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1 Definition of the Topic

Noble metal nanoparticles exhibit fascinating geometrically tunable optical prop-
erties that are dominated by their localized surface plasmon resonances (LSPRs).
By judiciously tailoring the geometric parameters of a metal nanoparticle, one can
fine-tune the nanoparticle’s optical responses in a precisely controllable manner and
thereby selectively implement desired optical properties into nanomaterial systems
or nanodevices for specific applications. In this chapter, we present a review on the
recent experimental and theoretical advances in the understanding of the geometry—
optical property relationship of metallic nanoparticles in various geometries.

2 Overview

Metal nanoparticles are an important class of subwavelength optical components
whose optical properties can be fine-tuned over a broad spectral range by tailoring
their geometric parameters. The fascinating optical characteristics of metallic
nanoparticles are essentially determined by the collective oscillations of free elec-
trons in the metals, known as plasmons. Metallic nanostructures possess geometry-
dependent localized surface plasmon resonances, which has stimulated growing
interests in a rapidly expanding array of metallic nanoparticle geometries, such as
nanorods, nanoshells, nanoprisms, nanostars, and nanocages. The resonant excitation
of plasmons also leads to large enhancements of the local electromagnetic field in
close proximity to the nanoparticle surface, resulting in dramatically enhanced cross
sections for nonlinear optical spectroscopies such as surface-enhanced Raman scat-
tering. These highly tunable plasmonic properties of metal nanoparticles allow for the
development of fundamentally new metal-based subwavelength optical elements
with broad technological potential, an emerging field known as plasmonics.

The past decades have witnessed significant advances in scientific understanding
of the origin of the optical tunability of metallic nanoparticle systems, primarily
driven by the rapid advances in the geometry-controlled nanoparticle fabrication
and assembly and electrodynamics modeling of nanoparticle systems. In this
chapter, we present a state-of-the-art review on the geometrically tunable
plasmonic properties of metallic nanostructures in various geometries. We
describe, both experimentally and theoretically, the relationship between the parti-
cle geometry and optical properties in a series of nanoparticle geometries, including
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strongly coupling multi-nanoparticle systems, to demonstrate how the optical
responses of a nanoparticle can be fine-tuned by judiciously tailoring the geometric
parameters of the particle and how the tunable optical properties can be used to
tackle grand challenges in diverse fields, such as photonics, energy conversion,
spectroscopies, molecular sensing, and biomedicine.

3 Introduction

Nanoparticles exhibit a whole set of fascinating size- and shape-dependent physical
and chemical properties that are dramatically different from those of either the
corresponding bulk materials or the atomic and molecular systems [1]. Nanoparticles
of noble metals, such as Au, Ag, and Cu, have attracted tremendous attention due to
their interesting geometry-dependent optical properties. Actually, the vivid, beautiful
color of colloidal metal nanoparticles has been an object of fascination since ancient
times. One of the oldest examples is the famous Lycurgus Cup (Byzantine Empire,
fourth century ap) (Fig. 1.1). This glass cup shows a striking red color when light is
shone into the cup and transmitted through the glass, while viewed in reflected light, it
appears green. This peculiar behavior is essentially due to the small Au—Ag bime-
tallic nanoparticles embedded in the glass, which show a strong optical absorption of
light in the green part of the visible spectrum.

While these optical characteristics of metal colloids have been known and used
for centuries, our scientific understanding on the origin of these properties has
emerged far more recently, beginning with the development of classical electro-
magnetic theory. About a century ago, Gustav Mie applied Maxwell’s equations to
explain the strong absorption of green light by a Au nanosphere under plane wave
illumination [2], which established, for the first time, the rigorous scientific foun-
dation for our understanding of this interesting phenomenon. Essentially, the
fascinating optically resonant behaviors of metal nanoparticles are determined by
the collective oscillations of free electrons in the metals, known as plasmons.
A plasmon resonance can be optically excited when a photon is absorbed at the
metal—dielectric interface and transfers the energy into the collective electron
oscillations, which are coupled in-phase with the incident light at a certain resonant
frequency. For metal nanoparticles, the plasmon resonance frequencies are depen-
dent upon the size and shape of the nanoparticles as the oscillations of free electrons
are confined by the particle boundaries over finite nanoscale dimensions. It is well-
known that solid spherical Au nanoparticles of ~30 nm in diameter strongly absorb
green light at ~520 nm when their characteristic dipole plasmon resonance is
optically excited, giving rise to a deep red color when dispersed in colloidal
solutions. Michael Faraday was the first person to observe this spectacular phe-
nomenon [3]. In 1857, he prepared the first stable suspension of Au colloids by
reducing gold chloride with phosphorus in water. Some of his original samples are
still well preserved and on display at the Faraday Museum in London.

The past two decades have witnessed rapid advances in the geometry-controlled
fabrication of metallic nanostructures and electrodynamics simulation of the
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Fig. 1.1 Pictures of the
Lycurgus Cup (on display in
the British Museum)

nanoparticles’ optical properties, which allow for the development of quantitative
understanding of the structure—property relationship of a series of metallic nano-
particle geometries with increasing structural complexity. It has become increas-
ingly apparent that by adjusting the geometric parameters of metal nanostructures,
one can fine-tune the wavelengths at which the nanoparticles interact with the
incident light in a highly precise manner [1, 4-8]. The plasmon resonance frequen-
cies of a metal nanoparticle are not only a function of the electronic properties of
the constituent metal and the dielectric properties of the surrounding medium but
also, especially on the nanometer-length scale, more sensitively dependent upon the
size and shape of the particle. It is of paramount importance to create highly tunable
plasmon resonances of nanoparticles over a broad spectral range because it can
open a whole set of new opportunities for photonic, optoelectronic, spectroscopic,
and biomedical applications. For example, expanding the plasmonic tunability of
metallic nanoparticles from the visible into the near-infrared (NIR) “water window”
where tissues and blood are relatively transparent provides unique opportunities for
the integrated high-contrast cancer imaging and high-efficiency photothermal ther-
apy [9, 10]. This has, in turn, stimulated tremendous interests in a rapidly expanding
array of metal nanoparticle geometries, such as nanorods [11-16] nanoprisms
[17-21], nanoshells [22-24] nanostars [25, 26], and nanocages [27, 28]. A key
feature of these nanostructures is that their plasmon resonances are geometrically
tunable, which enables one to set the plasmon resonances at a specific laser
wavelength or spectral region that match a particular application.

In this chapter, we present a comprehensive review on the geometrically tunable
optical properties of metal nanostructures. In Sect. 4, we give a brief introduction to
the fundamentals of plasmon resonances supported by metal nanoparticles, cover-
ing both the experimental measurements and the theoretical methods for plasmon
modeling. In Sect. 5, we start from the optical properties of the simplest geometry,
solid metal nanospheres, to discuss how the free carrier density of the materials, the
electronic properties of metals, and the size of spherical particles determine the
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particles’ overall optical properties. We also talk about the optical tunability of
bimetallic heterostructured and alloy nanospheres. In Sects. 6 and 7, we focus on
two representative nanoparticle geometries, nanorods and nanoshells, respectively,
to demonstrate how various geometric parameters determine the plasmon-
dominated optical properties of the nanoparticles with a particular focus on funda-
mental understanding of the origin of the optical tunability in these nanoparticle
geometries. Essentially, the frequencies of plasmon resonances of metallic
nanorods are determined by the aspect ratio of the nanorods, whereas the highly
tunable nanoshell LSPRs arise from the interactions between the plasmon modes
supported by the inner- and outer-shell surfaces. In Sect. 8, we give a brief survey of
the structure—property relationships of several representative nanoparticle geome-
tries with anisotropic structures, such as nanoprisms, nanopolyhedra, nanostars, and
nanocages. In Sect. 9, we set out to talk about the geometrically tunable optical
properties of more complicated multi-nanoparticle systems in which strong
plasmon coupling occurs. We particularly emphasize on how the plasmonic inter-
actions between nanoparticle building blocks give rise to the hybridized plasmon
modes of the multiparticle systems and further enhanced local fields in the
interparticle junctions that are exploitable for surface-enhanced spectroscopies.
Finally, in Sect. 10, we summarize the latest progress in nanoparticle plasmonics
over the past two decades and briefly comment on how the geometrically tunable
LSPRs of metal nanoparticle systems will broadly impact the fundamental research
on nanophotonics and technological applications of metal nanostructures.

4 Localized Surface Plasmon Resonances (LSPRs)
4.1 Plasmons: Collective Oscillations of Free Electrons

Early understanding of the theory of nanoparticle plasmons dates back to the work
done by Mie [2] and Faraday [3] more than a century ago. In this chapter, it is not
intended to thoroughly cover the plasmon theories in detail, since a good number of
excellent reviews, such as the books by Kreibig and Vollmer [29] and by Bohren
and Huffman [30] as well as review articles by Mulvaney [31] and by El-Sayed [5],
have already been published on this topic, and the readers are encouraged to read
them for further details. Here we only want to give a brief introduction to the
fundamentals of plasmon resonances of metal nanoparticles.

Essentially, plasmons arise from the collective oscillations of free electrons in
metallic materials. Under the irradiation of an electromagnetic wave, the free
electrons are driven by the electric field to coherently oscillate at a plasmon
frequency of wg relative to the lattice of positive ions [29]. For a bulk metal with
infinite sizes in three dimensions in vacuum, g can be expressed as

4men

(1.1)

wp =
me
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Fig. 1.2 Schematic a
illustrations of (a) z
a propagating plasmon at
metal—dielectric interface and Dielectric
(b) a LSPR of a metal
nanosphere (Adapted with = - -
permission from Ref. [33]. » - ~- - ¥
Copyright 2007 Annual
Reviews) A & N a 4
] '
e - - -—— X
Metal

b

Electric field

where n is the number density of electrons and e and m, are the charge and effective
mass of electrons, respectively.

However, in reality, we have to deal with metallic structures of finite dimensions
that are surrounded by materials with different dielectric properties. Since an
electromagnetic wave impinging on a metal surface only has a certain penetration
depth (~50 nm for Ag and Au), only the electrons on the surface are the most
significant. Therefore, their collective oscillations are properly termed as surface
plasmons [32]. At a metal-vacuum interface, application of the boundary conditions
results in a surface plasmon mode with a frequency g,y = <. As is shown
in Fig. 1.2a, such a surface plasmon mode represents a longitudinal charge density
wave that travels across the surface [33], also widely known as a propagating
plasmon. A surface plasmon mode can be excited through a resonance mechanism
by passing an electron through a thin metallic film or by reflecting an electron or
a photon from the surface of a metallic film when the frequency and wave vectors of
both the incident light and the surface plasmon match each other.

In metallic nanoparticle systems, the collective oscillations of free electrons are
confined to a finite volume defined by the particle dimensions. Since the plasmons
of nanoparticles are localized rather than propagating, they are known as localized
surface plasmon resonances (LSPRs). When the free electrons in a metallic nano-
structure are driven by the incident electric field to collectively oscillate at a certain
resonant frequency, the incident light is absorbed by the nanoparticles. Some of
these photons will be released with the same frequency and energy in all directions,



1 Geometrically Tunable Optical Properties of Metal Nanoparticles 7

which is known as the process of scattering. Meanwhile, some of these photons will
be converted into phonons or vibrations of the lattice, which is referred to as
absorption [30]. Therefore, LSPRs manifest themselves as a combined effect of
scattering and absorption in the optical extinction spectra. As depicted in Fig. 1.2b,
the free electrons of Au nanospheres oscillate coherently in response to the electric
field of incident light [33]. The multipolar resonant frequencies can be represented

as wg; = Wpy /ﬁ (1=1,2,3,4...) when this process occurs in a vacuum. It has

been known that the number, location, and intensity of LSPR peaks of Au or Ag
nanoparticles are strongly correlated with both the shape and size of the
nanoparticles.

4.2 Experimental Methodology of LSPR Measurements

There are generally two important effects associated with the excitation of LSPRs,
the existence of optical extinction maxima at the plasmon resonance frequencies
(far-field properties) and significantly enhanced electric fields in close proximity to
the particle’s surface (near-field properties). The far-field plasmonic properties of
metal nanoparticles can be most conveniently measured by performing extinction
spectroscopy measurements on colloidal nanoparticle suspensions or on thin films
of nanoparticles immobilized on or embedded in a substrate at ensemble level using
UV-visible-NIR spectrometers. In these measurements, both absorption and scat-
tering contribute to the overall extinction. The polydispersity of the samples may
introduce inhomogeneous broadening to the overall bandwidth and modify the line
shape of the extinction spectra. To bypass the ensemble-averaging effects, one can
use a dark-field microscope coupled with a spectrometer to probe the wavelength-
dependent light-scattering properties of individual nanoparticles at single-particle
level. Figure 1.3 shows a dark-field microscopy image of Au nanoparticles of
different geometries and the corresponding scattering spectra of each individual
nanoparticle [34]. The different nanoparticles exhibit dramatically different colors
and intensities in the microscopy images and are resonant with the incident light at
different wavelengths. By adding linear polarizers and other optical accessories to the
dark-field microscope, the spatial distribution of the scattering light at a certain
wavelength can be measured. By correlating the optical characteristics probed by
dark-field microscopy with the detailed structural information obtained from electron
microscopies at single-particle level, one can develop quantitative understanding of
the structure—property relationship of individual nanoparticles without the ensemble-
averaging effects. Since the electrodynamics simulations are mostly carried out on
individual nanoparticles, the single-particle measurements provide unique opportu-
nities to directly compare the experimental spectra to the simulated results.

In addition to the abovementioned far-field measurements, near-field scanning
optical microscopy (NSOM) has been applied to the near-field measurements of
LSPRs. NSOM is a powerful imaging tool which permits super-resolution imaging
of samples through the interaction of the light with the samples close to the metal
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Fig. 1.3 Dark-field
microscopy image,
corresponding scanning
electron microscopy images,
and light-scattering spectra of
Au nanocrystals of different
shapes (Reprinted with
permission from Ref. [34].
Copyright 2003 American
Institute of Physics)
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aperture, breaking the diffraction barrier of light [35-38]. However, for conven-
tional aperture-type NSOM, the resolution is limited by the aperture size of the tip.
Since the effective transmission area decreases as the fourth power of the aperture
diameter [39, 40], the resolution improvement comes at the price of a sharp
decrease in signal-to-noise ratio and contrast of NSOM images. Recently, differ-
ential near-field scanning optical microscopy (DNSOM) is introduced to improve
the light transmission, which involves scanning a rectangular (e.g., a square)
aperture (or a detector) in the near-field of the object of interest and recording the
power of the light collected from the rectangular structure as a function of the
scanning position [41].

Electron energy loss spectroscopy (EELS) is another powerful method for near-
field mapping of LSPRs. When a material is exposed to a beam of electrons with
a narrow range of kinetic energies, the constituent atoms can interact with these
electrons via electrostatic (Coulomb) forces, resulting in elastic and inelastic
scattering of electrons. Among them, inelastic scattering is associated with the
energy loss of electrons, which can be measured via an electron spectrometer and
interpreted in terms of what caused the energy loss [42]. EELS is a very powerful
probe for the excitation on the surface and ultrathin films, in particular, for the
collective excitations of electron oscillations (plasmons). Plasmon excitations are
directly related to the band structure and electron density in a small volume of the
particle probed by the focused electron beam [43]. With the recent proliferation of
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aberration-corrected and monochromated transmission electron microscopes
(TEMs), mapping the energy and spatial distribution of metallic nanoparticle
plasmon modes on nanometer-length scales using EELS has become possible
[44—47]. For example, Liz-Marzan and coworkers utilized a novel method relied
on the detection of plasmons as resonance peaks in EELS to record maps of
plasmons with sufficiently high resolution to reveal the dramatic spatial field
variation over silver nanotriangles [48]. The near-field plasmon modes of isolated
and coupled Au nanorods have also been imaged using EELS and energy-filtered
transmission electron microscope (EFTEM) [49]. More recently, plasmon mapping
of a series of high-aspect-ratio Ag nanorods using EELS was also reported [50].
These data indicate that correlated studies will ultimately provide a unified picture
of optical and electron beam-excited plasmons and reinforce the notion that
plasmon maps derived from EELS have direct relevance for the plethora of
processes relying on optical excitation of plasmons.

The local field enhancements on the surface of nanoparticles arising from
plasmonic excitations can also be indirectly probed by surface-enhanced spectros-
copies. For example, the local field enhancements provide well-defined “hot spots”
for surface-enhanced Raman scattering (SERS) [51-54]. Once the molecules get
into these hot regions in vicinity to a metallic nanostructure, their spectroscopic
signals can be dramatically amplified. It has been demonstrated that SERS enhance-
ments are dependent on the fourth power of the local field enhancements. There-
fore, the Raman enhancements of the probing molecules in close proximity to
a metal nanostructure provide a way to evaluate the local field enhancements.
Since Raman enhancements are sensitively dependent on the distance between
molecules and metal surfaces, one can smartly construct molecular rulers to map
out the local field enhancement profiles surrounding a nanoparticle based on
SERS [55].

4.3 Simulations of LSPRs

The most commonly used theoretical methods for the modeling of the LSPRs of
metallic nanoparticles include both analytical and numerical methods [56-59]. The
analytical methods are either derived from Mie scattering theory for spheres or from
the quasi-static (Gans) model as applied to spheroids. Most popular numerical
methods for electrodynamics simulations include the discrete dipole approximation
(DDA), the finite-difference time-domain (FDTD) method, the finite element
method (FEM), and boundary element method (BEM).

It was realized almost a century ago that classical electromagnetic theory (i.e.,
solving Maxwell’s equations for light interacting with a particle) based on Mie
scattering theory provides a quantitative description of the scattering and absorption
spectra of spherical nanoparticles. However, Mie’s work is incapable of addressing
shape effects. Although the quasi-static approximation developed later is an alter-
native to elucidate the optical properties of spheroids, the solution is even harder to
use because of frequency-dependent dielectric functions included in Maxwell’s
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equations. Meanwhile, the numerical methods for solving Maxwell’s equations
come in many different flavors. For example, the discrete dipole approximation
(DDA) is a frequency domain approach that approximates the induced polarization
in a complex particle by the response of a cubic grid of polarizable dipoles. The
finite different time domain (FDTD) method can be applied in both two and three
dimensions, in which a clever finite differencing algorithm is applied to Maxwell’s
equation by Yee [60], using grids for the electric field E and magnetic field H,
which are shifted by half a grid spacing relative to each other. Using the finite
element method (FEM), the solutions to Maxwell’s equations are expanded in
locally defined basis functions chosen such that boundary conditions are satisfied
on the surfaces of the elements. Boundary element method (BEM) is another
numerical computational method of solving linear partial differential equations
which have been formulated as integral equations. These numerical methods have
been shown to be capable of simulating both the far-field and near-field plasmonic
properties of metallic nanostructures of almost arbitrary structural complexity.

In addition to the analytical and numerical methods mentioned above, the time-
dependent density functional theory (TDDFT) is one of the most convenient
approaches for the fully quantum mechanical calculations of the optical properties
of metallic nanoparticles [61-63]. TDDFT, an extension of density functional
theory (DFT) with conceptual and computational foundations analogous to DFT,
is to use the time-dependent electronic density instead of time-dependent wave
function to derive the effective potential of a fictitious noninteracting system which
returns the same density as any given interacting system.

Combined experimental and theoretical efforts over the past two decades have
shed light on the interesting geometry dependence of plasmonic properties of
metallic nanoparticles with increasing geometric complexity. In the following
section, before moving onto those more complicated nanoparticle geometries, we
will start from the simplest geometry, a nanosphere, to demonstrate how the LSPRs
can be systematically tuned by changing the compositional and geometric param-
eters of the nanosphere.

5 LSPRs of Metallic Nanospheres
5.1 LSPRs of Single-Component Nanospheres

Strong optical scattering and absorption of light by noble metal nanospheres in
visible spectral region due to LSPRs are a classical electromagnetic effect, which
was described theoretically by Mie in 1908 by solving Maxwell’s equations. Mie’s
theory is most useful in describing the plasmonic properties of metallic particles
that are spherically symmetric. Mie scattering theory is the exact solution to
Maxwell’s electromagnetic-field equations for a plane wave interacting with
a homogeneous sphere of radius R with the same dielectric constant as bulk
metal. The extinction cross section of the spheres can be obtained as a series of
multipolar oscillations if the boundary conditions are specified. Therefore, the
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electrodynamics calculations can be simplified by only focusing upon low-order
plasmon oscillations when the diameter of the spherical particle is much smaller
than the wavelength of the radiation (within the quasi-static limit) and only dipole
oscillation (/ = 1) contributes to the extinction cross section which is a sum of both
scattering and absorption. Based on this, the most popular form of Mie’s theory for
spherical nanoparticles within quasi-static limit is given as

247%R3 sm3/2 . &

Cex =
! 2 (61 + 2em)” + 22

(1.2)

where C,,; is the extinction cross section of the spheres, ¢, is the dielectric constant
of the surrounding medium, 4 is the wavelength of the radiation, R is the radius of
a homogeneous sphere, and ¢; and &, denote the real and imaginary part of the
complex dielectric function of the particle material, respectively. A resonance
occurs whenever the condition of &y = —2¢,, is satisfied, which explains the depen-
dence of the LSPR extinction peak on the surrounding dielectric environment. It is
this LSPR peak that accounts for the brilliant colors of a wide variety of metallic
nanoparticles. The imaginary part of the dielectric function also plays a role in the
plasmon resonance, relating to the damping, that is, resonance peak broadening in
the spectrum.

