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Preface

Optical microscopy is ubiquitous throughout science and technology, with the
flexibility, applicability, and range of optical contrast methods establishing it as
an important tool in biology and materials science. However, conventional optical
microscopy suffers from a natural and increasingly important limitation: It is fun-
damentally impossible to focus light on an area smaller than the size of the wave-
length. This diffraction limit, recognized in the nineteenth century by Abbe, has
provided a stimulus for the development of alternative techniques such as electron
microscopy and atomic force microscopy. However, although such techniques
have pushed spatial resolutions to the atomic level, in general, this has been with
the loss of the advantages provided by optical microscopy—the interaction of
light with matter renders unique information about the chemical, structural, and
dynamic properties of matter through high-resolution spectroscopic contrast and
ultrafast time resolution; it is noninvasive and nondestructive, and it allows the
study of biological systems in their native environment.

Developments in nanoscience, biotechnology, and photonics now offer great
challenges for the characterization and exploration of optical interactions on the
nanoscale, with an ever-increasing need for optical imaging tools having the ability
to resolve features with sizes in the range of 1 nanometer to 1 micron. These are
the length scales relevant for biological cells and large biological molecules and
complexes and for the rapidly developing class of materials known as nanostruc-
tures—artificial materials and molecular assemblies with submicrometer dimen-
sions fabricated for an ever-increasing range of applications. Similarly, the
development of new photonic and opto-electronic devices for optical communica-
tions technology requires techniques that can map the flow of light and capture
localized optical fields on the nanometer scale. Conventional optical imaging is not
possible at such nanometer length scales relevant for many of the technologies ear-
marked for significant growth in the coming decades (e.g., biotechnology and nan-
otechnology).

This book is concerned with a new approach, near-field microscopy, which has
opened up optical processes on the nanoscale for direct inspection. The subsequent
progress in near-field microscopy has led to the development of the new area of
research of “nano-optics,” which is concerned with the interaction of light and
matter on the nanoscale, the manipulation of light in subwavelength dimensions,
and nanolocal spectroscopy. Nano-optics addresses the key issues of optics on
nanometer length scales, covering basic studies in physics, biology, and chemistry
as well as making a significant impact on novel technologies such as nanomateri-
als, nanophotonics, and single-molecule devices. This multidisciplinary field has

Xiii
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blossomed dramatically in recent years with the development of exciting new
nano-optical probes and the real promise of optical microscopy with true nanome-
ter resolution.

In this book, leading researchers in the field from Europe and the United States
provide an overview of different aspects of nano-optics. Throughout the book,
there is a common thread of the use and development of the technique of scanning
near-field microscopy (SNOM) to provide access to the study of optics at the
nanoscale; also presented is the application of near-field microscopy to a number
of materials and photonic systems. These include the visualization of light bending
in photonic crystals and of plasmon fields in subwavelength dimension structures
as well as nanoscale studies of light scattering, fluorescence, Raman scattering, and
nonlinear optical processes that provide indispensable information on the proper-
ties of single molecules and functional materials on length scales down to 10 nm.

The book has been updated and extended from a theme issue of Philosophical
Transactions of the Royal Society A published in 2004. The present volume is
divided into four parts, each preceded by a brief introduction. Part I opens with a
historical review of near-field optics, followed by a review of some fundamental
aspects and applications of nano-optics, including photonic forces, fluorescence
emission, and second-harmonic generation in the near-field. In the final chapter of
Part I, a case study is presented of the conventional established implementation of
SNOM. In Part II, the application of near-field microscopy is presented for the visu-
alization of the optical fields in various photonic systems. Near-field microscopy
offers the unique advantage here of allowing access to localized and confined fields
through evanescent coupling. The burgeoning field of plasmonics, the study of the
properties of surface plasmon polaritons on noble metal nanostructures, and their
exploitation for a wide range of application is introduced in Part III. The following
chapters address various aspects of the nano-optics of plasmonic systems, again
with an emphasis on the use of near-field microscopy to probe localized and con-
fined modes. Part IV discusses the development of so-called “apertureless” SNOM
techniques. These techniques provide further insight into the near-field optical prop-
erties of metal and dielectric nanostructures and fluorescent molecules and
nanoparticles and offer the promise of nanoscale optical imaging.

The book is intended for researchers and postgraduate students in the fields of
optics, photonics, materials characterization, nanotechnology, and scanning probe
microscopy. The text is useful for newcomers and scientists interested in applications
of nano-optics and near-field microscopy, as well as for established researchers in
this multidisciplinary area.

The editors would like to thank all of the contributing authors for making this
book a reality, the Royal Society for its initial support of this project, and Ferhat
Culfaz for his hard work in the final stages of bringing the manuscript to completion.
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2 Nano-Optics and Near-Field Microscopy

Introduction

In Philosophical Magazine, E. H. Synge published a paper challenging the diffrac-
tion limitations of optical measurements. It was another 60 years before his
proposed instrument was realized with the technique of scanning near-field optical
microscopy (SNOM), which opened optical processes on the nanoscale for direct
inspection. In Chapter 1, one of the founders of the field, Dieter Pohl, provides a
review of the development of nano-optics, with an emphasis on the historical roots
of the field up to the time it became an established branch of nanometer science
and technology. The chapter concentrates on the decade 1984-1994 (in particular,
on the principally new ideas that came up during that period), with a special focus
on SNOM. Scientific development after 1994 is addressed in greater detail later in
the book.

In the following three chapters of this introductory part of the book, a num-
ber of fundamental issues of nano-optics are addressed. In Chapter 2, Chaumet,
Nieto-Vesperinas, and Rahmani review the recent advancements in near-field
photonic forces. The authors discuss in detail the interaction of subwavelength
particles with a substrate illuminated in total internal reflection and study the
optical forces experienced by the particles. The influence of plasmonic excitations
on the photonic forces experienced by metallic particles is addressed. (Plasmonic
modes of metallic particles are considered in greater detail in Part III of this book.)
The authors also explore the possibility of using a metallic tip to achieve the selec-
tive manipulation of nanoparticles (the use of metallic tips for near-field microscopy
is considered in detail in Part IV of this book), and discuss the potential of photonic
crystal structures for the generation of subwavelength optical traps.

In Chapter 3, Hecht reviews the use of single quantum systems (here mainly
single fluorescent molecules) as local probes for nano-optical field distributions.
The author begins by discussing the role of the absorption cross section for the spa-
tial resolution attainable in such experiments and its behavior for different envi-
ronmental conditions. It is shown that the spatial distribution of field components
in a high-numerical aperture laser focus can be mapped with high precision using
single fluorescent molecules embedded in a thin polymer film on glass. With this
proof-of-principle experiment as a starting point, the possibility of mapping
strongly confined and enhanced nano-optical fields close to material structures
(e.g., sharp metal tips) is discussed. The mapping of the spatial distribution of the
enhanced field at an etched gold tip using a single molecule is presented as an
example. Energy transfer effects and quenching are identified as possible artifacts
in this context. Finally, it is demonstrated that the local quenching at a sharp metal
structure nevertheless can be exploited as a novel contrast mechanism for ultrahigh
resolution optical microscopy with single-molecule sensitivity. The further devel-
opment of “tip-enhanced” near-field fluorescence microscopy is discussed in
greater detail in Part IV.

Near-field microscopy of second-harmonic generation combines the high sur-
face sensitivity of nonlinear optical processes and the high spatial resolution of
near-field optics. It enables investigations of nonlinear optical phenomena at the
nanoscale and provides an opportunity to develop a highly sensitive optical tech-
nique for materials characterization.
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In Chapter 4, Zayats and Smolyaninov provide an overview of near-field
approaches for local studies of second-harmonic generation. Near-field second-
harmonic generation at metal surfaces and nanostructures and related electro-
magnetic field enhancement and confinement effects are considered. The latter
demonstrates the feasibility of achieving nanoscale light sources using second-
harmonic generation. Applications of second-harmonic near-field microscopy
for the characterization of magnetic and ferroelectric materials also are dis-
cussed. Nonlinear nano-optics can lead to the development of novel photonic
devices on the subwavelength scale as well as new tools for imaging and local
optical studies of materials and chemical and biological species.

Chapter 5 provides a case study of the application of the conventional, and
commercially available, SNOM, in which an apertured probe is scanned in close
proximity to the sample surface. An introduction to the implementation of this
technique is provided before its application to a nanostructured functional mate-
rial is considered. The example provided is the study of the photophysical and
self-organization properties of thin films of blends of conjugated polymers, and
the lateral nanoscale patterning of conjugated polymer structures. Such thin film
plastic semiconductor nanostructures offer significant potential for use in opto-
electronic devices. The authors consider the nature of the near-field optical distri-
bution of the SNOM probe, which decays within the first ~100 nm of these
semiconductor materials. While the topographic information obtained simultane-
ously with optical data in any SNOM experiment enables an easy comparison
with the higher-resolution tapping-mode atomic force microscopy, the spectro-
scopic contrast provided by fluorescence SNOM gives an unambiguous chemical
identification of the different phases in a conjugated polymer blend. This identifi-
cation is further facilitated by the fact that the characteristic fluorescence decay
lifetime also is a strong function of the local material composition. Fluorescence
emission intensity, fluorescence decay lifetime, and photoconductivity SNOM
indicate that intermixing of constituent polymers in a blend, or nanoscale phase
separation, is responsible for the high efficiency of devices employing these mate-
rials as their active layer. A scheme also is demonstrated for nano-optical lithogra-
phy with SNOM of conjugated polymer structures, which has been employed
successfully for the fabrication of PPV [poly(p-phenylenevinylene)] nanostruc-
tures with 160 nm feature sizes.
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Optics at the Nanometer Scale

D. W. Pohl

1.1 The Age of Nanometer Science and Technology

In recent years, science and technology developed an unappeasable appetite for
instruments that characterize material structures on the nanometer scale and/or
that generate and manipulate structures of nanometer size. Even for such conven-
tional areas as mechanical engineering, characterization, and structuring on the
nanometer scale are topics of increasing relevance.

Nanostructures of interest typically measure less than 100 nm in more than one
dimension. Examples of such tiny structures are readily found in biology (viruses,
DNA), microelectronics (domain size in magnetic storage devices, transistor gates),
and rheology (colloids). Extended thin films with thickness < 100 nm, however,
would not be considered nanostructures according to the preceding definition.

The main parameters that specify a nanostructure are its shape and size, ele-
mental and molecular composition, and dynamic properties. For characterization,
microscopes with sub-100 nm resolution combined with high chemical specificity
are required. Preferentially, such high-resolution microscopes should operate at
ambient conditions or in a fluid environment. Furthermore, the ideal microscope
would be fast enough to allow for dynamic observation on a fast time scale. The
requirements imposed on instruments suitable for generation and manipulation of
nanostructures are similarly severe.

This chapter outlines some contributions that optics can make to the field of
nanometer science and technology. The chapter is organized as follows: Section 1.2
elaborates on the strengths and shortcomings of optics for the investigation of
nanometer-scale structures in general. Section 1.3 concentrates on principles and
applications of scanning near-field optical microscopy. Section 1.4 sketches the histor-
ical background of nano- and near-field optics. Finally, Section 1.5 is devoted to the
development of nano-optics proper in the last two decades and its probable evolution.

1.2 The Role of Optics
1.2.1 Unsurpassed Chemical Specificity

The wealth of light/matter interactions allows for a variety of highly selective
spectroscopic techniques. They provide information not only on the elemental
composition of a sample but also on its chemical organization and structure.



Optics at the Nanometer Scale

Furthermore, optical techniques are unsurpassed with respect to power and
dynamic response. The big problem of optics, however, is the difficulty to confine
the electromagnetic energy to volumes sufficiently small for purposes of nanome-
ter-scale characterization and modification.

1.2.2 Limitations

“Light cannot be confined to a linear dimensions much smaller than A/2.” This
common wisdom known as the diffraction limit [1] may be considered a specializa-
tion of Heisenberg’s uncertainty principle with respect to position (Ax) and
momentum (p, = hk,/2) of a photon:

Ax|p.| = b/2m

Here Ax and p, refer to any of the three components of the position and
the momentum vector, respectively. In medium i, the three components of the
wavevector R, have to satisfy

ki* =k, + k> + k,* (1.1)

where k; = 2m/A; = n,|kg| with A; is the wavelength in medium i, 7, is the index of
refraction, and kR, is the wavevector in vacuum.

1.2.2.1 Far-Field Optics (Classical Optics)

The problem of confinement is particularly severe in classical optics, which, by and
large, utilizes freely propagating photons only. Free propagation is characterized by
a k-vector whose three components are real; hence, none of them can be larger than
k; according to Equation 1.1. Therefore, the positional uncertainty of a photon
Ax,,. in a freely propagating beam of light (i.e., the minimum cross section) is

Axclass = 1/|kx| = )\1/277

For a focusing objective or for lithography applications, the smallest resolvable
distance or the so-called critical dimension, respectively, is

A and NA stand for wavelength and numerical aperture, respectively; k; (not to be
confused with a wavevector) is the factor that depends on the intensity distribution
of the light beam falling on the objective. For uniform illumination, k; = 0.61
(Rayleigh criterion); for an optimized ring-shaped illumination, k; can be as small
as 0.36. With this and NA = 0.9, near-UV light (A = 400 nm) can be focused down
to CD = 140 nm, a capability that is exploited in modern photolithography. With
the same illumination, CD = 100 nm can be achieved with the best commercially
available immersion objective (NA = 1.4). Thus, classical optics ends with respect
to resolution right at the borderline of nanometer-size dimensions according to the
preceding definition.
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1.2.2.2 Near-Field Optics (NFO)

The diffraction limit becomes less of a deterrent if the concept of free wave propaga-
tion is abandoned and evanescent waves are used. Evanescent waves are characterized
by amplitudes that decay rapidly into at least one direction in space. The respective
component(s) (say, k,) of the wavevector are imaginary (more general: complex).
Hence, the residual component(s) k, can be larger—in fact much larger—than |k;|
according to Equation 1.2, and Ax can be much smaller than A/27 = 100 nm. The
use of evanescent waves is the key to optics on the nanometer scale.

Strong evanescent waves are excited preferentially—although not exclusively—
at the boundary of two different media. Due to their rapid decay, they are of impor-
tance only close to the interface. Therefore, these fields also are called near-fields. A
characteristic feature of the near field is (besides k, > |k;|) an energy density & that
is larger than to be expected from the time-averaged flow of radiation through a
volume element determined by the Poynting vector S:

&> (8m/c) IS|

This is in contrast to the freely propagating wave where the equal sign holds. Well-
known examples of near-fields are the exponentially decaying wave that is gener-
ated upon total internal reflection at a glass-air interface and the field around a
radiating molecular dipole that decays with the third power of the distance next to
the source (see [7]).

Even a Gaussian light beam—which might be considered the ideal free wave—
contains evanescent components: Being its own Fourier transform, the lateral com-
ponents of a Gaussian beam extend to infinity in k-space (i.e., beyond k, = |k;]).
In fact, any wave with a finite cross section must contain such nonpropagating
components: The amplitude of these components is inversely proportional to the
diameter of a light beam and hence exceedingly small in general. In the field distri-
bution of a highly focused beam, however, they play a nonnegligible role.
Conclusion: The only wave without evanescent components is the plane wave, an
idealization that does not exist in nature.

1.2.3 Topics in Near-Field Optics

A main activity in NFO is scanning near-field optical microscopy, known as
SNOM |[3, 4] and NSOM [35, 6]. The use of two different names has historic rea-
sons; it is of no relevance today. To make an end with this duplication (at least in
this chapter) I will use a third acronym, NOM, unless reference is made to a spe-
cific experiment.

In NOM, advantage is taken of the strongly evanescent fields next to illumi-
nated small apertures and scattering particles (see [7]). When implemented at the
probe tip of a scanning probe microscope (SPM), they allow us to produce optical
scan images with a lateral resolution of 10 to 50 nm, combined with the excellent
chemical specificity of classical optical microscopes (COMs).

Besides NOM, a variety of further nano-optical topics evolved in recent years,
such as single molecule microscopy and spectroscopy [8, 9], plasmon properties
of metallic nanostructures [10-16] optical nanolithography [17, 18], optical
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manipulation [19, 20], photonic crystals and bandgap structures [21], and optical
antennas [22, 23]. As a common feature, all of these topics deal with structures
whose critical parts are of nanometer size and that confine electromagnetic radia-
tion on the nanometer scale.

1.3 Near-Field Optical Microscopy
1.3.1 Standard Design

In a standard NOM, the probe illuminates the sample and the light transmitted by
the sample is recorded by a photodetector. The detector frequently is integrated
into an (inverted) COM, which allows us to switch between conventional and
near-field observation [24]. Light sources or optical detectors can be integrated
into the probe, but most often they are mounted externally at far-field optical dis-
tances from the probe.

As usual in SPM, the probe is brought almost in contact with the sample to
achieve high resolution. The distance is regulated in general by an auxiliary inter-
facial mechanism, originally based on scanning tunneling microscopy (STM)
[3, 25], today mainly on frictional force (shear force, [26]). The frictional interac-
tion is detected elegantly with the help of a watch quartz tuning fork to which the
probe is attached [27]. Due to the small gap between the probe and the sample, the
light from the probe illuminates a sample area that is approximately equal to its
effective size D, (e.g., the aperture diameter).

1.3.2 NOM Probes

Two types of probes are mainly used: apertured or A-probes and scattering or
S-probes. A- and S-probes are complementary to some extent, generating near-
fields similar to that of a magnetic and electric dipole, respectively. Both require
nanoscale structuring of the probe apex since they consist of fvo media—either the
metallic screen with aperture or the metallic scattering particle, which have to be
placed exactly at the apex of a dielectric tip. This is a technical challenge that has
not yet been mastered satisfactorily. Progress in NOM and its application has been
delayed considerably for this reason.

1.3.2.1 A-Probe

The most frequently used NOM probe consists of a tip made from a transparent mate-
rial (glass, quartz) coated with an opaque metal film in such a way that a small opening
is left at the very apex of the tip [3]. An alternative A-probe is the micropipette with
metal-coated end face [5]. The most common design uses an optical fiber shaped at one
end into a pointed, metal-coated tip with an aperture at its apex; it is illuminated by a
focused laser beam at the other end [28]. The minimum size of the A-probe is limited by
the finite transmissivity of the metallic screen, namely by the 1/e penetration depth for
the electric field, about 20 nm for aluminum at visible wavelengths. The A-probe trans-
mits very little light through the aperture. That is, it excites a weak evanescent wave
only, but it provides perfect suppression of background radiation.
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The main methods for aperture formation are plastic deformation [3, 29, 30],
shadow evaporation [28], micromachining with lithographic techniques [31],
erosion by a focused ion beam (FIB) (see, for instance, [32]), or an electrolytic
process [33, 34].

Plastic deformation, the method originally used by Pohl, Denk, and Lanz in
1984 [3], had been abandoned after the first demonstration experiments because
the apertures were found to be too unstable for operation with tunneling gap
width control (then the only method available). Recently, the method was resumed
with good success. It turned out that the stability is sufficient for shear-force dis-
tance regulation, which allows less intimate contact between probe and sample
than does electron tunneling.

The simplest method of aperture formation is shadow evaporation where the
very apex is left uncoated during metal evaporation. Size and shape of the resulting
apertures, however, are difficult to control with this method. Therefore, shadow
evaporation is well suited for exploratory experiments but insufficient for routine
work.

Structuring by FIB is a very precise method—provided a FIB microscope is
readily available for this purpose. Electrolytic structuring with the help of a solid
electrolyte might be considered the poor person’s alternative—but there is more to
it; it allows us to integrate the opening process into the NOM microscope, render-
ing the process less prone to damage during manipulation. Furthermore, it is pos-
sible to refurbish a worn-out probe by reversal of the electrolytic process.

1.3.2.2 S-Probe

An alternative to the A-probe is the scattering probe, sometimes called an “aper-
tureless” probe. While first demonstrated in combination with a surface-plasmon
supporting metal film [35], the preferred implementation today is the (preferen-
tially spherical) metal particle attached to a transparent probe tip [36]. Under
appropriate illumination, the particle is surrounded by a strongly enhanced field
over a distance that roughly equals the size of the particle. Near-field and radiation
characteristics resemble that of an electric dipole. The field distribution allows for
enhanced local interaction with a sample structure. Another type of S-probe
exploits the scattering from a pointed metal (see, for instance, [37-39]) or dielec-
tric tip [40—42]. Such a probe is easy to implement, but its properties are less well
understood than those of the spherical scatterer. Numerical simulations indicate
the possibility of strong field enhancement at the apex. The result of such simula-
tions, however, depends to considerable extent on the assumptions made for the
length of the (conical) tip.

The advantage of the S-probe compared to the A-probe is a higher near-field
excitation for a given incident intensity and, at least in principle, no limitation with
respect to the minimum effective size D of the field confinement volume. The main
disadvantage is the finite background illumination of the sample by the incident light
field. If focused by classical means, the cross section is at least A/2. This means that
the enhancement has to exceed the background by at least a factor of (A / 2 D)%
For coherent interaction, the factor refers to the electric field or to the electric energy
density (i.e., the square of the field). An interesting alternative to classical illumina-
tion of the S-probe is the combination of aperture and scattering particle [43-45].
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1.3.3 Image Formation

1.3.3.1 Real Space

The signal arriving at the detector after transmission through the sample depends
on its optical properties, more specifically on its local complex dielectric constant
e(w, x, Y, 25, 2p). The value of ¢ is a weighted average over a sample volume whose
extension corresponds to the field distribution in the confinement zone. w is the
laser frequency; x, y are the lateral coordinates of the sample; and zg, zp are the
position of sample surface and probe. The NOM-scan image represents, to a large
extent, the variation of &(w) with x, y, but it also is influenced by variations in the
probe-sample distance zp — z.

1.3.3.2 Fourier Space

An intuitive understanding of NOM imaging can be derived by consideration of
fields and sample structures in Fourier space. The highly confined field at the exit
of an aperture, when decomposed into plane waves, has strong components with
lateral k-vectors k, >> |k;| (see Figure 1.1).

Small sample structures also have large-k Fourier components. The interaction
of light with large k_and small sample size allows for k-vector combinations, the
difference of which may be back on the light line and hence propagate toward the
detector. The phase of these components depends on the relative position of probe
and sample with respect to the size of the wavevectors involved. The relationship
between the relevant k-vectors and the aperture size leads to a resolving power
comparable to the diameter of the aperture.

Evanescent Propagating Evanescent

r\ 1
kB ’* kA'kB

R
/
{

<

Focused beam

NOM probe

Amplitude

Lateral component of wavevector

Figure 1.1 Fourier transform of the cross sections of a focused Gaussian beam (dashed line; note
wings into the evanescent regime) and of the field behind the illuminated small aperture of a NOM
probe (solid line) and of a sample surface with nanometer-sized dielectric structures. Evanescent
wave vector component k4 of the aperture field combines with sample “wavevector” component kg
to form a difference wavevector k, —k; < ko that falls into the “allowed” range of the k-vector spec-
trum. The propagating wave with lateral wavevector k, — kg carries the information on the structural
component at k.
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1.3.4 Modes of Operation
The NOM can be operated in different modes that are characterized by:

e Type of probe (aperture, scatterer, fluorescent particle, etc.);

e Path of probe during scanning: constant height (CHM), constant gap width
(CGM), or constant signal intensity (CIM);

e Observation in transmission or reflection or an indirect mode (e.g., induc-
tion of electrical conductivity, heating);

e Contrast mechanism (absorption, phase, polarization, fluorescence, Raman
scattering).

The previous list allows for many combinations. The most popular is aper-
ture/CGM/transmission/absorption, but most of the other modes have been
demonstrated as well. Operation in CGM is convenient but prone to topographic
artifacts [46, 47]. For high-resolution imaging, it is recommended to record the
image in CHM as well, which is immune against this artifact.

1.3.5 Image Interpretation/Computational Methods

Owing to the different principles underlying COM and NOM, images of the same
object may differ in contrast and various aspects aside from the difference in reso-
lution. For example, both phase and amplitude objects usually are visible in NOM
images. Furthermore, the NOM image of an object depends on probe type, shape,
and distance from the sample surface.

For this reason, image interpretation is an important part of NOM research.
Most often, model situations must be computed numerically to understand the
relationship between simple object structures and their images. This requires con-
siderable computational effort since the interrogating electromagnetic field
depends not only on the probe but also on sample structure. Hence, it is necessary
to solve Maxwell’s equations for complicated boundary conditions that, in addi-
tion, are different for every pixel of a scan image.

The task to solve Maxwell’s equations under these circumstances bears great sim-
ilarity to the problems encountered in field theory, in particular in antenna and radar
technology. The computational methods developed for these purposes also can be
readily used for NOM problems. Frequently used methods [48-55] are Green’s func-
tion, multiple multipoles, finite elements, and finite-difference time-domain methods.
As a common feature, all of them require considerable computational effort and none
is clearly superior to the others. Thus, the choice between the different methods is a
matter of individual expertise, but also of the type of problem to be solved.

1.3.6 Applications

As an optical method, NOM has the advantage of being operable under ambient
conditions. Furthermore, NOM provides information on both optical and topo-
graphic properties of a sample surface in combination with an auxiliary SPM
technique. Chemical and structural information can be obtained from detection of
absorption, phase, fluorescence [56, 57], Raman scattering [58], short pulse
dynamics, and polarization [59]. Two main areas of application potential are biol-
ogy/medicine [28, 60, 61], and semiconductor research/microelectronics [62-64];
both deal with structures and structure definition in the 10 to 100 nm.
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In addition to its use for characterization, NOM may be employed for optical
manipulation [20] and local optical processing such as photolithography [18, 65]
and heat treatment [66]. A further area of potential importance is NOM storage,
which might allow us to extend, for example, compact disc technology to bit sizes
in the sub-100 nm range.

1.4 Historical Background

1.4.1 NFO Before the Dawn of Nanometer Science and Technology

NFO had little interest in the earlier days of optics, although the idea of super-reso-
lution optical microscopy can be found several times in the literature before 1984.
However, a few other topics relating to NFO were studied quite carefully, namely:

Rayleigh/Mie scattering by small particles;

Particle plasmon polaritons;

Forster transfer;

Fluorescence quenching by a metallic mirror surfaces;
Transmission of small apertures;

Surface-enhanced Raman scattering.

These topics shall be briefly introduced in the following sections because they
are relevant for NOM and the general understanding of NFO.

1.4.2 Antennas in Front of an Interface Between Two Media

The properties of a NOM probe resemble those of antennas in various aspects. The
NOM probe actually may be considered an optical antenna whose radiation pattern
is influenced by the structure of the sample similar to the influence that ground,
buildings, and so forth, have on the radiation characteristic of a radio wave antenna.

The problem of the dipole antenna next to an extended body was encountered
and studied in the early days of radio telecommunication around the turn of the
nineteenth to twentieth century. The relevant wavelengths in those days were kilo-
meters rather than submicrometers, but the problems were essentially the same as
in NOM—namely how does the radiation characteristics of an antenna change
upon variation of its environment; for instance, the approach to a medium with
different dielectric properties? To answer that question, Maxwell’s equations had
to be solved—without the help of computers, of course.

Sommerfeld and coworkers studied the radiation from vertical [67] and hori-
zontal dipole antennas next to grounds, as well as various details of the general
solution. The discussion concentrated on the fields on Earth, the only situation of
relevance in the early days. Intriguingly, they found a “ground wave” whose wave-
length and amplitude depends on the properties of both media. The amplitude
decreases normally to the direction of propagation and diverges for ¢ = —1. In opti-
cal terms, the “ground wave” was the then unknown surface plasmon polariton
(SP) of a plane metal/dielectric interface [68]. The problem of the antenna opposite
another medium was contemplated in the scientific literature over more than half a
century [69] because of its great significance for telecommunications.
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1.4.3 Molecule in Front of Another Medium

The fluorescence of a molecule in front of a metallic or dielectric surface follows
the same laws as the radiation of the radio wave dipole above ground, except that
the relevant frequencies are 10° to 10’ times larger than before and the dielectric
properties of matter are correspondingly different. Metals, in particular, may no
longer be considered perfect conductors, but have finite complex dielectric con-
stants with negative real parts.

Studies of this topic were stimulated by the discovery that monolayers of fluo-
rescing molecules can be placed at well defined distances from a substrate, employ-
ing fatty acid salts as inert spacers in the nanometer range. Dramatic effects in
fluorescent lifetime and intensity were observed with decreasing spacer thickness—
in particular, a quenching of fluorescence for distances < A/27 [70]. This in turn
triggered considerable theoretical efforts [71].

1.4.4 Fluorescence Resonant Energy Transfer (FRET)

A molecule is first pumped optically at its fluorescence excitation wavelength. The
fluorescent energy can be absorbed by a second molecule if the latter resides within
the near-field of the first. This makes itself felt in the fluorescence spectrum: It
changes from that of the first to that of the second with decreasing distance. The
Forster radius, defined as the distance where both fluorescence lines have the same
intensity, typically is of the order of 3 to 10 nm. A typical NFO phenomenon, this
is caused by the 1/7° increase of electrical energy density of a dipole in its immedi-
ate proximity [72]. Therefore, FRET can be used to measure the distance between
pairs of fluorescent labels. If one of the molecules was attached at the probe tip of
a NOM, the position of molecules of the second type on a sample surface could be
measured with very high precision [73, 74].

1.4.5 Rayleigh and Mie Scattering of Light

Any particle that is small compared to the wavelength can be treated approxi-
mately as an induced dipole, including the 1/7° behavior of the electrical energy
density in the near field. The highly confined field enhancement near such a submi-
croscopic particle is of immediate relevance here since it has the characteristics
required for a NOM probe.

The (lowest order mode) scattered far field equals that of a dipole with
moment

P=a’ (e — &)/ (e + 28)) (1.2)

where a is the particle radius and € , are the dielectric constants of the particle and
the surrounding medium, respectively. For an inhomogeneous surrounding medium,
&, is a weighted average. If the particle is close to a sample surface, the effective &,
depends on its distance and local dielectric properties [75]. Moreover, higher-order
scattering modes will be excited upon approach of a sample surface that breaks the
spherical symmetry. This is the general background of NOM with S-probe in general.

The Rayleigh and Mie scattering theories can be readily extended to include
plasmon effects in small particles (reviewed, for example, by [68, 76]). According
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to Equation 1.2, the fields are strongly enhanced for g; + 2&, — 0. Hence, it is not
only the scattering efficiency that varies with the position of the scatterer but also
its plasmon resonance frequency and damping.

1.4.6 Surface-Enhanced Raman Scattering (SERS)

In the mid 1970s, spectroscopists were surprised by the high intensity Raman scat-
tering from adsorbates on rough surfaces of copper, silver, and gold [77]. (See also,
for example, the review article of [78].) It turned out that huge field enhancement
resulted from excitation of plasmons localized in small protrusions and crevices of
the surface. The enhancement is a major cause for SERS but not sufficient to
explain the experimental data completely [79].

1.4.7 Transmission of Small Apertures

The transmission of narrow apertures and slits in perfect metals was studied theo-
retically in context with shielding of electric devices against external electromag-
netic radiation [80-82]. The analytical treatment by Bethe and Bouwkamp predicts
a light flux transmitted through a small aperture proportional to the third power
of its area; the electrical energy density next to the exit plane, however, varies with
the square of the area only. This means that the energy density decays much faster
with distance than for free wave propagation—a typical near-field phenomenon
similar to that of an ideal dipole.

First experimental transmission studies of apertures with submicrometer diameters
were reported by Lewis and his colleagues [83]. Recently, Tineke and his colleagues
[84] reported on plasmon-mediated enhanced transmission through small apertures.

1.4.8 Early Proposals for Super-Resolution Optical Microscopy

Optical microscopists, by and large, were not aware of the potential of NFO for
microscopy before (and even after) its experimental demonstration. Abbe’s verdict
was too convincing for the diffraction limit, restricting the resolution of a COM to
approximately half a wavelength [i.e., 200 to 300 nm at best (Abbe 1874)]. In
1928, however, E. H. Synge [85] proposed to scan a tiny aperture above a sample
to achieve higher resolution. Aside from the fact that he considered an aperture in
a flat screen instead of a tip apex, his idea came very close to the schemes success-
fully used in present-day NOM.

However, little notice was taken of Synge’s proposal, and a few years later he
dismissed this valid scheme in favor of an invalid one [86]—namely to replace the
material aperture (its screen) by the immaterial image of a point light source. The
image, he suggested, would have the same size as the source if generated by an
ellipsoidal mirror because of its 47 collection efficiency. This ignores the diffrac-
tion limit and hence is incorrect.

Another early predecessor of NOM was the demonstration of microwave
NF imaging by Ash and Nichols [87]. They were able to resolve details as small
as A/60 in one dimension. A rudimentary far infrared NF microscope was
reported by Massey [88]. A near-field microscope based on SERS was proposed
by Wessel [89].
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1.5 The “Age” of Nano-Optics
1.5.1 Start-up Phase (1984-1994)

The systematic exploration of optical near-fields for microscopy began in the early
1980s at the IBM Zurich Research Laboratory [90] and at Cornell University [91].
The first high-resolution single line scans of test objects, obtained in transmission with
a so-called “optical stethoscope” were published in 1984 [3], followed soon by simi-
lar results obtained with a near-field scanning optical microscope (NSOM) [5]. First
real scan images were published from 1985 to 1987, demonstrating a resolution of 20
to 50 nm [4, 6, 92]. The resolution in those early experiments is still among the best
achieved with A-probes.

In the next round, based on an A-probe scheme developed by Fischer [93],
NOM imaging in reflection was demonstrated [94]. The probe was flat, requiring
a curved test sample for close approach. The resolution was comparable to that of
transmission NOM. Reflection NOM also was demonstrated with probes that
possessed a metallic protrusion instead of an aperture. The scattering intensity of
this probe—which in fact was the first apertureless probe—went through a strong
resonance upon approach. The resonance was attributed to plasmon excitation in
the protrusion probe [35]. It was the first evidence for plasmon effects in NFO,
which today is one of the most active branches in this field.

Another interesting form of NOM, called “scanning tunneling optical micro-
scope” (STOM, [40]) or “photon scanning tunneling microscope” (PSTM [41, 42])
uses the pointed end of a blank optical fiber as a probe. The sample is transparent
and illuminated so that total reflection occurs at the sample surface. The correspon-
ding evanescent wave field outside the sample provides the interaction with the
probe tip, in strict analogy to the tunneling electrons in STM. Fischer (1990) [37]
devised a similar scheme employing a metal tip instead of glass fiber.

1.5.2 Consolidation and Generalization

NOM began to attract wider interest in the early nineties, marked by a first confer-
ence on this topic, the NATO Workshop on Near-Field Optics in Arc-et-Senans,
France in 1992 [95]. The field was stimulated in particular by a series of exploratory
NOM studies by E. Betzig and coworkers [65] at Bell Labs. Various modes of opera-
tion (e.g., fluorescence and polarization) were demonstrated with the help of a tech-
nically improved “NSOM,” as well as different applications in biology and
lithography. This work triggered further efforts in near-field microscopy.

At the same time, other forms of NFO began to raise more interest—in partic-
ular, the interaction of light with single (more precisely: singled out) molecules [56]
including resonant energy transfer [96, 97] and Raman microscopy [58], trapping
of particles by optical forces [20], localization and waveguiding in so-called pho-
tonic crystals, and plasmon excitation at nanometer-sized individual and coupled
particles [11, 14, 16, 98-101] and optical antennas [22, 23].

With increasing numbers of experimental NOM data, the need for better theo-
retical understanding became obvious. Beginning around 1990, a number of theo-
retical groups began to work on the problems of field determination in a NOM
environment [48, 49, 51, 54,102-105].
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1.5.3 Outlook

A major trend in nano-/near-field optics is directed toward the development and
manipulation of sophisticated probes, not only for microscopy but also as local
sensors of their environment in general. The single molecule (the single quantum
dot in particular) will continue to attract attention as ultimate probes. In NOM,
main goals are higher resolution on the one hand and more practicable instruments
on the other hand. To have an impact on other fields of science and technology, the
NOM as an instrument must become more robust and simple than the instruments
available today—a nano-engineering task that still waits for its realization.

Plasmon phenomena on the nanometer scale will be of considerable interest in
view of their potential use in advanced integrated optical devices.

To summarize, it may be expected that NFO will continue to be under investi-
gation, driven by the great potential of optical characterization, inspired by the
variety of possible operating modes, and—last but not least—challenged by the
great difficulties of the practical application.
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Near-i:ield Photonic Forces

P. C. Chaumet, M. Nieto-Vesperinas, and A. Rahmani

2.1 Introduction

The ability to harness the mechanical effect of light on matter has spawned a new
active research field at the crossing of many disciplines. In 1986, the optical tweezer
was invented [1] as an outcome of extensive studies of the radiation pressure exerted by
light on cells, particles, and atoms. Ever since, this technique has allowed the ability
to nondestructively handle structures in a variety of configurations ranging from
spectroscopy [2, 3], phase transitions in polymers [4], and light-assisted ordering of
dielectric particles [5], to photonic force spectroscopy of cells [6] and biological
molecules [7].

On a scale comparable to or smaller than the wavelength, strong photonic
forces are the consequence of enhanced local fields. These concentrations of elec-
tromagnetic energy in subwavelength regions near tips, objects, or surfaces are
linked to the important contribution of evanescent waves to the near-field of a
scatterer. Therefore, a rigorous description of near-field photonic forces requires a
careful analysis of the contribution of evanescent fields to photonic forces.

The light intensity enhancements in near-field regions near surfaces may give
rise to enhanced gradient forces capable of trapping particles within nanometric
scale regions [8-10]. Furthermore, evanescent waves can be used to control the
position of a particle suspended over a surface and to estimate the colloidal inter-
action force between the particle and the surface [11-13]. The optical force cre-
ated by standing evanescent waves also can be used to organize particles on a
substrate [14].

This chapter presents a review of the main advances in basic studies aimed at
understanding the action of optical forces in the near field. After a brief introduc-
tion to the theory of electromagnetic forces in Section 2.2, we present in Section
2.3 an illustration of the action of an evanescent wave on a dipolar particle. This
example provides insight into the respective roles of the so-called gradient and
scattering plus absorption force components. Then in Section 2.4, we address the
effect of multiple scatterings of light on particles over flat substrates. This also will
allow us to analyze the effect of the particle nature and size as well as distance to
the substrate—a good understanding of these effects being essential for the design
and interpretation of experiments. The role of near-field forces experienced by par-
ticles, used as probes for surface topography sensing, is addressed in Section 2.5.
Here the role of plasmon-polariton resonances of metallic particles in the signal
provided by force enhancements is discussed. Optical binding between illuminated
particles is discussed in Section 2.6. In Section 2.7, we review studies of optical
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manipulation of nanoparticles with apertureless probes and the application of pho-
tonic forces to SERS. In Section 2.8, we discuss the use of photonic crystal struc-
tures to foster new near-field trapping schemes. Finally, in Section 2.9, we present
our conclusions.

2.2 Basic Theory of Forces Due to Electromagnetic Fields

2.2.1 Maxwell’s Stress Tensor

The force F on a charge g, moving with velocity v in an external electromagnetic
field in a medium that can be characterized by a permittivity € and permeability u,
is F=g(E + % X B) where E and B denote the electric field and the magnetic
induction vectors, respectively. B = uH, H being the magnetic vector. In a system
of charges, the total force equals the variation dP,,../d¢ of the mechanical momen-
tum of the system, and it is known [15, 16] that one has the conservation law

deeC deield
4+ — =
dt dt

j Tnds (2.1)

S

In Equation 2.1, S is any arbitrary closed surface that includes a volume V con-
taining the system of charges; Py 4 is the total electromagnetic momentum given

by Gordon [17]: Pgeq = J Sdv/c?, ¢ denoting the speed of light and S = ﬁ(E X H)
%
being the Poynting vector. T is Maxwell’s stress tensor whose components are

given by the following equation:

1 1 .
T, = 4—[8E,.E,. + uHH, - E5,.,(8E2 + wH?)|, (G = 1,2,3) (2.2)

[/
/ T

In the common case of an electromagnetic field incident on a finite body, S and V
are its surface and volume, respectively, or any surface and volume enclosing it.
The electromagnetic vectors entering in Equations 2.1 and 2.2 correspond to the
total field, namely incident and scattered fields.

Most experiments are conducted at optical frequencies and thus involve time-
averaged electromagnetic fields. Let the electromagnetic fields be time-harmonic so
that E(r,t) = Re|E(r)e ™| and H(r,t) = Re[H(r)e | (where Re denotes the real
part). The definition of the time average is

1 T
()= TIEI;OHJT(‘)dt (2.3)

Then the time average given in Equation 2.3, when applied to Eq. 2.1 yields the
following average force:

(F) = <dI;“t‘“> - L<T>-nds (2.4)
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dt
the time-average of Maxwell’s stress tensor is

dP.
In Equation 2.4, <““> = 0 since (S(r,t)) = g=Re[E(r) X B(r)] [18, 19]. Also,

(T,) = <Re(E#E) + Re(HuH)) — 3, EI” + uIHI?) 25)
with i,j = 1,2,3.

Therefore, modeling electromagnetic forces involves knowledge of the total field.
Several procedures have been used to evaluate these fields in different configurations.
The multiple multipole method has been used to find the force exerted by a near-
infrared illuminated metal tip on a nanometric particle suspended in a liquid [8].
The coupled dipole method has been used to calculate the force on one or several
particles due to an illuminated flat dielectric surface [20, 21], as well as to study the
optical binding between the particles [22] (see also [23, 24]). The FDTD method
also has been used to study these last two phenomena [25]. The integral method has
been used to derive the force near a corrugated surface [26, 27] (see also [28, 29]).

2.3 The Dipole Approximation

Small particles with radius @ << A respond to an external electromagnetic field
with an induced dipole moment P. Therefore, they experience a force [17]:

1 op
F=(P-V)E+ -2 xB (2.6)
c ot

Let the external field be time-harmonic. By making use of the relations
C

P(r,t) = Re[p(r)e ™!, B = £V X E, and p = aF, a being the particle polarizabil-

10
ity, one can write the time-averaged force on the particle as [19]

(E(r)) = ;Re[aEkal?jfl-)} Gk = 1,2,3) (2.7)

where * denotes the complex conjugate. The polarizability of the small particle,
including the radiation-reaction term, is [30, 31]
!
o =

=0 (2.8)
1 - 2ik’ay

where « is the static polarizability given by the Claussius-Mossotti equation,
ay = a’(e — 1)/(e + 1), and & = &,/e,, the ratio between the particle permittivity
g, and that of the surrounding medium &,. The wave vector k = \/;Oko, with
ky = w/c. For ka << 1, one can approximate a by a = o + %ik3|a0|2.

For a wave propagating along k, the electric-field vector can be written as follows:

E(r) = Ey(r)e’™ (2.9)
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Substituting Equation 2.9 into Equation 2.6, one obtains the force experienced
by a dipolar particle as follows:

(F) = %Re[a}V|EO|2 + %klm[a]lEoP = %Im[a]lm[EO.VE;;} (2.10)

In this case, Im denotes imaginary part. The first term is the gradient component of
the force, whereas the second term represents the radiation pressure contribution
to the scattering force. In the case of Rayleigh particle (ka << 1), by substituting

the following approximation for a—a = a; + %ik3 | oy | *—the second contribution
also can be expressed as [32] (|E|?/87)C,.k/k, C,, being the particle-scattering

cross section, C., = (8/3)mk*|a,|*. The last term is zero when the field has a sin-
gle plane wave component, as in the next case.

2.4 Force on a Dipolar Particle Due to an Evanescent Wave

Let the small particle be immersed in the electromagnetic field of an evanescent
wave whose electric vector is E = Ae™ %e®® | where r = (R,z) and k = (K,k,), K
and k, satisfying K> + k2 = k2, k* = o’gy/c?, with k, = ig = i VK> — k*.

We assume that this field is created by total internal reflection (TIR) at a flat
interface between two media of dielectric permittivity ratio 1/e. The incident wave,
TE or TM polarized (i.e., with the electric vector perpendicular to or in the plane
of incidence), impinges from the denser medium. Without any loss of generality,
we can choose Oxz as the incidence plane so that K = (K,0). Let #, and ¢ be the
transmission coefficients for TE and TM polarizations, respectively. The electric
vector is

= (0,1,0)t, """ (2.11)

for TE polarization and

= (—ig,0, K)k iKxg =gz (2.12)
for TM polarization.

By introducing the preceding expressions (Egs. 2.11 and 2.12) for the electric
vector E into Equation 2.10, we readily obtain the average total force compo-
nents. The scattering force is contained in the x,y-plane (i.e., the plane containing
the propagation wave-vector of the evanescent wave), namely

(F,) = |;|Klm[ Je 242 (2.13)

Whereas the gradient force component, which is directed along Oz, reads as follows:
(F.) = _L gqRe|ale2 (2.14)

In Equations 2.13 and 2.14, ¢ stands for 7, or #; depending on whether the polar-
ization is TE or TM, respectively.
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For an absorbing particle, by using Equation 2.7 for @ in Equations 2.13 and
2.14, one gets for the scattering and absorption force

e Imlag] + 2/3)R |a|*
<Fx>_ P 1+ (4/9)k%| oy |? e (2.15)

and for the gradient force

ol R
<Fz>— > 975 (4/9)k6|a0|28 1 (2.16)

It should be noted that except for Re|e| between —2 and 1, Re|ay| is positive, thus
making the gradient force directed toward the interface. On the other hand, since
Im|ey| and | |? are always positive, the scattering force Equation 2.15 pushes the
particle in the direction of propagation K of the evanescent wave. Of course, these
forces increase with decreasing distance to the interface and are larger for TM
polarization due to the orientation of the induced polarization in the particle.

In particular, if ka << 1, Equation 2.15 becomes

e—1 +%k3a68_12

e+ 2 3 e+ 2

[t ane|
<Fx>—TKe %! 2Im (2.17)

The first term of Equation 2.17 is the radiation pressure of the evanescent wave
on the particle due to absorption, whereas the second term corresponds to scatter-
ing. This expression can be further condensed as

2 K 5,
<Fx> =g 3¢ *Cu (2.18)

The particle extinction cross section C,,, appearing in Eq. 2.18 is given by:
2

_ 5 e—1 81468—1
C,.. = 4mka Im<8+2>+ 3ka Py (2.19)

2.5 Force on Particles upon Surfaces

Trapping dielectric particles and microorganisms was proved to be feasible
through the action of gradient force components and is at the heart of the optical
tweezers technique [1]. However, it is well established that the predominance of
scattering and absorption components and their repulsive effect on metallic parti-
cles that have a large extinction coefficient [33] make the trapping of metallic par-
ticles more delicate. Later, gradient force trapping of subwavelength metallic
particles was reported [34].

Kawata and Sugiura [35] reported the first experiments on forces due to evanes-
cent waves created by TIR at a sapphire-water interface upon microspheres sus-
pended close to the interface. Further experiments were done on a waveguide [36] or
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through attachment of the sphere to an AFM cantilever [37]. These works aimed at
estimating the magnitude of the force, although they did not conclusively establish its
sign, which, as shown in the previous section and in what follows, depends on the
particle polarizability. Further experiments on the trapping potentials for metallic
particles in evanescent fields were conducted [38], confirming the aforementioned
dependence on size and polarizability. We shall further analyze this topic next.

Since the contribution of evanescent waves to fields near surfaces is dominant, it
is of interest to study the effect of these components on the force acting on a particle
near a flat interface and the effect of multiple scattering on the electromagnetic field
in which the particle is immersed. Concerning large particles, Mie’s scattering theory
[39] and ray optics [40] have been employed but they neglect the multiple interac-
tion with the substrate. However, further calculations showed that multiple scatter-
ing is not at all negligible, and hence it can be neglected only in cases of dielectric
particles whose size does not exceed a third of the wavelength and at a distance from
the surface no smaller than the particle radius. Nevertheless, Arias-Gonzalez and
Nieto-Vesperinas [41] showed that for metallic particles, this is true only for the
scattering force component parallel to the surface. However, the oscillations as the
distance varies, observable in the vertical component of the gradient force, also are
present at larger distances even in the case of such smaller particles.

2.5.1 Dipolar Particles

The inset of Figure 2.1 shows the geometry used for Figures 2.1 and 2.4. Figure 2.1
shows the z component of the force normalized to the incident field computed at the
position of the particle. The particle is a small dielectric sphere (¢ = 2.25), its radius is
a = 10 nm,and A = 632.8 nm. The angle of incidence is larger than the critical angle
6.. Assuming the sphere to be small, we used Equation 2.7 as well as a self-consistent
method to compute the field and its derivative at the center of the sphere [9]. As the
sphere gets closer to the substrate, the normalized force decays significantly. This is
due to the interaction of the sphere with the evanescent field scattered by itself and
reflected by the substrate at the sphere location. As this field decays when z increases,
the interaction between the sphere and its field produces a negative gradient force.
Notice that the decay of the force is stronger for TM polarization since in that case,
the z component of the dipole associated with the sphere produces a stronger field
than the component parallel to the substrate. When the sphere is far from the sub-
strate, the normalized force becomes constant. This reflects the fact that the force

0
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0 10 20 30
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Figure 2.1 Normalized force in the z direction on a glass sphere with radius a =10 nm,
A = 632.8 nm. The angle of incidence is § = 42° > 6. Solid line corresponds to TM polarization;
dashed line, to TE polarization. The inset is the geometry of the configuration used. After Chaumet
and Nieto-Vesperinas [9]. ©2002 American Physical Society.
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decreases as e~ 2% with the distance z to the surface. (See also Equations 3.3 and 3.4.)
It shows that the force depends only on the incident field and that there is no interac-
tion between the sphere and the surface.

The dependence of the optical force on particles upon the wavelength, as dis-
cussed in Sections 3.2 and 3.3, can be applied to design a selective manipulation.
The excitation of Mie resonances in spheres, like localized plasmons in metallic
ones, enhance these forces [42]. Let us consider a particle of radius a = 10 nm
made of silver or gold. Figure 2.2 shows the real and imaginary parts of the dielec-
tric permittivity &, of both materials versus A when they are immersed in vacuum
(thick curves) or in water (thin curves). As shown, the value of A at which e = —2
for a sphere (and that at which € = —1 for a cylinder) corresponds to a relatively
small value of the imaginary part of the permittivity for the case of silver, whereas
for gold, it remains high around this value of A. Immersing the particle in water pro-
duces the resonant condition at smaller Im(e). Therefore, the eigenmode excitation
is more efficient. The top figure shows the force versus wavelength, illuminated by a
plane-propagating wave, on a gold cylinder in vacuum (thick curves) and in water
(thin curves). The force on a cylinder is expressed in N/nm—namely as the magni-
tude per unit length. The calculation was performed with the partial-wave series for
cylinders (plain curves), which is analogous to that of Mie for spheres, and by the
dipole approximation (curves with symbols). The matching of both methods of cal-
culation justifies the use of the dipole approximation for this particle size and mate-
rial. The same applies to other similar metal particles (e.g., silver).

Figure 2.2 gives details of the relationship first between the gradient force and the
real part of the dielectric permittivity and second between the scattering-plus absorp-
tion force and the imaginary part of this optical constant, addressed in Sections 3.2
and 3.3. A silver sphere in vacuum has been considered. Within the dipole approxima-
tion, two models of polarizability are plotted: the Clausius-Mossotti equation with the
radiative reaction term of Draine (see Equation 2.8) and that of Dungey and Bohren
[43]. First, evanescent wave illumination is created under TIR at a flat interface sepa-
rating glass (Ve = 1.51) from vacuum. The angle of incidence is 50 degrees (critical
angle: 41.47 degrees). The particle is placed at a distance of 20 nm from the plane.
The interaction with the flat interface is considered negligible for this small particle at
the distance used. Second, these magnitudes are plotted in Figure 2.3 when the illumi-
nation is done with a Gaussian beam of width 6000 nm at O degrees. The calculation
has been performed at a displacement of 200 nm of the particle from the axis of the
beam. Figure 2.3 illustrates how the gradient component of the force abruptly
changes its sign at the resonant wavelength at which a localized surface plasmon is
excited, thus becoming very small within a narrow interval of width governed by
Im(e) about this particular wavelength. Notice that, taking into account the relative
position of the particle with respect to an incident evanescent wave or to an incident
beam, considered here, an attractive force toward the higher-intensity region is nega-
tive in the former case and positive in the latter.

