the phenomenon of optical confinement close to metal nanostruc-
tures deposited on surfaces. These phenomena were observed by operating a PSTM
equipped with probe tips that detect the intensity of the electric field.

11.6.1. Squeezing of the Near-Field by Localized Plasmon Coupling

Metal nanostructures were fabricated on glass surfaces. Very sensitive measurements
were realized with a PSTM operated at constant height above single gold particles
(100nm x 10nm x 40 nm) (Fig. 11.7). In the calculation (Fig. 11.7(a)), such a particle
is centered at the origin of the coordinate system while it is slightly displaced to the
right in the experimental image (Fig. 11.7(b)). The agreement between the patterns of
the calculated and the experimental images is excellent. Since the simulation did not
include the tip, the experimental image exhibits a broader pattern with lower contrast.
The simulation successfully reproduces the interference between the incident surface
optical wave and the wave scattered by the Au particle. This confirms the relatively
passive role of the probe tips even when scanning samples that sustain plasmon
resonances.
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Figure 11.7. Theoretical distribution of the electric field associated with the optical near-field at 40 nm
above an Au particle (100 x 100 x 40 nm?) deposited on an ITO glass substrate (a) and the corresponding
PSTM image (b).

In order to test the hypothesis of non-radiative coupling, small gold particles
(100 nm x 100 nm x 40 nm) were aligned in a row with a spacing of 100 nm.
The experimental result demonstrates that the plasmon coupling between the parti-
cles confines the electromagnetic field within the width of the chain (Fig. 11.8(a)).??
In fact, the tip integrates the detection of the optical field at least over its own volume
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Figure 11.8. Constant height PSTM image (a) recorded above a section of a chain made of 10,000 Au
particles deposited on an ITO glass substrate, compared to a numerical simulation (b) taking into account
only a few tens of particles.
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Figure 11.9. AFM image of the test sample used to demonstrate the control of plasmon coupling between
nanostructures. The white arrow shows the direction of propagation of the surface wave obtained by total
internal reflection.

(like in Fig. 11.7). Consequently, the field distribution in the absence of the tip is
probably narrower.

The squeezing effect is related to the mutual coupling of the localized plasmons of
each individual nanoparticle setting up a hybrid plasmon mode. The model calculation
(Fig. 11.8(b)) confirms that the spots are narrower than in the case of the single Au
particle, and that they are not centered on top of the particles. The effect observed
in Fig. 11.8(a) is thus due to the plasmon coupling and not due to the underlying
topography. However, the calculated squeezing is not as narrow as in the experiment,
since the modeling involved only 30 particles instead of the 10,000 present in the
experiment. The squeezing probably increases as the chain length grows.

11.6.2. Controlling the Coupling of Localized Plasmons

Finally, it was attempted to control the plasmon coupling between two Au nanostruc-
tures of different shapes.?® In the sample of Fig. 11.9, all particles have a volume of
120 x 60 x 40 nm? and all nanowires have a volume of 660 x 60 x 40 nm>. It was
possible to switch on (Fig. 11.11) or off (Fig. 11.10) the excitation of the resonant
mode of a Aunanowire by changing the position of a Au particle located at a subwave-
length distance from the wire. In Fig. 11.10, the isolated particles (zone A) do not
give rise to any significant signal, while the nanowires produce a signal proportional
to their volumes. This explains the minor difference between the zone B (isolated
nanowire) and the zone C (nanowire close to a particle).

In Fig. 11.11(a), the isolated particles (zone A) are excited resonantly, while
the nanowire in zone B is not because of a selection rule involving the incident
polarization. However, the nanowire in zone C is excited because it lies close to a
resonant Au nanoparticle. This resonant nanoparticle scatters all kinds of possible
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polarizations, among which the polarization leading to the resonant excitation of the
nanowire C. Let us note that, to design the sample which made this demonstration
possible, the numerical simulations (Fig. 11.11(b)) were realized before the experi-
ment.
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CHAPTER TWELVE

OVERVIEW OF SIMULATION TECHNIQUES
FOR PLASMONIC DEVICES

GEORGIOS VERONIS AND SHANHUI FAN
Ginzton Laboratory, Stanford University, Stanford, California 94305, USA

12.1. INTRODUCTION

Surface plasmons are electromagnetic waves that propagate along the interface of a
metal and a dielectric. In a surface plasmon light interacts with the free electrons
of the metal which oscillate collectively in response to the applied field. Recently,
nanometer-scale metallic devices have shown the potential to manipulate light at the
subwavelength scale using surface plasmons. This could lead to photonic circuits of
nanoscale dimensions.

Surface plasmons can be described by macroscopic electromagnetic theory, i.e.
Maxwell’s equations, if the electron mean free path in the metal is much shorter than
the plasmon wavelength.! This condition is usually fulfilled at optical frequencies.!
We also note that in macroscopic electromagnetic theory, bulk material properties
such as dielectric constants, are used to describe objects irrespective of their size.
However, for particles of nanoscale dimensions, a more fundamental description of
their optical and electronic properties may be required.?

In this chapter, we give an overview of simulation techniques for plasmonic devices.
We focus our attention on techniques related to macroscopic electromagnetic theory.
All materials are assumed to be non-magnetic (i = () and are characterized by their
bulk dielectric constant (r, w). We will focus on numerical simulation techniques and
will not consider analytical methods, such as Mie theory.> Such methods can only be
applied to planar geometries or to objects of specific shapes (spheres, cylinders) and
have therefore limited importance in the analysis of plasmonic devices and structures.

Numerical modeling of plasmonic devices involves several challenges which
need to be addressed. First, as mentioned above, plasmonic devices can have arbi-
trary geometries. Several techniques are specific for one type of geometrical con-
figuration and are therefore not appropriate for modeling of arbitrary plasmonic
devices.

169

M.L. Brongersma and PG. Kik (eds.), Surface Plasmon Nanophotonics, 169-182.
© 2007 Springer.



170 Georgios Veronis and Shanhui Fan

Second, the dielectric constant of metals at optical wavelengths is complex, i.e.
&r(w) = ere(®) + i&mm(w) and is a complicated function of frequency.* Thus, several
simulation techniques which are limited to lossless, non-dispersive materials are not
applicable to plasmonic devices. In addition, in time-domain methods the dispersion
properties of metals have to be approximated by suitable analytical expressions.’ In
most cases the Drude model is invoked to characterize the frequency dependence of
the metallic dielectric function

2

“p (12.1)

Er,Dru =1-—7:,
- Dri de(®) (@ +iy)

where w,, y are frequency-independent parameters.® However, the Drude model
approximation is valid over a limited wavelength range.® The range of validity of the
Drude model can be extended by adding Lorentzian terms to Eq. (12.1) to obtain the
Lorentz-Drude model

a /@5

&rLD(®) = & Drude(®) + Z ( >
=T

, 12.2
w; — @?) —iwy; (12.2

where w; and y; stand for the oscillator resonant frequencies and bandwidths re-
spectively, and f; are weighting factors.® Physically, the Drude and Lorentzian terms
are related to intraband (free-electron) and interband (bound-electron) transitions
respectively.® Even though the Lorentz-Drude model extends the range of validity of
analytical approximations to metallic dielectric constants, it is not suitable for the de-
scription of sharp absorption edges observed in some metals, unless a very large num-
ber of terms is used.® In particular, the Lorenz-Drude model cannot approximate well
the onset of interband absorption in noble metals (Ag, Au, Cu) even if five Lorentzian
terms are used.® In Fig. 12.1 we compare the Drude and Lorentz-Drude models with
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Figure 12.1. Real and imaginary part of the dielectric constant of silver at optical frequencies. The solid
lines show experimental data.* The dashed lines show values calculated using (a) the Drude model, (b) the
Lorentz-Drude model with five Lorentzian terms. The parameters of the models are optimized through an
optimization procedure.
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Figure 12.2. (a) Calculated transmission spectrum of an infinite array of silver cylinders (shown in the
inset) for normal incidence and H polarization. Results are shown for a diameter ¢ = 100 nm. The
dashed line shows the transmission spectrum calculated using the Drude model with parameters w, =
1.37 x 10" sec™! and y = 7.29 x 103 sec™!. (b) Calculated transmission at 855 THz as a function of
the spatial grid size Al.

experimental data for silver. We observe that even a five-term Lorentz-Drude model
with optimal parameters results in a factor of two error at certain frequencies.

Third, in surface plasmons propagating along the interface of a metal and a dielec-
tric, the field is concentrated at the interface, and decays exponentially away from
the interface in both the metal and dielectric regions.” Thus, for numerical methods
based on discretization of the fields on a numerical grid, a very fine grid resolution
is required at the metal-dielectric interface to adequately resolve the local fields.
In addition, several plasmonic devices are based on components of subwavelength
dimensions.” In fact, most of the potential applications of surface plasmons are related
to subwavelength optics. The nanoscale feature sizes of plasmonic devices pose an
extra challenge to numerical simulation techniques.

We illustrate the challenges involved in modeling plasmonic devices using a simple
example. We consider an infinite periodic array of silver cylinders illuminated by a
plane wave at normal incidence (inset of Fig. 12.2(a)). We use the finite-difference
frequency-domain (FDFD) method, described in more detail below, to calculate the
transmission of the periodic array. This method allows us to directly use experimental
data for the frequency-dependent dielectric constant of metals, including both the
real and imaginary parts, with no further approximation. The fields are discretized
on a uniform two-dimensional grid with grid size Ax = Ay = Al. In Fig. 12.2(a)
we show the calculated transmission as a function of frequency. We also show the
transmission of the structure calculated with the Drude model of Eq. (12.1). We
observe that the use of the Drude model results in substantial error. In general, the
Drude model parameters are chosen to minimize the error in the dielectric function in
a given frequency range.® However, this approach gives accurate results in a limited
wavelength range, as illustrated in this example. In general the complicated dispersion
properties of metals at optical frequencies pose a challenge in modeling of plasmonic
devices not encountered in modeling of low- or high-index-contrast dielectric devices.
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In Fig. 12.2(b) we show the calculated transmission at a specific wavelength as
a function of the spatial grid size Al. We observe that a grid size of Al = 1 nm
is required in this case to yield reasonably accurate results that no longer change
substantially with decreasing grid size. The required grid size is directly related to
the decay length of the fields at the metal—dielectric interface. In general, modeling
of plasmonic devices requires much finer grid resolution than modeling of low- or
high-index-contrast dielectric devices, due to the high localization of the field at
metal—dielectric interfaces of plasmonic devices. The required grid size depends on
the shape and feature size of the modeled plasmonic device, the metallic material
used and the operating frequency.

In the following we examine several widely used simulation techniques for model-
ing of plasmonic devices. We also examine how they address the challenges mentioned
above.

12.2. NUMERICAL SIMULATION TECHNIQUES
12.2.1. Green Dyadic Method

The Green dyadic method (GDM) is based on discretization of an integral equation
to obtain a matrix equation.’

We consider an object with finite volume 7 embedded in a reference medium. The
system is illuminated by an electric field with arbitrary spatial distribution and an
exp(—iwt) harmonic time dependence. From Maxwell’s equations

V x E(r) = iopgH(r), (12.3)
V x H(r) = —iwepe, (r)E(r), (12.4)

we can eliminate H(r) and obtain the following wave equation for E(r)
>
V x V x E(r) — &(r)—<E(r) =0, (12.5)
c
where the dielectric function ¢, (r) is defined as €, (r) = & 0p;(r),ifr € V,and g,.(r) =
&rrep(r) , if ¥ ¢ V. Thus, Eq. (12.5) can be rewritten as’

? w?
V xV x E(l‘) - 8r,ref(r)c_2E(r) = c_z[gr,ref(r) - gr,obj(r)]E(r)~ (126)
The right-hand side of Eq. (12.6), which is proportional to the electric field inside
the object volume ¥, acts as a source. The solution of Eq. (12.6) can therefore be
expressed as

E(r) = E'(r) + E‘(r), (12.7)

where the incident field E'(r) is the homogeneous solution of Eq. (12.6) when the
right-hand side source is zero. To determine the field scattered by the object E°(r),
one has to consider the response of the reference system to a point current source,
the so-called Green s function. Since E(r) is a vector and the current source is also a
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vector, the Green’s function must be a dyad G(r, ) that operates on a vector giving
rise to another vector.!” The dyadic Green’s function is therefore defined by

w2
C

V X V x G(r) = &rre(r)— G(r) = I5(r — ). (12.8)

Using Eqs. (12.6)—(12.8) we obtain the following integral equation for E(r)
. (,()2 -
B0 = B0+ % [ G0 on®) - 5 0JE@A (129)
v

To solve Eq. (12.9), one needs to determine G(r, r’) first. If the reference medium in
which the object is embedded is a homogeneous dielectric, i.e. & .¢(r) = &, it can
be shown that

eik|r7r’|

3 1
Gr) =+ 5 VV)_—

S (12.10)
Ir —r|

where k2 = w?e,eoo.'0 Of particular interest is also the Green’s function of a lay-
ered reference system, since many practical plasmonic devices consist of metallic
structures deposited on the interface between air and a multilayered substrate. The
Green’s function in this case is expressed in terms of Sommerfeld integrals which are
evaluated numerically.! Once G(r, r’) is determined, the field inside the object can be
computed numerically by discretizing the volume V" into N cells and assuming that
E(r) and &, ref(r) — &0bj(r) are constant within each cell.? If r,, is the center of the
mth cell, Eq. (12.9) reduces to a dense system of linear equations

I-&G@r,r) -~ &vG(r,ry) E(ry) Ei(r)
: : o= |, a2
§Gry,r) - I—&yG(ry,ry) | [ E(ry) E'(ry)

where &, = @?/c?[&,ref(Tm) — Er,0bj(Xm)]18 Vs and 8V, is the volume of the mth cell.
Special attention must be devoted to the calculation of the diagonal terms!!' due to
the singularity of G(r, r') for r = r’. Once the field inside the object is determined,
the field at any other point can be calculated using the discretized form of Eq. (12.9)

N
E(r) =E'(r)+ ) &G(r,r,)E(r,). (12.12)
m=1

The GDM is particularly efficient in modeling scattering from metallic structures
embedded in uniform or planarly layered media. This is due to the fact that Green’s
functions are available for such reference systems and only the metallic structure
volume has to be discretized. However, it is hard to use the GDM in more gen-
eral problems due to the difficulty in constructing the related Green’s functions. The
GDM is a frequency-domain technique, so it can treat arbitrary material dispersion.
The GDM requires discretization of the metallic structure volume. Thus, a very fine
grid resolution is required to accurately model the rapid field decay inside the metal.
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In addition, assuming that an orthogonal grid is used, finer grid resolutions are re-
quired for curved metal-dielectric interfaces to avoid introducing large errors due
to staircasing.’ The efficiency of discretization can be increased by using nonuni-
form and/or nonorthogonal grids.>!?> Non-uniform grids allow finer discretization
in the vicinity of the metal-dielectric interface. Non-orthogonal grids allow better
approximation of curved surfaces. These, however, are at the cost of more coding
complexity.

12.2.2. Discrete Dipole Approximation

The discrete dipole approximation (DDA) is an approximation of a continuum target
by a finite array of polarizable points which acquire dipole moments in response to
the local electric field.!> 14

We consider an electromagnetic wave with an electric field, E'(r), incident on an
object with dielectric function &(r). We approximate the object geometry with a finite
number of polarizable elements. If E,, = E(r,,) is the electric field at the site of the
mth element, the induced polarization, P,,, at this site is

P,, = anE,, (12.13)

where «,, is the dipole polarizability at r,,. In most cases the Clausius-Mossotti
equation'* is used for o,

_ 3e(r,) -1
" Ne(r,)+2’

m (12.14)
where N is the number of polarizable elements per unit volume. For an infinite cubic
lattice Eq. (12.14) is exact in the dc limit kd — 0, where d is the dipole spacing. At
finite wavelengths a radiative reaction correction'* of O[(kd)?] should be included
in Eq. (12.14). The contribution of the nth dipole to the electric field E,,,, at site m
is simply the electric field in vacuum of a dipole P, at a distance r,,, =1, — 1.
That is,'3

E — exp(ikrmy)
mn — 73

AT EOT i (12.15)

{kz(rmn X Pn) X FYyp + [3(rmn . Pn)rmn - r,%mPn]zi} )
rmn
where 7,,,, = |r,, — r,,|. The total electric field E,, at site m is then
E, =E, + Y E,,, (12.16)
n#m

where E!, = E'(r,,). If Egs. (12.13)(12.16) are applied at all N points, we obtain a
system of 3N complex linear equations. Once the system is solved for the unknown
fields E,,, the electric field at any other position can be calculated by summing the
contributions of the incident field and of the fields due to the N dipoles.'*
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If the structure dimensions are much smaller than the wavelength A of the incident
light, the quasistatic approximation can be used for the dipolar electric field'

Ban = o B0 Pt =3, B (1217)
It has been shown that the DDA is equivalent to the GDM in the low-frequency
limit.'"* The DDA can only be used for modeling scattering from metallic objects
embedded in uniform media, since it is based on the field of a dipole in a homogeneous
medium (Eq. 12.15). It is a frequency-domain technique, so it can treat arbitrary
material dispersion. Similar to the GDM, the DDA is based on discretization of the
metallic structure volume, so that nonuniform and/or nonorthogonal grids are required
for efficient treatment of curved surfaces and rapid field decays at metal-dielectric
interfaces.

12.2.3. Finite-Difference Frequency-Domain Method

In finite-difference methods, derivatives in differential equations are approximated
by finite differences. To approximate the derivative df/dx|,, we consider a Taylor’s
series expansion of f(x) about the point x¢ to the points xo + Ax and xo — Ax and
obtain’

af _f(xo+Ax)—f(xo—Ax)+
dx |, 2Ax

X0

O[(Ax)?]. (12.18)

Eq. (12.18) shows that a central-difference approximation of the first derivative is
second-order accurate, meaning that the remainder term in Eq. (12.18) approaches
zero as the square of Ax.

In finite-difference methods a continuous problem is approximated by a discrete
one. Field quantities are defined on a discrete grid of nodes. The rectangular grid with
node coordinates r;;;x = (x;, y;, zx) is the simplest and most commonly-used. A field
quantity at nodal location r;;; is denoted for convenience as fijx = f(r;;z). Based
on Eq. (12.18), the first derivative can be approximated by the following central-
difference formula

f+1 Ji- L
2Ax

af | -

12.19
I (12.19)

i
which is second-order accurate, based on the discussion above, if the rectangular gird
is uniform, i.e. x; = i Ax. Similarly, the second derivative can be approximated by
the formula
d’ f ~ Jiv1 = 2fi + fioi
dx? |, (Ax)? ’

(12.20)

which is also second-order accurate on a uniform grid.’
By replacing derivatives in differential equations with their finite-difference ap-
proximations, we obtain algebraic equations which relate the value of the field at a
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specific node to the values at neighboring nodes. To solve Maxwell’s equations with
the FDFD method, we discretize the system of the three, coupled, scalar partial dif-
ferential equations obtained from the wave equation for the electric field (Eq. 12.5).
For simplicity we consider here two-dimensional problems with transverse electric
(TE) polarization. For TE polarization we have E = E.Z and the wave equation for
the electric field becomes!®:!7

82 82
[ﬁ + 8—}/2 + kgg,.(x, ,V)iIEz(xv y) = —iope:(x, p), (12.21)

For simplicity we consider a uniform rectangular grid with x; = iAx, y; = jAy, and
replace the derivatives in Eq. (12.21) with their finite-difference approximations of
Eq. (12.20) to obtain

Jivry =21+ ficry | i =20+ fuior 0
- : = - = - k ri.ifJii = Ai s 12.22
(Ax)Z + (Ay)2 + 08 ,]f,] J ( )
where f = E, and 4 = —iwpJ;. Thus, application of finite-difference approxima-

tions at the node location r;; = (x;, y;) results in a linear algebraic equation which
relates the field f;; to the fields at the four adjacent nodes fiy1 j, fi—1,;, fi.j+1> fi,j—1-
By applying the finite-difference approximation to all nodes of the grid we obtain a
system of linear equations of the form Ax = b, where b is determined by the source
current J. Since the equation for the field at each point involves only the fields at the
four (six in three dimensions, two in one dimension) adjacent points, the resulting
system matrix is extremely sparse.!”