For a small Au nanosphere within the quasi-static limit, its LSPR has an almost
fixed resonance frequency and shows limited tunability. As shown in Fig. 1.4, the
extinction spectra calculated using Mie theory for Au nanospheres smaller than
100 nm show that LSPR peaks are located in the green part of the visible region.
According to the full Mie-theory solution, a limited red shift of LSPR wavelength
and broadening of the resonant line shape appear as Au nanospheres progressively
become larger within the sub-100-nm-size regime. As the particle size further
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increases to the size regime beyond the quasi-static limit, the overall spectral line
shape becomes more complicated as the higher-order multipolar resonances, such
as quadrupole (! = 2) and octupole (I = 3), become increasingly significant in the
extinction spectra in addition to the dipolar plasmon resonances due to the phase-
retardation effects, resulting in further redshifted and broadened dipolar plasmon
bands. Such size dependence of LSPRs has been experimentally observed to be in
very good agreement with Mie scattering theory calculations for Au and Ag
spherical or quasi-spherical particles over a broad size range both within and
beyond the quasi-static limit [64, 65].

5.2 Effects of Materials’ Electronic Properties on LSPRs of
Nanospheres

In addition to the particle size, the frequencies of LSPRs of a nanosphere also rely
on the electronic properties of the constituent materials. The LSPR frequency,
although tunable by varying the nanoparticle size and local medium, is primarily
controlled through the free electron density (V) of the material. Although LSPRs
typically arise in nanostructures of noble metals, they are not fundamentally limited
to noble metals and can also occur in other non-noble metals, conducting metal
oxides and semiconductors with appreciable free carrier densities. Recently,
Alivisatos and coworkers demonstrated that in analogy to noble metal
nanoparticles, doped semiconductor quantum dots may also exhibit LSPRs whose
resonance frequencies can be tuned by controlling the free carrier densities of the
materials [66]. Figure 1.5 depicts the modulation of the LSPR frequency (wy,) of
a spherical nanoparticle within the quasi-static limit through control over its free
carrier concentration (). In this figure, the LSPR frequency can be estimated using
the following equation:

1 Ne?
Wsp = =

_ 1.3
27\l eomie (800 + 28m) (1.3)

Here the high frequency dielectric constant (¢,) is assumed to be 10, the
medium dielectric constant ¢, is set as 2.25 for toluene, and the effective mass
of the free carrier m, is assumed to be that of a free electron. e is the electronic
charge, and ¢ is the permittivity of free space. The top panel shows a calculation
of the number of dopant atoms required for nanoparticle sizes ranging from 2 to
12 nm to achieve a free carrier density between 10'” and 10** cm ™. To achieve
LSPRs in the visible region, a metallic material in which every atom contributes
a free carrier to the nanoparticle is required. For LSPRs in the infrared, carrier
densities of 10'°-10** ¢cm ™ are required. Below 10" cm™, the number of
carriers (for a 10-nm nanocrystal) may be too low (<10) to support an LSPR
mode.
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Fig. 1.5 LSPR frequency dependence on free carrier density and doping constraints (Reprinted
with permission from Ref. [66]. Copyright 2011 Nature Publishing Groups)

The most commonly studied plasmonic materials so far are noble metals, such as
Au, Ag, and Cu, which have free electron densities in the range of 10%-10%* cm 3
with corresponding LSPRs in the visible. For non-noble metals, such as Pb, In, Hg,
Sn, Cd, and Al, their LSPR frequencies lie in the UV region of the spectrum, and
nanoparticles do not display well-defined LSPR bands that are as tunable as those of
the noble metals. In addition, small particles of these non-noble metals are also
chemically unstable and readily oxidized, making it difficult to measure their
LSPRs. The LSPRs of doped semiconductor nanoparticles typically occur in the
infrared and are not as strong and well-defined as those of noble metal
nanoparticles. The geometry dependence of LSPRs of doped semiconductor
nanoparticles is still poorly understood at the present stage. Therefore, we will
only focus on the plasmonic properties of noble metal nanoparticles, Au and Ag
nanoparticles in particular, because of not only their relatively high chemical and
photostability but also more importantly their intense and geometrically tunable
LSPRs across the visible and NIR regions.

In addition to the free electron densities of the materials, the optical properties
of noble metal nanospheres are also strongly influenced by the electronic band
structures of the constituent metal, which determine the metal’s dielectric func-
tions. The complex dielectric function of a material, denoted as ¢ = ¢; + i¢,
describes a material’s response to an applied electric field. ¢; determines the
degree to which the material polarizes in response to an applied field, while ¢,
controls the relative phase of this response with respect to the applied field.
Intrinsic loss mechanisms (e.g., electron scattering) of a material are all
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condensed into &. For the noble metals at optical frequencies, the dielectric
function can be expressed as the sum

e(m) =14 7o + xp(w) (1.4

where the background susceptibility y ., arises from the core electron polarizability
and interband (d — sp) transitions and y, is the Drude response of the conduction
electrons. The background polarizability and free space response are often com-
bined into &, = 1 + ), In the Drude model [30],

2 2
R R ) (1.5)
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rp(w) =

where wp is the bulk plasmon frequency and I is the reciprocal electron relaxation
time. In the visible and NIR, I'<<w; therefore,
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To completely understand the role that the metal plays in determining the
optical properties of metallic nanoparticles, it is necessary to examine and
account for the effects of both the free-electron and electronic interband transition
contributions to the metal’s dielectric response. Figure 1.6 shows a comparison of
dielectric functions of Ag, Au, and Cu, together with the calculated extinction
spectra of Au, Ag, and Cu nanospheres that are 30 nm in diameter obtained using
Mie scattering theory. The dielectric medium surrounding the nanoparticles is
water. The spectral regions where interband transitions occur are shaded in green.
The onset of electronic interband transitions from the valence band to the Fermi
level causes a sharp increase in the imaginary part (&) and a marked change in the
slope of the real part (¢;) of the dielectric functions. For 30-nm-diameter solid
nanospheres, the relative spectral locations of the particle plasmon resonance and
the constituent metal’s interband transitions determine the nanoparticles’ optical
response, resulting in significant variations between Au, Ag, and Cu nanospheres.
The Ag nanosphere has by far the strongest plasmon resonance because of the
higher energy of the interband transitions (~3.8 eV), relative to the energy of the
plasmon resonance, resulting in minimal damping of the plasmon. The Au
nanosphere displays a well-defined plasmon resonance at ~520 nm, which is
closer to the edge of the interband transitions region (~2.5 eV) than the case of
Ag. With plasmon resonant energies well below the interband transitions, Au and
Ag nanoparticles can be treated as free-electron systems whose optical properties
are determined by the conduction electrons, with only a constant real background
polarizability associated with the core electrons. The Cu nanosphere, however,
has much weaker optical response in comparison to Ag and Au due to the
nanosphere plasmon being resonant with the interband transition region (~2.1 eV)



1 Geometrically Tunable Optical Properties of Metal Nanoparticles 15

10 . : ; . : . 8.0 . r . r : r
10} ) ]
-~ [ >
) e e e 1 8
3 ]
17 =
S -0} ] §
o o
O -20 {1 =
B
§
S £
Q -40 ,5
! ; -
10} 1
.
-108 10+
=20 F
=30 }F 0.5
-40 F
1 1 0.0
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

Wavelength / nm Wavelength / nm

Fig. 1.6 Dielectric functions (left column) and calculated extinction spectra of a 30-nm-diameter
nanosphere (right column) of Ag (top), Au (middle), and Cu (bottom)

of the spectrum. The interband transitions are responsible for a strong damping of the
Cu nanosphere plasmon and the strong “background” absorption on top of which
a weak plasmon resonance peak is visible.

5.3 Bimetallic Nanospheres

When multiple metallic components are integrated into one nanosphere, the
resulting optical properties become dependent upon both the compositions and
the compositional distribution inside the nanoparticle. Although various bimetallic
nanoparticle systems have been studied, combinations of Au and Ag are of partic-
ularly interest largely for two reasons. First, both metals display intense and
well-defined LSPR bands in the visible at around 400 and 520 nm for spherical
nanoparticles of Ag and Au, respectively. Second, both Au and Ag form
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face-centered cubic crystalline structures with very small lattice mismatch
(lattice constants of 4.078 A and 4.086 A for Au and Ag, respectively), and
therefore, they can form heteronanostructures through epitaxy growth or form
alloy nanostructures with various compositional stoichiometries. Spherical
nanoparticles of Au—-Ag alloy [67-73], Au—Ag core—shell [74-78], and Ag—Au
core—shell [74, 79] have been fabricated through various bottom-up chemistry
approaches. Precise control over both the compositional stoichiometry and distri-
bution enables one to systematically study the interesting optical tunability of
bimetallic nanospheres.

For alloy nanospheres normally prepared by simultaneous reduction of the metal
salts, it has been observed that the plasmon band of the alloy nanoparticles lies
somewhere between those for pure Ag and pure Au nanoparticles [70, 71], and there
is a linear relationship between the compositional stoichiometry and the wavelength
of the plasmon band of the alloy particles. As shown in Fig. 1.7, a continuous color
evolution from yellow to red can be clearly observed as the Au to Ag ratio
progressively increases [80]. As shown in the inset plots of Fig. 1.7, the experi-
mentally observed linear relationship between compositional stoichiometry and
LSPR wavelength can be well reproduced by Mie scattering theory calculations.
The LSPR shifts were initially modeled by assuming a linear combination of the
dielectric functions of pure Au and Ag as input for the Mie scattering theory
calculations, but El-Sayed and coworkers have demonstrated that the theoretical
predictions agreed with the experimental results more accurately when experimen-
tally measured dielectric functions for Au—Ag alloy films were used. The linear
relationship between compositional stoichiometry and wavelength of LSPR band
applies to alloy nanoparticles only and cannot be simply extended to core—shell
heterostructured nanoparticles.

Core—shell heterostructured bimetallic nanoparticles can be fabricated either via
segregation during simultaneous reduction or by successive reduction of the
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different metals [68, 81, 82]. Recently, the creation of onion-like multilayer bime-
tallic nanoparticles obtained by successive reduction of AgNO5; and HAuCl, with
ascorbic acid in the presence of cetyltrimethylammonium bromide (CTAB) has
been reported. The optical properties of these core—shell bimetallic nanoparticles
are quite sensitive to the multilayer deposition, and the extinction spectral line
shape are mostly dominated by the geometry of the outermost layer [83]. It is
interesting that the core—shell heterostructured bimetallic nanoparticles may
undergo alloying processes under appropriate conditions. For Au—Ag bimetallic
nanoparticles, the core—shell heterostructures may be kinetically favorable during
the particle formation, while the alloy particles are thermodynamically more stable.
Therefore, the transitions from the core—shell heterostructures to alloy
homostructures are in principle spontaneous at room temperature. By modifying
the experimental conditions, such transitions may be accelerated and kinetically
better controlled. For example, Hartland and coworkers [75] used nanosecond and
picosecond lasers to melt the Au—Ag core—shell particles into homogeneously
alloyed nanoparticles. Sun and coworkers [79] reported the formation of monodis-
perse Au—Ag alloy nanoparticles through interface diffusion of Ag—Au core—shell
nanoparticles under solvothermal conditions in organic solvents. Recently, Tracy
and coworkers [84] reported a facile method for the synthesis of Au—Ag core—shell
nanoparticles and their subsequent transition to Au—Ag alloy nanoparticles through
digestive ripening. By controlling the relative sizes of the Au core and Ag shell, the
stoichiometry of the resulting Au—Ag alloy nanoparticles can be precisely con-
trolled. The structural change of the particles during the alloying processes can be
monitored through the shift of the LSPR bands. Precise control over the particle’s
geometry and compositions is important to the fine-tuning of the optical properties
of the bimetallic nanoparticles as their LSPRs are sensitively dependent on both the
stoichiometry and geometrical distribution of the metal compositions.

6 LSPRs of Metallic Nanorods
6.1 Geometrically Tunable LSPRs of Nanorods

Metal nanorods are elongated, anisotropic nanoparticles with polarization-
dependent response to the incident light. The excitation of the electron oscillation
along the short axis induces a plasmon band at wavelength similar to that of Au
nanospheres, commonly referred to as the transverse band. The excitation of the
electron oscillation along the long axis induces a much stronger plasmon band in
the longer wavelength region, referred to as the longitudinal band. When Au
nanorods are dispersed in a solvent, a steady-state extinction spectrum containing
both bands of longitudinal and transverse plasmons can be observed due to the
random orientation caused by the continuous Brownian motion of the particles.
While the transverse band is insensitive to the size of the nanorods, the longitudinal
band is redshifted significantly from the visible to NIR region with increasing
aspect ratio (length/width) [85-87].



18 H. Jing et al.

Because of the nonspherical shape, the plasmonic properties of nanorods cannot
be fully described by Mie scattering theory. However, qualitative features of
nanorod LSPRs are well reproduced by Gans theory [88] which is an extension of
Mie theory for ellipsoidal nanoparticles. Gans theory puts depolarization factors for
each direction in the Mie-theory expression to capture the optical anisotropy. In
1912, Gans predicted that for very small ellipsoids, where the dipole approximation
holds, the plasmon mode would split into two distinct modes [88]. In Gans theory,
the LSPRs are only dependent on the aspect ratio of the particles but not on the
absolute dimensions. Gans theory gives the exact solution to Maxwell equations for
ellipsoidal particles. The experimentally fabricated nanorods, however, are more
like cylinders or sphere-capped cylinders than ellipsoids. Using numerical methods,
such as DDA, one can more accurately model the exact shape of the particles.
Nevertheless, Gans theory calculations match the experimental data adequately
well in most cases and can further shed light on the origin of the geometry—property
relationship of nanorods. To interpret the optical properties of small metal nanorods
using Gans formula, it has been common to treat them as ellipsoids [11, 89].

The cross sections of absorption (Cgps), scattering (Cey,), and total extinction
(Cex) derived from Gans theory can be quantitative described by the following
equations:

2n &/(n
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where / is the wavelength of light, V is the unit volume of the nanoparticle, and )
is the depolarization factor defined by:
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where a, b, and c are the three axes of the nanoparticle, a > b = ¢, and aspect ratio,
R is equivalent to a/b or a/c. The LSPRs of an ellipsoidal particle occur when the
following equation applies:

g1 = —(1 —n) x g, /n (1.12)
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where i = a for the longitudinal resonance and i = b or ¢ for the transverse
resonance. At such resonance wavelengths, the absorption, scattering, and total
extinction are all strongly enhanced, giving rise to the extinction peaks in the
extinction spectra.

Gans equation predicts that for small ellipsoids embedded in the same medium,
an almost linear correlation exists between longitudinal LSPR wavelength and
aspect ratio of the ellipsoids. Figure 1.8 shows the calculated extinction spectra
of nanorods with different aspect ratios. The longitudinal plasmon band is contin-
uously shifted from the visible to NIR as the aspect ratio of the nanorods increases
[11], while the transverse plasmon band exhibits a slight blue shift as aspect ratio
increases.

In addition to aspect ratio, the longitudinal plasmon resonance frequency of
metal nanorods is also sensitively dependent on the dielectric properties of the local
environment. Figure 1.9 shows the calculated spectra of ellipsoidal Au
nanoparticles with a fixed aspect ratio of 3.5 in dielectric media with varying
refractive indices. As the refractive index of the surrounding medium increases,
the longitudinal plasmon band progressively shifts to longer wavelength, exhibiting
greatly enhanced sensitivity toward dielectric perturbations in comparison to Au
nanospheres [87]. It has also been observed that the larger aspect ratio of the
nanorod is, the greater the sensitivity to refractive index effects the nanorod has.
Therefore, a single nanorod may serve as a nanoscale sensor that can be used to
probe the local environment changes surrounding the particle based on the shift of
its LSPR.

In comparison to metal nanospheres, nanorods exhibit greatly enhanced LSPR
tunability over a much broader spectral range. In addition, metallic nanorods have
further enhanced electric fields at the tips compared to nanospheres, which is
crucial to the achievement of larger signal enhancements in surface-enhanced
spectroscopies, such as SERS. As calculated by using classical electromagnetic
theory and TDDFT, the maximum field enhancement is more pronounced for more
elongated nanorods compared to ones with smaller aspect ratios (Fig. 1.10) [90].
Although the values of maximum field enhancement of nanorods with different
aspect ratios are somewhat different, the spatial distributions of the field enhance-
ments are similar for both TDDFT and classical calculations.
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6.2 Controllable Fabrication of Nanorods

Although the synthesis of spherical Au nanoparticles has a history of more than
a century since the pioneering work by Faraday in 1857 [3], methods for the
fabrication of colloidal Au nanorods with well-controlled aspect ratios emerged
only during the past two decades. The controllability over the size and morphology
enables us to experimentally study the geometrically tunable optical properties of
metallic nanorods. Although there are successful examples of controllable fabrica-
tion of Ag and Cu nanorods [91-93], the fabrication of Au nanorods has received
much more success with much better controllability over the yield, aspect ratio, and
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uniformity of the samples. Here we give a brief outline of various synthetic
approaches, including both bottom-up and top-down techniques, for the geome-
try-controlled fabrication of Au nanorods.

The template method for the synthesis of Au nanorods, first developed by
Martin and coworkers [94], involves the electrochemical deposition of Au within
the pores of nanoporous template membranes. Using this method, the diameter of
the Au nanorods roughly equals to the pore diameter of the template membrane,
which can be controlled during the membrane fabrication process. The length of
the nanorods can be controlled by controlling the amount of Au deposited within
the pores during the electrodeposition. More complicated one-dimensional
metallic nanostructures, such as Au nanotubes, multicomponent coaxial
nanocables, and bar-code heterojunction structures, can also be fabricated using
this method [95].

In 1990s, Wang and coworkers developed an electrochemical method for the
fabrication of Au nanorods with high yield [89, 96]. In this method, a metallic Au
plate anode and a Pt plate cathode are immersed in an electrolytic solution
containing a structural directing agent, CTAB, and a cosurfactant tetradodecy-
lammonium bromide (TOAB). During the electrolysis, the bulk Au anode is
consumed, forming AuBr,~ which are then complexed to the cationic surfactants,
and migrates to the cathode where Au ions are reduced to metallic Au. A Ag plate is
gradually inserted into the solution to control the aspect ratio of the nanorods.
Sonication is needed to dissipate the nanorods away from the cathode to form free-
standing colloidal Au nanorods. The redox reaction between Au ions generated
from the anode and Ag metal leads to the formation of Ag ions and the concentra-
tion of Ag ions, and their release rate have been found to be the key factors that
determine the aspect ratio of the nanorods, though the exact role of the Ag ions is
still unclear at the present stage.

The seed-mediated growth method is so far the most popular method for the
synthesis of colloidal Au nanorods [15, 85-87, 97]. The seed-mediated growth
method has several advantages over other approaches, such as the simplicity of the
procedure, high yield of nanorods, ease of tight control over aspect ratios, and
flexibility for structural modifications. The anisotropic growth of Au nanoparticles
was first reported in 1989 by Wiesner and Wokaun [98] who fabricated anisotropic
Au colloids by introducing Au nuclei into HAuCl, growth solutions. This idea was
further developed into a robust seed-mediated chemical approach for the control-
lable fabrication of Au nanorods originated in 2001 by Murphy and coworkers [99,
100]. For more explicit details about the seed-mediated growth of Au nanorods, the
readers are referred to several excellent reviews by Murphy group [86, 97],
El-Sayed group [85], and Mulvany group [87, 101].

The earliest version of nanorod fabrication protocol developed by Murphy group
[99, 100] involves the addition of citrate-capped small Au nanospheres to a bulk
HAuCl, growth solution obtained by the reduction of HAuCl, with ascorbic acid in
the presence of CTAB surfactant and AgNOj3, which results in the formation of Au
nanorods with aspect ratio of 1-7. In 2003, Nikoobakht and El-Sayed [13] made
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two modifications to this protocol: replacing sodium citrate with sodium borohy-
dride, a stronger reducing agent in the seed formation process, and utilizing silver
ions to control the aspect ratio of the resulting Au nanorods. This method produces
high-yield Au nanorods (99 %) with aspect ratios from 1.5 to 4.5. To grow Au
nanorods with further increased aspect ratios up to ~20, a three-step seeding
method has been developed by Murphy and coworkers [12]. Another way to
increase the aspect ratio of the resulting Au nanorods in high yield is to use
a cosurfactant, such as benzyldimethylhexadecylammonium chloride (BDAC), in
addition to CTAB. The BDAC—CTAB binary surfactant system produces nanorods
with aspect ratios of up to 10 by changing the silver concentrations (Fig. 1.11) [13].
Using the Pluronic F-127 cosurfactant system, the aspect ratio can further increase
up to 20 [43]. Introduction of other reagents into the growth solution can further
adjust the kinetics of the nanorod growth and even longer nanorods can be obtained.
For example, adding controllable amount of nitric acid into the growth solution
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significantly enhances the production of nanorods with high aspect ratio over 20
[102]. Long Au nanorods with aspect ratios of up to 70 can be fabricated in high
yield by controlling the volume of the growth solution [103].

Using the seed-mediated growth method, the yield, monodispersity, and aspect
ratio of the resulting Au nanorods are all sensitively dependent on a whole set of
experimental parameters, such as seed concentration, seed size, reducing agent,
temperature, pH values, Au precursor concentration, surfactant concentration, the
use of other cosurfactants, other additives, and even the nanorod aging time.
Variation of experimental parameters of the nanorod fabrication protocol may
also result in significant modifications to the typical cylindrical shape of the Au
nanorods and even the formation of Au nanoparticles in other shapes, such as
nanocubes, nano-dogbones, nanopolyhedral, and branched nanocrystals [104]. It
is particularly worth mentioning that silver ions in the growth solution are the key
factor that controls the dimensions of the resulting Au nanorods. In addition, the
properties of the surfactants, such as chain length, head group structure, counter-
ions, and even the purity of CTAB surfactant, play important roles in the nanorod
growth. Korgel and coworkers [105] reported that even with exactly the same
recipe, CTAB from different suppliers with different catalog numbers affects not
only the aspect ratio but also the yield and monodispersity of the nanorods, due to
the existence of impurities. They later found out that iodide, the low concentration
impurity in CTAB, is the key shape-directing element that inhibits the nanorod
growth [106].