Using this dramatic dependence of the magnitude of the optical force on the
wavelength through the shape, size and constitutive parameters of the particle, dif-
ferent metallic nano-objects placed on a dielectric substrate can be sorted by appro-
priately tuning the light frequency in or out of the plasmon resonance. Hence, two
different trapping regimes may be identified depending on whether the illumination
is performed in or out of the plasmon band so that the particles can be selectively
guided or immobilized at the substrate interface [44]. Likewise, by tuning the
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Figure 2.2 (a) Real and (b) imaginary parts of the dielectric permittivity for silver in vacuum (black
thick curves) and in water (black thin curves) and gold in vacuum (gray thick curves) and in water
(gray thin curves). The top figure shows the force on a gold cylinder (a =10 nm) in vacuum (thick
curve) and in water (thin curve) exactly calculated by means of the partial-wave series. The same
calculation is performed via the dipole approximation: a gold cylinder in vacuum (thin curve with
inverted triangles) and in water (thin curve with up-pointing triangles). The illumination is done
with a propagating plane wave. After Arias-Gonzalez and Nieto-Vesperinas [42]. ©2003 Optical
Society of America.

wavelength, one can select short-range forces that tend to make the nanoparticles
cluster, leading to intense and localized hot spots in the interstices of groups of par-
ticles. This effect has been observed in experiments of an enhanced Raman signal in
trapped metal sphere ensembles [45-47] and in computer simulations [48].

2.5.2 Particles with Sizes on the Order of the Wavelength

For larger spheres, the object is represented as a set of dipoles. The self-consistent
field at each dipole is computed and used in Equation 2.7 to obtain the force on
each element of the discretization [20]. Far from the Rayleigh scattering regime
(@ = 100 nm), Figure 2.4(a) shows for a dielectric sphere that the two polariza-
tions produce oscillations of the z component of the force with period A/2. These
oscillations are due to the interaction of the sphere with the incident field and the
propagating waves scattered by the sphere and reflected by the surface. These
propagating waves are negligible in the case of a sphere that is small compared to
the wavelength. There also is a large difference in the magnitude of these oscilla-
tions depending on the polarization. This is a consequence of the different orienta-
tions with respect to the substrate of the set of dipoles forming the spheres.

Figure 2.4(b) shows the z component of the normalized force on a silver sphere
with @ = 100 nm, 6 = 50°. Three wavelengths of illumination (A = 255 nm,
300 nm, 340 nm) are considered. When the sphere is close to the substrate, we
observe, as in the dielectric case, a decay of the force due to the interaction of the
sphere with itself. Again, far from the surface, oscillations due to propagating waves
appear. However, now the force is positive, except for TM polarization at A = 300 nm.
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Figure 2.3 Dipole approximation. (From left to right) top: real part, imaginary part, and modulus
of the polarizability for a silver sphere (¢ = 10 nm) in vacuum. Middle: vertical component, hori-
zontal component, and modulus of the force on the same sphere (distance from plane: 20 nm)
under evanescent plane-wave incidence (angle of incidence: 50 degrees). Bottom: horizontal com-
ponent, vertical component, and modulus of the force on the same sphere under Gaussian beam
illumination (width: 6000 nm at normal incidence) displaced a distance of 200 nm from the beam
axis. Plain curves: Clausius-Mossotti polarizability with the radiative reaction term; curves with sym-
bol: polarizability of Dungey and Bohren [43]. After Arias-Gonzalez and Nieto-Vesperinas [42].
©2003 Optical Society of America.

We have seen in the previous section (see Equations 2.17 and 2.19) that for a dipo-
lar particle, the z component of the force is due to the gradient force only, whereas
the x component is proportional to the absorption and scattering cross sections. But
for larger particles, the scattering and absorption forces acquire a positive z compo-
nent due to multiple reflections inside the sphere. Since the absorption force is pro-
portional to 4, like the gradient force, both forces have the same order of
magnitude. For A = 255 nm or 340 nm, the real part of the polarizability is nega-
tive; hence, both the gradient and the absorption forces are positive. (See Equation
2.16.) For A = 300 nm, the real part of the polarizability is positive; thus, there is a
negative gradient force and a positive absorption force that entails different behav-
iors for the two polarizations. Assuming that the radiative part of the field in the
normal direction is larger for TE polarization, the absorption force becomes larger
than the gradient force. Conversely, for TM polarization, the gradient force remains
larger than the absorption force, yielding a negative total force.

2.6 Forces and Surface Topography: Nanoparticle Resonances

Field intensity enhancements due to the excitation of morphology-dependent reso-
nances in small particles [49] are well known for both isolated particles and arrays
of particles [50]. Such metallic nanosystems have interesting optical properties. In
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Figure 2.4 Normalized force in the z direction on a sphere with radius a = 100 nm. (a) Glass
sphere with A = 632.8 nm, 6§ = 42° > 6. Solid line corresponds to TM polarization; dashed line,
to TE polarization. (b) Silver sphere with 6 = 50° for the following wavelengths: A = 255 nm (solid
line), A = 300 nm (dashed line), and A = 340 nm (dotted line). Symbol +: TE polarization; no sym-
bol: TM polarization. After Chaumet and Nieto-Vesperinas [20] and [21]. ©2000 American
Physical Society.

particular, they can alter radiation pressure [51]; hence, they can play a role in
near-field photonic forces. They also can be used to enhance the near-field optical
signature of confined electromagnetic fields. Gu and Ke have demonstrated the use
of a laser-trapped metallic particle as a new form of near-field probe [52, 53]. In
their experiment, the photonic force is used to create a localized probe that will
scatter the near-field. However, photonic forces also can be used directly to detect
topographic variations.

Next, we discuss the use of particles in transducing surface topography into
force signals. This constitutes a form of near-field photonic force microscopy.

Figure 2.5 illustrates the geometry for studying the near-field photonic force
on a nanometric particle from a surface with defects: A cylinder (the 2-D version of
a particle) immersed in water (g, = 1.7769) varies its position over a water-glass
interface (g, = 2.3104). An incident Gaussian beam of half width at half-maxi-
mum w, either TE- or TM-polarized, is incident from the glass side at angle 6,. We
address the electromagnetic force on the nanocylinder illuminated under TIR so

Figure 2.5 Geometry of the system.
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that 6, is larger than the critical angle 6. = 61.28°. Multiple interactions of the
scattered wave between the object and the rough interface are considered. Silver
cylinders of radius a at distance d + a from the flat portion of the surface are
addressed. The defects are two protrusions on the flat surface described by the
height: z = hlexp(—(x — X,)*/0?) + exp(—(x + X;)*/a?)|. For this configura-
tion, there is no depolarization in the scattering of either TE or TM waves. The
field is rigorously calculated by a self-consistent method (e.g., the extinction theo-
rem boundary condition [41]). The electromagnetic forces are then obtained from
Maxwell’s stress tensor, shown in Equation 2.5.

The near-field intensity distribution | H/H,|* corresponding to the configuration
of Figure 2.5 is shown in Figure 2.6 [27]. A silver cylinder of radius @ = 60 nm
varies its position at constant distance d = 162.6 nm above the interface. The system
is illuminated by a TM-polarized Gaussian beam (w = 4000 nm) at 6, = 0° and
A =387 nm (g, = — 3.22 + i0.70). Figure 2.6(a) shows the aforementioned dis-
tribution when the particle is centered between the protrusions. A plasmon reso-
nance is excited as manifested by the field intensity enhancement on the cylinder
surface. At this resonant wavelength, the main Mie coefficient contributor is 7z = 2,
which corresponds to the number of lobes (27) along this surface [54]. Figure
2.6(b) shows the same situation but with 8, = 66°. The field intensities are markedly
different from those of Figure 2.6(c), in which the wavelength has been changed to
A =316 nm (g, = 0.78 + i1.07) so that there is no particle resonance excitation at
all. Figure 2.6(d) shows the same situation as in Figure 2.6(b) but at a different
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Figure 2.6 |H/H,l|; TM polarization from a silver cylinder with @ = 60 nm immersed in water on a
glass substrate with defect parameter X, = 191.4 nm, h = 127.6 nm, and o = 63.8 nm at dis-
tance d = 132.6 nm. Gaussian beam incidence with w = 4000 nm. (a) A = 387 nm (on reso-
nance), 6, = 0°. (b) A =387 nm (on resonance), 6, = 66°. (c) A = 387 nm (off resonance),
6y = 66°. (d) A = 316 nm (on resonance), 6, = 66°. The cylinder is placed at (0,192.6) nm in (a),
(b), and (c) and at (191.4, 192.6) nm in (d). After Arias-Gonzalez, Nieto-Vesperinas, and Lester [27].
©2002 American Physical Society.
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x-position of the particle. Figures 2.6(b) and 2.6(d) show strong perturbations of
the intensity map by the presence of the particle. This strong signal makes it possible
for optical force microscopy at resonant conditions with such small metallic particles
used as nanoprobes. One should also notice the interference pattern at the left side of
the particle between the evanescent wave and the strongly reflected waves from the
cylinder; in resonant conditions, it behaves as an efficient radiating antenna [55],
due to its much larger scattering cross section on resonance. The fringe spacing is A/2
(A being the corresponding wavelength in water), and it is the same as that of the
fringes below the particle in Figure 2.6(a).

The variation of the Cartesian components of the electromagnetic force are shown
in Figure 2.7 [27] [F,, Figures 2.7(a) and 2.7(b); F,, Figures 2.7(c) and 2.7(d)] on
displacing the particle at constant distance d above the interface at either plasmon res-
onance excitation (A = 387 nm, solid lines) or off resonance (A = 316 nm, broken
lines). The incident beam power (per unit length) on resonance is 3.9320 W/m, and
3.9327 W/m at A = 316 nm. Figures 2.7(a) and 2.7(c) show the force when
h = 127.6 nm (protrusions) and d = 132.6 nm. On the other hand, Figures 2.7(b)
and 2.7(d) display the force when » = —127.6 nm (grooves) and d = 15 nm. The
illumination is done with a TM-polarized Gaussian beam of w = 4000 nm at
0y = 66°. These curves show that the force distributions resemble the surface topogra-
phy on resonant conditions with a signal that is remarkably larger than off-resonance.
This feature is especially manifested in the z component of the force in which the two
protrusions are clearly distinguished from the rest of the interference ripples, as
explained previously. Figure 2.7(c) also shows (thin lines) the scanning that conven-
tional near-field microscopy would measure in this configuration, namely the normal-
ized near-field intensity averaged on the cylinder cross section. These values are shown
in arbitrary units; in fact, the curve corresponding to plasmon resonant conditions is
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Figure 2.7 Force on assilver cylinder with a = 60 nm immersed in water and scanned at a constant dis-
tance on a glass surface with defect parameters X, = 191.4 nm and o = 63.8 nm along Ox. The inci-
dent field is a TM-polarized Gaussian beam with w = 4000 nm and 6, =66°. (a) Horizontal force,
h=127.6 nm, d =15 nm. (b) Horizontal force, h= — 127.6 nm, d = 15 nm. (c) Vertical force,
h=127.6nm, d = 132.6 nm. (d) Vertical force, h = — 127.6 nm, d = 15 nm. Solid curves: A = 387
nm (on resonance); broken curves: A = 316 nm (off resonance). Thin lines in (c) show |H/H,|? (in arbi-
trary units) averaged on the perimeter of the cylinder cross section while it scans the surface. The actual
magnitude of the intensity in the resonance case is almost 7 times larger than in the nonresonant one. After
Arias-Gonzalez, Nieto-Vesperinas, and Lester [27]. ©2002 American Physical Society.
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almost 7 times larger than that off resonance. The force distributions also show that
resonance excitation enhances the contrast of the surface topography image. This also
has been observed with other profiles, including surface-relief gratings. Figures 2.7(b)
and 2.7(d) show some results for / inverted (namely the protrusion now being
grooves); then the vertical component of the force distribution presents an inverted con-
trast. Notice in Figures 2.7(b) and 2.7(d) that the particle is closer to the surface,
d = 15 nm, thus giving a higher image contrast. These results show that the positions
and the sign of the defect height can be distinguished by optical force scanning.

In the case of larger particles, the multiple scattering with the surface increases;
the presence of a resonance also enhances the intensity around the particle.
However, this yields force signals with less resolution whose spatial distribution
may present Goos-Hanchen shifts due to evanescent components, which in some
cases may not follow so faithfully the surface topography [41].

2.7 Optical Binding

A few years ago Dufresne and his colleagues [56, 57] showed the possibility of
creating nanocomposite materials with an array of optical tweezers generated by
diffractive optics. More recently Eriksen, Mogensens, and Gluckstad [58] demon-
strated the possibility of assembling microstructures with multiple-beam optical
tweezers generated by the generalized phase-contrast method [59]; Metzger and
his colleagues [60] determined the optical restoring force acting on the bound par-
ticles. Another way of creating microstructures is to use the interaction between
the particles to achieve the assembling. The idea of optical binding was illustrated
by Burns, Fournier, and Golovchenko [61] on particles immersed in water illumi-
nated by an intense beam. They observed that the preferred relative separations
between the particles related directly to the wavelength of illumination. This effect
can be explained using Equation 2.7. We consider two spheres immersed in water
under a plane wave illumination [see Figure 2.8(a)].

For dipolar spheres, the field at the position of the second sphere is the sum of
the incident field and the field scattered by the first sphere:

E(ry) = Eq(ry) + S(rp,ry)eyE(ry) (2.20)

where S(r,,r;) is free-space field-susceptibility tensor [15]. Using Equation 2.20
for the first and second sphere in Equation 2.7 and the fact that the incident wave
is a plane wave in the z direction, the x component of the force for the second
sphere can be written as

aS;-'Z-(rz,m)) (2.21)

1 * *
Fy(r,) = 2R6<a2Ei(r2)a1Ei (rq) 9%

where i stands for x if the polarization of the field is along the x-axis and y if the polariza-
tion of the field is along the y-axis. To get the force on the first sphere, the indices 1 and 2
must be exchanged. In the case of the experiments of Burns, Fournier, and Golovchenko
[61], the particles were identical (o; = «,); hence, the force in Eq. 2.21 becomes:

1
F(r,;) = 2|a1Ei(rl)|2Re<;;Sii(rbrl)) (2.22)
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Figures 2.8 shows the optical force in near-field [Figure 2.8(b)] and far-field regimes
[Figure 2.8(c)]. To understand the behavior of the forces, we use Equation 2.22 with
some approximations. In near-field (i.e., when the distance between the two spheres is
small compared to the wavelength), we can make the nonretarded approximation

(k =0), which vyields %Sil—(rz,rl) = —6(x, — x;)/|x, —x;]° if i=x and
%S,,(rz,rl) = 3(x, — x1)/|x, — x,|° if i = y. Under the assumption that a;S;(r,,1,)
is smaller than 1 (which assumes that the dipoles associated with the sphere are

induced only by the incident field, which is perfectly valid for small glass spheres),
we get the following:

Ery) = =3layEg |*/]x; — xy|*fori = x (2.23)
F(ry) = (3/2)|a1E0y|2/|x2 —x|*fori=1y (2.24)

It appears clearly that according to the polarization of the incident field, the
spheres either attract (i = x) or repel (i = y) each other. From Equations 2.23 and
2.24, it is easy to explain the repulsive and attractive forces. When the field is
polarized along x, the field due to the first sphere at the location of the second
sphere and the dipole associated with the second sphere are in phase. Owing to the
gradient force, the second sphere is attracted by the higher-intensity field and goes
toward the first sphere. When the polarization of the field is along the y-axis, the
field due to the first sphere at the location of the second sphere and the dipole asso-
ciated to the second sphere have opposite phases. Hence, the second sphere is
attracted by the lower-intensity field and moves away from the first sphere.

The expression of the force in the far-field can be written by taking the limit for
|r, — r;| large compared to the wavelength in Equation 22 and yields:

E(ry) = layEg |*cos(klx, — x1])/(xy — x1)? for i = x (2.25)
Fy(ry) = — |a1E0},|Zsin(k|x2 —x1)/(xy — x;)* fori=y (2.26)
1 T T 5

water
z R o
y @ S g~
AR =
gla ° U Nx NX orf

frry o
o -1 1«
B B
N N
Laser beam " "

() > , , ) ,

0 50 100 150 0 1 2
x (nm) X (um)
(b) ©

Figure 2.8 (a) Scheme of the geometry used to study the optical binding. Both spheres are in glass
with a =10 nmand A = 632.8 nm in vacuum. (b, c) Solid (dashed) line obtained when the polar-
ization of the field is along the x,y-axis. (b) Force in near field on the left sphere. (c) Force in far field
on the left sphere. After Chaumet and Nieto-Vesperinas [22]. ©2001 American Physical Society.
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The previous argument still applies; following the phase relation between the
dipole associated to the sphere and the field scattered by the other sphere, the opti-
cal force is either attractive or repulsive as shown in Egs. 2.25 and 2.26. This
explains the oscillations observed in Figure 2.8(c). Notice that the oscillations for
the two polarizations are shifted by A/4 because they involve cosine and sine terms.

One also can compute the trapping potential normalized to k,T (with T = 290K
and k,, the Boltzmann’s constant) for a large particle in water. The diameter of the par-
ticle is 200 nm [Figure 2.9(a)] and 400 nm [Figure 2.9(b)], the irradiance of the laser
beam is 0.2W/um?, and A = 632.8 nm. The trapping potential needs to be larger
than the Brownian motion. For instance, we want the potential wells to be deeper
than 3k,T. The bars plotted in Figure 2.9 correspond to the 3k,T limit. We see that
when the size of the particle increases, the potential well becomes deeper. The trapping
potential is deeper when the polarization is along the y-axis and it has a period of one
wavelength. These results accurately reproduce the experiments of Burns, Fournier,
and Golovchenko [61]. Notice that although they used a larger particle, the irradi-
ance of the laser was weaker.

2.8 Optical Tweezers: Nanomanipulation with an Apertureless Probe
2.8.1 Manipulation of Lossless Particles

One of the most interesting applications of optical forces is the optical tweezers.
They have proved useful not only for trapping particles but also for assembling
objects ranging from microspheres to biological cells [56, 57, 59]. More recently,
optical tweezers have been used to transport Bose-Einstein condensates over a
large distance [62]. However, most of those manipulations involve objects whose
size is on the order of one to several micrometers. It would be interesting to deal
with neutral particles of a few nanometers.
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Figure 2.9 Potential of trapping normalized to k,T for two identical glass spheres in water. Solid
line for polarization following the x-axis and dashed line polarization following the y-axis. The height
of the vertical bars correspond to a normalized potential equal to 3. (a) a = 100 nm; (b) a = 200
nm. After Chaumet and Nieto-Vesperinas [22]. ©2001 American Physical Society.
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One solution consists of using a sharp metallic tip and the strong enhancement
of the field at this metallic tip apex. Novotny, Bian, and Xie [8] used a gold tip in
water illuminated by a monochromatic wave at A = 810 nm; at this wavelength,
the relative permittivity of gold is large and yields a strong enhancement of the
field. The direction of the laser beam was perpendicular to the axis of the tip, and
the field was polarized along the axis of the tip. Due to the strong discontinuity of
the field at the tip apex, one gets an enhancement of the field of about 3000 local-
ized at the tip apex. When a particle is in the region of the enhancement of the
field, the optical force (here the gradient force) attracts the particle toward the tip
apex. The particle can be moved by the tip; then the particle can be released by
turning off the laser illumination.

The technique of Novotny, Bian, and Xie [8] requires one to find in water a par-
ticle of a few nanometers in size. A possibility would be to wait until a particle falls
in the trap, but such an operating mode would not allow for a selective capture.
Recently, we have proposed a method for selectively capturing particles [9, 10]. The
idea of our nanomanipulation scheme is illustrated in Figure 2.10. A particle with
relative permittivity ¢ = 2.25 and a radius @ = 10 nm is either in air or vacuum
above a dielectric substrate. The particle is illuminated by two evanescent waves cre-
ated by TIR (0 = 43°) at the substrate/air interface. The two evanescent waves are
counterpropagating (i.e., kj = —k’;) with the same polarization and a random phase
relation; this is to ensure that the lateral force vanishes. The optical trap is created by
the interaction of the incident waves with a tungsten probe with a radius
of curvature at the apex r = 10 nm. The forces are computed for an irradiance of
0.05W/um?, which corresponds, for an Argon laser (A = 514.5 nm) with a power
of 5W, to a beam focused over an area of 100 W/um?.
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Figure 2.10 Schematic of the configuration. A dielectric sphere (radius 10 nm) on a flat dielectric
substrate is illuminated under total internal reflection. A tungsten probe is used to create an optical
trap. After Chaumet et al. [9]. ©2002 American Physical Society.
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Figures 2.11(a) and 2.11(b) show the z component of the force experienced
by the sphere versus the tip-substrate distance for TE and TM polarizations,
respectively. As the tip gets closer to the sphere, one can see that the two polariza-
tions yield different behaviors. First, when the tip is not present (far away from the
substrate), one can see that the force is negative. This is due to the fact that the
sphere is immersed in the evanescent incident field (which decays with the distance
to the substrate); hence, the gradient force is negative. For TE polarization, the
z component of the force becomes more negative when the distance between the tip
and the sphere decreases. Assuming the sphere and the apex of the tip are two
dipoles, it is easy to understand this effect. In TE polarization, we have two dipoles
in first approximation parallel to the substrate; hence, they tend to repel each other
as explained in the previous section. For TM polarization, the force becomes posi-
tive when the tip gets closer to the sphere. Due to the z component of the field, we
obtain the effect described by Novotny, Bian, and Xie [8], (i.e., a large enhance-
ment of the field at the tip apex). Hence, when the tip approaches the sphere, it
experiences a positive gradient force that can counterbalance the negative force
due to the incident field when the tip is close enough to the particle [inset of Figure
2.11(a)]. This leads to the trapping of the sphere at the tip apex. Then it is possible
[Figure 2.11(c)] to lift the particle off the substrate in TM polarization. Note that
the optical force decays slowly as the angle of illumination nears the critical value.
(In TE polarization, the force is always negative.)

The procedure for selectively manipulating a nanometric sphere with an aper-
tureless microscope is as follows: TE illumination is used while the tip scans the
surface in tapping mode (or in constant-height mode if the area under investigation
is small enough). Once an object has been selected, the tip is placed above the
object and the polarization of the illumination is rotated to TM. The probe is
brought down over the particle to capture it. Then the tip lifts the particle away
from the substrate and moves it to a new position where it can be released
by switching back to the TE polarization. This shows that the lack of trapping
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Figure 2.11 We havea = 10 nm, A = 514.5 nm, and 6 = 43°, and the arrow indicates the direc-
tion along which the tip is moved. z component of the force experienced by the sphere versus the
distance between the tip and the substrate. (a, b) When the tip approaches the sphere. (a) TM
polarization. The inset is an enhancement of (a) near the sign reversal. (b) TE polarization. (c) The
tip lifts the sphere in TM polarization. After Chaumet et al. [9]. ©2002 American Physical Society.
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capability of the tip under TE illumination is an important asset during the imag-
ing/selection and the release of the particle phases of the manipulation.

2.8.2 Manipulation of Dielectric and Absorbing Particles

Figure 2.12 pertains to an absorbing particle with radius @ = 10 nm and
Re(e) = 2.25. We shall study the influence of the complex relative permittivity on
the trapping and nanomanipulation process as the imaginary part of the relative
permittivity increases. The trapping is performed with the same parameters that
were used in Section 2.7.1, and the tip is in contact with the sphere. For both
polarizations, the magnitude of the force that the sphere experiences is enhanced
when the imaginary part of the relative permittivity increases. For a better under-
standing of this effect, let us write the real part of the polarizability a of a small
sphere (compared to the wavelength of illumination):

Je, = (e, +2) + &
(e, + 2)* + &

Re(a) = (2.27)

with & = ¢, + ig;. For our geometry, the z component of the optical force on the
small sphere is due mainly to the gradient force that is proportional to the real part
of the polarizability of the sphere (the first term of Equation 2.10). From Equation
2.27, it is obvious that when ¢; increases, the real part of the polarizability
increases as does the gradient force; hence, the force becomes more positive for
TM polarization and more negative for TE polarization. Note that as &; becomes
very large, Re(a) tends toward a finite limit. In conclusion, absorption helps
manipulate the particle.

40

(a)

Force (pN)

Im(e)

Figure 2.12 Influence of the absorption on the optical force. The particle trapped has a =10 nm,
A =514.5 nm, 6 = 43°, and Re(e) = 2.25. (a) TM polarization. (b) TE polarization. After Chaumet
etal. [65]. ©2005 American Physical Society.



2.8 Optical Tweezers: Nanomanipulation with an Apertureless Probe 39

2.8.3 Manipulation of Metallic Particles

Note that while the conventional optical tweezers technique can be used to trap
Mie metallic particles [63], the previous scheme can be employed to manipulate
metallic nanoparticles. Such particles of gold and silver possess unique qualities for
creating localized enhancement of electromagnetic field. One of the most exciting
uses of these enhanced electromagnetic near-fields is to amplify the weak Raman
scattering by molecules for application in biophysics and biochemistry [64].
Surface enhanced Raman spectroscopy using metallic nanoparticles can greatly
enhance the intrinsic Raman signature of a molecule and has the potential to
achieve molecular identification at the single molecule level.

In this subsection, we study the optical force experienced by a sphere of gold, sil-
ver, or copper in the presence of a tip when the illumination is tuned to a plasmon
resonance and when the illumination occurs outside any resonance. As is shown in
Figure 2.13, the behaviors of the three spheres are similar and show that it is easier
to manipulate the particle at the plasmon resonance. Notice that the resonance for
the three metallic spheres occurs at different wavelengths, and more generally, the
behavior of the force versus the wavelength is different. By using the dependence of
the force on the spectral response of the sphere, it is possible to perform a material
selective trapping. For example, at A = 325 nm, the z component of the force on a
silver sphere is close to zero, whereas it is around 12 pN for a sphere of gold. Hence,
only the gold sphere would be trapped and manipulated at this wavelength. Notice
that the resonance does not correspond exactly to the plasmon resonance of the

0 50 100 150 200
Distance sphere substrate (nm)

Figure 2.13 z component of the force when the sphere is manipulated (lifted) with the tip. The parti-
cle is made of silver (solid line), gold (dashed line), and copper (dot-dashed line). Curves with the +
marker pertain to forces computed at the plasmon resonance wavelength (A,, = 640 nm, A., = 605
nm, Ay = 480 nm). Curves without a marker are computed away from the plasmon resonance
(Aqu = 400 nm, Ao, = 400 nm, Aqg = 300 nm). After Chaumet et al. [65]. ©2002 American Physical
Society.
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sphere alone. This is due to the coupling between the trapped sphere and the tip,
which causes a shift of the resonance compared to an isolated sphere. For more
details on the optical manipulation of metallic particles, see Chaumet, Rahmani, and
Nieto-Vesperinas [65].

Moreover, the strong coupling that we observe between the tip and the parti-
cle, which yields an enhancement of the electromagnetic field intensity between the
metallic tip and the metallic sphere, can be used to achieve high SERS enhancement
factors at the single molecule level. Indeed, we recently showed that by moving the
tip from one particle to another, one can change the properties of the microcavity
and therefore control the magnitude and spectrally tune the electromagnetic
enhancement [66].

2.9 Nanomanipulation with a Photonic Crystal

In the previous section, the optical trap was achieved by first using a TIR configura-
tion to generate an evanescent wave at the surface of the substrate. Next, a tapered
metallic probe is used to “carve” an optical trapping potential in the evanescent
wave by placing it in the near-field of the substrate. The combined effects of the
evanescent wave and the probe are to create a localized, three-dimensional optical
trap. Another recent approach consists of using a single optical element to create a
patterned evanescent field directly: a photonic crystal (PhC) slab [67].

PhCs are periodic structures that possess photonic band gaps preventing the
propagation of light at certain frequencies [68]. The wide interest in PhCs springs
from the fact that their electromagnetic properties are related directly to their geom-
etry. By tailoring the geometry of the PhC, one can impart certain characteristics to
the electromagnetic field and, for instance, control the flow of light or modify the
electromagnetic density of state. While controlling light through the global features
of the PhC can be interesting, the most fascinating and promising applications of
PhCs involve the use of “defects” (i.e., local alterations of the crystal structure).
Such defects can produce states within the photonic band gap leading to electro-
magnetic confinement.

The potential for optical trapping of the PhC was noted by Toader, John, and
Busch [69], who showed that the electromagnetic modes of an inverse opal PhC
could be used to trap cold atoms using the gradient force. However, in the case of the
opal structure, the 3-D trapping requires a 3-D PhC and assumes that the objects to
be trapped can be infiltrated within the PhC structure. On the other hand, a PhC slab
can be designed in such a way that nanoparticles can be trapped near its surface. The
idea relies on the engineering of a defect mode within the PhC. A simple defect con-
sisting of a missing hole in a triangular array of holes is shown in Figure 2.14(a).
This defect creates a localized state (optical resonance) in the photonic band gap. [See
Figure 2.14(b).] Notice that the microcavity created by simply removing one hole
has a quality factor typically on the order of 100, which is several orders of magni-
tude smaller than for state-of-art PhCs, which have been reported.

The PhC is illuminated at the resonance wavelength A by a plane wave along a
direction perpendicular to the slab [from below on Figure 2.14(a)]. Consider a
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Figure 2.14 (a) A slab with refractive index 3.4 is immersed in a fluid with refractive index 1.33. The
slab with thickness t = 0.467a is perforated with a triangular lattice of holes with period a and hole
radius r = 0.333a. A defect mode is introduced within the photonic band gap by omitting one hole in
the crystal pattern. The optical cavity resulting from the missing hole supports a spatially and spectrally
localized mode. (b) Cavity spectrum showing the resonance due to the defect mode. The wavelength
is in units of a. (c) Optical trapping potential in the x,z plane for a nanoparticle (radius 0.49a) above
the cavity. (d) Optical trapping potential in the y,z plane. The potentials are normalized to k,T, where
T is the temperature of the fluid and k, is Boltzmann’s constant. After Rahmani and Chaumet [67].
©2006 Optical Society of America.

spherical particle with relative permittivity 2.25 and radius a = 0.04A. Given the size
of the particle, we can use the dipole approximation to compute the optical force.
Owing to the size of the particle, the weak optical contrast between the particle and
the surrounding fluid, and the modest quality factor of the cavity mode, we neglect
the influence of the particle on the optical response of the cavity (i.e., we treat the
particle as a passive probe). We assume an irradiance of 10 mW/um? and room
temperature (300K). Figures 2.14(c) and 2.14(d) show the potential trap normal-
ized to k,T (k, is the Boltzmann’s constant) in planes x,y and y,z, respectively. The
spatial minimum of the potential corresponds to the cavity H1. It is obvious from
Figures 2.14(c) and 2.14(d) that the nanoparticle is trapped close to the PhC as the
potential depth is larger that 10k, T. Hence, the nanoparticle is trapped in the near-
field region above the H1 cavity. For more details about optical trapping with PhC,
refer to Rahmani and Chaumet [67]. Note that more complex behavior can occur
when the particle is able to perturb the cavity mode significantly. Barth and Benson
[70], provide a good illustration of effects such as self-induced trapping.
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2.10 Conclusion

Since the first realization that radiation pressure could be used to manipulate mat-
ter, the application of photonic forces has ranged from laser cooling and trapping
of atoms and molecules to manipulation and assembly of small particles and bio-
logical systems. With the advent of NFO and nanophotonics, the ability to shape
optical fields on the subwavelength scale has opened a new realm of application
for photonic forces, a domain where evanescent modes of the electromagnetic
fields prevail and where light can be confined to nanometric regions. This chapter
reviews the basic conceptual and analytical tools needed to address the use of near-
field photonic forces for trapping and manipulating small particles. Whereas the
use of photonic forces in the near-field is still in its early stage, the properties of
confined optical fields allied to the advances in far-field photonic forces offer an
exciting prospect for the development of new applications in areas such as multi-
particle assembling [57, 58, 60] and micromotors [71-73].
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Nano-Optics with Single
Quantum Systems

Bert Hecht

3.1 Introduction

Nano-optics is a branch of optics that describes the phenomena that occur when
light interacts with pieces of nano-matter [1]—that is, pieces of matter that are
very small by themselves or that exhibit features of subwavelength dimensions
down to a few nanometers. Small particles, sharp tips, single molecules or atoms,
and semiconductor quantum dots are just a few examples that fall into this cate-
gory. A major finding of nano-optics is that under certain conditions in the vicinity
of nanomatter, strongly enhanced and spatially confined optical fields can exist.
The understanding and exploitation of such effects will have major impact on
future optical technology because it will strongly influence such important fields as
high-resolution optical microscopy, optical data storage, nonlinear optics, and
optical communication.

The recent progress in nano-optics and nano-photonics is strongly based on
the ever- improving understanding of how to tune the properties of nano-matter
(i.e., its geometrical shape and material composition) and how to manipulate the
incident light the right way as to achieve desired effects, such as extreme local field
enhancement [2-5] or controlling of the flux of light at subwavelength dimensions
[6-11]. Concomitantly, modern techniques for material processing on the nanome-
ter scale, such as high-resolution focused-ion beam milling [12-16], become more
widely available and novel; more complex (prototype) material structures can be
created. A number of chapters in this book deal with the task of getting better con-
trol over nano-optical fields.

In this chapter, we discuss the interaction of single quantum systems (e.g., sin-
gle fluorescent molecules) with confined light fields. This is important for several
reasons: The interaction of light with single quantum systems, which can be mod-
eled as quantum-mechanical few-level systems, can be accurately described theo-
retically. With respect to optics, single quantum systems, because they usually react
as individual dipoles, represent the fundamental building blocks of nano matter.
Thus, a single quantum system represents a precisely defined nano-optical model
system whose behavior can be well predicted and compared to experiments. When
the properties of a given quantum system are known, detailed knowledge of the
exciting optical field can be obtained since it behaves like a nano-probe: Its fluores-
cence intensity depends on the square modulus of the electrical field strength along
the direction of its absorption dipole moment. This allows us to measure with very
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high precision the spatial distribution of specific field components in confined opti-
cal fields. It is obvious that the possibility to characterize nano-optical fields is a
key requirement for further progress in the field of nano-optics.

Here we will elaborate on the conditions under which single quantum systems
can be used to probe confined fields. We show that single fluorescent molecules
can be exploited to perform precise metrology of confined fields, which is hardly
possible otherwise. Also discussed are operation conditions for optimal perform-
ance as well as limits and pitfalls when mapping confined nano-optical fields
bound to nano-matter using single quantum systems.

3.2 Interaction of Light with Single Two-Level Quantum Systems

We are interested in the amount of scattered light that is emitted by a single two-
level quantum system as a function of the excitation intensity and the excitation
frequency. The absorption cross section describes the geometrical area from which
light is collected by the quantum system before it is reemitted in new directions or
dissipated as heat.

We start out by considering the most fundamental system for studying the
interaction of light with a single quantum system (i.e., the interaction of a single
frequency laser field with a single two-level quantum system). If the spatial exten-
sion of the quantum system ( ~ 1 nm) is small compared to the length scale of the
spatial intensity variations in the excitation laser field, the interaction of the laser
field with the quantum system can be treated in the dipole approximation. A fully
quantum mechanical solution of the problem then yields for the total scattering
cross-section o [17]

e :
2 ;<%>2 s <w — w0>2
B

where () is the Rabi frequency. () describes the coupling strength of the two-level
system with the laser field and is defined as ) = —d,Eo/A with dy, = (1|d]2),

where d is the dipole operator of the system and |1) and |2) are the ground and the
excited state of the two-level system, respectively. E, is the exciting electric field
vector. The other quantities appearing in Equation 3.1 are 2, the decay rate of the
excited state, and @ — w, the detuning of the frequency of the excitation laser w
with respect to the resonance frequency of the two-level system .

For zero detuning and weak excitation, the scattering cross section of the two-
level system approaches the limiting value of 3A%/27. This is a value along the
order of (A/2)?, which is much larger than the size of any physical realization of a
two-level system, like a molecule or an atom. The physical reason for this counter-
intuitive behavior is the following: For a pure two-level system that is pumped res-
onantly by a single frequency laser, the scattered light has a fixed phase relation to
the excitation field and both can interfere in the vicinity of the two-level system. If
both the incoming and the scattered fields are of comparable strength, the field dis-
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tribution that would be present without the absorber is significantly altered in the
vicinity of the two-level system. The interference results in a redirection of the
energy flow toward the absorber, which can be studied by plotting the field lines of
the Poynting vector around the absorber. This effect is well known and docu-
mented (e.g., in Figure 1 of [18] and Figure 7 of [19]).

A molecule or an atom excited as described previously would not be suitable as
a local probe for nano-optical fields. However, the very large absorption cross sec-
tion still could have interesting physical consequences such as a possible direct
detection of single molecules or atoms by their absorption [20]. Experimental
examples for two-level systems in this regime are, for example, single ions in traps
[21] and molecules embedded in a matrix at cryogenic temperatures where all exci-
tations such as phonons are frozen out [22, 23].

Looking at Equation 3.1, there are two ways of decreasing o such that it
becomes much smaller than the wavelength. The first possibility is to increase the
excitation intensity. As is evident from Equation 3.1 and Figure 3.1(a), the absorp-
tion cross section falls off as 1/Q)* because of saturation of the transition. Here the
scattered light no longer increases linearly with the excitation; it increases more
slowly. The second possibility is to increase the detuning of the excitation laser.
This also has the effect of increasing the relative magnitude of incident and scat-
tered light since to achieve the same scattering, a higher excitation intensity must
be employed. For a large detuning far out to the blue and when dealing with
molecules, eventually one ends up pumping vibrational levels of the excited state
(e.g., the first vibrational level of the molecule). This is sketched in Figure 3.2.

The vibrational levels dissipate the vibrational energy into the environment
and therefore decay very rapidly ( ~ ps) to the vibrational ground state of the first
excited state. The fluorescence that is emitted now, due to the interaction with the
environment, has lost all memory about the excitation and can no longer interfere.
This dephasing process reduces the size of the absorption cross section roughly to
the physical size of the molecule and is present even at cryogenic temperatures. At
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Figure 3.1 Absorption cross section of a two-level system as a function of (a) the Rabi frequency
and (b) the detuning of the single-frequency excitation field. The peak absorption cross-section of
3X%/ 2aris reached at very weak excitation and zero detuning.
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room temperature, collisions of a molecule with matrix phonons dominate all
other dephasing processes. They destroy any coherence between excitation and
emission, instantaneously reducing the absorption cross section again to roughly
the physical size of the absorber. In conclusion, single quantum systems can be
employed as probes for nano-optical fields with spatial variations on length scales
well below the wavelength if under the experimental conditions chosen their
absorption cross section is reduced well below its maximum value of 3A%/2r. This
is always the case when the coherence between excitation and scattered light is dis-
turbed or their respective strength becomes unfavorable by any of the effects
described previously. In particular, for single fluorescent molecules on surfaces or
embedded in solid matrices at ambient condition, this condition is always fulfilled.
For typical fluorescent dyes, the absorption cross section is of the order of
10~ ' cm?, which corresponds to (0.1 nm)%.

3.3 Fluorescent Molecules at Ambient Conditions as Local Field Probes

Because of strong dephasing, single fluorescent molecules at ambient conditions
can be described very well by a system of rate equations (see, for example, [24])
that relate the probabilities of finding the molecule in either of the states 1, 2, or 3
as defined in Figure 3.2. Here states 1 and 2 are the singlet ground and first excited
state and 3 is the triplet state with population probabilities p,, p,, and p;. The pop-
ulations change with rates specified in Figure 3.2. In particular, k,; = k, + k., is
the sum of the radiative and the nonradiative decay rate. Solving the respective sys-
tem of rate equations for the three-level system under steady-state conditions leads
to the following relations between the emission rate R = k,p, and the excitation

N——
Fluorescence

Figure 3.2 Jablonski diagram of the energy levels in a typical fluorescent molecule. Straight lines
denote optical transitions, wavy lines denote nonradiative decay, and the dashed line denotes inter-
system crossing. The excitation can be resonantly, pumping a zero-phonon transition, or nonreso-
nantly, pumping higher vibrational states of the excited state. Red-shifted fluorescence occurs from
the vibrational ground state of the excited state into vibrational levels of the ground state. A transi-
tion to a long-lived dark (triplet) state also is possible. Its presence strongly influences the photo-
physical parameters of the emission process. Labels: 1: ground state of the molecule; 2: singlet first
excited state; 3: triplet first excited state; k;,: excitation rate; o: absorption cross section; I: excita-
tion intensity; k,;: total decay rate of the first excited singlet state; k.: radiative decay rate; k,:
nonradiative decay rate; k,3: intersystem crossing rate; ks;: triplet decay rate.
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intensity that enters the equations via the relation ky, = o|E4*. Here Eq = d-Ey/|d|
is the field component along the direction of the absorption dipole moment of the
molecule. Finally,

R(E) =Ry _ (3.2)

1+
Is

where R, and I are defined by the photophysical parameters of the molecule as

_ (kr + knr + k23)k31

I 3.3
° o(ky; + ks) (3-3)
and
kSlkr
=R 3.4
ko3 + k3 34

Equation 3.2 describes a saturation behavior plotted in Figure 3.3. The saturation
behavior is characterized by the two parameters R, and I, where the former
describes the emission rate at infinitely strong excitation and the latter is the inten-
sity at which the emission rate equals R.,/2. Typical values for R, and I for a sin-
gle dye molecule at room temperature are 10°s~ ! and 1 kW cm ™2, respectively.

For small excitation intensities (i.e., |Eq* << I5), a linear relation between the
emission rate R and the absolute square of the excitation field component [Ey4* can
be established as follows:

k21

—=— ~ g|E4 3.5
kyy + ks 1Ed (3-3)

Ry .,
R = 7|Ed| =0
I8

The last step in Equation 3.5 is correct because the intersystem crossing rate k3
is small compared to the decay rate k,;. This equation relates the rate of emitted
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Figure 3.3 Saturation behavior of the emission rate of a single molecule as a function of the excitation
intensity |E,*.
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photons with the absolute square of the field component along the absorption
dipole moment of the fluorescent molecule and is at the core of field mapping with
single quantum systems.

3.4 Mapping the Field Distribution in a Focused Laser Beam

Mapping confined optical fields is a rather difficult task. Ideally, for a full charac-
terization, one would like to measure direction, amplitude, and phase of a given
confined field distribution in three dimensions. Field amplitudes can be accessed by
measuring the local intensity in a confined field. Usually, small scattering centers or
fluorescent beads are employed for this purpose since their scattering is propor-
tional to the local field intensity (see, for example, [25]). By using two foci of the
same kind that are slightly offset, phase information also can be retrieved based on
interferometric spatial autocorrelation [26]. NOM:s also can be used to map con-
fined fields, but with limited precision since the size of the optical probe disturbs
the field to be measured [27]. Although useful, all of these methods are unable to
measure the local electric field direction.

Building on what was discussed in the previous sections, here we will attempt
to show that single fluorescent molecules immobilized in a polymer matrix at
ambient conditions can map not only the local intensity of a focal field but also its
direction. The possibility of mapping confined fields was first noted when distinct
patterns appeared in images of single fluorescent molecules using aperture SNOM
[28, 15] and confocal microscopy [29].

To fully demonstrate the power of this approach, we will apply it to a confined
field that, unlike the fields in a subwavelength aperture, has field components of
comparable magnitude in all three directions of a Cartesian coordinate system.
This can be achieved by focusing a linearly polarized annular laser beam using a
high numerical aperture (high-NA) microscope objective [30, 31].

Figure 3.4 illustrates how such a depolarization effect comes about in focusing
with a high-numerical aperture microscope objective. It further shows how the spe-
cific spatial field patterns of the focal fields are produced by interference of the con-
verging beams in the focal region. Figure 3.4(a) shows a side view of the focusing
geometry. Beams at the outer rim of the lens become strongly deviated by refraction.
This leads to a strong tilting of the electric fields for some of the incoming beams
that introduces longitudinal field components. The latter are of opposite sign for the
upper and the lower half of the lens and thus in the focal plane; on the y-axis, they
cancel each other. Away from the y-axis, around the geometrical focus, however,
significant z-oriented fields exist. Finally, this leads to the appearance of a double-
lobed pattern. [See Figure 3.4(c), bottom.] Figure 3.4(b) illustrates how y-oriented
fields are generated by high-NA focusing. It shows a view of the focusing geometry
along the optical axis. Beams that start off the main axes at the outer rim of the lens
contribute most strongly to such components due to the specific tilting of the elec-
tric field vectors upon refraction. Also, here it is evident that these field components
must vanish on the x- and y-axis in the focal plane because of destructive interfer-
ence. Finally, due to the nonzero y-oriented fields away from the geometrical focus,
a four-lobed cloverleaf pattern appears. Usually, the y-patterns are weak compared
to the x- and z-components, which are of comparable magnitude. However, if a
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Figure 3.4 Focusing with high numerical aperture. (a) Side view of the focusing geometry for linear
(x-)polarized incoming light. Rays at the outer rim are strongly deviated due to refraction. As a
result, the electric field vector acquires a strong longitudinal field component. Longitudinal compo-
nents from the upper and lower half-space cancel exactly in the geometrical focus and on the line
x = 0 but not otherwise. This leads to a double-lobed spatial distribution of longitudinal fields
around the focus as depicted in (c), bottom picture. (b) Front view of the focusing geometry for lin-
ear (x-)polarized incoming light showing that y-components are introduced by rays getting
refracted at the diagonal positions. The y-components cancel on the lines x = 0and y = 0. This
results in a cloverleaf spatial pattern. (c) Spatial distributions of the field components present in a
high numerical aperture focus.

plane interface between two dielectrics perpendicular to the optical axis is intro-
duced that coincides with the focal plane, the y-patterns become more intense and
are now comparable in strength to the x- and z-fields [31]. This is the field distribu-
tion of interest.

The experimental setup necessary to perform the field mapping is shown in
Figure 3.5. It is essentially a scanning confocal optical microscope with a ring-
shaped (annular) illumination beam [30, 31]. The diameter of the central beam
block is chosen such that it is just below the critical angle of TIR. So most of the
beams converging toward the focus will become totally internally reflected at the
interface. The annular excitation beam is reflected into a high-NA microscope
objective, which focuses the beam to a diffraction-limited spot on the sample. The
sample is a 20 nm polymer film (PMMA) on glass that contains single fluorescent
molecules (,1°-dioctadecyl-3,3,3°,3’- tetramethylindocarbocyanine,Dil) in a low
concentration such that single fluorescent molecules are spaced by more than a um
apart from one another. The refractive index of the film equals that of glass so that
all of the molecules can be considered to sit very near to the dielectric-air interface.
The orientation of absorption dipole moments in such a sample is random, so all
possible field components can be probed. The excitation intensity is kept well below
the saturation intensity of Dil. The fluorescence intensity is then proportional to the
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Figure 3.5 Scanning confocal optical microscopy with annular illumination focused to the polymer/air
interface. (a) Detail of the sample showing randomly oriented molecules (double arrows) mapping the
field distribution in the focus. (b) Overview of the setup. For details, see the text and [30, 31].

absolute square of the local field component along the absorption dipole of Dil.
Note that in the setup of Figure 3.5(b), the confocal geometry is somewhat relaxed
such that an area of about 1000 nm in diameter in the sample plane has a uniform
collection efficiency; in other words, the active area of the detector demagnified
back into the sample plane by geometrical optics has the size of roughly 1000 nm.
This ensures that larger patterns can be mapped quantitatively. The spatial mapping
of the focused field is done by raster-scanning the sample through the fixed focus
and recording the fluorescence intensity at each pixel.

The result of such an experiment is shown in Figure 3.6. The left panel shows
a typical single-molecule image obtained. Each molecule exhibits a specific pattern
corresponding to the specific orientation of its absorption dipole. For better visibil-
ity of the patterns, the image has been median-filtered to suppress dark pixels due
to triplet blinking. The right panel shows a set of calculated field patterns that
should be observed for different discrete orientations of the molecular absorption
dipole moment [30]. The strong resemblance between the calculated patterns and
the measured data shows that the concept of a linear absorption dipole moment
mapping the focal field is valid. It also shows that if the field distribution is well
known, it is possible to obtain detailed insight into the orientation of individual
molecules. However, we will not elaborate further on this issue, but rather refer the
interested reader to the literature [31].

In the following discussion, we concentrate on the metrology issue. Figure 3.7
shows the direct comparison of measured and calculated fundamental field pat-
terns without any fit parameters in a 1Tum by 1um square. Only a normalization
factor was used to match the maximum fluorescence intensities in both theory and
experiment. What is immediately evident is the exact fit of the positions of the
respective maxima in each of the patterns. Also, the widths of the various peaks are
extremely well matched. This demonstrates that, for the given conditions, the fields
have been mapped by a single dipole that does not influence the field to be meas-
ured, as was discussed previously. Unfortunately, the field distributions analyzed
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Figure 3.6 Experimental and theoretical field maps of an annular laser focus. Left panel: Scan image
showing a variety of different patterns corresponding to dipoles of different orientations mapping
different components of the same field distribution. Cut-off patterns appear due to photobleaching.
Right panel: Simulation of patterns for the geometry of the experiment. Adapted from [30]. ©2000
American Physical Society.

here, because they are of far-field nature, have no features that would allow testing
of the maximum resolution possible in this configuration. However, from the dis-
cussion, we can infer that the spatial resolution for field mapping should be limited
only by the absorption cross section of the molecules used under the specific condi-
tions of the experiment. As already mentioned, for ambient conditions and mole-
cules embedded in a polymer, the absorption cross section becomes considerably

smaller than 1 nm?2.

3.5 Mapping the Field Distribution at a Sharp Tip

It is obvious that the probing of optical near-field distributions would be a desir-
able extension of the methodology discussed previously. While mapping of the
optical fields close to a subwavelength aperture has been done before [28, 15], the
highly confined fields at a sharp metal tip have rarely been investigated in the con-
text of single-molecule imaging, although other techniques have been applied to
investigate the confinement of light at sharp tips [4, 5, 32-38]. Figure 3.8 shows a
possible experimental setup for mapping the confined field at a tip with a single
fluorescent molecule. It is very similar to the setup used for mapping the field dis-
tribution in the focused annular beam. Here a tip is illuminated by a focused laser
beam of suitable mode profile through a glass slide that is coated with a 20 nm
layer of PMMA. Again, the PMMA contains single fluorescent molecules in a suit-
able concentration as described previously. Mapping is performed by choosing a
molecule as a probe by moving it to the focus and then scanning the tip with
respect to this fixed molecule. While the tip is scanned, the fluorescence intensity of
the molecule is recorded as a function of the tip position. When this is done, the
field component along the absorption dipole of the molecule is mapped.
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Figure 3.7 Metrology of confined fields. (a) Direct comparison of measured and calculated field pat-
terns for the three fundamental absorption dipole orientations with respect to the interface and the
incoming linear polarization. No fit parameters are used besides a normalization factor. Line cuts
through (b) the measured and (c) the calculated patterns. The cuts are along the full and the dashed
lines superimposed to the images. Adapted from [31]. ©2001 The Royal Microscopical Society.

In an ideal experiment, the orientation of the absorption dipole moment is char-
acterized independently beforehand (e.g., by illuminating it with a focused annular
beam). This allows us to determine the orientation by fitting theoretical patterns to
measured ones (see, for example, [39]). This in turn would allow us to map specific
field components of a strongly confined field. The latter experiment has not yet been
performed. However, in a proof-of-principle study, it was shown that such experi-
ments are feasible [40]. Figure 3.9 shows the respective results. Figure 3.9(a) shows
a 10 X 10 wm? confocal image of a thin PMMA film on a glass slide containing
terrylene molecules. A bright molecule is chosen as the probe by moving it perma-
nently into the far-field illumination focus by means of the sample scan stage. The
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Figure 3.8 Mapping of nano-optical fields at a sharp tip. (a) Detailed view of the sample area. A
probe molecule is illuminated continuously at a very low excitation rate such that its emission rate
is just above the background. Then the tip is scanned over the molecule, and its fluorescence is
recorded as a function of the tip position. (b) Overall setup similar to the one in Figure 3.5(b).

line cut in the inset of Figure 3.9(a) shows that the full width at half maximum
(FWHM) of the fluorescence peak due to the molecule is about 480 nm. This rela-
tively large size is due to the fact that a microscope objective with a numerical aper-
ture of 0.9 was used.