FDFD can be used to model plasmonic devices with arbitrary geometries. Com-
pared to GDM, FDFD does not require construction of a Green’s function and is
therefore a more versatile method. For problems that both FDFD and GDM can be
used, FDFD is in general less efficient because it requires discretization of both the
metallic objects and the surrounding media. However, FDFD results in sparse ma-
trix systems, while GDM results in dense matrix systems. Sparse problems can be
solved more efficiently than dense problems with the same number of unknowns, if
direct or iterative sparse matrix techniques are used.'®!” An additional complexity
in the use of FDFD, and of all other methods which are based on discretization of
the differential form of Maxwell’s equations in a finite volume, is the requirement of
absorbing boundary conditions (ABCs) such that waves are not artificially reflected
at the boundaries of the computational domain.>'¢ Very efficient and accurate ABCs
such as the perfectly matched layer (PML) have recently been demonstrated.'® FDFD
is a frequency-domain technique and can thus treat arbitrary material dispersion. As
with GDM, nonuniform and/or nonorthogonal grids are required in FDFD for efficient
treatment of curved surfaces and rapid field decays at metal—dielectric interfaces.

Waveguiding Structures

In the previous section we described how Maxwell’s equations are solved with the
finite-difference method when the fields are excited by a current source J. A slightly
different approach is required if we are interested in determining the modes and
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the dispersion characteristics of waveguiding structures which are uniform in the z-
direction. If we assume that all field components have a exp(—yz) dependence, it can
be shown that Maxwell’s equations reduce to!”

a oh,  dhy d (dh, 0h
—e ki + e — e [ =2 — - — +—2) =9, (12.23)
ay dax ay dx \ dx ay

B dh,  hy d (dh, 0h
—ekghy —e,— &7 | —= — - = + =) =y%h,, (1224)
ax ox ay ay \ ox ay

where H(x, y, z) = h(x, y)exp(—yz). Equations (23) and (24) also satisfy the
transversality constraint for the magnetic field. They are discretized by applying
the finite-difference method on a numerical grid known as the Yee lattice which
is described below. We then obtain a sparse matrix eigenvalue problem of the form
Ah = y?h which can be solved using iterative sparse eigenvalue techniques.'® An im-
portant feature of this formulation is the absence of spurious modes in the solution'®
which is therefore robust.

Quasistatic Approximation

Several plasmonic structures have dimensions much smaller than the wavelength A
of the incident light. Under these conditions, retardation effects are negligible and the
quasistatic approximation E(r) = —V¢(r) can be used for the scattered electric field,
where ¢(r) is the electrostatic potential. The field distribution problem then reduces
to solving

V - (e (D[~ Ve () + E)]) = 0, (12.25)

which represents the current conservation law.?’ Equation (12.25) is discretized using
the finite-difference method as described above. A sparse system of linear equations
of the form Ax = b is obtained, where b is determined by the incident field E’(r).

12.2.4. Finite-Difference Time-Domain Method

The finite-difference time-domain (FDTD) method® solves directly Maxwell’s time-
dependent curl equations

oH

VxE= _MOW’ (12.26)
oE

VxH= 808r¥, (12.27)

so that both space and time have to be discretized. The standard FDTD is based on
the Yee algorithm.> As we saw in the previous section, central-difference approxima-
tions are second-order accurate. To achieve second-order accuracy in time, the Yee
algorithm uses a leapfiog arrangement.’ E fields are calculated at/ = n At using previ-
ously calculated and stored H fields. Then H fields are calculated atz = (n + 1 / 2)At
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using the previously calculated and stored E fields, and the process continues until
time-stepping is concluded. Applying this scheme to Eq. (12.26) we obtain

H|""'2 = H|"'? — At/uoA x EI" (12.28)

We observe that the leapfrog scheme yields central-difference in time and therefore
second-order accurate approximations. In addition, since E(H) fields are obtained
from previously calculated and stored H(E) fields, the time-stepping is fully explicit,
meaning that we do not have to solve a system of simultaneous equations.’

To achieve second-order accuracy in space, FDTD uses a special grid, known as
the Yee lattice, where every E component is surrounded by four H components and
every H component is surrounded by four E components.’ Based on this arrangement,
discretization of the x-component of Eq. (12.26) gives

n+1/2
ik

n n n n
|: (EY|i,j,k+1/2 - EY|zx,j,k—1/2)/AZ - (EZ’i,j+1/2,k - Ey‘i,j—l/z’k)/Ay:|' (12.29)

We observe that, using the Yee lattice, all spatial finite-difference expressions are
central and therefore second-order accurate. Similar finite-difference equations are
obtained by discretizing the other components of Egs. (12.26) and (12.27). In sum-
mary, FDTD is an explicit numerical scheme which is second-order accurate both in
time and in space (in uniform media).

n—1/2

[_[xi :Hx|i,j,k +At//'L0'

Treatment of Dispersive Media in FDTD

One of the major challenges in FDTD modeling of metals at optical frequencies is the
treatment of the metallic dispersion properties. As mentioned above, in time-domain
methods the dielectric constants of dispersive media have to be approximated by
suitable analytical expressions. The most common algorithm for modeling dispersive
materials with FDTD is the auxiliary differential equation (ADE) method.>?!' In
dispersive materials e(w) relates E and D

D = ¢(w)E. (12.30)

ADE is based on integrating an ordinary differential equation in time that relates D(z)
to E(¢), concurrently with Maxwell’s equations. This equation is derived by taking
the inverse Fourier transform of Eq. (12.30).

We consider here a simple example where the dielectric constant &, (w) consists of
a single Lorentzian term, i.e:

g (w) = — (12.31)

(W} —?) —iwy
If we substitute Eq. (12.31) into Eq. (12.30) and take the inverse Fourier transform,
we obtain a second-order differential equation relating D and E

oD 9’D

wiD + Wt oz = wjeoE. (12.32)
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Equation (12.32) is discretized using a second-order accurate central-difference
scheme similar to those described above. We note that, if the ADE method is used,
E is obtained from H in two steps. First, D is obtained from H by solving the finite-
difference approximation of
oD
VxH=—. (12.33)
ot
Second, E is obtained from D by solving the finite-difference approximation of Eq.
(12.32). Calculation of the finite-difference expressions of the first and second tem-
poral derivatives of D in Eq. (12.32) requires storage of 2 previous values of D, in
other words not only D|"*! but also D|” and D|"~! are required to obtain E from D.

Another approach to model dispersive materials with FDTD is the recursive con-
volution method (RC).>2!

FDTD is a finite-difference method, so its performance in modeling plasmonic
devices is similar to the performance of FDFD. However, there are some major dif-
ferences. First, as already mentioned above, in time-domain methods the dispersion
properties of metals have to be approximated by suitable analytical expressions which
introduce substantial error in broadband calculations. In addition, the implementation
of the ADE or RC methods requires additional computational cost and extra memory
storage.>2! On the other hand, in FDTD it is possible to obtain the entire frequency
response with a single simulation by exciting a broadband pulse and calculating the
Fourier transform of both the excitation and the response.’

12.2.5. Other Numerical Methods

The finite-element frequency-domain (FEFD) method is a more powerful technique
than FDFD, especially for problems with complex geometries. However, FDFD is
conceptually simpler and easier to program. The main advantage of FEFD is that
complex geometric structures can be discretized using a variety of elements of dif-
ferent shapes, while in FDFD a rectangular grid is typically used leading to staircase
approximations of particle shapes.!®?? In addition, in FEFD fields within elements
are approximated by shape functions, typically polynomials, while in FDFD a simpler
piecewise constant approximation is used.?? In short, FEFD is more complicated than
FDFD but achieves better accuracy for a given computational cost.??

The modes and dispersion characteristics of waveguiding structures which are
uniform in the z-direction can also be calculated using the method of lines (MoL). In
the MoL, the differential equations to be solved are discretized along one dimension
only for a two-dimensional problem.?*> The equations are then solved analytically in
the remaining dimension while applying continuity boundary conditions of tangential
fields between consecutive layers. The main advantage of the MoL in modeling of
plasmonic devices is that it can treat more efficiently the rapidly decaying fields at the
metal—dielectric interfaces in the direction which is treated analytically. In general,
the application of MoL is limited to planar structures and the method is not applicable
to problems with complex geometries.??
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For homogeneous scatterers an alternative to the Green dyadic method (GDM) is
the boundary element method (BEM). In BEM Green'’s second identity is applied to
derive boundary integral equations.?* Compared to GDM, BEM has the advantage that
it requires discretization of the scatterer’s surface rather than the scatterer’s volume.?*
However, its application is limited to homogeneous scatterers.

Another technique for modeling piecewise homogeneous material media is the
multiple multipole (MMP) method. In the MMP method, the fields in every homoge-
neous region are expressed as a linear superposition of known basis functions which
are analytical solutions of the Maxwell equations.>> The most used basis functions
are multipolar functions which represent harmonic monopolar, dipolar, (and so on)
sources which are singular at the point where they are located.?> The origins of
multipolar functions used in a specific region are located outside that region. The
coefficients of the multipole expansions in each region are determined by applying
the boundary conditions at the interfaces. Thus, the MMP method is also a boundary
method, since only the interfaces have to be discretized. As with BEM, application
of the MMP method is limited to homogeneous scatterers.

As mentioned above, one of the major challenges in modeling plasmonic devices is
the exponential decay of the field away from the metal—dielectric interface. The surface
impedance boundary condition (SIBC) can be used to calculate the fields outside a
metallic structure without having to model the interior of the structure.>2° Thus, the
resolution of the rapidly decaying fields inside the metal is avoided. The SIBC relates
the tangential electric and magnetic fields at the metal—dielectric interface

Ew= |—2 4xH (12.34)
g0&r(w)

The SIBC is an approximate boundary condition which is quite accurate if the radius
of curvature of the metallic object is much larger than the penetration depth of the
field inside the metal?>® However, it can be used only if this condition is satisfied. If
the field penetration in the metal is significant, the method fails to model the related
physics.

12.3. CONCLUSIONS

The dispersion properties of metals at optical frequencies are a major challenge in
modeling of plasmonic devices. Frequency-domain techniques can treat arbitrary ma-
terial dispersion but require a large number of simulations to obtain the broadband
response. One possible future research direction could be the development of suitable,
fast, frequency-sweep methods.'® Such methods allow the computation of the broad-
band response by simulating the device only at a limited number of frequencies. In
time-domain techniques the entire frequency response can be obtained with a single
simulation. However, the treatment of dispersion requires additional computational
and storage cost and the analytical approximations used result in substantial error. A
possible future research direction could be the development of analytical expressions
which allow approximation of metallic dispersion with a small number of terms. Such
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expressions could increase the accuracy and decrease the computational and memory
cost of broadband time-domain calculations. Another major challenge in modeling
of plasmonic devices is the very fine discretization required to adequately resolve
the rapid field decay away from metal—dielectric interfaces. Although nonuniform
and/or nonorthogonal grids increase the efficiency of standard numerical methods for
such problems, it would be interesting to investigate whether numerical grids could
be optimized specifically for treatment of plasmonic devices. In conclusion, there are
many exciting research opportunities in developing more accurate and more efficient
methods for plasmonic devices.
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13.1. INTRODUCTION

The recent development of a multitude of different metal-based nanoparticles
and nanostructures has been fueled by a variety of uses for these structures in
spectroscopic,? biomedical,>* and photonic applications.® Examples include bio-
sensing applications such as surface plasmon resonance (SPR) sensing,®’ Raman
spectroscopy,®~!'? whole blood immunoassays,'! and in vivo optical contrast agents.!?
In addition to sensing, medical applications include drug delivery materials* and pho-
tothermal cancer therapy.!> New synthesis procedures have produced nanoparticle
morphologies such as rods,'# shells,'> !¢ cups,!”1319 rings,'® and cubes.?’ Comple-
mentary to nanoparticle chemistry, new planar fabrication methods have produced
a variety of nanopatterned metal films that can support both propagating and lo-
calized surface plasmons.!?!:?2 The applications of these metal nanostructures take
advantage of the enhancement of the local electromagnetic field associated with their
plasmon resonances. In general, the frequency at which these plasmon resonances
occurs is determined both by the dielectric properties of the materials composing the
nanoparticles and the geometry of the nanoparticles.

The usefulness of these structures relies on the ability of nanoscientists to fabricate
metallic nanoparticles and nanostructures with plasmon resonances in regions of the
electromagnetic spectrum appropriate to a particular application. In order to predict
the spectral locations of plasmon resonances of nanoparticles, early theoretical efforts
focused on solutions of Maxwell’s equations for highly symmetric nanoparticles?>~2
The plasmon resonances appear as one or more singularities in the frequency depen-
dent polarizibility. However, even for simple particles the absorption cross section can
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become very complicated. Computational methods such as the Discrete Dipole Ap-
proximation (DDA)?® and the finite difference time domain (FDTD) method?”-?® have
enabled calculations of the plasmonic properties for more complicated nanoparticles
and nanostructures.

Although such brute force computational methods produce the optical response
of arbitrary nanoparticle geometries, they provide very little insight into the nature
of plasmon resonances. More importantly, these methods do not provide scientists
with the means to intuitively predict the plasmon resonances of new nanostructures.
Plasmon hybridization theory provides a conceptually enlightening method for cal-
culating the plasmon resonance of complex nanostructures.?’ =33 This method is a
mesoscale electromagnetic analog of how atomic orbitals interact to form molecular
orbitals in electronic structure theory. Plasmon hybridization theory deconstructs a
nanoparticle or composite structure into more elementary shapes, and then calculates
how the plasmon resonances of the composite particles interact or hybridize with each
other. This theory enables scientists to draw on decades of intuition from molecular
orbital theory to predict the plasmonic response of complicated nanostructures. In this
chapter, the general formalisms of plasmon hybridization will be outlined, and then
applied to more complex nanostructures such as multilayer concentric gold nanoshells
and multi-particle geometries.

13.2. PLASMON HYBRIDIZATION OF NANOSHELLS

Hollow metallic spheres support plasmon resonances that are highly sensitive to the
inner and outer radius of their shell.?* Experimentally realizable nanoshells consist of
a thin noble metal shell grown onto a functionalized silica core.!*3* Nanoshells exhibit
abroad spectral range of geometrically tunable plasmon resonances that far exceed the
spectral range of solid nanoparticles (see Fig. 13.1.). Additionally, nanoshell plasmon
resonances are very sensitive to the embedding dielectric medium.’> An intuitive
understanding for this tunability clearly arises from plasmon hybridization theory.
In this formalism, the tunable nanoshell plasmon is viewed as a hybridization of the
essentially fixed-frequency plasmon resonances of a nanosphere and a nanocavity.

Plasmon Energy (eV)

3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
] 1 1 1 1 1 J

400 500 600 800 1000 3000 9000
Resonant Wavelength (nm)
silver spheres

goldsﬂes gold and silver nanoshells

nanorods - transverse nanorods - longitudinal

Au/Ag alloyed spheres
Ag/Au core/shell spheres

Figure 13.1. Range of plasmon resonances for a variety of particle morphologies.
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Figure 13.2. Configuration of a fluid of conduction electrons. The surfaces £’ and T are the maximum
and minimum boundaries of the fluid, and X denotes the nanoparticle boundary. In the limit of small
deformations, surfaces X’ and X" coalesce with X, and the charge fluctuations can be treated as changes
in the surface charge.

13.2.1. The Incompressible Fluid Model

Plasmons can be thought of as incompressible irrotational deformations of the conduc-
tion electron gas in metallic structures.’! For simplicity, we will assume the electrons
form a liquid of uniform electron density on the ion cores that form a rigid uniform
background charge py. The system is assumed to be charge neutral. The current j and
electron charge density p must satisfy the general equations

% L y.i—o
ot 1= (13.1)
Vxj=0

A constant electron charge density inside the fluid of nge is assumed and the
current is related to the density by j = pv, where v is the velocity of the fluid at a given
position. We define a scalar potential 7 that satisfies the Laplace equation V25 = 0. It
then follows that the fluid velocity can be written as v = Vn and j = nge Vn, where
no is the electron density of the conduction electrons and e the unit charge. A net
charge distribution of p—p( appears on the metallic surface for small deformations of
the fluid. For infinitesimal deformations, this spill out charge, o, can be defined as a
superficial charge distribution:

. 1
a=§3ﬁgﬂﬁp—mwv (13.2)

where §V is a volume centered on a surface, S, as illustrated in Fig. 13.2. From the
continuity equation we can derive a relationship between 1 and the surface charge
over the volume 8V The continuity equation is given by:

d
@ ﬁuV+/de=o (13.3)
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With no current flowing through the boundaries of §/ and where §S goes to zero, the
above equation reduces to

do an
— —n-j=0%& 0,0 =noe— 13.4
o " 7 =% (134)
where n is the surface normal vector. The dynamics of small deformations in this
fluid will be determined by the Lagrangian of the system?!

[ = 1o /nddS— f"(r)(’(r)ds ds,, (13.5)
2 2] Tr=r]

where m, is the electron mass at o (r) is the superficial charge density at r.

13.2.2. Cavity and Solid Sphere Plasmons

To apply this formalism to calculate the plasmon resonances of a nanoshell, we must
first calculate the plasmon resonances of the constituent particles: a solid metallic
sphere and a spherical cavity inside a bulk metal. The metal is modeled using an
electron liquid of uniform density n, which will give rise to a Drude dielectric function,
&(w) = 1 — wh/w? where wp is the bulk plasma frequency.

4melng

(13.6)

wp =
me

For brevity, the effects of the dielectric polarizibilities of the metal due to the ion cores
and of the medium are ignored. Including these effects is straightforward and yields
results in good agreement with experimental measurements and other theories.>!

For a cavity of radius a, the solution of the Laplace equation can be written as a
sum of spherical harmonics, Y, (£2),

q?l+1

n(r, Q) = Z 77 Cm O™ i (2) (13.7)

where the normalization constants, C;,,, were chosen for convenience, / is the angular
momentum (multipolar order), and m is the azimuthal index. The expressions for the
current and cavity surface charge, o, are then’!