Au nanorods can also be conveniently prepared by seedless photochemical
growth in the presence of selected surfactants. Yang and coworkers first synthe-
sized uniform Au nanorods with tunable aspect ratios in the range of 1-5 by
irradiating gold ions in a micellar solution with a 254-nm ultraviolet light
(420 uW/em?) for ~30 h [107]. In analogy to the seed-mediated synthesis, the
aspect ratio of the resulting Au nanorods can be controlled through the addition of
silver ions using this photochemical approach [107-110]. In addition to the silver
ions, the photochemical anisotropic growth of Au nanorods can also be controlled
by other experimental parameters, such as irradiation light source and additives in
the reaction solutions [111-113].

Lithographic techniques are top-down methods used in the production of Au
nanostructures with highly controllable dimensions and orientation. Well-aligned
Au nanorod structures supported on substrates have been fabricated using electron
beam lithography (EBL) [114] and focused ion beam (FIB) lithography techniques
[115]. However, these lithography techniques are not as widely used for nanorod
fabrication as the bottom-up chemical approaches mentioned above due to three
major reasons. First, lithographic techniques are much more expensive and time-
consuming than bottom-up chemical approaches. Second, nanorods generated
through lithography approaches are much larger than those from bottom-up chem-
ical approaches due to the resolution limit of these top-down techniques. Third,
nanostructures can be fabricated over a limit area of a substrate each time, and
large-scale fabrication of free-standing nanorods is beyond the capability of litho-
graphic techniques.
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6.3 Geometry-Dependent LSPR Lifetimes of Au Nanorods

In addition to the LSPR frequencies, the LSPR linewidths of Au nanorods have also
been observed to be dependent on the geometric parameters of the nanorods. Upon
plasmonic excitation, the collective electron oscillations may undergo a number of
damping or dephasing processes, either radiatively or nonradiatively, which ultimately
result in the decay of the plasmon. Radiative damping occurs when the oscillating
dipole moment of the plasmon gives rise to photon emission, while nonradiative
damping occurs when the plasmon excites intraband or interband electronic transitions
or through electron scattering processes at the surface of the nanostructures. The
resonance linewidth provides a measure of these processes as it is inversely propor-
tional to the plasmon lifetime [116]. Using ensemble spectroscopies to accurately
characterize the intrinsic LSPR linewidth of nanoparticles has been challenging
because the measured LSPR linewidth only provides ensemble-averaged information
that includes both inhomogeneous broadening due to the size and shape distributions
of the samples and the intrinsic band broadening of individual nanoparticles. There-
fore, single-particle spectroscopic measurements have to be carried out to accurately
probe the intrinsic LSPR linewidth of individual nanoparticles.

Sonnichsen et al. [117] used a dark-field microscope to measure the Rayleigh
scattering from individual nanospheres of various sizes and individual nanorods
with varying aspect ratios (see Fig. 1.12). They found that the longitudinal LSPRs
of nanorods were significantly narrower than those of nanospheres and the LSPR
linewidths of nanorods decreased as the aspect ratio of nanorods increased, indi-
cating that the higher aspect ratios corresponded to longer LSPR lifetimes. There
are numerous decay routes available to the longitudinal LSPR of nanorods. By
tailoring the geometric parameters of nanorods, one can modify the plasmon decay
pathways and achieve the optimized geometry that gives rise to the longest plasmon
lifetimes [118]. The LSPR linewidths of nanorods have also been found to be
determined by the width of the nanorods. Hartland and coworkers [116] measured
the light scattering from individual Au nanorods of various widths but approxi-
mately the same aspect ratios. Keeping the aspect ratio constant ensures that the
resonance frequencies and, therefore, the bulk dephasing contributions are similar
for all samples. Due to the increased radiative damping associated with larger
volumes, linewidth broadening was observed as the width of the nanorod increased.
However, increased broadening for small nanorod widths was also observed due to
the surface scattering of electrons occurring when the nanorod dimension became
significantly smaller than the electronic mean free path of Au (~20 nm). These two
competing processes lead to an optimum nanorod width in the range of 10-20 nm
where the resonance is sharpest and the LSPR lifetime is the longest.

6.4 Geometrically Tunable Photoluminescence of Au Nanorods

Bulk materials of noble metals, such as Au, Ag, and Cu, exhibit extremely weak
fluorescence with quantum yield on the order of 10~'° due to the rapid nonradiative
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Fig. 1.12 (a) True color photograph of a sample of Au nanorods (red) and 60-nm nanospheres
(green) in dark-field illumination (inset upper left). Bottom right: TEM images of a dense
ensemble of nanorods and a single nanosphere. (b) Light-scattering spectra from a Au nanorod
and a 60-nm Au nanosphere measured under identical conditions (light polarized along the long
rod axis). (¢) Measured linewidth I" of plasmon resonances in single nanorods (dots) and
nanospheres (open triangles) versus resonance energy E,... (d) Same data plotted as quality factor
Q = E./I" (Reprinted with permission from Ref. [117]. Copyright 2002 American Physical
Society)

electron—hole recombinations [119]. Experimental and theoretical results published
by Shen and coworkers [120] indicate that photoluminescence of noble metals can
be attributed to an interband recombination of the electrons and holes. In contrast to
the weak emission from bulk metals, large enhancement in emission on roughened
metal surfaces has been observed largely due to local field enhancements around the
surface of the metal [120].

Au nanorods exhibit interesting geometrically tunable photoluminescence prop-
erties. Although it essentially arises from interband recombinations of electrons and
holes, the photoluminescence of Au nanorods is sensitively dependent on the
tunable LSPRs. Mohamed and El-Sayed et al. [121] observed that Au nanorods
with aspect ratios less than 3 have fluorescence quantum efficiency on the order of
10~* to 10, which is 6-7 orders of magnitude higher than that observed in the
bulk materials, whereas almost no photoluminescence enhancements are observ-
able for Au nanospheres. Such emission enhancements are directly related to the
longitudinal LSPR of Au nanorods as the polarization of the emission is along the



26 H. Jing et al.

) 548nm
-~
it 7
\ s -
” ~ _
' N (i)
\ 552nm gl -
= : W .
k7] \ \
I S ™
£ ™
Q \ 568nm \_\“ )
e \ P (ii)
8 ~ / ™~
3 R -
£
S 579nm \\_
= \ ——
_C
o ' 588nm
H .r'-"". (iv)
l‘ 'l .
. o ‘\‘
-..,.—- .‘
‘.
“\~~ (V)
L A L L 1 2 1 ' ---l..-.
500 550 600 650 700

Wavelength / nm

Fig. 1.13 Photoluminescence spectra i, ii, iii, iv, and v for Au nanorods of average aspect ratios of
2.0, 2.6, 3.3, 4.3, and 5.4, respectively. The excitation wavelength is 488 nm (Reprinted with
permission from Ref. [121]. Copyright 2005 American Chemical Society)

long rod axis. The excitation of interband absorption simultaneously excites the
longitudinal LSPR of Au nanorods, which results in enhanced local electric fields
amplifying both excitation and emission fields. Interestingly, the photolumi-
nescence maximum wavelength is found to increase linearly with increasing aspect
ratio (Fig. 1.13) [122]. The quantum efficiency increases quadratically for aspect
ratios below three and then begins to diminish thereafter. A detailed examination of
the enhanced emission intensity was carried out for nanorods including high aspect
ratios by Eustis and El-Sayed. Both the experimental data and simulation results
show that the emission depends on three important factors: (1) the intensity of
enhanced electric field associated with the longitudinal LSPRs, (2) the extent of
spectral overlap between the interband absorption band and the LSPR band which
determines the enhancement of the interband absorption of light, and (3) the overlap
of the fluorescence spectrum of Au with the LSPR absorption band which deter-
mines the enhancement of the outgoing emitted fluorescence light. Because the
LSPR absorption shifts to longer wavelengths as the nanorod aspect ratio increases,
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Fig. 1.14 (a, b) Topographic F
images of Au nanorods. (c, d)
TPI-PL images for a and b,
respectively (Reprinted with
permission from Ref. [124].
Copyright 2004 American
Chemical Society)

the extent of the overlap between the interband processes and the longitudinal
LSPR absorption band will change accordingly. In the small aspect ratio regime,
increase in the aspect ratio results in greater spectral overlap responsible for an
emission enhancement. In the large aspect ratio regime, however, further increase
in aspect ratio diminishes the degree of spectral overlap, resulting in decreased
emission intensities.

Similar to one-photon photoluminescence, the two-photon-induced photolumi-
nescence (TPI-PL) peaks of Au nanorods also redshift with increasing aspect ratio
[123] and are more intense than that of spheres. The TPI-PL response originates
from the sequential excitation of an intraband transition from just below the Fermi
level, followed by a second d-band excitation to where the hole was created by the
first excitation. Photoluminescence subsequently occurs when the remaining radi-
ative charge—hole recombination takes place. Since two-photon optical processes
involve an additional field enhancement, further enhanced photoluminescence is
expected in comparison to the one-photon case. It has been reported by Okamoto
and coworkers [124—126] that TPI-PL is also useful for revealing the near-field
enhancements of individual Au nanorods associated with LSPR excitations
(Fig. 1.14). Observation of TPI-PL from single nanoparticles enabled by NSOM
measurements provides essential information for revealing the spatial distribution
of the electric fields near the nanoparticle when a characteristic LSPR mode is
excited. By locally exciting regions along the length of the nanorod while simul-
taneously monitoring the TPI-PL from the entire nanorod, the portions of the
nanorod that yielded the strongest response can be mapped out [124—126]. Where
the plasmon shows the strongest internal electric field, it also shows the strongest
TPI-PL. Because of their interesting NIR TPI-PL properties, molecularly targeted
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Au nanorods have been used as contrast agents for TPI-PL-based bioimaging both
in vitro and in vivo [127, 128]. The TPI-PL signals from a single nanorod are found
to be 57 times higher than those from a single thodamine molecule [127].

7 Metallic Nanoshells
7.1 Tunable LSPRs of Nanoshells

Metal nanoshells are a class of fascinating subwavelength photonic particles with
highly tunable plasmonic properties [24]. A nanoshell is composed of a spherical
dielectric or semiconducting core homogenously coated with a concentric nano-
scale metallic shell. By tailoring the geometric parameters of nanoshells, one can
fine-tune the particles’ light absorption and scattering properties all the way across
the visible and NIR spectral regions, enabling widespread applications, such as
optically triggered drug delivery [129], chemical and biomolecular sensing [130],
surface-enhanced spectroscopies [131-134], and cancer diagnostic and
photothermal therapy [9, 135, 136].

Because nanoshells are spherically symmetric, their LSPRs can be analytically
described by Mie scattering theory. In 1951, Aden and Kerker [137] first proposed
the model for simulating the absorption and scattering of electromagnetic waves
from a spherical particle consisting of a dielectric core and a metallic shell based on
Mie scattering theory. Neeves and Birnboim [138] proposed in 1989 that such
a core—shell geometry could give rise to LSPR modes with their wavelengths
tunable over a broad spectral range. The LSPRs of a nanoshell are extraordinarily
sensitive to the inner and outer dimensions of the metallic shell layer. Figure 1.15
shows the optical extinction spectra of Au nanoshells calculated using Mie scatter-
ing theory [23]. In this set of calculations, the radius of the silica core was fixed at
60 nm, and the shell thickness was varied from 5 nm to 20 nm. Since the overall
sizes of the Au nanoshells are beyond the quasi-static limit, both the dipole and
quadrupole LSPR bands show up in the extinction spectra and progressively
redshift as the shell thickness decreases. In this example, as the core radius—shell
thickness ratio is varied between 3 and 12, the predicted resonances of the
nanoshells span a range of 300 nm in wavelength. In contrast, if the order of
these layers were inverted, that is, a Au core and a dielectric silica shell, less than
a 20-nm optical resonance shift would be expected.

There is a long development gap between the original theoretical predictions about
nanoshell plasmons and the experimental realization of the nanoshell geometry. The
earliest example of experimentally fabricated nanoshells is Au,S—Au core—shell
nanoparticles produced by the reduction of HAuCl, in an aged Na,S solution [22,
139]. By adjusting the amount ratios between HAuCl, and Na,S, Au,S—Au nanoshells
can be grown with different core sizes and shell thicknesses. However, the tuning range
of the overall size (<40 nm) and LSPR wavelength (600900 nm) of the Au,S—Au
nanoshells is rather limited. Additionally, a large number of Au colloids are formed as
a secondary product, generating an additional absorption peak at ~520 nm.
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Halas and coworkers have done pioneering work on the fabrication of metal
nanoshells through a multistep, seed-mediated electroless plating approach [23].
In 1998, they controllably fabricated silica—Au core—shell nanoparticles, which
overcame many of the limitations of the Au,S—Au nanoshells. The whole procedure
for the fabrication of the silica—Au nanoshells can be schematically illustrated in
Fig. 1.16a. Highly monodisperse silica cores with precisely controlled diameters
ranging from 50 to 800 nm are fabricated using the Stober method [140].
The surfaces of the silica core particles are then functionalized with amine groups,
and small Au colloids (1-2 nm) are subsequently adsorbed onto the silica surfaces
through Au—amine interactions. The immobilized Au colloids act as nucleation
sites that catalyze the electroless plating of Au to form Au islands on the surface of
silica. As increasing amount of Au is plated, the Au islands gradually grow larger
and eventually coalesce to form a complete Au nanoshell. Figure 1.16b shows a set
of TEM images that reveal the whole process of Au nanoshell growth on the surface
of the silica cores. The final thickness of the Au nanoshells, which is typically in the
range from 5 to 100 nm, can be precisely controlled by adjusting the amount ratio
between silica and HAuCl, added. By using this seed-mediated electroless plating
method, continuous Au [141-143], Ag [144, 145], Cu [146], and bimetallic
nanoshells [147] with controllable core and shell dimensions have been success-
fully fabricated using silica, polymer, or cuprous oxide beads as core materials. The
experimental extinction spectra of nanoshells show very good agreement with the
calculated results using Mie theory, both at the ensemble [23, 148, 149] and single-
nanoparticle levels [150].
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Fig. 1.16 (a) Scheme of seed-mediated electroless plating of Au nanoshells surrounding silica
cores. (b) TEM images that reveal the whole process of Au nanoshell growth on the surface of
silica cores (Reprinted with permission from Ref. [23]. Copyright 1998 Elsevier B. V.)
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Fig. 1.17 Calculated dipole plasmon resonance of silica core—Au shell nanoshells with core radii
of 0.1 (solid), 10 (dashed), 50 (dotted), 120 (dash dotted), 200 (dash dot dotted), 300 (short
dashed), 500 (short dotted), 600 (short dash dotted), 750 (thick solid), and 900 nm (thick dashed
navy). The solid and hollow triangles and squares are experimental data (Reprinted with permis-
sion from Ref. [151]. Copyright 2007 American Institute of Physics)

By tailoring the relative core—shell ratio and overall sizes of nanoshells, the
frequencies of nanoshell LSPRs can be fine-tuned all the way across the visible,
NIR, and mid-IR regions [23, 148, 151]. In Fig. 1.17, the optical resonance as
a function of core—shell ratio is calculated for the silica—Au nanoshell system with
varying overall dimensions both within and beyond the quasi-static limit [152].
These theoretical studies indicate that for small silica—Au nanoshells within the
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quasi-static limit, inner—outer radius ratios close to 1 could in principle give rise to
optical resonances shifted into the infrared as far as 10 um in wavelength, though
nanoshells with these extremely thin shells are impossible to fabricate experimen-
tally. Known as phase retardation or finite size effects, the immediate impact of
increasing particle size beyond the quasi-static limit results in a systematic shifting
of the dipole plasmon to lower energies and a significant broadening of the plasmon
resonance linewidth. Higher-order multipolar resonances appear as particle size is
increased, as distinct spectral features at energies higher than that of the dipolar
plasmon energy. Although the dipolar plasmon response of metallic nanoshells has
been shown to be remarkably robust in the presence of defects or imperfections in
the nanoparticle’s metallic layer, the higher-order modes can be significantly
damped by nanoscale surface texturing of the nanoshells [153, 154]. Practically,
one can shift the nanoshell LSPRs deep into the IR region using nanoshells with
relatively large core sizes and thin shell thicknesses. For small nanoshells within the
quasi-static limit, the extinction properties are dominated by absorption rather than
scattering, while for large nanoshells beyond the quasi-static limit, the extinction is
dominated by scattering. Therefore, one can selectively tune the light absorption
and scattering properties of nanoshells by controlling the overall size of the
nanoshells.

Nanoshell LSPRs are also much more sensitive to local environment than solid
nanospheres [149], significantly redshifting as the refractive index of surrounding
medium increases. The sequence of LSPR sensitivity is typically dipole > quadru-
pole > octupole > higher-order modes. The LSPR sensitivity of nanoshells depends
primarily on overall nanoparticle size and less sensitively on the core—shell ratio.
Understanding how the geometrical parameters control LSPR sensitivities offers
insight toward the design and engineering of nanoshell sensors for LSPR sensing
applications.

Although the geometry dependence of nanoshell LSPRs can be analytically
described by the Mie scattering theory, this classical electromagnetic theory pro-
vides little insights into the origin of nanoshells’ optical tunability. Numerical
computation methods, such as FDTD, have been used to simulate the plasmonic
properties of nanoshells [155]; however, they do not provide a clear picture of the
underlying physics behind the geometrically tunable nanoshell plasmons. In this
context, plasmon hybridization theory, a plasmonic analog to the molecular orbital
theory, has emerged as an effective and powerful method that can be used to
fundamentally interpret the origin of the plasmonic tunability of metal nanoshells
[156-158]. Next we will briefly introduce the basic ideas of plasmon hybridization
model and demonstrate how it can be used to interpret the structure—property
relationship of nanoshells. The plasmon hybridization picture extends to an entire
family of nanoshell-based geometries with increasing structural complexity, such
as multilayer shell-in-shell structures known as nanomatryushkas, nanoshells with
offset cores known as nanoeggs, semi-nanoshell structures (half-shells, nanocups,
and nanocaps), and spheroidal nanoshells known as nanorice. We will demonstrate
how plasmon hybridization model can be used as a powerful tool to both predict and
analyze the tunable optical properties of these complex nanoshell-based structures.
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7.2 Plasmon Hybridization Model

Plasmon hybridization theory provides a conceptually enlightening method for
calculating the plasmon resonance of complex nanostructures. The basic idea of
plasmon hybridization theory is to deconstruct a nanoparticle or composite struc-
ture into more elementary shapes and then calculate how the primitive plasmons
supported by the elementary geometries interact or hybridize with each other
to form the hybridized plasmons of the composite structure. This theory
enables scientists to draw on decades of intuition from molecular orbital theory to
predict the plasmonic response of nanostructures with increasing structural
complexity [159].

Plasmon hybridization model considers the conduction electrons of a metal to be
a charged, incompressible, and irrotational fluid sitting on a rigid, uniform, and
positive background charge representing the fixed ion cores. The deformation of the
fluid can be expressed in terms of a scalar function 7. Infinitesimal deformations in
this fluid give rise to a surface charge density that interacts electrostatically, and
plasmons are considered to be the self-sustained oscillations of this electron fluid.
The Lagrangian for such a system is
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where ny is the free-electron density, m, is the mass of electrons, and ¢ is the surface
charge density,
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and the integrations are performed over all surfaces of the metal. The plasmon
modes of the systems are obtained from the Euler-Lagrange equations.

In the context of plasmon hybridization model, the geometry-dependent
nanoshell plasmon resonances result from the interaction between the essentially
fixed-frequency plasmon response of a sphere and that of a cavity (Fig. 1.18a)
[156, 157, 159]. Sphere and cavity plasmons are electromagnetic excitations at the
outer and inner interfaces of the metal shell, respectively. Because of the finite
thickness of the shell layer, the sphere and cavity plasmons interact with each other
and hybridize in a way analogous to the hybridization between atomic orbitals. This
interaction results in the splitting of the plasmon resonances into two new reso-
nances, the lower-energy symmetric or “bonding” plasmon (w_) and the higher
energy antisymmetric or “antibonding” plasmon (. ).

The hybridization of the cavity and the sphere plasmons depends on the
difference in their energies wc; and ws; and on their interaction, which is
determined by the thickness of the shell. To describe the geometry of
a nanoshell, the notation (a,b) is adopted to indicate the inner radius a and the
outer radius b of the shell. The hybridization between the cavity and sphere
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Fig. 1.18 Energy-level diagram (a) depicting plasmon hybridization in metal nanoshells and (b)
illustrating the dependence of nanoshell plasmon energies on the strength of the interaction
between the sphere and cavity plasmons, determined by the thickness of the metallic shell
(Reprinted with permission from Ref. [159]. Copyright 2007 American Chemical Society)

plasmons gives rise to two hybridized plasmon modes |w;) and |w_) for each
[ > 0. The frequencies of these modes are
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The |w.) mode corresponds to antisymmetric coupling between the sphere and
cavity modes, and the |@_) mode corresponds to symmetric coupling between the
two modes (see Fig. 1.18b). The w_ plasmon interacts strongly with the incident
optical field, while the w mode interacts weakly and, in the case of Au, is further
damped by interband transitions at energies above the d-band to Fermi energy
optical transitions at approximately 2.3 eV.

The validity of this expression for the nanoshell plasmon energies has been
explicitly verified using fully quantum mechanical calculations [160]. Although the
resulting plasmon energies are the same as what would be obtained from a Drude
dielectric function and classical Mie scattering theory in the quasi-static limit, the
present treatment very clearly elucidates the nature of the nanoshell plasmon
resonances and, in particular, the microscopic origin of their sensitive dependence
on geometry. For example, this picture provides a simple and intuitive explanation
for why the energy of the optically active plasmon resonance shifts to lower
energies with decreasing shell thickness: the decreased shell thickness leads to
a stronger coupling between the sphere and cavity plasmons, increasing the splitting
between the bonding and antibonding hybridized plasmons. The plasmon
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hybridization model can also be used to interpret the LSPR sensitivity of nanoshells
to surrounding medium. As illustrated in Fig. 1.18b, the optically bright plasmon
mode (w_) is more sphere-like, while the optically dark plasmon mode (w, ) is
more cavity-like. Therefore, w_ sensitively shifts upon a change in refractive index
of the embedding medium, while @, is more sensitive to the change of the core
materials.