The tip used in the present experiment is an etched gold tip made from a gold
wire. After the molecule is found and positioned into the focus, the excitation inten-
sity is lowered such that the fluorescence of the molecule is just barely visible. This
has to be done since the local field at the tip is expected to be much enhanced with
respect to the excitation field and the molecule would run into saturation otherwise.
Figure 3.9(b) shows the fluorescence of the molecule chosen in (a) as a function of
the tip position. The tip scan starts at the top left corner. The fluorescence stays at a
very low level until the tip comes close to the molecule. A strong increase in the
fluorescence of the molecule is observed as the tip is scanned over it. After the tip
passes the molecule, the fluorescence decreases again and goes back to the original
value. Figure 3.9(c) shows the image obtained in the subsequent tip scan. After a
few lines, the molecule photobleaches, which is evident from the initial flickering
and the final termination of the fluorescence. The remainder of the image conse-
quently shows the effect of the tip alone. A faint background is visible that is
presumably due to SERS from contaminants on the tip’s surface. The difference of
(b) and (c) is displayed in Figure 3.9(d). It represents the background-corrected
spatial distribution of the enhanced field at the tip. Unfortunately, the orientation of
the absorption dipole moment of the molecule is unknown in this experiment;
consequently the mapped field component also is unknown. However, what is
evident is the strong enhancement of the field beneath a gold tip. Figure 3.9(e)
shows a line cut through (d) that was fitted by a Gaussian. The fit parameters yield
the field enhancement factor and the width of the enhanced region. The fluores-
cence increases amounts to 5.7 & 0.3, and the width is about 305 nm.
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Figure 3.9 Mapping the field at a sharp gold tip. (a) Scanning confocal optical microscopy of the
polymer film on glass containing the probe molecules (terrylene). Inset: Line cut through the probe
molecule along the dotted line. (b) Fluorescence intensity of the probe molecule as a function of the
tip position. Part (c) shows that the intensity is the same as (b) but that the molecule bleaches. The
remaining signal is subtracted from (a) to generate the image in (d), which shows the true spatial
distribution of the field component mapped by the probe molecule. (e) Gaussian fit to the line cut
through (d) yielding the width and height of the peak over background. Adapted from [40]. ©2002
American Institute of Physics.

The intensity enhancement factor of 5.7 is clearly larger than 4. An intensity
enhancement factor of 4 can be achieved at a plane perfect mirror simply by con-
structive interference. The width of the enhancement area is clearly smaller than
the diffraction-limited spot size. [See Figure 3.9(a).] This indicates the near-field
character of the observed phenomenon.

We will not go into detail about the reason for the enhancement observed. This
is discussed at length in the original publication [40]. Briefly, it is believed that the
enhanced fluorescence is due to localized plasmon fields, not to a nonresonant
enhancement (lightning rod effect) at the tip apex. This is supported by observations.
For gold-coated glass tips, a resonance at hv = 2.11 eV (A = 588 nm), close to our
wavelength, was reported [33]. When performing similar experiments with gold-
coated atomic-force microscope tips at an excitation wavelength of A = 532 nm, we
observe no significant field enhancement. When Pt/Ir (90:10) tips instead of gold tips
were used, no significant enhancement was observed. Considerable nonresonant
enhancement occurs only at very sharp tips in the presence of excitation field compo-
nents along the tip axis, which is not the case in the described experiment.

3.6 Energy Transfer and Quenching

In this section, we discuss an important effect that must be taken into account
when optical fields are bound to material structures—that is, energy transfer and
quenching effects.

It is a fundamental notion that nano-optical fields are bound to a material
structure. The evanescent fields that are responsible for the spatial confinement can
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exist only in a close symbiosis with collective electron excitations in metals or with
driving propagating fields in a second half-space in the case of TIR. The presence
of matter inevitably has an influence on the possibility of probing these nano-
optical fields quantitatively since the field to be probed is interacting with and sus-
tained by the nano matter and since the probe (and the field it emits into the far
field toward a detector) feels the presence of nearby matter. The effect of nearby
material structures on molecular fluorescence was studied theoretically and exper-
imentally for stratified layered systems [41-43] and for spherical systems [44-47].
Phenomenologically, what happens is the following: (1) If a dissipative structure
(i.e., an extended piece of metal with free electrons and associated ohmic losses) is
brought within the near-field range of a probe molecule, the near field of the probe
molecule induces motion of the electrons that quickly dissipate their gained energy
(e.g., into heat). This opens up a new decay channel for the molecular-excited state
with a nonradiative decay rate, k,, (Figure 3.2) that allows deexcitation of the
probe molecule without emission of a photon. For short distances, this nonradia-
tive decay rate depends on the distance between the molecule and the extended
metallic body as 1/73, where 7 is the distance, reflecting the decay of the dipolar
near field. It follows that for short distances, the rate k,, dominates the radiative
decay rate k, and few photons are emitted by the probe molecule while the excited
state lifetime decreases dramatically. This effect is usually called quenching. (2) If a
dielectric structure (e.g., a glass half-space [39, 48, 49]) or a suitable nanostructure
(e.g., a metallic nanoparticle with a plasmon resonance, a dielectric sphere with a
Mie resonance (whispering gallery mode) [50, 51], or a metal-coated tip [52]) is
brought in close proximity to the probe molecule, the spectrum of electromagnetic
modes available for accepting a fluorescence photon from the probe
molecule is changed. In the case of strong coupling to one or few modes of a
resonant nano or microstructure, this leads to an enhanced emission of the coupled
system with a likely strongly modified far-field emission pattern. In other cases, the
overall density of states is modulated, which leads to an enhanced or decreased
lifetime of the excited state often coupled with a redirection of the emission [54].
Such effects can be observed for probe molecules on either side of a plane dielectric
interface [39, 55, 56]. Since the fluorescence is collected in a constant solid angle,
the collected fluorescence can increase or decrease in this case.

In the experiment described, we saw no direct evidence of quenching of the flu-
orescence by the metal tip; however, quenching may well be present. On the one
hand, this could explain the small enhancement factor observed. On the other
hand, the distance between the tip and an average molecule in the described exper-
iment is rather large: It is the sum of the typical shear-force gap width of ~10 nm
and the typical depth of a molecule in the polymer film of another ~10 nm. This is
a rather large distance at which the quenching is less effective. In view of this argu-
ment, the enhancement factor measured must be viewed as a lower limit for the
true value. In an ideal experiment, the fluorescence intensity in the full solid angle
as well as the lifetime of the excited state should be measured for different dis-
tances to the material structure. Changes in the lifetime in this case could be trans-
lated into changes in k., which can be correlated to the emission rate.

We can conclude that the stronger the field confinement, the more difficult it is
to quantitatively probe the field by means of a small dipolar emitter due to the
emitter’s coupling to the nanomatter. The reason for this difficulty might be deeper
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than one would expect from the discussion so far, which was built on a specific
example of a probing scheme. In a famous paper [57] on the quantization of
evanescent modes, commutation relations for the fields at different space-time
points are derived that seem to exclude the sharp measurement of field amplitudes
of evanescent fields at points with spacelike distances. This might be worth further
investigation, but we do not go into further detail here.

In what follows, we show that the localized quenching process at a sharp met-
allized tip [58] may be used as a novel contrast mechanism to spatially resolve indi-
vidual molecules by selective quenching [59, 60]. To observe and prove the
presence of quenching, the average distance between the tip and the molecules
must be reduced. This is done by applying contact mode atomic-force microscopy.
Pulsed excitation (532 nm wavelength, 150 ps pulse width, 76 MHz rep. rate) is
used to continuously probe the excited state lifetime of the molecules under inves-
tigation via time-correlated single-photon counting. Those two ingredients are the
main new features of the experimental setup sketched in Figure 3.10 (left panel).
Again, the fluorescent molecules are embedded in a thin polymer film on glass. The
tip is now a Si; N, pyramid at the end of an AFM cantilever coated with a 20 nm
layer of gold and operating in contact mode. Scanning electron microscopy images
of the tip are displayed as insets Figure 3.10 (left panel). A wedgelike shape of the
tip, which is clearly visible, is a well-known property of this type of probe. The
length of the wedge is a little less than 200 nm. It is expected that the shape of the
tip will somehow be reflected in quenching patterns observed.

The right panel of Figure 3.10 shows the result of a calculation that assumes
that a system of stratified layers locally can well approximate the system under
investigation. The lifetime of the excited state of a molecule just below the interface
between air and polymer (glass) is plotted as a function of the width of the air gap
between the polymer and the gold layer. For the two fundamental orientations of
the molecular emission dipole moment, parallel and perpendicular to the interface,
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Figure 3.10 Experimental setup and theory for local quenching. Left panel: Contact-mode AFM in
combination with a fixed pulsed laser beam. The inset shows scanning electron microcopy of the
tips used. Clearly, the tip terminates in a wedge and not in a sharp tip as expected. Right panel:
Theoretical prediction of the excited state lifetime of a molecule sitting right below the polymer/air
interface as a function of the air gap width. Adapted from [53]. ©2002 American Institute of Physics.
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a distinct behavior is observed. While for both orientations, a decay of the excited
state lifetime with decreasing gap width is observed, this decay is more short-ranged
for the molecule with the emission dipole parallel to the interface. Here a decay con-
stant of less than 20 nm is observed, which clearly highlights the potential for ultra-
high resolution optical microscopy of single molecules by selective quenching. It
seems possible to resolve two molecules that are as close as ~20 nm by switching
them off selectively by means of a sharp metallic tip. The power of this approach
lies in the possibility of still obtaining the full spectral information (e.g., the emis-
sion spectrum) of the unperturbed molecule.

To provide a proof of principle, a quenching experiment was performed with
samples that contained an isolated single molecule. Once a molecule is found in a
confocal scan, it is kept fixed in the focus, and the AFM tip scan starts. Both the
fluorescence intensity and the excited state lifetime of the molecule are recorded as
a function of the tip position. The results shown in Figure 3.11 were obtained with
the tip shown in Figure 3.10. The left panel shows behavior of the fluorescence
intensity, while the right panel shows the excited state lifetime as a function of the
tip position. While in the fluorescence intensity image the molecule starts to feel
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Figure 3.11 Local quenching of a single molecule by a metallized AFM tip. (a) Fluorescence inten-
sity as a function of the tip position. Left inset: Topography at the position of the fluorescence dip.
Right inset: Zoom of the region of the fluorescence dip marked by the white square. (b) Excited
state lifetime as a function of the tip position. Inset: Zoom at the position of the lifetime dip marked
by the white square. (c) Cut through (a) along the white line. (d) Cut through (b) along the white
line. Adapted from [53]. ©2002 American Institute of Physics.
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the presence of the tip, already at larger distances (which results in interference-like
fringes), in the lifetime image, no such fringes are present. When the tip is in close
proximity to the molecule, a strong local decrease in the fluorescence intensity is
observed. Its shape resembles that of the wedge at the AFM tip apex; however, it is
divided into two lobes. The separation can be explained through examination of
the topographic image acquired simultaneously. It shows a contaminant particle
just at the position of the separation. Its height is about 10 nm, which causes the
tip to retract by this amount while it is scanning over the particle. According to the
theory graph in Figure 3.10, this should be enough to remove the molecule com-
pletely from the quenching condition. Therefore, we conclude that the separation
of the two lobes provides evidence of the strong distance dependence of the
quenching effect predicted in Figure 3.10. At the same time, the lifetime of
the molecular excited state shows a clear reduction at the same position where the
decreased fluorescence occurs. The respective line cuts show that the lifetime image
has a similar edge resolution to that of the fluorescence intensity image.

3.7 Conclusion

After all we have discussed, it is clear that there is a strong potential of single quan-
tum systems, such as single fluorescent molecules, being used to study the proper-
ties of nano-optical fields. The theoretical resolution limit was found to be along
the order of the physical size of the molecules under conditions where the absorp-
tion cross section is far from its peak value. We also have seen that it might not be
so easy to exploit the potentially ultrahigh spatial resolution. This is because of the
fact that optical fields with spatial variations on the nanometer scale can exist only
in close proximity to some nanometer scale material structure that will strongly
influence the emission of the probe molecule. This might be a deeper problem than
it looks on first glance. It questions the principal possibility of measuring field
strength in nano-optical fields. It is possible that nonzero field commutators at dif-
ferent spatial positions play a role in this context. Finally, we also have shown that
if quenching effects occur, they are not at all detrimental, but they can be exploited
as a contrast mechanism for high-resolution optical microscopy with single-
molecule sensitivity by exploiting tip-induced local quenching effects.
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Near-Field Second-Harmonic
Generation

Anatoly V. Zayats and Igor |. Smolyaninov

4.1 Introduction

When high-intensity light interacts with a medium, its electronic structure is
strongly perturbed and the electromagnetic field is affected in a nonlinear manner.
As a result, light with new frequencies can be generated through nonlinear optical
processes [1]. The most pronounced and easily obtained nonlinear optical effect is
the second-harmonic generation (SHG), which is a partial transformation of the
incident optical field at frequency w to the second-harmonic field at frequency 2w.
SHG is a useful tool for investigations of material properties and surface processes
because of its intrinsic sensitivity to the structure and symmetry of materials and
interfaces. In the electric dipole approximation, SHG is forbidden in materials with
inversion symmetry, which made it an important technique for characterizing
asymmetries of surfaces, interfaces, and thin films [2, 3]. SHG is extremely sensi-
tive to surface structure down to the atomic scale, such as surface defects, struc-
tural inhomogeneities, and adsorbates. In many materials with poling structures
such as ferroelectric and ferromagnetic materials and nonlinear optical polymers,
the poling configuration can be related directly to the intensity of SHG, macro-
scopically or locally. In addition, systems in which inversion symmetry is broken
by some applied external field (e.g., electric field) also may be investigated with
SHG. In all of these cases, linear optical detection generally can’t “see” the asym-
metric or poled structures, but SHG can provide very high contrast.

The recent advances in SNOM have opened up the possibility of studying var-
ious optical phenomena with a resolution well below the diffraction limit [4]. Most
of the initial efforts focused on the investigations of linear optical processes.
However, theoretical analysis of the near-field effects in nonlinear optical spec-
troscopy in general and SHG in particular has been attracting interest for decades
in relation to surface-enhanced nonlinear optical phenomena that occur in the
near-field of surface features [5]. The possibility of studying nonlinear optical
processes with SNOM and their specifics have been discussed theoretically [6, 7].

The first experimental observations of SHG using SNOM were achieved by
Smolyaninov, Zayats, and Davis [8], followed by numerous applications of this
technique for studies of metal surfaces and functional materials [9-13] in chem-
istry [14] and biology [15]. Further search for increased spatial resolution and
nanoscopic light sources has led to the proposal and realization of apertureless sec-
ond-harmonic SNOM employing the field enhancement effects at sharp probe tips
[16, 17].
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Near-field microscopy of SHG, which combines very high surface sensitivity of
SHG with high spatial resolution provided by SNOM, has significant potential for
probing the nonlinear optical response of a surface locally with subwavelength lat-
eral resolution while simultaneously mapping the surface topography. The data
obtained may allow comparison of experiment and theory in sufficient detail in
order to study the essential features of SHG at surfaces and to provide better
understanding of the underlying microscopic electrodynamics. The possibility of
local observation of SHG from individual defects provided by SHG SNOM has
resulted in significant breakthroughs in the comprehension of details of SHG at a
microscopic level and hence local material properties. In addition to material char-
acterization, investigations of SHG in the near field are of fundamental interest for
understanding nonlinear optical processes on the nanoscale, the electromagnetic
field confinement and enhancement, and quantum electrodynamic effects in non-
linear optical interactions. This can, in turn, lead to the realization of nonlinear
optical devices on the nanometric scale.

In this chapter, we overview recent advances in this rapidly developing field of
nonlinear nano-optics. In Section 4.2, various realizations of near-field second-
harmonic microscopy are discussed. Section 4.3 is devoted to the studies of the near-
field SHG at rough metal surfaces and related effects. The principles of apertureless
SHG SNOM in various modes, such as tip-enhanced SHG and SHG from a probe
tip, as well as feasibility of achieving nanoscopic light sources are considered in
Section 4.4. Finally, in Section 4.5, the imaging of functional ferromagnetic and fer-
roelectric materials is described.

4.2 Near-Field Microscopy of SHG

Near-field SHG microscope can be exploited in both apertured and apertureless
realizations [18]. We will consider these two techniques in turn.

4.2.1 Aperture-Based SHG SNOM

There are three possible experimental configurations for near-field second-
harmonic measurements with an apertured probe (Figure 4.1): (1) the second-
harmonic (SH) collection mode when the excitation is achieved by direct illumina-
tion of a sample and SH light is collected with a fiber tip, (2) the SH excitation
mode when a surface is illuminated with fundamental light passing through a fiber
tip and SH light is collected in the far field, and (3) the double-pass mode when SH
excitation is achieved through a fiber tip and second-harmonic light is collected in
the near-field with the same tip. In addition to subwavelength resolution, SHG
SNOM provides additional parameters for local optical characterization such as
the polarization of fundamental and SH light. Thus, the described techniques allow
one to excite SHG locally at a specifically chosen surface area (excitation mode) or
to detect local SHG before the SH contributions from individual surface features
are averaged in the far-field zone (collection mode).

Collection mode SHG SNOM is most often used because SH generation
requires high-intensity excitation light, which is achieved by a focused laser beam.
In most experiments, femtosecond Ti:sapphire lasers are used, which provide high
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Figure 4.1 Schematics of near-field second-harmonic generation measurements in (a) SH collec-
tion, (b) SH excitation, and (c) double-pass mode. Schematics of an apertureless second-harmonic
SNOM: (d) electromagnetic interaction between the tip and surface, (e) localized SH light source,
and (f) surface SHG induced by a probe tip.

excitation power at a low pulse energy, thus effectively generating SHG but intro-
ducing low heating and sample damage. The SH signal collected by a fiber tip is
usually filtered by an interference filter and detected by a gated photon counter.
Shear-force distance regulation is conventionally used to keep a tip in a near-field
proximity and at a constant distance from the surface, thus providing simultaneous
topographic imaging.

In most SHG SNOM experiments, uncoated fiber tips are used. The biggest
disadvantage of metal-coated fiber tips in nonlinear optical measurements is a
strong perturbation introduced by the tip in the local electromagnetic field distri-
bution and SH generation from the metal coating. Uncoated fiber tips introduce a
much smaller perturbation since the dielectric constant of a fiber is much less than
that of a metal. However, even for fiber (glass) tips, some degree of the electromag-
netic field enhancement is associated with a tip apex [19]. This is crucial in near-
field second-harmonic measurements for which the signal depends on the fourth
power of the local excitation field. Due to the field enhancement, the surface area
just below the tip dominates the detected SH signal. As a result, theoretically, the
resolution of the SHG SNOM can be estimated to be as small as ~ 10 nm for
50 nm radius of a fiber tip apex [20]. In fact, more severe limitations on the reso-
lution of a SHG SNOM are imposed by the small number of SH photons collected
by the tip and the related shot noise and thermal drifts due to long signal acquisi-
tion times. The high repetition rate of pulsed Ti:sapphire lasers allows the image
acquisition time to be kept in a reasonable range even at a low number of detected
SH photons per pulse. The characteristic SH photon count rate in SNOM measure-
ments is, on average, of the order of one SH photon count per 100-300 laser
pulses. However, a long signal averaging time, which would help to register more
photons, is not desirable due to possible drifts in the experimental apparatus. For
that reason, the resolution of the SHG SNOM is in many cases limited by a low
detected SH signal rather than the geometry of a probe tip and is determined by a
trade-off in the choice of SH signal averaging time.

In the SHG measurements with uncoated fiber tips, the experimentally achiev-
able spatial resolution is usually about 80-100 nm; however, it can be much higher
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in some specific cases. The resolution and perturbation introduced by a fiber tip
depends on the sharpness and size of the taper via the tip-induced field enhance-
ment. It is possible to reduce the influence of the tip by choosing an appropriate tip
apex shape. With less sharp tips, the influence of the tip-induced effects will be
smaller and SHG will be directly related to the surface. Although the theoretical
resolution in this case will be smaller than that for sharper tips due to a smaller
electromagnetic field enhancement, the practical resolution will remain about the
same (~100 nm) due to a better overall collection efficiency of such tips. Thus, the
choice of the tip depends on the task at hand. For example, for studies of SHG
from metal surfaces, perturbation introduced by a tip should be as small as possi-
ble. On the other hand, for local crystal analysis with SHG, the field enhancement
at a probe tip that depends on the excitation light polarization can be advanta-
geous. In the case of polarization measurements with uncoated fiber tips, SNOM
resolution down to 40 nm was reported, which is related to the strong field
enhancement in the vicinity of high refractive index materials [20].

4.2.2 Apertureless SHG SNOM

Another type of second-harmonic SNOM makes total use of the effect of the field
enhancement at a metallic tip to achieve a local enhancement of nonlinear optical
processes in the vicinity of the tip, similar to apertureless scanning near-field
optical microscopy (ASNOM) schemes based on two-photon excited fluorescence
[19, 21] and Raman scattering [22-24]. It provides much stronger light confine-
ment and better spatial resolution than an aperture-based SHG SNOM [25]. This
technique, however, poses the problem of image interpretation [26].

In SHG ASNOM, the excitation light illuminates the tip-surface junction and
the scattered SH light is detected in the far field. [See Figures 4.1(d)—(f).] The signal
related to nonlinear optical processes is determined by the superlinear dependen-
cies on the intensity of the driving field (the fourth power of the local fundamental
field in the case of SHG). This makes such techniques more sensitive to the field
distribution over a surface than ASNOM based on linear optical processes. Not
only the magnitude of the signal but also the spatial resolution of ASNOM is
related to the field enhancement since it determines the effective surface area most
strongly contributing to the measured signal. As discussed by Kawata, Xu, and
Denk [19], in contrast to the scattering or conventional fluorescence, the light
associated with nonlinear processes can be confined (falling faster than 1/7° with a
distance 7 from a tip apex) even without localized surface plasmon excitation.

An approach based on SHG is advantageous compared to other ASNOM
schemes because there are almost no restrictions on tip and sample materials since
all materials exhibit surface SHG. Only one tip or sample needs to posses strong
SHG to provide second-harmonic ASNOM imaging. In different experimental real-
izations, the technique of apertureless second-harmonic SNOM allows one to probe
the local second-harmonic field generated at the surface if the nonlinear susceptibil-
ity of the sample is higher than that of the probe tip (a nonlinear background-free
analogue of ASNOM based on local scattering). In the opposite case, one can
achieve a strongly confined second-harmonic light source at the tip apex with prop-
erties dependent on the topographic and dielectric properties of the surface under
investigation. From an experimental point of view, an apertureless SHG SNOM
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avoids some of the technical problems of both fluorescent and scattering-type
ASNOMs: It maintains the advantages of a fluorescent ASNOM as the signal is
spectrally isolated from the excitation light, while it is not affected by bleaching and
aging problems and tip formation as, for example, metallic tips commonly used in
STM or metal-coated cantilevers used in atomic force microscopy can be employed.

4.3 Near-Field SHG at Metal Surfaces

SHG from smooth and rough metal surfaces has been extensively studied in the far
field. The studies of the SHG processes on smooth metal surfaces provide details of
the electron dynamics in metals. SHG was used in the past to study interactions in
correlated electron gas, Fermi surfaces in different metals, etc. The nonlinear polar-
ization P(2w) induced by the excitation light E(w) is

P(2w) = XJE(0)Eyw) + ... (4.1)

where )(5,2,3 is the second-order nonlinear susceptibility. Symmetry considerations
show that this contribution is absent in centrosymmetric media. In this case, the
only remaining source of nonlinearity is a surface where inversion symmetry is
broken. This accounts for the unprecedented surface sensitivity of the SHG studies.
Surface SGH observed in reflection obeys a set of selection rules. It can be excited
with p-polarized light leading to p- or s-polarized SH light generated in the direc-
tion of the specularly reflected excitation light.

Real surfaces, however, possess various degrees of roughness. The consideration
of roughness leads to several phenomena affecting SHG, such as relaxation of polar-
ization selection rules and enhancement of the electromagnetic field at surface
defects. Less obvious is the influence of weak and strong light localization effects on
SHG from rough surfaces [27] that results in significant changes of the angular spec-
trum of SHG observed in the far-field region [28]. Even more pronounced changes
should be expected in the near-field region close to the surface. Analyzing the near-
field SHG measurements, one should consider the substantial influence of evanescent
fundamental and second-harmonic fields. Phase-matching conditions and polariza-
tion selection rules are meaningless in the near-field of a rough surface. Both are
defined with respect to the plane of incidence determined by the direction of propa-
gation and the normal to the surface. There is no direction of propagation for an
evanescent wave. A mean normal direction depends on the scale of observation, and
a local normal does not coincide with the average normal to the sample surface.

To determine the contribution of near-field processes to the SH generation, the
dependence of the second-harmonic signal on the tip-sample distance for s- and
p-polarized excitation light was studied (see Figure 4.2). A strong decrease in the
signal was observed at about 500 nm from the surface. This behavior is especially
pronounced for s-polarized excitation. The initial drop in the signal is followed by a
number of oscillations for both excitation polarizations: Each maximum for
p-polarized excitation corresponds to a minimum for s-polarized excitation and vice
versa. This behavior results from the electromagnetic interaction due to multiple
reflections of fundamental and SH light between the glass tip and silver film surface.
The phase shift between the distance dependencies can be explained by the 7 phase
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Figure 4.2 (a) Distance dependence of the SH intensity for s- and p-polarizations of the excitation
light measured at the center of the surface region shown in (b). Dashed lines are power-law
dependencies drawn as a guide to the eye.

shift between p- and s-polarized fundamental waves reflected between the tip and
metal at angles larger than the Brewster angle. The ratio of the SH signals induced
by p- and s-polarized light changes substantially in the near-field compared to the
far-field region. This ratio falls from about 3 at a distance larger than 3 wm from
the surface to approximately 1 near the surface. This substantial increase in the
s-polarized light-induced evanescent SH field in the vicinity of a rough surface is a
nontrivial near-field phenomenon; it is a consequence of relaxation of the polariza-
tion selection rules and phase matching conditions in the near field.

4.3.1 SHG Enhancement at Individual Surface Defects

In conventional experiments on surface SHG, one has the possibility of measuring
only an intensity and an angular distribution of the SHG originated from the rela-
tively large surface area (determined by the size of the illuminating spot) and, there-
fore, averaged over a large number of defects without exact knowledge of the
surface morphology. Before the introduction of near-field optical techniques, the
only experimental approach to SH characterization of rough surfaces was to change
the distribution of defect sizes and shapes and then compare the measured tenden-
cies of average SH enhancement with model predictions obtained for an average
random defect ensemble. In an ideal experiment, one would like to know the exact
size and shape of defects contributing to SHG. At the same time, the lateral distribu-
tion of the electromagnetic field over a surface is not uniform and depends on the
surface defect structure. The local field intensity can vary by several orders of mag-
nitude on a scale less than half a wavelength along the surface [29]. Therefore, in
many cases, investigations of the averaged optical response do not result in an
understanding of the underlying physics. The use of near-field measurements pro-
vides an opportunity to study SHG from specifically chosen defects before the SH
contributions from individual defects are averaged in the far-field zone.

Studies of SHG generation from different types of individual surface defects
have revealed that the main contrast mechanism for near-field SH imaging is
topography variations. Such behavior is observed for different kinds of surface
defects such as grooves, pits, and protrusions on a metal surface [8, 30-33]. In all
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of these geometries, the enhancement of SH generation induced by s-polarized
excitation occurs near the places on the surface where inhomogeneities are present.
This effect has the same origin as the growth of the ratio of s- to p-polarized light-
induced SH signals near the rough surface discussed in the previous section. The
polarization of the excitation light is important for achieving a field enhancement.
However, in the case of p-polarized excitation, the SHG related to surface inhomo-
geneities is observed in the background SHG due to the nonlinear processes in the
electron gas close to a smooth surface.

Let us consider several examples of the SHG enhancement on individual sur-
face defects. In the case of the surface shown in Figures 4.3(a) and 4.3(b), which is
essentially flat with a narrow, deep groove, the SH image looks like a “negative” of
the topographical image. The SH signal measured in the flat regions is much
smaller than the signal measured near the groove. In the case of protrusions on a
metal surface [Figures 4.3(d) and 4.3(e)], up to tenfold local enhancement of the
SHG at defects with micrometer-size lateral dimensions has been observed, while
average SHG enhancement was negligible (about 1.2 times).

In a general form, an enhancement of SHG excited and detected at a surface
defect can be described as

Iy ~ |L2o)L* ()’ (4.2)

where L(2w) and L(w) are the field enhancement factors at fundamental and sec-
ond-harmonic wavelengths, respectively [5]. The local field enhancement factor
L = L;zLgp takes into account the lightning rod effect (L; ) due to the geometrical
electromagnetic field enhancement at a highly curved surface and localized surface
plasmon excitation (Lgp). For both enhancement mechanisms, the orientation of
the light polarization with respect to a defect is important.
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Figure 4.3 (a) Topography and (b) measured and (c) calculated SH images of the silver surface
with the defect supporting localized surface plasmons. The fundamental wavelength is 1064 nm.
(d) Topography and (e) SH image of a gold film in the case of the geometrical field enhancement on
the surface defects. The fundamental wavelength is 790 nm. (f) Cross sections of topography and
SH intensity related to the defects indicated by the arrows in (e). Symbols represent the experimen-
tal data; solid lines are the model calculations for the lightning rod effect.
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For the defect in Figure 4.3(a), the main SHG enhancement effect is related to
surface plasmons localized in the groove due to the variation in film thickness. For
the parameters of the groove measured from the topographical image, the localized
plasmon resonance is inferred to be close to the SH photon energy and the Lgp(2w)
term in Equation 4.2 dominates. The SH intensity distribution calculated in the
model of the groove-related surface plasmon reproduces the experimentally
observed image very well. [See Figures 4.3(b) and 4.3(c).]

The dipolar localized surface plasmons related to the protrusions on the gold
surface in Figure 4.3(d) are estimated to be at about 0.9 eV, which is much lower
than the energy of fundamental (Aw = 1.57 eV) and second-harmonic photons
[33]. In this case, only the lightning rod effect, L, g, is important. For estimation of
this geometrical field enhancement, the surface defects can be considered as parti-
cles of a conical shape. The enhancement close to the apex of such particles can be
estimated in the electrostatic model as follows:

E ~ E91/r (4.3)

Here E¥ is the component of the electric field parallel to the cone axis near the
plane surface far from the defect; r is the distance to the cone apex; and v is the first
root of equation P,(cos(0,)) = 0, where P, and 6, are the Legendre function of the
first kind and the cone opening angle, respectively. Depending on the cone angle,
the parameter v is in the range 0-1 for an ideal metal [34]. The corrections due to
a finite dielectric constant of a material (which allow v = — 0.5) as well as the
influence of surroundings have been extensively discussed by Kawata, Xu, and
Denk [19]. This model agrees fairly well with the experimentally measured SH
intensity distributions [Figure 4.3(f)] for the parameters of the defects obtained
from the topographic image. The finite resolution of the SNOM leads to averaging
of the signal over the excitation area and therefore to subsequent reduction of the
observed enhancement at a cone apex.

Dependence of the surface-enhanced SHG on the defect size was demonstrated
for surface defects shaped in a form of cylindrical segments with adiabatically
varying elevation [30]. The intensity of local SHG gradually increases with the
local elevation of the defect. The size dependence of the near-field SHG signal cal-
culated in a geometrical field enhancement model is in general agreement with the
experimental data without any fitting parameters. The near-field studies of SHG
from metallic gratings also has been performed. They show that in addition to the
grating-related effects, imperfections (fine defect structure) of gratings play a sig-
nificant role in SH generation. The influence of imperfections is very pronounced
in the SHG images, showing the importance of the field enhancement at the surface
defects of the grating [30, 31]. The contribution to SHG from the surface defects
may dominate the SH intensity related to the periodic structure of a grating. This
effect leads to the diffuse SH light generation from metallic gratings.

The SHG SNOM in the excitation mode was used to study the near-field opti-
cal response related to localized surface plasmon resonances and morphology of
the metallic particles lithographically fabricated on a metal surface [35, 36]. These
experiments also have evidenced the SHG processes specific to the near-field exci-
tation where scattering efficiencies of the nanoparticles can be different from those
in the far-field excitation.
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4.3.2 SHG and Surface Polariton Localization on a Rough Surface

Generally, p-polarized light-induced near-field SH images are more complex due to
the interplay between SHG processes related to surface inhomogeneities and surface
plasmon polariton (SPP)-related effects. For example, in the case of a typical ran-
domly rough surface (Figure 4.4) with a number of defects of various sizes, larger
defects have different but uniform brightness in the SH image (e.g, on the right-hand
side of the images). However, above the surface area with many small defects, the
SH intensity distribution exhibits the presence of small bright spots not directly
related to the defects (e.g., at the top of the images). The width of the spots is about
240 nm, which is about half a wavelength of the SH light. These spots have been
identified as the result of SPP localization on randomly rough surfaces [8] similar to
those observed in the linear SNOM images of rough metal films [37].

In fact, SHG at a rough surface and SPP excitation are closely related phenom-
ena since every surface defect may act as a source of a surface wave. Localization
effects in the SH generation from rough metal surfaces have been predicted by
McGurn, Leskova, and Agranovich [27]. It has been shown that multiple scattering
leading to light localization gives a considerable contribution to SHG. Both funda-
mental and second-harmonic SPP-related localization can contribute to the effect,
giving rise to components of SH light propagating perpendicularly to the average
sample surface and in the reverse direction to the fundamental wave propagation,
respectively. This has been observed indirectly by measuring weak changes in the
far-field angular distribution of the SH light [28]. The images observed in the near-
field provide direct evidence of the SPP localization processes in SHG from ran-
domly rough surfaces. Further SNOM studies have enabled identification of the
spectral dependencies of this SPP localization phenomenon in SHG [38].

4.4 Apertureless Second-Harmonic SNOM

The effect of the SHG enhancement at the surface features discussed previously can be
turned around and used to perform ASNOM based on local enhancement of SHG.
Owing to the field enhancement at the extremity of a probe tip, the main source of SH
light is situated at the surface area just under the tip if the surface nonlinearity is dom-
inant, X' >> X%, or at the apex of the tip if the tip nonlinear susceptibility is higher
than that of the surface, y¥ >> y'?[16, 17]. In these realizations, the SHG ASNOM
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Figure 4.4 (a) Topography and (b) near-field SH intensity distribution above the arbitrary rough
silver surface obtained with p-polarized excitation light. (c) The cross section of the SH image along
the line indicated by the arrow.
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technique is a nonlinear analogue of a linear scattering-type SNOM [39] or
fluorescent-type ASNOM [40], respectively [see Figure 4.1(e) and 4.1(f)].

4.4.1 SHG in the Presence of a Probe Tip

If the near-field interaction between the surface inhomogeneities and the probe tip
plays a dominant role and if the dimensions of the tip-surface junction are small com-
pared to the distance to the observation point, we can neglect retardation effects and
the SH intensity measured in the far field can be expressed as follows [16, 17]:

2w) < | 2 xPei2w)al(w)] + xPoli2w)o(w)? 2E“(w) (4.4)

where x») and y?) are the second-order nonlinear susceptibilities of the surface
structure and the tip, respectively, and a(w) = f(a,,e,,d;;,E(w)/E()) is the linear
effective polarizability that depends on the polarizabilities of the surface structure
(a;) and the tip («,) as well as their separations d;; and the polarization of the fun-
damental light. This effective polarizability takes into account the field enhance-
ment effects at the w and/or 2w frequencies related to the field concentration
around highly curved surfaces (lightning rod effect) [34] as well as possible local-
ized surface plasmon resonances if the incident electromagnetic field is in the reso-
nance with the electron plasma oscillations in a metallic particle [41]. Although the
tip as well as the sample may be made of SH-active material, for the sake of sim-
plicity, we will assume that the SH signal discussed in the following considerations
is generated by a layer of randomly oriented nonlinear molecules that cover the
probe and/or the sample. Recently, the SH generation from the tip apex has been
studied by Bouhelier et al. [42].

Instead of the effective polarizability o, it is common to use the so-called field
enhancement factor L(w) = |E,./Ey| ~ a(w) = L;zxLgp, which shows the
enhancement of the local electric field, E,,,, compared to the incident one, E,. The
field enhancement factor has a complex dependence on the dielectric properties of
the surface and the probe tip, tip shape, surface topography, and their mutual geo-
metrical configuration, leading to nontrivial object-image relations [26]. Such a
complex behavior exists in any kind of ASNOM where the tip not only scatters (or
produces) the near fields but also modifies the local surface polarizability due to
the near-field electromagnetic interaction.

We will consider the second-harmonic intensity distribution around the apex of
a perfectly conducting conical tip [16]. The corrections due to the finite dielectric
constants of the tip and sample materials as well as the tip-sample interaction also
can be taken into account [19]. The geometrical field enhancement, which is associ-
ated with the field concentration at the highly curved surfaces, is only weakly
dependent on the excitation wavelength via the dielectric constant of the material as
long as the electrostatic approximation is valid. However, one should take into
account the contribution of the resonant field enhancement if the tip or the surface
can support surface plasmon excitations. Due to the fundamental and second-
harmonic field enhancement at the extremity of a probe tip, the main source of SH
light is situated at the apex of the tip or at the surface region just underneath it. If a
probe tip exhibits stronger second-order nonlinearity than a surface (or vice versa),
the situation is simplified considerably. In the former case, the tip of ASNOM can
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be considered as a strongly confined source of second-harmonic light (a nanoscale
light source) whose properties (and, thus, radiation characteristics) depend on the
surface structure underneath it. In the latter case, second-harmonic generation from
the surface under investigation is modified by the probe tip.

4.4.1.1 SHG from a Probe Tip

When the nonlinear susceptibility of the tip is much higher than that of the surface,
X << ¥, the signal of SHG ASNOM is determined by the second term in
Equation 4.4:

I20) o [xPo20) (@) EX o) (4.5)

and the tip acts as a SH light source [see Figure 4.1(e)]. The field enhancement at
the metallic conical tip dictates the spatial variation of the strength of the nonlin-
ear response and, therefore, the attainable resolution. Takahashi and Zayats [43]
studied the properties of near-field SHG from the probe tip apex under evanescent
near-field fundamental illumination. Bouhelier et al. [42], Labardi et al. [44] and
Neacsu et al. [45] investigated SHG from the probe tips under the far-field illumi-
nation. Detailed numerical modeling of the SH generation at the ASNOM tip and
its polarization and distance dependencies was carried out by Laroche et al. [46].

Let us consider the confinement and polarization properties of the SHG light
generated at the apex of a conical metal tip based on a simple electrostatic model of
the SH field confinement [16, 17]. Figure 4.5(a) shows the SH as well as fundamen-
tal intensity distributions when the tip apex is assumed to have a radius of 10 nm.
For the tip with an opening angle of 10°, the SH intensity decreases by 10° times at a
distance of 100 nm from the apex. At the same time, the fundamental light intensity
decreases by only 10 times. For a 60° tip, the field confinement is smaller: The SH
and fundamental light intensities decrease at the 100 nm distance by 10 and 2 times,
respectively. Thus, the SH field is much stronger confined to the probe tip than the
fundamental field, thereby allowing the higher spatial resolution to be achieved in
optical studies. Labardi et al. [44] experimentally imaged the fundamental scattering
and SH radiation from metallized AFM tips and confirmed the predicted strong con-
finement of the SH light from the freestanding metallic tips. Bouhelier et al. [42]
observed strong SHG confinement during the near-field interaction of the tip with
the surface. In the latter case, depending on the polarization of the fundamental light,
the SH field distributions around the tip has a complex structure since both trans-
verse and longitudinal fields generated at the tip can be detected in this case.

The typical polarization dependencies of the scattering and SHG from a probe
tip apex measured under the excitation in far and near field are presented in
Figure 4.5(b). They reveal only two types of dependencies (cos’d and cos*@) of the
detected fundamental and SH intensities on the orientation of the fundamental
light polarization with respect to the tip axis. Polarization contrast obtained with a
second-harmonic signal significantly exceeds the polarization contrast of the linear
scattering from the tip [43]. This is an important property for applications of light
sources where polarization sensitivity is needed, such as magnetic and ferroelectric
materials characterization.

Since the effective polarizability at both fundamental and second-harmonic fre-
quencies o¢(w) are sensitive to the variations of the topography and the dielectric
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(a)

(b)

Figure 4.5 (a) Normalized spatial distribution of the SH (1, 2) and fundamental (3, 4) light intensities
around a conical tip of 10° (1, 3) and 60° (2, 4) apex. (b) Polarization dependencies of (squares) scatter-
ing and (circles) second-harmonic generation from the tip apex in the near-field: (symbols) experiment;
(solid lines) model fits. The polarization angle is measured with respect to the plane of incidence.

properties of the surface under the tip, the second-harmonic light generated at the tip
is very sensitive to the properties of the surface and can be used to image and study the
surface without the need of illuminating it. This can be advantageous for the studies of
materials and objects that cannot withstand high intensities of the illuminating light.

Nano-Scale Light Sources via Local SHG

Electromagnetic field enhancement and light confinement are closely related phe-
nomena. It is the confinement that leads to the strong field enhancement due to a
small volume of the related electromagnetic modes. Various approaches to realiza-
tion of local light nanosources (apart from apertured tips) rely on the electromag-
netic field enhancement, linear and two-photon fluorescence, and SHG. The
enhancement of the incident light field at a tip apex is one of the examples of a con-
figuration leading to a strongly localized light source. However, it is achieved on a
significant background of scattered light of the same wavelength. The confinement
can be estimated from the localization size of surface plasmons at a tip apex. The
nanoscopic volume of fluorescent material has initially been proposed as a localized
light source followed by the implementation of a single molecule as a light source
[40, 47]. Nonlinear optical processes enable even better light confinement, provid-
ing a light source with the electromagnetic field that drops faster than 1/7* with a
distance from a source [19, 21]. Nonlinear techniques make use of an enhancement
of the electromagnetic field at a probe tip to achieve a local enhancement of the
second-order nonlinear processes at or in the vicinity of the tip.
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Light confinement effects and related nanoscopic light sources are important
from a fundamental point of view and from potential applications. Nanolocal light
sources and the ability to manipulate strongly localized electromagnetic fields are
required for imaging and characterization of materials and devices on the
nanoscale as well as for local optical and spectroscopic studies. They can be used
for photolithographic fabrication of nanostructures as well as for optical and mag-
neto-optical high-density data storage. Closely related to this is photochemistry
and photobiology on the nanoscale. Using localized light sources, photochemical
and photobiological transformations and photochemical reactions can be induced
locally on the level of individual molecules. SHG-based nanoscopic sources pro-
vide a wide spectral tunability range and excellent polarization properties.

4.4.1.2 Tip-Enhanced Surface SHG

In the case when the tip nonlinearity is much lower than the sample nonlinearity,
X > ¥, the first term in Equation 4.4 plays the dominant role:

[20) « | 3 xPal20)(a(0))*| EX w) (4.6)

The SH light in this case is generated at the surface [Figure 4.1(f)], and the tip is
used to modify and examine this SH field distribution (via modifications of ¢/ due
to the presence of the tip). This imaging mode is based on a principle similar to
that of conventional scattering ASNOM or the tip-enhanced two-photon fluores-
cence or Raman scattering. The optical response of the surface is enhanced due to
the local electromagnetic field modification by the tip. However, this enhancement
may be stronger in the case of SHG than in some of the other techniques since both
fundamental and SH field can be enhanced at the probe tip.

As shown in Figure 4.6, for different opening angles of a probe tip, the SH light
generated at the surface covered with nonlinear molecules is confined under the tip
for all of the tip parameters studied. As in the previous case, the tip provides
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Figure 4.6 Surface SHG intensity variations in a presence of a conical metallic tip of a 10°, 20°, 45°,
and 60° opening (dot, dash, dash-dot, and thin solid lines) placed 10 nm above the surface. Thick solid
line shows the fundamental light intensity variation across the surface induced by the 60° tip.
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stronger confinement of SH field compared to the fundamental field. Even for the
tips with a 60° opening, the SH light is strongly confined, while the half-width of
the fundamental light intensity distribution is already twice the size of the tip apex.

An increase of the separation between the tip and the surface influences the
absolute value of the enhancement but has little effect on the relative spatial distri-
butions of the light. This is in line with near-field SHG in a mesoscopic nonlinear
pad, which has been shown to be much stronger confined than the fundamental
light [48].

4.4.2 Self-Consistent SHG ASNOM Model

To understand the image formation mechanisms in apertureless SHG SNOM, the
electromagnetic coupling between a surface and a probe tip at both fundamental
and SH frequencies [Figure 4.1(d)] should be taken into account, similar to the cal-
culations of SHG from randomly structured surfaces [16]. The local fields in the tip
location over a surface should be self-consistently calculated, then used with appro-
priate second-order nonlinear susceptibilities of a tip and/or a surface. The local
fundamental field is established due to the electromagnetic interaction between the
tip and surface. SHG is driven by the fundamental local field at the surface and the
tip and the coupling between them at second-harmonic frequency leads to the local
second-harmonic field, which is responsible for the radiated SH light detected in
ASNOM measurements.

The calculations based on this self-consistent model show that both fundamental
and second-harmonic intensity distributions (Figure 4.7) for p-polarized excitation
light reflect the surface structure. With an increase of the tip-surface distance, the
fundamental light intensity (and the contrast of the images) drops significantly and
respective images become broader. At the same time, the maximum SH intensity is
observed at the scanning distance of about 7 nm from the surface when the excita-
tion of second-harmonic surface plasmon related to the tip-defect system is achieved
[17]. The SH images are subjected to much less widening than the linear images. This
is directly related to the stronger confinement of the SHG mediated by a probe tip.
The SH image contrast variations are about 4 times greater than those of the images
obtained with the scattered fundamental light. In a real experiment, the contrast vari-
ation of the image in scattered light will be additionally affected by the background
due to light scattering from the surface and tip shaft. Under excitation with
s-polarized light, both SH and fundamental light images have complex structures
related to an interplay between the components of the excitation and SH field paral-
lel and perpendicular to the tip-defect axis during scanning.

4.4.3 Experimental Realization of SHG ASNOM

The first experimental realization of this apertureless technique has been achieved
using a silver tip and a gold surface as a sample (see Figure 4.8). In these experi-
ments, the second-order nonlinear susceptibilities of the tip and sample are of the
same order of magnitude; therefore, the observed SH light is generated at both tip
and surface. The lateral distribution of the second-harmonic intensity induced
under the excitation with light having an electric field component parallel to the tip
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Figure 4.7 Near-field images of a 10 nm radius silver sphere calculated for (left) second-harmonic
and (right) fundamental scattering SNOM measurements for the tip-surface distance of (from bot-
tom to top) 1, 7, and 20 nm. The tip is modeled with a silver sphere of a 10 nm radius. The dis-
tances between spheres are measured from their surfaces. Excitation light (A = 740 nm) is

p-polarized with respect to a surface.
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Figure 4.8 The images of a rough gold film surface obtained using an apertureless second-
harmonic SNOM: (bottom) topography and SH light distribution measured with (middle)
p-polarized and (top) s-polarized excitation light.
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axis reveals complex behavior depending on the surface defect structure, but in
general reflects the local topography. Lateral variation of the SH signal is related to
the different degree of the electromagnetic field enhancement due to the interaction
between the tip and surface defects. At the locations on the film surface where the
defect structure is simple, the SH images show good correlation with the field
enhancement at the individual defects (e.g., with the groove on the surface). In
regions with complex surface structure, the SH image does not represent individual
surface features, but rather the local field distribution in the system of interacting
defects. Although localized surface plasmons have not been specially excited in
these experiments, at a rough surface where features of all sizes and shapes are
present, it is possible to find a defect (or ensemble of defects) and tip position for
which localized plasmon can be excited at the tip-surface junction at the excitation
or SH frequency [26]. They are the defects that dominate the recorded SH images.
The field enhancement depends dramatically on the geometry, size, and mutual
position of the tip and surface defects. Slight variations of the defect shape may
result in significant variations of the enhancement and, as a result, the observed SH
signal. By changing polarization of the excitation light or tip-surface distance, the
interaction between the tip and surface (and, therefore, the resulting SH intensity)
can be modified. The contrast in the SH images disappears under excitation with
light having no electric field component parallel to the tip axis or when the tip is
not in the near-field proximity to the surface [25]. An increase of the SH intensity
with the tip approaching a surface is of the same order of magnitude as the one cal-
culated for model systems [17].

Williame et al. [49] have recently conducted the experiments on the visualiza-
tion of the field enhancement at rough metal surfaces using the apertureless SHG
SNOM set-up with metallized AFM cantilevers. Their results are in agreement
with the general trends observed and modeled previously, demonstrating much
better resolution and higher sensitivity of the SHG measurements to the field vari-
ations across the surface compared to the fundamental light scattering.

4.5 Near-Field SHG Imaging of Functional Materials

SHG is a sensitive technique for the characterization and investigation of the sym-
metry properties of various important technological materials. It is known to be
affected by crystal structure, magnetic and ferroelectric order, mechanical strain,
etc. Far-field SH microscopy has already demonstrated its great potential in these
fields [2, 3]. However, in many applications, spatial resolution below the diffrac-
tion limit of far-field optics is required. For example, better than 100 nm resolution
is needed for characterization of thin ferroelectric films, which form the basis of a
new thin film technology for data storage. The ultimate performance (density and
speed of operation) of these devices depends on the spatiotemporal properties of
individual ferroelectric domains. A better understanding of these properties
requires experiments performed with nanometer spatial and subnanosecond tem-
poral resolution. Near-field microscopy of SHG may be the technique of choice in
such experiments. Its main advantages compared with other techniques are the
possibility of spectral and time-resolved measurements in ambient conditions and
in applied external electric and magnetic fields.
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Linear optical techniques with subwavelength spatial resolutions providing mag-
neto-optical contrast (i.e., the ability to discriminate between differently oriented
magnetic domains) are based on various SNOM approaches with polarization reso-
lution. These approaches rely on the magneto-optical Kerr or Faraday effects in
reflection or transmission, respectively. Using linear apertured or apertureless
SNOM, domain imaging has been achieved for polar (magnetization perpendicular
to the surface) as well as in-plane magnetized materials and thin films [50]. Similarly,
several optical techniques exist with which it is possible to image ferroelectric
domain structures in the near-field using apertured and apertureless SNOM [51].
However, many linear optical techniques in this case are limited by the necessary
application of electric fields perpendicular or parallel to the ferroelectric sample sur-
face. In addition, ASNOM may require the implementation of interferometric signal
analysis to recover the phase information on polarization direction variations.

Nonlinear optical techniques based on SHG are advantageous for functional
materials imaging due to a much higher sensitivity to magnetization (or macro-
scopic polarization) variations in the magnetic (or ferroelectric) domain structures.
High surface and interface sensitivity of SHG in combination with the high spatial
resolution provided by SNOM has been validated as a powerful tool for imaging
of magnetic and ferroelectric domains. The spatial resolution in the collection
mode SHG SNOM, when the second-harmonic photons are collected with a
SNOM tip, has typically been shown to be about 100 nm with uncoated fiber tips
usually used in SHG measurements, reaching about 30 nm in the case of high-
refractive index materials (such as piezo-electric films and crystals) with particular
polarization properties [18, 20]. In the latter case, although the detection of the SH
light is done with a bare fiber tip, the field enhancement effects are similar to those
relevant to apertureless SHG SNOM discussed in Section 4.4.1.2. As was proposed
by Smolyaninov et al. [20], the fiber tip can be partially coated with metal to pro-
vide additional field enhancement and scattering of the SH field into the fiber as
well as to apply an external electric field to modify the ferroelectric domain struc-
ture under investigation.

SHG polarization analysis, which is, in many cases, essential for domain imag-
ing, although in principle possible with an aperture-based SNOM, is not always
feasible due to a weak SHG signal passing through the subwavelength aperture of
a fiber tip. More importantly, due to the effects caused by depolarization at the tip
apex and in the fiber, it is usually difficult to routinely achieve the polarization
extinction better than 10 with apertured SNOM tips. As has been shown, a probe
tip of ASNOM acts as an effective local polarizer due to polarization properties of
the field enhancement; thus, polarization analysis of the detected light can be
achieved efficiently in the apertureless configuration.