2l+l
jt,r, Q) = Znoe‘/ Cm(@)V (v ()
I,m . (138)

/1
oc(t, Q) = nope Z :—31Clm(t)ylm(9)
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A straightforward calculation of the kinetic and electrostatic energy of the void leads
to the following Lagrangian for the electron gas:*!

nome,

Le="3 2 [Chu—ot,Cin) (13.9)

This Lagrangian reduces to a set of decoupled oscillators with frequency wc ;, which
is the plasmon frequency predicted by classical Mie scattering theory

[+1
= —_— 13.10
wc,l wB,/2l+1 ( )

A similar procedure can be followed for a solid metallic sphere of radius 5.3! The
solution of the Laplace equation now becomes

.
n(r, Q) = Z,/W&m(r)r’m(ﬂ), (13.11)
I,m

where Sj,, are normalization constants for a solid sphere. The expressions for the
current and surface charge of the sphere, o, are then

I .
. Q) =ngey _,/ Tt VS (O Yin ()

I,m

(13.12)
os(t, Q) = noe ; \/;Slm(t)Ylm(Q)
The Lagrangian for the sphere is’!
Ls= ”";"" > [82, — kS (13.13)
Im

Similar to the cavity modes, this Lagrangian reduces to a set of oscillators with
frequencies equal to the plasmon frequency predicted by Mie scattering theory for a
solid sphere

I
wg | = WpR ZI—_H (1314)

13.2.3. Hybridization of Metallic Nanoshells

The geometry of a nanoshell is illustrated in Fig. 13.3. We will define the nanoshell
aspect ratio x as the ratio of the inner to outer radius, x = a/b. For a shell geometry,
the general solution for 1 is’!

a2+ e T . ,
00,2 = 3 (77 CnOr ™ S’ | Vi@ (1319)
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(a) (b)

+
€

Figure 13.3. Diagram of (a) the nanoshell geometry of core radius a and total radius b. (b) shows the
energy diagram for the hybridization model of a nanoshell showing both a weak (i) and strong (ii) plasmon
interaction.

which leads to the following expression for the surface charges on the inner or cavity
surface:

[+1 1
oc(t, Q) = noe ) [,/%am - Eszm(l):| Yin() (13.16)
I,m

and on the outer surface,

os(t, ) = noe ZZ |:_xl+2 / l:_31 Cim(t) + \/gs,m(t)} Yim(S2). (13.17)

Following the procedure outlined in the last section, the Lagrangian of the system
becomes?!

Lns = (1 = x*™)[Lc + Ls + nomewc jws 152 Clyp Spn ] - (13.18)
For each angular number /, this system has two fundamental frequencies
A ) PO V14410 + Dx 2 (13.19)
=72 2041 ' '

The frequencies obtained from Eq. (13.19) for nanoshells agree with plasmon fre-
quencies calculated from classical Mie scattering theory as well as quantum mechan-
ical ab initio time-dependent local density approximation (TDLDA) calculations.?®
The plasmon resonances of nanoshells can now be understood as the interaction of
the sphere and cavity plasmons. This interaction or hybridization results in a split-
ting of the plasmon resonances into a lower energy symmetric (bonding) plasmon
and a higher energy antisymmetric (antibonding) plasmon, shown schematically in
Fig. 13.3(b) for both a weak (i) and strong (ii) interaction. The bonding plasmon has
a larger dipole moment than the antibonding plasmon, and therefore couples more
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easily to incident electromagnetic radiation. The bonding plasmon is therefore the
more prevalent feature in experimentally obtained extinction spectrum.

The strength of this interaction depends on the aspect ratio of the shell, x, to
the power 2/ 4 1 as seen in Eq. (13.19). The energy of the plasmon resonance of
a nanoshell will therefore depend on both the plasmon energies of the constituent
sphere and cavity, but also on the aspect ratio, or thickness of the shell. This explains
the unique tunability of nanoshells compared to solid nanoparticles. If the metal shell
is thin, the interaction will be strong and the splitting of the plasmons will be large,
as seen in Fig. 13.3 (b). For a thick shell, the interaction will be weak and therefore a
small splitting of the plasmons will occur.

13.3. HYBRIDIZATION IN MORE COMPLICATED STRUCTURES

By using the above formalisms and the calculated plasmon resonances for elementary
geometries, we can now understand the plasmonic response of complex nanostructures
by considering their more elementary constituent parts. In this section, we will use
plasmon hybridization to calculate the plasmon resonance of concentric metallic shells
and metallic dimer particles.

13.3.1. Multiconcentric Metallic Shells

Recently, the tuning range of nanoshells has been expanded into the infrared by the
fabrication of multiconcentric gold nanoshells.’?3? These ‘nano-matryushkas’ are
composed of a silica core, a gold shell, a silica spacer layer, and finally a second gold
shell. Nano-matryushka plasmons arise from the hybridization of the two individual
metal shell plasmons, with the interaction strength determined in part by the thickness
of the spacer layer.

To calculate the plasmon response of N concentric nanoshells, we define the
nanoshells with inner radius a; and outer radius b;, where the jth shell is inside
the j + 1 nanoshell. The individual nanoshell surface charge expressions will be the
same as derived in sect. 13.2.3, and the kinetic energy of the system is simply the sum
of the kinetic energies of the individual nanoshells. The electrostatic energy system
is the sum of the interactions between the different nanoshells and can be written
as3!

TTTa P [ o, 4 44, ]y for <

2 ) ) . )
Vi =2men 41 Y " yV (7 + 1)ai301C imCim + /16705 1,5}, fori = j
Im — J ’
20 +1 I+(1/2) 1 —I+1 _i —I+1 _i j . .
\/ij [ i OCim T b; - Us,lm] Spyy fori > j

(13.20)
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Figure 13.4. (a) Schematic of a concentric nanoshell where the gray regions are the metallic phases and the
white regions are the dielectric phases. (b) Energy diagram of the plasmon modes excited in a concentric
nanoshell. (c) Induced surface charge for each plasmon mode.

For multiconcentric nanoshells, the Lagrangian is simply

Les=) Lis—Y V7. (13.21)

i il
In the case of two concentric shells made of the same metal, shown schematically in
Fig. 13.4 (a), the Lagrangian reduces to’!

21 21 by e
Les = Lyg+ Lys — nome(1 — x7 (1 — x3" oy, (a—2> sh.c? .
(13.22)

This system can now be described as the interaction of four linearly independent
charge deformations, or plasmons. The interaction strength is determined by the thick-
ness of the dielectric spacer layer |a,—b; |. Although the symmetric and antisymmetric
plasmons on a given shell can interact with both plasmons on the other shell, the large
energy separation between the w, and w_ plasmons will cause the hybridization to
occur predominantly between two plasmons of the same symmetry. The resulting
energy diagram for the composite plasmon resonances are shown in Fig. 13.4 (b), and
the induced surface charge for each mode in (c). Experimentally accessible modes
are highlighted in gray. The hybridization of the two symmetric modes yields an
antisymmetric (or bonding) mode, w” and a symmetric (or antibonding) mode, w™ .
The antisymmetric mode has a smaller dipole moment and is of lower energy. The
symmetric mode has a higher energy due to the electrostatic repulsion at the internal
interfaces of the metal shells. For the interactions of the antisymmetric modes, the
symmetric alignment is favored because the interaction of the two w, modes has an
opposite sign compared to the symmetric case.

Concentric nanoshells have recently been fabricated and experimental measure-
ments of their plasmon resonances match well with theory.*?33 Figure 13.5 shows
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Figure 13.5. Experimental and theoretical extinction spectra of concentric nanoshells (3) along with their
constituent inner (1) and outer (2) single nanoshells. Concentric nanoshell with dimensions a;/b;/a;/by
of (a) 80/107/135/157 nm resulting in a strong coupling and (b) 396/418/654/693 nm showing the weak
coupling case.

the optical response of concentric gold nanoshells with a silica core and spacer layer
for both strong (a) and weak (b) coupling cases. In this figure, the spectra labeled
(1) show the experimental and theoretical extinction spectra for the isolated inner
shell w_ns1. The theoretical spectra for the isolated outer shell, w_ys», are labeled (2),
and the theoretical and experimental spectra for the composite concentric nanoshell
are labeled (3). In spectra (3), both the ™ cs and w” cs plasmons are clearly apparent.
In these plots, the theoretical extinction spectrum is calculated using Mie scattering
theory.

The concentric nanoshell depicted in Fig. 13.5 (a) shows strong coupling because
the inter-shell spacing is small (28 nm) and the inner and outer nanoshell plasmons
are nearly resonant with each other. The asymmetry of the splitting can be attributed
to retardation effects and interactions with modes of higher /. Figure 13.5 (b) shows
the case where the plasmon modes are fully decoupled because the inter-shell spacing
is very large (236 nm). In this case, the outer shell feels little effect of the inner shell
even being present.

13.3.2. Nanoparticle Dimers

In this section, the plasmon hybridization method will be applied to a system of
nanoparticle dimers. The massive field enhancements occurring in the junction be-
tween two nanoparticles make nanoparticle dimers greatly important for applications
such as Surface Enhanced Raman Spectroscopy (SERS).37-38 While this has sparked
a number of theoretical and experimental studies,?”-3°~*! there is a lack of consensus
about the effect of interparticle spacing on the dimer plasmon resonances. In two
studies considering nanoparticle dimers with a high aspect ratio, one finds that the
energy shifts of the dimer plasmon energies can be described as a simple dipolar
interaction,*” while another reports an exponential dependence on the interparticle
spacing.*!
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To illustrate the plasmon hybridization method, two isolated sphere plasmons will
be mixed to calculate the corresponding dimer plasmon energies. For nanospheres of
radius b and large interparticle spacing D, the shifts in the plasmon energy should
follow the interaction between classical dipoles (1/D?). However, as D becomes
smaller the single particle plasmons start mixing with higher order / plasmons in
the other particle, causing the dimer plasmon energy to shift more strongly and
much faster than 1/D3. To calculate the dimer plasmon energies, the same sur-
face charge expressions and Lagrangian derived in sect. 13.2.2 will be used. Di-
electric effects will again be neglected to elucidate the nature of the plasmon reso-
nances of dimers, however they can be included if experimentally accurate results are
desired.’!

Retardation effects can be neglected if the overall size of the nanoparticle dimer
is significantly smaller than the plasmon wavelength (D + 2b < A/4). In this limit,
the instantaneous Coulomb interaction between the surface charges determines the
potential energy of the system?’

1 2
V(D) = f p2dS, / plaq, TS (2) (13.23)
[r) — 12

This interaction is diagonal in the azimuthal quantum number, m, if the polar
axis lies along the dimer axis, indicating that the plasmon modes of different m
are decoupled. To simplify the notation, for the following equations i will denote
noninteracting plasmon modes, with energy w; and angular momentum /; on sphere

N; with radius b;. For each number m, the Lagrangian is*’
2
(m) _ M0MMe 2 2 _ @B e o
L= 2 Z [(Si @; ;)8 4 Vi (D)SiS; (13.24)

i

The interaction Vg") is zero if 7 and j refer to the same sphere. Otherwise the inter-

action is?’

P"(cos ©;(6/))
(m) _ 20i+1 . li J m
Vi (D) = A1l ;b7 b / df; sinf; @l + DX, ) Pz,- (cos®;)  (13.25)

For the above equation, the integration is taken over the surface of the particle
N; and the interaction matrix is symmetric. Fig. 13.6 (a) illustrates the geometry of
the problem. At this point its useful to note that the interaction between two sphere
plasmon modes of angular momentum / and /” will vanish as D~¢++D or faster. The
Euler-Lagrange equations results in the follow eigenvalue problem

det [Af.j” - a)z] —0 (13.26)
where the matrix 4 is defined by:
A = o5, 4+ B (v = v (13.27)
ij T ity 87'[ ij Ji .

Figure 13.6 (b) shows the calculations for a dimer made of nanospheres with a
radius of 15 nm, wg = 9 eV, and an electron density corresponding to r; = 3.0. The
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Figure 13.6. (a) Schematic picture of the dimmer geometry described in the text with the origin of the
particles i and j at O; and O, respectively. (b) Calculated plasmon energies of a nanosphere dimer as a
function of interparticle spacing for 2 nanospheres of radius 15 nm. (c) Calculated plasmon energies for
a heterodimer composed of nanoshperes of 10 nm and 15 nm radii as a function of interparticle distance.
For both (b) and (c), the top panel is for m = 0 and the bottom panel is for m = 1. The lowest two energy
curves correspond to the / = 1 plasmons.

upper graph shows the dimer plasmon energies as a function of sphere separation for
plasmons polarized along the dimer axis (m = 0). Concentrating on the lowest two
plasmons modes (/ = 1), the bonding configuration corresponds to the two dipoles os-
cillating in phase (symmetric electric fields or positive parity of dipole moments). The
antibonding configuration corresponds to the negative parity of the dipoles (antisym-
metric electric fields). Because the net dipole moments of the bonding configuration
are large, they will couple efficiently with light and will therefore be referred to as
bright plasmons. The net dipole moment of the antibonding plasmons is zero, and
therefore not easily excited by light. These plasmons will be referred as dark plasmons.
For large separations, the splitting increases as the interaction increases, i.e., as 1/D3.
As the separation decreases, the split becomes asymmetric as higher multipoles come
into play. The bonding plasmon then shifts downward in energy much faster than the
antibonding plasmon shifts upward. The bottom graph shows the m = %1 plasmons
for polarizations perpendicular to the dimer axis. Overall the dimer plasmon energies
versus distance is similar to the m = 0 case. However, since the dipole coupling for
this case has the opposite sign, the bright and dark plasmon assignments are reversed:
the dark plasmons are the bonding (antisymmetric) modes and the bright plasmons
are the antibonding (symmetric) modes.

In Fig. 13.6 (c), the dimer energies are calculated for two nanospheres with radii
of 10 and 15 nm. For a heterodimer, parity is broken and the dimer energies therefore
exhibit avoided crossings, i.e., the dimer plasmon modes repel each other. This results
in particularly strong interactions as the distance between the spheres is decreased.
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For |m| < 1, all plasmons have a net dipole moment and multiple peaks are expected
in the optical absorption spectra, or a broad band absorption line if the resonances
overlap.

13.4. CONCLUSIONS

In this chapter we have reviewed the plasmon hybridization method for calculating the
plasmonic response of nanostructures with complicated geometries. By considering
the electrons as an incompressible fluid, the optical response of a complex nanoparti-
cle can now be modeled as a system of interacting plasmons on each of the constituent
surfaces, in direct analogy with molecular orbital theory. This analogy provides for a
simple intuitive understanding of plasmon resonances in complex systems. Applica-
tions of this method is currently ongoing, with recent efforts focusing on nanoparticles
in close proximity to metallic surfaces®” and larger multi-particle systems. It provides
a general and powerful tool for scientists to use when developing nanoparticles and
nanostructures for use in various applications.
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SENSING PROTEINS WITH ADAPTIVE
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14.1. INTRODUCTION

Raman scattering spectra enable molecular “fingerprinting”, which is of particu-
lar interest for molecular sensing and bio-applications. Surface enhanced Raman
scattering (SERS) provides greater detection sensitivity than conventional Raman
spectroscopy,' 3 and it is quickly gaining traction in the study of biological molecules
adsorbed on a metal surface.*~'? SERS spectroscopy allows for the detection and
analysis of minute quantities of analytes because it is possible to obtain high-quality
SERS spectra at sub-monolayer molecular coverage as a result of the large scattering
enhancements. SERS has also been shown to be sensitive to molecular orientation
and the distance of the molecule to the metal surface.'?

The SERS enhancement mechanism originates in part from the large local electro-
magnetic fields caused by resonant surface plasmons that can be optically excited at
certain wavelengths for metal particles of different shapes or closely spaced groups
of particles.'#~2! For aggregates of interacting particles, which are often structured as
fractals, plasmon resonances can be excited in a very broad spectral range.?? In addi-
tion to electromagnetic field enhancement, metal nanostructures and molecules can
form charge-transfer complexes that provide further enhancement for SERS. 232
The resulting overall enhancement depends critically on the particle or aggregate
nanostructure morphology.??-*%=3¢ Enhancement factors can be as high as 10° to 10°
for the area-averaged macroscopic signal and 10'° to 10'5 within the local resonant
nanostructures.

A variety of structures have been found to be appropriate for SERS, includ-
ing roughened metal electrodes,' ™ aggregated films,'> metal islands of differ-
ent morphologies,'*!>17=20 and semicontinuous metal films near the percolation
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threshold.’’ =3 Among SERS-active substrates, vacuum-evaporated nanostructured
metal films are well suited for SERS studies and have a high potential for
applications.!4-20:24:39=43 The effect on the metal film due to deposition rate, mass
thickness, and thermal annealing were previously studied in detail.'3-40—43

The most advanced tendency in SERS substrate preparation is to engineer optimal
nanostructures with a controlled particle shape, such as triangles,>>*** nanoshells,?¢43
or with a regular arrangement achieved by nanosphere lithography,®® electron beam
lithography,*® or through metal coating of dielectric spheres.**? It has been shown
that the maximum local field can be obtained between a pair of particles with an
appropriate shape like a bow-tie structure*’+4® fabricated with electron beam lithog-
raphy or nanosphere lithography. In particular, the largest macroscopic enhancement
factor related to unit area covered with metal was reported with an array of triangular
particles.® Strong SERS enhancement can also occur in a periodic array of metal
nanoparticles.®

We found recently that vacuum evaporated silver films fabricated within a certain
range of evaporation parameters allow fine rearrangement of the local structure under
protein deposition.**=>3 Such a substrate, which is referred to as adaptive enables
adsorption of proteins without significant changes in their conformational states and
provides large SERS enhancement to allow protein sensing at monolayer protein
surface density. This adaptive property appears to be especially important for the
sensing of large molecules whose size is comparable with the typical sizes of the
metal film nanostructure (particle size, inter-particle spacing). In the case of proteins
in the nanometer size range, it is still an issue to match an optimal design of engi-
neered nanostructures with a molecule of particular size and shape. This issue can be
addressed with adaptive nanostructures where protein-mediated restructuring forms
groups of metal particles naturally covered and matched with the molecules of interest.

In this chapter we discuss specific properties of adaptive silver films (ASFs) and
provide several examples of their uses for protein sensing and potential applications
in protein microarrays. An example of SERS spectral sensitivity to protein conforma-
tional state is presented in the case of insulin. We also describe further development
of this type of substrate to improve the SERS signal by addition of a sublayer of bulk
metal.

14.2. BASIC FORMULAS FOR SERS ENHANCEMENT FACTOR

The concept of the enhanced local field in aggregated particle films based on the
Maxwell-Garnett approach was applied to SERS in the 1980s.'4~15:17=19 These the-
ories account for particle shape and, in a strongly simplified manner, particle interac-
tions. The early theories also emphasize that strong local fields can only result from
large field fluctuations.!®

In many cases, aggregates of metal particles form fractal structures, which are
characterized by a scale-invariant distribution such that they look similar at different
length scales. A special type of fractal structure is represented by a percolation film
(also referred to as a semicontinuous metal film). A percolation film is formed by
fractal metal clusters of different sizes, from a cluster of a single or just few particles
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up to the “infinite” fractal cluster that spans over the whole film and provides a
conducting (percolating) path for the film. Below the percolation threshold a metal-
dielectric film is an insulator whereas above the threshold it is a conductor. Although
macroscopically a percolation film is homogeneous, the metal clusters can still be
characterized by a scale-invariant distribution.

For fractal systems, the powerful scaling approach can be applied. A theory
describing optical properties of fractal aggregates was developed by Shalaev and
Stockman,??3? and an optical theory for percolation composites was put forward by
Sarychev and Shalaev.3®3° There is much in common between fractal aggregates and
percolation films; in both cases, the electromagnetic excitations are localized in small,
nanometer-sized areas which are referred to as “hot spots”. The local-field intensity
in the hot spots can exceed the intensity of an incident wave by three to five orders
of magnitude, resulting in a dramatic Raman scattering enhancement of up to twelve
orders of magnitude under optimum conditions.

This enhancement results from the excitation of local plasmon modes in aggregates
(clusters) of metal nanoparticles. Because of scale-invariance, metal clusters in fractal
and percolation systems are characterized by a large variety of shapes and sizes.
Different local structures formed by metal particles resonate at different frequencies
so that all together they provide a broad range of enhancement for Raman scattering.
Because different metal clusters resonate at different frequencies, the hot spots at
different frequencies are spatially separated. A typical size of the hot spots is between
10 and 100 nm. Light at different frequencies excite different distributions of hot spots
on a fractal or percolation system. The resonant plasmon modes in such systems cover
a very broad spectral range from the near-UV to the mid-IR.