7.3 Nanomatryushkas

The plasmon hybridization picture extends naturally to more complicated multi-
layer nanoshell structures known as nanomatryushkas [156, 161]. The
nanomatryushka geometry can be experimentally realized by first growing
a uniform nanoscale layer of Au surrounding a silica nanoparticle, then coating
this nanoparticle with a silica layer of controlled thickness, followed by the growth
of a second thin Au layer. A schematic depicting the composition of this particle is
shown in Fig. 1.19a. The plasmon responses of this structure can be understood as
a hybridization of the plasmon resonances of the inner and outer nanoshells. As
illustrated in Fig. 1.19b, for each multipolar symmetry, there are four linearly
independent plasmon modes. Obviously, the thickness of the dielectric spacer
layer |a; — by| controls the strength of the coupling between the inner and outer
nanoshells, whose plasmon resonances can each be tuned independently.

The energy-level diagram in Fig. 1.19b depicts the hybridization of the concen-
tric nanoshell plasmons in terms of the mixing of the inner- and outer-shell
plasmons. The experimentally observable eigenmodes correspond to the hybridi-
zation of the bonding plasmon modes of the two metal shell layers. Figure 1.19¢c
shows the strong coupling case. Spectrum (1) shows the experimental and theoret-
ical extinction spectra for the isolated inner-shell plasmon |w,_N51>. Spectrum (2) is
the theoretical extinction spectrum of the isolated outer-shell plasmon |w,7N52>,
calculated as though the inner-shell structure was replaced wholly by a dielectric
(silica) core. Spectrum (3) is the experimental and theoretical extinction for the

concentric nanoshell in which ’wics> and ’a): cs> plasmons are clearly apparent.

The plasmon hybridization and splittings are quite strong because of the small
interlayer spacing between inner- and outer-metal shell layers and the fact that the
inner-shell plasmon |w,$N51> and outer-shell plasmon |a),7N52> are nearly resonant
with each other. The hybridization of the plasmons appears to be strongly asym-
metric primarily due to phase-retardation effects. A second contributing factor to
the asymmetry is the small but finite interaction with the higher energy ’w+,N51> and
‘a)+7N32> plasmon modes. Figure 1.19d depicts a concentric nanoshell with a weak
plasmon coupling between the inner and outer shell. In this case, the inner- and
outer-plasmon resonances are detuned from each other in energy, as the spacing
between inner and outer-metal layers is increased. Because the hybridization is
weak, the concentric shell plasmon modes show only small shifts relative to the
isolated shell plasmons. In Fig. 1.19e, a concentric nanoshell with a fully decoupled
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Fig. 1.19 (a) Concentric nanoshell geometry with concentric radii of core (a;), inner shell (b,),
spacer layer (a,), and outer shell (b,) where €; and €3 are assumed to be SiO,, &, and &4 are Au, and
€5 is embedding medium. (b) Energy-level diagram of hybridization between the inner and outer
nanoshell plasmons. (¢) Experimental (blue) and theoretical (red) extinction spectra for concentric
nanoshells (3), inner shell (1), and outer shell (2); the inner- and outer-nanoshell plasmons interact
strongly, resulting in strongly hybridized plasmons. (d) The inner- and outer-nanoshell plasmons
interact weakly with a relatively small change in the concentric nanoshell plasmon compared with
single-nanoshell plasmons. (e) Noninteracting inner- and outer-shell plasmons (Adapted with per-
mission from Ref. [156]. Copyright 2003 American Association for the Advancement of Science)

plasmon response is shown. In this case, the intershell spacing is so large that the
concentric nanoshell response (3) appears to be almost indistinguishable from the
calculated nanoshell response for the outer shell. Because of the large intershell
spacing and the finite penetration depth of the light, the inner-nanoshell plasmon is
not excited.

Recently, Halas and coworkers reported that the geometrically tunable optical
properties of another type of nanomatryushkas are composed of a silica-coated gold
nanosphere surrounded by a Au nanoshell layer in a sub-100-nm-size range [162].
The nanoshell was fabricated by seed-mediated electroless plating of Au onto
silica-coated Au nanoparticles using CO as the reducing agent. This approach
allows independent control over the size of the Au core, the silica layer thickness,
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Fig. 1.20 (a) Schematic of plasmon hybridization in a nanoshell (left) and a nanoegg (right). (b)
Theoretical absorption spectra as a function of offset D obtained by the plasmon hybridization
method, for a [a, b] = [39, 48]-nm Au nanoshell with vacuum core. (¢) Experimentally measured
single-particle dark-field scattering spectra of a nanoshell (black curve, [a, b] = [94, 103] nm.) and
four nanoegg particles with varying core offset (colored spectra, D increases from bottom to top).
(d) Near-field plots of [a, b] = [39, 48]-nm Au nanoshells with different offset cores and an
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and the thickness of the Au nanoshell layer. Therefore, detailed investigation on
plasmon hybridization between the Au nanosphere core and Au outer nanoshell
becomes possible with minimized phase-retardation effects. As the core—shell

interactions become stronger, a larger split between ‘w:cs> and ’w:,cs> can be

observed with ’w:,cs> further redshifted and ‘wf7cs> progressively blueshifts. The

resulting plasmon resonances are in exact agreement with Mie scattering theory.

7.4 Nanoeggs

Symmetry breaking can introduce dramatic changes in the optical properties of the
plasmonic nanoshells. The plasmon hybridization picture can be applied to
a nanoshell with an offset core known as a nanoegg [163, 164]. For a spherically
symmetric nanoshell, where the center of the inner-shell radius is coincident with
the center of the outer-shell radius, plasmon hybridization only occurs between
cavity and sphere plasmon states of the same angular momentum, denoted by
multipolar index /(Al = 0). In the quasi-static limit, only the / = 1 dipolar bonding
plasmon is excited by an incident optical plane wave. However, when the center of
the inner shell is displaced with respect to the center of the outer shell, this selection
rule is relaxed, and cavity and sphere plasmons of all multipolar indices hybridize.
As a consequence, all plasmon modes can be optically excited, even in the dipole
limit, resulting in a multipeaked and redshifted plasmonic response with increasing
line-shape complexity as the core—shell displacement increases. The relaxation of
the selection rules of plasmon hybridization due to symmetry breaking is schemat-
ically illustrated in Fig. 1.20a.

A nanoegg with a dielectric core of radius a displaced a distance D from the
center of an outer shell of radius b can be denoted (a,b,D) and is schematically
illustrated as an extension of the spherically symmetric nanoshell geometry in
Fig. 1.20a. The deformation field can be expressed as a gradient of a scalar potential
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Fig. 1.20 (continued) A = 619 nm. Right: D = 7.5 nm at A = 674 nm. Maximum field
enhancements |E| / |E0| are 13.8, 24.5, and 67.7 from left to right. The incident field is horizontally
polarized (Reprinted with permission from Ref. [163]. Copyright 2006 National Academy of
Sciences of the United States of America)
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where (r¢, Qc) are spherical coordinates centered in the cavity and (rg, Qg) are
spherical coordinates with an origin at the center of the spherical outer shell. The
quantities of Cy,, and Sy, are the amplitudes for the primitive cavity and sphere
plasmons, respectively. For finite offset D, the spherical harmonics centered on the
two different origins are no longer orthogonal for different /, resulting in interac-
tions between the cavity and sphere modes in a manner analogous to the coupling
between the individual nanoparticle plasmons of a nanoparticle dimer or in periodic
structures of metallic nanoparticles in close proximity [158, 165, 166].

The Lagrangian for this system can be constructed directly from 7. The structure
of the resulting eigenvalue problem is illustrated in Fig. 1.20a [163]. The left panel
shows the resulting plasmon modes for a spherically symmetric nanoshell. In this
case, the plasmon energies depend on multipolar index / but not on the azimuthal
index m which labels the 2/ + 1 possible orientations of the plasmon modes. For
finite offset D (right panel), an interaction exists between all cavity and sphere
modes of the same m. This leads to stronger hybridization and an admixture of all
primitive cavity and sphere plasmons. For simplicity, we will refer to these
reduced-symmetry nanoparticle plasmon modes by multipolar index I,
corresponding to the spherical or zero-offset case, although for finite offset the
plasmon modes contain an admixture of plasmons of all / for a given m. For the
nonconcentric nanoshell, the coupling of the cavity and sphere plasmons depends
on azimuthal m_but the resulting plasmon energy spectrum is only weakly depen-
dent upon orientation. Figure 1.20b shows the theoretical optical absorption spectra
of nanoeggs with [a, b] = [39, 48] nm as a function of core-offset D obtained by the
plasmon hybridization model. As D increases, the / = 1 mode is redshifted and the
higher / modes, now also dipole active, contribute additional peaks to the spectrum,
resulting in increased spectral line-shape complexity with increasing D. The calcu-
lated spectra using the plasmon hybridization model are in very good agreement
with the results of FDTD simulations.

Nanoeggs are experimentally fabricated by anisotropically depositing additional
metallic Au onto preformed silica — Au concentric nanoshells [163]. The Au
nanoshells are first immobilized onto polyvinylpyridine-functionalized glass sub-
strates as a sub-monolayer of isolated nanoshells. The nanoshell films are subse-
quently immersed in an aqueous solution containing an appropriate amount of
chloroauric acid and potassium carbonate, where the addition of formaldehyde
then initiates the electroless plating of Au onto the nanoparticle surfaces. The
films are subsequently removed from the plating solution, rinsed, and dried. As
a result, all the nanoeggs fabricated in this manner have the same orientation on the
glass slides, with the point of contact with the glass substrate corresponding to the
minimum in shell thickness for each nanoparticle. Increasing the time duration of
the plating process results in an increase in the effective core offset of each nanoegg
particle. The immobilized nanoeggs can be released into a solvent through sonica-
tion to form free-standing colloidal nanoegg particles. Figure 1.20c shows the
single-particle scattering spectra of individual nanoeggs of increasing asymmetry.
As the offset between the center of the inner- and outer-shell radius increases, the
optical spectrum broadens and includes additional peaks adjacent to the original
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dipolar plasmon resonance which is significantly redshifted. The experimentally
obtained single-particle spectra clearly show the characteristic offset-dependent
multipeaked features that are predicted by the plasmon hybridization model.
Another striking feature arising from the symmetry breaking is the near-field
enhancement on the surface of nanoeggs. Figure 1.20d shows the local field
enhancements calculated using the FDTD method for nanoeggs with a silica core
and Au shell modeled using the empirically obtained dielectric function for Au. The
largest field enhancements achievable on the outer surface dramatically increase as
the core-offset D increases. Such large field enhancements on the open, exterior
surface of an individual nanoparticle make nanoegg extremely promising for
ultrasensitive molecular sensing based on surface-enhanced spectroscopies.

7.5 Semi-Shell Nanostructures

The case of nanoeggs has clearly demonstrated that the symmetry breaking of
individual plasmonic nanostructures has profound impact to their optical properties.
If a further reduction in symmetry of nanoeggs occurs when the shell is completely
removed from one side of the spherical nanoparticle core, it would then result in
partially broken semi-shell nanostructures known as half-shells, nanocups, or
nanocaps, depending on how much of the shell is preserved in the final structures.
The plasmonic responses of these semi-shell nanostructures become a sensitive
function of the orientation of the nanostructure with respect to the incident light due
to the asymmetry of the particle geometry.

Whitesides and coworkers fabricated semi-shell nanostructures at an approxi-
mately 50 % metal coverage (half-shell) by vertical evaporation of metal onto
dielectric nanoparticles predeposited on a substrate [167]. These half-shell struc-
tures show highly tunable plasmonic properties that are significantly redshifted in
comparison to the solid nanosphere plasmons. As demonstrated using Au half-
shells [168], both decrease in shell thickness, and increase in core size will shift the
LSPRs dramatically to longer wavelengths. Halas and coworkers [169] reported
a chemical approach to two types of reduced-symmetry nanoparticles: nanocups,
with approximately 70 — 80 % metal coverage, and nanocaps, the inverse structure
with approximately 20 — 30 % metal coverage. The plasmon response of both
nanocups and nanocaps was dependent upon the nanoparticle orientation with
respect to incident light and polarization angle.

By carefully adjusting the angle of metal deposition with respect to the substrate
orientation, Lee and coworkers [170] fabricated Au nanocup structures with sharp
shell edges, which they called as nanocrescent moons (see Fig. 1.21). Unique
multiple scattering peaks are observed in a single Au nanocrescent moon with
dark-field white-light illumination. The sub-10-nm sharp edge of Au nanophotonic
crescent moons incorporates the advantages of both metallic sharp nanotips and
ultrathin nanorings and generates intense local electromagnetic-field enhance-
ments. Lee’s group later demonstrated [171] that by further incorporating magnetic
components into the nanocrescent moons, each nanocrescent particle cannot only
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Fig. 1.21 (A) Au nanocrescent moons with sharp edges. (a) Conceptual schematics of
a nanocrescent moon SERS substrate. The Au surface can be functionalized with biomolecular
linker to recognize specific biomolecules. The sharp edge of the nanocrescent moon can enhance
the Raman scattering intensity so that the biomolecules on it can be detected. (b) Geometrical
schematics of a nanocrescent moon. A Au nanocrescent moon with sharp edges integrates the
geometric features of nanoring and nanotips. (c) TEM images of two nanocrescent moons. Scale
bars: 100 nm. (B) Local electric field amplitude distribution of a nanocrescent moon excited at
785 nm (Reprinted with permission from Ref. [170]. Copyright 2005 American Chemical Society)

serve as stand-alone SERS substrates with high local electromagnetic-field
enhancement factors but also be manipulated by external magnetic fields to produce
translational and rotational motion of the nanoprobes.

The nanocup structures can also be obtained through a unique electron-beam-
induced ablation process as demonstrated by Halas and coworkers [172]. Using this
approach, one can monitor the spectral evolution of individual particles as the particle
morphology is reshaped from a symmetric nanoshell to an asymmetric nanoegg and
eventually a nanocup. The optical response of the nanocups exhibits strong depen-
dence on the particle orientations with respect to the polarization of the incident light
due to the anisotropy of their geometry. Nanocups support both the “electric”
and “magnetic” (electroinductive) plasmon modes, with potential applications as
constituents in optical frequency magnetic materials or in metamaterials [173—175].
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Halas and coworkers [173] systematically measured the plasmonic properties of
Au nanocups and developed theoretical understanding of the origin of the plasmonic
characteristics of nanocups. They showed that Au nanocups possess magneto-
inductive modes that redirect scattered light in a direction dependent on particle
orientation, an effect that also controls the interparticle coupling of plasmons in
adjacent nanocups. As a true three-dimensional plasmonic nanoantenna, the Au
nanocups exhibit unique light-bending properties.

Recently, a more complicated semi-shell nanostructure, perforated semi-shells,
has been fabricated using a combination of clean-room techniques [176]. For
a semi-shell with a single spherical perforation positioned on its symmetry axis,
its plasmon modes strongly depend on the hole size and shape. Placing the perfo-
ration off the symmetry axis allows a family of higher-order modes to be excited in
the nanostructure, along with complex near-field charge distributions for the vari-
ous resonant modes. Two important variations of this structure: a semi-shell with
multiple perforations in the shell layer and a semi-shell with a wedge-like “slice” in
the shell layer were also investigated. A semi-shell with a wedge-like perforation
can be thought of as a three-dimensional analog of a split-ring resonator, an
important nanoscale component in metamaterial design.

7.6 Nanorice

Nanorice is a hybrid nanoparticle that combines the intense local fields of nanorods
with the highly tunable plasmon resonances of nanoshells. This dielectric core—
metallic shell prolate spheroid nanoparticle bears a remarkable resemblance to
a grain of rice, inspiring the name “nanorice” (see Fig. 1.22a) [159]. This geometry
possesses far greater structural tunability, along with much larger local field
enhancements and far greater sensitivity as a LSPR sensor than either a nanorod
or a nanoshell.

Halas and coworkers developed a seed-mediated electroless plating method for
the fabrication of nanorice using spindle-shaped hematite nanoparticle cores [177].
In a typical procedure, the spindle-shape hematite (o-Fe,O;) nanoparticles are
functionalized with (3-aminopropyl)trimethoxysilane (APTMS) to generate amine
moiety-terminated surfaces. Then ultrasmall Au nanoparticles (~2 nm in diameter)
were immobilized onto the surface of functionalized cores at a nominal coverage of
~30 %. The immobilized Au colloids act as nucleation sites to catalyze the
electroless Au plating onto the surface of core particles, leading to the gradual
formation of a continuous and complete Au shell surrounding the hematite cores.
By controlling the amount of Au deposited on the surface of each hematite core, the
shell thickness of the nanorice can be precisely controlled. Figure 1.22b shows
a SEM image of the as-fabricated hematite core—Au shell nanorice particles.
Figure 1.22c shows the experimentally measured optical extinction spectra of
nanorice with varying shell thicknesses. For each sample, two well-defined
plasmon modes are observed. The strong plasmon resonance feature observed at
longer wavelengths arises due to the excitation of longitudinal plasmon supported
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Fig. 1.22 (a) Illustration of nanorice, (b) SEM image, and (c¢) extinction spectra of nanorice with
different shell thicknesses fabricated on a hematite core with longitudinal diameter of 340 + 20
nm and transverse diameter of 54 + 4 nm, (d) plasmon energy versus aspect ratio (major radius/
minor radius) of the solid prolate spheroid and prolate cavity (solid lines, longitudinal plasmon;
dashed lines, transverse plasmon), and (e) longitudinal and (f) transverse plasmon energies versus
core aspect ratio for an aspect ratio of 4.575 (Reprinted with permission from Ref. [159].
Copyright 2007 American Chemical Society)

by the nanorice structure. The little shoulder at shorter wavelengths is mostly
corresponding to the transverse plasmon mode of nanorice. Both the longitudinal
and transverse plasmon resonances progressively redshift as the shell thickness
decreases. The longitudinal plasmon mode exhibits a more sensitive structural
dependence of its optical resonance on the shell thickness than the transverse
plasmon.
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It was found that both the longitudinal and transverse plasmons of nanorice
redshift as the refractive index of solvents increases with a linear dependence of
plasmon wavelength on refractive index [177]. Although the transverse plasmon is
relatively insensitive to the local environment, the longitudinal nanorice plasmon
resonance wavelength is highly sensitive to the surrounding dielectric medium,
with LSPR sensitivity as high as over 800 nm per refractive index unit. The LSPR
sensitivity of the longitudinal plasmon is maintained as shell thickness is varied,
while that of the transverse plasmon decreases as shell thickness increases. Such
environmental sensitivity of the nanorice plasmons holds great potential for mon-
itoring local environmental changes during chemical and biological processes.

The sphere—cavity model for spherical nanoshells [156, 157] can be generalized to
describe the plasmon resonances of nanorice as the result of the hybridization between
plasmon modes of a solid prolate spheroid and an ellipsoidal cavity inside a continuous
metal [152, 177]. For a solid prolate spheroidal particle of aspect ratio (semimajor/
semiminor axis) = cotha, which consists of a metal with an electron density
corresponding to a bulk plasmon frequency wg and a polarizability of €5 (immersed
in a dielectric with permittivity €g), the energies of the plasmon modes take the form

) P}, (cosh a)Qy,(cosh a)

Vi esP;, (cosh o)Qyy(cosha) — egPyy(cosh )0}, (cosh o)

w?’,lm@‘) = (117)

For a prolate dielectric cavity of aspect ratio cotha filled with a dielectric
medium of permittivity c in the same metallic material, the plasmon energies are
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Figure 1.22d shows the dependence on aspect ratio of the transverse and
longitudinal plasmon resonances of a Au nanorod, modeled as a prolate spheroid
(Eq. 1.17), and that of an elliptical dielectric cavity embedded in an infinite Au
volume (Eq. 1.18). Each of these nanostructures supports longitudinal and trans-
verse plasmon resonances strongly dependent upon aspect ratio, where an aspect
ratio of 1 corresponds to the spherical particle and cavity case. The cavity plasmon
described here corresponds to a void filled with a dielectric medium of dielectric
constant ec = 9.5, that of hematite. For this large dielectric function, the cavity is
strongly redshifted to energies lower than the solid spheroid plasmon resonance. As
the aspect ratio increases, the energies of the longitudinal plasmon of the spheroid
and the transverse plasmon of the cavity decrease, while the longitudinal plasmon
of the cavity and the transverse plasmon of the spheroid increase. Varying the
aspect ratio of the cavity and spheroid shifts the relative energy of the cavity and
spheroid parent plasmon modes, which ultimately affects the way in which the
cavity and spheroid plasmon states hybridize in the nanorice geometry.

In Fig. 1.22e and f, we show how the nanorice resonances vary as the aspect ratio
of the core is varied, while the outer-shell aspect ratio is held constant at 4.575 for
the longitudinal and transverse excitations, respectively. As the aspect ratio of the
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core is decreased, the hybridization between the cavity and spheroid modes becomes
progressively stronger, resulting in larger energy gaps between the bonding and
antibonding plasmon modes. The lower-energy bonding plasmon modes of nanorice
are much more sensitive to the core and shell dimensions than the antibonding
plasmon modes for both the longitudinal and the transverse cases. The nanorice
plasmon modes have a significantly increased geometric sensitivity and can be tuned
across a broader spectral range than the parent solid spheroid and cavity plasmon
modes. In particular, the bonding plasmon extends toward zero frequency in the thin
shell limit, for both the transverse and longitudinal cases. For longitudinal polariza-
tion, the nature of the bonding plasmon is solid particle-like and the antibonding
mode is cavity-like. For transverse polarization, the situation is reversed. Since the
solid spheroidal plasmons have a much larger induced dipole moment and couple
more strongly to incident light than cavity-like plasmons, the extinction cross section
for longitudinal polarization is dominated by the bonding nanorice plasmon and, for
transverse polarization, the spectrum is dominated by the antibonding plasmon mode.
The difference in LSPR sensitivity of the longitudinal and transverse nanorice
plasmons can also be explained in the context of the plasmon hybridization model,
where the spheroid-like plasmon resonance has increased sensitivity to changes in its
dielectric environment, while a cavity-like resonance has greater sensitivity to
changes in the dielectric properties within the nanoparticle core [157].