Thus, for magnetic and ferroelectric domain imaging, apertureless SHG
SNOM has advantages in providing high sensitivity to domain orientation,
stronger electromagnetic field enhancement—and, therefore, higher SH signal—
better spatial resolution (stronger light confinement), as well as good polarization
properties enabling polarization analysis of SH light in the near field. In addition,
the apertureless configuration provides more flexibility in illumination/detection
configurations needed to address various orientations of the domains and different
components of the second-order susceptibility tensor that is needed for absolute
determination of the domain orientation.
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Applications of ASNOM to the observation of domain-orientation-dependent
SHG has nontrivial consequences for imaging contrast mechanisms [25]. The pres-
ence of the tip significantly modifies both the local fundamental field and generated
SH field. These effects are most important for metallic probe tips of ASNOM.
However, even for uncoated fiber tips, the influence of the probe tip can be impor-
tant. The fiber tip effects are, in many cases, negligible in linear SNOM measure-
ments but cannot be neglected in SHG studies since the SH intensity is proportional
to the fourth power of the local fundamental field. In addition, the mixing of the
SHG signals from the tip and the sample also may be important [50, 51].

4.5.1 SHG Imaging of Magnetic Domains

Magnetization-induced SHG is a nonlinear version of the magneto-optical Kerr
technique that has been shown to have a very large magneto-optical response [52].
SHG has been used successfully in far-field imaging of magnetic-domain structures
and their dynamics. Magnetization-induced contrast depends on the polarization
state of the excitation light and the orientation of the magnetization vector in the
sample. In the dipole approximation, the nonlinear polarization P(2w) of a mag-
netic medium induced by the fundamental light E(w) is

P2w) = XE/Zk)E;'(w)Ek(“’) + XiuE(@)E(@)M; + ... (4.7)
Here x{?) is the electric dipole contribution to the nonlinear susceptibility, x 7 is
the magnetization-induced term, and M, is the magnetization of the medium. Thus,
magnetization-induced contrast in SHG images depends on the form of 7}, tensor.
In the simplest case, if the magnetization has a component parallel to the surface
and perpendicular to the electric field of the s-polarized excitation light, one can
imagine that the motion of electrons near the surface becomes asymmetric because
of the Lorentz force acting perpendicular to the surface. This gives rise to modifi-
cation of SH generation. This SHG is insensitive to the sign of magnetization. The
component of the electric field of the p-polarized excitation light parallel to the
surface results in similar SHG. In this case, magnetization-induced SHG adds to
the nonmagnetic contribution from the component of the electric field perpendicu-
lar to the surface. However, in the case of noncentrosymmetric materials, the con-
tribution from the bulk of the magnetic material should be taken into account and
the exact form of x7}, tensor will be crucial for the contrast mechanism [53]. The
bulk distribution of SHG also will be a factor limiting the resolution of SNOM via
the probing depth, which defines the sample volume where SH light is generated
and collected. The detailed analysis of the SHG SNOM contrast in magnetic
domain imaging and the SNOM image formation mechanisms using near-field
measurements of nonlinear magneto-optical effects with apertured probe as well as
in apertureless mode has been performed by Dickson et al. [50].

Taking into account the preceding considerations, the s-polarized excitation light
had been chosen for magnetic domain imaging. Magnetic domains on the [100] sur-
face of a Ni single crystal had been studied. The images of SHG spatial distribution
of a demagnetized sample reveal a number of bright and dark regions with character-
istic rectangular shapes (see Figure 4.9). These features do not correlate with surface
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Figure 4.9 (a) Topography and (b, c¢) SH images of the Ni single crystal before (b) and after
(c) magnetization. (d) The SH image cross section perpendicular to a domain wall.

topography, which is rather flat. The rectangular features have characteristic shapes
of the domains of closure in Ni. The regions with uniform brightness are magnetic
domains with different orientations of magnetization. The sizes of the domains
observed are of the order of a few micrometers, which is the usual size of magnetic
domains in Ni. After the sample was magnetized, the domain structure was erased
[see Figure 4.9(c)|. Overall SH intensity also decreased in this case since the induced
magnetization was perpendicular to the plane of incidence. The width of a transition
region between the domains is about 150 nm. [See Figure 4.9(d).] This is close to the
known thickness of a Bloch wall (magnetic-domain boundary) in nickel.

4.5.2 Local Poling Analysis of Ferroelectric Materials

Near-field SHG measurements provide a tool for nanometer scale crystal analysis
that allows recovery of the local poling direction of individual ferroelectric domains
since due to the symmetry considerations, the second-order susceptibility tensor d ')
has the same form as the piezoelectric tensor [12, 20, 48, 51]. To understand the con-
trast of near-field SH images of ferroelectric materials, polarization properties of SH
generation in the near field were studied using a poled single crystal of BaTiO;.
Phase-matched SHG is prohibited in the bulk of BaTiO; because of its strong disper-
sion. As a result, the measured SH signal originates at the surface, which makes the
experimental situation look very similar to the case of a thin film. Near-field SH
polarization dependencies measured in the SH collection mode with an uncoated
fiber tip [Figure 4.10(a)] exhibit fourfold symmetry with respect to the fundamental
light polarization rotation if the poling direction is in the plane of incidence of the
fundamental light and parallel to the crystal surface (longitudinal configuration). The
symmetry becomes twofold when the optical axis is perpendicular to the incidence
plane (transverse configuration). If the poling direction is perpendicular to the crystal
surface (polar configuration), the SH intensity is much weaker than in the previous
cases and has twofold symmetry. Thus, the near-field SHG may be used reliably to
recover the local poling direction of ferroelectric domains.
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Figure 4.10 (a) Experimentally measured and (b) theoretical dependencies of the near-field SH
intensity on the fundamental light polarization for polar (P), longitudinal (L), and transverse (T) pol-
ing directions of a BaTiO; crystal with respect to the incident fundamental light. Simultaneously
measured (c) topography and (d) near-field SH image of a PZT film (size 3 X3 um?). Height varia-
tion within the topographical image is 75 nm. The SH image was obtained using p-polarized excita-
tion light. (e) Near-field SH intensity dependencies on the polarization of the fundamental light
taken at 9 points shown in the images (c, d): The points are numbered in succession from left to
right along the line. The distance between the points is 45 nm.

As an example, we consider the transverse configuration with the ferroelectric
domain orientation normal to the incidence plane of the fundamental light.
Considering only nonzero components of the second-order nonlinear susceptibility
tensor for BaTiOs: XZ) = x&, Xyzy = xZ, X(zzy)y = ¥, and y2, where z is the

poling direction. The second-harmonic field components at the fiber tip location
can be written according to Equation 4.1, taking into account the field enhance-

ment effects described by Equations 4.2 and 4.3 as follows:

E.2w) ~ x&sin*ycosa

E,(20) ~ (y/es) Xohsin*peosa (4.8)

E,2w) ~ (yY*/e*) xBcostpsin*a + x.costpcos’a + xLlsin*y

Here « is the angle of incidence, s is the polarization angle of the fundamental
light defined with respect to the plane of incidence (¥ = 0° correspond to
p-polarized light), & is the dielectric constant of ferroelectric material, and
v = L;g(w) is the enhancement factor related to a glass probe tip for the excitation
field component parallel to the tip axis (E, component). It can be very roughly esti-
mated as y ~ 12, where # is the refractive index of a tip. The E, component of the
SHG field also can be enhanced at the tip apex. Numerical calculations of the
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enhancement factors for different tip-surface pairs show that this approximation
gives underestimated values of the enhancement [19]. In a simplified model,
assuming that a SNOM tip collects only dipole radiation and the SH dipoles ori-
ented in y direction do not radiate toward the tip, the SHG signal detected with
SNOM will be Iy ~ EX2w) + E2(2w). Similar calculations of the field at the tip
apex can be performed for two other poling directions. According to this model,
the polarization dependencies of the field E(w) for the surface area around the tip
should be approximately the same as for the field directly under the tip. Only the
enhancement factor vy is different: y changes from a maximum just under the tip
apex to y = 1 far from the tip. Thus, in the final result, one must replace the fac-
tors y* and y* by the average values <y*> and <y*> taken over the area around
the tip from where the SH signal is collected. The best agreement with the experi-
mentally measured symmetry properties of the near-field SH polarization depend-
encies was achieved with y= 5-7 [see Figure 4.10(b)]. A much smaller value of the
SH signal in the polar configuration is a consequence of the fact that Iy only con-
tains terms proportional to <y”>, while in the case of the longitudinal and trans-
verse configurations, the SH signal is proportional to <y*>.

Local polarization measurements in different areas of thin BaTiO; and PZT
(PbZr,Ti,_.O;) films show a close resemblance with the theoretical dependencies
(see Figure 4.10). These materials have similar perovskite structure and belong to the
same tetragonal symmetry class. The localized areas of the SH intensity variations in
Figure 4.10(d) can be identified as regions with different poling directions. Point-by-
point measurements of local SH polarization dependencies [Figure 4.10(e)] over the
area which shows clear change in SH contrast have been performed by moving the
tip in 45 nm steps (from left to right with respect to the image) as indicated in
Figures 4.10(c) and 4.10(d). A full transition from fourfold symmetry (curves 1-3) to
twofold symmetry (curves 8 and 9) has been observed with a narrow intermediate
region (curves 4-7), which does not show any polarization dependence of SHG.
High spatial resolution of the near-field SH measurements is evidenced by the obser-
vation of symmetry changes in the SH polarization dependencies in neighboring
points. Such a high spatial resolution for uncoated fiber tips stems from the field
enhancement effects at a glass tip apex, especially while imaging materials with high
permittivity. A surface area just below the tip dominates the measured SHG signal
similar to the case of ASNOM measurements with metallic tips discussed in Section
4.4. However, the enhancement and resolution depend on particular polarization
properties of the sample under investigation (Equation 4.8).

It is possible, knowing the nonzero nonlinear susceptibility tensor components,
to determine the local domain direction by comparing the near-field SH response
obtained with different fundamental light polarizations and different angles of
incidence. Such polarization dependencies are strongly influenced by the field
enhancement effects [51]. Utilizing these polarization properties of the SHG and
assuming that domains are related to grain structure of a polycrystalline PZT film,
the SHG variations can be correlated directly to the topography of the film. This is
illustrated in Figure 4.11. The SHG polarization difference image [Figure 4.11(d)]
has been obtained by subtraction of the raw SH signal measured at different funda-
mental light polarizations. Grain/domain boundaries have been drawn as a visual
guide. The area designated A shows almost no change in SHG as the fundamental
light polarization is rotated from s to p. This may indicate a domain oriented in the
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Figure 4.11 (a) Topography and (b, c) corresponding SHG SNOM images of the PZT film obtained
with (b) p- and (c) s-polarized excitation light. The polarization-dependent change in the SH inten-
sity is shown in (d). The grayscale variations in (d) from black to white correspond to an increase in
the SH intensity with the fundamental light polarization rotated from s- to p- state. Possible grain
boundaries have been traced on (a) and (d) to assist with visual interpretation.

longitudinal direction for a tip-surface combination exhibiting a small enhance-
ment factor. The area marked B shows a strong increase in SHG for p-polarized
fundamental light, indicating either transverse or polar orientation of the domain.

Thus, the advantages of the SHG SNOM imaging of magnetic and ferroelectric
domain is that the SHG contrast related to domain orientation is similar to that in the
far-field measurements but with different contributions from the susceptibility tensor
components [51]. Nevertheless, in the ASNOM configurations with a tilted metallic
tip exhibiting second-order nonlinearity comparable to that of the sample, the SH
intensity contrast can be obtained for different domain orientations without the need
for additional polarization analysis. The technique also provides better spatial resolu-
tion and stronger SHG signal due to the tip-induced field enhancement [25].

4.6 Conclusion

Since its recent development, near-field second-harmonic generation already has
found numerous applications in imaging and local optical characterization of vari-
ous materials and structures, including functional materials as well as chemical and
biological species. Further extensions of the technique for third-harmonic genera-
tion and four-wave mixing on the nanoscale are already under development [14].
Nonlinear nano-optics in general and second-harmonic generation in particular
have opened up fascinating opportunities in studies of the electromagnetic field
enhancement effects and their applications for achieving nanoscale light sources.
Implementation of novel nanofabrication technologies provide new opportunities
for tailoring properties of nanostructures and probe tips to emphasize and target
effects in nonlinear optics related to field enhancement and light localization. An
understanding of nanoscale nonlinear processes might provide the possibility of
developing nonlinear photonic devices on the subwavelength scales capable of
operating at low light intensities.
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Lithography of Light-Emitting
Polymers
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5.1 Introduction

Conjugated polymers provide a class of film-processible semiconductor materials
with significant potential for use in opto-electronic devices such as light-emitting
diodes (LEDs) and photovoltaic cells [1, 2]. In particular, the advantages that con-
jugated polymers offer in terms of low-cost production and fabrication simplicity,
stemming from their solution processibility, make them suitable for use in applica-
tions such as large area displays and solar cells. There is now considerable scope
for the further development of these materials by the control of structure on a
mesoscopic scale. The fabrication of conjugated polymer nanostructures through
self-organization has been shown to be very effective for the improvement of the
performance of conjugated polymer LEDs [3] and photodiodes [4], while lateral
patterning on a range of length scales is required for multicolor displays [5], inte-
grated electronics [6, 7], and the fabrication of smart photonic structures [8-10].
Depending on the length scale involved, these nanostructured systems can be
investigated by means of different microscopies, such as atomic force microscopy
(AFM) and transmission electron microscopy (TEM). For features with typical
dimensions of a micron or larger, these systems can be investigated with optical
probes in the far field. Indeed, the chemical specificity provided by optical tech-
niques such as fluorescence and Raman microscopy usually makes them preferable
to AFM, while TEM involves staining [4], which may be impossible or undesir-
able. Furthermore, optical probes provide information about the local optoelec-
tronic properties, important for device optimization. However, in many conjugated
polymer systems, the relevant length scales are below the classical Abbe diffraction
limit, restricting the use of conventional far-field spectroscopies. This limit can be
overcome through the use of near-field microscopy, which also provides topo-
graphic information to enable a correlation with the results of AFM. In this chap-
ter, we will describe the use of SNOM for determining the structural composition
and local optoelectronic properties of conjugated polymer nanostructures [11-15].
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We also will demonstrate the use of SNOM as a photolithographic technique for
the nanoscale patterning of polymer films [16].

5.2 Conjugated Polymer Blends

The ability to blend different semiconductors is a useful property of solution pro-
cessible materials such as conjugated polymers. It allows the improvement of
device performance by enabling the selection of the optimum material for each rel-
evant process in device operation (charge transport, charge injection, and lumines-
cence) as well as the fine-tuning of the overall device performance by control of the
concentration. Furthermore, the generally low entropy of mixing polymers leads to
phase separation on length scales ranging from a few nanometers to several
microns [17, 18], which can be put to use for further device optimization.

For example, lateral phase separation within thin conjugated polymer films
leads to systems with a high interfacial surface area, beneficial for the performance
of photovoltaic devices when the differences in electron affinities and ionization
potentials of the constituent polymers of the blend are such that efficient exciton
ionization is enhanced at interfaces between the two materials [4, 19]. The absorp-
tion of light in a photovoltaic device leads to the creation of excitons, bound elec-
tron-hole pairs. Those excitons that diffuse to a polymer-polymer interface will
participate in charge transfer to form unbound electrons and holes, with the elec-
trons transferred to the material with the higher electron affinity and the holes to
the material with the lower ionization potential. Furthermore, as the exciton diffu-
sion length is of the order of ~10 nm in conjugated polymers, it is expected that a
phase separation on a length scale comparable to or smaller than this will allow
excitons created within a phase to diffuse easily to an interface to facilitate efficient
charge transfer for the realization of highly efficient photovoltaic devices [4].

Within thin films of conjugated polymer blends, the length scales for phase
separation can be varied from several microns to tens of nanometers by limiting
the time allowed for solvent-enhanced self-organization through different process-
ing routes [4,18]. Compositional gradients and fine nanoscale mixed-polymer
phases are created in the final stages of film formation, when the majority of the
solvent has evaporated and polymer mobilities are low. Understanding the nature
of this phase separation and its impact on the optoelectronic properties of a conju-
gated polymer blend is highly desirable—for both a quantitative description of
device operation and further performance improvement.

In this chapter, we will focus on blends of polyfluorene derivatives, which form
a class of film-processible semiconductors providing a strong combination of desir-
able device properties—namely, color range, high efficiency, low operating voltage,
and device lifetime [20]. These polymer blends have been fabricated by dissolving
the constituent polymers separately in a solvent (such as chloroform or xylene),
mixing the solutions together, and then either spin-coating films of ~100-nm
thickness or drop-casting (under a solvent-saturated atmosphere) to create films of
thickness 200-300 nm.

We will demonstrate how the spectroscopic contrast provided by fluorescence
SNOM (either continuous wave (CW) or time-resolved) and scanning near-field pho-
tocurrent microscopy is able to reveal the composition of the different phases and provide
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insight into the nanoscale optoelectronic properties of these materials. Moreover, the
topographic information provided simultaneously with optical measurement in SNOM
allows a direct comparison with the results of the higher-resolution technique of tapping-
mode AFM so that the combined use of SNOM and AFM is able to provide a detailed
picture of the phase separation properties of conjugated polymer blends.

5.3 Aperture SNOM
5.3.1 Application to Conjugated Polymers

We will describe in this chapter the application of the most conventional form of
SNOM employing as a probe a subwavelength aperture, defined at the apex of a
single mode optical fiber (see Figure 5.1). In particular, we will focus initially on
fluorescence SNOM, in which light scattered from the sample is collected and
spectrally analyzed as the tip scans over the sample, enabling the formation of a
fluorescence image of the sample, thereby providing a chemical map of the system.
This has been applied successfully to the study of a range of conjugated polymer
systems, including aggregates in conjugated polymers [21], blends of luminescent
derivatives of poly(p-phenylenevinylene) (PPV) [22], blends of conjugated poly-
mers and inert matrices [11, 23, 24], binary blends of polyfluorene-derivative poly-
mers [12, 13, 25], and ternary conjugated-saturated polymer blends [26]. We also
will describe the use of the apertured SNOM probe as a nanoscale light source for
the measurement of photocurrent in a conjugated polymer device [27] and for
nano-optical lithography of thin film polymer nanostructures [16].

Scattered (a)
light Opttical
fiber tip

<10 nm

~100 nm
(b)

Figure 5.1 Schematic illustration of the SNOM measurements described here. (a) An optical fiber
tip is raster-scanned across a sample surface, and fluorescence from the sample is collected in the far
field with an objective lens. (b) lllumination is through an aperture of diameter < 100 nm defined
at the end of the tip, which is held in close proximity to the sample surface. (c) End-on view of a
SNOM tip. The black circle in the center is an aperture of < 100 nm diameter that has been drilled
in the aluminum coating over the optical fiber tip using a focused beam of gallium ions.
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5.3.2 Implementation

First, we will provide an overview of our implementation of this technique for the
study of conjugated polymer systems. We have used two different optical fibers for
the fabrication of the SNOM probes: a single-mode glass fiber for visible excita-
tion (typically 365, 380, or 488 nm), and a fiber with a pure silica core and a fluo-
rine-doped silica cladding, designed for single-mode transmission at 800 nm but
able to provide high optical throughput in the near-ultraviolet (UV) (325 nm). For
tips fabricated in-house, we have found that FIB processing provides the most reli-
able and reproducible route to the manufacture of suitable apertured SNOM
probes. We have prepared these by etching the fibers in hydrofluoric (HF) acid
using a self-termination process [28], then coating the entire probes with ~300 nm
aluminum. Finally, ~300 nm of aluminum was FIB-sliced from the very apex of the
probe, before FIB-drilling, head-on to the tip, an aperture in the tip of size 100 nm
or less [29, 30]. This process produces durable probes with a well-defined aperture
diameter, as illustrated in Figure 5.1(c), and a relatively high optical throughput.
The ability to coat with a thick layer of aluminum precludes the occurrence of pin
holes away from the aperture. However, this process does produce relatively blunt
probes, limiting the topographic resolution they can attain and introducing the
possibility of imaging artifacts [13, 31]. Further FIB processing can be used to
sharpen the tips. We also have employed commercial probes supplied by Jasco, Inc.
These gold-coated quartz probes are fabricated using a multistage etching process
and offer very high light throughputs with good transmission in the UV.

The tip-surface distance was controlled with shear-force feedback, imple-
mented by means of a quartz crystal tuning fork [32]. Images were taken by illumi-
nating the samples in the near field through the fiber tip. The fluorescence was then
collected in the far field using a microscope objective—either from the same side of
the sample as the tip (see Figure 5.1) or in a “transmission” geometry for thin
transparent samples involving the collection of light on the opposite side of the
sample to the tip, which also allows the measurement of local absorption.
Holographic notch filters or a high pass filter were used to reject light of the exci-
tation wavelength, and the remaining fluorescence was selected with a band-pass
filter. For CW measurements, light was detected using a photomultiplier or an ava-
lanche photo diode. Alternately, it was spectrally dispersed and detected with a
charge-coupled device (CCD). For time-resolved measurements, a pulsed laser was
used as the excitation source (usually a frequency-doubled Ti:Sapphire mode-
locked laser producing 100 fs pulses at 80 MHz). Light was then detected using a
multichannel plate photomultiplier connected to a standard time-correlated single-
photon counting system (TCSPC). This permitted us to record images of the tem-
poral decay of luminescence with a temporal resolution of around 60 ps. In all
measurements, topographic and optical information was recorded simultaneously;
indeed, this is one of the key features that makes SNOM such a suitable technique
for the characterization of conjugated polymer systems.
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5.3.3 The Nature of the Near-Field Illumination

A consequence of the use of an optical probe is that, unlike other scanning probe
microscopies such as STM and AFM, which are sensitive only to the first few
atomic layers in the surface of a sample, SNOM can detect features below the sam-
ple surface. The decay length inside the sample of the evanescent near-field illumi-
nation from the SNOM aperture depends on the aperture diameter, the wavelength
of light, and the complex refractive index of the material at that wavelength.

The form of the electric field distribution in the polymer layer may be deter-
mined in a straightforward manner by approximating the radiation emitted from a
tapered metal-coated optical fiber tip to that produced by monochromatic light
incident upon a subwavelength circular hole in a perfectly conducting metallic
screen [33], as formulated by Bethe [34] and subsequently corrected by Bouwkamp
[35]. Given the uncertainties in the nature of the SNOM probes, this simple
approximation is sufficient to provide us with a useful basic description of the
evanescent decay of emission from a near-field probe [36].

In Figure 5.2, we plot the integrated intensity per unit area as a function of depth
below the surface of a polymer film; it is calculated using this model for illumination
of 488 nm wavelength incident through an aperture of diameter 100 nm positioned
30 nm above the surface. We have considered the polyfluorene-derivative polymers
poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT) and poly(9,9-dioctylfluorene-
co-bis-N,N’-(4-butylphenyl)- bis- N,N’- phenyl- 1,4-phenylenediamine) (PFB), the
constituent conjugated polymers for the blends described later in this chapter that are
particularly relevant to the fabrication of organic solar cells. The complex refractive
indices, employed in the calculation, of the polymers at 488 nm were determined by
variable angle ellipsometry [37]. Figure 5.2 presents the intensity decay for two mix-
tures of the polymers, representative of the different phases present in a blend film,
one containing (by volume) equal parts of F8BT and PFB and the other 80% F8BT
and 20% PFB [37]. It can be inferred that 90% of the absorption occurs in the top
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Figure 5.2 The variation, with depth below the polymer surface, of the illumination intensity inte-
grated over the plane at that depth. Illlumination at a wavelength of 488 nm is through a 100 nm
diameter aperture, with the calculation performed using the Bethe-Bouwkamp model. The two
curves are for different representative phases in blends of the conjugated polymers F8BT and PFB,
containing 50% and 80% F8BT, respectively, by volume. ©2006 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim [27].



98

Near-Field Microscopy and Lithography of Light-Emitting Polymers

120 nm of the 50:50 phase and 88 nm of the 80:20 phase. At the same time, the
FWHM of the electric (optical) field intensity, which characterizes the attainable res-
olution, increases from the aperture size of ~100 nm immediately inside the surface
to ~170 nm at a depth of 100 nm.

5.4 CW and Time-Resolved Fluorescence SNOM of Polymer Blends

5.4.1 An Energy-Transfer Blend for Light Emitting Applications

An example of a fluorescence SNOM measurement of a blend suitable for applica-
tion in a LED is presented in Figure 5.3. The blend is a binary system containing
the green-emitting polyfluorene-based polymer F8BT in poly(9,9-dioctylfluorene),
PFO, which is known to give efficiencies of up to 22 c¢d/A in light-emitting devices
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Figure 5.3 Results from a SNOM measurement of a thin polyfluorene blend film containing 50% F8BT
and 50% PFO. (a) shows the surface topography, determined using the shear-force tip-height regula-
tion mechanism. (b) shows the CW intensity of F8BT emission, determined using an APD detector.
(c) shows the intensity of F8BT emission corresponding to the amplitude of the decay trace, recorded
using the TCSPC detector system. (d) shows the fluorescence decay lifetime of F8BT emission recorded
across the surface of the blend. ©2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [14].
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with suitable electrodes. In this system, the alignment of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) lev-
els is such that energy transfer of excitons from PFO to F8BT is energetically favor-
able. So in a blend with a high degree of intermixing between the two components
for efficient energy transfer, no blue emission from the PFO should occur.

The blend studied contains 50% by weight FSBT and was prepared by spin-coat-
ing a xylene solution of the polyfluorenes onto a glass substrate. Tapping-mode AFM
[38] revealed in similar films (composed of 25% F8BT by weight) a rich surface
structure, suggestive of phase separation, with one phase forming circular regions
200-300 nm in diameter and protruding from the surface of the film. However,
because of the lack of chemical specificity of the AFM probes, the compositions of the
phases could not be identified. Phase-separated structure is evident in the shear-force
topographic image presented in Figure 5.3(a), with a lower-lying phase known (on the
basis of previous SNOM transmission measurements [23]) to be composed principally
of PFO, which coexists within a higher-lying phase that is mainly FSBT.

The SNOM image presented in Figure 5.3(b) is of fluorescence excited at
380 nm using a pulsed laser source and then detected using a CW detector at wave-
lengths greater than 550 nm. At this excitation wavelength, light is principally
absorbed by PFO; however, the emission detected corresponds mainly to emission
from F8BT (whose emission peaks in the green at 530 nm). It can be seen that the
F8BT emission is strongest from the lower-lying regions of the film, which are
known to be composed predominately of PFO. This indicates that rapid energy
transfer occurs from PFO to the F8BT, which is also locally present at a concentra-
tion thought to be between 5% and 10% by weight. Indeed, we estimate that in
this film, more than 80% of all excitons initially created on PFO molecules
undergo energy transfer via Forster transfer to F8BT. Note, however, that the
strong variation in F8BT intensity between the PFO-rich phase (which emits
strongly) and the higher-lying F8BT-rich phase (which emits weakly) occurs
because light is only weakly absorbed by F8BT at 380 nm.

In Figures 5.3(c) and 5.3(d), we plot the fluorescence decay lifetime and emis-
sion amplitude of the F8BT emission recorded across the film, recorded using the
TCSPC system. Here these images were recorded simultaneously with the images
presented in Figures 5.3(a) and 5.3(b). Figure 5.3(c) shows that the decay lifetime of
F8BT varies strongly across the film surface and takes its minimum value of
900 ps in the F8BT-rich phase. This lifetime increases by a factor of 1.8 times to
between 1.5 and 1.8 ns in the PFO-rich phase. The observed fluorescence decay life-
time can be expressed as an effective decay rate, which is itself equal to the sum of
all possible decay rates. If we assume that the radiative decay rate of F8BT is
approximately the same in the PFO- and F8BT-rich phases, our measurements sug-
gest that the density of nonradiative decay channels open to excitons on an F8BT
molecule is significantly suppressed when it is located in the PFO-rich phase. We
propose that this suppression of nonradiative decay results from the fact that FSBT
molecules are “diluted” by the PFO matrix, which restricts intermolecular transfer
to other F8BT molecules on which there might be a nonradiative defect. Note that
back-transfer of excitons to PFO is energetically unfavorable due to the large differ-
ence in the energy gap of PFO and F8BT (~900 meV). Based on the fact that the
photoluminescence (PL) quantum yield can be expressed using ®pgpr = 7,0/ Trad
(where 7,,, and 7,,; are the observed decay lifetime and radiative decay lifetime of
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F8BT, respectively), the variation in 7,, suggests that ®pgpr is approximately
1.8 times greater in the PFO-rich phase than in the F8BT-rich phase.

This local variation of quantum yield can be detected in far-field measurements of
the overall efficiency of PL emission recorded from the entire film. In particular, we
find that the quantum yield of the blend has a maximum value of 70% at a relative
F8BT concentration of 5%. At FSBT concentrations above 5%, this is reduced to an
average value of 60% and only approaches the quantum yield of pure F8BT at relative
F8BT concentrations greater than 60%. This suggests that when F8BT is trapped at a
low concentration within PFO (less than 10%), the F8BT molecules approximate a
homogeneous distribution within a PFO “matrix.” This molecular distribution results
in a series of isolated F8BT molecules between which exciton transfer to quenching
sites is significantly limited, thus resulting in a maximum value of PL quantum yield.
We note that the efficiency of an organic LED is directly dependent on the relative PL
efficiency of the active emissive material within the device. Thus, our measurements
suggest that maximum efficiency in PFO:F8BT LEDs will occur in devices containing
a relatively low concentration of F8BT. This is indeed the case, with studies showing
[39] that devices based on 5% F8BT: 95% PFO operate with optimal electrolumines-
cence quantum efficiency.

5.4.2 A Charge-Transfer Blend for Photocells

We also have used fluorescence SNOM measurements to study the operation of
conjugated-polymer blend materials used in a photovoltaic device. In such devices,
excitons created after the absorption of light are rapidly dissociated by a charge
transfer process between the different blend components. Time-resolved SNOM is
a particularly useful technique to study such material systems, as the quenching of
the exciton fluorescence is readily observable through a reduction in fluorescence
decay lifetime. Thus, time-resolved SNOM can be used to directly image the local
efficiency of exciton dissociation into both geminate and nongeminate polaron
pairs—a key component of photovoltaic device operation.

The materials we have studied are a blend of FSBT and PFB. In these materials,
the offsets between the HOMO and LUMO levels are aligned such that charge
transfer of holes from the F8BT to the PFB is energetically favorable, whereas elec-
trons remain in the F8BT. This, together with the hole-transporting properties of
PFB, makes such blends particularly suitable for photovoltaic applications [17].
Figure 5.4(a) shows a topographic image of a typical phase-separated PFB:F8BT
blend thin film. The film is composed of two main phases: a continuous higher-
lying phase that AFM measurements have demonstrated to be predominantly
F8BT-rich and a lower-lying phase that is PFB-rich. Figure 5.4(b) (recorded simul-
taneously with the topographic image) is a SNOM image showing the relative
transmitted intensity of the laser at 440 nm. It is clear that the ratio of the trans-
mitted light between the two phases is considerably smaller than the ratio of the
attenuation coefficients of pure FSBT and PFB films at 440 nm. That results from
the fact that neither of the phases is pure; instead, they are composed of an admix-
ture of the two polymers. Indeed, quantitative X-ray mapping studies on a blend
film of F8BT and a similar polyfluorene-based copolymer found that the lower-
lying phase was around 90% pure [40].
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Figure 5.4 SNOM images of a conjugated polymer blend film containing 50% by weight F8BT and
50% by weight PFB. (a) shows film topography recorded using the shear-force tip-height regulation
mechanism. (b) is the corresponding CW laser transmission image recorded at 440 nm to the
topography image presented in (a). (c) and (d) show the amplitude and decay constant of the F8BT
PL lifetime, respectively, detected at wavelengths greater than 550 nm (corresponding to F8BT
emission). © 2008 American Institute of Physics [15].

We have used time-resolved SNOM to study the PL emission from the blend film
at wavelengths greater than 530 nm. Figures 5.4(c) and 5.4(d) show the PL intensity
and decay lifetime recorded following excitation into the F8BT component of the
blend at 440 nm. It can be seen immediately that the higher-lying phase emits PL at
wavelengths greater than 530 nm more strongly than does the lower-lying phase.
This contrast is partially explained by the fact that the 440 nm laser light is preferen-
tially absorbed by the higher-lying F8BT-rich phase; however, our time-resolved
images suggest that the quenching efficiency of excitons on F8BT molecules in the
two phases is different. Specifically, we find that the decay lifetime of F8BT in the
higher-lying phase is 35% longer than that of the lower-lying phase (being 375 ps
and 275 ps, respectively). The fluorescence decay lifetimes we measure are signifi-
cantly shorter than that of pure F8BT films (which we measure as having a fluores-
cence decay lifetime of ~1.2 ns), confirming that luminescence is quenched by
exciton dissociation resulting from charge transfer. We can use the PL decay lifetime
maps shown in Figure 5.4(d) to estimate the PL quantum efficiency of F8BT in the
F8BT-rich and PFB-rich phases. Here we assume that the intrinsic radiative decay
lifetime of F8BT excitons is unchanged as a result of being mixed into a blend; how-
ever, its total decay lifetime reduces as a result of additional decay channels arising
from exciton dissociation. Based on the fact that the PL quantum efficiency of the
F8BT used here in a pure film is 41 %, we estimate the PL quantum yield of PFB to be
13% and 9% in the F8BT-rich and PFB-rich phases, respectively.
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The difference in PL quantum efficiency between the different phases indicates
that exciton quenching on an F8BT molecule occurs more rapidly when the
F8BT molecule is located in a PFB-rich phase. This may not be surprising, as the
larger local density of PFB molecules surrounding an F8BT molecule located in a
PFB-rich phase will increase the local density of molecular heterojunctions at
which charge separation can occur, increasing the probability that an exciton will
undergo dissociation. In contrast, an exciton sitting on an F8BT molecule that is
located in an F8BT-rich phase will find less opportunity to undergo dissociation,
thus resulting in a relatively greater photon yield and a longer decay lifetime.
Critically, however, is the fact that the overall probability of exciton quenching in
the different phases is relatively similar (to within 30%). Importantly, our meas-
urements also suggest that the charge-generation efficiency should be relatively
constant across each phase-separated domain. In the following section, we confirm
this last conclusion by using SNOM to directly generate a local photocurrent
across the different phases in an FSBT-PFB blend.

5.5 Photoconductivity SNOM

Given the suitability of blends of F8BT and PFB for photovoltaic applications, it
also is valuable to learn more about the local properties of current generation in
these systems. By using the apertured SNOM probe as a local light source, SNOM
provides a means to map the photoconductivity of a polymer blend film with
100 nm resolution. Such near-field photoconductivity methods were first demon-
strated by Buratto et al. [41] in the study of InGaAsP quantum-well lasers and later
applied to stretch-oriented films of PPV [42].

The scheme we have employed for near-field photoconductivity microscopy is illus-
trated schematically in Figure 5.5. A planar thin-film device structure was used in
which two electrodes formed a 150 wm gap on top of the polymer film of 200-300 nm
thickness, spin-cast onto a quartz substrate. Because of the low number of charge carri-
ers generated, we detected the current flowing through the channel between the elec-
trodes using a lock-in detection scheme, where the exciting laser light intensity is
modulated and the current is preamplified by an electrometer and recovered with a
lock-in amplifier (see Figure 5.5). For these experiments, a potential difference of
400 V was applied across the electrodes, resulting in a field of ca. 12 kV cm ™! in the
center between the electrodes, as determined from calculations of the electric-field dis-
tribution for the device. This low field strength is sufficient for photoconductivity meas-
urements of conjugated-polymer blend systems. The external field is not required to
split the excitons into a pair of uncorrelated charge carriers, which requires ca.
100 kV cm™ [43, 44], but only to enable charge carriers to drift toward the electrodes,
as the exciton dissociation is enabled by the polymer—polymer interface.

Near-field photocurrent microscopy allows the simultaneous measurement of
topography, luminescence, and photocurrent. For measurements of a FSBT/PFB
blend (see Section 5.4.2), we found that regions of a high luminescence count also
coincide with areas of high photocurrent [27]. However, we should note that the
interpretation of the near-field photocurrent images is more complicated than that
of the fluorescence images because the electric field between the electrodes—and
thus the near-field photoconductivity signal—may now be influenced significantly
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Figure 5.5 Schematic illustration of the experimental arrangement for scanning near-field pho-
tocurrent microscopy. The photocurrent response is measured by lock-in detection using a chopped
laser beam. The sample is biased using the voltage source of an electrometer, which also performs a
current-to-voltage conversion. ©2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [27].

by the screening effect of the metallized fiber tip [42]. Indeed, a finite-element
analysis of the distribution of the electric field distribution for the combined
system (of device and SNOM probe) indicated a reduction of the applied DC elec-
tric field directly under the aperture to about half that with no tip present.
Conversely, the field strength at the edges of the probe is enhanced. The effect of
this tip screening diminishes with depth from the surface.

Significantly, we found in our measurements that the photocurrent is essen-
tially constant within the individual blend phases and does not show an enhance-
ment at their boundaries, as might be expected if these were the principal sites for
interface-induced exciton dissociation. Indeed, it appears that the photocurrent
generation efficiency is constant throughout the film, with near-field photocurrent
contrast resulting only from changes in absorption efficiency. This is consistent
with the phase separation process leading to domains richer in one of the compo-
nents, rather than to pure domains, and to multiscale phase separation, as dis-
cussed in Section 5.4, with the micrometer-scale phase separation present in the
blend not being the determining factor for photocurrent efficiency. However,
although it may reasonably be inferred that the photocurrent efficiency is deter-
mined by the “nanoscopic” structuring of the polymer—polymer interfaces, the res-
olution afforded by our probes (100-150 nm) is not yet sufficient to resolve such
fine phase separation in luminescence or photocurrent maps.

5.6 Near-Field Photolithography

SNOM also offers a route for patterning conjugated polymer nanostructures. The
aim of patterning is, in general, the fabrication of well-defined features of the poly-
mer films with minimum damage, with the resolution required for a specific appli-
cation. To address the need for patterned polymer films, a number of techniques
have been proposed in recent years for conjugated polymers (see, for example,
Holdcroft [45] and references therein), including site-selective chemical vapor dep-
osition on patterned precursors [46], micromolding in capillaries, screen or ink-jet
printing, and holographic lithography [47]. Attempts to pattern conjugated poly-
mers on submicron scales by scanning probe methods have relied on selectively
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damaging exposed areas of the polymer, for example, with a STM [48] or with
SNOM to induce local oxidation of soluble conjugated polymers [49, 50].

We will describe here an alternative scanning near-field optical lithographic
(SNOL) approach based on the partial elimination of the labile groups in a soluble
precursor [51] by exposure to a UV field and the subsequent removal of the unex-
posed material by dissolution in the precursor solvent [52], which has been
employed successfully for the fabrication of PPV nanostructures with 160 nm fea-
ture sizes [16]. This patterning process is “direct” in the sense that it does not
require a sacrificial photoresist and leads to polymer features surrounded by empty
regions on the substrate. The precursor polymer in this process can be compared to
a negative resist in classical optical lithography.

Thin films of the PPV “leaving-group” soluble precursor [51] poly(p-phenylene
[1-(tetrahydrothiophen-1-io)ethylene chloride]) were spin-coated from a methanol
solution on glass or silica substrates that were then exposed with UV illumination
(325 nm) from an apertured SNOM probe. A shutter with a minimum exposure
time of 6.5 ms was used to block the laser entering the SNOM optical fiber, allow-
ing definition of arbitrary patterns as the tip was scanned over the sample. After this
UV writing process, the nonexposed material was washed off in methanol and the
patterned precursor was converted into the fully conjugated PPV by heating it at
220° C for 5 hours at less than 10™° mbar. The PL efficiency of such PPV materials
was found to be 25+3%, comparing well with the efficiency of less than 30% for
nonpatterned PPV [53].

Tapping-mode AFM images of a two-dimensional periodic PPV structure with
a 333 nm lattice constant patterned by SNOL and converted from the precursor
are presented in Figure 5.6. During the conversion process, the height of the pat-
tern was reduced from 45 nm to 32 nm, while the FWHMSs of individual pillars
shrunk to 200 nm. In the center of the pattern [Figure 5.6(a)], one column is miss-
ing intentionally to create a defect in the periodic structure, demonstrating the
potential of this technique for the creation of arbitrary structures.
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Figure 5.6 (a)Tapping-mode AFM image of a two-dimensional photonic structure with a 333 nm
square lattice after thermal conversion. One pillar in the middle has been intentionally omitted to
demonstrate that versatile structures can be fabricated. The pattern was written with the 325 nm
line of a HeCd laser, and the power coupled into the fiber probe was less than 0.2 mW. (b) AFM
image of a corner of the structure in (a). ©2003 American Institute of Physics [16].
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5.7 Conclusions and Future Developments

Based on apertured probes, SNOM has been shown to be a valuable tool for the
investigation of nanostructured thin films of conjugated polymer blends, providing
access to the fluorescence and photoconductivity properties of these systems on
100 nm length scales—of the same order as those of the typical primary phase sep-
aration of these materials. Near-field fluorescence microscopy, in particular, is able
to provide a chemical map of a blend through the spectroscopic contrast it affords,
while the topographic information, obtained simultaneously with the optical data
in any measurement, allows an easy comparison with the higher-resolution and
more routine technique of atomic force microscopy. A SNOM probe also offers a
promising route for the lateral patterning of conjugated polymer nanostructures,
providing low damage and versatile processing.

Nevertheless, the 50-100 nm resolution limit provided by apertured probes still
is not sufficient to probe these materials at the length scales of exciton diffusion (~
10 nm), provide imaging at the molecular level (~1 nm), or define nanostructures
with dimensions of ~10 nm or less. For those, we need to turn to some of the prom-
ising new “apertureless” nano-optics techniques discussed in the last section of this
book. The development of such techniques should enable a detailed chemical analy-
sis of the nanoscale phase separation in conjugated polymer blends, particularly
through nano-Raman or infrared microscopy, and probe the photophysics of these
systems on the length scales relevant to exciton diffusion and energy transfer.
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Introduction

Nanophotonics deals with the generation, guiding, manipulation, and condition-
ing of light in subwavelength scale devices. This is an important area with signifi-
cant impact on telecommunications, information processing, the environment,
and healthcare [1, 2]. Its main promise is in high-density, large-scale photonic inte-
gration, in analogy to electronic integrated chips, for applications in optical infor-
mation processing, and for bio- and chemosensing. This includes purely photonic
chips as well as hybrid electronic-photonic integrated circuitry where signals
between the electronic components are transmitted in the form of photons. The
recent progress in nanophotonics relies on our ability to fabricate subwavelength-
size structures with sufficient precision and optical quality as well as on optical
characterization tools capable of the required spatial resolution to monitor light
behavior on subwavelength scales.

In addition to plasmonics, which is presented in Part III, one of the promising
approaches in the development of nanophotonic applications is based on photonic
crystals, artificial structures with periodic modulation of the refractive index,
allowing the control of dispersion and propagation of light [3]. The best-known
effects include transmission or rejection of light in a given wavelength range and
waveguiding of light along straight and bent defects of a periodic photonic crystal
structure. Due to difficulties in fabrication of three-dimensional photonic struc-
tures in the optical spectral range, two-dimensional photonic crystals are often
considered. The utilization of photonic band-gap structures has already led to
remarkable breakthroughs in optical integration, providing efficient interconnec-
tion between elements of photonic circuits and a relatively well-developed element
base of passive components such as filters, waveguides, and nanocavities.

The application of scanning near-field microscopy for the monitoring and
investigation of light propagation in photonic crystals are presented in the follow-
ing two chapters. Volkov and colleagues consider the characterization of silicon-
on-insulator photonic-crystal-waveguide (PhCW) structures at telecommunication
wavelengths with a collection scanning near-field optical microscope. High-con-
trast and high-resolution SNOM images have allowed the visualization of Bloch
harmonics of the PhCWj the precise determination of PhCW mode characteristics,
including the dispersion of the propagation constant and bend loss; and the char-
acterization of PhCW directional couplers. The capabilities and limitations of
SNOM imaging for the characterization of PhCW structures also are discussed.

Chapter 7 is concerned with the SNOM imaging of temporal evolution of opti-
cal signal in photonic crystal structures. It describes how the dynamics of light prop-
agation on a femtosecond time scale can be visualized with a near-field microscope;
to that end, the near-field microscope has to be integrated in an interferometer. After
discussion of the design considerations of such an interferometric near-field micro-
scope, the measurements of the propagation of optical pulses through a photonic
structure are presented. Time-resolved near-field experiments allow recovering of
the phase and group velocity and show the significant influence of group velocity
and higher-order dispersions on the pulse propagation in PhCW.
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6.1 Introduction

Nanostructured media with sufficiently strong periodic modulation of the refrac-
tive index may exhibit, within a certain wavelength range, light reflection and inhi-
bition of light propagation and are conventionally called photonic crystals (PhCs)
[1, 2]. From the point of view of solid-state physics, the periodicity in a dielectric
constant results in the photonic band gap (PBG) just like the periodicity in an elec-
trostatic potential gives rise to the forbidden electronic energy band gap. Using the
language of physical optics, the PBG effect in two and three dimensions can be
viewed as an extension of Bragg reflection in one direction (e.g., occurring in lasers
with distributed feedback), where it leads to a so-called stop gap, to Bragg diffrac-
tion of waves propagating in any direction. The PBG effect opens a way to control
the flow of light on a wavelength scale by introducing various (e.g., line and point)
defects in PhCs, thereby forming waveguides and cavities [2, 3]. Two-dimensional
(2-D) PhCs combined with the structures exhibiting light confinement in the third
dimension (e.g., planar slab wave guides) have been intensively investigated during
the past few years with the purpose of realizing highly integrated photonic circuits
[3-5]. Various configurations of photonic crystal waveguides (PhCWs) formed by
line defects in 2-D PhCs have been experimentally studied, and many important
issues have been clarified [5]. In this context, accurate and reliable characterization
of PhCWs and the corresponding optical phenomena become of prime importance.
It should be noted though that most of the characterization methods used until
recently were of indirect nature. This has limited the amount of accessible informa-
tion and may even have compromised the validity of the conclusions reached.
Visualization of light propagation by imaging the PhCW surface with a camera [6]
was one of the first characterization techniques used to investigate light propaga-
tion along PhCWs. This method relies on the presence of (accidental) surface
defects that can scatter the radiation guided along a PhCW out of the surface plane
toward the camera or is limited to imaging leaky modes above the so-called light
line, resulting in a visible track along the PhCW whose average visibility is
(roughly) proportional to the PhnCW mode power. Light scattering out of the sur-
face plane also has been facilitated with engineered defects—for example, with a
trench etched close to the output of PhCW structures [7]. This technique seems to
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be more reliable than the first one since the scattering efficiency is better con-
trolled. Yet another approach to visualization of light propagation was based on
intentional coupling to leaky modes that radiated from the PhnCW top surface [8].
Imaging of the PhCW output edge with a camera [8] or a tapered fiber [9] was
employed mainly to confirm that the light did go through a bent PhCW in ques-
tion. The above-mentioned techniques have been of great help during early PhCW
investigations but are qualitative by their nature and, thus, only of limited use.
However, for high-quality PhCW structures, one can significantly improve the first
method by detecting the light scattered by air holes of the PhCW structure, an
approach that was recently shown to provide accurate loss characterization [10].

Quantitative input—output measurements of the power of light being transmit-
ted by a sample containing a PhCW structure are not without problems either
because the power level is determined not only by the PhCW transmission but also
(and often mainly) by coupling light in and out of the sample and in and out of the
PhCW structures. Relative measurements of the transmission spectra with and
without a PhCW [11, 12] (or with and without a bend [13]) with subsequent nor-
malization were considered generally to be reliable for loss measurements by cali-
brating away the aforementioned extrinsic effects. However, the transmission
efficiency found in this way may exceed 100% [11-13], indicating that accurate
characterization of low-loss PhCWs with this technique is somewhat problematic.
Alternatively, one can make use of the Fabry-Perot resonance technique that was
successfully applied for quantitative measurements of the propagation loss in
straight PhCWs [14] and the modal reflection in bent PhCWs [15]. The Fabry-
Perot interference method also was used to characterize the loss contributions of
several consecutive waveguide elements [16] as well as to reveal extraordinarily
large group velocity dispersion [17]. The latter was recently observed in time-
domain experiments utilizing picosecond light pulses and autocorrelation detec-
tion [18]. As far as PhCW modal characteristics are concerned, conventional
(far-field) imaging of the PhCW surface has been found suitable for mapping the
dispersion diagram of the leaky (and thereby lossy) PhCW modes revealing Bloch
wave components in the excited PhCW modes [19]. On the other hand, it is clear
that a bound PhCW mode, which, for a given optical frequency, has a propagation
constant larger than that in air (i.e., it is below the light line), cannot be observed
with far-field imaging techniques because its field in air is evanescent. Its amplitude
decays exponentially over a distance of the order of light wavelength. One way of
accessing bound PhCW modes is to employ the evanescent field coupling between
a tapered optical fiber and a PhCW [20].

Mapping of evanescent fields is one of the main applications of collection
scanning near-field optical microscope (SNOM), whose fiber probe is used to pick
up a tiny fraction of optical (e.g., evanescent) field near the sample surface and
detect it as a function of scanning coordinates. Since the first demonstration of
SNOM imaging of evanescent fields of waveguide modes [21], the SNOM has
been used in a number of studies concerned with waveguide modes in integrated
optical components [22, 23], including waveguide characterization at telecommu-
nication wavelengths [24, 25]. Moreover, using heterodyne detection phase-sensi-
tive SNOM [24, 25] in combination with the use of ultrafast pulses, the
propagation of femtosecond laser pulses inside waveguides has been visualized
and tracked (in both time and space), allowing for direct measurements of the
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group and phase velocities [26]. Along with the progress in SNOM instrumenta-
tion, the understanding of image formation in the collection SNOM has been sig-
nificantly improved. A naive point of view that SNOM images represent maps of
the electric (near-) field intensity has evolved into a more complicated picture
based on the properly described image formation in the collection SNOM [27-29].

The use of SNOM techniques for investigations of complicated scattering phe-
nomena occurring in PBG structures first started with studies of optical transmis-
sion through 2-D PhCs and the corresponding intensity distributions [30-32]. The
SNOM imaging also has been applied to near-field probing of various PhC reso-
nant structures [33-37] and the phenomenon of highly directional emission from
subwavelength PhCWs [38]. As far as radiation guiding along PhCWs (by far a
more complicated phenomenon than guiding along conventional photonic wave-
guides) is concerned, the potential of SNOM imaging to characterize PhCW modes
has been explored only recently—first, with time-independent intensity measure-
ments [39-42] and lately, with phase-sensitive and time-resolved visualization of
pulse propagation [43-47].

Further material presented here is based on the results obtained at telecom
wavelengths with the amplitude detection SNOM configuration. The chapter is
organized as follows: in Section 6.2, the samples investigated and the experimental
arrangement are described. A qualitative description of image formation in the col-
lection SNOM is considered in Section 6.3 for the special case of SNOM imaging
of PhCWs. Section 6.4 is devoted to the experimental results featuring the SNOM
images of straight and bent PhCWs and their interpretation. Finally, we offer our
conclusions in Section 6.5.