In many cases, random aggregates of particles do not form fractal or percolation
systems (for example, an island film well below the percolation). Still, hot spots
are excited in various small groups of metal particles and the optical properties of
such random systems are often similar to those obtained for fractal and percolation
systems. In fact, it has been shown that the optical scaling theory developed for
percolation systems works well in a rather broad range of metal concentrations around
the percolation threshold, including those well below and above the percolation
threshold.>®* For optical frequencies, the scaling formulas of the Shalaev—Sarychev
theory remain valid in a broad range of metal filling factors, roughly from 0.3
to 0.7. The fractal theory is also very robust and describes random aggregates
of particles (even if they are not fractal), provided that there is frequency-spatial
selectivity so that hot spots at different frequencies are located in different loca-
tions, resulting in an inhomogeneously-broadened distribution of plasmon modes
(see Sect. 3.6.1 of Ref. 39).

Below we present formulas describing SERS enhancement in random metal-
dielectric composites, including the important case of metal-dielectric films.

14.2.1. Enhancement Factor for Raman Scattering

Let’s assume that Raman-active molecules are placed on a metal-dielectric film, where
the plasmon modes can be excited resulting in local-field enhancement. Raman
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scattering (RS) of an incident wave at frequency w results in a scattered field at a
shifted frequency ws.The shift w—wg is equal to one of the molecule’s vibrational
frequencies, and the combination of all such vibrational frequencies represents the
molecule’s “fingerprint”. Spontaneous Raman scattering is a linear, incoherent optical
process. Because the plasmon modes cover a very broad spectral range, the fields at
frequencies w and ws can both experience the enhancement caused by the resonant
plasmon modes.'® As a result, the enhancement factor for surface-enhanced Raman
scattering, Grs, is given by the product of the enhancements for the two fields at
frequencies w and w:*°

2

> , (14.1)

where the angular brackets stand for spatial averaging over the random film. In Eq.
(14.1), E,, and E , are the local enhanced fields at frequencies w and ws, respectively,
whereas E? and EY_ are the probe, non-enhanced fields at these frequencies. Below,
for simplicity, we set these non-enhanced amplitudes both equal to unity so that | E,, |?
and | E,|? represent the local enhancements for the field intensities at frequencies
and ws. Then, the enhancement factor for RS in Eq. (14.1) can be rewritten as

2). (14.2)

There are two important limiting cases for Eq. (14.2) that we consider below. If the
Stokes frequency shift is smaller than the plasmon resonance width I', then the hot
spots at the two frequencies occur in the same spatial positions so that the enhancement
can be written as

2
E,,

0
E;,

E,
Grs ~ 0

Grs ~ <|EwEw

Grs ~ (| EIY), (14.3)

where the w and w; fields have been set equal to each other because the two en-
hancements are fully correlated. Thus under these optimum conditions, the SERS
enhancement is proportional to the fourth power of the enhanced local field averaged
over the film. Such nonlinear dependence for the enhancement should not be confused
with the Raman signal itself, which is still proportional to the field intensity because
it is a linear process.

A more conventional situation, however, is represented by the case when the shift
w—aws exceeds the plasmon resonance width I'. For large shifts, the positions of the
hot spots at the two frequencies can be approximated as statistically independent.
Then, we can decouple the averaging for the two fields in Eq. (14.2) and present the
enhancement as

Grs ~ (1Eol?) (| Eu,

2). (14.4)

15,18 17—-18

Equation (14.4) is in agreement with experiments and theory showing that
the enhanced Raman intensity is proportional to the product of the absorptions at the
laser and scattered frequencies, i.e. to A(w)A(ws)">'7~1° (note that the absorption A
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is proportional to (| E£]?)). This fact helps in evaluating various substrates for their
possible use as SERS substrates.

For noble and coinage metals, the dielectric permittivity, €, can be well-described
by the Drude formula

2
@p

ST (14.5)

£ =g,

where T = I'"! is the relaxation time for plasmon oscillations, &y is the interband
contribution to the permittivity and w, is the bulk plasma frequency. For effective
SERS metals the parameters above have the following magnitudes:**3 Ag (w, = 9.1
eV, 77 = 0.021 eV), Au (wp, = 9.0 eV, 75/ = 0.066 V), and Cu (w, = 8.8 eV,
T4 =0.09eV).

14.2.2. Relationship between Electromagnetic Enhancement Factor
and Effective Optical Properties

Below we estimate the SERS enhancement factor, using formulas obtained for fractal
and percolation systems.?>3%3% As mentioned, these results remain approximately
valid for a rather broad class of metal-dielectric composites and films.

For fractals, the enhancement for a nonlinear process which is proportional to the
nth power of the local field is estimated as’

|g/|2 n—1 (,()2 n—1
(|E|n)frac~(8”8h> ~<;Pf> . (14.6)

For the latter estimate we used the Drude formula given by Eq. (14.5) and the
dielectric permittivity of the host materials e, was estimated as e, ~ 1. There is
also a frequency-independent pre-factor in Eq. (14.6) which depends on the specific
geometry of the system; for the sake of the simplicity we omit it here.

For a percolation system, the enhancement factor is given by

R (n=D(1-2y)+
(1EI")  ~ (ﬂ) ) (ﬂ) o (14.7)
perc &h g ’ :

where v, ¢, 5, and y are the critical exponents of the percolation theory. We use the
fact that for 2D systems v =t = s = 4/3 and set y = 0 for simplicity (y takes into
account the presence of delocalized modes>°). Then, by applying the Drude formula
(Eq. (14.6)) and taking e, ~ 1, we have

| /|3/2

n—1
€ e
(1 e ~ [ T ] ~ (wpr)" (14.8)
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By using Egs. (14.3)—(14.6), we obtain the SERS enhancement in fractal systems
for the two limiting cases of small and large Stokes shifts,

RN AY
GIw—w, <T) ~ ¢ ( ) ~c (—"r) (14.9)
&g w
and
2\ 2 5\ 2
&’ <
G (0 — wy > I‘)~6<‘N| ) NC(—pr> , (14.10)
£7Eh w

where we added the geometry-dependent pre-factor ¢, which is estimated to be in the
range of 107! to 1072 (it can have different values in Eqs. (14.9) and (14.10)).

For percolation systems, Egs. (14.3)—(14.5) and (14.8) result in the following SERS
enhancement factors for large and small Stokes shifts, respectively,

|s/‘3/2 3 X
GO Nw—w, <T) ~c vl Bk (wp7) (14.11)
and
13/2\ 2
Goere) ¢ 2
Rs (w—wy>T)~c¢ vl ek (wp7)", (14.12)

where the geometry factor ¢ has been included.’® Although the values of factor ¢
can be different in Egs. (14.9)—(14.12), in all cases it is frequency independent and
estimated to be in the range of 1 to 1073,

The enhancement factors for fractal and percolation systems are similar and differ
by the factor w,/w, which is about 4 for the visible range. Although these estimates
were obtained for the special case of scale-invariant systems such as fractal and
percolation systems, they remain approximately valid for many systems of randomly
distributed clusters of metal particles including island films or colloidal aggregates. In
all of these systems, the enhanced local fields are concentrated in randomly distributed
hot spots whose spatial positions depend on the frequency of the driving field.

It is also important to mention that the macroscopic, average electromagnetic en-
hancement of Raman scattering is larger for Ag than for Au or Cu, which follows
from the formulas above and the optical constants for these metals. According to
Egs. (14.9)—(14.12) and the optical constants given above, the macroscopic SERS
enhancement can range between 10* and 10°. The local enhancement in the hot spots
can be one to three orders of magnitude larger and thus reaches 10'° or even 10'2 for
optimal conditions. SERS enhancement factor with larger than these magnitudes can
occur when a chemical enhancement mechanism is also present, which can provide an
additional “boost” to the overall SERS enhancement. The chemical enhancement fac-
tor ranges typically from 10 to 10°. Therefore, under optimal conditions when both
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the electromagnetic and chemical mechanisms contribute, the SERS enhancement
can be as high as 1013,

14.3. ADAPTIVE PROPERTY OF SILVER FILMS

As we mentioned above, vacuum evaporated silver films fabricated at a certain range
of evaporation parameters allow fine rearrangement of their nanostructure under pro-
tein deposition in buffer solution. Although all of the physical and chemical processes
resulting in the restructuring are not yet fully established, we have used several meth-
ods to study the restructuring mechanism. The changes in the film nanostructure,
color, and other properties have been studied by optical methods, including UV-Vis
spectrophotometry and Raman spectroscopy. We have also employed such analysis
as field emission scanning electron microscopy (FE SEM), adhesion testing, atomic
force microscopy, X-ray photoemission spectroscopy, and X-ray diffractometry.

The adaptive silver films are typically formed on a dielectric substrate under vac-
uum evaporation with an electron beam at an initial pressure inside the system of
approximately 10~7 Torr.** The dielectric (glass) slides were covered first by a layer
of 10 nm of SiO, followed by an 8—13 nm Ag layer deposited at a rate of 0.05 nm s~'.
During the silver deposition process, small isolated metal granules are formed first
on the dielectric substrate. As the silver coverage increases, the granules coalesce,
resulting in various sizes of silver particles and aggregates. Qualitative estimates
of adhesion performed with the common tape test’’ show good adhesion for the
Ag/Si0,/glass substrate structure. Absorption and reflection measurements before
and after the tape test indicate the relative level of adhesion of the film to the glass
substrate. The changes in absorption/reflection spectra after the tape test were less
than 5% for the Ag/SiO,/glass substrate. A comparison of silver substrates with and
without SiO, shows that adhesion of silver on glass is poor. In the case of very high
adhesion (such as when an adhesion-promoting titanium adhesion layer is included),
the deposition of the protein solution does not lead to spot color changes nor structural
modifications, and typically little or no SERS is observed.

Excitation of the collective electron oscillations (plasmons) in a metal nanostructure
results in strong light and metal particle interactions and eventually in increased
absorption relative to a thick metal film. Typical absorbance and reflectance spectra
of an ASF substrate are similar in shape and have a maximum at around 500 nm
with a broad wing into the longer wavelengths (see Fig. 14.1, solid line). Reflection
is typically comparable or slightly larger than absorption by a factor of roughly 1-1.4
when both spectra are expressed in percent. Both the visible color of the film and
the extinction spectrum change after protein deposition, as is shown in Fig. 14-1
(dashed line) for an insulin spot. The spectrum inside the analyte spot typically shows
a blue-shifted maximum, reduced slope of the long wavelength wing, and reduced
extinction integrated over the 300—1100 nm spectral range. A FE SEM image of the
same insulin spot (Fig. 14.2(b)) clearly shows nanoscale restructuring, where groups
of closely spaced metal nanoparticles are formed. This is in contrast to the film outside
the spot, where rather disintegrated particles are typical (Fig. 14.2(a)).
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Figure 14.1. Absorption (extinction) spectra for a typical ASF substrate. The solid line indicates spectra
of bare ASF substrate and the dashed line is spectra of insulin spot on an ASF substrate.

A representative view of an ASF substrate after protein deposition and drying is
shown in Fig. 14.3(a). Note that after washing with a Tris-buffered saline (TBS) so-
lution containing 0.5% Tween-20, the silver coating has been removed everywhere
except the areas under the analyte spots, as clearly seen in Fig. 14.3(b). From this one
can conclude that the proteins stabilize the silver film, allowing the silver film to re-
main in place even through washing procedures. This indicates that the biomolecules
themselves play a key role in forming a stable complex with the silver particles.
By varying the biomolecule and buffer concentrations, we observe that both factors
are important in the formation of uniform, stabilized analyte spots. A lower protein
concentration (by roughly a factor of 10-20) in a deposition solution results in an
almost transparent spot and hence no metal particles. The solvent may etch the metal
particles through the oxidation and reduction reactions, leaving merely silver salt
on the substrate. X-ray diffraction measurements show AgCl crystals in the trans-
parent areas after silver film treatment with either TBS containing NaCl and KCl
or HCI 0.1-1 mM solution.>* This redox process may affect the interface between
the silver particles and the silicon dioxide, decreasing adhesion or even removing

Figure 14.2. FE SEM images of an ASF substrate outside (a) and inside (b) an insulin spot.
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Figure 14.3. Photos of ASF substrate with insulin spots before (a) and after (b) washing with a Tris-buffered
saline solution.

particles in solution. Deposition of the protein solution without buffer reveals no
visible changes of the film surface in some cases, e.g. insulin, and might result in re-
structuring for other proteins, e.g. M2 monoclonal antibody. The specific dependence
on protein properties is not established yet. Elemental analysis with X-ray photoelec-
tron spectroscopy>> show that the silver on the substrate is in the metal state (Ag
3d 5/2 peak at 368.5 eV) without oxidation during the first 2—3 weeks after fabrica-
tion while the metal is in an oxidized state about eight weeks after fabrication (the
peak is shifted to 367.0—367.4 eV). Since many successful experiments were done
with month-old ASFs, we conclude that the silver particles are covered with an ox-
ide layer initially and then deoxidize under deposition of protein molecules in buffer
solution.

One more example of the restructuring mediated by M2 monoclonal antibody in
TBS buffer solution is shown in Fig. 14.4(b) and by antigen in Fig. 14.4(c). A lower
concentration of protein results in lower metal coverage (the ratio of white area to
total area in the FE SEM images). Fig. 14.4(b) and (c) show that a decrease of metal
coverage correlates with the decreasing optical absorption (transmission 7 = 0.25
for Fig. 14.4(b) and T = 0.4 for Fig. 14.4(c)).

4 e
\'0{1m

Figure 14.4. FE SEM images of two substrates from one batch: (a) 12 nm silver film (transmission at
568 nm 7 = 0.27); (b) 12 nm silver film inside Ab spot (7 = 0.23-0.27); (c) same substrate as (b) but
inside antigen (FLAG-BAP) spot (7" = 0.4). Images were collected eight weeks after fabrication; proteins
were deposited one week after fabrication.

rl),.
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Figure 14.5. Absorbance at 568 nm inside protein spot (anti-interleukin 10) versus protein concentration.

Typically, protein solutions contain buffer. The effect of the protein concentration
on silver film stabilization is illustrated in Fig. 14.5. A lower concentration of protein
results in a lower metal particle surface density. The absorbance of the silver film is
governed mostly by silver particles in the metal state. The absorbance increases with
protein concentration and then saturates above a certain concentration which can be
considered as optimal. The concentration dependence shows almost no change after
30 min of washing in TBS/Tween-20 solution (the circles in Fig. 14.5), which confirms
the stabilization of the film by the proteins.

14.4. SERS ENHANCEMENT

Depending on the mass thickness of the initial film, small or large fractal-like aggre-
gates can be formed. The analyte SERS signal, normalized per metal mass coverage,
is comparable for both the small (Fig. 14.3b) and large aggregates (Fig. 14.4b—c) that
we examined. SERS enhancement is high enough to detect a monolayer of analyte.*’
Note that an aggregated structure provides conditions for both electromagnetic and
chemical SERS enhancements. Even small aggregates provide strong electromag-
netic enhancement in the visible and near infrared, as has been shown for polarization
nonlinearities’® and SERS.3! Large aggregates typically have a fractal morphology,
which is known to provide a particularly strong SERS signal.??3° In addition, the
first molecular layer may also produce conditions to make an optical tunnel current
possible, either through the molecule at the point of nearest approach between two
particles,> or through a system operating as a molecular tunnel junction between par-
ticles across a vibrating molecular bridge.®® Thus, the adaptive feature of our films
produces cavity sites enclosed by two or more particles, which are optimal for en-
hanced Raman. It is even more important that the cavity sites are naturally filled with
proteins as a result of restructuring.

The measured macroscopic enhancement factor for insulin on our ASF substrate*’
relative to normal Raman of insulin on quartz is about 3 x 10°. This is among the
largest observed for random metal-dielectric films: 10° for nitrobenzonate!® and
5.3 x 10° for trans-1,2-bis(4-pyridyl)-ethylene.*?
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Figure 14.6. Vertical layer structure for ASF substrates: (a) two-layer structure, (b) sandwich structure
with an additional thick metal sublayer.

A metal nanostructured film positioned near a mirror-like metal surface with a
sandwiched dielectric layer has been employed to further increase SERS signal from
ASF based biosensors.’? Such a sandwich structure can show dramatic change in
the film’s optical properties.®! =% The sandwich structure (Fig. 14.6(b)) contains a
bulk silver layer (80 nm) deposited on glass, then a layer of SiO, (10 nm), and
finally a 12 nm nano-structured silver film. So, relative to the usual ASF (Fig.
14.6(a)) it has an additional sublayer of bulk metal. The bulk silver layer provides
an additional enhancement of the local fields caused by interaction between par-
ticles and their images in the bulk layer and far-field interactions between parti-
cles. Test experiments with three analytes (human insulin, anti-human interleukin 10,
and anti-human interleukin 10 incubated with 1 nM R6G) show that the multi-layer
sandwich structure provides a signal increase of roughly 4-5 times relative to the
usual ASF.

To summarize the above discussion, adaptive silver films allow protein/buffer-
mediated restructuring of the metal nanoparticles, which makes it possible to address
three issues. Specifically, proteins adsorb on the metal surface without significant
structural changes (soft-adsorption), the silver film stabilizes which makes the ana-
lyte/metal combinations resistant to washing, and the SERS signal improves for given
set of particles.

14.5. SERS OF INSULIN AND ANTIBODY-ANTIGEN
BINDING DETECTION

We first discuss ASF experiments involving the detection of insulin analogs. Next we
cover the detection of antibody—antigen binding events using ASF substrates.

In general, protein sensing using Raman spectroscopy provides important struc-
tural information on conformational changes. Changes between native and denatured
insulin in the solid form as well as the spectral features of proinsulin and insulin
fibrils were studied previously.®*~% Signatures of allosteric conformation changes in
hexameric insulin have been assessed using Raman difference spectroscopy.®’
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Figure 14.7. SERS spectra collected at 568 nm incident laser wavelength for human insulin (black) and
insulin lispro (gray) on ASF substrates. The SERS difference spectrum (insulin—lispro) in the lower panel
clearly shows the observed spectral differences between the two isomers.

Insulin is a protein consisting of 51 amino acids split into two chains (called A and
B) and is a glucose regulation agent in the bloodstream. The experiments with adaptive
substrates*’ examined the differences in Raman spectra of two insulin isomers, human
insulin and its analog insulin lispro. These two insulins differ only in the interchange of
two neighboring amino acids; specifically, the propyl-lysyl sequence at the C-terminus
of the B-chain in insulin lispro is inverted as compared to human insulin. This propyl-
lysyl switch leads to conformational changes at the C- and N-termini and has an
important clinical effect for diabetes treatment. The difference in SERS spectra for
the two insulins (Fig. 14.7) was detected at a sub-monolayer density of 80 fmol mm~2,
with only 25 amol in the probed area.