The asperities of a nanorice particle support very strong local field intensity
enhancements at wavelengths corresponding to the longitudinal plasmon resonance
of nanorice [177]. The field enhancements are several times larger than those
reported for nanofabricated bowtie junctions [178] and those measured in scanning
probe junctions [179] and are similar in magnitude to the localized plasmon
resonant “hot spots” occurring in junctions between metallic nanoparticles [158].
The nanorice local fields should give rise to intense SERS enhancements with the
added advantage that the hot spots are completely open to the surrounding medium
in this geometry. From this point of view, each nanorice particle can potentially
serve as a stand-alone, optically addressable nanoscale substrate for surface-
enhanced spectroscopies. Moreover, since the enhanced near-field intensities can
extend several tens of nanometers from the surface of the nanorice, these particles
may exhibit unique advantages in the spectroscopic sensing and characterization of
large biomolecules, such as proteins and DNA, biological samples, or materials
placed directly adjacent to the nanoparticles.

8 Other Metallic Nanostructures with Geometrically
Tunable Optical Properties

Besides nanorods and nanoshells, a series of other nanoparticle geometries have
also been found to possess geometrically tunable optical properties. Here we
provide several representative examples, including nanoprisms, nanopolyhedrons,
nanostars, and nanocages, to highlight how the geometric parameters profoundly
impact the optical responses of these anisotropic nanostructures.
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8.1 Nanoprisms

Nanoprisms or triangular nanoplates display a wide range of geometrically tunable
optical features [180]. Triangular nanoprisms contain three sharp vertices that
contribute significantly to their optical properties. However, experimentally fabri-
cated metallic triangular nanoprisms typically exhibit varying degrees of tip trun-
cation. The LSPR band position of nanoprisms is essentially determined by the tip
sharpness, the edge length, and the aspect ratio (lateral dimension/thickness).
Sharper tips, larger edge lengths, and higher aspect ratios generally give rise to
more redshifted resonances, while round and truncated tips and low aspect ratios
result in oppositely blueshifted bands.

The LSPRs of triangular Ag nanoprisms have been simulated by Schatz and
coworkers using DDA method [56, 181]. For the perfect triangular prism as shown
in Fig. 1.23a, the extinction spectrum consists of three LSPR bands, a long wave-
length peak at 770 nm (in-plane dipole), a weaker peak at 460 nm (in-plane
quadrupole), and a small but sharp peak at 335 nm (out-of-plane quadrupole).
A dipole plasmon resonance can be described as the electron cloud surrounding
the nanoparticle moving either parallel or antiparallel to the applied field. For
a quadrupole mode, half of the cloud moves parallel and half moves antiparallel.
Since a nanoprism is anisotropic with respect to the propagation and polarization of
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the incident light, both in-plane and out-of-plane excitation lead to dipole and
quadrupole resonances; however, the out-of-plane dipole resonance at 430 nm is
not resolved because it is a very broad resonance. Interestingly, the red-most peak is
very sensitive to snipping, with the 20-nm snipped prism giving rise to a peak that is
blueshifted by 100 nm as compared to the perfect triangular nanoprism, while the
other peaks at shorter wavelengths are much less sensitive to snipping. As shown in
Fig. 1.23b, the maximum enhancement for the dipole resonance is located around
the tips, while for the quadrupole resonance, the regions of significant field
enhancements are largely confined at the sides.

The experimentally fabricated nanoprisms typically have sufficiently large edge
lengths of sub-100 nm and high aspect ratio over 10 and therefore exhibit both
dipole and quadrupole plasmon resonances that shift in frequency as a function of
nanoprism size, shape, and dielectric environment. With spherical particles smaller
than 100 nm, quadrupole and dipole plasmon resonances are not distinguishable
from each other as shown in Fig. 1.4; however, in an anisotropic nanoprism with
similar size, these modes oscillate at markedly different frequencies (generally
separated by 100400 nm) and can be resolved experimentally for nanoprisms of
both Au and Ag [17, 18, 182].

Ag nanoprisms have been synthesized with tight control over their aspect ratio in
relatively high yield through photochemically induced growth [17, 182—-185] or
thermal reduction in organic solvents [19, 20, 186], while Au nanoprisms have been
mostly fabricated through solution-phase seed-mediated growth approaches
[18, 187-190]. In the photochemical synthesis, a variety of radiation wavelengths
can be used to selectively tailor the architectural parameters of the resulting
nanoprisms, such as thickness and edge lengths, and thereby to fine-tune the optical
properties of nanoprisms (Fig. 1.24) [184]. In the solution-phase chemical synthesis
of Au and Ag nanoprisms, the particle geometry can be tuned by adjusting a whole
set of experimental conditions, such as reducing agents, reaction media, tempera-
ture, and surfactants. For more details about the fabrication of Ag and Au
nanoprisms and mechanisms of nanoprism formation under various conditions,
the readers are recommended to read a recently published review article by Mirkin
and coworkers [180].

Ag nanoprisms may also undergo post-fabrication morphological changes under
various conditions, introducing interesting modifications to the LSPRs. Therefore,
post-fabrication treatments provide an alternative way to fine-tune the optical
properties of Ag nanoprisms. The optical properties of Ag nanoprisms can be
precisely tuned over a wide spectral range through a process of shape reconstruction
induced by UV irradiation, in which the morphology of the nanoparticles is
changed from thin triangular nanoprisms to thick round nanoplates [191]. It has
been recently reported that Ag nanoprisms may also undergo an interesting sculp-
turing process due to chemical etching by halide ions [192—-194]. Thermal treat-
ments of Ag nanoprisms can also give rise to interesting reshaping of Ag
nanoprisms, which results in systematic evolution of LSRPs [195]. The blueshift
of LSPRs is a direct consequence of both tip truncation and size reduction during
the thermal treatments.
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Fig. 1.24 TEM image of Au nanoprisms (/eft), extinction spectra, and corresponding solutions of
Ag nanoprisms with varying edge length (right). Labeled vial and spectra numbers correspond to
the wavelength of irradiation used to prepare the nanostructures (Reprinted with permission from
[184]. Copyright 2007 John Wiley & Sons, Inc)

8.2 Nanopolyhedra

Controlling nanocrystal shapes in the mesoscopic size regime provides an elegant
strategy for optical tuning. Whereas highly symmetric spherical particles within the
quasi-static limit exhibit a single LSPR peak, anisotropic multifaceted nanoparticles
such as cubes, bipyramids, and other polyhedra exhibit multiple scattering peaks in
the visible and NIR regions due to their mesoscopic sizes beyond the quasi-static
limit and highly localized charge polarizations at corners and edges.

Yang and coworkers systematically investigated LSPRs of metallic
nanopolyhedrons both at the ensemble and single-particle levels [196] Monodisperse
colloidal solutions of Ag nanocrystals with regular polyhedral shapes were synthesized
in a highly controllable manner using the polyol method, where the metal salt is reduced
by hot pentanediol at near-reflux temperature in the presence of PVP as the capping
polymer. Silver nitrate and PVP were dissolved separately and injected into the system
periodically, and specific polyhedral shapes can be obtained in high yield depending on
how long the sequential additions are continued. Figure 1.25 shows the differences in
LSPR modes for cubic, cuboctahedra, and octahedral nanoparticles, all of which
exhibit highly complex plasmon signatures as a result of their geometric anisotropy.

8.3 Nanostars

Metallic nanostars are multipointed, branched metal nanoparticles, each of which
may exhibit highly complex multipeaked extinction spectral line shapes [197].
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Fig. 1.25 (a) UV-visible spectra of colloidal dispersions of Ag nanocubes, cuboctahedra, and
octahedra. (b) SEM and real color images taken with a digital camera displaying the different
colors arising from plasmon-mediated scattering. Each spot corresponds to the light scattered from
a single crystal. From left to right: cube, truncated cube, cuboctahedron, truncated octahedron,
and octahedron. Scale bars: 100 nm (Reprinted with permission from Ref. [196]. Copyright 2006
John Wiley & Sons Inc)

For branched Au nanocrystals or nanostars, the precise control over particle
morphology is often challenging because the number of branches or pods can
vary within each preparation [25, 104, 198-201], which results in formation of
mixtures of monopods, bipods, tripods, tetrapods, and other multipods in each
sample. To synthesize Au nanostars with a specific number of branches, the
utilization of structurally well-defined and multi-twinned Au nanoparticles, such
as nanorods, bipyramids, and decahedra, is necessary as templates or seeds for the
nanostar growth. Xia and coworkers [202] recently reported the facile synthesis of
Au nano-hexapods by seeded growth with controllable arm lengths. During the
seed-mediated growth, HAuCl, was reduced by N,N-dimethylformamide (DMF) in
water in the presence of single-crystalline Au octahedra. The newly formed Au
atoms preferentially nucleated and grew from the six vertices of an octahedral seed,
leading to the formation of nano-hexapods. The LSPR peaks of the resultant Au
nano-hexapods redshifted from the visible to the NIR depending upon the lengths of
the arms, which could be controlled by varying the amount of HAuCly,, the
temperature, or both. The preparation and optical properties of penta-branched
Au nanostars obtained using seed-mediated method have also been reported
recently [26, 203—-206]. The extinction spectra of the colloidal nanostars taken at
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Fig. 1.26 (a) SEM image and (b) single-particle dark-field light-scattering spectrum (open
circles) of a Au nanostar. The scattering spectrum of a 100-nm Au colloid is also plotted
(points). (¢) The plasmon hybridization picture of Au nanostar LSPRs. (d) The left panels show
the extinction spectra of the individual core. The right panels show the spectra of the tips. The
middle panels show the extinction spectra of the interacting nanostar system (Reprinted with
permission from Refs. [26] and [207]. Copyright 2006 and 2007 American Chemical Society)

different time points demonstrate that there are two distinct peaks which correspond
to short-wavelength transverse absorption band arising from the formation of fully
developed side branches and redshifted longitudinal band due to the elongation of
the developed branched nanocrystals.

To further shed light on the structure—property relationship of nanostars, Hafner
and coworkers [26] studied the optical properties of individual Au nanostars at
single-nanoparticle level. They used commercially available 10-nm-diameter Au
colloids as the seed to produce star-shaped nanoparticles under the exact growth
conditions suitable for nanorods in the presence of CTAB. Their single-particle
light-scattering data show that nanostars have multiple plasmon resonances
resulting in polarization-dependent scattering, which correspond to different tips
of the star-shaped structure (Fig. 1.26a and b). The plasmon resonances are
extremely sensitive to the local dielectric environment changes and that shows
great promise for the nanostars to be used as LSPR sensors. Nordlander and
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Fig. 1.27 SEM images of (a) Ag nanocubes and (b—d) Au—Ag porous nanocages. (e) Illustration
summarizing morphological changes. (f) Top panel, vials containing Au nanocages prepared by
adding different volumes of HAuCl, solution. Lower panel, the corresponding extinction spectra
of Ag nanocubes and Au nanocages (Adapted with permission from Ref. [208]. Copyright 2008
American Chemical Society)

coworkers [207] interpreted the nanostar plasmons as a result of plasmon
hybridization between the core and tips of the nanoparticle (Fig. 1.26c and d).
The nanostar core serves as a nanoscale antenna, dramatically increasing the
excitation cross section and the electromagnetic-field enhancements of the tip
plasmons.

8.4 Nanocages

Metallic nanocages are a class of interesting photonic nanostructures possessing
hollow interiors and porous walls [208]. They can be prepared in high yield through
a remarkably simple galvanic replacement reaction between solutions containing
metal precursor salts and metallic nanoparticle templates. Regarding the prepara-
tion of Au-based nanocages, Ag nanocubes prepared by polyol reduction
[209, 210], can serve as a template for the galvanic reactions during which the
produced Au is confined to the Ag nanocube surface, growing on it and adopting its
morphology. Concurrent with this deposition, the interior Ag is oxidized and
removed, together with alloying and dealloying, to produce hollow and, eventually,
porous nanocage structures (see Fig. 1.27a—e). This approach is versatile and can be
extended to the fabrication of multiple-walled Au nanorattles or nanotubes [211]. In
addition to Au-based structures, switching the metal salt precursors to Na,PtCl, and
Na,PdCl, allows for the preparation of Pt- and Pd-containing nanocages, respec-
tively [212, 213].
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Accompanying the compositional and morphological changes induced by the
galvanic replacement reactions is the evolution of LSPRs of Au nanocages. The
upper panel of Fig. 1.27f shows a picture of vials containing Au nanocages prepared
by reaction between Ag nanocubes (edge length ~ 40 nm) and different volumes of
HAuCl, solution (0.1 mM) [211, 214]. As the photograph and corresponding
extinction spectra (Fig. 1.27f, lower panel) indicate, the LSPR peak position of
the Au nanocages is tunable throughout the visible and NIR. This observation
makes Au nanocages attractive for colorimetric sensing and biomedical applica-
tions. The relative intensity of the scattering and absorption cross sections of Au
nanocages can be tuned by varying their size. DDA simulations indicate that when
Au nanocages are small (edge length<45 nm), light absorption predominates;
however, light scattering prevails with larger Au nanocages [214]. Thus, one
must consider their size and the magnitude of their scattering and absorption
cross sections, in addition to LSPR position, when engineering nanocages for
a specific application. The tunable LSPRs of nanocages hold great promise to
biomedical applications. For example, Xia and coworkers have explored the use
of Au nanocages as contrast enhancement agents for both optical coherence tomog-
raphy and photoacoustic tomography [215-217], with significantly improved per-
formance observed in each case.

9 Multi-nanoparticle Systems

In this section, we would like to expand our discussions to the geometrically tunable
optical properties of more complicated multi-nanoparticle systems composed of
multiple nanoparticles that are in close proximity to each other. The plasmonic
interactions between neighboring nanoparticles give rise to further redshifted
lowest-energy plasmon resonance, further increased complexity of extinction spec-
tral line shapes, and significantly enhanced electric fields in the interparticle
junctions [218]. The multi-nanoparticle systems possess more geometric parame-
ters that one can adjust to further fine-tune the optical responses over a broader
spectral range and, thus, may exhibit superior optical properties in comparison to
individual nanoparticle building blocks. One striking example observed by colloi-
dal chemists is the dramatic color change of noble metal colloids when a dilute
suspension of nanoparticles forms nanoparticle aggregates upon the introduction of
ions, such as CI', or molecular linkers, such as DNA [52, 219-222]. When Au or Ag
nanoparticles begin to aggregate, they form clusters of nanoparticles, and their
extinction spectrum acquires a new band that is redshifted significantly from the
extinction band of the isolated nanoparticles. In addition, the local electric fields
can be enormously enhanced in the nanoscale gaps between the adjacent
nanoparticles upon the excitation of the “aggregate” plasmons, providing ‘“hot
spots” for surface-enhanced spectroscopies. It is essentially these features that
have been attributed to the enormous SERS enhancements reported for random
colloidal aggregates, approaching single-molecule sensitivity for certain molecules
[51, 52, 223-228].
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The interesting optical properties of multi-nanoparticle systems can be essen-
tially interpreted as results of plasmon coupling between individual nanoparticles
that are in close proximity to each other [159, 218], in analogy to the hybridized
molecular orbitals in a polyatomic molecule. In this context, individual
nanoparticles can be regarded as artificial atoms, while a multi-nanoparticle
system can be regarded as an artificial molecule. Plasmon hybridization model
allows us to express the fundamental plasmon modes of these multiparticle
systems as linear combinations of the primitive plasmons supported by individual
nanoparticles. The geometry of individual constituent nanoparticles, the geomet-
ric arrangements of the nanoparticles, and the distance between adjacent
nanoparticles are all key factors that profoundly impact the synergistic far-field
and near-field optical properties of a multi-nanoparticle system. Halas and
Nordlander [218] recently published a comprehensive review article on plasmons
in strongly coupled metallic multi-nanoparticle systems, and the readers are
strongly encouraged to read this review and the references cited therein to get
a more complete and thorough understanding on this topic. In this section, we
would like to focus on three representative systems, nanoparticle dimers, nano-
particle oligomers (clusters composed of a finite number of nanoparticles), and
infinite nanoparticle arrays, to highlight how the plasmon coupling in multi-
nanoparticle systems gives rise to a whole set of interesting optical properties
that are exploitable for widespread applications, such as molecular sensing and
surface-enhanced spectroscopies.

9.1 Nanoparticle Dimers

The simplest geometry of multi-nanoparticle systems is a pair of directly adjacent,
interacting nanoparticles known as a nanoparticle dimer. The importance of the
nanoparticle dimer geometry was first recognized from a theoretical point of view
in the early 1980s [229], stimulating further theoretical investigations of this
geometry ever since [158, 230-232]. In spite of the challenges associated with
large-scale and high-yield synthesis of nanoparticle dimers, the optical properties
of nanoparticle dimers have been studied in great detail at single-nanoparticle
level using dark-field microscopy [233, 234]. The results of single-particle
light-scattering measurements have been directly compared to electrodynamics
simulations based on which detailed understanding of the plasmon coupling in
nanoparticle dimers has been developed.

Figure 1.28a shows a diagram illustrating the plasmon coupling of a Au nanopar-
ticle homodimer [158]. The plasmon hybridization between the two nanoparticles
results in an increased redshift of the bonding / = 1 dimer mode with decreasing
interparticle distance (Fig. 1.28b). This behavior is characteristic of a dimer excited
by light polarized along its interparticle axis. For light polarized perpendicular to
the dimer axis (Fig. 1.28c¢), interparticle coupling is minimal, and a small blueshift of
the antibonding mode, which is optical “bright,” is observed as the interparticle
distance decreases, while the bonding plasmon mode is optically “dark.”
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Fig. 1.28 (a) Schematic diagram of the dimer system and calculated plasmon energies versus
dimer separation for a homodimer of Au nanospheres for (b) parallel and (c¢) perpendicular
polarizations. (d) Dark-field spectra and SEM micrographs from isolated nanoparticle pairs with
varying separations in parallel and perpendicular polarization, as indicated by arrows. (Panels A—C:
adapted with permission from Ref. [158]. Copyright 2004 American Chemical Society. Panel D:
reprinted with permission from Ref. [242]. Copyright 2005 American Chemical Society)

It is of particular interest that the local electric fields inside the interparticle gaps
can be enormously enhanced when the bonding dipolar plasmon mode is optically
excited for the polarization parallel to the dimer axis (Fig. 1.28b). Such local field
enhancements in the nanoparticle junctions can fundamentally interpret the “hot-
spots” effects in nanoparticle aggregates that are exploitable for surface-enhanced
spectroscopies. Halas and coworkers have directly compared the SERS perfor-
mance of individual nanoparticles vs. nanoparticle dimers [235]. They found that
nanoparticle dimers exhibit much larger SERS enhancement than the individual
nanoparticle primarily due to the hot spots in the interparticle junctions. Similar
“hot-spots” effects have also been observed in dimers of Ag nanospheres [236],
pairs of Ag nanocubes [237, 238], and metallic bowtie nanostructures (a nanopar-
ticle dimer composed of two triangular nanoplates in close proximity with sharp
tips directly pointing to each other) [239-241]. Figure 1.28d shows the experimen-
tally measured scattering spectra from individual pairs of Ag nanoparticles with
varying interparticle gaps [242]. The experimentally observed dependence of the
dimer plasmon modes on the interparticle distance and dimer orientation with
respect to the incident light polarization are in good agreement with the theory.
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For a nanoparticle heterodimer, both the bonding and antibonding modes for
both polarizations can be excited by the incident light because even for the
hybridized plasmon modes in which the two dipole modes of individual
nanoparticles are antiparallelly aligned, there is still a net dipole moment due to
the asymmetry of the system. Halas and coworkers [233] have systematically
studied the optical responses of plasmonic heterodimers and carefully correlated
their experimental results with electrodynamics simulations. While a plasmonic
homodimer can support both bright and dark modes, symmetry breaking relaxes
selection rules and enhances coupling between all of the plasmon modes of
a heterodimer nanostructure. In the case of two adjacent, mismatched nanoparticles,
this allows modes with different characteristics, such as angular momentum or
linewidth, to interact strongly with each other especially in the small gap regime,
giving rise to more complicated spectral line shapes and asymmetric plasmon
splitting. These interactions are a strong function of interparticle distance and
relative energy level of primitive plasmons of the individual nanoparticles, resulting
in energy shifts and avoided crossings of the plasmon modes as the constituent
nanoparticles coalesce into the dimer structure. Interactions between broad and
narrow resonant modes can occur, giving rise to a Fano resonance with its charac-
teristically asymmetric line shape in nanoparticle heterodimer systems [233, 243].

Altering the symmetry of individual constituent nanoparticles inside a dimer will
also introduce dramatic modifications to the optical properties of the dimer struc-
ture. For example, the shape anisotropy of metallic nanorods leads to different
possible orientations within a dimer, resulting in different orientational modes of
plasmon coupling [244—248]. Coupling of the nanorod longitudinal modes leads to
bonding and antibonding interactions when the dimer is arranged end-to-end or
side-to-side. Many other possible dimer geometries, including L-shaped and
T-shaped dimers as well as dimers laterally and longitudinally displaced with
respect to one another, may also form taking into consideration of the character
of anisotropy.