6.2 Sample Fabrication and SNOM Experimental Setup

All investigated samples were fabricated on silicon-on-insulator (SOI) wafers con-
sisting of a perforated SiO,/Si/SiO, trilayer film (cladding/core/buffer thickness ¢
0.1/0.3/1 pum) formed on a Si substrate [48]. Holes were arranged in triangular
periodic arrays with different parameters, and single rows of missing holes defined
the PhCWs along I'K direction of the irreducible Brillouin zone of the lattice [2].
Electron-beam lithography was employed in the fabrication of these samples to
produce hole patterns in a resist layer deposited on an SOI wafer. The patterned
resist served as a mask in the process of reactive ion etching (RIE), resulting in the
corresponding pattern of holes formed in the Si layer. After removal of the resist,
the pattern was further transferred onto the SiO, layer by RIE, using the patterned
Si layer as a mask. Finally, samples were thermally oxidized in order to grow a thin
SiO, layer on top of the Si layer and on the inner walls of the air holes because the
silica top cladding increases the vertical symmetry of the structures and smoothens
out surface roughness of the structures [48]. Five different PhCW structures were
fabricated and investigated: samples N1 and N2 having the same period of 428 nm
but different hole diameters (namely, 325 and 350 nm correspondingly [49]) and
sample N3 having the period A = 410 nm, hole diameter = 200 nm, and depth
~ 500 nm [39-41]. Samples N4 and NS5 were similar to sample N1 having the
same period A = 428 nm but different hole diameters: = 200 nm for sample N4
and = 325 nm for sample N5 [41, 50]. All samples contained a central PhC area
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consisting of several PhC regions forming straight (samples N1 and N2) and bent
(samples N3, N4, and N5) PhCWs of different lengths connected to tapered access
ridge waveguides outside the PhC area (see Figure 6.1). Ridge waveguides, gradu-
ally tapered from a width of ~ 4 um at the sample facet to ~1 um at the PhC
interface, were used to route the light into and out of the PhCWs. The design of
PhCW structures was different for various samples. Thus, samples N1 and N2
contained straight PhCW regions of different lengths connected to tapered access
ridge waveguides as shown in Figure 6.1(a). The PhC area for sample N3 con-
sisted of five bent PhCWs of different lengths. Each waveguide had two straight
sections connected by a 90° bend obtained by an adiabatic rotation (with the cur-
vature radius of 7 wum) of the crystal lattice. Sample N4 contained double 60°
bends (separated by 20A) sharp and smoothed by moving one or three holes from
one side of the bend to the other one [Figure 6.1(c—¢)] in a way similar to that
used by Talneau et al. [15]. Finally, sample NS contained PhCWs forming the
PhCW directional coupler. Figure 6.1(f) shows a scanning electron micrograph

Figure 6.1 Optical microscope images showing top views of (a) the central part of sample N1,
which contains straight PhCWs; (b) the central part of sample N3, which contains bent PhC wave-
guides; and double 60° (c) sharp and (d, e) smoothed bends of sample N4 with (d) one and
(e) three holes being moved from one side of the corner to the other one. Insets show the scanning
electron micrographs (SEMs) of the fabricated bends. (f) SEM of the directional coupler based on
PhCs (sample N5).
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(SEM) of the fabricated waveguide structure. The coupler has a coupling region
with two PhCWs placed next to each other and separated by a single row of
holes. The length of the region was 27A. Coupling of light is expected to take
place from the “direct” channel to the “coupled” one. The longer intermediate
PhCW in the fabricated coupler is needed to avoid coupling between two output
ridge waveguides.

The experimental setup consisted of a collection SNOM with an uncoated
fiber tip used as a probe and an arrangement for launching tunable
(1500-1630 nm) TE/TM polarized (the electric field is perpendicular/parallel
to the sample surface) radiation into the input ridge waveguide by positioning
a tapered lensed polarization-maintaining single-mode fiber. The adjustment of
the incoupling fiber [Figure 6.2(b)] with respect to the sample facet was
accomplished when the light propagation along the sample surface was moni-
tored with the help of a far-field microscopic arrangement [40]. These observa-
tions indicated the presence of propagation and bend loss visualized by
scattered out-of-plane radiation field components. Following the fiber adjust-
ment, the field distribution near the sample surface was probed with an

@ To photodetector

SNOM
fiber tip

Radiation from
tunable laser

Incoupling fiber SiO,

Figure 6.2 (a) Schematic layout of the experimental setup. (b) Optical microscope image showing
a top view of the tapered incoupling fiber positioned against the access ridge waveguide.
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uncoated sharp fiber tip of the SNOM apparatus [Figure 6.2(a)]. The tip was
scanned along the sample surface at a constant distance of a few nanometers
maintained by shear-force feedback. The near-field radiation scattered by the
fiber tip was partially collected by the fiber itself and propagated in the form
of the fiber modes toward the other end of the fiber, where it was detected by
an InGaAs photoreceiver with the sensitivity of the order of femtowatts.

6.3 Near-Field Imaging of PhCWs: Qualitative Considerations

Typical topographical and near-field optical SNOM images obtained for the PhCW
(sample N1) also featuring the access ridge waveguides are shown in Figure 6.3
[49]. On the topographical image [Figure 6.3(a)], one can easily recognize the PBG
structure, but the pattern of holes that forms the PhCW followed by the input and
output ridge waveguides is not clearly distinguishable, most probably because the
scanning parameters were not optimized with respect to the topographical imaging.
The near-field optical image [Figure 6.3(b)] exhibits several features also appearing
on the images of other PhCWs and/or at other wavelengths. The light propagation
along the input ridge waveguide and further in the PhCW and along the output
ridge waveguide is clearly seen, as well as the light scattering at the junction between
the PhCW and ridge waveguides. The light scattering at junctions results in scat-
tered field components propagating (in air) away from the sample surface. These
propagating components are detected with the SNOM fiber tip more efficiently
than the evanescent field components [28] (e.g., associated with the PhCW and
ridge waveguides modes), resulting in the image contrast distortion [40, 41]. Finally,
the light propagating along the PhCW and ridge waveguides is well confined in the
transverse direction, showing a somewhat irregular periodic pattern in the propaga-
tion direction [Figure 6.3(b)].

The periodic intensity pattern seen along the propagation direction can be
related to the interference between fiber modes excited by the SNOM fiber tip
interacting with both evanescent mode fields and weak optical fields forming a
quasi-homogeneous background [40]. Note that in the detection process of a col-
lection SNOM, a fiber probe picks up plane wave components of the detected field
with the efficiency that decreases rapidly with the increase of the magnitude of the
wave-vector projection on the surface plane [28]. All of these plane wave compo-
nents contribute linearly (although differently) to the amplitude of the fiber

Figure 6.3 Grayscale (a) topographical and (b) near-field optical images (66 X 66 um?) obtained
with a 40 —um —long PhCW of sample N1 at the wavelength A =1520 nm for TM polarization.
Taken from [49]. © 2005 American Physical Society.
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mode(s) propagating toward a detector. Therefore, in the SNOM imaging of wave-
guide modes, especially those with large effective indices, even weak scattered opti-
cal fields caused by material inhomogeneities and fabrication defects can
contribute to the detected signal. This contribution being coherent and most strong
from the optical fields with small wave-vector projections results in an interference
pattern superimposed on the image formed by a waveguide mode. Such an interfer-
ence pattern is somewhat irregular due to different contributing plane wave com-
ponents, exhibiting (on average) the interference fringes corresponding to the
optical field with zero wave vector projection (propagating away from the sur-
face)—that is, to the homogeneous coherent background.

In the case of the PhCW oriented along the x-axis, the field probed by the SNOM
above the sample surface and along the PhCW can be approximated as follows [40]:

Ex,2) = B+ > udexp| —zV (B+ mKY — k3| exp i (B + mK)x,

K=2" m=0,41,42, . (6.1)
A

where the z-axis is perpendicular to the sample surface (z = 0) pointing to the air
side, B represents a homogeneous background, k, = 27/A is the wave number in
air, 2, is the amplitude of the main electric field component of the PhCW mode
having the propagation constant 8 = 0.5K, A is the PhC lattice constant, and we
assumed that all Bloch components are evanescent. Indeed, for the considered situ-
ation (A = 428 nm, A = 1500—1630 nm), the PhCW mode propagation constant
is expected to be in the range of 0.4-0.5K [51], implying that the propagation con-
stants of all Bloch components are larger than the wave number in air.

Each of the field components described in Equation 6.1 contributes to the
amplitude of the fiber mode amplitude, which is actually detected. However, the
coupling efficiency decreases drastically with the increase of the wave vector sur-
face projection |8 + mK]| [28]. This dependency can be qualitatively explained
by the circumstance that the effective detecting center of a SNOM probe fiber is
situated at some distance inside the fiber [52] so that the evanescent fields are
always probed at a nonzero distance from the surface. Keeping only the leading
terms, the signal detected (along the PhCW) at the tip-surface distance z reads

S(x,2) o< C(z) + 2h(0)Bh(B)udexp(—z/dy)cos(Bx)+2h(0)BhH(K — B’ exp(—z/d,)
X cos[(K — B)x] + 2h(B)u)h(K — B)u’ exp(—z/d,)cos(Kx) (6.2)

where C(z) denotes the level of signal background whose distance dependence is
due to the averaged intensity of the evanescent waves, h(k) is the detection effi-
ciency of the field component having the magnitude k of wave vector projection on
the surface plane, and the penetration depths are given.

It is expected that #(0) > h(B) > h(K — B) for the aforementioned reasons;
therefore, the signal harmonics having spatial frequencies 8 and K — 8 would
dominate the spectrum (Equation 6.2). The preceding consideration can be gener-
alized for the case of several PhCW modes. For example, for two modes having the
propagation constants 8, and 3,, the dominating signal harmonics would be those
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with spatial frequencies 8y, B,, K — B, and K — B,. The occurrence of several
PhCW modes might be caused by the excitation of different depth modes of the
input ridge waveguide. One also can expect that some of the modes actually will be
index guided modes that do not exhibit well-pronounced PBG properties.

6.4 Near-Field Characterization of PhCW Components

The preceding consideration has important implications to the interpretation of
SNOM images and characterization of the PhCW structures. We make use of the
corresponding implications in the following analysis of the SNOM images
obtained with all samples.

6.4.1 PhCW Propagation Loss

Light propagation along the straight PhCWs of samples N1 and N2 and the associ-
ated loss were studied in great detail for both polarizations in the whole wavelength
range available (1500-1630 nm) using the corresponding high-quality and high-res-
olution SNOM images obtained [49]. It is seen that the recorded field distributions
are well confined (to the line of missing holes defining the PhCW), exhibiting wave-
length-dependent variations along the propagation direction (see Figures 6.4 and
6.5). For TM polarization, efficient guiding along the PhCW was observed in the
whole wavelength range (Figure 6.4) for both samples, a feature that suggests the
absence of PBG and pure effective refractive index guiding of TM mode (similar to
the conventional dielectric waveguiding). The signal cross sections (not shown here)
turned out to be very close in shape to the Gaussian distributions, with the full
width at half maximum (FWHM) increasing from ~760 nm to 788 nm with the
increase of the light wavelength [49]. It should be noted though that the signal does
not go to zero outside the PhCW, indicating the presence of a homogeneous back-
ground at the level of ~10% compared to the maximum signal. However, a high
level of signal background (10%) does not mean that the scattered field, on average,
is only 10 times smaller than the PhCW mode field. The scattered field is, in fact,
considerably smaller than that because the detection efficiency of fields with low
spatial frequencies is much higher than that of the evanescent PhCW mode [28]. At

Figure 6.4 Grayscale (a) topographical and (b—f) near-field optical images (5 X 25 um?) obtained
with a 40-um-long PhCW (sample N1) at the wavelengths A = (b) 1500, (c) 1520, (d) 1550,
(e) 1590, and (f) 1630 nm for TM polarization. The images are orientated in a way that the light
propagates upwards. Taken from [49]. © 2005 American Physical Society.
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the same time, for TE polarization, the efficient guiding was limited to the wave-
lengths shorter than 1522 or 1570 nm for the PhCW with a filling factor of 0.76
(sample N1) or 0.82 (sample N2), respectively. For longer wavelengths, we
observed drastic and rapid deterioration of the waveguiding and PhCW mode con-
finement, ending up with the complete disappearance of the PhCW mode once the
wavelength exceeded the cutoff value by merely 2 nm (see Figure 6.5). Such a criti-
cal wavelength dependence of the PhCW guiding for TE polarization can be consid-
ered as clear evidence of the well-defined PBG effect in the structure. It should be
noted that the long-wavelength PBG edge was found shifting toward longer wave-
lengths with the increase of the filling factor, a circumstance that emphasizes the fact
that the filling factor is an important design parameter for PhCWs.

Using the SNOM images obtained at different wavelengths (similar to those
shown in Figures 6.4 and 6.5), one can directly determine the PhCW mode propa-
gation loss and its dispersion. Variations in the detected signal along the PhCW
axis, which can be used to determine the mode propagation constant (see the next
subsection), made the precise evaluation of the propagation loss rather difficult. To
circumvent this problem, we have determined the propagation loss by averaging
over 11 profiles of the (~25 wm long) near-field distributions that were cut along
the PhCW axis, finding the slopes of the best linear fits to the corresponding aver-
age cross sections. This procedure was carried out for different wavelengths, and
the obtained results were recalculated as transmission through the 10-um-long
PhCW of sample N1 and the 40-um-long PhCW of sample N2. The latter were
compared with the transmission measurements conducted with the same samples
using the conventional approach of measuring the transmission spectra for PhCWs
of different lengths (see Figure 6.6). This (direct) comparison between the experi-
mental transmission spectra and the data obtained from the corresponding SNOM
images showed rather good correspondence in the wavelength ranges of mode
guiding as seen from the SNOM images. At the same time, it became apparent that
the conventional technique of characterization might turn out to be somewhat mis-
leading as it does not provide clear evidence of the PhCW mode cutoff behavior,
showing instead a gradual decrease in the transmission. One also can note that the
transmission measurements tend to overestimate the propagation loss near the

Figure 6.5 Grayscale (a) topographical and (b—f) near-field optical images (5 X 25 um?) obtained
with a 40-um-long PhCW (sample N1) at the wavelengths A = (b) 1500, (c) 1522, (d) 1524,
(e) 1560, and (f) 1600 nm for TE polarization. The images are orientated in a way that the light
propagates upwards. Taken from [49]. © 2005 American Physical Society.



122

Near-Field Characterization of Planar Photonic-Crystal-Waveguide Structures

PBG edge (Figure 6.6), probably because the coupling between the access ridge
waveguides and the PhCWs becomes unstable due to a drastic increase in the
FWHM of PhCW modes [53]. This means, in turn, that large propagation losses
usually reported for the PhCW modes close to the PBG edges (these modes are
interesting due to high dispersion and low group velocities) might be a result of
overestimation. It should be kept in mind that the difference in spectral resolution
of measurements performed using the tunable laser and a broadband light emitting
diode (LED) also might have influenced the transmission curves obtained, for
example, by smoothing the transmission curve measured with the LED.

6.4.2 PhCW Mode Dispersion

SNOM images obtained with a high resolution revealed that the intensity
distributions along the PhCWs are quasi-periodic and wavelength-dependent (see
Figures 6.4 and 6.5). We have related this remarkable feature (also found in the
experiments on SNOM imaging of conventional waveguides [24]) to the interfer-
ence between fiber modes excited by the SNOM fiber tip interacting with
both PhCW mode evanescent fields and weak optical fields, forming a quasi-
homogeneous background [40]. Dispersion of light propagation along the PhnCW
was studied in great details for sample N1 [49]. The typical spatial frequency spec-
trum of the optical signal variations along the PhCW measured at the wavelength
of 1510 nm is shown in Figure 6.7(a) (for TE polarization), featuring several peaks
that can be assigned (in agreement with arguments given in Section 6.3) to the spa-
tial frequencies of two PhCW modes having the propagation constants 8; and f3,.
This fitting procedure was accomplished for both polarizations in the whole
wavelength range available (1500-1630 nm). The lattice constant of 428 nm of
this PhC was obtained from images made by a calibrated SEM and corroborated
with SNOM topographical images. The PhCW mode propagation constants 3,

Figure 6.6 Transmission spectra measured with a 10-um-long PhCW of sample N1 (black line cor-
responds to TM polarization; and light gray line, to TE polarization) and a 40-um-long PhCW of
sample N2 (gray line) plotted together with the results obtained from the averaged cross sections of
SNOM images. Taken from [49]. © 2005 American Physical Society.
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and B, were fitted to the experimental spectrum so that the frequencies K — 3, and
K — B, also would fit to the corresponding peaks as shown in Figure 6.7(a). One
can further see that the spectrum structure, being well defined at low spatial fre-
quencies, is more complicated around the frequency K of the lattice constant. Such
a structure might be related to the PhCW modes reflected by the PhCW-ridge
waveguide interface and the output edge of the sample and/or to the nonlinear
response of the photoreceiver used for optical signal detection [40]. Considering
current observations, we should remark that the mode with B; is most probably
the main (true) PhCW mode, whereas the mode with 3, is only index-guided and
excited due to the multi-mode light propagation in the input ridge waveguide. The
above fitting procedure was carried out (with sample N1) for other wavelengths in
the spectrum range of 1500-1620 nm (for both polarizations), resulting in the dis-
persion curves measured with the SNOM [Figure 6.7(b)]. We can further identify
the following reasons of uncertainty in the determination of mode propagation
constants: the fact that the background contribution consists of many propagating
field components with small but not zero wave vector projections on the surface
plane and a finite length of the corresponding cross sections (~25 wm in this case).

(@

(b)

Figure 6.7 (a) Spatial frequency spectrum of the optical image obtained with the PhCW of sample
N1 for TE polarization at the wavelength A =1510 nm. Positions of main peaks fitted to the experi-
mental data are indicated with solid lines. Dotted lines indicate combination frequencies that may
appear due to the backward propagating PhCW modes and/or nonlinear detection. (b) Wavelength
dependence of the propagation constant of the main PhCW mode determined from the correspon-
ding near-field optical images obtained for TM and TE polarizations Taken from [49]. © 2005
American Physical Society.
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Nevertheless, the results obtained indicate that the propagation constant of the
true PhCW varies faster with the light wavelength than that of free propagating (in
air) radiation. For example, in the case of TE polarization, the ratio A/Apcy
changed from 0.33 to 0.41 when the ratio A/A varied from 0.28 to 0.29 [49]. Such
dispersion is actually expected for the PhCW mode in SOI PBG structures [51].
Considering the wavelength dependence of the propagation constant deter-
mined from the corresponding spatial spectra, we calculated the phase and group
velocities for TM- and TE-polarized PhCW modes in the wavelength range of
1500-1610 nm (see Figure 6.8). It is clearly seen that the group velocity rapidly
decreases, reaching the values of ~ 0.11c¢ at the light wavelength of 1610 nm for
TM polarization [Figure 6.8(a)] and ~ 0.035¢ at the wavelength of 1522 nm for
TE polarization [Figure 6.8(b)], as the wavelength increases toward the PBG edge.
At the same time, the phase velocity does increase, although relatively slowly, so
that the PhCW mode constant becomes closer to the light line in air for longer
wavelengths. This behavior of the group velocity is in agreement with the recent
results obtained with different techniques [18, 43]. Finally, the experimentally estab-
lished large dispersion and significant reduction in the group velocity, which are
directly related to the tight confinement and strong Bragg scattering in the PhCW,
also were corroborated with the theoretical dispersion curves calculated with the
three-dimensional (3-D) finite-difference time-domain (FDTD) method [49].

(@

(b)

Figure 6.8 Group and phase velocities normalized to the speed of light in vacuum for the (a) TM-
polarized and (b) TE-polarized PhCW mode of sample N1 as functions of the light wavelength. Solid
lines (used to guide the eye) represent quadratic approximations by the least-square method. Taken
from [49]. © 2005 American Physical Society.
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6.4.3 Loss in Gradual PhCW Bends

Typical topographical and near-field optical SNOM images of the gradually bent
PhCW (sample N3) also featuring the access ridge waveguide are shown in Figure 6.9
[40]. In the topographical image, one can recognize the pattern of holes that forms the
PhCW following the output ridge waveguide and even distinguish individual holes,
albeit only in the output PhCW region [Figure 6.9(a)]. The light propagation along the
bent PhC waveguide and further on in the access ridge waveguide is clearly seen in the
near-field optical image [Figure 6.9(b)], as well as the light scattering at the junction
between the PhCW and the ridge waveguide. The radiation loss is visualized on the
image appearing in the form of light scattering out of the bend in the forward direc-
tion that illuminates the edge of the neighboring PhC region. The variations of the
detected signal along the PhCW axis [Figure 6.9(b)] made the precise evaluation of the
propagation loss in straight parts of PhCWs rather difficult. Even for the longest
PhCW (~50 wm), the propagation loss could, at best, be estimated as being within
10% and somewhat larger for longer wavelengths. These observations are in agree-
ment with the transmission measurements conducted with a similar sample that
resulted in the propagation loss of a few dB/mm at 1520 nm and increasing with the
wavelength [48]. The bend loss could not have been determined from the transmission
measurements because the coupling losses contribute to the measured overall trans-
mission loss in the same manner. This circumstance makes the determination of bend
loss with the help of SNOM especially important.

We have obtained SNOM images of the gradual bend of the longest PhCW at
different wavelengths (Figure 6.10) and directly determined the bend loss by aver-
aging the signal distributions (across the PhCW) over the PhCW length of ~ 5 um
before and after the bend. Here it is very important to remember that, contrary to
the usual situation, the SNOM signal is proportional mainly to the PhnCW mode
amplitude [due to the presence of the background field (see Equation 6.2)], and not
its intensity. The bend (power) loss was found to be increasing rapidly with the wave-
length from the value of ~3 dB at the wavelength of 1520 nm to that of ~30 dB at
1570 nm. [See Figure 6.10(d).] Note that this range of the bend loss is considerably
higher than that (1-6 dB) reported previously [40] mainly because of correctly tak-
ing into account the amplitude character of SNOM detection. Finally, it is worth
mentioning that the determined bend loss is different not only for different

Figure 6.9 Grayscale (a) topographical and near-field optical images (22.5 X22.5 um?) obtained
with the shortest PhCW (sample N3) [Figure 6.1(b)] at the wavelength A =1520 nm. One can dis-
tinguish the line of missing holes that defines the PhCW and clearly see the output ridge waveguide
in the topographical image whose depth is 1.9 um.
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Figure 6.10 Grayscale (a) topographical and (b, c) near-field optical images (52.5 X 52.5 um?)
obtained with the longest PhCW (sample N3) at the wavelength A = (b) 1520 and (c) 1570 nm.
The depth of the topographical image is 0.51 um. (d) Wavelength dependence of the bend loss
measured for the longest PhCW (sample N3).

PhCWs but also for different adjustments of the fiber with respect to the same
PhCW, especially with respect to the fiber displacement perpendicular to the sur-
face plane [40].

6.4.4 Loss in Double 60° PhCW Bends

The SNOM investigations of sample N4 are in process, and their detailed account will
be published elsewhere. Here we present preliminary results concerning the influence
of moving holes from one side of the bend to the other on the bend loss. The topo-
graphical and near-field optical images obtained at the wavelength of 1530 nm with
sample N4 containing double 60° bends sharp and smoothed by moving one or three
holes [see SEM insets in Figure 6.1(c—¢)] are shown in Figure 6.11. Talneau et al.
reported the transmission measurements of a similar structure patterned into a
GalnAsP slab on InP substrate, inferring that moving holes in the corner of a PhCW
bend is very efficient in increasing the transmission [15]. Note that this conclusion was
based on the interpretation of Fabry-Perot oscillations in the transmission spectra (i.e.,
was of indirect nature). In our case, the near-field images obtained demonstrate
directly a significant increase in the transmission of radiation for smoothened bends
[see Figure 6.11(d-f)]. In fact, radiation loss for the sharp double bend was so large
that it was impossible to estimate its level with reasonable accuracy because of the
very low signal level at the output PhCW (as compared to the background level
enhanced due to strong radiation scattering at the bends). Noticing similar oscillations
in the detected signal along the PhCWs, one conjectures that, also with this sample,
the SNOM signal is (mainly) proportional to the PhCW mode amplitude. Averaging
the signal distributions (across the PhCW) over the PhCW length of ~5 um before
and after the bend, the power loss of ~3 dB per bend was determined for the bends
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Figure 6.11 Grayscale (a—c) topographical and (d-f) near-field optical images obtained at the
wavelength A = 1530 nm with sample N4 containing double 60° (a, d) sharp and smoothed bends
having (b, e) one and (c, f) three holes moved into the bend corner.

with both one and three holes being displaced. Finally, we should mention that even
though this bend loss is the same for both configurations, the corresponding wave-
length dependencies were found to be sufficiently different.

6.4.5 Directional Couplers (Sample N5)

SNOM also has been used to characterize more complicated PhCW structures
such as diffraction grating couplers [54], Y-splitters [55], and directional cou-
plers [50]. Ending a review of the results obtained with the SNOM detection, we
consider in this subsection the characterization of a PhCW-based directional
coupler with holes arranged in a triangular array. Until now, very little attention
has been devoted to investigating the propagation of TM-polarized light in such
PhCW structures since this arrangement provides PBG only for TE-polarized
light; thus, the waveguides should not support leakage-free guidance [51]. In
contrast with the naive expectations, the low propagation and bend losses for
TM-polarized light in different PhnCW structures (exhibiting a band gap for TE-
polarized light) have recently been experimentally demonstrated using the con-
ventional technique for relative measurements of the transmission spectra [56].
Here we present the results of experimental investigations (by collecting SNOM)
of TM-polarized light propagation in the PhCW coupler exhibiting PBG for TE-
polarized light. The PhCW coupler was excited at different wavelengths (for
TM-polarized light) and imaged with SNOM. The topographical and near-field
optical images obtained for the directional coupler and output ridge waveguides
in the broad wavelength range (1430-1630 nm) are shown in Figure 6.12. On
the topographical image [Figure 6.12(a)], the input and output ridge waveguides
connected to the PhCW coupler area are clearly shown. One also can recognize
the PBG structure in the image, but the pattern of holes that forms the “direct”
and “coupled” PhC channels following input and output ridge waveguides are
not discernible because the scanning parameters were not optimized with respect
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to the topographical imaging. On the near-field optical image [Figure 6.12(c)]
obtained at the wavelength of 1430 nm inside the PhC area, one can observe
light propagating along the input ridge waveguide and further in the “direct”
PhCW, as well as strong light scattering from the PhC area originating at the
junctions between the PhCW and ridge input/output waveguides. The features in
light propagation (for the same wavelength) along the output ridge waveguide
are more visible in the optical image exhibiting spatial periods down to 400 nm.
[See Figure 6.12(d).] We found that the light intensity patterns (recorded for
ridge waveguides and the directional coupler area) varied gradually with the
increase of the light wavelength, redistributing the light power between the chan-
nels. Thus, we have observed the efficient coupling and light propagation into
the “coupled” PhC channel at the wavelength close to 1505 nm [Figure 6.12(e)]
together with the light guiding along both output ridge waveguides [Figure
6.12(f)]. Finally, the SNOM images shown in Figure 6.12(g, h) have been obtained
with further increase of the light wavelength with almost all light being directed to
the “coupled” channel at A = 1620 nm. Note that at the same time, a bright spot
in Figure 6.12(c) associated with the bend of the “direct” PhC channel is seen to
gradually vanish for longer wavelengths, virtually disappearing at wavelengths
close to 1620 nm [Figure 6.12(g)]. Such wavelength-dependent behavior, in our
opinion, is originating from the efficient light coupling (from the bent “direct”
PhC channel to the “coupled” one). Furthermore, the light scattering observed

Figure 6.12 Grayscale (a, b) topographical and (c—h) near-field optical images (30 X 25 um?) taken
at the wavelengths A = (c, d) 1430, (e, f) 1505 and (g, h) 1620 nm for TM-polarization. SNOM
images are oriented in a way so that the light propagates rightward in the horizontal direction.
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along the output edge of the PBG structure becomes more pronounced with the
increase of the wavelength [see, for example, the bright elongated spot at the top
of Figure 6.12(g)]. This observation can be accounted for by the index-guided TM
mode leaking from the “direct” channel (in the bend region) and propagating fur-
ther through the periodic structure in the forward direction. Such a process
becomes more efficient for longer wavelengths due to the wavelength-dependent
variations in the scattering strength of the periodic structure, which is known to
decrease with increasing wavelength.

6.5 Conclusions

In this chapter, we considered usage of the collection SNOM for characterization
of PhCW structures. The qualitative description of image formation in the collec-
tion SNOM was presented for the special case of SNOM imaging of PhCWs, with
the (quasihomogenous) background field formed by PhCW mode scattering being
taken into account. We imaged the propagation of light at telecommunication
wavelengths along straight and bent regions of silicon-on-insulator PhCWs (with
different filling factors) formed by removal of a single row of holes in the triangu-
lar lattice. High-quality SNOM images of PhCWs excited in the wavelength range
of 1500-1630 nm was obtained and analyzed to determine the PhCW characteris-
tics for TE and TM polarizations. Thus, we analyzed light intensity variations
along straight PhCWs measured with the SNOM and related those variations to
Bloch components of the PhCW mode. Using a phenomenological description of
the SNOM imaging and assuming the presence of a quasi-homogeneous back-
ground field, we identified in spatial frequency spectra of the intensity variations of
the corresponding Bloch harmonics and determined (for both polarizations) the
dispersion of the PhCW mode propagation constant and, thereby, the mode group
and phase velocities. The efficient guiding (for both samples) of the TM-polarized
radiation was observed in the whole range of laser tunability. At the same time, for
TE polarization, the efficient guiding was limited to the wavelengths shorter than
1552 or 1570 nm for the PhCW with a filling factor of 0.76 or 0.82, respectively.
For longer wavelengths, we observed drastic and rapid deterioration of the wave-
guiding and PhCW mode confinement once the wavelength exceeded the cutoff
value by merely 2 nm. Such critical wavelength dependence of the PhCW guiding
(for TE polarization) is, in our opinion, clear evidence of the well-defined PBG
effect in the structure. Using averaged cross sections of the intensity distributions
along the PhCW axis, the propagation loss was evaluated and found to agree with
the corresponding transmission spectra.

Radiation loss for 90° gradual and 60° sharp PhCW bends was evaluated using
averaged signal cross sections and taking into account the fact that the signal is
proportional to the PhCW mode amplitude. We directly showed that the bend loss
for 60° bends is significantly decreased for smoothed bends having one or three
holes moved into the bend corner. Finally, we investigated the propagation of TM-
polarized light at telecommunication wavelengths in a planar PhCW directional
coupler. The directional coupler was found to be effective for the TM-polarized
light in the wavelength range of 1500-1630 nm despite the fact that the PhC struc-
ture only exhibits photonic band gap for TE-polarized radiation.
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The issues discussed in this work have implications to the SNOM characteriza-
tion of any PhCW and to at least some types of conventional waveguide structures.
The most important implication is related to the presence of a quasi-homogeneous
coherent background formed by scattering of waveguide modes at imperfections
and directional changes of waveguides. This background having a close to zero spa-
tial frequency (in the surface plane) is detected more efficiently than the evanescent
fields of waveguide modes [28]. The presence of such a background might be

considered a drawback intrinsic for a particular configuration (of PhCW, access
waveguide, coupling fiber, etc.) because it jeopardizes the accuracy of the determi-
nation of spatial frequencies. On the other hand, it increases the detected signal due
to the mode field so that the signal becomes proportional to the field amplitude (not
intensity). This feature is especially important when characterizing mode profiles
and propagation (and bend) power loss. Finally, the measurements of the spectral
modifications with the tip-surface distance are crucial for the interpretation of the
signal variations along the PhCW measured with any SNOM technique.

We believe that the results presented in this work can help in designing further,
more detailed and accurate SNOM investigations of PhCWs and, in general, PhC
structures. The accurate PhCW characterization is particularly important since rig-
orous calculations of the properties of PhCW components are extremely difficult
and time-consuming. The SNOM imaging can be used not only to quantitatively
characterize properties of fabricated PhCWs (mode profiles and propagation con-
stants including loss) and PhC structures (evaluation of loss and identification of
loss channels), and thereby optimize their performance, but also to unveil many
intriguing scattering phenomena occurring in PhCs.
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Tracking Light Pulses with
Near-Field Microscopy

R. J. P. Engelen and L. Kuipers

7.1 Introduction

Many new optical structures have appeared in recent years that have intriguing
properties due to nanoscale engineering. A few examples of such structures are
metamaterials with a negative refractive index [1], SPP structures [2], and highly
integrated optics such as PhC-based circuitry [3]. Near-field microscopy is an
invaluable tool for investigating these structures, especially since intriguing effects
often occur on length scales comparable to the diffraction limit or involve coupling
phenomena on this length scale. With a near-field microscope, the intensity distri-
bution of the light in or near a nanophotonic structure can readily be measured.
Although such an investigation is useful to gain an understanding of the time-
averaged propagation properties, it does not reveal the dynamics of the propaga-
tion of light. These dynamics play an important role in, for example, ultrafast
optical circuitry, which is expected to improve the bandwidth of optical networks.
In these structures, multiple optical components must be integrated into one device
possibly not larger than a square millimeter. A local time-resolved near-field inves-
tigation is crucial for a detailed understanding of all of the dynamic processes
involved in such a composite device. Also in nonlinear optics, time-resolved near-
field investigations are highly beneficial. For example, self-phase modulation or
soliton formation can be monitored while the light propagates. How pulses evolve
while undergoing a nonlinear interaction with, for example, a nanostructure
would be a fascinating topic for a time-resolved near-field investigation from both
an academic and an engineering point of view. The relevant time scale in such a
study is usually in the femtosecond domain. This poses a challenge in near-field
microscopy, since most NOMs map a time-averaged optical field in a nanostruc-
ture. Time-resolved microscopy with such a system would be limited by the frame
rate of the microscope; given the typical acquisition time of near-field microscopy,
this would result in a time resolution of several minutes.

Time-resolved experimental investigations can be performed using high-speed
electronics. Fast electronics may be able to record data up to the nanosecond
regime. Specialized optical recording systems could possibly extend this range into
the picosecond regime [4]. But it is impossible to record optical signals in the fem-
tosecond range only with electronic means. The only option available on this
timescale is to detect optical signals using other optical signals. The most common
approach to obtaining femtosecond time-resolved data in near-field microscopy is
to incorporate the scanning setup in an interferometer. In Section 7.2, the principles
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of the heterodyne interferometer are discussed. The technique is applied in
Section 7.3 to find the phase and group velocity of light propagating through a ridge
waveguide. The effect that very strong dispersion has on the tracking of pulses with
a near-field microscope is discussed in Section 7.4, both analytically and using a
series of measurements on a PCW.

7.2 Heterodyne Interferometry

A practical approach to using a near-field microscope with an interferometer is to
place the microscope including the sample in one branch of a Mach-Zehnder inter-
ferometer [5, 6]. In order to explain time-resolved near-field experiments, it is use-
ful to review the principles of the interferometer. Therefore, the basic properties
are introduced, including a discussion on the requirements on light sources in the
interferometric setup.

7.2.1 Mach-Zehnder Interferometer

Figure 7.1 schematically depicts a Mach-Zehnder interferometer with a micro-
scope integrated. The incoming light is split into two branches—the signal branch
and the reference branch. The signal branch of the interferometer contains the
photonic structure under investigation and the near-field microscope. In the refer-
ence branch, the light propagates through the air. A small portion of the light in the
structure is picked up by the near-field probe and mixed with the light from the ref-
erence branch. When the light of the two branches is mixed at the second beam
splitter, the detector registers an interference signal. The intensity I}, on the detec-
tor will therefore be

In(t) = eoc{|Ex(t) [* + |Es(t) [* + 2| Ex(t)Es(t) [} (7.1)

where g, and ¢ are the permittivity of free space and the speed of light in vacuum,
respectively. Ex and Eg denote the electric field in the reference branch and signal
branch, respectively. For monochromatic laser light, the amplitude |E| is constant
in time. Equation 7.1 can then be simplified to

IDZS()C{lER|2+ |Es|2+2|ER||E5|COS(A¢)} (7.2)

In this equation, A¢ denotes the phase difference between the fields. There are
three terms in Equation 7.2. The first two are the intensities of the light in the two
branches and are not phase-sensitive. The last term, however, mixes the two fields
and is called the interference term. This is an advantage of the interferometric
approach: The intensity from the probe (gyc|Eg|?) is usually very weak, but in the
interference term, the weak field from the signal branch is amplified by the strong
field of the reference light. This allows the measurement of time-averaged intensi-
ties in the signals branch down to the femtoWatt regime.

If the near-field probe is moved to a different position on the surface of the
sample, the optical path length of the signal branch changes. When the optical path
from probe to mixing point remains the same (e.g., by using a fiber), only the path
through the sample increases in length. Due to this change in length, the phase in
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Figure 7.1 Schematic representation of a near-field setup incorporated into a Mach-Zehnder inter-
ferometer. The incoming light is split into two branches—denoted signal branch and reference
branch. In the signal branch, the light is coupled into a photonic structure and picked up by a near-
field probe. The signal light and the reference light are mixed interferometrically with the second
beam splitter, and the interference between them is detected. In a heterodyne interferometer, the
optical frequency of the light in the reference branch is shifted by Aw so that the interference with
the signal light yields a time-modulated interference signal on the detector.

the signal branch will change accordingly, leading to a change in A¢, which results
in a change of the interference signal.

Our goal is to perform a time-resolved investigation of light in a photonic struc-
ture. Not surprisingly, this can be achieved with the same interferometric setup.
When using Fourier-limited (see Section 7.2.3) laser pulses, the detector signal is

. CDSOC

V() T

J dt {|Eg(t)|* + |Eg(t + 7)|* + 2| Ex(¢) | Eg(t + 7)|cos(Ad(7))} (7.3)

with Cp, the constant that describes the conversion of optical intensity to an elec-
tronic signal of the detector. Since the integration time of the detector T is usually
much larger than the repetition rate of the laser, individual pulses are not detected.
7 denotes the time difference in traversing the reference branch compared to the
signal branch. The contribution of the interference term is maximal when the
pulses in the signal and reference branches traverse the interferometer in the same
time. Typically, to have a significant interference effect, the time difference 7 must
be, at most, in the order of the laser pulse duration ( ~ 100 fs).

In summary, if the position of the near-field probe on the surface of the sample
is changed, the optical path length also changes. As discussed previously, the result-
ing interference signal will change due to differences in relative phase A¢. At larger
7, the interference term also changes since the temporal overlap of the pulses at the
detector is changed.

7.2.2 Lock-in Detection

In most experimental setups, the frequency of the reference beam is intentionally
slightly shifted with respect to the frequency of the incoming laser beam. In that
case, the voltage of the detector for Fourier-limited pulses becomes

1 T
Vp(7) = Cpeoc(|Ex|?* + (Eg)* + Tj de2|Ex(t) || Eg(t + 7)|cos(Ap(T) + Awt)} (7.4)
0
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The frequency shift Aw is usually in the kHz range, and its period is longer than
the integration time T of the detector. The interference of two beams of light with
a slightly different optical frequency results in a time-modulated detector signal
with a frequency of Aw. The modulated signal can be readily detected with a
lock-in amplifier (LIA). The output of the LIA contains only the interference term
in Equation 7.4. The LIA has a double output. One output (V4 ,) contains the
cosine of the phase difference, as follows:

17
Vitacos(T) = 2C11aCpegc COS(Ad’(T))TJ dt |Eg(t + )| Eg(2) | (7.5)
0

The other output (V4 y,) is shifted by 90 degrees in phase and therefore gives the
sine of the phase with the same amplitude as the cosine contribution:

T
Virasin(T) = 2C114Cpeoc Sin(A(b(T));J de |Eg( + 7) | Ex(t) | (7.6)
0

The combination of the two signals gives the complex phase evolution by:

Vcomplex(T) = VLIA,cos + lVLIA,sin

o1 (T
= 2C;;4Cpeoc e’Ad’(T)TJ dr|Eg(t + 7)1 Ex(2)] (7.7)
0

In this equation, the phase difference A¢(7) depends on the difference in optical
path length of the branches and therefore shows the same evolution as the actual
phase inside the photonic structure ¢(z) as a function of position z. The cross-
correlation of the fields amplitudes (the integral) is closely related to the actual
field amplitude Ey(t), as is discussed in Section 7.3.3. In fact, as a function of 7,
the shape of the cross-correlate qualitatively has the same shape in time as the
actual pulse in the signal branch at the position of the probe. The amplitude of the
interference signal (closely related to the actual E-field amplitude) is simply
| Veomplex| and the phase is arg( V. mpiex)-

7.2.3 Light Source Requirements

The preceding treatment assumes a source of pulsed laser light since the assump-
tion relates more to the intuition. However, only the temporal coherence of the
light source matters for the time-resolved imaging. As such, a noncoherent light
source (e.g., a broadband LED or an incandescent lamp) also can be used instead
of a pulsed laser system.

This can be understood by evaluating Equation 7.1 again.

ID:80C{|ER|2+ |Es|2+z|E;ER|} (7.8)

As explained in Section 7.2, a heterodyne interferometric experiment ensures that
only the interference term is detected. So

(", .
VLIA(T) = ZCLIACDSOCTJ thR(t)ES(t + 'T) (7.9)
0
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This equation describes the output of the LIA and is proportional to the cross-
correlate of the field in the signal branch and the reference branch. Assuming that
a noncoherent light source with a constant amplitude is used, the interference will
tend to zero when 7 becomes much larger than the coherence time of the light
source (e.g., when the optical path length of the two branches differs significantly).
The cross-correlation between the reference and signal light can be rewritten as a
multiplication in the spectral domain:

Via(t) = 2C14CpeocF {Ex(w)Eg(w)} (7.10)

Here F~' denotes the inverse Fourier transform, and Egx(w) and Eg(w) may be
complex. Equation 7.10 shows that to obtain a signal on the LIA (V4), there must
be spectral overlap between the light in the reference branch and the signal branch.
This can be described in greater detail by separating the amplitudes and arguments
of the spectra:

Via(t) = 2C1aCpeoc F~ {Ag(0) Ag(w) )=} (7.11)

In this equation, the spectral amplitudes are given by Ag(w) and Ag(w) and are
real. The arguments yz(w) and ys(w) determine the temporal shape of the light.
When y = 0, the light is so-called Fourier-transform-limited. That indicates that
the light consists of pulses, which are maximally compressed in time: Their width
in time is determined by the Fourier transform of the spectrum.

In Equation 7.11, the exponent contains the difference in accumulated disper-
sion yg — yg. The argument yg — vy will be nonzero if the dispersion in the two
branches is not balanced. Let’s assume that the dispersion in the two branches is
balanced so that the complex exponential in Equation 7.11 yields unity. The only
contributions left to the cross-correlation result (V;;4) come from the spectra of the
reference and signal light. Given this result, it does not matter what type of source
produces the spectra. A broadband LED can give exactly the same result in an
interferometric measurement as a femtosecond pulsed laser source. For the
interferometric experiment, it does not matter what source is used since the cross-
correlation V4 depends only on the spectrum.

When light propagates through a medium, it acquires a dispersion of
v(w) = zk(w), where z is the propagation length through the dispersive medium
and k(w) is the dispersion relation of the material. The dispersion relation can be
expanded as a Taylor series around a central frequency w:

k(w) = By + Bi(w — wy) + %(w — wy)* + %(w —wy)® + ... (7.12)
The propagation constants 3, describe the propagation of the light through a
medium, where B, is the inverse of the phase velocity (1/v4) and B, is the inverse of
the group velocity (1/v,). The higher-order terms are commonly used in describing
pulse dispersion in, for example, fibers. The terms B, and B; describe the group
velocity dispersion (GVD) and third-order dispersion (TOD), respectively. In each
branch of the interferometer, the preceding equation describes the propagation of
light, given that the medium through which the beam propagates has a uniform dis-
persion relation. Balancing the dispersion in the branches can be achieved with vari-
ous materials, with different dispersive properties and different lengths, as long as the
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accumulated dispersion is equal. The most straightforward approach is to build a
symmetric interferometer where the branches of the interferometer contain exactly
the same components. This then leaves, in principle, the unknown dispersion of the
sample as the only source of imbalance, which is the desired situation.

For simplicity, the use of laser pulses is assumed unless otherwise indicated.
The pulsed laser is easy to relate to, while, in fact, the same results will be obtained
if a nonpulsed light source is used, provided it has the same spectrum.

7.3 Application in Near-Field Microscopy

In the following section, the interferometric setup will be used in a near-field meas-
urement in order to characterize a photonic structure. The individual elements of
the near-field setup are discussed, as is a measurement of pulses in a ridge wave-
guide and how to recover the phase and group velocities with the pulse tracking
near-field microscope.

7.3.1 Setup Considerations

A number of groups have demonstrated a heterodyne version of the interferometric
near-field microscope [7-11]. The microscopes can be separated into two types:
scattering-type microscopes [8, 11] and collection-type, fiber-probe microscopes [7,
9, 10]. Scattering-type microscopes uses a sharp point to scatter light from the struc-
ture in all directions, while in collection-type, fiber-probe microscopes, light tunnels
from the structure into a subwavelength tapered fiber. In principle, both types can
be used for time-resolved and phase-sensitive investigations. In the following, the
second type will be described in greater detail. Most groups use a femtosecond laser
system as a light source. This has the advantage of a well-collimated beam with high
average power and a high spatial coherence. Figure 7.2 shows a typical setup.

Delay Fiber Fiber
line ((‘))
Reference branch

Fiber

Near-field

Beam microscope

fs = splitter
Sample
laser Signal branch

Figure 7.2 Schematic representation of a heterodyne near-field setup. The incoming femtosecond
pulses are split into two branches by a beam splitter. In the signal branch, the light is coupled into a
photonic structure and picked up by a fiber-optic near-field probe, which can be scanned over the
surface of the sample. The light in the reference branch also is coupled into a fiber. The signal light
and the reference light are recombined by a fiber coupler and transported by a fiber to the detector.
The optical frequency of the light in the reference branch is shifted by two acousto-optic modula-
tors (AOMs) in a crossed configuration. A delay line is included in the reference branch.
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The frequency shifting in the reference branch, which is necessary for the
heterodyne detection, is achieved by passing the laser beam through two crossed
acousto-optic modulators (AOMs). In such a modulator, the incoming wave is
Doppler-shifted by an ~ 80 MHz acoustic wave. Two AOMs are used in a crossed
configuration to obtain an overall shift of the frequency of tens of kHz, which is
the frequency difference in the two modulators. The interference of the original
wave and the frequency shifted wave results in a time-modulated interference sig-
nal as described in Section 7.2.2. Note that the specific use of AOMs as described
here may lead to some confusion. A traveling-wave AOM accomplishes a shift in
the frequency of the light without inducing an extra time dependence of the optical
amplitude, which a standing-wave modulator induces.

Using a tapered fiber probe is advantageous in that the distance from probe
apex to mixing point does not change during scanning. Therefore, it also is conven-
ient to use fiber optics in the rest of the optical setup. The dispersion in these fibers
generally is not negligible. The same holds for the dispersion caused by the AOMs.
This is not detrimental to the measurements, however, as long as the dispersion in
the two branches is balanced, as discussed in Section 7.2.3. One method for balanc-
ing the dispersion is to use the same length of optical fiber in each branch and to dis-
tribute the two AOMs over the two interferometer branches.

7.3.2 Pulse Tracking in a Waveguide

In a near-field experiment, a probe is scanned over the surface of a sample. When
the detection path after the near-field probe is purely fiber-optic, the optical path
length, from probe apex to mixing point, does not change as the probe is scanned
over the surface of the sample. However, the distance over which the light propa-
gates in the sample until the light reaches the probe may change. As a result, the
delay time 7 between the two branches of the interferometer will change. At small
changes of 7 (e.g. equivalent to a few optical cycles), consecutive constructive and
destructive interference can be observed at the detector. Note that the amplitude in
the reference branch is, in general, much higher than in the signal branch.
Therefore, the intensity of the interference will not reach zero. At larger changes of
7, of the order of the coherence time of a pulse, the effective temporal overlap of
the signal pulse and the reference pulse becomes smaller. This results in a reduction
of the interference amplitude.

In a near-field measurement, the delay time 7 continuously changes when the
probe is scanned. Therefore, a map of the interference will appear like a snapshot of
the propagating pulse: The interference fringes resemble the (co-)sine of the phase of
the E-field, and the interference envelope resembles the pulse envelope in space.

7.3.3 Determination of the Phase Velocity

A pulse tracking near-field measurement on a ridge waveguide as a model photonic
structure is discussed next to demonstrate the working of the heterodyne interfero-
metric setup. The waveguide under investigation is a 2.08 um wide waveguide cre-
ated by etching 3.5 nm deep in a 190 nm thick layer of Si;N, on top of a SiO, layer.
This waveguide can support two modes, one with the E-field oriented parallel to
the slab and one with the E-field pointing out-of-plane. Each of the two modes has
a different effective refractive index.
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Since the phase of the light in the structure can be recovered with the interfero-
metric near-field microscope and the optical frequency is known, the phase velocity
can be measured in these waveguides. The signals V;;4 ., and V4, are depicted in
Figures 7.3(a) and 7.3(b), respectively. The colorscale indicates the root-mean-square
value of the heterodyne detector signal. Note that the interference signal is in the
order of & 1 mV, while the detector signal from only the reference light was 520 mV.
The intensity in the reference branch is much higher than the intensity picked up in the
signal branch. The intensities in each branch can be estimated using Equation 7.2. The
power in the reference branch is found to be 0.1 wW, while the signal picked up by
the near-field probe is approximately 0.1 pWj the intensity in the signal branch is
6 orders of magnitude lower than in the reference branch. The heterodyne detection
scheme makes that the signal is amplified by the reference light and therefore can
readily be detected.

In Figure 7.3, the waveguide is oriented along the z-direction and centered around
x = 5 um. A clear modulation pattern is present along z, which is strongest in the
center of the waveguide and decreases away from x = 5 um. The modulation is
caused by the cosine term in Equation 7.5; the optical path length changes due to the
scanning of the probe, resulting in consecutive constructive and destructive interfer-
ence. The distance between two consecutive maxima is determined by A, the phase
difference between the light in the reference branch and the signal branch. So when
A¢ changes by 27, the same signal is found, providing that the amplitude is constant.
The optical path of the reference branch is constant, so the change in phase is due to

Figure 7.3 Results of a heterodyne near-field experiment on a femtosecond pulse in a ridge wave-
guide. (a) Signal from the lock-in amplifier representing the real part of the interference signal as in
Equation 7.5. (b) Corresponding imaginary part of the interference signal as in Equation 7.6.
(c) Amplitude of the interference calculated by evaluating the measurements in (a) and (b). (d) In a
similar fashion, the phase, modulo 27, also can be recovered.
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the light in the signal branch only. A shift of 27 corresponds to a full cycle of the opti-
cal field in the structure; therefore, the distance between the two maxima is the same
as the wavelength A of the light in the waveguide.

The modulation pattern does not change away from the center of the waveguide
in the direction perpendicular to the propagation (i.e., at larger or smaller x). This
proves that the phase of the light in the waveguide does not change perpendicular to
the propagation direction as is expected for a zero-th order propagating mode. The
same holds for the second LIA output channel, proportional to the sine of A¢ (see
Figure 7.3(b)). This appears to be the same image as in Figure 7.3(a), but the phase
is shifted by 7/2.

Now the real and imaginary part of V.., are recovered, as described in
Equation 7.7. The amplitude of the interference can be calculated by taking the
absolute value of V... The amplitude of the interference is depicted in
Figure 7.3(c). The highest amplitude is found in the center of the waveguide, along
x = 5 pm. The amplitude decays at larger and smaller x-positions. Note that the
amplitude pattern is wider than the 2 um wide waveguide. This is the result of
weak confinement due to the small effective index difference between waveguide
and the Si;Ny slab.

The interference amplitude decays significantly at small or large z-values,
which gives the pattern shown in Figure 7.3(c) the appearance of a pulse in space.
At small or large z-values, the time delay corresponding to the path length differ-
ence (7) in the interferometer branches is larger than the coherence time of the light
used. Therefore, the interference amplitude is lower at small and large z-values.
(See Equation 7.7.) To what extent this pattern is an actual snapshot of a propagat-
ing pulse is discussed in Section 7.4.1.

In a similar fashion as the amplitude, the phase of the light can be extracted
from the measurements by taking the argument of V... The phase modulo 27
is shown in Figure 7.3(d). When a line is followed from left to right, the color
changes gradually from white to black: The phase difference decreases. From —r,
the phase jumps to 7, which is represented by a color change from black to white.

Line traces of the measurement data are shown in Figures 7.4(a) and 7.4(b),
showing the details of the amplitude ( | Vi1 comples |) and the real part of the lock-in
signal (Re{ V114 complex} = Viiacos) along the line x = 5.1 um, respectively. The
amplitude data show a near Gaussian shape. A slight modulation is visible on the
amplitude data, which may be due to interference of the propagating light with
light that is scattered out of the waveguide at imperfections or dust particles.

As mentioned before, the modulation of the V; 4 ., signal corresponds to the
oscillations of the field inside the waveguide. So the distance between two consec-
utive maxima gives the wavelength of the light in the waveguide. To find the effec-
tive index of the light in the waveguide, the V., signal is Fourier-transformed
along the z-direction to recover the periodicity of the E-field oscillations. The
result is depicted in Figure 7.4(c), in which the amplitude of the transformed data
is given as a function of the wavevector k, of the light (or 27/A). A clear peak is
present at k, = 13.3 um ™!, corresponding to a wavelength of 472 nm. Since the
central wavelength of the laser pulses used is 810 nm in vacuum, the effective
refractive index is 1.71, corresponding to a phase velocity (v4) of 1.75-10%m/s.
The width of the peak in Figure 7.4(c) is determined by the spatial extent of the
measured interference.
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Figure 7.4 Details of the measurement shown in Figure 7.3. (a) Interference amplitude along
x = 5.1 um. (b) Real part of the complex measurement data showing the interference fringes due to
scanning the probe over the waveguide. (c) Fourier transform of the complex measurement data
showing the periodic components present in (b).