A comparison of our SERS and normal Raman spectra for insulin on a quartz
surface® and for Zn-insulin in solution®” suggests that the SERS spectra reveal all
known Raman fingerprint spectral peaks for insulin. The Raman peaks are assigned
mainly to amide I and amide III bands of peptide backbone vibrations, to vibrational
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modes of Phe (located at the B1, B24, and B25 residues of the B-chain) and tyrosine
(Tyr) (A14, A19, B16, and B26).%*

The SERS difference between the two insulins can be attributed, in part, to i)
Phe(B1) displacement, and ii) the «-helical N-terminus of the B-chain in human in-
sulin, which is a feature of the R-sate conformation. As mentioned, insulin is adsorbed
on the surface primarily through the N-terminus. Because of the excess negative
charge, metal particles attract the positively charged N-terminus of the B-chain and
thus move Phe(B1) closer to the surface. Depending on the conformational state of
the displaced Phe(B1), it can be at different distances and thus have different orien-
tations with respect to the metal surface, enabling the observed increase in Phe peak
intensities by a factor of 1.4 for human insulin as compared to insulin lispro. The CH
deformation band at 1385 cm~! and the C-C skeletal band at 940 cm™! are stronger
in human insulin than in insulin lispro. The 890-945 cm™! band is a characteristic
spectral line for an a-helix and is known to be sensitive to structural changes.%%~"!
This spectral line is typically centered at 940 cm™! and disappears or displays weak
intensity upon conversion to (3-sheet or random coil structures. It is also known that
the C—H deformation band at 1371 cm~! appears for the R¢ conformation of hexam-
eric human insulin, which has the longest sequence (B1-B19) of a-helix.%” We note
that this band appears in R¢-T¢ Raman difference spectra and disappears in Ts Rg- T
spectra.®’ This points out the critical contribution of the a-helical residues Phe(B1),
Val(2), and Ala(B3) at N-termini of Rg hexamers in the C-H deformation band at
1370-1385 cm~!. The observed differences in the SERS spectra suggest that human
insulin and insulin lispro have different conformational states on the surface. Specific
orientations of molecular bonds on the silver surface emphasize the SERS spectral
difference between the two insulins, making the differences much stronger than for
conventional Raman. The observed SERS spectral differences are in agreement with
X-ray crystallographic studies of hexameric human insulin and insulin lispro.”?

Since human insulin and its analog have the same set of side chains and differ
only in conformational states, the observed difference reveals Raman features of the
conformational state with the use of ASF substrates. In this study we used Raman
difference spectroscopy, which is a general method of probing protein structure for
comparison between closely related proteins,’® which we extended to SERS in order
to study the spectral features of insulin conformation. In our experiments, all insulin
vibration modes are enhanced by approximately the same factor. This makes the
SERS spectra similar to the conventional Raman spectra in liquid and solid forms
and simplifies the analysis.

We have also studied ASF substrates for use in antibody/antigen binding research.
The detection of protein binding by optical means is of critical importance to current
protein analysis, and promises to lead to a number of exciting future applications
in biomedical diagnostics, research and discovery. The results show that SERS
substrates based on ASFs allow direct, label-free SERS detection of antibody—antigen
binding at a monolayer level. In experiments we used the following protocol. Anti-
bodies (anti-FLAG M2 monoclonal antibody) were immobilized on ASF substrates
to form a monolayer array, followed by incubation with an antigen solution at 1 nM
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Figure 14.8. Antibody (anti-FLAG M2 monoclonal) and antigen (C-terminal FLAG-BAP) binding events.
Spectra were taken before antigen incubation (black) and after antigen incubation (gray), nine spectra each.
As a control experiment, non-binding BAP without FLAG was incubated on an antibody array, and the
resulting SERS spectra (gray, lower panel) reveal no spectral changes.

concentration (C-terminal FLAG-BAP (bacterial alkaline phosphatase)). In each
experiment, after the immobilization of antibodies and incubation with antigens the
film was washed for about 20 min in a TBS/Tween-20 (as mentioned in Sect. 3)
and then rinsed five times with deionized water. After washing, SERS spectra were
collected to observe spectral changes following the incubation of antibodies with the
antigen. Antigen—antibody binding events result in distinct SERS spectral changes
as shown in Fig. 14.8 (top panel black—before incubation, gray—after). In a control
experiment incubation with BAP containing no FLAG reveals no spectral changes
(Fig. 14-8, lower panel, gray curves). It is important to note that ASF substrates allow
independent in situ binding activity validation using traditional chemiluminescence
and fluorescence methods. Such validation has been performed and confirms that
antigens and antibodies retain their binding properties on our SERS-active substrate.
As with insulin, we find that the deposited biomolecules (antibodies or antigens in
this case) restructure and stabilize the ASFs so that the protein binding activities are
preserved and, in parallel, SERS is improved.
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Label-free detection using the ASF method produces unique advantages relative to
prior optical binding detection methods (typically based on different types of labels)
such as scintillation counting,74 electrochemical,”® enzymatic,76 fluorescence,’®~78
and chemiluminescence methods.” An additional feature of ASFs is an ability to
employ various detection methods on the same substrate, such as label-free SERS,
chemiluminescence, and fluorescence.

ASF substrates used for protein microarrays reveal a promising opportunity to
detect SERS spectra along with a fluorescence signal. Results from a microarray
prepared using a quill-type spotter show that ASF substrates enable both fluorescence
(with excitation at 633 nm) and SERS with no fluorescence (excitation at 568 nm)
for the streptavidinCy5 fluorescence reporter.’> SERS spectra of streptavidinCy5 can
be used to distinguish between desirable and undesirable binding events. Since the
interaction of biotin with streptavidin forms the basis of several widely used detection
methods in bio-array technology, this application of SERS detection could be very
important.

14.6. SUMMARY

Adaptive silver films allow protein sensing at monolayer surface densities. The adap-
tive property of these substrates enables the adsorption of proteins without significant
alteration in their conformational state. In an example using human insulin and in-
sulin lispro, the results show that the SERS spectra reveal unique features attributable
to distinct conformational states, which is in agreement with X-ray crystallographic
studies. The experiments on protein array applications show evidence of distinct
SERS spectral changes upon antigen—antibody binding using direct, label-free de-
tection. Independent immunochemical assay validation confirms that the antibodies
retain binding properties on ASFs. Experiments with a sandwich structure including
a bulk metal layer below the ASF structure reveal a promising way to further improve
the sensitivity of SERS-based biosensors.
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INTEGRATED OPTICS BASED ON LONG-RANGE
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Ottawa, ON, KIN 6N5, Canada, and Spectalis Corporation, 610 Bronson, Ottawa, Canada

15.1. INTRODUCTION

The bound optical modes propagating along a metal film of thickness ¢ and width
w embedded in an optically infinite homogeneous background dielectric, as shown
in cross-sectional view as the inset to Fig. 15.1, have recently been computed and
discussed.!'?> As pointed out in Ref. 2, this structure can be used as the founda-
tion waveguide for a new integrated optics technology, due to the convergence of
some desirable attributes, including of course, the ability of the waveguide to provide
confinement along both dimensions transverse to the direction of propagation. This
waveguide and the passive integrated optics technology that emerges from its use are
the subjects of this chapter.

In subsequent sections, experimental and theoretical work conducted on passive
elements implemented using this waveguide is reviewed and discussed, including work
on straight and curved waveguides, s-bends, four-port couplers, y-junctions, Mach-
Zehnder interferometers and Bragg gratings. Most experiments reported to date have
been conducted near 1550 nm, reflecting current interests for applications within the
research community, rather than a limitation to free-space wavelengths in this region.

15.2. STRAIGHT WAVEGUIDES
15.2.1. Modes of the Generic Straight Waveguide

Reviewing the salient features of the modes supported by the straight symmetric
structure shown as the inset to Fig. 15.1, and describing the rationale for its use in
integrated optics, seems like a natural place to start. Only the salient features are
reviewed, the details being readily available.?
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Figure 15.1. Attenuation of the ssg mode supported by an Au film in SiO; at Ao = 1550 nm for various
film dimensions. The waveguide is shown in cross-sectional view as the inset.

The structure shown is obtained from the (infinitely wide) metal slab3~® by simply
limiting its width. This leads to a number of changes, including the emergence of a
new mode spectrum, the creation of lateral confinement and a significant reduction
in loss for some of the modes compared to the slab.>~® Another significant change
pertains to the manner by which modal solutions to Maxwell’s equations are obtained:
the modes of the slab can be derived analytically in a rather straightforward manner,
whereas the modes of the finite width structure are obtained numerically, considerably
increasing the analysis effort. Nonetheless, the finite width structure can be handled
by well-established numerical techniques if appropriate care is taken, as discussed
below.

There are four fundamental modes supported by the generic structure shown in

inset to Fig. 15.1, labelled aa)), as), sa}, and ss).* Given the finite width, higher order

*The mode nomenclature describes the £, field component of the mode and is an extension! of that used
to identify the modes of the slab; @ and s refer to asymmetric and symmetric, respectively, the first position
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modes displaying extrema along x in their field distribution can also be supported.
The E, field component dominates for all modes when the aspect ratio w/¢ of the film
is greater than 1, so the modes are mainly TM in nature, though not purely TM since
H; is always non-zero.

The evolution of modes with metal dimensions (w, ¢), material parameters (¢1, €;)
and operating free-space wavelength ( 1) can be complex, and for asymmetric struc-
tures (differing substrate and cover) the trends difficult to generalize.”® The com-
plexity is due to all modes in fact being supermodes created from the coupling of
“interface” and “corner” modes,* with their inclusion into a supermode depending
on the similarity in their phase constants.

Some trends, however, can be generalized for the symmetric structure considered
herein. For instance, the evolution of the modes as t — 0 resembles the evolution of
the 55 and a, modes of the slab in that all modes eventually become partitioned into
either lower loss (ssj’ and asj) are s3-like) or higher loss (aa}', saj' are ap-like) modes
with vanishing ¢, as determined by the symmetry or asymmetry of £, along y.

One of the fundamental modes, the ss? mode, evolves smoothly and predictably as
the metal film vanishes (¢, w — 0) into the TEM wave supported by the background
dielectric. Its £, and H, fields evolve from being highly localized near the metal
corners to being distributed in a Gaussian-like fashion over the waveguide cross-
section. This transformation is accompanied by a significant reduction in attenuation,
often of a few orders of magnitude, due to reduced field penetration into the metal.
The resulting Gaussian-like field distribution can be well-matched with modes of
dielectric waveguides like single mode fibre, leading to efficient excitation via butt-
coupling (end-fire coupling). The ss? mode thus evolves into the fundamental long-
range mode in symmetric structures, and following convention one can refer to it as a
Long-Range Surface Plasmon-Polariton (LRSPP). It is important for the structure to
be symmetric (within tolerance) in order for the ss) mode to remain purely bound and
long-ranging ®

One of the other fundamental modes, the asg mode, evolves in a similar manner
as the metal vanishes, except that its £, field develops two extrema along x, and
the mode becomes unguided below cut-off dimensions (w,, t.). This mode, which is
fundamental for a large metal cross-section, evolves into the first long-range, higher-
order mode as t — 0. Long-range modes of order higher than the as) mode may also
exist, originating from the mode families ssj (m > 0, odd) and as}’ (m > 0, even).
They have cut-off dimensions that increase with the mode order m.

All modes of the aa}’ and sa;’ families exhibit an increasing loss as # — 0 and do
not butt-couple efficiently with a Gaussian field. This is due to the asymmetry in the
distribution of £, along y for all of these modes.

being associated with the horizontal dimension and the second with the vertical one, b signifies bound
and the superscript identifies the number of extrema in the horizontal distribution of £, not counting the
corner peaks.
* An interface can support a surface plasmon, as can a corner and an edge (i.e.: an interface of finite width
with corners).
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In summary, the metal film can be dimensioned such that: (i) the ss mode propa-
gates with low loss, (ii) the ssg mode butt-couples efficiently to the TM mode propa-
gating in a single mode dielectric waveguide, (iii) lateral and vertical confinement is
provided, (iv) all long-range, higher-order modes are cut off, and (v) any remaining
modes are unexcited, or at best excited with very low efficiency and rapidly absorbed.
This situation corresponds to aforementioned “convergence of some desirable at-
tributes,” and leads to a new integrated optics technology based on propagating the
long-range ssg mode along thin metal films of finite width surrounded by a homoge-
neous dielectric. In the next sub-section, some performance metrics for this mode are
given for an example waveguide structure.

15.2.2. Performance Characteristics of the ss) Mode

The mode power attenuation at Ag = 1550 nm of the ss mode supported by Au films
(6.2 = —131.95 — j12.65)° of various dimensions in SiO; (g,.; = 1.444%)° is shown
in Fig. 15.1. One notes that a reduction in attenuation of more than two orders of
magnitude is possible compared to the slab by dimensioning the film properly, with
values in the range of 0.1 to 1 dB/mm being readily achievable for w ~ 4 um and
t ~ 20 nm. The curve of the asg mode for w = 8 um shows it cutting offat t = 33 nm
so the 8 um wide waveguide supports a single long-range mode below this thickness.
The cut-off thickness of the as) mode moves to larger values as the width narrows.

Parts (a), (b) and (c) of Fig. 15.2 show contours of the real part of the Poynting
vector components S,, S, and S of the Ssg mode for w = 4 um and ¢ = 20 nm, all
other parameters being the same as in Fig. 15.1. The contours are normalized such
that max|Re{S.}| = 1 and the relative magnitude of S, Sy, and S. are conserved. It
is noted that even though Re{S, } and Re{S, } are much smaller than Re{S.}, they
are non-zero since the waveguide is absorbing. Indeed, it is observed from Part (a)
that Re{S,} > 0 to the left of the x = 0 axis and Re{S,} < 0 to its right, while from
Part (b) Re{S,} > 0 below the metal and Re{S,} < 0 above, indicating that power
is flowing into the metal from all directions to compensate for the power dissipated
therein. Parts (d) and (e) give contours of the angle between the S,, S, components
and the S; component, respectively, indicating that the Poynting vector has a slight
tilt of about 0.04° towards the metal.

Though not visible in Part (c), the z-directed power flow in the metal is actually
in the opposite direction to that in the dielectric since Re{e, >} < 0. The total mode
power, however, flows in the same direction as the power in the dielectric which is
along the direction of a constant phase plane.

For comparison, Part (f) shows normalized intensity contours for standard single
mode fibre at the same wavelength (core radius of 4.1 pum, numerical aperture of
0.12). By comparing with Part (c), it is observed that the contours are quite similar.
A power coupling efficiency of ~90% is computed in this case.

Trends for the mode are as follows: decreasing A or increasing ¢, leads to greater
confinement and attenuation for the same metal dimensions, changing the metal to Al
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leads to an increase in loss by a factor of about two for the same confinement, while
changing to Ag leads to a reduction in loss for the same confinement.

The results given in Fig. 15.1 and Fig. 15.2 are theoretical, obtained by modeling the
waveguide using the method of lines (MoL) formulated in rectangular coordinates.?
The MoL is a very accurate and efficient frequency domain numerical technique;'®
it is vectorial and ideally suited to the divergent dimensional scales present in this
structure (¢ ~nm’, w ~ um’). Open structures are modelled using an absorbing
boundary condition, which is desirable for modeling weak waveguides (w, t — 0)
and to determine the cut-off dimensions of higher order long-range modes.

Vectorial finite element methods (FEMs) have also been used for modeling these
waveguides,'!"!? however, the FEM requires significantly more numerical effort to
approach the accuracy of the MoL.!! This is due to the divergent dimensional scales
present in the structure and the fact that both dimensions are discretised in the FEM
versus only one in the MoL. The same comment applies to the use of the vectorial
finite difference method for the same reasons.'*> An equivalent dielectric waveguide
has also been proposed to model this structure and comparisons with published modal
computations are favourable.'*

The existence of the ss? mode was established experimentally using Au in SiO}°
and the cutback technique was used to measure the attenuation and coupling loss
of the mode.'® Attenuation and coupling loss measurements were also reported for
Au in polymer.!” The lowest attenuations reported to date for the ssg mode are
0.3 dB/mm and 0.4 dB/mm using Ag and Au films, respectively, with the metal
evaporated directly onto an SiO, lower cladding and an index-matched polymer used
as the uppercladding.'® Power coupling efficiencies from single mode fibre into the
ss) mode of greater than 95% have also been achieved.!® The experimental results
reported in Ref. 18 are in very good quantitative agreement with those computed
with the MoL using established optical parameters for the materials.” All of this
experimentation'>~!® was conducted near Ay = 1550 nm.

As noted earlier, it is important for the structure to be symmetric in order for the ss)
mode to propagate properly.® As the asymmetry increases (via differing substrate and
cover indices) the mode becomes distorted with the fields extending deeper into the
high index side while remaining localized on the low index side, and eventually the
mode cuts off becoming radiative. A model based on modal decomposition, capable
of describing a mode as it transitions through and beyond cut-off, was proposed!®-2°
and validated experimentally? for the ss9 mode using Au on SiO; and a thermally
tunable polymer upper cladding. Leaky modes in asymmetric finite-width structures
have also been predicted.?!

Square cross-section metal films (w = ) have been proposed in lieu of the rectangu-
lar structure (w > ) in order to create a waveguide that does not exhibit polarisation
sensitivity.?? Indeed, it was found that the symmetric structure supports a fundamen-
tal TE-like LRSPP mode, denoted ss{) ., which is degenerate with the fundamental
TM-like LRSPP mode, denoted the ssg,v mode.?? These long-range modes were re-
cently observed experimentally using a square cross-section Au film in polymer at
Ao = 1550 nm.?
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Figure 15.3. Curved waveguide sketched in cross-sectional (a) and top (b) views.

15.3. CURVED WAVEGUIDES

The design of curved waveguides is of central importance in integrated optics, and
particularly so in this technology, since a waveguide that is comprised of a vanishing
metal supports the ss) mode with less loss but also with less confinement, potentially
compromising the ability of the mode to round bends due to excessive radiation.

Figure 15.3 shows a curved waveguide in cross-sectional view in Part (a), and in
top view in Part (b), along with the cylindrical coordinate system used to analyse
the structure. In this structure, the bend modes propagate along the ¢ direction and
radiation occurs along the outside of the bend (right side in Part (b)) when the radius
of curvature r is small.

Figure 15.4 shows in Part (a) the total insertion loss of a 90° bend for a 1 um
wide, 15 nm thick Ag film (¢,, = —19 — j0.53)1 in Si3Ny (&1 = 4)at Ap = 633 nm
as a function of the radius of curvature ro of the bend.>* The total insertion loss is
comprised of the propagation and radiation losses.

One immediately notes the existence of an optimum radius of curvature rg op
where the insertion loss is minimized, occurring in this situation at rg ope ~ 130 pm.
An optimum radius exists because the waveguide includes an absorbing medium (the
metal). For 7o > g opt the insertion loss is dominated by the propagation loss, which
increases with ry due to the increasing arc length of a fixed angle bend (say 90°),
while for ry < rg op¢ radiation loss dominates and increases with decreasing ry.

Part (b) gives the radiation loss component, which is obtained by setting
Im{e,»} = 0. It is noted that some radiation loss indeed occurs at the optimum
radius of 79 opt ~ 130 um.
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Figure 15.4. Parts (a) and (b) show total and radiation losses, respectively, for a 90° bend; Part (¢) horizontal
field distributions; Part (d) transition losses. (Adapted from 24.)

Part (¢) shows normalized distributions of the Re{ £, }* along a horizontal cut im-
mediately above the metal for three radii of curvature, including: 7o = 1 m, 100 and
50 um, the largest radius (I m) being used to model the waveguide as straight
(ro — o0). Two principal effects are noted as ry decreases: (i) the field becomes
oscillatory along the outside of the bend, indicating radiation, and (ii) the mode peak
shifts from the center towards the outside of the bend. This latter effect causes a cou-
pling (transition) loss to occur at the junction between curved and straight sections,

* E in the cylindrical coordinate system is normal to the metal film and parallel to the £, field component
of the straight waveguide in the rectangular coordinate system; compare the inset of Fig. 15.2 with Fig.
15.3 (a).
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as can be appreciated qualitatively by comparing the field for 7o = 1 m with that for
ro = 50 um. Part (d) gives the transition loss of bends designed at ¢ op as a function
of the metal thickness.