Because of the strong dependence of the dimer plasmons on the interparticle
distance, one can use nanoparticle dimers to construct “plasmon rulers” to measure
distance changes over nanometer-length scale [249-253]. By using molecules as
the linker between the two nanoparticles, the conformational changes of the molec-
ular linker can be probed in real time simply based on the plasmon shift as the
interparticle distance varies. Alivisatos and coworkers developed a single-molecule
version of plasmon-based colorimetric sensing strategy using individual nanopar-
ticle dimers as plasmon rulers to probe the DNA hybridization by monitoring the
plasmon shift under a dark-field optical microscope [249]. Later, they further
developed a DNA-linked nanoparticle dimer that can be used to probe the confor-
mational dynamics of protein—-DNA complexes and the kinetics of DNA digestion
at single-molecular level [252]. In comparison to other nanoscale molecular rulers,
such as fluorescence resonance energy transfer (FRET) [254], plasmon rulers have
several unique advantages, such as high photostability of the probes (no blinking),
long-lasting signals (no photobleach), and simplicity of instrumentation (colori-
metric sensing based on dark-field scattering).
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9.2 Nanoparticle Oligomers

The fundamental principles of plasmon hybridization described in the nanoparticle
dimer systems can be further extended to more complicated nanoparticle oligomer
structures. Just as molecular orbital theory can be applied to complex, polyatomic
molecules, there has been interest in extending coupled plasmon systems beyond
the plasmonic dimers to multi-nanoparticle systems. Because of the invariance of
the interactions through symmetry transformations for a specific structure, group
theory may be applied quite naturally to the analysis of plasmon modes of multi-
nanoparticle systems with various symmetries. For example, symmetric linear
combinations of plasmons corresponding to the underlying symmetry of the system
can be used to interpret and classify the modes of a triangularly arranged
nanosphere trimer (group Ds3;,) and squarely arranged quadrumer (group D.;)
[255]. The linear combinations of individual nanoparticle plasmons can be used
to predict which modes have a dipole moment for a given polarization, resulting in
a significant simplification of the problem.

Breaking the symmetry of a nanoparticle trimer will introduce interesting
modifications to the plasmon coupling between the constituent nanoparticles.
Chuntonov and Haran [256] followed the evolution of LSPR spectra of plasmonic
trimers, assembled from equal-sized Ag nanoparticles, as gradual geometric alter-
ations break their structural symmetry. The spectral modes of an equilateral trian-
gle, the most symmetric structure of a trimer (Dj,,), are degenerate. This degeneracy
is lifted as the symmetry is lowered to C,, and eventually to D., as one of the
vertex angles is gradually opened. This symmetry breaking leads to a subtle
transition between bright and dark modes. The evolution of the plasmon modes
across different symmetry groups was monitored through the scattering spectra of
the symmetry-broken trimers, and the results can be well explained with the aid of
group correlation tables and plasmon hybridization theory.

As the cluster size further increases, the spectral line shape of the plasmonic
oligomers becomes increasingly more complicated due to the interaction and
hybridization of more multipolar plasmon modes within these nanostructures.
Highly asymmetric spectral line shapes due to pronounced Fano resonances have
been observed in lithographically fabricated or chemically self-assembled planar
symmetric plasmonic nanoparticle oligomers, such as quadrumers [257], pentamers
[258] and heptamers [259-262]. These Fano resonances observed in planar
plasmonic oligomers arise from interactions between a superradiant “bright”
mode and a subradiant “dark” mode in a nanostructure, and they are characterized
by a pronounced, asymmetric dip in the scattering spectra. As shown in Fig. 1.29,
a self-assembled Au nanoshell heptamer cluster (one nanoparticle in the center of
a six nanoparticle ring) on a planar substrate exhibits pronounced Fano resonance
line shape in their extinction spectrum [259]. This Fano resonance line shape has
also been observed in lithographically fabricated plasmonic heptamers by
Hentschel et al. [261, 262] who symmetrically studied the effects of interparticle
spacing and geometric arrangement on the frequency and line shape of the Fano
resonance of the heptamers. The Fano resonances observed in plasmonic oligomers
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Fig. 1.29 Fano-resonant behavior of a plasmonic nanoshell heptamer. (a) Calculated extinction
spectrum and charge density plots for a heptamer excited at normal incidence with a 0° orientation
angle. (b) TEM image and spectra of a heptamer at three different incident electric-field orienta-
tion angles. (¢) Calculated scattering spectra for a heptamer with a geometry matching that in (a),
for the three orientation angles in (b) (Reprinted with permission from Ref. [259]. Copyright 2010
American Association for the Advancement of Science)

have relatively narrow linewidth and high sensitivity to the surrounding medium
and thus are very attractive for LSPR sensing due to the great figure of merit (LSPR
shift/linewidth).

9.3 Infinite 1D and 2D Nanoparticle Arrays

Periodic 1D and 2D nanoparticle arrays with homogeneous nanoparticle sizes and
shapes as well as regular interparticle separations provided important geometries
for far-field and near-field plasmon coupling to occur over a macroscopic area
[263-268]. In nanoparticle arrays with the interparticle distance comparable to the
LSPR wavelength of the isolated nanoparticles, far-field diffractive plasmon cou-
pling leads to a spectral narrowing of the collective plasmon response [269, 270].
Hickes et al. investigated the line shape of an array of Ag nanoparticle chains and
observed that the long wavelength shoulder in scattering spectra significantly
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gained in intensity and narrowed spectrally for interparticle distances comparable to
the resonance wavelength of an isolated nanoparticle [270]. Sharp, coherently
coupled plasmon bands in 2D Ag nanoparticle arrays have also been observed by
Chumanoc and coworkers [271, 272]. Simulations using the coupled dipole approx-
imation have also shown that the bandwidth of the collective plasmon mode
induced by far-field diffractive coupling can be smaller than 1 nm, which is
important for applications such as LSPR sensing since the sensitivity improves
for narrower linewidths [273].

Near-field plasmon coupling in linear nanoparticle chains has attracted signifi-
cant attention because the plasmon modes are no longer localized on the individual
nanoparticles but can propagate along the chain axis, which makes it possible to
direct energy along a chain of nanoparticles [274-277] and allows for electromag-
netic energy transport in waveguide structures smaller than the diffraction limit of
the incident light [278-282]. It is very interesting to note that the characteristics of
bending light around corners or splitting it into two or more branches can be
achieved for nanoparticle arrays with complex geometries, such as T-shaped
structures. Many research groups found that an increasing redshifted longitudinal
plasmon resonance of the nanoparticle chains can be observed as increasing the
number of nanoparticles from a dimer to a periodic linear chain while keeping the
interparticle distance constant [283-285].

The synergistic optical properties of a 2D infinite nanoparticle array are sensi-
tively dependent on the interparticle spacing. Yang and coworkers developed
a Langmuir—Blodgett self-assembly approach for the fabrication of Ag nanoparticle
arrays with fine-controlled interparticle spacing [286—288]. They found that when
the interparticle spacing is relatively large with respect to individual particle size,
the arrays exhibit plasmonic responses that are similar to individual nanoparticles
due to lack of interparticle plasmon coupling. As the interparticle spacing gradually
decreases, the plasmon coupling between nanoparticles becomes progressively
stronger, giving rise to dramatic changes in the extinction spectral line shapes. As
the interparticle spacing further decreases to a regime where the nanoparticles are
almost touching, the optical properties become similar to those of
a macroscopically continuous metallic film.

Tiny but nonzero interparticle gaps in 2D nanoparticle arrays are critical for the
emergence of large local field enhancements in the interparticle junctions that are
exploitable for surface-enhanced spectroscopies as demonstrated by several groups
[289-293]. For example, Halas and coworkers developed a convenient and cost-
effective chemical self-assembly approach to highly ordered Au nanosphere arrays
with sub-10-nm interparticle spacing [291]. These sub-10-nm nanogaps between
adjacent nanoparticles have been proved to be very crucial for reproducible, large,
averaged SERS enhancements on the order of 10 for nonresonant molecules. 2D
arrays of metallic nanoshells have recently been found to possess ideal properties as
a substrate for combining SERS and surface-enhanced infrared absorption (SEIRA)
spectroscopies [294]. For sub-10-nm interparticle distances, the multipolar plasmon
resonances of individual nanoshells hybridize and form redshifted bands,
a relatively narrow band in the NIR originating from quadrupolar nanoshell
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resonances enhancing SERS and a very broad band in the mid-infrared (MIR)
arising from dipolar resonances enhancing SEIRA. The resulting nanoshell arrays
possess “hot spots” in the interparticle junctions that can enhance Raman scattering
by a factor of 10°-10” at near-infrared wavelengths and simultaneously provide
broadband mid-infrared hot spots that can enhance infrared absorption by a factor
of 10* on the same substrate [294]. Nordlander and coworkers [295] theoretically
studied the origin of the interesting optical properties of metal nanoshell arrays.
They systematically studied the evolution of optical properties from nanoshell
oligomers to infinite nanoshell 2D arrays as the number of nanoshells gradually
increases. They proposed that the large field enhancements in the MIR and at longer
wavelengths are due to the lightning-rod effects and are well described with an
electrostatic model.

10 Concluding Remarks

Over the past two decades, significant progress has been made on the controllable
fabrication of metallic nanoparticle in various geometries through both top-down
clean-room techniques and chemical bottom-up approaches. Tight control over
particle geometries enables one to fine-tune the plasmon-dominated optical prop-
erties of metal nanoparticles or nanoparticle assemblies over broad spectral ranges.
Classical electromagnetic theory and numerical electrodynamics simulations as
well as plasmon hybridization model provide a powerful theoretical platform
based on which the optical properties of nanostructures with almost arbitrary
structural complexity can be predicted and quantitatively analyzed. All these are
directly related to our capabilities to tackle grand challenges in energy conversion,
photonics, spectroscopies, and biomedicine.
(a) Plasmon-Enhanced Absorption in Photovoltaic Devices
Plasmon-enhanced light absorption in photovoltaic devices has shown signifi-
cant impact to advances in photovoltaics [296]. For solar cells, three distinct
mechanisms for enhancing light absorption could be utilized, which are (1) the
scattering from the metallic nanoparticles (far-field effect), (2) the near-field
enhancement associated with the localized surface plasmon resonance of the
nanoparticles, and (3) excitation of the propagating waveguide modes and
direct generation of charge carriers within the thin absorbing or semiconductor
layer [297-299]. Thin-film solar cells are currently widely used for low-cost
photovoltaics. However, most photovoltaic materials face a trade-off between
the necessary thickness for complete optical absorption and the requisite elec-
tronic quality for long minority carrier diffusion lengths [300]. The traditional
method for enhancing absorption in a solar cell is to employ front or back
surface texturing as a way of effective light trapping by increasing its path
length [301-303], but this micrometer-sized method is inappropriate for thin-
film solar cells because the total film thickness may be only a fraction of
a wavelength. On the contrary, the incorporation of plasmonic nanostructures
in photovoltaic devices has the potential to overcome this problem of light
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trapping due to the ability of surface plasmons to guide and confine light in
small volumes [304]. In addition, the feasibility of designing plasmonic
nanoparticles with high effective scattering cross sections and geometrically
tunable optical properties makes them the optimized candidates for photovol-
taic devices. Hence, plasmonic nanoparticles have great potential to revolu-
tionize the photovoltaic industry.

Optical Antennas for Photonic Applications

Optical antennas are devices that convert freely propagating optical radiation
into localized energy and vice versa. The control and manipulation of optical
fields at the nanometer scale can be achieved using metallic nanoparticles as
subwavelength antennas. From the first use of colloidal Au particles for local-
izing optical radiation on a simple surface proposed by Edward Synge in 1928
[305] to the subsequent experimental demonstrations followed by Dieter Pohl
and Ulrich Fischer in 1995 [306] and applications to near-field microscopy
[307], optical antennas have attracted tremendous attention. More importantly,
LSPRs make optical antennas particularly efficient at selected frequencies
[308-310]. Hence, metallic nanoparticles with geometrically tunable LSPRs
are very promising candidates for this specific application. With the develop-
ment of fabrication techniques, a wide range of applications including con-
trolled single-photon sources for quantum information, light harvesting, data
storage, nanoscale optical circuitry, and optical imaging beyond 10-nm resolu-
tion will emerge [311, 312].

Plasmon-Enhanced Spectroscopies

The quantitative understanding of structure—property relationship of various
metal nanoparticles provides critical insights into plasmon-enhanced spectros-
copies. The SERS enhancement effect is essentially a result of the creation of
plasmons that can transfer energy to the bound molecule through the associated
electric field [313-317]. The first discovery of SERS showed that it was
possible for a roughed noble metal surface to dramatically enhance the sensi-
tivity and intensity of Raman spectroscopy [318, 319]. The most inspiring
aspect is to consider the application of the marked enhancements afforded by
SERS to the more challenging goal of single-molecule detection in the biolog-
ical environment. The search for high-performance SERS substrates has been
directly related to our capabilities to engineer the optical properties of metal
nanostructures. As already demonstrated in nanoprism arrays fabricated by
nanosphere lithography [320] and chemically fabricated metallic nanoshells
[131, 132] strong correlation exists between the LSPR frequency of the sub-
strate, the wavelength of excitation laser, and the SERS enhancements achiev-
able on the nanoparticle surfaces. It is believed that as our capability of
optimizing the nanoparticle geometries keeps developing, achieving large
SERS enhancements at single-molecule sensitivity reproducibly will become
possible. Plasmon-enhanced fluorescence (PEF) is another intriguing phenom-
ena associated with plasmonic excitations. It has been known that fluorophore
quenching occurs in close proximity to metallic surfaces (typically<50 A)
[321], while interesting coupling between the fluorophore and the enhanced
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local electric field near the metal structure occurs at longer distances ranging
from 5 to 200 nm, resulting in fluorescence enhancements due to increase in
both absorption cross section and radiative decay rates. Correlating the
plasmonic responses and fluorescence enhancements at single-nanoparticle
level has provided crucial insights into how to use plasmonic nanoparticle to
optimize the fluorescence behavior of fluorophores that are widely used in
bioimaging [322, 323].
(d) Biomedical Imaging and Photothermal Therapy

Metal nanoparticles have widespread applications in biomedicine, such as
cancer cell diagnostics [324, 325], and therapeutics [135, 326, 327]. The
enhanced radiative properties of metallic nanoparticles derived from the large
surface electric fields when interacting with resonant electromagnetic radiation
make both the absorption and scattering cross section of orders of magnitude
stronger than those of organic molecules. Therefore, metallic nanoparticles can
act as exceptionally novel contrast agents for optical detections. The strongly
absorbed radiation can be converted efficiently into heat on a picosecond time
scale due to electron—photon and photon—photon processes, which is the
so-called process of photothermal therapy. This is a promising new medical
technology for cancer treatment and affords potential advantages of active
targeting at specific cancer site, low toxicity, minimal side effects, and high
efficacy.

In summary, this chapter provides a compelling and comprehensive story of
geometrically tunable optical properties of various metallic nanoparticles including
nanospheres, nanorods, nanoshells, nanoprisms, nanopolyhedrons, nanostars,
nanocages, and multi-nanoparticle assemblies. Developing quantitative under-
standing of the structure—property relationship of these experimentally realizable
metallic nanostructures with increasing structural complexity is directly related to
our capabilities to further fine-tune their optical properties to optimize a whole set
of important physical, chemical, and biomedical processes. Because of the highly
diverse nature, we firmly believe that this field will maintain a fast rate of growth
and innovation for many years to come. We predict the future of this field to be an
innovative and exciting one with great efforts and inspirations devoted by the
scientists and engineers from all over the world.
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Symmetric metal colloids, for example, nanospheres and nanoshells, are very
well-studied plasmonic nanostructures. Breaking the symmetry of originally sym-
metric nanostructures induces many interesting changes of optical properties and
local near-field distribution. In this chapter, we present the fabrication and optical

properties of symmetry-broken nanoshells, namely, semishells.
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2 Overview

Localized surface plasmon excitations in metal nanostructures have a strong impact
on light scattering, absorption, and local electric field intensities at the nanoscale.
Tweaking the nanoparticle shape, size, and material enables researchers to engineer
the resonance wavelength position, the nanoparticles’ local field enhancement, and
their scattering properties. Initially, most of the work focused on symmetric
nanoparticles such as nanoshells, consisting of a dielectric core and a thin metallic
shell, which exhibit highly tunable optical properties. Interestingly, by breaking the
symmetry of originally symmetric nanostructures, additional degrees of freedom
can be explored. One particular example of a highly investigated nanostructure is
so-called semishell (or nanocup or nanocap).

In recent years, a series of experimental and theoretical work on semishells have
been performed, related to a wide set of optical properties. Different fabrication
techniques have been introduced in order to address different sets of properties.
However, no comprehensive review that addresses all these aspects has been
published to the best of our knowledge. In this chapter, we will present an overview
on the fabrication and plasmonic optical properties of metallic semishells and the
related applications. First, we introduce the definition of the semishell and then
present why the semishells are so important and interesting for the investigation in
the plasmonic field. Second, a number of fabrication methods of semishells are
reviewed and compared by showing different advantages. The fabrication strategy
of semishells is important, since it determines the final structural geometry and
orientation, which leads to different applications. In the third section, we discuss
the optical properties of semishells with a symmetry-reduced geometry. Due to the
anisotropic geometry, metallic semishells exhibit quite distinct optical features com-
pared to nanoshells with respect to light scattering, absorption, and near-field infor-
mation. Furthermore, the optical properties of semishells can be tuned by controlling
the dimensions of semishells, for example, core size, shell thickness, height, shell
metals, and light polarization, which are discussed in the third section as well.
Additionally, we also discuss the potential applications of semishells in the surface-
enhanced Raman scattering and plasmonically enhanced solar cells. In the end,
various fabrication techniques of semishells are summarized and a future perspective
on the applications based on the semishells is given in terms of SERS and solar cells.

3 Introduction

Metal-based plasmonic nanostructures manipulate and concentrate light in
nanoscale regions that are much smaller than conventional optic components.
When such nanostructures are illuminated with light, a collective oscillation of
the quasi-free electrons called surface plasmon generates a strong optical reso-
nance, consequently producing enhanced near fields in deep-subwavelength scales
that enables applications, such as waveguides [1], biochemical sensors [2], and
surface-enhanced Raman scattering (SERS) spectroscopy [3]. Plasmon resonances
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Fig. 2.1 Schematic of a nanoshell and semishells (including nanocap, half-shell, and nanocup)

of nanostructures strongly depend on their geometries and can be tailored through-
out the visible and near-infrared (NIR) part of the spectrum with structures of
different shapes, such as nanoshells [4] nanocubes [5], and nanorings [2].

Metallic nanoshells (see Fig. 2.1), concentric nanoparticles (NPs) consisting of
a dielectric core (typically silica or polystyrene) and an ultrathin metallic shell, are
one of interesting plasmonic nanostructures with unique and geometrically tunable
optical resonances. Halas and coworkers are the first to prepare gold (Au)
nanoshells with plasmon resonances in the NIR region by seeded metallization of
colloidal silica particles [6]. The plasmon resonances of Au nanoshells can be tuned
from the visible to the NIR region by controlling the relative ratio of the core size
and shell thickness. The underlying reason lies beyond the classical electromag-
netic theory, where plasmons hybridize in the same manner as the individual atomic
wave functions in simple molecules [4]. Because nanoshells are able to absorb and
scatter light in the NIR region, where absorption of light by biological tissue
reaches a minimum, they are highly potential for in vivo biomedical imaging,
drug delivery, and localized cancer thermotherapy application. In addition to Au
nanoshells, the same preparation method has been applied to synthesize silver
(Ag) [7] and copper (Cu) nanoshells [8].

Although Au and Ag have a highly symmetric, face-centered cubic crystal
structure, some two-dimensional nanostructures with an asymmetric shape, for
example, split-ring resonators (SRRs) [9] and nanocrescents [10], have been fabri-
cated and have shown very novel optical properties and applications. They both
have an incomplete ring shape geometry. Split-ring resonators are one of the most
common elements used to fabricate metamaterials. Due to splits in the rings, the
structure can support resonant wavelengths much larger than the diameter of the
rings. This would not happen in closed rings. They mainly can excite magnetic
dipoles directly. Split-ring resonators are widely used for research in negative index
metamaterials, terahertz metamaterials, and plasmonic antennas. Due to the sym-
metry-broken geometry, nanocrescents show a larger refractive index sensitivity
and a broader tunable range of localized surface plasmon resonance compared to
the nanorings. Au nanocrescents are very useful for localized surface plasmon
resonance sensing and surface-enhanced Raman scattering spectroscopy. Due to
an analogous geometry, apparently, one may ask what the optical change is if we
break the symmetry of the three-dimensional structure: nanoshells. We will answer
this question in the following text.
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The term semishell refers to an incomplete nanoshell and is a general denomi-
nation in contrast to the nanoshell (Fig. 2.1). Semishells (7/R/H) can be described by
their inner radius (r), outer radius (R), and height (H). By varying H, semishell
family members may include nanocaps (H < R), half-shells (H = R), and nanocups
(R < H < 2R) (see Fig. 2.1). Semishells are a sort of three-dimensional symmetry-
broken structure. Semishells exhibit quite distinct optical features in contrast to
nanoshells, for example, a more pronounced red shift of LSPR bands by tuning the
aspect ratio, a larger tuning range of optical properties, increased optical absorption
at higher wavelengths, and more enhanced local electric fields. In addition, reduced
symmetry results in two very different plasmon modes (electric and magnetic
dipolar modes) of Au semishells when light is transversely or axially polarized.
More interestingly, the magnetic mode exhibits a unique light-bending property.
These new properties are potentially useful for a wide range of applications
including biosensors, biological imaging, waveguide, and solar cells.

4 Experimental Methodology: Fabrication of Metallic
Semishells

The fabrication of metallic semishells is typically analogous to that of nanoshells, in
which a metal layer is chemically or physically deposited onto a template of
a dielectric core in a controllable way. To date, there are a number of different
techniques reported to prepare semishells. In general, they may be classified into
two approaches: dry etching and template deposition.