The preceding exercise for determining the wavevectors is a very useful tool for
determining the optical properties of integrated optical structures. By repeating the
process for different optical frequencies, the dispersion relation k(w) is recovered. In
periodically nanostructured materials (e.g.. PhCs), the relation between wavevector
and frequency can become very complex [12]. This complexity can result in interest-
ing optical properties, such as photonic bandgaps or slow-light propagation [13].
With a phase-sensitive near-field microscope, the fundamental properties of photonic
structures can be recovered with unprecedented accuracy.

7.3.4 Determination of the Group Velocity

Other than the phase velocity, which is determined in the previous section, a sec-
ond velocity of crucial importance is present in nanostructured devices: the group
velocity. This velocity (v,) describes how fast a wavepacket, such as a laser pulse,
travels through a dispersive material. The group velocity is defined as follows:

v, =— (7.13)
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If the wavevector k is not linearly proportional to the optical frequency w, the
group velocity may be different from the phase velocity. This does not require
nanostructuring of materials. The intrinsic dispersion of materials is already suffi-
cient to cause a difference in phase and group velocity of 1% for quartz and 11%
for silicon at a vacuum wavelength of 810 nm.

The interferometric near-field microscope allows tracking of pulses as they
propagate through a photonic structure. This gives insight into the dynamic
processes inside a photonic structure [14]. As a demonstration of the dynamics of
pulses and how to track their propagation in a structure, the determination of the
group velocity of a femtosecond pulse traveling through a simple model system is
demonstrated: a conventional ridge waveguide.

In Figure 7.3, a measurement of a laser pulse in a ridge waveguide was pre-
sented. In fact, this measurement is one of a series of measurements. In the com-
plete set of measurements, a series of scans over the surface of the waveguide is
performed. Between successive measurements, the length of the reference branch
was changed by moving the delay line in the setup (see Figure 7.2).

When the reference branch increases in length, the total length of the signal
branch also must increase in order to achieve the maximum interference ampli-
tude. The length of the signal branch can only become larger by changing the posi-
tion of the near-field probe to a position further along the waveguide. As a result,
each consecutive measurement for increasing lengths of the reference branch will
result in a map of the interference amplitude, where the maximum of the interfer-
ence envelope is at a different position in the waveguide.

A series of measurements, each with a different position of the delay line, is
depicted in Figure 7.5. It appears to be a series of snapshots of the propagating
pulse at different times. The delay time at which the measurement is started is
defined as zero delay time. At delay time 192 fs, the interference amplitude is max-
imal close to z = 5 um: The optical path lengths of the reference branch and signal
branch are equal at z = 5 um.

As the conversion of the reference branch length changes, a change in time
delay is readily made; the changes in position can be tracked in time. In the wave-
guide, the pulse envelope moves with the speed of the group velocity. (Note that
the phase moves with the phase velocity.) By evaluating the position of the maxi-
mum interference amplitude in the measurements, the group velocity can be found.

A Gaussian envelope is fitted to the interference amplitudes, and the center posi-
tion of the envelope is determined. The center positions as a function of delay time
are depicted in Figure 7.5(g). A linear dependence is found for the position of the
pulse as a function of the delay time. The slope corresponds to 1.44 - 10® m/s, which
is the group velocity of the pulse in the waveguide. The group index 7, is 2.08,
which is considerably different from the effective index (for the phase) of 1.71.

The ridge waveguide has a fairly simple structure, which has a number of
advantages for the analysis in this section. For example, the pulse retains it shape
during propagation through the waveguide. Also, the pulse spectrum in the wave-
guide is the same as in the reference branch and remains that way. When that is not
the case, care must be taken when drawing conclusions from the interferometric
data. The challenges that arise if the dispersion in the structure is very large (and
therefore deforms the pulse significantly) are addressed in the next section.
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Figure 7.5 A series of pulse tracking measurements. (a—f) Amplitude of the lock-in signal of the
same area (91.6 X 10.9 um?) of ridge waveguide. Between each measurement, the optical length of
the optical delay line is increased by 19.8 um, corresponding to a time delay of 132 fs. (g) Position
of the center of the interference peak as a function of delay time. The gray line shows a fit to the
measurements, corresponding to a group index of 2.08.

7.4 Pulse Tracking in Dispersive Media

In the previous section, the phase and group velocity were recovered. The propaga-
tion of light is governed by the dispersion relation k(w), which can be expanded in
a Taylor series as described in Equation 7.12. The first two terms of this expansion
describe the phase velocity and group velocity. A strategy to find the first two
values was described in the previous sections. To find the higher-order values, the
analysis requires additional effort. This section starts with a description of the
effect of GVD in near-field pulse-tracking experiments; subsequently, third and
higher orders of dispersion are addressed.
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7.4.1 The Influence of Group Velocity Dispersion

GVD causes a pulse to broaden in time as it propagates through a dispersive
medium. This effect can be significant in any (solid) material; for example, in fiber-
optic communication, pulses must be compressed after a few kilometers of propaga-
tion. Also, at a much smaller scale (within the scan area of a near-field microscope),
this broadening may occur. The effect of GVD on interferometric near-field meas-
urements still can be described analytically.

Assume that the pulse in the reference branch is Fourier transform-limited. The
electric field of a Fourier-limited Gaussian pulse with a center frequency w is as
follows:

E, t) — A,efei(w°+Aw)t_tz/02 (7.14)

The peak amplitude of the pulse in the reference branch is denoted by A, and the
width of the Gaussian pulse profile is determined by o. The FWHM is related to o
by FWHM = 20\ In2. Since the frequency of the light in the reference branch is
shifted, the Aw appears again. The equivalent in the frequency domain is obtained
via a Fourier transformation:

~ ( ) A,efa'
E, (o) =
' V2

The pulse in the signal branch is initially Gaussian, but after traveling through a
portion of the photonic structure, it acquires some dispersion k - z. Therefore, the
electric field of the light is as follows:

~ A
Esig(waz) =

e il d0re? (7.15)

sigo-

e —%crl(w - wo)leile(w)z (7 1 6)

Note that this is the E-field as a function of frequency, not time. To elucidate the
effect of GVD only, the higher-order terms—g; and higher in the Taylor expansion
of k(w) (see Equation 7.12)—are taken to be negligible. By substituting the expan-
sion for k(w), Equation 7.16 becomes

A0
T ezt izBi(w—wo) +| 3izBy 50|~ @) (7.17)

Esig(w,z) =

At the detector, the interferometrically mixed signal from the reference branch and
signal branch is detected. This signal is averaged for a characteristic time T. For the
detected signal by the LIA, this yields the following cross-correlation of the fields:

VLIA,complex(Taz) S8 Jthref(t + T)Esig(taz) (718)
T

There are two ways to change the length of the branches: by moving the delay line
in the reference branch (see Figure 7.2) or by changing the position of the probe.
These two methods are described in the preceding equation by a change in 7 or z,
respectively. The detector signal is the convolution of the field in the reference
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branch and the signal branch. The equivalent in the frequency domain is a multi-
plication of the fields:

VLIA,complex(T’z) o« F~ [Eref(w szg(w’z)} (719)

The following analysis will focus on the shape of the pulse envelope. Therefore,
the phase of the interference signal will not be evaluated. As described in
Equation 7.18, the amplitude of the complex measured signal from the LIA is pro-
portional to the amplitude of the cross-correlated fields.

The two fields from the reference and signal branches in Equations 7.15 and
7.17 are multiplied to yield the following;:

T T ASigArefo-z i3 Z—l(rZAw2+(iB z+la'2Aw)(w—w)+(liB Z—l(rl)(w—w)z
E,f(w)Eg(w,z) = 5 e 2+ 0+ Gibr 7 " (7.20)

The signal of the LIA is found by taking the inverse Fourier transform of this equation:

A A (r—iAwo?/2— B 2P
ref 51g e*%UZAwZ+iﬁgz*iw0777'

VLIA,complex (T,z ) X F 20" —2iprz
g leZ

With the assumptions that Aw < 1/ < w, and the timescale of 7 is much
larger than Awa?, Equation 7.21 can be simplified to

(7.21)

A,efAS,g o (T B2P
ezﬁoz —lwyT —

VLIA,complex(Taz) X m 20° -2z

In this equation, 7 represents the delay time set by the delay stage in the reference
branch and z is the propagation distance through the dispersive medium. Both vari-
ables change the phase of the measurement signal. The phase increases as the delay
time increases, while the phase decreases as the distance z increases. The third term
in Equation 7.21 also contains a complex value and describes the frequency chirp of
the detected interferogram.

To determine the envelope of the interference, the absolute value of
Vi 1acomplex(T>2) 1s calculated. Using Equation 7.21, this yields the following:

(7.22)

AA 2r— B2
il { i an } (7.23)

|V 72)| X ———= B
LIA complex ) zm 20’4 + ZB%ZZ

The term in the exponent contains 7 — ;2. This ensures that the movement of the
interference envelope in space as a function of delay time has the same group veloc-
ity (v, = 1/B4) as the actual propagating pulse in the photonic structure. This also
allows a measurement of the group velocity, as demonstrated in Section 7.3.4.
Assuming that the propagation distance z through the photonic structure is
small, the factor before the exponent reduces to Ag,A,,0/2. This implies that the
signal level increases with an increase of the pulse width o. This can be understood
by realizing that the amplitudes A, and A, are the peak amplitudes. If the width
increases, the energy in each pulse increases, as does the time-averaged intensity
and signal level. On the other hand, if the pulse in the signal branch is broadened

due to dispersion, the factor B8,z is no longer zero and the signal level goes down.
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The term in the exponent describes the pulse shape. In the absence of disper-
sion, the term reduces to 7%/(20*). Compare this to Equation 7.14, which describes
the field of a Gaussian pulse. The width of the interference envelope is always a
factor of \/2 broader than the actual width of the E-field. In fact, the width of a
laser pulse is usually expressed as the width of the intensity of a pulse. In that case,
the interference width is, in the absence of dispersion, twice as broad as the inten-
sity width of the used laser pulses. In the case when dispersion is nonnegligible, 8,z
is nonzero, the pulse broadens, as does the interference width.

In the experiments on the ridge waveguide as described in Section 7.3.2, fem-
tosecond laser pulses were used with a FWHM of the intensity spectrum of 9 nm,
which corresponds to a FWHM of the pulse intensity in a time of 107 fs. In a
medium with a group index of 2.08 (from measurement), this results in a pulse width
in a space of 15 um. Using Equation 7.23, this results in an interference envelope
that is twice as broad as the intensity width. The interference width in Figure 7.4(a)
is 31 wm, which corresponds perfectly to the expected 2 X 15 = 30 um when tak-
ing into account the small inaccuracy in the determination of the spectral width.
Therefore, the GVD is expected to be low in the ridge waveguide.

7.4.2 The Influence of Higher-Order Dispersion

In the interferometric near-field setup, two methods are used to change the length of
the interferometer branches: by the probe position z, which is changed by scanning the
probe, and by the delay time 7 by moving the delay line. These also are the two ways
of performing a time-resolved near-field measurement: either scanning the probe
(change z and keep 7 fixed) or scanning the delay line at a fixed position z of the probe
and thus changing 7. In the first option, the probe picks up light at various positions
of z. The pulse probed at position z may be Fourier-limited, whereas a pulse picked up
at a position further along the structure may be significantly dispersed. If the disper-
sion is very strong, the acquired dispersion at different positions will differ signifi-
cantly. Therefore, the analysis of a pulse in a structure with strong dispersion becomes
more complicated, especially when higher-order dispersion (8; or higher) plays a role.

If one is interested in the shape of the pulse or the change of pulse shape upon
propagation, it is more suitable to scan the delay line. In this way, the temporal infor-
mation of the pulse is recovered at a single position. Repeating the experiment at dif-
ferent positions can then reveal the changes in shape of a pulse upon propagation and
makes the quantification of the dispersion more straightforward. This will be pur-
sued in this chapter in dealing with a material with very strong dispersion: a PCW.

Figure 7.6(a) depicts a 2-D PhC structure. PhCs are periodic arrangements of
dielectric materials with different refractive indices. The periodicity a must be in
the order of the wavelength of light. Light propagating in such periodic media
experiences a strong modulation of the dielectric constant and therefore behaves
differently than in a bulk material [13]. One of the interesting properties is that
some wavelengths of light cannot propagate through the material. This is also the
case in the 2-D PhC in Figure 7.6(a). However, when a single row of holes is left
unperforated in the hexagonal lattice of air holes, it can act as a waveguide.

In the PCW, propagating light is still strongly influenced by the periodic structure
alongside the waveguide. The dispersion relation of the PCW is depicted in
Figure 7.6(b) for a small range of optical frequencies. The polarization of this mode is
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Figure 7.6 (a) SEM image of a PCW. The waveguide consists of one unperforated row of hole in a
hexagonal lattice (period a =339 nm) of air holes (radius 113 nm) in a 200 nm thick GaAs mem-
brane. © Optical Society of America [16]. (b) Portion of the dispersion relation for light polarized in
the plane of the membrane in the frequency range of 0.25-0.28 in normalized frequency units. The
mode shown is confined to the waveguide and has an even symmetry of the electric field.

called TE (as opposed to TM) and has the E-field oriented in the plane of the mem-
brane. One mode is plotted, indicating that only one propagation mode is allowed in
the waveguide for this frequency range and polarization. As discussed in Section 7.3.4,
the group velocity depends on the slope of the dispersion relation. In the figure, the
slope of the curve is relatively steep at high optical frequencies. This steep slope corre-
sponds to a relatively fast propagation mode: in this case ¢/5, with ¢ being the speed of
light in vacuum. As the frequency is lowered from 0.28 to 0.257, the group velocity
gradually reduces to zero, since the slope of the dispersion relation flattens, until it is
horizontal at k, = 7r/a. When the slope is horizontal, the group velocity is zero.

A change of the group velocity must be accompanied by a nonzero GVD: The
derivative of the dispersion relation changes; therefore the second-order derivative
(GVD) must be nonzero. Since the change in the dispersion relation is very rapid,
higher-order derivatives also may play a role. The third-order derivative, the
TOD, causes an asymmetric broadening of a pulse as it propagates through the dis-
persive medium.

The strong dispersion of pulses through the PCW is investigated with the inter-
ferometric near-field microscope. To facilitate the analysis, the delay line is
scanned; thus, insight is obtained of the pulse shape in time at a fixed position. The
shape of the pulse will be investigated; therefore, only the envelope of the interfer-
ence amplitude is of interest. For a comparison with theory, the absolute value of
Equation 7.18 needs to be calculated.

Since the dispersion is very strong near the slow-light frequencies, higher-order
dispersive terms also may play a role. Therefore, Equation 7.18 cannot easily be
solved analytically. Assuming that the pulse in the reference branch is Fourier-
limited, the resulting shape of the interferogram is a qualitative measure for the
shape of the pulse in the structure because the interferogram is the field cross-
correlate between the reference and signal branches with the reference pulse
unchanged for every probe position.

A delay-line scan is performed at six different positions on the PCW, starting at
10 wm distance from the point where the light is coupled in via an objective. The
procedure is repeated for five points, equidistantly spaced, with the last position at
116 wm from the start of the waveguide. The results for the optical frequency
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of 0.2664 (in normalized units of 27c/a) are depicted in Figure 7.7(a). In these
measurements, it is clear that the interference maximum for each measurement posi-
tions “A” up to “F” is at a different delay time. The time delay between two consec-
utive measurements at different positions is determined by the group velocity as
long as the pulse shape does not change significantly from point to point. In this
case, the group velocity is ¢/5.3.

The group velocity decreases at the lower optical frequency of 0.2635 and
especially at 0.2603 (in normalized units). In Figure 7.7(b), the spacing between
consecutive maxima has already increased due to a reduction of the group velocity
down to ¢/6.6. Similarly, an even stronger reduction of the group velocity is found
at the lowest optical frequency, where the v, is reduced down to ¢/9.

In addition to a difference in group velocity, a broadening of the interferograms
is observed. At w = 0.2664, the interferogram retains its initial shape, but as the
pulses travel further along the waveguide, the interferogram is broadened from
approximately 0.36 ps to 0.57 ps at position “F”. This broadening is still moderate
at this high frequency, but as the frequency is reduced to w = 0.2603, the pulses
experience a much stronger broadening. At the same spatial position (“F”), the
FWHM of the interferogram is 2.2 ps. Interestingly, as the pulse has propagated
116 wum, the shape of the pulse has become asymmetric for all frequencies. The
largest asymmetry is found in the measurements at @ = 0.2603.

Also, other modes can be recognized in Figure 7.7. Both air-guided light and a
TM-polarized mode is detected at ® = 0.2664. These modes are visible as smaller
side lobes on the main pulse and can be discriminated by their group velocities.
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Figure 7.7 Cross-correlation functions of the pulses in reference branch and signal branch of the
interferometric setup. At the normalized optical frequencies of 0.2664 (a), 0.2635 (b), and 0.2603 (c),
interferograms are measured at six equidistantly spaced points on the waveguide between 10 um
(interferogram A) and 116 um (interferogram F) from the membrane facet. The interference ampli-
tudes are normalized with respect to their maximum. In the first curve in (c), the detection saturates
because at this position, light from the coupling objective is picked up directly. © Optical Society of
America [16].
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Particularly in the measurement at position “A” at 10 um from the facet, the air-
guided light is relatively strong. This is not surprising since the light is coupled into
the structure via an objective that focuses light onto the facet. Since a diffraction-
limited spot at these wavelengths is larger in diameter (~ 3 uwm) than the mem-
brane thickness (200 nm), such coupling results in some light skimming over the
surface of the PCW.

At w = 0.2635, a mode with the E-field polarized perpendicular to the mem-
brane (TM) is very strong and causes a quasi-interference [15] with the dominant
TE-polarized mode. At this frequency, the TM-polarized crystal mode travels at
roughly the same group velocity as the TE defect mode. This causes the irregular
pulse shapes in the interferograms in the measurement at @ = 0.2635. For an
unknown reason, the TM mode is particularly strong in the measurements at this
frequency. In the other measurements, its influence is negligible.

To ensure that the effects observed in the measurements are due to higher-
order dispersion, the experimental results are compared to simulations [16]. To
this end, Equation 7.18 is solved numerically using the full dispersion relation
k(w) of Figure 7.6. The numerical result describes the interferogram at a specific
point on the waveguide and thus could be compared directly to the measurements.

From the theoretical interferograms that fitted our experimental results at
w = 0.2603, the magnitude of the dispersive terms is determined. The GVD is
B, = —1.1 ps*/mm, and the TOD is 3; = 0.11 ps’/mm. Those values are respec-
tively 5 and 6 orders of magnitude higher than those found in fiber optics: Effects
that play a role at many kilometers length scale in fibers now occur at tens of
microns of propagation distances.

The interferograms obtained with the pulse-tracking near-field microscope are
a qualitative representation of the shape of the pulse in the signal branch. The
measured interferograms in this section are asymmetrically distorted. However,
care must be taken when drawing conclusions from these measurements since the
actual measured result is the cross-correlate of the light in the reference branch and
the signal branch of the interferometer and may differ significantly from the actual
optical field.

7.4.3 Slow-Pulse Propagation with Low Dispersion

The PCW that was studied in the previous section is a promising candidate for
highly integrated photonic circuitry. Since some frequencies of light are not
allowed to propagate in the crystal region of PhCs, waveguide bends can be very
sharp [17], passive filters can be very small [3], and cavities can be fabricated with
a low modal volume [18]. For some applications, the dispersive effects discussed in
the previous sections are detrimental to the functioning of an actual PhC device. To
that end, optical signals, which are a collection of pulses, must retain their shape
and not broaden due to dispersion.

To that end, the material must have low dispersion so that the values of 38,, 83,
and higher terms are negligible. In addition, a low group velocity would be advan-
tageous for enhanced light-matter interaction. In a device where nonlinear optical
effects are exploited, a slow wave can increase the efficiency significantly [19],
which may lead to low-power integrated nonlinear optics. The combination of slow
light with low dispersion can be achieved with PCWs. In the literature, a number of
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strategies are proposed, for example, by altering the hole radii alongside a PCW
[20] or by changing the shape of the holes [21]. A third option, which will be inves-
tigated in greater detail, is to vary the width of the waveguide [12]. The pulse track-
ing near-field microscope will be used to investigate slow-light propagation with
low dispersion.

Figures 7.8(a) and 7.8(b) present the PCW under investigation. The waveguide
is wider than the one shown in Figure 7.6(a). In this case, the width is two rows of
holes instead of one. The air holes with radius 118 nm are etched in a hexagonal
lattice in a 240 nm thick Si layer on top of SiO,. The corresponding dispersion
relation for TE-polarized light is depicted in Figure 7.8(c). Multiple modes can be
discerned in this figure, denoted A, B, and C. In addition, the magnitude of the
wavevectors in bulk SiO, is depicted with the dashed gray line. This line is called
the light line of SiO,. All modes of the PCW with wavevectors left of this line can
couple from the waveguide to the bulk SiO,. This is a significant loss channel in
PCWs. The modes with wavevectors right of the light line are bound to the wave-
guide and can propagate without radiative losses.

Based on that information, only two modes propagate with low losses through
the waveguide: mode A with wavevectors between |k,| = 0.4 and 0.5 (in units
27/a) and mode B in the same wavevector range. The curve of mode B shows close
similarities with the mode in Figure 7.6(b). Therefore, it is a reasonable assumption
that the dispersion also would be similar to the dispersion discussed in the previous
section, where at a v, of ¢/9, a very strong asymmetric distortion of the pulses is
observed as they propagate through a W1 PCW. Mode A, however, has a more
homogeneous slope left of the light line, indicated by the arrow in Figure 7.8(c).
This suggests that the group velocity is low while the dispersion is small.

The propagation of pulses through this waveguide is investigated with the
pulse tracking microscope. Femtosecond pulses are coupled into the waveguide
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Figure 7.8 (a, b) SEM images of a PCW with a waveguide width of two rows of holes (W2). The
crystal area is a hexagonal lattice (period a =420 nm) of air holes (radius 118 nm) in a 240 nm thick
Si layer on top of SiO,. The images show a top view (a) and a side view (b). © Optical Society of
America [12]. (c) Portion of the dispersion relation for light polarized in the plane of the top layer in
the frequency range of 0.26-0.29 in normalized frequency units. Three waveguide modes are
shown; all are confined to the waveguide, but they have different symmetries. Mode A and C have
even in-plane symmetry, whereas B has odd symmetry. The light line of the SiO, is shown as the
gray dashed line, indicating the wavevector of light in bulk SiO,. The arrow indicates a slow mode
with low dispersion.
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with a central frequency of 0.278 with a spectral FWHM of 0.004, thus slightly
exceeding the bandwidth of mode “A” left of the light line. The result of a series of
pulse tracking experiments is shown in Figure 7.9. In Figure 7.9(a), several modes
are already excited in the PCW. These are the modes already discussed (TE) and
are possibly unwanted with the polarization along the direction of the pores (TM),
although they have a much lower amplitude. In the consecutive images in
Figures 7.9(b)-7.9(j) the propagation of the various modes is observed. Since some
of the modes propagate with different group velocities or are excited at a slightly
different time, they can be observed as individual pulses.

One mode resides in the waveguide for the longest period of time and exits the
scanned area after approximately 16 ps. This mode is the slow mode with wavevectors
in the range of |k,| = 0.4...0.5. An analysis of the group velocity, as performed in

Figure 7.9 A series of pulse tracking measurements on a W2 PCW. (a—j) Amplitude of the lock-in
signal of the same area (176 X 3.4 um?) of the waveguide. Several modes are excited in the wave-
guide at 0 ps. The modes can be resolved individually in (b) and (c) due to different group veloci-
ties. The group velocity of the slowest mode, which can be seen throughout (b) up to (j), is ¢/25.
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Section 7.3.4, reveals that the group velocity of this slow mode is ¢/25. The velocity
corresponds nicely to the slope of mode A at @ = 0.278 in Figure 7.8.

The fact that the wave propagates at a low group velocity may not come as a
surprise, given the knowledge from the dispersion relation. More interesting is the
shape of the pulse as it propagates. In Figure 7.9, the pulse with the low group
velocity does not appear to broaden. This is in contrast to the slow mode in
Section 7.4.2 (see Figure 7.7) that broadens very rapidly within 106 um of propa-
gation even though it is faster than the slow mode in Figure 7.9 (¢/9 vs. ¢/25). The
slow pulse in Figure 7.9 retains its shape even after a propagation distance of
165 wm . Only the amplitude of the pulse decreases upon propagation, which is a
known issue for slow light in PhCs [22, 23].

Upon close examination of Figure 7.9, one can see a pattern trailing the slow-
light pulse. This trailing pattern is more easily seen in Figure 7.10. To obtain the
curve in this figure, the measured V4 distribution is filtered to contain only the
wavevectors in the range of 0.37 < |k,| < 0.5. This filtered data is subsequently
averaged in the direction perpendicular to the waveguide to yield an average
amplitude as a function of position z. Figure 7.10 shows the data corresponding to
the delay time of 12.0 ps. In the figure, the maximum interference signal is found
at 134 um. At smaller distances, trailing fringes are clearly resolved.

The experimental results are compared to theory. For this, Equation 7.18 is
solved numerically. Since the bandwidth of the used pulses is larger than the band-
width of the slow mode, we changed the spectrum of E;(w) with respect to the light
in the reference branch. The dispersion relation used is the same as in Figure 7.8.
Also, the decay of the light depends strongly on the group velocity. Therefore, a
v,-dependent loss is included in the calculations. The resulting interference amplitude
as a function of distance is plotted in gray in Figure 7.10 and shows good agreement
with the measurement data. The fringes on the trailing edge are caused by higher-
order dispersion, of which TOD is most prominent. In addition, fringes are, in part,
present due to the cutoff of the spectrum of the pulse due to the finite admitted band-
width of the structure. However, the fact that the pulses still stay relatively compact
makes the waveguide studied in this section promising for slow-light applications.

’g 1.2
s 1.0+
0.8+
€ 0.6+
< 0.4+
0.2+

0 Al T 1 1 i i 1
0 20 40 60 80 100 120 140 160
z position (um)

a

avg. LI

Figure 7.10 In black is shown the interference amplitude of the slow pulse measured at 12.0 ps delay
time. (See Figure 7.9.) The data is filtered to show only the wavevectors in the range of
0.37 < | k| < 0.5(in units 27/ @), corresponding to the slow mode [12]. The gray curve shows the
corresponding result of a calculation using the dispersion relation shown in Figure 7.8(c). In the calcu-
lation, we included a cutoff of the spectrum and a group-velocity-dependent decay of the spectrum.
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7.5 Conclusions

Phase-sensitive and time-resolved near-field investigations can be performed by
integrating a near-field microscope into an interferometer. The heterodyne interfer-
ometer used in this chapter allows one to record optical field picked up by the near-
field probe with average intensities down to the fW regime. For a time-resolved
investigation, it is not necessary to use an ultrafast femtosecond laser system. Any
light source with a bandwidth of several (tens of) nanometers is sufficient.

Time-resolved near-field investigations were performed using the interferomet-
ric near-field setup on three structures, a ridge waveguide and two PCWs. We
demonstrated how to determine the phase velocity in the ridge waveguide and
found a velocity of 1.75 - 10® m/s. We also measured the group velocity in the ridge
waveguide using the time-resolved measurements and found a value of
1.44 - 10® m/s. Materials with a very strong dispersion can show pulse deformation
within the size of the scan area. In that case, it still is possible to extract dispersive
properties such as GVD and third-order dispersion. We found in a PCW at group
velocities down to ¢/9 that the GVD and TOD have values of 8, = —1.1 ps*/mm
and B; = 0.11 ps’/mm, respectively. By altering the geometry of the PCW, the dis-
persive properties can be tuned. The near-field measurement of a pulse propaga-
tion through such a modified waveguide showed a propagating pulse with a group
velocity of ¢/25, with a low dispersion.
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Introduction

The term plasmonics refers to the science and technology dealing with manipula-
tion of electromagnetic signals by coherent coupling of photons to free electron
oscillation at the interface between a conductor and a dielectric [1-5]. The cou-
pling results in the formation of surface electromagnetic modes on the interface
and the related free electron density charge waves [see Figure III.1(a)]. On a contin-
uous interface, these are propagating surface electromagnetic modes called surface
plasmon polaritons (SPPs). Solutions to Maxwell’s equations at a planar metal-
dielectric interface produce the dispersion relation of SPPs [(Figure III.1(b)]

2
k3pp = <Q> O (ITL.1)

Cc 8d+8m

where Q/c is the light wave vector in the adjacent dielectric and ¢, and ¢, are the
permittivities of the dielectric and metal, respectively. The permittivity of the
dielectric materials (e4) are positive, while the dielectric constant of the metal (g,,)
is negative; thus, the wave vector kgpp is greater than the light wave vector
ko = 2m/A in the adjacent dielectric. For this reason, the difference in the wave
vectors, under the normal circumstances a surface polariton cannot be excited
directly with light on a smooth metal interface and, reciprocally, surface polaritons
propagating on a smooth surface cannot be transformed in light in the adjacent
medium. The SPP field has a maximum on the interface and decays exponentially
away from it [see Fig. III.1(c)]. The energy of the incident radiation is trapped at
the metal-dielectric interface, and the enhanced electromagnetic fields are pro-
duced in the near-field.

Figure 111.1 (a) lllustration of surface plasmons represented by surface charge density fluctuations.
(b) Dispersion relation of SPPs (solid line). The gray area denotes the light cone of propagating
modes in the adjacent dielectric. (c) lllustration of the SPP electromagnetic field confinement to the
metal/dielectric interface. © 2008. Odom & Gao.
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In conventional (far-field) measurements, the SPP field cannot be observed
before the scattering in light occurs (e.g., due to surface defects). With the develop-
ment of scanning near-field optical microscopy, it becomes possible to study the
surface polariton field directly in the near-field proximity to the surface where it
exists. The implementation of SNOM has led to a breakthrough in surface polari-
ton studies [2, 3]. The SPP scattering, interference, backscattering, and localization
have been visualized and investigated directly on the surface. The idea of two-
dimensional surface polariton optics has been proposed and realized experimen-
tally, resulting in the development of optical elements for surface polaritons that
allow SPP beams to be manipulated and directed on a surface similarly to optical
beams in three dimensions. Various types of SPP waveguides that allow extreme
subwavelength light guiding in the same circuitry as electric signals have been pro-
posed [6-9]. Plasmonic crystals, a new class of two-dimensional photonic crystals
based on SPP band-gap structures, have been studied in terms of light guiding and
manipulation [10, 11] as well as for spectrally selective enhancement of reflection,
transmission, and absorption of light [12, 13]. Most importantly, active photonic
elements based on nonlinear surface polariton optics allowing control of the opti-
cal properties of the device with light are much easier to realize with SPPs due to
the field enhancement effects [14, 15].

In addition to surface plasmons on a plane surface, in other geometries involving
bound electron plasmas, such as metallic particles and voids of different topologies,
localized surface plasma excitations exist (see Figure I11.2). Such surface plasma exci-
tations in bounded geometries are called localized surface plasmons (LSPs). They are
characterized by discrete, complex frequencies that depend on the size and shape of
the object to which the surface plasmon is confined and its dielectric constant. LSP
resonances of subwavelength particles can be determined in a nonretarded (electro-
static) approximation by considering Mie scattering on a small metal particles [16].
In the case of a sphere, this gives the position of LSP resonances via

Regm(stp)/Sd + (l + ]_)/l =0 (III.Z)

where [ is the angular momentum of the localized surface plasmon. For small
spheres, only the dipole active excitation (/ = 1) is important. LSPs can be reso-
nantly excited with light of appropriate frequency (and polarization) irrespective
of the excitation light wavevector. Therefore, LSPs also effectively decay via the
emission of light. The strong confinement related to LSPs can produce an optical
field that is enhanced by orders of magnitude over the incident field, leading to a
wide range of applications. Perhaps the best known is surface-enhanced Raman
scattering (SERS), which can now produce single molecule sensitivity [17, 18]. LSPs
also have been shown to enhance the optical phenomena related to the adsorbed
molecules, such as fluorescence and optical absorption [4, 5]. In addition, they are
extremely sensitive to the geometry of the supporting structure, thus allowing an
extensive tuning of the spectral properties and associated electromagnetic field dis-
tribution by appropriate structural design. Applications ranging from chemical
sensing to surface enhanced spectroscopies and electromagnetic energy guiding take
advantage of these unique properties [5, 19, 20]. LSPs are widely used in aperture-
less SNOM techniques to achieve the strong field confinement and thus the
increased resolution compared to aperture-based SNOM as described in Part IV of

this book.
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Figure llIl.2 (a) lllumination of a noble metal nanoparticle or nanostructured film at the wavelength
of the localized surface plasmon resonance: Free electrons driven by the illuminating field create an
oscillating dipole; this results in a confined evanescent field with significant enhancement in magni-
tude. (b) Schematics of the absorption spectra illustrate the strong dependence of the LSP reso-
nance wavelength on shape and size of the nanoparticle. © 2008. Wurtz & Wiederrecht.

Despite many applications already underway, SPPs and LSPs on metal nanos-
tructures produce a range of physical and chemical phenomena that impact an
extraordinary breadth of basic science research and technological applications.
Future applications include optical computing, high-bandwidth all-optical telecom-
munications routing, high-density optical data storage, ultrafast nonlinear optics,
negative index metamaterials, and nanoscale sensors-on-a-chip to name only a few.

The three chapters in this section provide an overview of different aspects of
nanoscale optical properties associated with surface plasmon excitations. First,
near-field imaging and far-field spectroscopy of SPPs on metal films perforated
with arrays of nanoholes are discussed. These hole arrays (having circular or
anisotropic shapes) were patterned over large areas (> 10 cm?) using a simple and
innovative nanofabrication method called PEEL (Phase shifting photolithography,
Etching, Electron beam deposition, and Lift-off). The microscale pitch of the
nanohole arrays enabled direct visualization of SPPs in the near field and observa-
tion of high-order SPP Bloch modes in the far field. A theoretical model explaining
the observed near-field behavior also is described.

Next, optics of randomly nanostructured metal films is discussed. These metal-
dielectric films, also called semicontinuous films, are of great interest in nano-optics
and nonlinear spectroscopy due to the significant enhancement of the electromag-
netic field that may occur in random nanostructures. Compared to regular nanos-
tructures, the random nature and cost-effective fabrication of semicontinuous films
allow their wide use in biology and chemistry for sensing, imaging, and nonlinear
spectroscopy, including SERS. The fabrication procedures, far-field and near-field
imaging, and the theoretical description of the local electromagnetic field enhance-
ment on semicontinuous metal-dielectric films are discussed, together with applica-
tions in fluorescence and second-harmonic generation spectroscopy.

The final chapter presents a review of the photo-physics of hybrid plasmonic
systems consisting of molecular excitonic materials and nanostructures supporting
plasmonic modes. Three main plasmonic systems, isolated metal nanoparticles,
assemblies of strongly interacting nanorods, and extended thin metallic films, are
considered. These geometries support localized or delocalized plasmonic modes,
all of which are shown to coherently couple to molecular excitonic states. The
unusual optical properties that result from strong coupling between the exciton
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and surface plasmon are reviewed. The fabrication of hybrid plasmonic materials,
their linear and nonlinear optical properties related to near-field coupling, ultrafast
exciton dynamics, and ultimately its control through manipulation of the coupling
strength are discussed.
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Near-Field Optical Characterization
of Plasmonic Materials
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8.1 Scanning Near-Field Optical Microscopy of Plasmonic Structures

NFO encompasses electromagnetic phenomena that can occur within subwave-
length distances between a light source and an object. In the near-field, both prop-
agating and evanescent waves are present and the effective collection of evanescent
waves can eliminate the diffraction limitations of optical imaging [1]. Such ultra-
high resolution using visible light has widely impacted discoveries in physics [2, 3],
chemistry [4-6], and biology [7]. Because of advances in imaging at nanometer
length scales and nanofabrication methods, the generation and manipulation of
surface plasmons (SPs)—collective electron oscillations at a metal-dielectric inter-
face—have received significant attention. Compared to free space light, these
trapped surface waves can propagate through subwavelength channels more effi-
ciently and provide an alternative approach for miniaturizing optical devices such
as waveguides [8-10], interferometers [11], demultiplexers [12], and plasmonic
bandgap crystals [13]. Furthermore, the high electromagnetic field intensities at the
metal surface from the evanescent nature of the SPs have been exploited in applica-
tions ranging from scanning plasmon microscopy [14] to surface-enhanced Raman
spectroscopy [15] to plasmonic lithography [6].

This chapter will describe how SNOM and far-field spectroscopy can be used
to visualize SPs on planar metal nanostructures and to reveal fundamental proper-
ties of how SPPs behave in nanohole arrays with microscale spacings.

8.1.1 Visualizing Surface Plasmon Polaritons on Metal Structures

Two SNOM configurations can characterize surface plasmon excitations. In the
near field, the probe can deliver light to the sample (illumination mode) or collect
light from the sample (collection mode). A variation of a collection mode SNOM is
a PSTM, which is based on the Kretschmann configuration [16]. These different
possibilities of delivering and collecting light through the SNOM tip offer distinct
advantages for visualizing SPPs on metal structures. Illumination mode is favorable
for probing the properties of metal nanoparticles [9, 17] because the tip acts like a
local excitation source, while collection mode is ideal for imaging SPP waves on
metal stripes (plasmonic waveguides) and other grating structures because of the
evanescent nature of SPPs [18, 19].
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One recent example using PSTM is the demonstration of an analogue of
Young’s double-slit experiment using SPPs [19]. The patterned, thin metal Au film
consisted of three regions: (1) an area for the excitation of the SPPs, (2) two metal
stripes used as plasmonic waveguides (playing the role of two slits), and (3) a
region where SPP waves from the metal stripes could diffract and interfere
[Figure 8.1(a)]. The SPP waves were launched in region 1 of the Au film by attenu-
ated total reflection (via a prism with 780 nm light) and then guided by the two
gold stripes. The near-field optical images indicated that the SPP waves diffracted
from the two stripes and interfered with each other to produce a typical diffraction
pattern [Figure 8.1(b)], which was similar to the calculated one based on conven-
tional double-slit interference [Figure 8.1(c)].

8.1.2 Monitoring Effects of Localized Surface Plasmons on Metal
Nanoparticles

Illumination-mode SNOM is well suited for monitoring surface plasmon coupling in
chains of metal nanoparticles. When particles supporting localized surface plasmons
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Figure 8.1 (a) Scheme of a PSTM for visualizing Young’s double-slit experiment for SPPs.
(b) Experimental near-field image demonstrating guided SPP propagation, diffraction, and interfer-
ence. (c) Light intensity image predicted by numerical simulations of the equivalent dielectric struc-
ture. Figure reproduced with permission from [19], © (2007) Nature Publishing.
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(LSPs) are patterned in a linear array and positioned very closely to each other (sepa-
rations on the order of the particle size), the LSP from one particle can couple to the
LSP of an adjacent one. Hence, electromagnetic energy can be transferred along the
chain of nanoparticles [9]. Far-field microscopy cannot directly measure this energy
transfer because even with a high numerical aperture lens (spot size several hundred
nm), the light source cannot be focused onto a single nanoparticle without illuminat-
ing adjacent ones. Thus, illumination-mode SNOM offers significant advantages for
testing energy transfer along a particle chain because a single nanoparticle can be
locally excited.

To monitor the propagation of LSP-mediated energy transfer along Ag nanoparti-
cles in a chain, fluorescent polystyrene spheres were deposited at different positions on
and away from the chains and the emission was collected in the far-field [see
Figure 8.2(a)]. Rod-shaped Ag particles with dimensions 90 X 30 X 30 nm® and
with an edge-to-edge spacing of 50 nm were patterned by e-beam lithography [Figure
8.2(b)] and excited using 570 nm light (corresponding to the maximum of the LSP res-
onance) delivered by a 100 nm aperture SNOM probe. Line scans of the SNOM opti-
cal images revealed that the fluorescence from spheres sitting on top of the Ag particle
chains (WG) was significantly broader than the emission from isolated spheres (con-
trol) [see Figure 8.2(c)]. This broadening indicated that LSP-mediated electromagnetic
energy transfer occurred along the nanoparticle chain. In addition, the propagation

Figure 8.2 (a) Sketch of experimental setup for detecting energy transfer along a Ag particle wave-
guide. (b) SEM image of a 100 um X100 um grid consisting of Ag plasmon waveguides. Inset:
zoom-in SEM image of one nanoparticle chain. (c) Line scans of near-field fluorescent images along
the plasmon waveguide direction. Figure reproduced with permission from [9], © (2003) Nature
Publishing.
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length (ca. 6 dB per 200 nm) was quantitatively measured by mapping the fluores-
cence from the polystyrene sphere along the length of the nanoparticle chain; this
damping of the LSP propagation agreed with theoretical predictions.

8.2 Surface Plasmon Polaritons on Metal Films of Nanohole Arrays

8.2.1 Introduction

When light is incident on an opaque mask containing a single large hole, geometric
optics provide a good description of the image on the screen behind the mask (the
projection of the hole). [See Figure 8.3(a).] If the diameter of the hole decreases so
that it is on the order of the wavelength, a pattern predicted by diffraction theory
can be observed on the screen. [See Figure 8.3(b).] According to Huygens’ Principle
[20], this diffraction pattern is a result of the phase difference of the wave fronts
originating from different positions of the hole. As the size of the hole in the mask
decreases further, the diffraction pattern starts to vanish; eventually, the light
diverges uniformly in the hemispherical space beyond the mask [see Figure 8.3(c)].
Bethe’s theory on the optical transmission through a single subwavelength hole
indicated that the transmission efficiency scaled as (r/A)*, where 7 is the radius of
the hole [21]. Consequently, in classical optics, holes with subwavelength dimen-
sions are considered semitransparent with low optical transmission. When a noble
metal film is perforated with an array of subwavelength holes, however, the optical
transmission through the hole array can be significantly higher than the sum of

Light Masks Screens
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Figure 8.3 Far-field optical patterns projected on screens behind opaque masks perforated with
holes with diameters (a) much larger, (b) on the order of, and (c) much smaller than the incident
wavelength.
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light transmitted through individual holes [22]. This so-called enhanced optical
transmission (EOT) through subwavelength hole arrays, first reported in 1998,
attracted significant attention and could be argued to have opened a novel direc-
tion in nanophotonics. The detailed mechanism behind the EOT stimulated debate
for nearly a decade after the initial observation, with different proposed contribu-
tions including SPPs and composite diffracted evanescent waves [23].

The rest of this chapter will discuss how SNOM operated in collection and
illumination modes, far-field spectroscopy, and theoretical models were combined
to investigate EOT through arrays of nanoholes. Instead of studying subwave-
length hole arrays, whose size and pitch are subwavelength in scale, we tested
nanoscale holes patterned on a microscale pitch. Arrays of nanoholes separated by
several microns in thin gold films enable the direct imaging of SPPs in the near field
and high-order Bragg scattering or SPP-Bloch wave modes in the far-field.

8.2.2 Fabrication of Microscale Arrays of Nanoholes

Large-area metal films perforated with microscale arrays of nanoholes were fabricated
using a nanofabrication procedure that we have developed called PEEL (a combina-
tion of Phase shifting photolithography, Etching, Electron beam deposition, and Lift-
off) [24] (see Figure 8.4). Unlike serial approaches to generating holes in films, such as
FIB milling, PEEL is a parallel, high-throughput method that can produce very

Deposit Cr
Phase-shifting
photolithography

Lift-off

Anisotropic
Si etch

Deposit
metal

Remove Cr

Release
pyramids

Figure 8.4 Scheme of the PEEL technique to simultaneously produce freestanding films of
nanoholes and pyramidal nanoparticles.
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uniform nanohole arrays over several square inches [see Figure 8.5(a)]. Here we out-
line only the primary procedural steps. First, posts in positive-tone photoresist are pat-
terned on a Si (100) wafer using phase-shifting photolithography with a h-PDMS
mask; a thin layer of Cr is then e-beam-deposited and lifted off to produce a Cr layer
with holes. This Cr film acts as (1) a template for the hole patterns in the metal films
and (2) a sacrificial layer to create freestanding films. The exposed Si is then anisotrop-
ically etched to form pyramidal pits beneath the Cr holes; e-beam evaporation is then
used to deposit a single metal material or multiple materials of a desired thickness (z)
(as thick as 500 nm) onto the patterned Cr film. After etching of the Cr layer, the perfo-
rated metal film is detached from the Si substrate and is freestanding. In the case where
the diameter (d) of the posts is 250 nm and spacing between the posts (a) is 25 um, free-
standing films with 250 nm holes separated by 25 um (i.e., nearly isolated nanoholes)
are created [see Figure 6(b)]. We also can change the separation of the nanoholes by
starting with photoresist posts with different spacings, such as a ~ 2 um. [See
Figures 8.5(c) and 8.5(d).] Significantly, PEEL can transfer any photoresist pattern into
metal or dielectric films with holes of the same geometric structure as the template. We
demonstrated this flexibility by generating anisotropic nanoholes with elliptical or slit-
like shapes [25] [see Figures 8.5(e) and 8.5(f)].

8.2.3 Illumination-Mode SNOM of Nanohole Arrays
8.2.3.1 Near-Field Optical Characterization

To investigate the optical properties of the microscale arrays of nanoholes, optically
thick (# = 100 nm) Au films perforated with 2 wm spaced holes were analyzed using
SNOM (Veeco Aurora III) in illumination mode [26]. A 633 nm laser or an 800 nm
Ti/sapphire laser was coupled into an Al-coated tapered fiber probe and illuminated the

Figure 8.5 (a) Optical micrograph of a large-area, freestanding Au nanohole film on a glass sub-
strate. (b) SEM image of an isolated (25 um spaced array) hole in a Au film. (c,d) SEM images of cir-
cular nanohole arrays with a =2 um (2 um arrays) and (e) elliptical and (f) slitlike holes in Au films.
Parts (a), (b), (e), and (f) reprinted with permission from ref. 25, copyright (2007) Wiley; parts (c)
and (d) from [36], © (2005) ACS.
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Aul/air interface in the near-field region (~ 20 nm) from surface. The light transmitted
through the glass substrate was collected in the far field with an avalanche photodiode.
The tapered fiber probe had an 80 nm diameter aperture. Although far-field light inten-
sity is collected, the optical image, which is constructed by plotting this light intensity as
a function of the probe position, provides information about near-field phenomena.
Under local illumination using A,, = 633 nm, the Au film exhibited enhanced trans-
mission at the holes, which can be attributed to the LSPs of the holes coupling reso-
nantly with the incident light (see Figure 8.6). Interestingly, fringes reminiscent of
standing wave patterns were observed between adjacent holes, which indicated that the
light from the SNOM tip was locally exciting SPP waves on the film surface.

8.2.3.2 Simulation of Near-Field Optical Images

To verify that the patterns were from SPPs, we carried out 3-D FDTD calculations
to simulate the electromagnetic distribution in the near field [27]. The calculations
focused on 100 nm thick Au films with four holes arranged in a square array
(1.6 wm center to center) with air above and glass below. The SNOM tip also was
included in the simulations. The incident wave was a fundamental HE,, mode of
the SNOM fiber core that was launched from the upper part of the tip. We found
that SPP waves were generated not only on the top Au/air interface but also on the
bottom Au/glass interface because of the finite thickness of the metal film. The sim-
ulation revealed strong evanescent fields following the characteristics of SPPs at the
Au/air interface. In addition, calculations showed that interference between the

Figure 8.6 SNOM optical image of microscale arrays (spacing 1.6 X2.4 um) of nanoholes in a
100 nm thick Au film on glass. Figure reproduced with permission from [26], © (2005) ACS.

Figure 8.7 Calculated near-field SPP standing wave pattern at the Au/air interface for a specific
SNOM tip position. Figure reproduced with permission from [26], © (2005) ACS.
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Figure 8.8 (a) Cross section of two neighboring holes from Figure 8.6. The fringes between the
holes have a period of Ay, ~322 nm. (b) Calculated far-field intensity from four holes (Figure 8.7) at
different SNOM tip positions. The fringe spacing of Ay, ~Agpp/ 2 is present but is relatively small in
amplitude compared to the transmission through the holes. Figure reproduced with permission
from [36], © (2005) ACS.

SPP waves originating from the SNOM tip and the SPPs reflected by the holes
appeared as standing waves between holes (see Figure 8.7).

By calculating the far-field amplitude at each SNOM tip location, we found that
these standing wave patterns were most pronounced when the SNOM tip was located
over a position of the SPP wave that corresponded to maximum intensity. The fringes
produced by the standing wave in the near field should lead, in the far field, to inten-
sity maxima with a period (A,,) that is approximately half the SPP wavelength
(Agpp = 603 nm at A,, = 633 nm) [38] at the Au/air interface; indeed, fringes with
Ay = 322 nm (roughly Agpp/2) were measured in the experiment (see Figure 8.8).
The slight difference in the measured period of the fringes and the calculated Agpp/2 is
not surprising because the fringe pattern follows a Bessel function versus position
rather than a cos? function. Thus, the first few peaks have a somewhat longer peak-
to-peak distance. Note that each point of the theoretical result in Figure 8.8 represents
a separate calculation with the SNOM tip at different positions.

A more quantitative understanding of the SNOM images required consideration
of the near-field excitation of the hole as well as the SPP standing waves surrounding
the hole. When SPP waves encounter a hole, they are partially reflected back to form
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surface standing waves and partially scattered into far-field light. LSP resonances at
the holes also are excited, and if the incident light is close to a LSP resonance
(Aex = Argp), far-field scattering is enhanced. This scenario describes what we
observed in the 100 nm Au film on glass with 250 nm holes (Figure 8.6), where
Arsp = 630 nm, which is close to A,, = 633 nm. As the film thickness decreases,
light transmitted directly through the film will, in the far field, dominate over that
coming from SPP scattering at the holes and the amplitude of the fringe pattern will
decrease significantly or disappear, which is what we observed in 50 nm Au films
using A,, = 633 nm [(see Figure 8.9(a)]. We could recover faint fringes in this 50 nm
film using A,, = 800 nm because less light penetrates through the Au film at longer
wavelengths. Moreover, we could observe how the orientation of the fringes changed
at different polarizations [see Figures 8.9(b) and 8.9(c)].

8.2.3.3 Hole Arrays in Multilayered Films

To provide further evidence that the formation of the standing wave patterns was a
result of the interference between the SPPs excited by the SNOM probe and the ones
reflected by the holes, we prepared and analyzed films of nanohole arrays con-
structed from layers of different metals: Au and Ni. [See Figures 8.10(a) and 8.10(d).]
We chose Ni because it exhibits a complex dielectric constant that is different from
Au in the wavelength range of our experiment [28] and because it can function as an
absorbing layer. A bimaterial film made of 50 nm Au and 50 nm Ni (Au/Ni; 50/50)
was tested in the SNOM in two different configurations. In the first case, the film
was placed on a glass substrate with the Ni side facing up. (The Au side was against
the glass.) No fringe patterns were observed because no SPPs were excited in the Ni
film. In the second case, the bilayer film was placed on the glass with the Au side fac-
ing up and standing wave patterns were observed between the holes.

We also investigated the effects of polarization on the Au/Ni films [see
Figures 8.10(b) and 8.10(c)]. The directional dependence of the patterns clearly sup-
ports the fact that the fringe patterns can be attributed to SPP propagation combined
with scattering from the holes. In addition, multilayer films (Au/Ni/Au) of a Ni core
sandwiched between two layers of Au (40/20/40 nm) [Figure 8.10(d)] exhibited
standing wave patterns with a period of A,,, = 320 nm under A,, = 633 nm [Figure
8.10(e)], nearly identical to the Au-only case. Finally, we imaged a Au/Ni/Au film

Figure 8.9 SNOM images of 50 nm Au films with 250 nm holes illuminated using (a) A, =633 nm
and (b,c) A, =800 nm light. The use of longer wavelength light effectively increases the thickness of
the film. The white arrows indicate the polarization direction (b) parallel and (c) perpendicular to the
light from the tip. Figure reproduced with permission from [26], © (2005) ACS.
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(40/70/40 nm) with A, = 800 nm (Agpp = 784 nm [29]) and observed fringes with
an increased spacing of A, = 380 nm, which is also ca. Agpp/2 at this excitation
wavelength [Figure 8.10(e)] and consistent with our theoretical model.