The results shown in Fig. 15.4 are theoretical, obtained by modeling the bend using
the MoL formulated in cylindrical coordinates.?*?> An absorbing boundary condition
positioned on the radiating side of the bend (right side in Fig. 15.3) is required and
used. The MoL for bends provides the same computational advantages as the MoL
for straight waveguides and is also vectorial. The ability of the ss9 mode to round
bends was demonstrated experimentally using Au in SiO; at 1o = 1550 nm.2¢

15.4. PASSIVE DEVICES
15.4.1. Experimental Demonstrations

Straight and curved waveguides are the main building blocks from which more sophis-
ticated devices can be constructed, such as s-bends, four-port couplers, y-junctions
and Mach-Zehnder interferometers. The operation of such devices was demonstrated
experimentally using Au in SiO, at A9 = 1550 nm,'® and more recently using Au
on SiO, with an index matched polymer uppercladding, also at Ay = 1550 nm.?’
Figure 15.5 shows a set of measured outputs associated with these passive elements,
along with the output of a Bragg Grating (extreme right—to be discussed in the next
section). A mosaic of outputs for a series of four-port couplers is shown on the extreme
left, the separation between the straight parallel segments being the only difference
between the couplers. This separation varies in steps of 1 um, from 8 pum in the case
of the top image of the mosaic, down to 2 um in the case of the bottom image, and
light is always launched into the left input waveguide. Experimental results for similar
passive elements have been published using Au in polymer at Ay ~ 1550 nm, where

VY

Figure 15.5. Measured outputs for a collection of passive elements. (Adapted from 27.)
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the authors also fit simple models used in conventional integrated optics to some of
their experimental results.”® Broadside (vertical) coupling between a pair of stacked
waveguides has recently been demonstrated using Au in polymer at Ao ~ 1550 nm.>’
From a qualitative standpoint, these experimental results'®?’=2% generally agree with
each other.

15.4.2. Thermo-Optic Devices

Thermo-optic devices using the metal film as both the waveguiding strip and an Ohmic
heating element driven by the passage of current have been reported.*—3? Such devices
are capable of operating at high efficiency due to the excellent overlap that is achieved
between the heated region and the optical mode. Optically non-invasive electrical
contacts to the metal waveguide film are typically achieved through patterning such
that a few tabs extend from the metal film along the perpendicular direction and in
the same plane. Knowing the electromigration current density limit of the metal and
operating well away from this limit is essential if burn-out of the thin film is not to
occur.

Thermo-optic variable optical attenuators (VOAs) based on mode cut-off induced
by index asymmetry in a straight waveguide section®?° were demonstrated using Au
on SiO, with an index matched polymer uppercladding at Ao = 1550 nm;>° the metal
film in these devices was also used as a temperature monitor by simultaneously mea-
suring its resistivity. A thermo-optic switch implemented as a four-port coupler,’! a
thermo-optic VOA implemented as a Mach-Zehnder interferometer?! and a thermo-
optic VOA implemented as a straight waveguide section®? were demonstrated using
Au in polymer near the same wavelength. An optical power monitor was also demon-
strated by monitoring the resistivity of the metal film which changes with the power
carried by the ss) mode due to heating caused by absorption in the metal.**

15.4.3. Modelling and Design Considerations

Device designs published to date have generally not been optimized, where an opti-
mal design, for instance, is one that minimizes the total fibre to fibre insertion loss.
Achieving an optimal device requires a design strategy that trades-off confinement
against attenuation at a holistic level.

The width of the metal strips is easy to vary through lithographic patterning, thus
providing simple means for managing the confinement-attenuation trade-off. Designs
might benefit from the use of optimized adiabatic tapers for a change in width.* The
metal thickness is not so easy to vary across a surface, as this requires multiple lithog-
raphy and deposition steps, so it will generally be fixed and thus must be chosen wisely.

*It should be borne in mind that tapers introduce propagation lengths which add loss. The corresponding
step-in-width might in fact introduce less loss than the taper, presenting a potential alternative if stray
radiation is not a concern.



Integrated Optics Based on Long-Range Surface Plasmon Polaritons 227

Changing the width affects the mode size along both transverse dimensions®’;

i.e.: the horizontal and vertical extents of the mode are changed. Using an adiabatic
taper, the mode profile can be modified to achieve high coupling efficiencies with the
chosen input and output means. Adiabatic tapers would also be used in a y-junction for
example, widening the input mode to better match those supported by the waveguides
at the split of the output branches.

The confinement of a guide might be increased by widening prior to entering
a curved section in order to benefit from a smaller radius of curvature potentially
achieving a lower loss. Bends can be offset from the end-coupled input and output
straight sections in order to better align the modes thus reducing the transition loss.
Bends can also be designed using a varying radius of curvature as in traditional
integrated optics.

Clearly, accurate and efficient design tools based on electromagnetic field theory
are essential if optimized designs are to be achieved. Modelling difficulties posed by
3-D structures include: the presence of divergent length scales (# ~ nm, w ~ pm,
L ~mm), the large dielectric contrast between the metal and background dielectric,
and the strong frequency dispersion and negative real part of permittivity of the
metal.

Given that the structures of interest are generally adiabatic (or close to it), a mod-
eling framework based on decomposition into local modes can be used.>* In this
approach, three-dimensional structures are partitioned into straight or curved waveg-
uide sections, each section supporting a local mode, with forward coupling between
sections determined via overlap integrals. The approach relies on having accurate
mode solvers for constitutive straight and curved sections, yielding complex prop-
agation constants and 2-D mode field distributions. The mode solvers used were
principally the MoL for straight and curved waveguides, providing accurate descrip-
tions of the mode fields everywhere over the cross-section, including inside the metal
and within the tail of bend modes.

Figure 15.6 shows a Mach-Zehnder interferometer constructed by joining identi-
cal y-junctions. A model constructed for this structure according to the framework
described above, is comprised of the segments and loss contributions highlighted
on the Figure. C| is the coupling loss between the input/output means and the in-
put/output straight waveguides, C, is the coupling loss at the output of the tapered
section and the input of the curved branches forming the arms and Cj is the cou-
pling loss between bends having opposite radii of curvature. The tapers are formed
from the overlap of two oppositely curved sections as shown, a taper being modeled
crudely as a straight section of width equal to the average of its input and output
widths.

Measurements conducted over the range from Ay = 1525 nm to 1y = 1620 nm
on Mach-Zehnder interferometers fabricated from Au in SiO, were compared with
results obtained at the same wavelengths using the theoretical model described above
(and shown in Fig. 15.6) and found to agree within a few percent. Models constructed
in a similar manner for s-bends, y-junctions and four-port couplers were likewise
validated, with measurement and theory also agreeing to within a few percent.*
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Figure 15.6. Model of a Mach-Zehnder interferometer highlighting all loss contributions. (Adapted
from Ref. 34.)

The modeling framework described is clearly accurate enough to reliably design and
optimize passive elements.

15.5. BRAGG GRATINGS

The inset along the bottom of Fig. 15.7 shows an example of a uniform periodic Bragg
grating obtained by stepping the width of the metal film over a prescribed length.?
Gratings of this architecture can be implemented through lithographic means by
simply patterning the metal film, the only limitation on the design being that imposed
by the resolution limit of the selected lithography process. The operation of such
gratings was demonstrated near Ay = 1550 nm using Au on SiO, with an index
matched polymer uppercladding.®

These gratings propagating the long-range ss? mode operate in a manner analogous
to gratings in traditional integrated optics, in that the reflected wave originates from the
multiplicity of small perturbations in effective index associated with the steps in width.
Based on this observation, a simple model for the gratings was proposed consisting
of cascaded dielectric slabs, each slab taking on the complex effective index of the
ssg mode supported by the associated waveguide segment.3” The complex effective
index of the ss) mode in a segment is determined using an accurate mode solver such
as the MoL for straight waveguides discussed earlier. The model must include the
loss associated with each segment if accurate responses are to be generated.

Figure 15.7 compares the experimental and theoretical wavelength responses of
a 3™ order uniform periodic Bragg grating designed as a 3 mm long, 22 nm thick,
and 8 um wide metal film periodically stepped in width to 2 um and fabricated from
Au on SiO, with an index matched polymer uppercladding.?’ The patterning was
achieved using a contact lithography process. The reflection strength of this design
is about 40% at the centre (Bragg) wavelength of A = 1544.22 nm. Its bandwidth
is about 0.3 nm full width at half maximum. The agreement between the experimental
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Figure 15.7. Theoretical and experimental reflection responses of a uniform Bragg Grating.

response and the theoretical one obtained using the model described above is very
good.*

The inset located within the top left portion of Fig. 15.7 gives a measured out-
put for the Bragg structure characterized. A very low level of background radiation
was observed from images captured over the entire measurement wavelength range,
including on resonance. This indicates a very low level of scattering. In fact the mea-
sured outputs of the grating are as good as those observed for straight 8 um wide
waveguides.

Various types of grating patterns can be implemented just as easily as a uniform
one, including, apodised, sampled and interleaved patterns. Models for these types of
gratings were constructed in the manner described above?” and example responses
produced for Au in SiO, near 1y = 1550 nm.>® A peak reflectance greater than 90%
is achievable using 1st-order designs.

Bragg gratings based on stepping the thickness of the metal film over a prescribed
length were proposed and demonstrated using Au in polymer near Ay = 1550 nm,*°
then used to implement add/drop wavelength filters.340

*A slight adjustment of the theoretical center (Bragg) wavelength was necessary in order to align the
responses spectrally.
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15.6. CONCLUDING REMARKS

Presently, all of the fundamental passive elements required in an integrated optics
technology based on thin metal films of finite width and operating in the long-range ss
mode have been demonstrated. Robust theoretical models have also been constructed
and validated experimentally. Most of the implementation to date has been done using
Au with low index claddings targeting operation near Ao = 1550 nm. Operation at
different wavelengths is possible as is the use of other metals and higher index cladding
materials including semiconductors.

Depending on the claddings to be used, fabrication can be relatively straightfor-
ward, as is the case with deposited claddings, or more complex if non-depositable
claddings are needed. High quality materials are desirable and particular fabrication
requirements include achieving high quality interfaces and matched claddings. Chal-
lenges and solutions associated with fabrication have recently been reviewed, and
example structures fabricated in SiO, and LiNbO; using wafer bonding described.*!

Three important conclusions can be drawn from the work conducted to date:
(i) thin metal films of finite width embedded in a homogeneous dielectric can be
used as the basis of a practical integrated optics technology operating in the ssg mode,
(i1) the fabrication of high quality devices can be achieved, and (iii) simple yet rigor-
ous models based on a modal description can be constructed for the necessary passive
elements and used with confidence in the design and optimization of circuits.

This integrated optics technology is well suited to applications where the unique
features of the plasmon-polariton wave are important or where significant advantage
can be derived from a metal being co-located with the center of the optical mode.
Exploiting non-linear effects in materials is an example of the former. Examples of
the latter include using the metal as: a heating element in thermo-optic devices, an
electrode in electro-optic devices, or a contact in charge carrier devices. In all cases,
the principal advantage would stem from achieving a good overlap between the optical
mode and the effect being exploited.

Materials effects of interest for device applications are generally weak. Significant
phase changes for example must be accumulated over propagation lengths of about 1 to
10 mm using mainstream thermo-optic polymers and electro-optic crystals. Exploiting
materials effects thus generally requires long-range waves, which is achievable using
a judicious choice of metal geometry. Also, the propagation of a long-range (low
loss) mode is essential if gain is to be eventually achieved, say, via optically pumped
rare-earth doped claddings.

Within the context of subwavelength plasmonics,*? one can envision using the ss)
mode to convert far-field radiation to the near-field via appropriately designed inte-
grated structures. Such structures would convert the ss) mode from its long-range
form where it couples well with large incident field distributions, to its collapsed
version, thus potentially providing means for efficiently and conveniently interfacing
with nanoparticles and nanoparticle arrays*** or SPP photonic crystals,* for exam-
ple. In its collapsed form, the ss9 mode exhibits the same qualitative characteristics as
a single interface plasmon-polariton, namely it is short ranging and highly confined

42
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to the metal dielectric interfaces, just like the modes typically studied using near-field
techniques.*®
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CHAPTER SIXTEEN

LOCALIZED SURFACE PLASMONS FOR OPTICAL DATA
STORAGE BEYOND THE DIFFRACTION LIMIT

JUNJI TOMINAGA

Center for Applied Near-Field Optics Research (CAN-FOR) National Institute for Advanced
Industrial Science and Technology (AIST) Tsukuba Central 4, 1-1-1 Higashi, Tsukuba
305-8562, Japan j-tominaga(@aist.go.jp

16.1. INTRODUCTION: HIGH-DENSITY OPTICAL DATA STORAGE

Optical data storage technology and its storage capacity have gradually been improved
over the last two decades, especially thanks to the development of shorter-wavelength
semiconductor laser units and high-precision optical lithography (mastering). Cur-
rently the available storage capacity is beyond 5 GB in a 12-cm disc for DVD, and
a 25 GB disc drive system with a 405-nm blue laser unit is also available as blu-ray
disc or HD-DVD. However, the storage capacity has almost reached the optical limit
because of far-field diffraction. At the moment, there is no alternative way to improve
the laser spot size to less than 300 nm using far-field optics, even with the most ad-
vanced optical disc technology employing a 405-nm wavelength and a lens numerical
aperture (NA) of 0.85.

In order to overcome this issue, near-field optics has attracted much attention
over the last decade.'~* In the early years, several near-field fiber-probes or flying
heads with a small aperture were designed and simulated computationally.* Such a
nano-aperture allows for the confinement of light in a nanoscale area, enabling sub-
diffraction limit data readout. However, the optical throughput of the fiber and the
aperture were found to be too low (less than 0.01%) to be applied to optical data
storage.

As an alternative, a near-field system using a solid immersion lens (SIL) was in-
vented and recently nearly 100-GB storage capacity in a 12-cm disc was experimen-
tally confirmed in a system with an effective NA > 1.0.5-® However, the spacing
between the S/L and the storage medium was less than ~50 nm, and the system re-
quired a specially designed flying-height adjustment system under high-speed disc
rotation.
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The most recent candidate for eliminating the flying height issue in near-field
recording is the super-resolution near-field structure (super-RENS) that was pro-
posed in 1998.7 This approach uses a nonlinear optical masking layer which is
placed in close proximity to a recording layer. The optical properties of the mask-
ing layer are affected locally by the high intensity in the laser focus. This results
in a modified field distribution in a nanoscale area, which in turn affects the field
distribution in the nearby recording layer. In the early super-RENS design, an Sb
masking layer was used. However, the near-field interference generated around a
small aperture adversely affects the signal from specific mark sizes in the recording
layer. This phenomenon makes it impossible to implement this approach in cur-
rent optical data storage technology which uses run limit-length (RLL) codes. In
order to maintain high signal intensity from short and long recording marks included
in RLL code (for example, nine different mark lengths in a CD), a novel super-
RENS with a single light-scattering center (LSC-super-RENS) was subsequently
developed. The recent study of super-high density optical storage using near-field
optics has rapidly shifted towards the LSC-super-RENS discs worldwide.® Using
the advanced super-RENS, TDK Corp., Samsung Electronics, and our group real-
ized 50-nm resolution optical data storage with an optical system using a 405-nm
wavelength and a NA of 0.65 or 0.85: one-third of the far-field resolution (one-
sixth of the spot size).” Astonishingly, a signal carrier-to-noise ratio (CNR) be-
yond 40 dB was stably obtained in repeated readout, at the same intensity level
as that of commercialized DVDs. In LSC-super-RENS discs a nano-explosive plat-
inum oxide (PtOx) thin layer (~4 nm) replaces the silver oxide layer (~20 nm)
in order to generate a single scattering center. By the end of 2004, the super-
RENS disc showed the potential for more than 200-GB storage capacity in a 12-cm
disc.

16.2. SUPER-RESOLUTION NEAR-FIELD STRUCTURE, SUPER-RENS

The Super-resolution near-field structure, super-RENS, was initially designed as
an optical near-field recording system, but without any needle-like probes or fly-
ing lenses.” The concept goes back to the idea behind obtaining super resolution in
magneto-optical discs in the early 1990s. However, nobody knew at the time that this
technology was related to future near-field recording with an optical nonlinear film that
rapidly responds to a temperature profile. In 1997, we noticed that an Sb thin film de-
posited on a transparent substrate reversibly shows a curious optical nonlinearity with
temperature when it is quickly moved or scanned at a velocity above 1.0 m/s. It was
found that the film makes a transition from opaque to transparent, or vice versa at tem-
peratures around 400°C. Following this discovery, we confirmed that a laser beam can
create an optical window and that its size can be manipulated and controlled. In 1998,
we designed a multilayer system consisting of SiN(1)/Sb/SiN(2)/Ge,Sb, Tes/SiN(3),
which can generate the super resolution effect with high spatial frequencies: the opti-
cal near-field. Figure 16.1 shows the signal intensity obtained from small marks with
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Figure 16.1. Super-resolution signal intensity from a super-RENS disc using a thin Sb film. Solid circles
represent 100-nm size marks and open circles represent 300-nm marks. Signal recording and readout were
done using a normal DVD drive unit with a 635-nm wavelength and a lens numerical aperture of NA =
0.60, operating at a standard linear velocity of 6.0 m/s. The diffraction limit was 540 nm: i.e., the resolution
limit is 270 nm.

a size beyond the diffraction limit when the thickness of the SiN(2) spacer layer was
varied.

As the thickness decreased, a high signal intensity was obtained beyond the res-
olution limit of far-field optics. At a thickness of 50 nm or less, the signal intensity
obtained from large and small marks recorded in the phase-change film (Ge,Sb; Tes)
could not be improved any further. In addition, the signal intensity observed for a fixed
mark size (for example, 100-nm phase-change marks) became larger and then smaller
upon increasing the laser beam power. These observations could be explained with a
thermal aperture model as shown in Fig. 16.2. The high intensity in the laser focus
generates a small transparent window in the Sb layer. Upon increasing the aperture
size, the signal gradually rises. The maximum response is obtained when the aperture
size becomes similar to that of the mark size. As the aperture size is increased further
by raising the incident laser power, the aperture gradually begins to include adjacent
marks, resulting in the observed signal drop.

Initially the use of a thermal aperture appeared to enable sub-diffraction limit data
storage. However, through experimental research on the super-RENS followed by
computer simulations using the finite difference time domain method (FDTD), we
gradually understood a fatal issue with the optical nanoaperture. Optical near-fields
are strongest at sharp edges because high spatial frequencies beyond the diffraction
limit are required to re-construct the edge according to Fourier optics. This behavior
is not specific to the super-RENS. In a two dimensional geometry, two edges are
generated in the aperture. Due to the presence of these two edges, when the laser
power is held constant for super-RENS near-field readout the signal intensity from
one specific mark length used in RLL code can be less than that of other mark lengths.
Optical recording systems inherited from CD and DVD technology utilize marks with
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Figure 16.2. In an aperture type super-RENS disc, a transparent optical sub-window is generated in a
focused laser spot. As the laser power is increased, the temperature of the Sb mask layer rises and generates
a molten Sb region. At low power (a) the window is small and the signal of the small mark is also small.
At increasing laser power, the window’s size includes one mark: the signal reaches a maximum. As the
power increases further, the window gradually begins to include the neighboring mark: the signal gradually
drops.

different lengths: for example, for a clock time (T), nine different marks with lengths
3T, 4T, 5T, 6T, 7T, 8T, 9T, 10T, and 11T are utilized in CD systems.'? In these systems
all the signal intensities should be of the same level. Therefore, a single aperture will
never be applied to near-field optical data storage systems that use the same CD or
DVD data sequence. Almost all near-field recording approaches using an aperture
will experience the same problem in the near future.