4.1 Dry Etching

It is obvious that the semishells can be prepared by transforming the morphology
from the nanoshells. Using some dry-etching methods, such as ion milling
and electron beam etching, one can systematically remove a part of the full shell
in a highly controlled way and consequently form a symmetry-broken semishell.
A versatile procedure using ion milling to fabricate Au semishells has been
reported recently (see Fig. 2.2a) [11]. Au nanoshells were first synthesized by a wet-
chemistry plating method from SiO, core templates (r) and immobilized in
a submonolayer onto a 3-mercaptopropyltrimethoxysilane or poly(vinylpyridine)-
coated substrate. The etching process was implemented over the whole substrate in
an ion miller system for a number of seconds. Ion milling is a process in which an
energetic ion beam of Xe ions is used to bombard the sample surface, thereby
physically etching away the sample material. The etching rate is material depen-
dent, and furthermore, its intrinsic working principle makes it a very directional-
etching method. For a constant intensity beam of ions, the etching depth is
controlled by the ion-milling time. Figure 2.2b shows TEM and SEM images of
Au semishells with different sizes, clearly indicating the nanoapertures created
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Fig. 2.2 (a) Schematic of the fabrication procedure for Au semishells via ion-milling technique
[11] (b) TEM and SEM images of Au semishells with different sizes [11]. (¢) SEM images of
hollow Au nanobowls (fop) and Au particle-in-nanobowl structures [12] (Reprinted with kind
permission from Refs. [11, 12])

during the etching process. It is important to note that ion milling is a facile, fast,
clean, and easily controllable technique. This technique is also applicable to etch
away other metals, for example, Ag, Ni, Cu, and Ti. This method allows us to
precisely control the reduced symmetric geometry, the upward orientation
(“upward facing”) of the created semishells. These features are rather favorable
to the application of SERS. Furthermore, a vapor HF etching process is applicable
to remove the SiO, core to produce hollow semishells, also call nanobowls (see
Fig. 2.2¢). Since vapor HF only reacts with SiO, and keeps Au material intact, this
method provides a further possibility to prepare more complex structures such as
Au particle-in-nanobowl (see Fig. 2.2c). Due to an extremely high near-field
enhancement [13] this particle-in-nanobowl cavity structure may act as a suitable
single-plasmonic-nanostructure platform for the study of plasmon hybridization,
optical trapping, and SERS-based biosensing.

In addition, semishells can be prepared by using an electron beam-induced
ablation process (see Fig. 2.3) [14]. Typically, this ablation process can be
implemented using environmental scanning electron microscopy (ESEM). ESEM
allows scanning electron microscopy to be performed on nonconductive samples
through the introduction of H,O vapor into the vacuum ESEM environment to
stabilize surface charging. The electron beam continuously scans a small area
(~500 nm?) of the sample, allowing for simultaneous ablation and monitoring of
the ablation process. A possible mechanism for this process is that the incident
electron beam induces a net negative charge on the nanoparticle surface, which then
attracts the positively charged H,O ions to the nanoparticle, resulting in the
sputtering of material from the nanoparticle.

Ion milling and electron beam-induced ablation are two similar directional-
etching techniques. However, the former can create a great number of semishells
spontaneously over a large area, and the latter is more suitable for local and
controllable fabrication of single semishells.
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Fig. 2.3 (a) Schematic of the electron beam-induced ablation process for fabricating single Au
semishells. (b) A selected representative sequence from 70 video frames imaging the transition
between the initial nanoshell (upper left frame) and the final nanocup (lower right frame)
(Reprinted with kind permission from Ref. [14])
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4.2 Template Deposition

Semishells can be prepared directly by the metal deposition via evaporation or
sputtering onto an ordered array of template cores such as silica or polystyrene (PS)
on the substrate and then be separated off from the substrate by sonication (see
Fig. 2.4a) [15]. Due to the shadow effect, an incomplete metallic shell can be
formed on the template core to produce the asymmetric semishells. A wet-
chemistry etching process, typically using HF for silica and toluene for polystyrene,
may be further applied to remove the cores (see Fig. 2.4b—e). This method allows
forming semishells consisting of different metals, like Au, platinum (Pt), and
palladium (Pd) (see Fig. 2.4b—e). Although this method is rather simple, it can
only obtain semishells with arbitrary orientations, which limits the investigation of
optical properties and applications of the semishells. A simple way to achieve
uniform orientation of semishells is to maintain the formed semishells on the
substrate without sonication. Evaporation at normal incidence gives an ordered
array of interconnected Au semishells (Fig. 2.4f) [18-20]. A less symmetric kind of
semishells can be prepared by evaporation at an acute angle (Fig. 2.4g) [20]. The
surface morphology of the metal deposited depends on the metal grain size and the
conditions of the deposition (see Fig. 2.4f and h). Recently, a new method called
orientation-preserving transfer has been reported to transfer the Au semishells from
their growth substrate to an application substrate, chosen so that the orientation of
semishells is preserved [21]. The new transfer method mainly includes the lifting of
semishells via an elastomer film by Van der Waals force and the covalent binding
between the semishells and the receiver substrate. This technique offers
a possibility to study the optical properties of the semishells at the individual
nanoparticle level (see Fig. 2.41).

The semishells obtained via the deposition of continuous metal films on contig-
uous polystyrene (PS) arrays are to some extent difficult and complex systems to
analyze the plasmonic properties of individual semishells since both delocalized
Bragg plasmons and localized Mie plasmons are involved [19]. Moreover, direct
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Fig. 2.4 (a) Schematic of the fabricating Au semishells via template deposition and (b—e) the
corresponding SEM images of obtained different metallic semishells (b, e: Au, ¢: Pd, and d: Pt).
SEM images of Au semishells deposited (f) at normal incident and (g) at an acute angle via thermal
evaporation, showing a rough surface. (h) SEM image of Ag semishells via sputtering showing
a smooth surface. (i) Separated Au semishells fabricated by orientation-preserving transfer method
(Reprinted with kind permission from Refs. [15-21].

metal deposition on PS arrays also creates extra metallic truncated tetrahedral
nanoparticles on the substrate [22-24], which give their own optical responses
and complicate the accurate analysis of the plasmonic response from the individual
semishells. Therefore, a new type of fabrication method has recently been reported
for the semishells consisting of a polystyrene (PS) core and an arbitrary metal shell,
embedded in a poly(dimethylsiloxane) (PDMS) polymer film (see Fig. 2.5)
[25-27]. The structure of metallic semishells in PDMS is an interesting platform
to investigate the plasmonic properties of individual semishells due to the absence
of semishell aggregation, a tunable composition and thickness of the metal layer,
and a well-controlled orientation of the semishells. The fabrication is based on
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Fig. 2.5 (a) Schematic for fabricating metallic semishells in a polymer film and the
corresponding SEM images in step 2 (top) and 4 (bottom) (Reprinted with kind permission from
ref [25])

metal sputtering on a submonolayer of PS particles on the substrate, followed by
a curing and peeling of a casted PDMS film on the metallic nanostructures. SEM
images in Fig. 2.5 (top right) show that 100-nm-sized PS particles are uniformly
distributed and isolated from each other. All PS particles are entirely covered by
a continuous 30-nm-thick Au film except the parts that contact the substrate. This
local discontinuity of the Au film makes it possible to separate the Au layer on the
PS particles from the interparticle Au layer by the peeling process. The obtained Au
semishells embedded in a PDMS matrix are shown in Fig. 2.5 (bottom right) from
the side of the shell’s apertures. A closer examination shows a 40—50-nm-sized
nanoaperture on the top of each semishell, and all semishells are isolated from each
other with a distance of 50—100 nm. Notably, the preparation method is suitable for
noble metals such as Au and Ag but also for less commonly used plasmonic metals
like Cu, Al, and Pt and may be applied to fabricate more complex symmetry-broken
nanostructures consisting of multilayer shells with a varying composition. The
PDMS matrix also reduces the oxidation of some metals, such as Ag, Cu, and Al,
which provides more accurate optical measurement. By means of a slightly more
elaborate procedure, bimetallic semishells can be prepared via selective hemisphere
modification [28]. Secondary metal deposition on partially metal-free semishells
embedded in a polystyrene film and dissolution in an organic solvent (to remove the
polystyrene film) allows generating asymmetric core-shell bimetallic semishells.

Semishells can also be prepared by deposition of metals via chemical and
electrochemical plating on the template cores [29, 30]. The former combines
template nanoparticle deposition onto a substrate that provides a site for partial
chemical passivation of the template surface, followed by subsequent nanoshell
nucleation and deposition chemistry to selectively coat a specific section of the
template surface with metal. One of advantages of this synthetic strategy is that it
allows the preparation of semishells at arbitrary substrate. However, a conductive
substrate is needed for the electrochemical plating method.
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5 Key Research Findings
5.1 Optical Properties of Metallic Semishells

5.1.1 Symmetry-Reduced Effect

The optical properties of the Au semishells and the difference between the
semishells and full nanoshells were assessed by full-vectorial, three-dimensional
finite difference time domain (FDTD) calculations and spectrally resolved UV-Vis
absorbance measurements. Figure 2.6a compares the calculated extinction spectra
(top) and the experimental spectra (bottom) for two different sizes of Au nanoshells
and semishells. The calculated and experimental spectra show a reasonable agree-
ment and indicate an interesting trend: removing the top of the nanoshell results in
ared shift of the plasmon resonance. This is corroborated by Fig. 2.6b, which shows
the simulated dependence of the dipolar plasmon resonance peak on the aspect ratio
R/(R-r) for both nanoshells and semishells. The red shift of the resonance position is
consistent and becomes more pronounced as the aspect ratio increases.

FDTD calculations not only provide the optical spectra of semishells but also
offer us their electric near-field distribution. Figure 2.6¢ shows the electric field
profiles of the dipolar (I and /IT) and quadrupolar (/] and /V) plasmon modes of a Au
nanoshell and a Au semishell. For a large nanoshell (sample c), it exhibits a dipolar
(I) and quadrupolar (/) mode. After breaking the symmetry, the resonance (/1) still
has a dipolar character but is dominated by the local charge buildup at the edges of
the semishell (see Fig. 2.6¢c III). The charge buildup is accompanied by a strong
enhancement of the local electric field as compared with the local enhancement of
the nanoshell. This aspect provides interesting prospects for SERS application
where signals depend strongly on the local electric field enhancement.

We also note that the biggest discrepancy between the experimental and simu-
lated spectra exists in the relative ratio of the intensity between the dipolar plasmon
mode and the quadrupolar mode of the Au nanoshell (sample c). This can be
explained by the reports of Khlebtsov et al. [31] and Le et al. [32] where the dipolar
resonance can be suppressed and the quadrupolar resonance is enhanced due to the
strong interaction of dipolar plasmon resonances if some dimer, trimer, or high-
ordered clusters of the nanoshells exist. Indeed, that is the case in our Au nanoshell
monolayer structures in which ~60 % coverage will induce many nanoshell
clusters. However, we do not observe the suppressed dipolar phenomenon in Au
semishell monolayer structures probably because the dipolar resonance is domi-
nated by the local charge buildup at the nanoaperture. The locality of the excited
mode, hence, makes the resonance of the semishells more robust toward changes in
local packing density. The other discrepancies are most likely attributable to the
polydisperse size and inherent rough shell surface of Au semishells [33].

Plasmonic hybridization theory is an effective tool to understand, design, and
predict optical properties of metallic nanostructures [4, 34, 35]. Plasmonic proper-
ties of Au nanoshells have been explained by using the plasmon hybridization
between the outer shell surface and the inner shell surface [36]. The symmetry
breaking induced spectral changes of the Au semishells can also be explained in the
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Fig. 2.6 (a) Finite difference time domain (FDTD)-simulated (fop) and experimental optical
spectra of Au nanoshells (a, ¢) and semishells (b, d). Horizontally polarized incident light
illuminates the particle from the top. (b) Simulated dipolar plasmon resonance peaks of Au
nanoshells and semishells as a function of aspect ratio: R/(R-r). (c¢) Electric field distribution of
a Au nanoshell at resonance / and // and a Au semishell at resonance of /// and /V (Reprinted with
kind permission from Ref. [11])

framework of the plasmon hybridization model. Figure 2.7 shows the plasmon
hybridization diagram for a hollow semishell (also called nanobowl). The symme-
try-broken geometry allows the dipolar plasmons of nanoholes to interact with the
dipolar and quadrupolar plasmons of nanoshells. Each interaction leads to
a splitting with a low-energy “bonding” mode and a high-energy “antibonding”
mode. Due to the limit of broken geometry, the hybridization between two dipolar
modes is stronger than that between the quadrupolar mode and the dipolar mode,
resulting in a greater energy splitting. The calculated surface charge distribution
diagrams for the dipolar and quadrupolar resonance modes of nanoshells (see
Fig. 2.7) before and after hybridization confirm that the plasmons on the outer
and inner surfaces of the semishells have been redistributed by following the
plasmon hybridization model. The red shift of the dipolar mode (I — Il in
Fig. 2.6a) can be attributed to the hybridization of the dipolar mode of the full
nanoshell with the dipolar mode of the nanohole, and the red shift of the
quadrupolar mode (/I — IV in Fig. 2.6a) can be attributed to the hybridization of
the quadrupolar mode of the full nanoshell with the dipolar mode of the nanohole.
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5.1.2 Height-Dependent Optical Properties

Ion-milling etching technique allows us to fabricate Au semishells with different
fractional height (H/2R) by tuning the ion milling-time. This offers us the capability
to precisely control the reduced symmetric geometry of Au semishells to obtain the
aforementioned nanocups, half-shells, and nanocaps, respectively. Therefore, we
can systematically investigate the fractional height (H/2R)-dependent optical prop-
erties of Au semishells. Figure 2.8a shows the theoretical calculations of the
fractional height dependence on the optical properties of the Au semishells with
an aspect ratio (R/(R-r)) = 8.7. A number of interesting results are found when the
fractional height is changed. First, the dipolar plasmon mode (~870 nm) of
nanoshells shifts to a higher wavelength in an earlier stage for 1 > H/2R > 0.625
and shifts back to a lower wavelength, afterward, for 0.625 > H/2R > 0, generating
a “hyperbola-like” trend when H/2R was decreased (from top to bottom in
Fig. 2.8a). The maximum red shift from 870 to 1,080 nm occurs when H/2R is
0.625. Second, the quadrupolar plasmon band (~670 nm) of nanoshells generally
blue shifts and attenuates gradually (1 > H/2R > 0.5) and completely disappears
when H/2R is less than 0.5.

The red shift of the dipolar mode for 1 > H/2R > 0.625 can be attributed to the
hybridization of the dipolar resonance of the nanohole. The blue shift of the dipolar
mode (0.625 > H/2R > 0) can be ascribed to a geometrical transition to nanocups,
leading to a higher concentration of electromagnetic field lines inside of the metal
[37]. The quadrupolar resonances also strongly couple to the dipolar mode of the
nanohole, leading to a red shift for small apertures. As the aperture increases, the
cavity length of the quadrupolar excitations shrinks, leading to a blue shift and
attenuation [38]. Figure 2.8b displays the experimental fractional height-dependent
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Fig. 2.8 (a) Simulated and (b, ¢) experimental fractional height (H/2R)-dependent optical
properties of Au semishells with different aspect ratio (R/(R-r)). The experimental height (H) of
the semishells is controlled by the ion-milling time from 0 to 120 s and measured by SEM images
(Horizontally polarized incident light illuminates the particle from the top. Reprinted with kind
permission from Ref. [11])
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Fig. 2.9 (a) Simulated and experimental relationship between the fractional height (H/2R) and
dipolar plasmon mode wavelength of Au semishells with different aspect ratios (R/(R-r))
(Reprinted with kind permission from Ref. [11])

optical properties of Au semishells with an aspect ratio of 7.6. The experimental
height of the semishells is controlled by the ion-milling time from O to 140 s and
visualized by SEM images. Although it is rather difficult to etch away the bottom
part of Au shells due to the intrinsic directional character of the ion-milling
technique, the experimental results reasonably fit the calculated results, showing
a similar dipolar hyperbola shift trend and quadrupolar attenuation. For Au
semishells with a smaller aspect ratio of 2.5, only a dipolar hyperbola shift was
observed (Fig. 2.8c¢).

In the preceding text, we have demonstrated that both the aspect ratio (R/(R-r))
and fractional height ((H/2R) play important roles in tuning the optical properties of
Au semishells. All calculated and experimental results about the plasmon resonance
wavelength of Au semishells with different aspect ratios and fractional heights are
summarized in Fig. 2.9. The calculation show that the dipolar plasmon modes of the
Au semishells display a hyperbola shift with a decrease of the fractional height for
all kinds of aspect ratio (2.5—24), and the “eccentricity” of the hyperbola becomes
smaller when the aspect ratio increases. It also means that the dipolar modes shift
in a broader wavelength range when the aspect ratio increases. No matter how
the aspect ratio changes, the dipolar plasmon modes always shift a red shift for
1 > H/2R > 0.625 (region 1) and a blue shift for 0.625 > H/2R > 0 (region 2).
Obviously, 0.625 is the inflection point in the full plasmon mode shifting curve.
Two experimental results with aspect ratio of 2.5 and 7.6 reasonably fit the
corresponding calculations. The discrepancies are mainly caused by the polydis-
perse size, surface roughness of the semishell, and the difficulties of the fractional
height measurement. It is very important and useful to obtain the panorama of the
optical properties possible with Au semishells with respect to the design and
optimization of the particles’ fabrication.
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Fig. 2.10 Experimental (top) and calculated (bottom) extinction spectra of (a) Ag, (b) Au, (¢) Cu,
and (d) Al semishells with various shell thickness (red: 10 nm, blue: 20 nm, and black: 30 nm) in
a PDMS film. The insets are the corresponding photographs (fop) and schematics (bottom) of the
metallic semishells. The green-shaded areas indicate the wavelength regions where interband
transitions of the metals occur (Reprinted with kind permission from Ref. [25])

5.1.3 Shell Composition-Dependent Optical Properties

The metallic semishells in PDMS provide a favorable platform to investigate
the plasmonic properties of nonaggregated semishells from different metals.
Figure 2.10 compares the experimental and calculated extinction spectra of Ag,
Au, Cu, and Al semishells with different shell thicknesses. Different plasmonic
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behaviors are observed for the different semishells. For the Ag semishells
(Fig. 2.10a), the experimental extinction spectra always show multiple LSPR
bands, for instance, at 793, 650, and 349 nm for 10-nm-thick Ag semishells and
at 639, 462, 412, and 341 nm for 30-nm-thick Ag semishells. The resonance bands
at 793, 650, 639, 462, and 412 nm are assigned to the dipolar, quadrupolar, and even
octupolar resonances of Ag semishells, which is consistent with previous reports
[19, 20]. However, there are few reports and discussions about the resonance bands
near the UV region, such as 349 nm for 10-nm Ag semishells and 341 nm for 30-nm
Ag semishells, which are possibly attributed to higher-order modes or the dipole
antibonding mode. We will return to this later on. For both the Au semishells of
10 and 30 nm in shell thickness, only two bands in the visible or NIR range are
detected experimentally, and there is no plasmonic band near the UV range
(Fig. 2.10b). The bands in the NIR and the visible range correspond to the dipolar
and quadrupolar resonances of the Au semishells, respectively [11, 12]. For the Cu
semishells with different thicknesses, the dipolar resonance is observed, while the
quadrupolar resonance is dramatically damped and exhibits a rather weak spectral
shoulder (Fig. 2.10c).

FDTD calculations are performed for individual 100-nm inner diameter
semishells of different metals partially embedded in a PDMS matrix. Because the
distance between the semishells in the samples is large enough to ignore the
interparticle interaction, the calculation of individual semishells is a valid assump-
tion. All calculated extinction spectra qualitatively reproduce the experimental
spectra with respect to the number, position, and relative intensity of the resonance
bands for the semishells of Ag, Au, and Cu with two different thicknesses
(Fig. 2.10a—). Some global features are apparent: (1) decreasing the shell thickness
results in a pronounced red shift of the plasmon bands and (2) the number of
plasmon bands is different for Ag, Au, and Cu semishells of the same size. The
former phenomenon is possibly explained by the plasmon hybridization theory,
where the thinner shell thickness leads to a stronger plasmon interaction between
the inner and outer shell surface and consequently a lower-energy level of the
resonance band. The latter reduction of the number of plasmon bands can be
understood by the fact that the electronic interband transitions occur at different
energy regions for Ag, Au, and Cu. The spectral regions in Fig. 2.4a—c, where
interband transitions occur, are shaded in green [8, 39] The electronic transitions
from the energetically deeper valence band into the conduction band form a steep
absorption edge starting at the threshold frequency, above which all plasmon
resonances are dramatically damped. This threshold energy for Ag is at ~3.8 eV
(~326 nm), resulting in a minimal damping of plasmon resonances at short
wavelengths. Au has a lower-energy onset of the interband transitions at ~2.5 eV
(~500 nm), thus we may still observe the quadrupolar and dipolar modes of the Au
semishells of 10- and 30-nm shell thickness. The interband transition in Cu at even
lower energy of ~2.1 eV (~590 nm) results in an apparent damping of the
quadrupolar mode of the Cu semishells. We have also found that the experimental
plasmon bands are broadened compared to calculations for decreasing thickness of
the shell. This can possibly be attributed to two effects: (1) an inhomogeneous or
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a porous metal shell formed on the PS core during the sputtering of 10-nm-thick
metal layers [40] and (2) a different extent of the oxidation of the metal. In an
ensemble optical measurement, small structural differences may lead to
a significantly broadened spectrum. Slight oxidation may also induce a dramatic
change of the optical properties of Ag semishells, which explains the extremely
broad spectrum of 10-nm Ag semishells compared to the other metals.