8.2.4 Collection Mode SNOM of Nanohole Arrays

Using illumination-mode SNOM, we found that SPPs could be generated at Au/air
interfaces under localized excitation and that scattering of SPPs could occur at
nanoholes in thin metal films. What was slightly complicated about this experi-
ment, however, was that the excitation source (the light delivered by the SNOM
probe) was scanned while the far-field light was collected. A more straightforward
configuration for imaging the evanescent wave nature of SPs is when the SNOM
tip functions as a near-field detector of the electromagnetic fields when the sample
is illuminated uniformly from the far field. Therefore, SNOM in collection mode
can easily visualize SPPs and provide direct evidence of SPP-assisted EOT through
metallic nanohole arrays [30].

8.2.4.1 Near-Field Optical Characterization

Gold films with varying thicknesses (¢ = 50-180 nm) but with the same microscale
spacings as those discussed in Section 8.2.3 (¢ = 2 um, d = 250 nm) were investi-
gated using collection mode SNOM. Note that this spacing a is smaller than the
propagation length of SPPs (8spp), ca. 10 um [31]. We found that using a linearly
polarized 633 nm HeNe laser as the far-field excitation source, Au films with differ-
ent thicknesses (# = 125 nm and 75 nm) exhibited markedly different fringe periods

Figure 8.10 Structural and optical properties of bilayer and multilayer metal films. (a) SEM image
of holes in a Au/Ni (50/50 nm) film. The tilt angle is 35°. SNOM images of Au/Ni film with polariza-
tion (b) parallel and (c) perpendicular to light from the tip. The arrows indicate the direction of
polarization. (d) SEM image of 200 nm holes in a Au/Ni/Au (40/20/40 nm) film. The tilt angle is 25°.
(e) SNOM cross section of two neighboring holes in a 40/70/40 nm film imaged under local
Aex =633 nm and A, =800 nm light. The period Ay, of the SPP standing wave between the holes
increases as the excitation wavelength increases. Figure reproduced with permission from [26], ©
(2005) ACS.
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(Agw): A, = 300 nm when ¢t = 125 nm, and A, = 603 nm when # = 75 nm. These
periods are equal to or half of Agpp at the Au/air interface, which suggests a close rela-
tion between the fringes and the SPPs. To eliminate the interaction between SPPs
from different holes, we also mapped the near-field optical images of 25 um spaced
holes with two thicknesses (¢ = 50 nm and 180 nm) [see Figures 8.11(c) and
8.11(d)]. Because 8¢pp is ca. 10 wm, nanoholes separated by 25 um can be consid-
ered as isolated holes. Both film thicknesses exhibited fringes surrounding the holes,
but interestingly, they showed A, = Agpp. Furthermore, the direction of the fringes
aligned with the polarization of the incident light, which is a characteristic of SPPs.

8.2.4.2 Modeling Surface Plasmon Interference

We can explain the dependence of the Au film thickness on the near-field optical
images using a simple physical model based on interference between the SPPs
launched by the holes and light transmitted through the film. An isolated hole at
the top surface of a film (i.e., the surface closest to the SNOM probe) can act as a
source of SPPs [32]; hence, the observed fringes can be attributed to interference
between the SPPs launched by the hole and the light transmitted directly through
the film [33]. The interference between SPPs and directly transmitted light (type I)
could create fringes surrounding isolated holes with a period equal to Agpp [33]. In
the case of 2 um hole arrays, since a ~2 um is less than 8gpp, the interaction
between the holes must be considered. Thus, the interference between SPPs
launched from neighboring holes (type II) also can contribute to the formation of
fringes in the near field for hole arrays and may produce standing waves of SPPs
with a period of Agpp/2. Whether the fringes exhibit a period of Agpp or Agpp/2
depends on which type of interference is dominant. Compared with simulations
based on FDTD methods that calculate electromagnetic field distributions, our
model can provide an intuitive understanding of the mechanism behind the differ-
ent interference patterns and how they relate to SPP-mediated EOT.

Figure 8.11 SNOM images of (a,b) isolated 250 nm holes and (c,d) microscale arrays of 250 nm
holes in Au films of different thickness. Figure reproduced with permission from [30], © (2006) ACS.
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Figure 8.12 depicts the one-dimensional (1-D) in-plane electric field of SPPs
between adjacent holes and the directly transmitted light under incident excitation
polarized along the x direction. The amplitude of the electric field in can be
expressed as follows:

Egppi(x) = Agppe /% cos(kgppx)
Egppa(x) = Agppe” @25 cos(kgpp+ (a — x))
El(x) = A

where Agpp and A are the amplitudes of the SPPs and the directly transmitted light
at the top surface, respectively, and kgpp is the in-plane SPP wavevector (k).
Because a ~ 2 um << 8pp, the decay factors e /% and e @ /% do not change
significantly from x = 0 to x = a and can be neglected to simplify the expression.
The total electric field is then reduced to the following

Eyox) = Efx) + Egsppi(x) + Egsppa(x) (8.1)
E.i(x) = A; + 2Agpp cos(ksppa/2) cos(kspp+ (2x — a)/2)
The total intensity between the holes is
L) = [Eolx)P
L(x) =1L+ 1 + I
= A7 + 4A,Agpp cos(kspp-a/2) cos(kspp+ (2x — a)/2)
+ Agpp cos*(kgpp+a/2) cos*(kspp+(2x — a)/2)

The first term of I,,, (I,) signifies the directly transmitted light through the film and
does not depend on x. The second term (I,) represents the interference between
SPPs and the directly transmitted light. The third term (I5) represents the interfer-
ence between SPPs from neighboring holes. If the ratio A;/Agpp is large, I, tends to
dominate I,,, and Ay, = Agpp [Figure 8.12(b)]; if the ratio A;/Agpp is small, I; will
dominate I,,, and A, = Agpp/2 [Figure 8.12(c)]. This straightforward derivation
indicates that two types of interference can affect the overall near-field optical
intensity and that A,,, is determined primarily by the ratio A;/Agpp.

We performed collection mode SNOM measurements on Au nanohole arrays
with increasing film thicknesses (¢ = 50, 75, 100, 108, 125, 150, and 180 nm) to
test this model. SNOM images and optical line scans indeed verified the scenarios
predicted by the interference model (see Figure 8.13). Hole array films with
t < 100 nm exhibited A,, = Agpp, and those with ¢ > 108 nm exhibited
Aaw = Agpp/2 (see Figure 8.14). In addition, the 2-D near-field distributions were
simulated using 8¢pp = 10 um, Rgpp = 27/Agpp = 0.0104 nm !, and the appropri-
ate polarization angle. Figures 8.13(b) and 8.13(d) depict 2-D simulations for large
and small A;/Agpp ratios, which are in excellent agreement with SNOM images of
nanohole arrays in 100 nm thick films (large A;/Agpp ratio) and in 108 nm thick
films (small A;/Agpp ratio) [see Figures 8.13(a) and 8.13(c)]. The correspondence
between the experimental and theoretical images indicates that thinner films
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Figure 8.12 Scheme of the 1-D interference model. (a) In-plane electric fields of SPPs between
adjacent holes and transmitted light under the incident light is polarized along the x direction. (b)
Total intensity displaying Ay, = Aspp, Which is dominated by I, when the ratio A/ Agpp is large. (c) Total
intensity showing Ay, =Asp/ 2, which is dominated by /5 if the ratio A/ App ratio is small. Figure
reproduced with permission from [30], © (2006) ACS.

exhibit larger A;/Agpp ratios; that is, the thinner the film, the greater the amplitude
of the directly transmitted light relative to the SPPs on the top surface. Depending
on the competition between these two types of interference, A, can be either Agpp
or Agpp/2. To support the SPP interference model further, SNOM images of 50 nm
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thick Au films were scanned with different linear polarization directions of the
incident light. Figures 8.13(e)-8.13(h) showed that experimental images and calcu-
lated patterns also were in perfect agreement.

Because SPPs are supported only at the metal-dielectric interface, nonmetallic
nanohole arrays should not exhibit similar fringes. SNOM measurements on a 90
nm Si film with a @ ~ 2 um did not show any features (Figure 8.15), which demon-
strated that the near-field optical fringes depend critically on the material proper-
ties and not only on the geometry of the array. These SNOM measurements,
together with the physical model, provide direct evidence for SPPs when Au
nanohole arrays were globally illuminated. Our systematic investigation of trans-
mission through a series of metal films with different thicknesses revealed that
SPPs can tunnel through subwavelength channels more efficiently than photons
can; thus, the presence of SPPs improves the optical transmission efficiency
through metal nanohole arrays.

8.2.4.3 Zeroth-Order Far-Field Spectroscopy

To characterize the optical properties of nanohole arrays completely, far-field spec-
troscopy was carried out to verify the relative transmission efficiency between SPPs and
photons observed in the near-field studies and to relate SPPs to the EOT effect. Zeroth-
order transmission measurements were carried out using an optical microscope cou-
pled to a spectrometer and using illumination at normal incidence. In the transmission
spectrum of an unpatterned 180 nm thick Au film (black curve in Figure 8.16), only
the 500 nm peak (the interband transition of Au thin films) was observed, whose inten-
sity can be considered as a measure of direct transmission through the film. Films with
arrays of nanoholes, however, exhibited many distinct peaks (curve in Figure 8.16)
because of high-order SPP Bragg coupling. When light illuminates a film perforated
with arrays of nanoholes, photons can be converted into SPPs. Although the transmis-
sion of free-space light through a Au film or a single nanohole is inefficient, the electro-
magnetic energy of incident light can be transmitted through nanohole arrays in the

Figure 8.13 Experimental and simulated near-field images of nanohole arrays in gold films. (a—f) Near-
field images of hole arrays with different film thickness and calculated images with different A/ Aspp
ratios. (g—h) Measured near-field and calculated images of hole arrays illuminated with light with a dif-
ferent polarization. Arrows indicate the polarization direction of the incident light. All images are
4.5 um X4.5 um. Figure reproduced with permission from [30], © (2006) ACS.
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Figure 8.14 Line scans of SNOM images between nanoholes in a 2 um spaced array. The fringe
period Ay, =603 nm ( =X/ 2) for a 100-thick Au film, and Ay, =302 nm for a 108 nm thick Au
film with A, =633 nm. Figure reproduced with permission from [30], © (2006) ACS.

Figure 8.15 SNOM image of a 2 um spaced nanohole arrays patterned in 90 nm thick Si film.
Figure reproduced with permission from [30], © (2006) ACS.

form of SPPs. As described in Section 8.1, SPPs are trapped on a surface and are
expected to propagate through subwavelength channels with much greater efficiency,
which explains why SPPs may contribute to EOT. As anticipated, when the film thick-
ness of the hole arrays decreased to 100 nm, the amplitude of the SPP peaks changed
only slightly while the interband transition peak nearly doubled in intensity (curve in
Figure 8.16). These far-field results are consistent with our analysis based on near-field
measurements, which suggested that the thicker the film, the stronger the amplitude of
the SPP peaks were relative to that of directly transmitted light. Comparison of the
peak amplitudes in the spectra of the two different film thicknesses verifies that SPPs
decay more slowly through the gold nanohole arrays than photons do.

With careful measurements, the SPP resonances observed in the far-field trans-
mission spectra can be analyzed based on the theory of Bragg coupling. For example,
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Figure 8.16 Transmittance of a solid Au film and nanohole arrays. 180 nm thick Au films exhibit only an
intraband transition peak at 500 nm. Arrays of 250 nm holes (a =2 pm) in 180 nm films and 100 nm
films exhibit SPP-Bloch wave peaks between 600 and 900 nm.

because a 1-D grating can add in-plane momentum of multiple G = 27/a, the k. of
the incident light is modified when the light encounters a nanohole array:

2

ky =k + i

a0
where k., = 0 for light incident in a normal direction, i is an integer, and a4, is the
lattice constant of the grating. Resonant coupling between incident light and SPPs,
or SPP-Bloch waves (SPP-BWs), can occur when the in-plane momentum matches
Equation 8.1. In the 2-D case of a square grating, where coupling can occur along
both x and y directions, the SPP peaks can be expressed as follows:

ay el w)eq

A = =
o Vi + 72 N egw) + &

where 7 and j are integers corresponding to the mode order along the two lattice
directions, &, ,(w) is the frequency-dependent dielectric constant of Au, and g, is the
dielectric constant of the surrounding dielectric material (air or glass). In the case of
our microscale hole arrays where the lattice constant a, = 4 um (the unit-cell size,
since the two sets of spacings a are 1.8 um and 2.2 um), the SPP-BW's are con-
strained by 17 = (i* + j*) = 58 at the Auv/air interface and 40 = (i* + j*) = 200
at the Au/glass interface in the wavelength range of 550-950 nm. High-order SPP-
Bragg coupling is expected with microscale arrays [see Figure 8.17(a)].
Angle-dependent transmission spectra of arrays of circular holes with
a, = 4 um were acquired to confirm that these complex spectral features were
indeed SPP-BWs. Transmission spectra were collected under different incident
excitation angles ranging from 0° to 50° in 0.5° increments using p-polarized light.
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Figure 8.17 (a) Zero-order transmittance of arrays of 250 nm circular holes with a, =4 wm under
normal incidence illumination. Insets are SEM pictures of the hole array, and the white box depicts
the unit cell. Representative SPP-Bloch wave modes are labeled as (ji|, [j). (b) Dispersion diagram of
hole arrays as a function of incident angle under p-polarized light. Calculated SPP dispersion curves
at the air/Au interface are superimposed in gray. The curves corresponding to the modes indicated
in (a) are in bold. Figure adapted with permission from [25], © (2007) Wiley.

Figure 8.17(b) depicts these compiled spectra in the form of a dispersion diagram.
Superimposed on the dispersion diagram is the calculated dispersion curves of SPP-
BWs on a 2-D square grating at the Au/air interface with g, = 4 um using
Equation 8.2. The trends in peak evolution as a function of angle are in good
agreement with the theoretically predicted SP dispersion curves. Although more
sophisticated theoretical approaches have been used to model the interaction
between light and nanoholes or nanoslits [27, 34], Equation 8.2 with a microscale
lattice spacing reproduces the major SPP peak trends reasonably well.

8.2.5 Near-Field and Far-Field Characterization of Anisotropic Nanohole Arrays

Near-field optical images also were obtained on 180 nm thick Au films of arrays of
anisotropic, slitlike holes using collection mode SNOM. (See Figure 8.18.) Similar
to the patterns that we observed on films of circular hole arrays, the fringes between
the anisotropic holes indicated that SPP waves were launched by and reflected
between holes. Unlike the arrays of circular holes, which exhibited polarization-
dependent standing waves, the amplitude of the fringes between anisotropic
nanoholes varied significantly with polarization [see Figures 8.18(b) and 8.18(c)].
The SNOM images suggest that SPPs can be generated more efficiently when the
excitation light is polarized perpendicular to the long axis of the slits compared to
when light is polarized parallel to the slits.
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Figure 8.18 (a) SEM image of slitlike holes in 180 nm thick Au films. SNOM optical images with
(b) horizontal polarization and (c) vertical polarization with respect to the long axis of the slitlike hole.

In addition, far-field transmission through 180 nm thick Au films of
anisotropic nanohole arrays exhibited strong dependence upon the polarization
direction of the incident light. Dramatic color changes tunable from green to red
were observed as the polarization was rotated from 8 = 0° to 90°, where 6 is the
angle between the long axis of the hole and the polarization direction of the inci-
dent light. To gain insight into this color change, single-hole spectroscopy was per-
formed on elliptical and slitlike holes. Similar to how we analyzed the far-field
spectra from circular hole arrays (Section 8.2.4.3), we first considered isolated,
anisotropic holes where the SPPs contributions were eliminated from the optical
transmission. Single, broad peaks at A,,,, = 750 nm and 730 nm at § = 90° in the
spectra of isolated holes can be attributed to LSP resonances [see Figures 8.19(a)
and 8.19(d)]. Note that the transmittance was significantly higher at § = 90° com-
pared to 6 = 0°: 21£3 times for elliptical holes and 50+4 times for slitlike holes.

These anisotropic holes spaced by several microns also exhibited complex
spectral features in the far-field transmission when 8 = 90° because of Bragg cou-
pling of SPPs. The pronounced SPP peaks decreased when 6 = 45° (were similar
to those from unpolarized light excitation) and finally disappeared (or became very
weak) when 6 = 0°. Interestingly, the subtle structural differences between the
two hole shapes within these elliptical [Figures 8.19(b) and 8.19(c)] and slitlike
[Figures 8.19(e) and 8.19(f)] hole arrays could be resolved by single-hole spec-
troscopy. Only LSPs contribute to the transmission in the case of isolated holes,
while both LSPs and SPPs contribute in the microscale arrays of holes. Hence, we
could determine the relative contributions of LSPs and SPPs on the polarization-
dependent transmission by comparing the transmittance from an isolated hole to
that of a single hole within a microscale array. The ratio of SPP versus LSP contri-
butions to the transmittance can be calculated according to the following:

TSPP Tarmy = Tisolated

TLSP Tisolated

We found that the SPP contributions for anisotropic holes patterned at microscale
spacings [Figures 8.5(e) and 8.5(f)] were 5—6 times greater than those from LSPs
(at 6 = 90°).
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Figure 8.19 Polarization-dependent transmittance of anisotropic hole arrays. (Left) Transmittance
of (a) an elliptical hole in a 25 um array, (b) a symmetric elliptical hole in a 2 um array, and (c) an
asymmetric elliptical hole in a 2 um array. (Right) Transmittance of (d) a slitlike hole in a 25 um
array, (e) a symmetric slitlike hole in a 2 um array, and (f) an asymmetric slitlike hole in a 2 um array.
All polarized illumination is relative to the long axis of the hole (® = 0°, B = 45°, and A = 90°).
Figure adapted with permission from [25], © (2007) Wiley.

8.3 Future Directions and Outlook

SPs generated by subwavelength hole arrays exhibit fascinating optical properties.
The EOT through nanoholes in metal films provides access to extremely small sub-
wavelength light sources, which are crucial to the development of high-density
integrated photonic circuits and optical storage devices. Furthermore, these peri-
odic nanostructures allow the propagation of SPPs at certain frequencies (while
forbidding others) and can behave as plasmonic band gap crystals. Line defects in
these crystals can act as channels for plasmonic waveguides, and point defects can
allow for plasmon-based lasers. These engineered structures are best investigated
by near-field combined with far-field optical characterization. Importantly, near-
field spectroscopy can offer new possibilities for mapping the localized electromag-
netic fields in subwavelength hole arrays. Finally, because the resonant frequencies
of SPPs excited in anisotropic nanohole arrays are tunable depending on the polar-
ization and incident angle of the excitation source, these substrates are of intrinsic
scientific interest and provide opportunities to develop electrically and mechani-
cally controlled plasmonic devices.
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High Enhancement and Near-Field
Localization of Light on
Semicontinuous Films

Samuel Grésillon, Emmanuel Fort, and Sandrine Leveque-Fort

9.1 Introduction

In the past decade, metallic devices at the nanometer scale have stimulated a broad
range of interests in nanophotonics and near-field microscopy. For instance, sharp
apertureless metal tips have been used to enhance the signal-to-noise ratio and the
spatial resolution in a wide range of experiments: fluorescence [1-5], two-photon-
excited fluorescence [6], infrared absorption [7], Raman scattering [8], and
Coherent anti-Stokes Raman Scattering [9].

The unique properties of the metallic structures come from the excitation of
modes associated with the collective oscillation of the conduction electrons at the
surface of a metal [10]. These modes are called plasmon modes, and they give rise
to specific optical properties [10, 11]. In the case of a nanostructured metallic thin
film, plasmon modes are excited resonantly by the incident light, inducing signifi-
cant local near-field enhancements.

Nanostructured metal-dielectric films naturally concentrate the evanescent
field in nanometer-scale areas with unmatched field enhancements. The electro-
magnetic energy is accumulated in “hot spots,” leading to local fields that can
exceed the intensity of the applied field by four to five orders of magnitude [12].
Besides, in contrast to the use of sophisticated, designed nanostructures produced
by electronic lithography, these random metallic films can be produced with simple
inexpensive techniques making them potentially available for everyday applica-
tions such as biosensing [13].

Semicontinuous films are usually obtained by thermal evaporation or sputtering
of metal onto a dielectric surface. During deposition, the thin film morphology
evolves from isolated nanoparticles with diameters between 5 and 30 nm to perco-
lated thin film (see Figure 9.1). When the metal filling factor increases and coales-
cence occurs, irregularly shaped self-similar clusters are formed on the substrate.
The sizes of the structures diverge in the vicinity of the percolation threshold, where
an infinite percolation cluster of a metal is eventually formed [14]. It is represented
with the presence of a continuous conducting path between both sides of a sample
[15]. At the percolation threshold, the metal-insulator transition occurs in the sys-
tem. The structure of the film is self-affine, and all sizes of aggregates exist on the
sample. In fact, the concept of scale invariance plays a crucial role in the description
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Figure 9.1 TEM images of silver-dielectric films with different nominal metal thicknesses (from left
toright: 20 A, 50 A, 80 A, 120 A, and 160 A). During deposition, the thin film morphology evolves
from isolated nanoparticles with diameters between 5 and 30 nm to percolated thin film.

of various properties of percolation systems. Gefen and his colleagues have demon-
strated that the scale invariance of percolating films can be described by a fractal
formalism [16]. At higher surface coverage, the film is mostly metallic, with voids of
irregular shapes. With further coverage, the film becomes uniform.

By changing the growth parameters during the thin film deposition, it is possi-
ble to control and tailor the characteristics of the nanostructured metallic film. The
nominal film thickness associated with the percolation threshold can be tuned.
Film morphologies are, for instance, highly dependant on substrate temperature,
atomic flux, or surface preparation.

9.2 Enhancement of the Electromagnetic Field on Metal Film
9.2.1 Surface Plasmon Resonances

Enhancement of the EM field around metal films is due to localized or propagating
modes associated with plasmonic effects. The structure of a semicontinuous metal-
lic film is such that localized and propagating modes are present together and may
couple. The peculiarity of semicontinuous films arise from the coupling between
the two types of plasmon modes described earlier, LSP and SPP. As an example of
possible applications, we describe shortly the coupling with fluorescent dyes and
the fluorescence enhancement properties of plasmon resonances.

9.2.1.1 Polarizability of Metallic Particles

The general polarizability of a metal spherical particle [17] has the following
expression:

4771’2(1)%,;

(9.1)

alw) = ; :
(@) wip — o> — iwy — i(2/3)k e
where 7 is the damping constant, w,, is the plasma frequency of the free electrons,
7, is the particle radius, and k is the wavevector. The term —iwy accounts for
damping by absorption, and the term —i(2/3)k’r)wsp accounts for radiative damp-
ing. Equation 9.1 is consistent with the law of energy conservation.
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The effect of a metallic particle on the surroundings has been extensively stud-
ied in the case of metal-fluorescent coupling for both fundamental (cavity coupling
[18], single atom emitters [19], etc.) and application issues [13, 20, 21]. It can be
shown from the energy flow distribution of the entire system that one can separate
the radiative and the nonradiative contributions in the fluorescence decay rate
[22]. The variation of the different contributions to the decay rate strongly
depends on the particle-fluorophore distance and on the dipole orientation of the
fluorophore [23-25]. Recently, various groups have shown how silver particles can
enhance the emission properties of rare-earth fluorophores [26-29].

In numerous systems, metallic particles are not isolated and not strictly spheri-
cal. The fact that metallic particles aggregate and form nonspherical shapes
changes their absorption and scattering properties while maintaining their strong
light interaction. With respect to their coupling with light, the main difference lies
in the number and position of the resonance absorption peaks in the frequency
range. When particles are very small compared to the wavelength, polarization and
wavelength act together to control locally the intensity and the localization of the
area where the light is concentrated. These concentrations of light, for which the
word hot spots is often applied, are due to both geometrical and resonance (plas-
mon) effects. Itoh and collaborators show that coupling between the particles can
further enhance fluorescence [29].

9.2.1.2 Coupling Between SPP and Light Emitters

Because of their dispersion curve, SPP modes always lie beyond the light line. As
mentioned previously, this means that SPPs have a greater momentum (kgpp) than
free-space photons (k = w/c) of the same pulsation w. Because of this momentum
mismatch between SPP and incident plane-wave light, these modes cannot be
coupled simply without providing the missing momentum. However, scattering by
corrugation, roughness, or fluorophores can provide wavevectors large enough for
resonant coupling. Fluorophores may decay nonradiatively through their near-field
components via coupling to guided waves such as SPs and/or lossy waves. These
decay channels depend on the fluorophore-metal distance and on the dipole orienta-
tion. Okamoto and his colleagues showed that the emission of light emitters based
on InGaN quantum wells could be enhanced with use of rough metallic layers [30].
Roughness and imperfections by evaporated metal coatings can efficiently scatter
SPPs into radiative modes. The measurements by Okamoto and his colleagues sug-
gest that the size of the metal structures determines the SPP-photon coupling and
light extraction. Biteen and her colleagues [31] studied the coupling between
Si nanocrystals (nc-Si) and a highly roughened surface made of nanoporous gold
thin film. They showed that this coupling can yield a fourfold enhancement in the
fluorescence intensity at A = 780 nm, which is related to the fourfold enhancement
in radiative decay rate as a result of local-field effects.

9.3 Localization of Light on Semicontinuous Films

Since the sixties, it is known that the optical behavior of metal-dielectric films is
very peculiar. Cohen’s study observed that the transmission of thick metal-dielectric
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films made of gold and silver in silica changed abruptly around the percolation
threshold [32]. Later, Grannan, Garland, and Tanner showed on thick structures of
silver in potassium that the transmission increases exponentially near the percola-
tion [33], as predicted by Berman and Imry with an analytical model [34]. In the
eighties, Yagil and Deutscher introduced a more elaborate theory to increase the
domain of validity of the previous model [35]. Using renormalization of the real
space and scaling laws based on the fractal dimension of the films, they reproduced
the high absorption near the percolation threshold found by Gadenne [36, 37].
Today the optical effects of such structures is well understood on the macroscopical
scale. However, there still is not a clear picture of what happens at the subwave-
length scale.

9.3.1 Coupling Between Localized and Propagative Surface Plasmon Modes
on Semicontinuous Metallic Films

The coupling of the localized modes of LSP with long-range interactions by means
of the propagative modes of SPP occurs in semicontinuous metal films [10, 12, 38].
LSP allows strong confinement of light around metal particles. In a mix of metal
particles of various sizes, LSP resonances occur at various photon energies depend-
ing on the wavelength and the polarization of the incident light. On the one hand,
LSP resonances allow only very short range ( = 10 nm) coupling between the high-
intensity EM fields. On the other hand, because of their propagative nature, SPPs
can couple objects and resonances separated by large distances, up to several
micrometers. In a simple picture of semicontinuous metal films, the propagation of
SPPs enhances the resonant effect of LSP, which, in turn, gives rise to a higher
intensity of the propagating SPP wave. In addition to the random nature of the LSP
modes broadening the accessible launching angles for SPPs, the high number of
existing metal shapes in the film increases the number of accessible resonance
wavelengths and polarization. (See Figure 9.2.)

A

100

Reflection (%)

90 ispp 0
Incident Angle (degrees)

Figure 9.2 A schematic representation of the specular reflection of glass and thin metal films on
glass with respect to the incident angle. For glass (long dashes), continuous metal film (continu-
ous line) and semicontinuous metal film (short dashes). The curves have been horizontally shifted
for comparison. The angle igpp is the incident angle at which coupling between light and SPP
occurs. SPPs are then launched on the sample surface. The peak of the plasmon polariton reso-
nance occurs at a precise angle ispp for continuous films. The plasmon peak is much broader for
semicontinuous films [12].
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The local EM field fluctuations on semicontinuous films are especially strong
in the optical and infrared spectral ranges because of the localized plasmon oscilla-
tions. Quality factors of these plasmon resonances, proportional to the ratio
between the absolute value of the dielectric constant and its imaginary part, can be
very large [39]. In metal-dielectric films the dielectric constant &, for a metallic
component is such that the real part, &), is negative and can be large in magnitude,
whereas the imaginary part, &), is positive and relatively small. However, these
schematic explanations do not allow a quantitative analysis of the near-field

enhancement on the films.

9.3.1.1 Models for Near-Field Enhancement of the Electromagnetic Field on
Semicontinuous Metal Films

Several theoretical considerations have been proposed to explain the near-field
optical behavior of metal-dielectric films [40-42]. Among them, the analysis from
Shalaev and coworkers [41, 43] takes into account the strong localization of the
hot spots, whereas in some recent nonlinear experiments, enhancements are
explained in terms of delocalized optical fields due to long-range interactions [42].
The two explanations are contradictory in some of their conclusions, and an over-
all agreement still has not been reached. For clarity and coherence with the follow-
ing figures, we introduce Shalaev’s analysis for the enhancement at the
fundamental frequency.

The metal-insulator transition associated with the percolation threshold in
semicontinuous thin films represents a geometrical phase transition. In second-
order phase transitions, the fluctuations are scale-invariant and large. Yet in the
case of percolation composite, the fluctuations are very different from a second-
order phase transition, where the magnitudes of the fluctuations are of the order of
unity and fluctuations exhibit long-range correlations. In metal-dielectric compos-
ites, the DC local electric field is concentrated in small areas so that the electric
field maxima are separated by a distance of the order of the percolation correlation
length. This later diverges when the metal concentration approaches the percola-
tion threshold. The difference in fluctuations is even more important for the AC
response. In the optical range, the local-field peaks are resonant; therefore, their
magnitudes can be up to five orders higher than the applied field. At the same time,
the distance between the peaks can be significantly different from the percolation
length (see Figure 9.3).

In Shalaev’s model, in order to study the interaction between a plane wave and a
semicontinuous films, a Cartesian coordinate system is defined in which the film is in
the x,y plane and the incident plane wave (with frequency o = 27r¢/A) is propagat-
ing normally to the surface of the film. In the Drude model, the dielectric function of
the metal grains in the film can be written as &,(0) = &, — 2(w,/0)/(1 + iw,/w),
where g,is the interband contribution to €,, w, is the plasma frequency, and
o, = 1/7 is the relaxation rate (v, << w,). In the visible and infrared range, the
losses in the grains are small and w >> w,. The real part of the dielectric function of
the metal grain is larger in absolute value than the imaginary part, and the conduc-
tivity is almost purely imaginary.

It is possible to define a local conductivity that is metallic inside the grains and
dielectric outside the grains. If the metal skin depth is larger than the grain size a,,
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Figure 9.3 Theoretical SNOM images of localized optical excitations in percolation gold-glass film
on the same spot for two different wavelengths, A=720 nm (left) and A=790 nm (right). From
[44]. © 2001 by the American Physical Society.

the electric field can be considered homogeneous in the grains and the semicontinu-
ous film is a 2-D object [43]. The quasi-static approximation is valid given the fact
that the wavelength is larger than all of the characteristic sizes of the film (size of the
grains, distance between the grains, etc.). With these hypotheses, it is possible to
write the local electric field E(_r)) with the potential associated to the local fluctua-
tion and the external field. From the current gegs)ity with the current conservation
law, it is possible to deduce the local field E( #') when the macroscopic field is
known. Using renormalization, calculation of the effective conductivity and of the
electric field distribution above a semicontinuous metal film is possible. It is worth
noting that this theoretical description takes into account both SPPs, which are
propagative, and LSPs, which are bound to geometrical discontinuities. This
explains the success of this model with regard to the high enhancements at the fun-
damental frequency present on semicontinuous films.

It has been proposed that this random distribution of peaks (see Figure 9.3) is
an analog to the localization of electrons and spins in random media [45]. Mggagc
grains are randomly distributed on the surface of the film, and the local field E( ")
follows a random distribution. When the continuity equation for current density is
discretized on a square lattice, it takes the form of Kirchhoff equations [46] whose
matrix formulations are characterized by their Hamiltonian H. In case of short-
range interactions, Anderson predicted localization of the eigenstates of H. This
localization can be seen by giant fluctuations. Although these predictions were
originally meant for electrons and spin, localization of light in 3-D random media
was demonstrated [47, 48].

However, in Stockman, Faleev, and Bergman’s view [42], Anderson’s localized
states are dark modes. They cannot be excited or coupled in the far field. The SP
eigenmodes have both localized and delocalized states. The delocalization is attrib-
uted to long-range dipolar interactions. Therefore, in Stockman and his coworker’s
early findings, there is a considerable delocalization of the local fields at the funda-
mental frequency and hot spots should “spread out and overlap considerably” [49].

9.3.2 Nano-Optical Experiments on Semicontinuous Films

Near-field optical experiments do indeed show that the EM field is not homoge-
nous on the surface of the films [50-53]. The EM field is strongly enhanced in a
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Figure 9.4 Experimental SNOM images of localized optical excitations in percolation gold-glass
film on the same spot for two different wavelengths, A=720 nm (left) and A=790 nm (right).
From [44]. © 2001 by the American Physical Society.

few randomly distributed positions. The sizes of the hot spots where the EM field
is enhanced are much smaller than the incident wavelength. Typical sizes are close
to the ones of the metallic grains, of the order of 10 nm. These results explain why
on rough films, SERS [54] as well as enhanced PL [55-59] and SHG [60, 61] have
been obtained.

The first experiments demonstrating localization of light have been carried out
on rough gold films [51], aggregates [50, 62] and colloidal films [52] before
demonstrations of the localization on semicontinuous films [44, 53].

The measured size of the hot spots where light is localized is indeed much
smaller than the wavelength of light. In Figure 9.4, the effect of the change of wave-
length predicted in [41, 43] is shown experimentally using an apertureless near-field
microscope [63]. A slight change in the wavelength (Figure 9.4) or in the polariza-
tion properties of light (Figure 9.5) leads to a change of the position of the hot spots
[44]. Near-field experiments have been performed on gold (images shown in Figures
9.4 and 9.5) and, more recently, on silver films [64]. These later measurements on
silver show identical characteristics of the local enhancement properties. It reaches a
factor of 2 to 4 times higher than gold for the same excitation wavelength, due to
the higher quality factor of the plasmon resonance in silver.

Distances between enhanced peaks are on the order of the wavelength, in
accordance with the prediction from Shalaev’s analysis. However, in the SNOM
images, the measured enhancement, of the order of 100, is smaller than the one
calculated. In fact, hot spots are evanescent and the enhancement factor decreases
sharply with the distance perpendicular to the sample surface. In the ASNOM used
in these experiments, it is as if the near-field images were made at 20 nm from the
sample surface, where enhancements are already two orders of magnitude smaller
than the ones on the very surface of the film. The calculated and experimental
SNOM images (Figures 9.3 and 9.4) are very similar, which confirms most of
Shalaev’s analysis. Unfortunately, the narrow wavelength range of these SNOM
results is not sufficient to decide between the two theoretical explanations pre-
sented previously.
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Figure 9.5 Experimental SNOM images of localized optical excitations in percolation gold-glass
film on the same area for two perpendicular linear polarizations of light at A = 780 nm. Directions
of polarization are parallel and perpendicular to the axis of the images. From [44]. © 2001 by the
American Physical Society.

9.3.3 Fluorescence Enhancements and Nonlinear Effects

Enhanced fluorescence on metal-dielectric films [13, 65, 66] is of particular impor-
tance. The fluorophores act as local sensors of the local EM field, allowing the
evanescent field to be coupled to the propagating field and consequently to be
detected in the far field. Since the fluorescence signal depends on the local field
variations, the fluorescence map is related to the local field map. However, the
diffraction-limited resolution of far-field microscopy does not permit the observa-
tion of the nanometric spatial variations of the hot spots. Thus, the measured fluo-
rescence signal is an average over the whole fluorescent layer.

Far-field experiments were performed to study the global enhancement factor.
In Figure 9.6, we show enhancement of the two-photon fluorescence signal meas-
ured in far-field epi-fluorescence microscopy for 0.01 monolayer of eosine
deposited by thermal evaporation on various thicknesses of gold. The reference sig-
nal is taken on a bare glass substrate, and the laser wavelength is A = 833 nm. The
maximum enhancement is obtained at the percolation threshold of the gold thin
film. This agrees with the hot-spot location for the origin of the signal, the hot
spots being much stronger at the percolation threshold [41]. Hot spots, where
enhanced fluorescence occurs, are situated primarily between the two metallic
nanostructures (gap modes). To confirm this hypothesis, it was possible to show
that the signal was due essentially to the fluorophores situated between the metal-
lic islands (i.e., on the glass substrate). The fluorescence disappeared when the part
of the fluorophores placed between the metallic structures was selectively removed
(leaving intact the ones that were positioned on the metal as confirmed by SERS
measurements). The relation between the fluorescence signal and the field enhance-
ment is not linear since the presence of the metal alters the excitation and emission
process. At very short fluorophore-metal distances, nonradiative energy transfers
occur that quench the fluorescence signal.

Because of their strong nonlinear properties, metal-dielectric films also are
especially important for no-linear optical applications [12, 49]. The local distri-
bution of the electromagnetic field allows dramatic increases of nonlinear effects
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Figure 9.6 Enhancement of the two-photons fluorescence signal with respect to the metal cover-
age of eosine on gold-glass films measured in far-field epi-fluorescence microscopy. 0.01 monolayer
of eosine is deposited by thermal evaporation on various thicknesses of gold. The reference signal is
taken on bare glass substrate, and the laser wavelength is A = 833 nm. The maximum enhance-
ment is obtained at the percolation threshold of the gold thin film.

[61, 67-69]. Following Zyss’s and Bozhevolnyi’s papers [61, 68] on second-
harmonic (SH) generation, Stockman found that the SH intensity maps show well-
localized and isolated hot spots [49]. Contrary to his finding, at the fundamental
frequency where hot spots are distributed and are coherent over a large scale and
where fundamental hot spots overlap for different modes, SH eigenmodes can be
Anderson-localized and show giant fluctuations in space. SH fields are not directly
excited by the external field, but are generated in the near field. SH hot spots do
not correlate necessarily with fundamental frequency hot spots. The absence of
delocalization of SH eigenmodes is related to the fact that there should be a spatial
coincidence of the SH and of the fundamental eigenmodes to excite SH.

9.4 Conclusion

With semicontinuous metal films, it is possible to obtain hot spots of the EM field
on nanometer-size areas. This has been theoretically predicted by combining the
local enhancement of LSPs and the propagating nature of SPP modes. However, it
still is not very clear if the hot spots are subject to Anderson localization or to
weak localization or if they are purely delocalized. The peculiar properties of semi-
continuous metal films are now finding applications in numerous fields ranging
from nonlinear spectroscopy to fluorescence coupling.
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Nano-Optics with Hybrid Plasmonic
Nanoparticles

Gregory A. Wurtz and Gary P. Wiederrecht

10.1

Introduction

The fabrication of nanostructures and control of their interactions in integrated
device architectures represent two of the great challenges that scientists face today.
The last decade has witnessed increasing progress toward this aim primarily
because of the development of fabrication and characterization tools suitable for
nano-objects. One of the most promising routes toward a new generation of opti-
cal or optoelectronic applications is to make use of various SP modes [1-3].
Excitation of SPs produces a confined or evanescent electromagnetic field at the
metal/dielectric interface with spatial extent much smaller than is typical in dielec-
tric optical materials, thus the motivation to apply these materials to nanoscale
optics [4-8]. Metal nanoparticles also have enormous optical extinction, making
excitation and manipulation of the SPs possible at very low incident powers. For
example, a noble metal nanoparticle that is 10 nm in diameter has an extinction
coefficient in the range of 10’ M 'cm™!, or about two orders of magnitude
stronger than is typical for an organic laser dye.

A further step toward implementing nanoscale integrated optical circuitry
needed to be taken by directing efforts toward designing active devices that
demonstrate basic functionalities such as switching, lasing, energy storage, and
conversion [2, 9, 10]. This can be achieved by coupling plasmonic modes with
appropriately chosen active materials. The use of organic semiconductor materials
such as J-aggregates are a focal point of this chapter. They are thought to offer
great potential since they have the upper hand in low-cost manufacturing processes
and possess attractive optical properties [11]. J-aggregates are characterized by a
red-shifted and sharp absorption band relative to the monomer band, a result of
exciton delocalization over the molecular building blocks of the aggregate [12-15].
The excitonic states have allegories to photosynthesis, which uses these states to
collect, store, and guide energy to the reaction center for energy conversion and
therefore can drive artificial devices on identical principles. The large oscillator
strength and fast electronic response of J-aggregates are also of interest as
photographic sensitizers, nonlinear optics related to superfluorescence, and solar
photochemical energy conversion [14-25].
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10.1.1 Hybrid Plasmonic Nanoparticles

Hybrid nanoparticles are composite objects comprising two or more interacting
entities created to show enhanced optical behavior compared to the parent materi-
als. While hybrid systems can sometimes refer simply to composites formed by
combining organic and inorganic materials, here we will discern two major fami-
lies of systems based exclusively on the nature of the interaction between the differ-
ent components. One family of hybrid is defined as comprising coupled systems
that support the eigenmodes of the isolated entities, essentially unperturbed by the
coupling. The composing entities are then said to be weakly coupled, and the opti-
cal properties of the hybrid are merely a sum of the combined optical properties.
This situation is encountered when metallic nanoparticles are embedded in a dis-
persionless organic matrix to enhance the nonlinear optical response of the system
via the enhanced scattering cross section of the nanoparticles at the plasmon reso-
nance [26]. Weak coupling also can be observed when plasmonic resonances over-
lap either the absorption or emission spectrum of an adjacent material. The aim in
these configurations is to affect the dynamics of the hybrid by increasing the rate of
radiative decay of the adjacent medium, for example [27-29]. Another example is
recent work by A. Govorov and colleagues showing that the efficiency of chemical
energy production of an excitonic photosynthetic system can be strongly enhanced
in the presence of metal nanoparticles. In this case, it was shown that the calcu-
lated rate of production of excited electrons inside the reaction center is strongly
increased due to the SP and fast electron-hole separation.

The second family of hybrids includes structures whose eigenmodes can only
be described as resulting from the mixing of the eigenmodes supported by the
constituting entities. In these situations, strong coupling occurs between the
eigenmodes of the isolated structures and the optical properties associated with
the hybrid system are unique relative to those of the constituents. This provides a
powerful means to extensively tailor the optical properties of plasmonic systems
in order to design their optical functionalities. For example, in their work on
nanoshells, Nordlander and coworkers made an elegant analogy to molecular
orbitals to describe the plasmonic modes supported by interacting concentric
plasmonic shells [30]. In this description, the modes supported by each metallic
shell contribute linearly to the formation of entangled, or hybrid, plasmonic
modes in a manner similar to the formation of molecular orbitals on the basis of
atomic orbitals. Such mixed plasmonic states stimulate increasing interest due to
the dramatic changes they produce in the optical properties of the supporting sys-
tems. For example, the optical properties of linear arrays of closely spaced metal-
lic nanoparticles are no longer governed by the dipolar response of individual
nanoparticles. In fact, in this geometry, calculations have demonstrated the possi-
bility of using near-field interactions between neighboring nanoparticles to create
new polaritonic modes delocalized over the entirety of the array. This allows for
electromagnetic energy to be transferred from nanoparticle to nanoparticle, effec-
tively paving the way to ultra-integrated waveguide applications [31-34].

Other plasmonic systems showing original optical properties are based on
strong coupling. They involve the mixing of smooth interface SPs [35], or localized
and delocalized plasmonic modes [36], but also can include heterogeneous states
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resulting from mixed plasmons and excitons modes [37-42]. Ultimately, the large
polarizability and optical extinction of J-aggregates as well as their electrochemical
activity and robustness makes coupling through linear or nonlinear processes to an
inorganic substrate unusually strong. In particular, the narrow linewidth of the
exciton band makes coherent interactions with low damping to other polarizable
media a viable possibility. Some of the most polarizable inorganic templates in
existence are metal nanoparticles that produce enhanced optical fields near their
surfaces when interacting with visible electromagnetic radiation. Thus, metal
nanoparticle/molecular J-aggregate heterostructures can produce unusually large
and confined optical fields for exciting molecular excitons. This has been used to
explore the exciton dynamics of J-aggregates near bulk metal surfaces [43].
Although coupling of the exciton to the plasmon of the metal generally leads only
to ultrafast quenching of the exciton and its fluorescence [43], important excep-
tions do exist. For example, experiments on colloidal solutions of Ag nanoparticles
covered with J-aggregates demonstrate the possibility of using the strong scattering
cross section and associated enhanced field concentrations of SPs to generate stim-
ulated emission of excitons of J-aggregates with very low excitation powers [44].
Their coupling with SPs appears, therefore, as a particularly attractive approach to
creating low-powered optical devices performing chosen functionalities such as
light sources, transistors, and sensors.

In addition, as mentioned earlier, the coupling of J-aggregates with plas-
monic resonances presents genuine fundamental interest in the creation of mixed
plasmon/exciton states [37-42]. These quasiparticles may be created if the
energy of the excitonic mode is resonant with a plasmonic transition. Weak or
strong coupling can then be achieved depending on whether the transitions prob-
abilities associated to the system’s eigenmodes are still governed by the Fermi
Golden Rule. Therefore, tuning the coupling strength is of particular interest if
one wants to tailor the absorption and emission characteristics of the molecular
semiconductor. Strong coupling was observed in different systems, including
microcavities where the quasiparticle comprises a cavity photon and a molecular
exciton [45, 46], in plasmonic systems involving a SP and a waveguide photon
[47], and more recently between a SP and an exciton [37, 39-41, 48]. Much of
this development was sparked by the J-aggregation of cyanine dyes on the sur-
face of noble metal nanoparticle colloids [49, 50].

10.1.2 Scope of the Review

The scope of this chapter centers firmly on nanostructures consisting of molecular
excitonic materials interacting with the plasmonic metal nanoparticles.
Particularly, the unusual optical properties that result from coherent coupling
(strong coupling) between the exciton and plasmon are reviewed. Materials gener-
ation, ultrafast exciton dynamics, modulated extinction, nonlinearities, and ulti-
mately control and manipulation of exciton dynamics through strong coupling are
all reviewed here. This chapter does not attempt to review other outstanding
research areas in plasmonics that also justifiably use the “hybrid” terminology.
This includes, for example, the closely spaced metal nanoparticles described previ-
ously that interact through optical near-field dipole-dipole coupling to create col-
lective plasmonic behavior delocalized over multiple nanoparticles [31, 33].
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10.2

Another important plasmon hybridization model is that of the metallic shell struc-
tures, also described previously, where the plasmon on the inner surface and outer
surface can “hybridize” in a conceptual manner much the same way that atomic
orbitals can hybridize when forming a molecule [30, 51].

Materials
10.2.1 Colloidal Synthesis and J-Aggregate Deposition

The functionalization of colloidal metal nanoparticles with organic materials is well
developed, encompassing many forms of chemical and physical interactions. Metal
nanoparticle/dye hybrids can be covalently bound, such as lissamine bound to Au
by a thioether group [52]. For J-aggregates (and the higher-energy H-aggregate
cousin), the interaction is electrostatic, whereby the generally negative charge of
molecular species that creates the aggregate is attracted to a positively charged
aqueous metal nanoparticle colloid. Importantly, the electrostatic interaction allows
for a degree of mobility that covalent binding does not offer, so that the molecules
can stack in the “bricklike” structure that produces excitonic J-aggregates [11].
Kamat and coworkers conducted studies of cationic rhodamine 6G H-aggregate
assemblies on negatively charged metal oxide and Au colloidal particle surfaces [53,
54]. Ag particles coated with rhodamine 6G also produced blue-shifted absorption
bands, characteristic of H-aggregate formation [55]. Several research groups have
studied J-aggregate hybrids with metal nanoparticles. Zhong and coworkers [56]
have shown that positively charged indolenine cyanine dyes form J-aggregates with
citrate Au-coated particles, and no J-aggregate formation takes place with nega-
tively charged or neutral dyes, thus proving that an electrostatic interaction is a cru-
cial factor in J-aggregate formation. These authors also have found that other
molecular interactions contribute to J-aggregate formation, namely 77— interac-
tions of the adjacent dye molecules. Another study explored the nanoparticle size
effects in J-aggregate formation of eosin on the surface of photochemically prepared
Au particles [57].

J-aggregate formation between negatively charged thiacyanine (TC) dye and
Au and Ag nanoparticles prepared by NaBH, reduction method was first studied
by Kometani [49]. The dye originally used was 5,5’-dichloro-3,3’-disulfopropy-
Ithiacyanine sodium salt (TC, Hayashibara Biochemical Laboratories, Japan),
shown in Figure 10.1(a). When formed on the nanoparticle, the exciton band was
broadened and red-shifted by 10-20 nm from the 464 nm absorption band of TC
J-aggregates in solution without nanoparticles. As illustrated in Figure 10.2(b),
the morphology of the TC aggregate is such that the TC chromophore is adsorbed
on the particle and the SO;~ groups extend away from the nanoparticle to provide
solubility [50]. Previous STM studies indicate that homogeneous coverage is
obtained on nanoparticle surfaces [50].

10.2.2 Electrostatic Layer-by-Layer Deposition

Electrostatic layer-by-layer deposition is a very effective means for depositing
molecules in high density and in an ordered fashion on thin metal films. It also
enables tunable interactions by varying a number of parameters, such as the num-
ber of layers, the spacing between the resonant molecules and the metal film, and
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Figure 10.1 (a) The thiacyanine (TC) molecule, (b) the orientation of the J-aggregate on the
nanoparticle, (c) the ground-state spectra of bare silver and gold nanoparticles, and (d) the ground-
state spectra of TC J-aggregate coated silver and gold nanoparticles. In both cases, the silver spectra
are represented by light gray solid lines, while the black solid lines relate to Au spectra. The calcu-
lated fits obtained from the core-shell model are plotted with the experimental data and repre-
sented by circular markers.

the interlayer spacings. The general premise, particularly with negatively charged
molecular aggregates, is to place an inert but positively charged molecular layer
on the bare metal substrate. This is followed by depositing a solution of the
J-aggregate on the film, rinsing, and following with a solution of a positively
charged molecular system (usually a polymer solution) onto the substrate. This
can then be repeated to create a multilayer system of resonant molecules on an
SPP-supporting metal film.

A specific methodology is given here for the SPP experiments reported in
Section 10.3, using a Ag film and the J-aggregate forming meso-tetra
(4-sulfonatophenyl) porphyrin (TSPP) [15, 58, 59]. First, a 50 nm thick Ag film is
thermally deposited onto a 170 wm thick glass coverslip. A monolayer of cystamine
(C4S;N,H,5) is then deposited by placing a 10 mM solution onto the Ag film for
30 minutes, followed by copious rinsing with deionized water. Subsequently, the
acidic 2 mM TSPP*~ J-aggregate solution is placed onto the cystamine-coated Ag
slide, which protonates the amine group of cystamine to produce a positively
charged monolayer that attracts the negatively charged TSPP?*~ molecules. After
30 minutes, the slide is again rinsed with deionized water. This is followed by the
deposition of poly(diallyldimethylammonium chloride) (PDDA) salt, in which the
polymer is positively charged in solution. A 1 wt% solution is again placed on the
film for 30 minutes, which subsequently creates a positively charged layer on top of
the TSPP*~ layer. For these studies, the TSPP>"/PDDA deposition was repeated four
additional times.
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10.2.3 AAO Templating

Much of the J-aggregate hybrid nanoparticle work reviewed here uses anodic alu-
minum oxide (AAO) templating to create the coupled nanostructures. The anodiza-
tion of aluminum (Al) represents a quick and efficient method for producing
self-assembled nanostructures [60]. Due to the size of the pores as well as the flexi-
bility in tuning the geometry of AAO template, theses materials represent a unique
opportunity to create plasmonic structures with tunable resonances [48]. The litera-
ture gives plenty of examples where the optical properties of Ag, Au, Cu, and Au/Ag
multilayers nanowires embedded in porous alumina have been studied [61, 62].

For the structures presented in this chapter, assemblies of Au nanorods (ANRs)
are electrochemically grown in a substrate-supported, porous AAO template. The
substrate is a multilayered structure comprising a 1 mm thick glass slide, a 10 nm
thick Tantalum pentoxide (Ta,Os) base layer, and a 5 nm thick Au film acting as the
working electrode for the electrochemical reaction. Both layers are grown using
magnetron sputter deposition. Tantalum pentoxide was deposited by sputtering tan-
talum using a 20% oxygen/80% argon mixture. An Al film of up to 500 nm thick is
then planar magnetron sputter-deposited onto the electrode. This Al film is subse-
quently anodized at constant voltage with a platinum counter-electrode in a 0.3 M
sulfuric acid electrolyte at ~ 1°C to produce the porous alumina template [63].