After we understood this problem, the super-RENS study rapidly shifted towards the
use of an isolated light-scattering center. Fortunately, we found an alternative material,
silver oxide, for this purpose. Silver oxide (AgOx) is not a new material; it has been
produced in colloidal form using wet chemistry. However, a thin AgOx film can also
be produced by vacuum deposition such as sputtering. Actually, AgOx films with
different composition ratios are easily obtained by using a pure Ag target and a gaseous
mixture of argon and oxygen. A new super-RENS disc using a AgOx layer instead
of an Sb layer was designed and examined in 2000.% In 2003, we further improved
the super-resolution characteristics by replacing the AgOx film with platinum oxide
(PtOx). Since then, the newly designed super-RENS disc with a 4-nm thick PtOx film
has reached a resolution of 50 nm, generating more than 40 dB of CNR.” We call
this the 3rd generation super-RENS disc because this generation is different from the
Ist and 2nd generations on several technical points: first, in the 3rd generation disc a
data bit is stored as a nanometer-scale gas bubble, which is generated by the thermal
decomposition of the PtOx film. Second, the phase-change film in turn plays a role in
the super-resolution readout! Thanks to the amazing role of the phase-change film,
the 3rd generation super-RENS disc can enhance and amplify the small near-field
signal from a tiny pit more than 100 times.
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16.3. THE ROLE OF THE OPTICAL PHASE-CHANGE FILM
IN SUPER RESOLUTION

Readers may wonder why optical phase-change films consisting of chalcogenide can
show such a dramatic super resolution effect. Actually, for the past two years, the
mechanism had not been explained. By now we have gradually come to understand
the important role of the phase-change film not only in super resolution systems, but
also in future plasmonics applications.

In order to explain the observed phenomena, the refractive index in the active region
must reach extremely large values compared to the surrounding masking area, since
otherwise the scattered signal photons would be almost entirely obscured by photons
reflected back from the masked area (giving rise to noise). One physical phenomenon
that can induce index changes is known as the Kerr effect. It is caused by an optical
nonlinearity of the 3rd order, in which the refractive index changes linearly with
the laser intensity. However, this effect is generally not as large as that observed in
the super-RENS disc, and the low threshold powers typically observed in the super
resolution (SR) effect cannot be explained by this process either. Alternatively a
2nd order nonlinearity may cause second harmonic generation (SHG). However, the
experimental results by Kim ef al. ruled out this mechanism as a possible explanation
with their observation of 80-nm pit patterns with a 40-dB CNR in a disc drive system
using a 635-nm wavelength and a NA of 0.60: the theoretical resolution limit that can
be obtained by SHG in this system is 132 nm.” Therefore, we conclude that 2nd and
3rd order optical nonlinearities are not essential to the operation of the super-RENS
disc. To understand how large changes in the refractive index could occur in the phase
change material, we will start with a classical description of the refractive index. In
classical physics, the refractive index # is related to the electronic polarizability o
through the Clausius—Mosotti equation (in Gaussian units):

3 ni—1

T 4nNynl +2

v, (16.1)

Ao

where a and ny are the electronic polarizability and refractive index at the wave-
length A — oo. Ny and V are Avogadro’s number and the molar volume of the
material. In quantum physics, this equation is further modified by the summation
over the oscillator strengths of multiple transitions:

3 22wy (m| 7 1K)k 7 [m) Eq cos(wt)
Oy = .
" (a),znk — )i

(16.2)
k

Equation (16.2) differs from Eq. (16.1) by the inclusion of a summation over the
contributions from each band-transition m <> k. Here, w, w,, e, 7, E are the applied
laser frequency, the resonance frequency between bands m and k, the electron charge,
the electron displacement (i.e., e is the dipole operator), and the applied electric
field strength, respectively. In a solid or liquid, the term 3V /4w N 4 in Eq. (16.1) may
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be replaced by a constant, p, further simplifying Eq. (16.1) to:

, 20+4p
n° = .
p—a

(16.3)

The parameter p can be thought of as the available space for each atom in the unit
cell. When p ~ a, the value of n? may diverge and reach large values close to the
singularity. Ferroelectric materials are well known to show such behavior at a tem-
perature called the Curie temperature, 7c. It is also known that GeTe exhibits fer-
roelectric characteristics with a 2nd order phase-transition at T, ~ 352°C.!!2 This
ferroelectric effect is accompanied by Raman soft-mode phonons that were observed
experimentally at ~3.5 THz (110 cm™"). These phonons are attributed to the dis-
placement of tellurium atoms in the unit cell. Yamada et al. discussed the crystalline
lattice deformation of Ge,Sb,Tes (hereafter GST) and Ags 4In3.7Sbrg4Te 6.5 (here-
after AIST) systems as a function of temperature. They discovered relatively large
lattice deviations at the Sb and the Ge sites 4(b), compared to the Te site 4(a) in the
NaCl-type fcc unit lattice of GeSbTe.!3 It was found that the lattice transforms into
a hexagonal lattice at ~260°C. On the other hand, AIST retains a hexagonal lattice
(4-7, belonging to the R3m space group), which is similar to the original Sb lattice
with the c-axis expanding from 11.2 to 11.6 A at temperatures up to 350°C. At higher
temperatures, the lattice transforms into R3m rhombohedral. These results support
that AIST may also show a 2nd order phase-transition, albeit more anisotropically
than that of the GST system. So far, many studies have revealed transition tempera-
tures of optical phase-change alloys. However, most studies have focused on 1st order
phase transitions only: transitions between the as-deposited amorphous phase and the
crystalline phase, and the melting points. None of them has taken into account 2nd
order phase-transitions because these only produce a very small discontinuity in the
heat flow in differential scanning calorimetry (DSC) measurements, and a change in
the optical reflectivity or transmittance that is too small to observe at the macro-scale.

Early in 2004 we proposed a readout model of the PtOx super-RENS disc that in-
volved the ferroelectric properties of AIST and GST thin films, (published in reference
14). Hence, the SR effect is only active in a very narrow temperature range around the
ferroelectric catastrophe. In the paper, we experimentally determine the relationship
between the readout laser power and disc temperature, and clearly revealed that the
threshold laser power required for the super resolution in the super-RENS discs agrees
well with the temperatures required for the 2nd order phase-transition.

Here, let’s discuss the relationship between ferroelectrics and the SR effect in more
detail by using the Landau theory."> It is assumed that the free energy F, of the
material can be expanded into a power series of the dipole P. Because F, must
exhibit energy minima in P, it only contains even terms of P:

Fp=jaP?+ {BP 4+ Ly PO+ ... (164)

The coefficient « is temperature dependent according to o = og(T — Tp) with g > 0.
Also, we assume B > 0. To find the energy minima of F, we require that the first
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.. dF .
derivative d—If = 0. Thus, we obtain:
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where x in the second equation of (16.5) is the dielectric susceptibility and P = xE.
Here, we neglected higher orders beyond the second derivative. As a result, we obtain
the famous relationship of the Curie temperature:

ex (To—T)7". (16.6)

In optical discs, an as-deposited amorphous film must be crystallized once before
recording. In the process, the film volume is reduced by more than 5%. As a result the
protective layers surrounding the phase-change film induce a high strain force. The
strain force is generally anisotropic because the crystallization procedure is usually
carried out along the tracks and the groove structure may modify or block the strain
force across the tracks. From our previous experiments with a ZnS-SiO,/Sb/ZnS-Si0,
system, the strain force is estimated to be roughly 2040 MPa.'® As the temperature
is increased, the crystallization is further accelerated due to grain growth. At a certain
temperature the resulting volume change is compensated by thermal expansion. As
the temperature is increased further, the thermal expansion changes the stress from
tensile to compressive. Equation (16.4) is not applicable to situations involving stress
and strain, and must be modified to include a uni-axial strain force (in general, we
must consider bi-axial forces as well) and a coupling term with the dipole:!*

Fp =YaP? + 1/ P4+ Jc(x —x0)* + qx P2. (16.7)

The third term represents the free energy contribution due to strain and the fourth
term is due to coupling with the dipole. The terms ¢, x¢ and g are Young s modulus,
the original position of an atom, and a coupling constant, respectively. It should be
noted that Ax = (x — x¢) is equivalent to ~p'/?> in Eq. (16.3). In addition to the
local minimum of F), to P, we now also obtain another minimum with respect to
displacement x:

oF
-0
ax
As a result, we can obtain an elegant relationship between the displacement Ax, =
(x — x¢) and Ps:

(16.8)

Axy = —q P?/c. (16.9)

This self-distortion now may induce a dipole. Alternatively, a large electrical dipole
may induce a very large displacement in the unit cell beyond the yield point, resulting
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in plastic deformation, material flow, or a transition to a more energetically stable
crystalline state. At the transition point, the refractive index theoretically has no
meaning or value: this means that a large index change is expected at the phase
boundary as a result of the summation of many higher spatial frequencies. This
ferroelectric catastrophe probably is the readout mechanism of the observed super-
resolution in super-RENS discs. We recently confirmed that the Ge,Sb,Tes alloy
exhibits ferroelectric behavior due to a small local displacement of Ge atoms in a
fee Te unit lattice, observed using X-ray analysis of fine structure, XAFS.!7 It should
be noted that chalcogenides without Ge atoms also show a strong SR effect. For
example, Sb-based phase-change alloys, typically AgInSbTe, do not include Ge at
all, but show a very high super resolution effect similar to Ge,Sb,Tes. So, why? Is
the ferroelectric model not complete? To supplement the model, we are currently
considering a Peierls distortion induced by internal stresses, which are generated at
a boundary of two materials. Group V-elements As, Sb and Bi are known to generate
Peierls transitions.'® typically, As and Sb have a crystalline structure known as A4-7
at atmospheric pressure. At increasing pressure or under compressive stress, the 4-7
structure transforms to the simple cubic (sc) structure in a phase transition. The
transition is reversible. Seifert et al. reported the electronic structure and the band
gap of this state.!® The 4-7 structure plays a role in metallic properties, while the sc
plays a role in dielectric properties. As a result, a Sb-rich alloy may generate the same
type of phase transition that occurs in the ferroelectric catastrophe. These models
involving the ferroelectric catastrophe and the Peierls transition are now believed to
be a suitable super-RENS readout method providing a signal intensity 100 times as
large as the noise level.

16.4. SURFACE AND LOCAL PLASMONS FOR OPTICAL STORAGE

So far, we have discussed the influence of the phase change layer on the super-RENS
effect with a model involving a phase transition that is accompanied by a large change
of the refractive index. But, how effective are nanoparticles for the signal intensity
of a super-RENS discs? The LSC-super-RENS disc research has recently revealed
many attractive and interesting characteristics that can help understand the behavior
of surface and local plasmon polaritons in data storage as well. In order to elucidate
the plasmon effect separately, one needs to observe local plasmons due to the metallic
nanoparticles. For this purpose, a novel method to generate silver nanoparticles may
provide a solution.!” We are able to fabricate a nanostructured silver film on the
surface of almost any material without heating or spin-coating particles in a wet
chemical process. By varying the fabrication conditions, the nanostructures can be
transformed from particles into wires. Figure 16.3 shows an image of a nanostructured
layer fabricated on an optical fiber. Figures 16.4 and 16.5 show other nanostructures
on polycarbonate optical disc substrates.

An optical spectrum from the nanostructure mostly shows a sharp absorption at
wavelengths around 380—420 nm due to the /ocalized plasmon resonance of the con-
densed nanoparticles. Another sharp absorption is clearly observed at a wavelength



Localized Surface Plasmons for Optical Data Storage 243

Figure 16.3. Ag nanostructure fabricated on the surface of an optical fiber by the deoxidation of silver
oxide film. The silver oxide film was first deposited on the surface and then it was reduced by hydrogen
and oxygen with small amount of seed gas CF4. The diameter is less than 50 nm.

of 325 nm, which is known as the surface plasmon frequency of a planar Ag film. The
localized plasmon resonance from the nanostructure fabricated using our method is
very useful in the industry because the wavelength of light absorption coincides with
that of a solid-state blue laser unit. As is well known, the localized plasmon resonance
is very sensitive to the local geometry. Therefore, once the structure is fabricated uni-
formly on a disc surface, it can be disturbed or deformed by a pulsed laser beam to
generate recording patterns. Since this modifies the local structure one can expect
a large spectral shift and a large optical nonlinearity due to the plasmon enhanced
absorption. Figure 16.6 shows one example of recorded pit patterns on the optical

Figure 16.4. Ag nanoparticles fabricated on a recordable DVD substrate. The five vertical lines are called
‘grooves’, which guide a laser beam for recording. The groove width is 600 nm. The size of each particle
is about 15-20 nm (see Inset).
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Figure 16.5. Ag nanowires fabricated on a pre-patterened disc surface. The pit diameter is 200 nm. The
nanostructure is rigidly generated in the pits (see /nset).

disc. Here, a 200-nm AgOx film was deposited on a polycarbonate disc and then
transformed into a nanostructured film. The sample disc was placed on a typical dig-
ital versatile disc (DVD) test bench and rotated at a 6.0-m/s linear velocity. The laser
beam and optics used in the work employed a 635-nm wavelength and a numerical
aperture of 0.60, respectively. The recorded areas are seen to be thermally damaged
or condensed, losing the fine structures observed in Fig. 16.5. The super-resolution
effect from the disc is shown in Fig. 16.7. It should be noted that no phase-change
layer or super-RENS active films were used: only the Ag nanostructure film was fab-
ricated on the disc surface. Therefore, the super-resolution effect observed is really
the result of a nonlinearity due to the nanostructure itself.

Figure 16.6. A groove recorded on the Ag nanostructured optical disc. In the recorded area, the image of
the nanostructure becomes unclear because of thermal condensation (see white two circles).
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Figure 16.7. Signal intensity of super-resolution marks recorded in a Ag nanostructure optical disc. The
resolution limit was 270 nm. Open circles represent the signal from a 100-nm thick silver oxide film,
solid circles represent the 50-nm thick film, and open squares represent a 50-nm Ag film. Note that the
thickness of the real Ag nanostructures was not estimated here because the thickness is always reduced by
the deoxidation.

The nonlinearity seems to depend not only on the film thickness of the nanos-
tructure but also on the oxygen content of the initial AgOx layer. However, as is
clear from Fig. 16.7, the super-resolution effect is not as large as that of super-
RENS discs. This may be because the nanoparticles or nanowires are randomly
oriented and partly connected. For high resolution, especially, the size of the par-
ticles and the nearest neighbor distance would be key parameters. In super-RENS,
as discussed above, the largest refractive index change is expected at the bound-
ary between two phases, where the width must be less than 30 nm. Therefore, we
can say that the application of metallic nanoparticles to optical data storage will be
technically challenging in the near future, even using state-of-the-art nanofabrication
technology.

16.5. SUMMARY

Through the super-RENS disc and its spin-off technology, the silver nanoparticle
structure, we have learned that a giant refractive index variation plays an important
role in enhancing the CNR in optical data storage. In our experimental work we find
that, rather than using surface or localized plasmons, it is preferable to make use of
the nonlinear characteristics of materials for the manipulation of localized photons.
Although I want to believe that in the future someone might invent a technology that
enables the manipulation of individual atoms or molecules at high speed and over
a wide area, data storage technologies will have to make use of atoms as a group
in the coming one or two decades. Until that day, lots of data will be accumulated
experimentally and computationally.
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SURFACE PLASMON COUPLED EMISSION
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17.1. INTRODUCTION

Metallic particles and surfaces display diverse and complex opto-electrical properties.
These properties, such as intense colors of noble metal colloids, strongly depend on
metal and colloid size, and have been a subject of studies for centuries. Thin metal
surfaces display strong absorption of light impinging under a very well defined angle
that strongly depends on physicochemical properties of dielectrics on both sides of
the metal film. For the last 20 years surface plasmon resonance (SPR) technology
has been widely utilized in biochemical and biophysical analyses and is now exten-
sively used for studying bioaffinity reactions on surfaces.! > A typical experimental
configuration for SPR analysis is shown in Fig. 17.1. A thin metal film (typically
gold or silver ~50 nm thick) is illuminated through the glass prism at an angle 6.
The electromagnetic light wave induces a periodic oscillating electric field that forces
collective planar oscillations of free charges in the metal film (surface plasmons). At
a very precisely defined angle, when the lateral component of the impinging light
wavevector, k, matches the wavevector of the surface plasmons kg, these surface
plasmon oscillations are in resonance with the frequency of the incident light. Under
these conditions an electromagnetic field efficiently couples to the surface plasmons,
which results in highly attenuated light reflection. This phenomenon (SPR) is ex-
tremely sensitive to small changes of the dielectric constant above the metal film and
has been used to measure biomolecule binding to surfaces, as in the Biacore apparatus
(http//www.biacore.com).

Excited surface plasmons in the metal film create highly enhanced evanescent fields
penetrating the dielectric above the metal surface up to several hundred nanometers
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Figure 17.1. SPR configuration. At the 6, angle the reflectivity is strongly attenuated.

into the sample, see Fig. 17.1. Conversely, excited fluorophores present within this
distance from the surface create an electromagnetic field that may strongly interact
with free charges in the metal film inducing surface plasmons. The frequency of these
plasmons corresponds to the emission frequency of the fluorophores. As a result,
we observe a strong directional emission, which we call Surface Plasmon Coupled
Emission (SPCE) (Fig. 17.2). The resulting SPCE exhibits the same spectral shape
as the fluorophore emission, but is highly polarized with a sharply defined emission
angle back into the glass substrate. A technology based on SPCE may provide 50%
light collection efficiency and high intrinsic wavelength resolution with the use of
a very simple optics. Such desirable properties can result in wide range of simple,
inexpensive and robust devices of general use to biology and medicine. We stress that

S #Fs Wl

} 200 nm

i «— Metal Film

|||
|
||||||||II
|||||

Directional Emission

Figure 17.2. Concept of surface plasmon-coupled emission (SPCE). F represents a fluorophore. The
excitation energy of the fluorophore couples to surface plasmons and radiates into the glass prism.
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the directional SPCE is not due to reflections, but due to coupling of the oscillating
dipoles of the excited fluorophores with surface plasmons on the metallic surfaces,
which in turn radiate into the glass substrate.

In this chapter we describe the interaction of fluorophores with metallic surfaces
that results in surface plasmon coupled emission (SPCE). SPCE significantly in-
creases detection sensitivity and allows for many novel sensing applications. This
new approach allows directing of a large fraction of the emission towards the detector
by coupling the emission to surface plasmons on the metallic surfaces. The coupling
angle and efficiency of SPCE strongly depend on the interface conditions. Because of
such spectacular sensitivity to the refractive index above the metallic surface, similar
to SPR technology, this new approach will be highly useful for detecting biomolecu-
lar binding on the surfaces, interaction and conformational changes of biomolecular
systems, and provides a novel platform for biomedical assay development.

17.2. THEORY OF SURFACE PLASMON COUPLED EMISSION (SPCE)

The SPCE effect is closely related to surface plasmon resonance (SPR). Both the
phenomenon of SPR as well as SPCE are complex and the underlying principles are
new to many individuals with experience in biochemistry and/or fluorescence spec-
troscopy. In general, plasmon resonances on planar structures can be described by
Maxwell’s equations, solved using Fresnel theory. The electromagnetic fields from
oscillating dipoles are expressed as integrals over plane waves in order to fit into the
Fresnel scheme. This is a convenient way to describe the interaction of an oscillating
electromagnetic field with planar structures supporting surface plasmons. In partic-
ular, the interaction of the excited fluorophore with surface plasmons results in the
directional emission and can be theoretically investigated.

Surface plasmons in a thin metal layer, excited by fluorophores, can radiate into a
glass prism at sharply defined angles determined by the emission wavelength and the
optical properties of the respective layers of sample and the glass. In spite of the high
theoretical complexity of the SPR and SPCE processes, basic Maxwell theory and
theoretical modeling is a very useful tool to design experimental setups and struc-
tures, to fine-tune measurements, predict results, and explain experimental findings.
Calculated quantities are SPCE angles, power levels, radiative decay enhancements
and decay times (fluorescence lifetimes).

In this chapter we present an abbreviated version of the theoretical approach. In-
terested readers are referred for a detailed description of the theoretical method to
references 6—9. The radiation from a dipole can be decomposed into an integral
over plane waves (see Fig. 17.3), that is a two-dimensional Fourier transform. The
decomposition is also called the Weyl identity.!® The electromagnetic field is also
divided into a p- and an s-polarized part. Fresnel theory, which is the theory of the
refraction of plane waves in a dielectric planar structure, can then be applied!!"!2
(see Fig. 17.4). Proper matching of the plane waves has to be done at all boundaries
and also at the dipole location. A detailed schematic of the layer configuration and
the angular notation is shown in Fig. 17.5. First a pre-integration (pre-summation) in
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Figure 17.3. The electromagnetic field from an oscillating dipole is fit into the Fresnel scheme by decom-
posing it into an integral (or sum) of plane waves in the two main directions of the planar structure. The
evanescent waves, i.e. non-propagating plane waves or plane waves with imaginary normal components of
the wave-vector have to be included. When incorporated into the layered structure (Fig. 17.5), appropriate
matching of the electromagnetic fields at the surface indicated by the straight vertical line above, has to be
done, with the assumption of including an electromagnetic source.
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Figure 17.4. Maxwell’s equations for the electromagnetic fields are solved by using Fresnel’s theory of
plane wave propagation in a planar dielectric structure. Two plane waves with mirrored wave-vectors
are assumed to propagate in each homogenous layer and boundary-matched to the plane waves in the
neighboring layers. The in-plane components of all wave-vectors are the same in all layers (Snell’s refraction
law). Appropriate matching of the electromagnetic fields has to be done at all boundaries. When including
an oscillating dipole in one of the layers as a radiating source, appropriate matching of the electromagnetic
fields also has to be done at the dipole location.
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Figure 17.5. The basic configuration of an SPCE experiment. The excitation light is either coming from
the left (front side, A) at normal incidence, exciting the fluorophores in the PVA layer directly, or from the
right (back side, B) at the surface plasmon angle, exciting the fluorophores in the PVA layer via the SPR
evanescent wave.
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azimuth (¢) is done by using Bessel integrals, see Ref. 13, which means that only a
one-dimensional numerical integration (in 8) has to be done in order to calculate the
electromagnetic fields at any point.

The method can also be explained in terms of the Sommerfeld identity.'* No inte-
gration is needed for the calculation of the far-fields. Parseval’s equation is used for
the power flow. The integrals for the electromagnetic fields at an arbitrary position in
the layered structure, from a dipole normal to the plane are:

[o¢]
k3 n2 . .
H= _LOP@ / dn,——L—1J, (kon,p) (ae™"* + be~ ") (17.1)
4 /02 — 52
0 d o
2k3 <
E= [HocokoP /dn,, [iBrnzJi (konpp) (ae™" — be~lam:%)
drnng /n _nz
0 d

—2n,Jo (konpp) (ae™"* + be =) (17.2)

The physical quantities in the equations are defined in Table 17.1. The power per
solid angle for the far-fields from a dipole normal to the plane, normalized to the total
output power from the fluorophore in a bulk medium, is given by:

3n3 sin (6)? cos (9)? al?

8rn3 [n% — n?sin (0)’|

(17.3)

For a dipole parallel to the plane the p-polarized part and the s-polarized part of
the normalized power per solid angle are given by:

3n3 cos (0)?
pp= 28 ON 2 cos g2 (17.4)
87n3
353 9)?
py= — eSO o oy (17.5)

87ny |n? — n?sin (0’
The power flow in the layered structure for a dipole normal to the plane is given by:
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For a dipole parallel to the plane, it is given by:
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ny 3 / n* 1
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(17.7)

The power flow is normalized to the total radiated power from a fluorophore in a
continuous bulk medium with a refractive index identical to that of the layer in which
the fluorophore radiates. Free vacuum is not chosen for the normalization because
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Table 17.1. Descriptions or definitions of the quantities occurring in the equations

Notation Description or definition

ko ‘Wave-vector in vacuum

n Refractive index

ng Refractive index of layer containing dipole

k nko

kq nqko

npy k, = kon,, where k, is in-plane component of wave-vector

ny ky = kong, n? = nf) + n%, where k; is z-component of wave-vector
co Speed of light in vacuum

o Vacuum permeability

a Electric field coefficient for the forward electromagnetic component in the layered structure
b Electric field coefficient for the backward electromagnetic component
y Radiating dipole moment

@ Unit vector in azimuth

6 Unit vector in direction of incidence

Jm Bessel function of order m

H Magnetic field

E Electric field

X, y,z Cartesian coordinates

P (x2 + y2)l/2

p Normalized power per steradian

P Power flow in z-direction

Py Total power from dipole in bulk medium

there seems to be an uncertainty about radiative decay enhancement in a dielectric
medium compared to vacuum. By classical electromagnetic theory the radiated power
ofadipole in a homogenous dielectric medium should be proportional to the refractive
index, but it is very sensitive to the local environment. In the empty-cavity model!*1¢
the dipole is considered to be inside an empty spherical cavity in the dielectric of
refractive index n, giving an enhancement relative to vacuum of

32\
_ 17.8
" <2n2 ¥ 1> (17.8)
This model is comparable to other models in Refs. 15 and 16. References 15 and
16 refers to a model that predicts a square dependence on the refractive index, which

for refractive indices between values of one and two compares well with the empty
cavity model.

17.3. COMPARISON OF EXPERIMENTAL STUDIES AND
THEORETICAL PREDICTION

Figure 17.6 presents the layout of a typical experimental setup for SPCE experiments.
The PVA layer contains fluorophores, in this case sulforhodamine 101 (R101). Exci-
tation light with a wavelength of 514 nm from an argon ion laser is either coming from
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Figure 17.6. Schematics for the measurements. Kretschmann and Reverse Kretschmann configurations.
The inset shows the SPCE ring.

the right (front side, Reverse Kretschmann configuration, RK) at normal incidence,
directly exciting the fluorophores in the PVA layer, or from the bottom-left (prism
hemi-sphere side, Kretschmann configuration, KR) at the surface plasmon angle, ex-
citing the fluorophores in the poly(vinyl alcohol) (PVA) layer via the SPR evanescent
wave. The fluorescence emerges in the shape of a cone through the hemi-sphere. The
picture insert in the Fig. 17.6 shows the actual projection of the ring emitted by the
R101 on a white screen.

A typical configuration for angular measurements is shown in Fig. 17.7. Instead of
a hemi-sphere it is convenient to use hemi-cylinder. A picture of an actual apparatus
used for measurements of the angular intensity distribution is shown below the ex-
perimental schematic. The PVA thickness used in this model experiment was either
15 or 30 nm. Fluorescence light with a wavelength near 600 nm is either detected at
a specific angle using movable fiber optics or projected onto a screen, as shown in
the inset in Fig. 17.6. The intense fluorescence light observed at a sharply defined
angle corresponding to the ring at the prism side is the SPCE originating from surface
plasmon resonances in the metal layer that were excited by the near field interaction
with the excited fluorophores.®=® The right side of Fig. 17.7 presents the fluorescence
intensity detected by fiber optics as a function of azimuthal angle 6. A sharp intensity
increase is observed at an angle of 47° for a PVA thickness of 15 nm and at a 50°
angle for a PVA thickness of 30 nm, respectively.

The approximately 3° change for this 15 nm film thickness difference is very
large and easily measurable. It is important to stress that in routine SPR experiments
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Figure 17.7. Experimental configuration for angular measurement. Right—angular emission intensity
distribution.

the usual changes detected are in the millidegree range. Typical SPR and SPCE
experiments are capable of detecting subnanometer changes in the layer.

To theoretically explain these experimental results, let’s consider the detailed layer
configuration shown in Fig. 17.5. The layered structure is built on a hemispherical
prism. At the planar surface of the prism a glass substrate is attached with an
index-matching fluid. A metal layer (silver of 50 nm thickness) is deposited on the
glass slide. The metal is protected by a 5 nm thick layer of SiO,, which also serves as a
spacer that protects the fluorophores from quenching by avoiding direct contact with
the metal.® A layer of polyvinyl-alcohol (PVA) doped with R101 is spin-coated on top
of the Si0O,. The calculated far field radiation pattern is illustrated in Fig. 17.8 (top),
and the azimuthal dependence of the fluorescence intensity in Fig. 17.8 (bottom). The
light field from the fluorophore in the layered structure is calculated and illustrated
in Fig. 17.9. The refractive indexes are assumed to be 1.5 for the glass prism, the
Si0, and the PVA layers, and are taken from Ref. 17. The complex refractive index
for the silver layer is assumed to be 0.1243 4 3.73161, and is taken from Ref. 18.
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Figure 17.8. Top—Calculated far field emission radiation. Bottom—Azimuthal dependence of emission
intensity for different orientations of the dipole transition.
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Figure 17.9. The calculated emission field from the fluorophore in the layered structure.
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The far-field power density calculated from Eqs (3), (4) and (5) is illustrated in Fig.
17.8 (top) for a fluorophore in the middle of the 15 or 30 nm thick PVA layers, with
the dipole oriented either normal or parallel to the layered structure. For the 15 nm
thick PVA layer the SPCE is seen to be highly directed at the back side, at angles of
46.8°, an almost perfect match to the 47° reported in Ref. 17. For the 30 nm thick PVA
layer, the SPCE direction is 50.4°, also an almost perfect match to the 50° reported
in Ref. 17. The SPCE angle is nearly independent of the fluorophore position and
orientation within the PVA layer. The full widths at half maximum (FWHM) are 1.1°
for the 15 nm thickness and 1.8° for the 30 nm thickness of the PVA layer, for all
orientations and positions of the fluorophores. We were pleasantly surprised by the
perfect agreement of the experimental results and the independently done theoretical
prediction.

17.4. BIOMEDICAL APPLICATIONS OF SPCE

Biological sciences are changing rapidly through the development of better analytical
techniques and quantitative approaches stimulated by exact sciences such as physics.
The repertoire of physical and optical phenomena that can be exploited in this context
has been growing rapidly for many years. SPCE is an example of a new emerging
technology that provides an excellent general platform for developing a surface based
assay. As a practical application, in the following we describe novel approaches to
immunoassays using surface plasmon coupled emission (SPCE). Many existing im-
munoassays are designed on transparent substrates with a layer of antibodies bound to
the surface. These designs are intrinsically compatible with SPCE technology. In nor-
mal free-space conditions, fluorescence is mostly isotropic in space, and the detection
sensitivity is limited in part by the light collection efficiency. When using the SPCE
we can convert a significant part of the emission into a cone-like directional beam
into a glass substrate and highly increase the signal collection efficiency. Also, we can
maintain angular information that will reveal information regarding the biomolecular
mass bound to the surface. For our experiments we used a model affinity assay using
labeled anti-rabbit IgG antibodies against rabbit IgG bound to a 50 nm thick silver
film. A schematic of the immunoassay principle is shown in Fig. 17.10.

17.4.1. Background Suppression

Surface plasmon coupling allows to selectively collect emission from molecules near
the metal, and is particularly useful for any assay chemistry that can be localized on
the surface. The fluorescence background from various biological components is a
significant limitation for many immunoassays. Since SPCE exclusively emerges from
the thin layer closely localized near the metallic surface we anticipated that a valuable
attribute of SPCE will be background suppression.

We tested this desirable characteristic of the SPCE assay configuration for a highly
absorbing and highly fluorescent background. Such a highly absorbing and scattering
background is usually encountered with assays in whole blood or serum. The highly
fluorescent background becomes a very difficult problem when working with shorter
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Figure 17.10. Schematic of the immunoassay (Top). Experimental configuration for biological samples.
The sample is located in the space created by the O-ring spacer. (Middle) Photograph of the SPCE ring
(Bottom).

excitation wavelengths where intrinsic fluorescence of biological specimens cannot
be ignored.

Highly Absorbing Background

The optical properties of physiological samples are an important limitation for
biomedical assays (high absorption, scattering, etc.). In practice, for medical test-
ing it is often desirable to perform homogeneous assays without separation steps,
sometimes in whole blood. We reasoned that SPCE should be detectable in optically
dense media because the signal arises from material that is located within 200 nm of
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Figure 17.11. The kinetic traces for an immunoassay in buffer, serum, and whole blood.

the surface. We tested the kinetics of an SPCE-based immunoassay in whole blood
and serum. It is important to realize that a 0.2 mm-thick blood sample has an optical
density that would attenuate the fluorescence signal more than thousand-fold in the
550 nm wavelength range. Using SPCE, the signal was attenuated about 3-fold only
(Fig. 17.11)." These results show the potential for using SPCE in optically dense and
scattering samples.

Highly Fluorescent Background

We tested three optical configurations to determine the relative intensities and the ex-
tent of the background rejection using SPCE. These configurations are shown in the
top panels of Fig. 17.12. The sample consisted of a surface saturated with rhodamine-
labeled antibody. We then added Alexa 647-labeled antibody (not binding to the sur-
face) to mimic autofluorescence from the sample. The 0.03°uM concentration of this
antibody (0.13°uM of Alexa dye) resulted in a clearly visible free-space fluorescence
signal from the sample. First, the sample was excited using the RK configuration,
and the free space emission observed from the same water/buffer side of the sam-
ple. Compared to subsequent measurements the intensity of the desired rhodamine
antibody (below) was weak. The free-space emission was dominated by the emission
from the Alexa-647 dye at 670 nm, with only weak rhodamine emission contribution
at 595 nm. We then measured the emission spectrum of the SPCE signal (middle
panel), while still using RK illumination. The emission spectrum was dramatically
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changed from a 10-to-1 excess of the unwanted background to a 5-to-1 excess of
the desired signal.?’ Hence, the use of SPCE resulted in selective detection of the
rhodamine-labeled antibody near the silver film.

We then changed the mode of excitation to the KR configuration (Fig. 17.12, right
panel). In this case the sample was illuminated at 6, creating an evanescent field in the
sample. The overall intensity was increased ~10-fold while further suppressing the
unwanted emission from the Alexa-647 dye. The increased intensity and decreased
background is the result of localized excitation by the resonance-enhanced field near
the metal. In this case the emission was due almost entirely to the rhodamine, with
just a minor contribution from the Alexa-labeled protein.

17.4.2. Intrinsic Wavelength Resolution

A very attractive property of SPCE is the intrinsic wavelength resolution. The coupling
angle for SPCE strongly depends on the refractive index of the medium adjacent to
the metal. In turn, the refractive index of the medium depends on the light wavelength.
We tested the wavelength resolution of SPCE by measuring the emission spectra of a
mixture of different fluorophores at different observation angles. For that purpose we
spin coated a mixture of rhodamine 123 (R123), S101 and pyridine 2 (Py2) in PVA
on a silver film. The concentrations were adjusted to yield approximately similar
intensities for each fluorophore using an excitation wavelength of 514 nm, which
excites all three dyes. The free-space emission showed contributions from all three
fluorophores (Fig. 17.13 top panel). For the surface-coupled emission the spectra
changed dramatically as the observation angle was changed from 52 to 42° (Fig.
17.13), with the peak shifting from 540 nm (R123) to 590 nm (S101), and to 660
nm (Py2). This effect is so dramatic that one can see the change in color by moving
one’s eyes around the hemicylinder axis. References 17 and 19 show the image of the
fluorescence ring for the system shown in Fig. 17.13 obtained with a hemispherical
prism. An excellent color resolution can be achieved with a simple digital camera and
the intrinsic wavelength dispersion of SPCE.

17.4.3. Multi-Wavelength Immunoassay

As a final example of a novel SPCE application in immunoassays we describe multi-
wavelength immunoassays. The intrinsic wavelength resolution of the SPCE opens
up new interesting possibilities for a multiplex assay that is based on different color
labels (Fig. 17.14). The experimental configuration used for two-wavelength SPCE
was similar to that shown in Fig. 17.10. The protein-coated silver surface was illumi-
nated at the surface plasmon angle through the glass prism (the Kretschmann (KR)
configuration), or from the sample side (reverse Kretschmann (RK) configuration).
The angle at which the emitted radiation propagates through the prism depends on the
surface plasmon angle for the relevant wavelength. These angles depend on the emis-
sion wavelength, allowing measurement of multiple analytes using multiple emission
wavelengths. We demonstrated this possibility using antibodies labeled with either
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Figure 17.13. Emission spectra of a mixture of rhodamine 123 (R123), S (101), and pyridine 2 (Py2) in
the PVA on the silver film. The emission spectra were measured at different observation angles.

Rhodamine Red-X or Alexa-Fluor-647.2!:22 These antibodies were directed toward an
antigen protein bound to the silver surface. The emission from each labeled antibody
occurred at a different angle on the glass prism, allowing independent measurement
of the surface binding of each antibody. This method of SPCE immunoassays can be
readily extended to 4 or more wavelengths.

To demonstrate the wavelength resolution for the emission we excited the sample
through the aqueous phase (reverse Kretschmann). The observed angle dependent
emission signal is shown on Fig. 17.15. The emission from each labeled antibody was
strongly directional in the prism at the surface plasmon angle for the corresponding
emission wavelength. Similar results were obtained using the Kretschmann configu-
ration for excitation. This result demonstrates that SPCE is due to an interaction of
the excited fluorophores with the metal surface and does not depend on creation of
surface plasmon by the incident light.
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Figure 17.15. The Angle-dependent emission from surface-bound RhX-Ab and Alexa-Ab measured at
595 and 665 nm. The sample was excited at 532 nm using the RK configuration.
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Figure 17.16. Binding kinetics observed for SPCE ( A,A) and free space fluorescence (®,0).

The surface binding kinetics are shown in Fig. 17.16 for KR excitation and two
modes of observations - SPCE and free space (FS). Essentially, after about 30 minutes
the binding is completed.

The angle-dependent intensity in Fig. 17.15 was collected through an emission filter
to isolate the emission from each labeled antibody. However, these measurements did
not resolve the emission spectra of each antibody. Figure 17.17 shows emission spectra
collected using observation angles of 71, 69.5 and 68°. At 71° the emission is almost
completely due to the Rhodamine Red-X-Antibody with an emission maximum of 595
nm. At 68° the emission is due mostly to the Alexa-Antibody at 665 nm, with a residual
component from the Rhodamine Red-X-Antibody at 595 nm. Atan intermediate angle
of 69.5°, emission from both labeled antibodies is seen. These emission spectra show
that the desired emission wavelength can be selected by adjustment of the observation
angle.
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Figure 17.17. Emission spectra from Rh RedX-Ab and Alexa 647-Ab detected for different observation
angles, using the KR configuration.
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17.5. CONCLUSIONS

The Surface Plasmon Coupled Emission (SPCE) phenomenon offers new oppor-
tunities for high-sensitivity fluorescence detection. Its intrinsic simplicity and very
efficient fluorescence signal collection enables novel approaches for simpler design
of fluorescence based detection devices. In particular, SPCE may find application in
detecting biomolecular binding on the surface (analogous to conventional SPR), med-
ical assay development, and DNA hybridization. SPCE can be easily implemented
in high-throughput screening (HTS) and fluorescence microscopy to facilitate single
molecule detection.
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