The diameter, separation, and ordering of the Au rods in the assembly are
determined by the geometry of the AAO template (i.e., the anodization condi-
tions and postchemical etching processes). The rod diameter and spacing can
vary from about 10 nanometers to a few hundred nanometers by altering the
AAO growth conditions and postgrowth chemical etching processes. The length
of the rods is chosen by controlling the electrodeposition time and can be varied
from about 20 nm to the limiting value dictated by the thickness of the AAO
template, typically a few hundred nanometers.

Strong Coupling and Modulated Ground States
10.3.1 Theoretical Background

In dealing with isolated spheroids, the ground-state extinction signature of metal-
lic nanoparticles interacting with an excitonic shell can be described analytically
using the Rayleigh-Gans theory. In this framework, the extinction cross section of an
ellipsoid can be expressed in Equation 10.1 as follows:

1 1
O-Extinction, = Ea 2‘71-/)\17%{0{1} + ga 1/677-( 277//\) 4| ai‘ : (101)

where A is the vacuum wavelength of the illuminating electromagnetic radiation
and q; is the polarizability of the core-shell ellipsoid along axis i expressed in the
electrostatic approximation for the dipolar term as [64]

U((S]Agg - 8a')[g]Agg + (Smeml - S]Agg)(LiAM - pL{Agg)} + p(smetal - 8]Agg))

[8]Agg + (Smetal - S]Agg)(L?u - pL{Agg)HSd + (8]Agg - Sd)L{Agg] + pL{AggS]Agg(ememl - 8]Agg)

(10.2)
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In Equation 10.2, v is the volume of the ellipsoid, p is the fraction of the total
particle volume occupied by the inner ellipsoid, and L; is a geometrical factor

2 2
defined as L, = ! 28 (11n1 te_ 1) with ¢ =1 — 1% calculated for both
e 2¢e 1 —e a

the inner Au and outer J-aggregate ellipsoids of respective aspect ratio a/b.

The dielectric constant g, describes the optical response of the embedding
medium, while the dielectric behavior of the metal (e,,,,,) is described by a sum of
the intraband transitions (electronic response of the free electrons in the conduction
band) and interband transitions (electronic transitions between the d valence band
and the sp conduction band). We utilized models for each of these transitions that
have successfully reproduced optical properties of metallic nanoparticles [65, 66].

The intraband dielectric
w% 10.3

response is described by a Drude term (Equation 10.3) while the interband
electronic response is modeled within the Random Phase Approximation
(Equation 10.4):

ﬁx - Eg wl B x2 — Y%nter B Ztiinter
Eimer = K | dx————"[1 = Fx,T)| 555" - (10.4)
x (w —X yimer) + 4o Yinter
E

g

where o, is the bulk plasmon resonance frequency of the metal, v,,,, and V..,
respectively characterize the plasmon and interband damping rates, E, is the gap
between a dispersionless d band and a parabolic sp band, and K is a constant
reflecting the oscillator strength of the interband transitions [65]. K has been
obtained by fitting the dielectric behavior of the bulk metal as tabulated in [67].

Finally, the exciton resonance has been modeled assuming a Lorentzian absorp-
tion lineshape (i.e., a homogeneously broadened absorption [68]) in a dielectric
background e, with transition frequency w,, reduced oscillator strength f and
linewidth ., [69]. The dielectric response of the aggregate can then be expressed in
Equation 10.5

2

P (10.5)

o0 .
0§ — 0’ — iwy

€lagg — €
The spectroscopic signature and dynamics of excitons when their resonances over-
lap the plasmon or interband transitions of metal nanoparticles leads to coherent
polarization effects that can be described by considering the intensity transmitted
in the far field expressed in Equation 10.6 as follows:

I |?exciton + particle|2 (106)

A schematic of this model system is illustrated in Figures 10.2(a) and 10.2(b). In
the frequency range of interest, the calculations simply describe the interaction
between two transition dipoles that are homogeneously broadened. The first is the
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exciton absorption band of Lorentzian shape, and the second is the metallic core
polarization, further developed as a sum of intraband and interband contributions.
Equation 10.7 shows that the polarization (P = «E) of the sample then produces a
far-field scattering intensity written as

I x |?exciton + parlicle|2 = ‘?excilon + plasmon + Eﬁg'fspﬁ (107)
n

where P50, and Pj_, represent the polarization of the free and the bound elec-
tron transition dipole moment, respectively. To quantify the polarization coupling
in exciton-plasmon hybrids, we calculated the frequency-dependent scattering
cross section of the hybrid system using Equation 10.1, obtained by conserving the
dipolar term only from the Mie scattering development (Equation 10.2) [64].

10.3.2 Coherent Coupling Between a Dipolar Plasmon and a Molecular
Exciton

Figure 10.1 illustrates the ground-state absorption spectra of bare (c) and TC-coated
(d) Ag and Au nanoparticles. The ground-state spectra agree well with the results of
Kometani et al., illustrating significant modulation of the nanoparticle extinction
near the exciton resonance. Furthermore, the nanoparticles coated with TC show a
sharp peak at A= 481 nm on Ag nanoparticles but a pronounced decrease in the Au
hybrid nanoparticles’ extinction at A = 474 nm. The modified extinction spectra
point to constructive and destructive coherence effects between the nanoparticle elec-
tronic polarization and that of the exciton transition dipole. The best fits to the
ground-state spectra is obtained by modeling o ,,i0n using Equations 10.1-10.5
setting @ = b. (The particles are assumed spherical.) The calculations are shown
along with the experimental data in Figures 10.1(c) and 10.1(d) and allow for an
understanding of the different coherences in the two (Ag/TC, Au/TC) hybrid
nanoparticles. For the amplitude and phase shown in Figures 10.2(c) and 10.2(d), we
plotted Im(c,sincion) and Real(o,yineion) using the dielectric constant relative to Au
and Ag. For the J-aggregate shell, we directly plotted Im(g;,,,) and Real(g) ). It is
insightful to plot the optical response (amplitude and phase) of the metal core and
molecular aggregate shell separately. These plots are illustrated in Figures 10.2(c)
(Ag/TC) and 10.3(d) (Au/TC). The coherent coupling within the core-shell nanosys-
tems is apparent from the phase plots associated with the respective contributors. In
particular, one finds that for the Ag hybrid, the excitonic transition dipole is coher-
ently coupled to the free electron-localized plasmon dipolar resonance of the metal
core. This coupling manifests itself by a constructive interference of the respective
transition dipole moments, leading to a net increase in the nanoparticles’ extinction
at 485 nm in Figure 10.2(c). Since the interband band edge for Ag lies at approxi-
mately 3.5 eV (350 nm), far from the exciton resonance situated at 2.6 €V (474 nm
as obtained from the fits), the phase-sensitive coupling results solely from the interac-
tion of the excitonic state with the free-electron plasmon resonance of the metal. The
position of the respective peaks is then determined by the respective position and
oscillator strengths of the two bands.

For Au nanoparticle hybrids, the exciton resonance is isoenergetic with
interband transition dipoles from the metal core. (The interband band edge lies
at 2.4 eV below the Fermi level.) As shown in Figure 10.2(d), this interband
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Figure 10.2 (a) The metal-aggregate core-shell model and associated optical dielectric constants.
(b) The coherent coupling schematic of the electronic polarization in the metallic core with the exci-
tonic polarization of the aggregate. (c) Phase and (d) amplitude of the core and shell contributions
for Ag derived from the fits shown in Figure 10.1. (e) Phase and (f) amplitude of the core and shell
contributions for Au using the fits shown in Figure 10.1. For (c) and (e), Im(«) was plotted while and
for (d) and (f) Arg(a) was plotted for the metal core using the dielectric constant relative to Au and
Ag. Here « represents the dipolar polarizability of the particles as expressed in Equation 10.2 for the
core-shell system. For the J-aggregate shell, we directly plotted Im( e,) and Arg( ¢,) . This contribu-
tion is shown by a gray solid line in (c) through (f). The contribution from the metal core is shown
by a thin solid black line in (c) through (f), while the amplitude associated to the combined hybrid
system is represented by a bold solid line in (d) and (f).

contribution at the exciton resonance produces an out-of-phase response between
the excitonic and interband transition dipoles that results in a ground-state bleach
at 2.6 eV (474 nm) showing very little sensitivity toward the position of the plas-
mon absorption; therefore, it is exclusively determined by the underlying exciton
absorption frequency.

The transition dipole moment frequency of the adsorbed J-aggregate is esti-
mated from the fits to be centered at 2.6 eV (Aj,,, = 474 nm). The calculated exci-
ton transition frequency is found to be identical for both hybrids, which indicates
that similar intermolecular resonance energies ensure the aggregate’s cohesion on
Ag and Au. The intermolecular coupling strength can be estimated by the shift from
w,, the monomer transition dipole frequency. The larger red shift indicates that a
more robust aggregate is formed when on the surface of the nanoparticles than in
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solution. In solution without nanoparticles, the J-aggregate exciton absorption is
shifted by a value of 220 meV, while a shift by an additional 28% to 280 meV is
observed for aggregates on nanoparticles. In a lower-limit estimate (nearest-
neighbor approximation without taking into account the effects of disorder), a
10% increase in the resonant coupling energy of aggregates on metal nanoparti-
cles results [70]. This increased stabilization is due to the interaction of the
monomer with the particle’s surface, as it is not observed in solution [70].

Another significant quantitative difference for the two hybrids lies in the exci-
ton’s bandwidth: y,,, = 86 meV on Agand v,,, = 118 meV on Au. These compare
tO Y44, in solution of 47 meV and the monomer linewidth of 250 meV. The band-
width reflects the degree of localization of the excitonic state in the aggregate and is
usually determined by disorder. Disorder includes a static contribution (i.e., site-to-
site variations in the molecular transition dipole moments and variations in the
intermolecular coupling energies) and a dynamic contribution from the thermal
fluctuation of the molecules’ nuclear coordinates [71]. Compared to the aggregate
in solution, the exciton line broadening on the metal nanoparticles is likely due to
the presence of the particle surface that introduces local field inhomogeneities.

10.3.3 Coherent Coupling Between a Delocalized Plasmon and a Molecular
Exciton

When envisioning practical applications based on the optical properties of plas-
monic quasiparticle systems, it is desirable to design structures for which some
degree of control over the exciton-plasmon coupling strength is possible. Such a sys-
tem is presented in Figure 10.3. The system consists of an assembly of ANRs sur-
rounded by a dielectric shell of tubular geometry embedded in an alumina matrix.
The rods are aligned in an anisotropic configuration with their long axis oriented
perpendicularly to a transparent conducting substrate. The optical properties of the
core-shell structure are determined by the strong coupling occurring within the
assembly between the longitudinal (L) dipolar plasmon resonances of the rods. This
resonant coupling can be tuned throughout the visible spectrum in the 550-900 nm
range by varying the rod diameter, the aspect ratio, and the thickness of the dielec-
tric shell. Conforming to a molecular description of the inter-rod coupling, adjust-
ing these parameters is equivalent to modifying the energy level of the dipolar
plasmonic orbitals (aspect ratio of the rods) and the spatial overlap between the
orbitals (inter-rod distance). Therefore, the (ANR) geometry represents a unique
means to control the positioning of the J-aggregate in the plasmonic structure as
well as to control the mixing of the hybrid system’s eigenstates, offering a unique
possibility in the designing of molecular plasmonic nanodevices with tailored opto-
electronic functionalities.

The extinction spectrum from an ANR in the AAO matrix is presented in
Figure 10.3(b) as a function of angle of incidence. The spectra are dominated by
two resonances whose angular dependency reflects the high degree of anisotropy in
the system. The short axis of the nanorods leads to the appearance of a resonance
around 500 nm that is associated to the excitation of the lowest order, i.e. dipolar,
plasmon resonance of the rods. This transverse (T) resonance is addressed for elec-
tric fields polarized along the short axis and follows the behavior of a localized
plasmonic mode [62]. The lower-energy resonance located around 750 nm is
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Figure 10.3 (a) SEM image of an assembly of Au nanorods (ANR) in air. (b) Associated extinction
spectrum of the ANR embedded in the porous alumina template as a function of angle of incidence.
The inset shows the molecular structure of the dye used to hybridize the ANR along with its extinc-
tion spectrum shown in a magenta line when J-aggregated on a 50 nm thick smooth Au film mag-
netron sputtered on a glass substrate. (c) TEM cross section of the ANR core-shell geometry along
with a schematic illustration of the structure.

apparent only in the spectra for a component of the incident electric fields polar-
ized along the long axis of the rods and is referred to as longitudinal (L) resonance.
These resonances are regarded as eigenmodes of the structure. As mentioned ear-
lier, the spectral position and the angular dependence of this mode are reminiscent
of the nature of the coupling between the rods within the assembly. In fact, the L-
mode observed in Figure 10.3(b) is a coupled resonance that is characteristic of the
ANR’s optical response as it results from the strong electromagnetic inter-rod cou-
pling between the dipolar long-axis resonance supported by the nanorods when
isolated. The latter resonance would appear around 2000 nm for an isolated rod of
a similar aspect ratio and is located in the visible part of the spectrum in the ANR
due to inter-rod dipolar coupling. The consequence of the L-mode interactive char-
acter is reflected in its associated delocalized field distribution shown in Figure
10.4(b) that is modified from the long-axis dipolar response of the isolated rods for
which the field is concentrated at the rods’ extremity [Figure 10.5(a)] to a maxi-
mum of the electric field in the inter-rod spacing [10]. A schematic energy diagram
for the ANR’s eigenmodes is shown in Figure 10.5(c). In this diagram, the effect of
inter-rod coupling is reflected as a lowering in the L-mode potential energy, com-
pared to the isolated L resonance, by a value C corresponding to the inter-rod cou-
pling strength. In this example, C is evaluated to be around 1 eV.

Coupling of the excitonic state from the molecular aggregate to either or both
of the plasmonic modes of the ANR then requires creating a shell around the rods
in which to introduce the dye. A simple chemical etching reaction enables the cre-
ation of an air/vacuum shell of uniform and tunable thickness around the rods
[48]. For the results presented here, shells of various thicknesses were created suc-
cessively in the same ANR using a 75 mM aqueous solution of sodium hydroxide
(NaOH). Etching reactions with 15 s time increments were carried out to create
shell thicknesses of 2.5 nm, 3.8 nm, 5.6 nm, 7.7 nm, 8.9 nm, and 20 nm with a
thickness distribution, measured by SEM, of 20%. The etching reaction
was stopped by rinsing the ANR with purified water (18 MQ/cm). The
sample was then dried with pressurized air before hybridization. The hybrid
plasmonic/excitonic system is obtained by depositing a 25 ul droplet from
a 5% (by weight) Benzothiazolium 5-chloro-2-(2-((5-chloro-3-(3-sulfopropyl)-2
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Figure 10.4 Calculated electric field distribution corresponding to the L-mode for an (a) isolated
and (b) strongly interacting Au nanorod. The Au rods are 30 nm in diameter and 300 nm long. They
are standing on a glass substrate, embedded in an alumina matrix (n = 1.6), and placed in a square
array of period p. The superstrate is air. The illumination field is TM-polarized and is incident from
the substrate side at an angle of 45 degrees in air. The inter-rod distance and inter-rod coupling
strength are p = 500 nm C =0¢eV (chosen as the reference) and p =100 nm C =1eV in (a) and (b),
respectively. A schematic energy diagram of the coupling mechanism is shown in (c).

(3H)-benzothiazolylidene)methyl)-1-butenyl)-3-(sulfopropyl), inner salt, com-
pound N,N-diethylethanamine (1:1) dye (CAS RN 27268-50-4) methanol solution
onto the core-shell structure. Upon methanol evaporation, the dye adsorbs onto
the ANRs within the shell, where it spontaneously J-aggregates. Figures 10.5(a)
and 10.5(b) show the extinction of the coupled system for shell thicknesses of 2.5
nm and 20 nm, respectively. The extinction of the J-aggregate when formed on a
smooth Au film as well as the extinction of the bare ANR also are plotted in
Figures 10.6(a) and 10.6(b) for comparison. Varying the shell thickness effectively
tunes the plasmonic resonances of the ANR with no measurable effect on the exci-
tonic transition energy located around the wavelength of 622 nm. In the following
figure, the shell thickness is therefore used as a parameter to control the spectral
overlap between the plasmonic modes of the ANR and the excitonic state of the
J-aggregate.

From Figure 10.5(a), it can be deduced that when the overlap between the
L-mode (A, = 737 nm) and the excitonic transition (A;4,, = 622 nm) is small, the
spectral  response of the extinction associated to the hybrid system
(Aybria+ = 745 nm, Ayypq- = 622 nm) is determined essentially by the resonances
of the isolated systems; that is, weak coupling is observed. Conversely, Figure 10.5(b)
illustrates the regime where this overlap is strong (A; = 610 nm, Aj,,, = 622 nm).
The resonances of the hybrid system (A, 5+ = 654 nm and =593 nm) then reflect
the hybridization of the original resonances into mixed states with shared
plasmon/exciton character; that is, strong coupling is observed. For clarity, these two
coupling situations are schematically represented in Figures 10.5(c) and 10.5(d) by
an energy diagram of the different states supported by the hybrid ANR. The labeling
of these modes are further discussed in the following paragraphs.

The general behavior observed in Figures 10.5(a) and 10.5(b) can be understood
following the procedure described previously and calculating the extinction cross
section for an isolated ellipsoidal nanoparticle with a Au core surrounded by an exci-
tonic shell and embedded in an homogeneous medium of dielectric constant e,.
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Figure 10.5 (a) Extinction spectrum of the hybrid ANR in the weak plasmon-exciton coupling
regime along with the extinction of the isolated ANR and the extinction of the J-aggregate on a Au
film. The shell thickness is 2.5 nm. (b) Extinction spectrum of the hybrid ANR in the strong plasmon-
exciton coupling regime along with the extinction of the isolated ANR and the extinction of the
J-aggregate on a Au film. The shell thickness is 20 nm. The spectra are taken for an angle of inci-
dence of 40 degrees. (e) Extinction from a coated Au ellipsoid calculated in the dipolar limit and
illustrating the general behavior observed experimentally in (a) and (b). The thin lines correspond to
the isolated case, while thick lines describe the response of the hybrid system. A homogeneously
broadened J-aggregate extinction is shown in magenta.

Here the dielectric constant ¢; of the embedding medium alumina is taken to
be 2.56 while a polynomial fit of the data published in [72] is used to describe the
dielectric constant of Au, g,,. The response of the shell was modeled by an exci-
tonic resonance with a Lorentzian response in a dielectric background e.. The
anisotropy of the exciton’s transition dipole moment was approximated by
wi.f

wi — w® — iwy
perpendicular to the aggregate’s transition dipole moment, respectively. The high-
frequency dielectric constant e, was extracted from ellipsometric measurement
made on a thin J-aggregate film formed on a smooth Au surface, while the transi-
tion energy, reduced oscillator strength and damping of the excitonic state were
determined by fitting the J-aggregate’s absorption spectrum as measured on
the smooth Au film in Figure 10.3(b). These parameters then take the respective val-
ues of e, = 1.21, iwy = 1.99 eV (A = 622 nm), f = 0.054, and 7y = 66 meV.
Figure 10.5(e) shows the calculated extinction cross section for core-shell ellipsoids
with aspect ratios of 2.4 and 6 with a constant shell thickness of 2 nm. The thick
lines correspond to the coupled plasmon/exciton system, while the thin lines
describe the extinction of the Au ellipsoids but surrounded by an air shell. The
extinction of the J-aggregate also is shown alongside by the magenta line spectrum.
The aspect ratio of the ellipsoid was parameterized to modify the spectral overlap
between the long-axis plasmonic resonance of the ellipsoid and the transition energy
of the exciton and, therefore, the coupling strength between the two transition

and g4, = &, for the contributions along and

€jAge)) = €0 T
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dipole moments. In Figure 10.5(e), only the long-axis plasmonic mode was coupled
to the excitonic transition, reflecting the experimental observations. In a situation
where both T and L modes from the ellipsoid were to be coupled with the excitonic
transition, four modes would be observed in the hybrid’s extinction spectrum: two
T modes as well as two L modes.

To gain better insight into the coupling mechanism, let us consider a 3-D phys-
ical system whose Hamiltonian is H,. The eigenstates of H, are o >, |¢; >,
and [¢,,, > associated to the rods dipolar T plasmonic resonance; the ANR’s
L resonance; and the J-aggregate excitonic state. The corresponding eigenvalues
are Er, EL, and Ejg, satlsfylng Hyldr > = Eflér , Hyld, > = E, |, ", and
Ho|¢]agg E]agg|¢]agg , with <¢,|p;> =5;,. Introducmg coupling between these
levels and searching for the eigenvalues of the coupled system in the {| >, |¢, >
| 140>} basis, we rewrite the Hamiltonian in the form of H=H,+V, where V is a
time-independent perturbation accounting for the coupling between the different
eigenstates of the isolated system. Assuming that the J-aggregate’s transition dipole
moment is oriented along the long axis of the nanorods only (V53 = V3, = 0), the
Hamiltonian takes the following simplified form, where V), ;,.; couples |¢; > and

| ¢]agg >

Er 4V, 0 0
H = 0 E +Vy, Viybrid
0 Viybrid Ejpget Vi3

from which the eigenvalues are readily obtained:

EVTZ ET + Vll
1. ) 1 ; ;
Ehybrid+ = E(EL + EJAgg) + E\/(EL - E]Agg)2 + 4V%yhrid (108)
1 . , 1 ; ;
Epypria- = E(EL + Ejagg) — E\/(EL — Ejnge)” + 4Vibnia (10.9)

where E; = E; + Vy and Ejuge = Ejpge + V.

The eigenvector associated with E7' is 7> ~ [¢pr> , reflecting the fact that
the J-aggregate’s transition dipole moment and the T mode were taken to be per-
pendicular to each other in our expression of the coupling Hamiltonian V. In these
conditions, no coupling between these two states is possible. Note that a similar
result would be obtained in the weak coupling regime. This is not the case here
since the excitonic response in the T direction would then be observed at a vacuum
wavelength of 622 nm, adding a fourth resonance in the extinction of the hybrid
structure. Consequently, for the T mode in the hybrid structure, the presence of the
J-aggregate along the ANR results in a net change in the energy Er through a
change in the dielectric constant in the shell, with an eigenvector that is essentially
unchanged from its original dipolar form. Neglecting the core-shell geometry as
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well as the presence of the substrate, an approximate expression for Vi; can be
found by assuming a lossless Drude-like dielectric response of the form
g(w) = 1 — w}j/w® for an Au ellipsoid embedded in an homogeneous medium of
effective dielectric constant &,

AV LoyL — 1)
Aeyy
2e(1 — L) + LJ?

1 =

where w,, is the bulk plasma frequency of Au, L is the geometric factor defined ear-
lier, and Ae,; reflects the change in dielectric constant induced by the introduction
of the J-aggregate in the shell. V;; is an increasing function of the shell thickness
through Ae,; with an upper value of V;;~—20 meV measured for a complete
removal of the AAO matrix (Ag,;~&,,—&/ag = —0.21). The negative value of V;
reflects the increased index of refraction of the shell when introducing the dye.
Similarly to V,q, V,, reflects the change in the L-mode position upon J-aggregation
in the shell via the off-resonance high-frequency dielectric constant of the J-aggregate.
However, V,, is more difficult to express analytically since the field associated to the
L-mode within the ANR is no longer following the dipolar response of the isolated
rod’s long-axis resonance. An estimated value of V,, can be made by measuring the
sensitivity of the L-mode as a function of shell thickness for an index of refraction in
the shell Vg4, of 1.1 [48]. This allows us to evaluate the variation AV;, of V,, over
the shell thickness range considered in this study of about 65 meV, while V,, at
736 nm is about —20meV and AE; is about 570 meV [48]. V5 is a measure of the
variation of the intermolecular coupling | within the aggregate when it adsorbs on
the ANRs with respect to a reference state measured in water: Ejy, = Ejpge + Vis.
The loss in potential energy of the HOMO upon J-aggregation determines the
coupling energy J, which can then be defined from the transition energy AE;,,, of
the aggregate as 2] = AE—AE,,, where AE is the transition energy of the
monomer and ] is the positive coupling energy. To evaluate V33, J-aggregation has
been studied on a smooth Au film, a Borosilicate glass substrate, and porous AAO
from the dye solution in Methanol. For all of those situations, the excitonic tran-
sition was observed at an identical wavelength of 622 nm, slightly blue-shifted
from its value in water. This underlines that in the experimental configura-
tions considered, it is the interfacial geometry that governs the aggregation
energy rather than the material properties of the substrate itself. Comparing
Figure 10.3(b) with Figures 10.5(a) and 10.5(b), it is deduced that J-aggregation
in the shell around the rods leads to a intermolecular coupling energy similar to
the one measured on planar interfaces, suggesting that the core-shell geometry
does not strongly affect the value of | in the aggregate even for the smallest shell
thicknesses studied (~ 2 nm). Consequently, the value of Vj; is assumed to be
shell-thickness-independent in the following calculations. Considering the absorp-
tion frequency of the J-aggregate in water (A = 650 nm; i.e., 2] = 230 meV) and
when adsorbed on ANRs (A = 622 nm; i.e., 2] = 150 meV), we can deduce that
Vi3 = EjgeEjae=AE—2]' —(AE—2]) = 80 meV.
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The eigenvectors [y, > and [y~ >, associated to respectively E,,,;;. and
Ejypria—> can be expressed as linear combinations of the L plasmonic orbital |¢; >
and the J-aggregate excitonic orbital |¢;4,, > as follows:

0% e
|l/l+> = COSE|¢L> + Slnz|¢]Agg>

and )= — sing|¢L> + cos%|¢]Agg>

V/aybrid

1 . ,
E(EL - E]Agg)

where tan «

The effect of the coupling matrix V on H is to hybridize the L and excitonic states
into two new eigenstates with a mixed plasmon-exciton character. It follows that if
IEL — E}Agg| >> 2V)pias then a~0, cosa/2~1, and sina/2~beb,id/|E} - E}Agg|,
from which, if we assume in this instance that E; > E},,,, we deduce the wave-
functions of the system as follows:

bt = G2 o8
) L) E, - E}Agg‘ Jagg) ™ | Pragy)
Viybrid
and ) = — b1t |bag)~ | Prage)
E; - E]Agg

These hybrid orbitals then resemble the plasmonic and excitonic orbitals from the
uncoupled system, in which case these orbitals represent a weakly coupled system
as they retain their original character. This case is illustrated in Figures 10.5(a) and
10.5(c) for E}Agg > E;. Similarly, if we now consider the case for which
EL = Ejagd << 2V)pa, then a~m/2, cos(a/2)=sin(a/2)~1 V2, and

1
sy = W{ |brE [ dagy) ]

These functions are hybrid orbitals of the system of Figures 10.5(b) and 10.5(d)
where the two original uncoupled orbitals overlap spectrally, in which case strong
coupling is achieved.

The unique characteristic of the core-shell ANR geometry is to enable a contin-
uous tuning of the plasmonic resonances by controlling the thickness of the shell
created around the rods. Therefore, the spectral position of the L-mode can be
scanned through most of the visible spectrum and across the excitonic resonance to
modulate the mixing of these states. The result is shown in Figure 10.6(a) where
the spectrum of the hybrid ANR is plotted for different positions of the L-mode in
air. The occurrence of the strong coupling regime in the structure is evident since
no resonances appear in the spectral range from 622-658 nm while the L-mode
resonance was continuously tuned from 736-550 nm. The anti-crossing between
the L-mode and the excitonic transition is illustrated in Figure 10.6(b). Deriving
Viyiria from Equations 10.8 and 10.9, we use Figure 10.6(a) to estimate the
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coupling strength within the hybrid as a function of the overlap between the
L-mode and the excitonic states as follows:

(Eh brid+ ~ Eh brid*)z B (EL B ,]A )2
bebrid = : - 4 = (10.10)

where the assumption E' ~ E; was made. The result is plotted in Figure 10.6(c) as a
function of the original position of the L-mode. A similar relationship derived from
an analytical theory for the optical properties of ellipsoidal plasmonic particles cov-
ered by anisotropic molecular layers is plotted in Figure 10.6(c) (top) for compari-
son [73]. These expressions lead to very similar values for V), as a function of the
L-mode wavelength with a small overestimation of the coupling strength when
using Equation 10.10. This overestimation reflects the effect V,, has on E;’: the
absolute value of V,, increases with shell thickness and is negligible at maximum
coupling strength. This maximum is reached for an L-mode resonance in air located
at 600 nm and corresponds to a Rabi splitting of 155 meV. This value is commensu-
rate with the largest Rabi splitting observed in planar organic microcavities [74] and
is similar to recent observations for a excitonic state mixed with a planar SPP [39].

The ability to control the coupling strength between a plasmon polariton and a
molecular exciton both spatially and spectrally is a major step toward implementing
active and passive plasmonic devices. Based on the hybrid nature of the coupled
states, the nonlinear optical properties of such a nanostructured material should
demonstrate extreme sensitivity over a large spectral range. That is, by addressing

5}
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1 3 20 C e calculated from (90)
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Wavelength (nm) L-Mode Energy (eV) Wavelength (nm)

Figure 10.6 (a) Extinction from the hybrid ANR varying the coupling strength between the plas-
monic L-mode and the molecular excitonic transition. The spectra are taken for an angle of inci-
dence of 40 degrees. The plasmon-exciton coupling strength has been adjusted by tuning the
spectral position of the L-mode from 736-550 nm by increasing the thickness of the shell around the
Au rods. The L-mode resonance position in air for the hybrids was located at a wavelength (and cor-
responding shell thickness) of 736 nm (2.5 nm), 733 nm (3.8 nm), 716 nm (5.6 nm), 700 nm (7.7
nm), 650 nm (8.9 nm), 600 nm (20 nm), and 550 nm (no shell matrix completely removed),
respectively. The black broken line shows the excitonic extinction on a 50 nm thick smooth Au film.
(b) Energy diagram showing the anticrossing of the plasmonic (diagonal solid black line) and the
excitonic (horizontal dotted black line). The energy branches of the hybrid system are plotted based
on (a). The crossing of the high-energy branch and the plasmon line is due to V,, upon hybridiza-
tion. (See text for details.) The size of the square markers represents the error bars. (c) Coupling
strength calculated from Equation 10.2. The data are represented by circular dots, and the curve is
a guide for the eye. For comparison, the black square dots are obtained using the formula for the
coupling strength as derived in [10]. The dotted line is a guide for the eye.
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one of the hybrid resonances, one would effectively affect both coupled resonances
and therefore affect the extinction of the device from 550-700 nm. This could be
achieved optically in a pump-probe configuration, for example, and possibly electri-
cally by dynamically controlling the orientation/ordering of the molecular aggre-
gate. Because of the coupled nature between plasmonic and excitonic states, future
investigations on the emission properties of this hybrid structure should stimulate
considerable interest as well [39]. Finally, we emphasize the practical interest of
such a device, as the ANR’s fabrication process is simple and scalable [63] while
also demonstrating strong potential in the fabrication of nanodevices [75].

10.3.4 Ultrafast Dynamics of Mixed States

This section focuses primarily on the dynamics of mixed states obtained from the
interaction between a localized plasmon and a molecular exciton as described in
Section 10.3.2. Given the large differences in the exciton bandwidth for aggregates
formed on isolated Ag or Au nanoparticles, it is reasonable to expect that exciton
dynamics following photoexcitation of the metal nanoparticles will be strongly mod-
ified. We recently explored the exciton dynamics in the TC/Ag and TC/Au systems
outlined previously via ultrafast pump-probe spectroscopy (Figure 10.1) [37, 76]. In
these experiments, an ultrafast laser with a ~ 100 fs pulse width is used to optically
excite the metallic core by using the 417 nm second harmonic of an amplified
Ti:sapphire laser system described previously [77]. The excitation is not resonant
with the J-aggregate exciton band. For Ag nanoparticles, this photon energy lies in
the nanoparticle plasmon absorption band. For gold, 417 nm lies in the 5d-6sp inter-
band transition region, but prior studies show that electron-electron scattering in Au
nanoparticles produces an equilibration of conduction band electrons that occurs on
a ~100 fs timescale [78]. This produces a transient bleach (TB) of the plasmon band
that is faster than the time resolution of the apparatus. As a result, for both Ag and
Au nanoparticles, excitation of the J-aggregate exciton is achieved via the evanescent
field produced by the nanoparticle plasmon excitation [79]. DAS spectra were taken
with variable optical delays at probe wavelengths of 450-750 nm.

A prominent aspect of the data is the large spectral differences for bare and
coated nanoparticles. For example, the bare Au nanoparticles [Figure 10.7(a)] show
spectra similar to that previously reported for uncoated nanoparticles, where an
induced absorption on the low and high-energy side of the plasmon bleach is
observed in the DAS. This is due largely to a simultaneous increase in the metallic
core intraband damping constant (v,,,,,) relative to the ground state, from 0.645 eV
to 0.69 eV, and an increase in the interband damping (y,,,,) from 0.24 eV to
0.2856 €eV. In contrast, the Au hybrid shows two distinctive transient signatures
compared to the uncoated nanoparticles [see Figure 10.7(b)]. First, the hybrid’s
DAS spectrum shows a strong red-shift in the plasmon bleach (~ 20 nm) and the
absence of any induced absorption on its low-energy wing [see Figure 10.7(b)].
Second, the blue side of the DAS is now composed of two peaks. The broad peak
originates from increased interband scattering, whereas the most energetic positive
feature is an excited-state absorption from the one-exciton to the two-exciton state
[80]. For the Au core’s contribution to the DAS taken at 2.7 ps in Figure 10.7(b), the
data can be fit by an increase in ¥,,,, to 0.31 eV from the ground-state value of
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0.245 eV and an increase of v;,,, from 0.65 eV in the ground state to 0.667 eV in
the transient excited state. The fits also show that the red-shifted plasmon bleach is
actually due to a blue shift of the plasmon absorption upon excitation to 9.25 eV
from 9.20 eV in the ground state so that the lower-energy components of the plas-
mon band appear as a bleach in the DAS. The exciton lifetime is short, approxi-
mately 3 ps, as a result of resonant Forster energy transfer coupling of the excitonic
states in the aggregates selectively to the interband transition dipoles in the Au core.
These results can be compared to the coated Ag nanoparticle case, in which the res-
onant Forster energy transfer process is absent due to the interband transition shift
into the UV spectral range and a SP near 400 nm, or far from resonance with the TC
exciton. This represents a fundamental divergence from the Au hybrids transient
response, resulting in an exciton lifetime of nearly 233 ps for the recovery of the
one-exciton state, or far longer than the 3 ps electron-phonon coupling decay time
of the Ag nanoparticle or the exciton lifetime on Au nanoparticles.

Referring to Figure 10.7(c), we propose the following interaction mechanism
within the Ag/TC hybrid: The creation of the one-exciton state (path 1) is created
by evanescent field excitation of the J-aggregates on the metal nanoparticles. This
is followed by an efficient electron transfer from the one-exciton band to the
conduction band of the metallic core (path 2). This scheme prevents any buildup in
the exciton concentration that would lead to the often-observed blue-shifted
induced absorption [18, 25, 80, 81]. Following the electron’s fast relaxation to the
Fermi level through electron-electron scattering (path 3), the long recovery time for
this state is governed by the nonadiabatic back-transferred charge from the Fermi
level of the particle to the ground state of the aggregate (path 4).
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Figure 10.7 The transient absorption spectra for (a) bare and (b) TC-coated Au nanoparticles.
(c) Schematic energy diagram for the Ag hybrid as obtained from electrochemical measurements
performed on both TC J-aggregates and on Ag nanoparticles.
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10.4

10.5

Ultrafast Control of Molecular Energy Redistribution Using
Hybrid Plasmon-Exciton States

The manner in which a molecule redistributes energy is critically important for
chemical reaction outcomes and the efficiency of organic molecular devices such as
dye-based solar cells and organic light-emitting diodes (OLEDs). In most cases,
energy redistribution following photoexcitation consists of competing pathways so
that the device efficiency or reaction yield is fundamentally limited. As a result of
these motivations, attaining control over molecular energy redistribution is an
active area of research. This is technologically challenging because redistribution
processes are usually initiated in the first few hundred femtoseconds following
excitation. Therefore, most research efforts target ultrafast pulse shaping schemes
to access vibrational states or electronic states within the coherence time of the
particular excitation, otherwise known as coherent control.

Plasmonics (and specifically hybrid plasmonics) has recently been used to
approach coherent control and energy redistribution from a new direction. It relies
upon coupling molecular excited states to SPPs in metal films with nanoscale
thickness. The idea is to create hybrid excited states due to coherent coupling between
a chosen molecular state with that of a plasmon. A key factor is that the SPP in metal
films of nanoscale thickness is easily tunable by changing the angle of incidence of the
ultrafast laser beam that simultaneously probes the excited state of the molecule. [See
Figure 10.8(a).] The initial test of this idea was recently reported, which used a por-
phyrin molecule that forms an aggregate with excitonic properties derived from two
intramolecular excited states (Figure 10.1) [82]. The resulting two excitons (S, S,) are
highly polarizable and couple strongly to the plasmons in the metal. By optically excit-
ing TSPP into the higher S, state with an ultrafast pump beam [Figure 10.8(a)], we can
initiate or block energy transfer (internal conversion) to S; by overlapping the SPP
produced by the probe with S, or S,, respectively.

Plasmon gated molecular redistribution is analogous to an ultrafast molecular
optical transistor where the plasmon is the gating signal, the S, state corresponds to
the drain, and the S, state corresponds to the source [see Figure 10.8(b)]. The ultimate
utility of this technique relies on its utility to work with a wide range of molecular sys-
tems, and studies are currently underway. If successful, this method will produce a
wide range of new photochemical and photophysical device applications.

Near-Field Optical Response of Plasmon-Exciton Hybrid
Nanoparticles

There are two motivations to characterizing the near-field optical (NFO) proper-
ties of hybrid nanostructures. First, because the interaction process between the
plasmonic nanoparticle and the excitonic material is originating in the near-field
region, the results obtained from the far-field measurements detailed earlier may
enable us to draw only a partial picture of this interaction mechanism. Second,
when envisioning assemblies of interacting nanostructures performing complex
optical functions though near-field interactions, it becomes necessary to character-
ize the near-field scattering diagram of isolated and interacting nanostructures.
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Figure 10.8 (a) The molecular structure of TSPP is shown, along with the ATR geometry of the opti-
cal experiments. (b) The ground-state absorption spectra for solutions of the TSPP J-aggregate are
shown. Relaxation pathways also are shown when the SPP overlaps (c) the S; exciton or (d) the S, exci-
ton. The process is analogous to an ultrafast all-optical transistor controlling the energy flow from §, to
S; via SPP gating. The transistor is in its ON state for case (c) and OFF state for case (d).

In this section, we give a brief account of the NFO response of isolated Ag
nanoparticles and their excitonic hybrids. The NFO response from the plasmon
oscillation of a bare Ag nanoparticle is investigated first. For this purpose, the Ag
nanoparticle is illuminated in TIR with a transverse magnetic (TM) polarized field
at a wavelength of 415.4 nm [76]. Figure 10.9(a) presents the AFM for a 40 nm
diameter particle supported by a glass substrate along with the corresponding
NFO image in Figure 10.9(b). The NFO contrast corresponds to the component of
the scattered field polarized parallel to the plane of incidence. Figure 10.9(b) fea-
tures both strong spatial confinement and local enhancement that are characteris-
tic for the particle resonant near-field response [83]. Expressing the NFO intensity
as I(r) = |[E(r) + EJ(r)* = |[E{(r)]} + 2Re{E;(r).E{(r)}+|E{(r)]’, where E; is the
amplitude of the incident field, E is the amplitude of the scattered field, Re denotes
the real part, and * denotes the complex conjugate, Figure 10.9(b) obtained at res-
onance—i.e., |[E(r)]* > |E(r)P—is be dominated by the field scattered by the
nanoparticle I(r) =~ |E,(r).

We found dramatic changes to the condition in Figure 10.9(b) when characterizing
the NFO response of the Ag/TC J-aggregate hybrid nanoparticle. In this illumination
condition, the hybrid, while still excited within a resonance band (the higher-energy
exciton-plasmon state), demonstrates a much weaker and more complicated near-field
response that is more suitably described by I(r) = |E(r)*+2Re{E;(r).E{(r)}, corre-
sponding to an off-resonance excitation of the hybrid when |E(r)|*> << |E(r)|% In
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Figure 10.9 J-aggregate coated Ag particle supported by a glass substrate illuminated in TIR on a
glass substrate. (a) corresponds to the AFM contrast of the 40 nm diameter bare Ag nanoparticle.
(b)—(e) correspond to the near-field optical response of this particle for identical excitation but differ-
ent detection conditions. The illumination wavelength is 415.4 nm, and both the incident and col-
lected polarizations are TM. (b) corresponds to the NFO contrast of the bare Ag particle. (c) represents
the NFO contrast for the Ag/TC hybrid and has been recorded in the same conditions as (b): The opti-
cal signal modulated at the probe vibration frequency fis shown. (d) represents the second harmonic
(2f) contribution to the optical signal modulated by the probe. (e) represents the emission from the
lower-energy hybrid state at a wavelength of ca. 480 nm. A white dotted outline in (d) and (e) indi-
cates the location of the particle, as obtained from the corresponding AFM images not shown here.

fact, the NFO images of Figure 10.9(c)—(e), obtained under different detection condi-
tions, support the far-field transient spectroscopy experiments showing that the
J-aggregates absorb the field scattered by the particle plasmon oscillation; internal
damping provides the subsequent relaxation pathway for the energy absorbed by the
hybrid [76].
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10.6

Recording the hybrid near-field response at the harmonics nf (n integer > 1) of
the probe, vibration frequency f supports the occurrence of energy transfer between
the Ag particle and its J-aggregate coating. Indeed, the hybrid shows very similar
NFO contrasts up to the fourth harmonic (4f). Figure 10.9(d), obtained at 2f,
illustrates such a contrast. This image shows that a highly spatially confined field is
present in the vicinity of the hybrid, and the existence of similar contrasts for higher
harmonics underlines this confinement [84]. In fact, the appearance of nonlineari-
ties in the hybrid’s near-field modulation demonstrates the severe local nature of the
interaction between the probe and the field scattered by the particle. This observa-
tion, along with the far-field results showing a quenching of the fluorescence, sug-
gests that the hybrid is emitting light upon strong interaction with the probe; that is,
the vicinity of the probe opens a radiative relaxation channel for the hybrid.

To gain more insight on these results, we collected the emission from the exci-
ton-plasmon polariton expected around 480 nm for the lower-lying band. For this
purpose, the resonant excitation of the hybrid is preserved at 415.4 nm while a
band-pass filter centered at 450 nm is inserted in the collection system to collect
the emission of interest, enabling only luminescence from the 480 nm state to be
observed. Figure 10.9(e) represents the NFO contrast obtained under these condi-
tions, where emission is observed only at the hybrid’s location. As opposed to
spontaneous emission for which light is usually detected at some distance from the
emitting object [85], the spatial confinement of the source in Figure 10.9(d) sup-
ports the previously mentioned interpretation suggesting that the probe provides
the radiative relaxation channel for the hybrid, leading to the emission of light by
the lower mixed state. These measurements suggest that in a geometry in which
such hybrid particles would be interacting, the luminescence from mixed states
could be a channel for energy exchange in the near-field regime.

Conclusions

The field of hybrid nanoparticles promises to take nanoscale optics, photochem-
istry, and photophysics well beyond a simple scaling down of electromagnetic field
volumes. Instead, they are part of a larger goal of developing hybrid structures
with optical properties and functions that are qualitatively different from those
found at larger- and smaller-length scales as a result of the creation of new, mixed
optical states between different materials. We have shown that the tunable cou-
pling between molecular excitonic J-aggregates and plasmonic nanostructures can
impact a wide range of fields and is already being used to produce control of exci-
ton dynamics and molecular energy redistribution. Much of this comes from the
ease with which organic materials can be manipulated and functionalized in vari-
able structures as compared to all inorganic devices. The extraordinary extinction
and polarizability of molecular excitonic materials also leads to strong interactions
that are increasingly being discovered. Ultimately, device applications in nonlinear
optics, switching, optical limiting, and solar energy may well be realized.
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Introduction

For far-field optical microscopy with a typical wavelength A ~ 500 nm, Abbe’s dif-
fraction limit forbids the recognition of sample features smaller than about 250 nm. As
has been demonstrated in earlier chapters of this text, dramatic improvement of optical
resolution beyond the diffraction limit became possible with the invention of near-field
optical microscopy, which followed the invention of scanning probe techniques initially
exploiting the tunneling of electrons (scanning tunneling microscopy, STM [1]), and
forces (atomic force microscopy, AFM) [2]) that occur between a sharp scanning tip and
a sample. Employing photons for tip sensing of a sample’s optical properties was inde-
pendently realized by two teams [3, 4]. In their original scanning near-field optical
microscope (SNOM), the apertured-SNOM introduced in Part I of this book, the optical
diffraction barrier is overcome by forcing light through a metallic aperture at the end of a
probe that is maintained in close proximity to a surface, such that the surface is in the
optical near-field of the aperture [5, 6]. In principle, the aperture diameter d could be
made very small to achieve very high resolution. In practice, however, the common
funnel-shaped geometry of a metallized, tapered glass fiber [7] causes the well-known
waveguide cutoff effect [8]. Combined with low throughput of small apertures, this
results in only a tiny fraction (< 10~ for a 100 nm aperture) of the light coupled into the
fiber being emitted by the aperture [9, 10]. In the visible part of the spectrum, the low
aperture-dependent throughput of the aperture probes limits the achievable resolution
practically to about 50 nm [11].

In the following chapters, ultraresolution microscopy and lithography far
beyond the classical Abbe diffraction limit of one-half wavelength, A/2, and beyond
a practical limit of aperture-based SNOM, approximately A/10, are introduced. These
“apertureless” scanning near-field optical microscopy (ASNOM) techniques circumvent
this limit by replacing the small aperture with a sharp tip, such as an AFM probe, in the
focus of a laser beam so that the microscope resolution is determined by the field con-
finement at the tip [12—14]. The nano-optical field in the vicinity of the tip apex can be
strongly enhanced [29, 30] due to the resonant excitation of localized surface plasmons
[15-17] or due to geometric considerations such as lightning rod [15, 18] and antenna
effects [19, 20].

In general, two different ASNOM types can be distinguished. (1) Scattering type
microscopy (s-SNOM) in which the nano-optical field at the tip apex polarizes a nearby
sample. The subsequent emission into the far field at the same frequency of the incident
light contains and reports information of this tip-sample interaction [21]. (2) Tip-
enhanced microscopy [12] in which the tip-enhanced field can be used to locally excite
various optical processes, giving rise to enhanced Raman scattering (tip-enhanced
Raman scattering, TERS) [22-24], tip-enhanced harmonic generation [25], difference-
frequency generation [26], and dye fluorescence [27-31], and has resulted in several
reported measurements of spatial resolution down to 10 nm. Recently, apertureless near-
field microscopy using single metal particles attached to dielectric tips has become an
emerging technique [32—34]. Such tips are well defined and, compared to long, elongated
tips, can be more easily modeled and understood.

The ASNOM discussed in Chapter 12 by Keilmann and Hillenbrand uses light scat-
tering from a sharp tip (hence, s-SNOM) and has no wavelength-related resolution limit.
Rather, its resolution equals approximately the radius a of the probing tip (for commer-
cial tips, a < 20 nm) so that 10 nm is obtained in the visible corresponding to A/60.
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A resolution of A/500 has been obtained in the midinfrared at A = 10 wm. The advantage
with infrared, THz, and even microwave illumination is that specific excitations can be
exploited to yield specific contrast. In the midinfrared, for example, the molecular
vibrations offer a spectroscopic fingerprint to identify materials and chemical composi-
tion (“chemical recognition”); furthermore, the free-carrier dynamics offer the assess-
ment of local conduction. Thus, the realization of a 10 nm resolving infrared microscope
enables the power of infrared spectroscopy to benefit future nanoscience research. The
s-SNOM can routinely acquire simultaneous amplitude and phase images to obtain
information on refractive and absorptive properties. Plasmon- or phonon-resonant
materials can be highlighted by their particularly high near-field signal level.
Furthermore, the s-SNOM can map the characteristic optical eigenfields of small, opti-
cally resonant particles. The authors also describe theoretical modeling that explains
and predicts s-SNOM contrast on the basis of the local dielectric function.

The limits of one-photon fluorescence as a contrast mechanism in nanoscale-
resolution tip-enhanced optical microscopy are considered by Gerton and coworkers in
Chapter 13. Specifically, the issue of how much tip-induced signal enhancement is
needed to resolve single fluorescent molecules within densely packed ensembles is
addressed. Modulation of the fluorescence signal induced by an oscillating tip and subse-
quent demodulation with a lock-in amplifier increases image contrast by nearly two
orders of magnitude. Gerton and coworkers have developed a simple model of the signal
modulation/demodulation scheme based on a variety of near-field measurements, which
predicts that commercially available silicon tips should give sufficient contrast to resolve
single fluorophores in the ensemble. Further, the use of time-resolved photon counting
enables more powerful and sophisticated demodulation algorithms to be implemented,
resulting in even larger gains in near-field contrast. Such a scheme enabled the authors to
image the fluorescently labeled ends of short DNA oligomers with spatial resolution
below 10 nm. This work is an important step toward the widespread application of tip-
enhanced fluorescence microscopy to the nanoscale structural analysis of biomolecular
systems.

Spectroscopic methods with high spatial resolution are essential for understanding
the physical and chemical properties of nanoscale materials including quantum struc-
tures, biological proteins, and nanocomposite materials. In Chapter 14, Hartschuh and
colleagues discuss how the enhanced electric fields near a sharp, laser-irradiated metal
tip can be used for spatially confined measurement of various optical signals, enabling a
detailed sample characterization far below the diffraction limit. Tip-enhanced fields also
provide the sensitivity crucial for the detection of nanoscale volumes reaching down to
102! liters. Hartschuh and colleagues study the properties of the enhanced fields experi-
mentally and demonstrate both photoluminescence and Raman imaging of carbon nan-
otubes with ~ 10 nm resolution. Nanoscale spectroscopy is used to visualize structural
heterogeneities along single nanotubes, providing unprecedented insights into these
structures.

Nanolithography and the fabrication of nanostructures are important branches of
nanotechnology that may one day lead to many applications and research fields including
ultrahigh-density storage, nanoelectronics, nanomechanics, and nanobiotechnology.
Chapter 15 considers a recent approach of nanolithography based on the local optical
interaction between photosensitive molecules and localized surface plasmons of metal
nanostructures. Three selected examples characteristic of this domain of research are pre-
sented: tip-enhanced optical lithography, optical nanostructuring by in-plane plasmonic
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structures, and the fabrication of new hybrid metal/polymer nanoparticles. The chapter
highlights that this approach not only enables the fabrication of nanostructures with light
but also opens the door to nano-photochemistry based on surface plasmon photonics.

There is one further approach to ASNOM that uses, instead of a metal or dielectric
tip, a single molecule or fluorescent nanoparticle as a light source. In Chapter 16,
Sekatskii introduces the method of fluorescence resonance energy transfer (FRET)
SNOM in which a FRET pair is separated between a SNOM tip and a surface. The FRET-
donor (or acceptor) fluorophore is located at the tip apex and is scanned in the vicinity of
the sample containing the complementary fluorophore of the FRET pair, while the accep-
tor fluorescence (or donor fluorescence quenching) is detected. The spatial resolution for
such an approach is governed not by the aperture size, but by the characteristic length
scale for FRET (the Forster radius) and thus can attain values of 2—7 nm with the same
(or higher) sensitivity of apertured-SNOM. The theoretical fundamentals of the method,
its experimental realization, and connections with other types of near-field optical
microscopy are discussed.

The book concludes with a brief overview in Chapter 17 of some recent work in this
field—in particular, work concerned with the interaction between the localized surface
plasmon of a metal tip and a nearby fluorophore and the development of nano-antennas
for tuned resonance in the visible part of the spectrum. The chapter concludes with an
overview of recent far-field approaches to nano-optical microscopy.
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11.1

Introduction

For more than a century, the classical light microscope has been serving science as
a fruitful instrument. It is operated nearly exclusively with visible light illumina-
tion. As identified in the preceding introduction, a dramatic improvement of opti-
cal resolution has become possible through the in