Unlike Ag, Au, and Cu, Al has a moderately strong interband transition in
a narrow energy range of ~1.4(~890 nm) — 1.6 eV(~775 nm) [41], below and
above which the interband activity is weak and Al behaves like a Drude metal.
Figure 2.10d shows the experimental and calculated extinction spectra of Al
semishells with 20-nm shell thickness. We can see a strong dipolar plasmon band
at ~550 nm in both spectra, which are at the higher-energy side of and not damped by
the interband transition of Al. An additional feature of a spectral shoulder at ~870 nm
is clearly observed, which is located within the interband transition range of Al. This
feature has also been reported previously by Langhammer et al. for Al nanodisks [42]
It is not clear at present why we do not observe the quadrupolar mode (~360 nm) of
the Al semishell in the experimental spectrum, (Fig. 2.10d) and further study is
underway. An overview of all spectra of Ag, Au, Cu, and Al semishells tells us
that the interband transitions of the metal can occur at the higher (e.g., Ag, Au, and
Cu) or lower-energy side of the dipolar plasmon band (e.g., Al), leading to remark-
ably different plasmonic mode damping behaviors of metallic semishells.

A large discrepancy among the extinction spectra of Ag, Au, and Cu semishells
is the presence of the resonance band at 340-350 nm for Ag semishells while absent
for Au and Cu. To further understand the plasmonic modes of Ag semishells,
a comparison of calculated extinction spectra of 10-nm-thick Ag nanoshells and
Ag semishells and their corresponding electromagnetic field and charge distribution
profiles are shown in Fig. 2.11. Figure 2.11a displays three pronounced plasmon
resonance bands of Ag nanoshells at 770, 575, and 332 nm. The former two bands
are attributed to the dipolar and quadrupolar modes, which are confirmed by the
electric field and surface charge profiles at 770 nm (Fig. 2.11b) and 575 nm
(Fig. 2.11c). The field enhancement inside the metal of the Ag shell and the absence
of the enhancement on the inner and outer surface of the shell (see Fig. 2.11d)
indicate an asymmetric distribution of the charges on the inner and outer surface,
namely, an antibonding-like mode for the plasmon band at 332 nm [35]. Although
the surface charge profile in Fig. 2.11d indicates the presence of multipolar modes
as well, the antibonding mode dominates. It is easily understood that a multipolar
mode is involved at a short wavelength since the diameter of the Ag semishell is
close to half of the light wavelength at 332 nm. We therefore conclude that the
resonance band at 332 nm is a mixture of a multipolar with the antibonding mode of
the Ag semishell. Figure 2.11e shows an extinction spectrum of a 10-nm-thick Ag
semishell with red-shifted dipolar and quadrupolar plasmon bands at 843 and
615 nm, respectively. These two modes are further elucidated by the electric field
and surface charge profiles in Fig. 2.11f and g, respectively. The red shift of the
dipolar and quadrupolar bands can be explained by the plasmon hybridization of the
nanoshell and the nanoaperture, resulting in a lower-energy mode at a longer
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Fig. 2.11 Calculated extinction spectra of a 10-nm-thick (a) Ag nanoshell and (e) Ag semishell in
a PDMS film. Their corresponding electric field (loglEI?) distribution profiles (fop) and surface
charge distribution (bottom) from horizontal cuts at the center of a Ag nanoshell at three on-
resonance excitation wavelengths of (b) 770, (c) 575, and (d) 332 nm and a Ag semishell at three
on-resonance excitation wavelengths of (f) 843, (g) 615, and (h) 332 nm are shown on the right
(Reprinted with kind permission from Ref. [25])

wavelength. Additionally, a strong localized field enhancement at the top edges of
the Ag semishell is observed compared to the Ag nanoshell at two on-resonance
wavelengths. It is interesting to find that the plasmon band of the semishell at
332 nm remains at the same position as the Ag nanoshell (Fig. 2.11e). Removal of
a small part on the top of the Ag nanoshell only affects the multipolar resonance and
has almost no influence on the dominant antibonding mode, consequently resulting
in no change of the position of the band. This is confirmed by the electric field and
surface charge profile in Fig. 2.11h as well.

5.1.4 Polarization-Dependent Optical Properties and Light Bending

Symmetric nanoshells have one principal dipolar plasmon mode, of which the
orientation of the electric dipole moment is solely controlled by the incident
direction and polarization of light. In contrast, the symmetry-reduced geometry of
the semishells generates two types of orthogonal dipole plasmon modes when the
incident light is transversely or axially polarized [14, 19, 20, 43]. Figure 2.12a
shows the calculated extinction spectra of a hollow Au semishell for two different
polarizations. When light is transversely polarized, opposite charges accumulate on
the edges of the semishell, forming a current loop or a magnetic plasmon mode
(1) [21, 26, 43]. Under the same polarization, a higher-ordered mode, for example,
quadrupolar mode (2) may be excited. By contrast, in the case of axial polarization,
the electrons oscillate directly from the top to the bottom of the semishell, forming
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Fig. 2.12 (a) Calculated polarization-dependent optical properties of a hollow Au semishell
(135/150/225) for transverse polarization (red) and axial polarization (blue). Surface charge
distributions at the resonance modes i, ii, and iii are plotted on the right. (b) Schematic diagram
of the dark-field scattering measurement of individual semishell with mixed excitation of
the magnetic dipole mode and the electric dipole mode (Reprinted with kind permission from
Ref. [21])

an electric dipole mode (3). The electrons oscillate in a shorter distance for the axial
polarization and correspondingly at a higher frequency.

When light is polarized at an oblique angle, both the electric and magnetic
modes can be simultaneously excited. However, these two modes have been
shown to possess distinct light-scattering characteristics [21, 26]. The magnetic
mode exhibits a unique light-bending property where incoming light from a broad
cone of input angles is preferentially scattered in a direction normal to the semishell
rim. In Fig. 2.12b, a semishell oriented at & = 0° is illuminated by light with
incident k vector at o = 50° and B = 55°. The simulated “donut-shaped” scattering
profile of the electric dipolar mode remains in the same plane as the illumination
k vector, but the magnetic dipole plasmon mode is redirected by the semishell
orientation (normal to the rim). Dark-field scattering measurements of single
semishells confirm the differences in light scattering between the electric and
magnetic dipolar modes. This new “light-bending” property is of particular interest
for the solar cell application, where light may coupled from free space into planar
structures. For instance, collection of diffuse light, for example, thin film photo-
voltaic devices or thin film devices that convert light into fuel solar cells may be
enhanced significantly due to the integration of Au semishells.

5.2 Surface-Enhanced Raman Scattering on Semishells
5.2.1 SERS-Based Molecular Detection

Raman scattering from molecules adsorbed on metal nanostructures is strongly
enhanced due to the excitation of the local electromagnetic field. This gives rise
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Fig. 2.13 (a) SERS spectra of different concentrations of R6G molecules adsorbed on a single Au
semishell. (b) Simulated electric field distribution for the upward (top) and downward (down) Au
semishell array (Reprinted with kind permission from Refs. [16] and [46])

to the well-known SERS, one of the best methods for label-free biomolecular
detection and imaging. Due to the large electric field enhancement at the
aperture edge, symmetry-reduced Au semishells have been proposed and
demonstrated for SERS applications in ultrasensitive biomolecular detection
[16, 44-46].

Lu et al. have presented Au semishells with a sub-10-nm sharp edge, which can
enhance local electric field up to ~10*°, consequently a maximum Raman enhance-
ment factor up to 10" based on the numerical simulations [16]. The semishells used
in that work were prepared by template evaporation method described in Sect. 4.2
and then be collected and redispersed on the substrate. The Raman scattering
spectrum of Rhodamine 6G adsorbed on the single Au semishell has indicated
a Raman enhancement factor larger than 1010, which enables a detection of 1 pM
R6G molecules (see Fig. 2.13a). However, this measurement is inconvenient in the
SERS application from a practical point of view because of the uncontrollable or
downward orientation of the semishells, which limits the molecular binding to the
enhanced electromagnetic field regions. The Raman enhancement factors also
differ from place to place on a substrate due to the random orientation of the
semishells. In contrast to the above work, the fabrication methods based on the
dry etching, such as ion milling and electron beam-induced ablation, are effective
strategies to build stable, controllable, and predictable SERS substrates. Especially,
ion milling can create semishells over a large area on the substrate, which will have
a much better reproducibility of the SERS signals.

Au semishell arrays have also been utilized for the SERS-based molecular
detection [45, 46]. It was observed that the Raman signal enhancement shows an
obvious difference when reversing the orientations of the hollow Au semishell array
in relation to the underlying dielectric substrate. The enhancement on an upward Au
semishell array can be five-fold compared to that on a downward one, which can be
explained by the fact that a strong localized cavity mode inside the hollow Au
semishell is excited for the upward-orientated semishells (Fig. 2.13b) [46].
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5.2.2 Location-Dependent SERS

The spatial localization of the electric field (IEl) enhancement gives rise to a stronger
spatial localization of SERS intensity, which is roughly proportional to IEI*. The
investigation of the spatial inhomogeneity of SERS is of high importance for the
theoretical interpretation and practical manipulation of single molecular detection.
However, due to the diffraction limit of the excitation light, direct SERS measure-
ment remains difficult as a scale of less than 100 nm. Although tip-enhanced Raman
spectroscopy has achieved less than 30-nm spatial resolution on a flat surface, the
fabrication of an extremely fine tip is challenging and, the measurement on 3D
structures (e.g., nanocavities and nanogaps) is not straightforward.

Recently, a novel technique has been reported to examine, at the individual
nanoparticle level, the spatial inhomogeneity of the SERS performance on
a symmetry-reduced semishell. This is accomplished by using electron beam-
induced deposition (EBID) method that allows us to precisely deposit a ~30-nm
amorphous carbon nanoparticle (CNP) as a Raman reporter at different locations on
individual Au semishell. The EBID of CNPs was performed in a custom-made
device, where the liquid hexadecane was used as the precursor and a silicon-
on-insulator wafer with nanochannels on freestanding membranes was used as the
valve [47]. The EBID method renders us a rapid deposition of CNPs with tunable
sizes in a highly controlled manner. Raman spectra were obtained when the position
of the CNP was varied.

Figure 2.14a and b show a schematic geometry and TEM image of a Au
semishell with a 87 £ 10-nm inner diameter (D) and a 30 4= 6-nm shell thickness
(T), fabricated by ion-milling technique. Reshaping the geometry induces a charge
accumulation at the edge of a semishell and a consequent spatial localization of the
enhanced electric field. Two different positions (the edge, position I, and the center
of the aperture, position II) on the top of a semishell are indicated in Fig. 2.14a—c.
Because position I contains the enhanced electric field region while position II is on
the surface of the dielectric SiO, core of the Au semishell, a 10°-10* difference of
SERS intensities between two positions is expected based on our numerical FDTD
simulation (see Fig. 2.14c). To demonstrate this obvious spatial inhomogeneity of
SERS on a single Au semishell, a ~30-nm CNP was placed by EBID on position
I and II of a semishell (indicated by the blue circles in the top and middle of
Fig. 2.14d), respectively. The corresponding SERS spectra of the CNP excited by
a 633-nm laser reveals a broad Raman band at 1100-1,700 cm™" for position I but
no evident Raman band in the same range for position II (Fig. 2.14¢e). The broad
Raman band on position I is a mixture of the D band (1,300-1,450 Cm_l) and the
G band (1,550-1,580 cm‘l) of amorphous carbon, originated from the breathing
mode of A, symmetry and the atomic displacement of E,,> [48]. The strong band
at 900—1,000 cm™" in both spectra comes from the silicon substrate. The discrep-
ancy of SERS intensity from CNPs deposited on position I and II directly indicates
that the SERS hot spot is localized at the edge of the aperture of a semishell. For
a comparison, a ~50-nm CNP is deposited on a 100-nm Au film, and no charac-
teristic Raman bands of the CNP and silicon substrate are visible (bottom in
Fig. 2.14d, e).
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6 Conclusions and Future Perspective

In summary, we have introduced a number of methods to fabricate metallic
semishells consisting of different metals. Fabrication of the metallic semishells
typically comprises an ensemble of techniques including bottom-up (e.g., wet-
chemical synthesis or self-assembly of template cores) and top-down methods
(e.g., metal evaporation, sputtering, ion milling). This hybrid approach allows to
set the nanodimension of the structures by the bottom-up procedures and to set the
geometry by the well-controlled top-down fabrication techniques. The combination
of bottom-up and top-down technique offers a number of advantages: (1) simple
and low cost, (2) semishells’ geometry and dimension controllable, and (3) metal
composition changeable.

For a number of emerging applications, such as plasmonically enhanced solar
cells, rather than backscattering, forward scattering into the substrate is of rele-
vance. It has been shown convincingly now, when excited properly, semishells do
redirect light. It however strongly depends on details in the particle orientation and
the quality and smoothness of the rim of the semishell. Moreover, the presence of
a high-index substrate completely changes the picture. For future investigations, it
would be beneficial to find out the exact portion of the light scattering into the
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substrate or to free space, depending on particle orientation, permittivity of the
substrate, or thickness of a spacer layer. Next to directional scattering, the versa-
tility of the fabrication procedures allow also to embed any material or thin film
layer stack, enabling, for example, magnetic control, embedded fluorescent, or
SERS labels as well. Such versatile particles are prime candidates for targeted
sensing and imaging in in vivo or in vitro applications.
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2 Overview

Plasmonic nanoparticles have become an emerging field of study in materials
science due to their important applications, ranging from biology to optoelectron-
ics. While the research carried out during the past decade have produced plasmonic
nanostructures of different materials, different material combinations, and different
geometries to manipulate the position and intensity of their surface plasmon
resonance (SPR) emission in accordance with their application requirements,
there is still a lot to be done to fully exploit the potentiality of these nanostructures.
Nanoshells (NSs) are one of the most interesting plasmonic nanostructures. They
present a hard-to-match mixture of interesting properties, combining a simple shape
with a remarkable tunability of the optical response. So, it is not surprising that an
enormous amount of works studying the synthesis, optical properties, and potential
applications of these structures have been reported in recent years.

Naturally, different applications have different requirements in terms of size,
composition, and morphology of the particles, as well as for the characteristics of
the surface plasmon resonance. For example, most biological applications require
the maximum of the surface plasmon resonance to be located in the near-infrared
region of the spectrum, where biological tissues are transparent. Moreover, in vivo
applications require that the nanoparticles are chemically inert and small enough to
penetrate into the cells, while other applications such as surface-enhanced Raman
scattering (SERS) require near electric fields as intense as possible. Therefore, there
is no universal recipe for fabricating “good” nanoshells, but, instead, they must be
optimized for each individual application. Two factors are of paramount impor-
tance for achieving this goal: (1) a detailed knowledge of the factors capable of
modifying the optical response of these nanostructures and (2) utilization of
synthesis methods suitable for enhancing one feature or the other.

In this chapter, we tried to highlight the progress made on the fabrication of
metallic nanoshells, a special kind of plasmonic nanostructure; their application
potentials, criteria, and possibilities for tuning their optical responses; advantages
over other plasmonic nanostructures; and future application prospects in different
fields.

3 Introduction

Metal nanoparticles (NPs) have attracted recently the attention of the scientific
community due to their unique electronic and optical properties, which are domi-
nated by the localized surface plasmon resonance (SPR), defined as collective
oscillations of the free electrons. For solid nanoparticles, the SPR position barely
depends on their geometrical parameters. This behavior is in stark contrast with that
of metallic nanoshells [1-3] and their variants [4—6], which exhibit a notable
structural tunability of the plasmon frequencies (Fig. 3.1), as has been demonstrated
both theoretically [2, 3] and experimentally [7]. This feature makes nanoshells
a very interesting kind of particle because, in spite of their simple shape, they can be
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designed to absorb or scatter incident radiation of specific wavelengths, especially
in the near-infrared [8]. Before continuing, it is necessary to define what a nanoshell
is. It is commonly considered that a nanoshell is a spherical structure composed of
a dielectric core and a metallic shell [9]. However, definitions as ample as that of
any core-shell structure can also be found in the literature [10]. For the purposes
of this chapter, we will define nanoshell as any plasmonic nanostructure having
alternating layers of dielectric and metal.

Gold and silver have been traditionally the preferred materials for the synthesis
of nanoshells [11-14], and both of them have some advantages and disadvantages.
Silver NPs have a more intense SPR, which is of great advantage for surface-
enhanced Raman scattering (SERS) and sensing applications. However, gold NPs
have better biocompatibility and long-term stability, which make them superior
materials for biological applications [1], especially in the form of nanoshells.
Moreover, the chemical processes for synthesizing Au nanoshells are well known
and easier to perform, allowing a better control over the nanoshell geometry [2].

For various applications like in medical diagnostics [15], immunoassay [16, 17],
and studies of living cells and bacteria [18], it is necessary to shift the SPR to the
near-infrared region (700-1,300 nm) where the biological tissues are transparent
[16]. This can be achieved by increasing the core-to-shell ratio or, in other words,
by decreasing the ratio between the thickness of the metallic shell and the total
radius [3] of the NPs. Unfortunately, there is a practical limit of attainable red-shift
in a conventional nanoshell, which is around 1,200 nm. To overcome this limita-
tion, several attempts have been made to further manipulate the geometry of
nanoshell structures. The nanorice [19, 20] (ellipsoidal nanoshells) and
nonconcentric [21, 22] and multilayered [6, 23] nanoshells are just a few examples
of this strategy, which have increased the limit of allowed red-shifts.

In this work, we intend to review the current state of the art on the fabrication
and application of metallic nanoshells. It is somewhat surprising that, despite the
intense current pace of research on this area, the summarizing efforts have been
rather scarce to date. Probably the first overview of this topic was presented by
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Kalele and colleagues in 2006 [10]. Later, in 2009, Erickson and Tunnell [24]
published an excellent review chapter analyzing the use of gold nanoshells in
biomedical applications. On the other hand, there have been some focused reviews
that have compared the performance of nanoshells versus that of different kinds of
particles for specific applications, such as the one published by Luk’yanchuk et al.
[25] about Fano resonances in plasmonic nanostructures or the book about
nanomedicine, edited by Sattler [26]. However, despite these precedents, there
has been no effort known to us to present the up-to-date advancements on the
fabrication and usage of metallic nanoshells in systematic and collective manner.
We believe that this chapter would be of high interest to the scientific community
working on design, fabrication, and application of plasmonic nanoshells.

This chapter is divided in four sections, starting with this brief introduction. The
second section highlights the progress made on the synthesis of nanoshell structures
as well as the theoretical methods used for calculating their optical properties.
Precisely these unique optical properties, together with the underlying physics, and
the various application prospects of nanoshells are the subjects of the third section.
Finally, some concluding remarks have been presented in section four. We hope
that this chapter would be useful both for experimental and theoretical researchers
as a quick reference, as well as for beginners, to gain hands-on basic knowledge on
different aspects of plasmonic nanostructures.

4 Experimental and Theoretical Methodologies
4.1 Synthesis

The first literature report on the synthesis of nanoshells is the one by Zhou et al.
[27]. They obtained Au,S@ Au nanoshells via a two-step chemical process. Firstly,
they dissolved chloroauric acid (HAuCl4*4H,0) and sodium sulfide (Na,S+9H,0)
into super pure water at room temperature to get HAuCl, and Na,S solutions. Then,
they mixed controlled amounts of the two solutions together to get unstable gold
sulfide (Au,S) particles. In a second step, they injected a little amount of Na,S
solution into the colloidal Au,S solution. Finally, the surface of the Au,S
nanoparticles was reduced to obtain the Au,S@Au nanoshells by injecting
chloroauric acid solution. However, they failed to realize the origin of the observed
red-shifts of the absorption bands in the composite nanoparticles and assigned
them to quantum-size effects. It was not until a few years later when Averitt et al.
[9, 28, 29] continued to study this type of nanoshells and determined the classical
origin of the observed plasmon shifts.

Subsequently, Oldenburg et al. [2] and Westcott et al. [31, 32] pioneered a new
scheme to synthesize nanoshells. In this method, previously manufactured metal
nanoparticles were attached to the functionalized surface of a larger dielectric
sphere (e.g., SiO,), and then a complete metallic shell was grown either by
further reduction of metal ions [31-34] or through layer-by-layer attachment
of prefabricated metal nanoparticles [33, 35] (Fig. 3.2). Usually the preferred
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Fig. 3.2 Transmission electron microscopy images of gold nanoshell on a silica dielectric
nanoparticle during shell growth [30]

materials for the dielectric core are SiO, [31, 32] and polystyrene (PS) [34].
The advantages of the former are its stability and the possibility of using the Stober
method [36] to grow particles of uniform sizes. Use of polystyrene, on the
other hand, is advantageous as nanoparticles made of this material can be easily
synthesized [37] as monodisperse suspensions, and they can be readily removed
later, if desired, obtaining hollow nanoshells. Functionalization of dielectric core
can be performed using an w-terminated trialkoxyorganosilane in the case of
SiO, [31, 32] or 2-aminoethanethiol hydrochloride in the case of polystyrene
spheres [34].

In one of the latter incarnations of this method, Brinson et al. [38] reported
a streamlined method for Au layer metallization on prefabricated nanoparticle
surfaces using carbon monoxide as the reducing agent. This multistep process
was initiated by functionalizing oxide nanoparticles with aminopropyltriethoxy or
methoxysilane, followed by the binding of very small (1-2 nm diameter) Au
nanoparticles onto the nanoparticle surface to a saturation coverage of nominally
25-30 % [19, 38]. This is subsequently followed by the chemical reduction of
Au** ) — AU’ onto the nanoparticle precursor surface. In the last reduction step,
the tiny Au islands grow larger and ultimately merge, resulting in the formation of
a continuous, multicrystalline metallic shell layer. They showed that the reduction
of Au®* by CO results in the formation of thin, uniform shell layers on these
nanoparticles at lower Au®* concentrations, while continuous shell layers were
not achievable with existing liquid-phase reduction methods. Since this approach
relies only on the introduction of CO, into the solution of prepared precursor
nanoparticles and Au*, the shell layer morphology is not as susceptible to the
reaction parameters, like the concentration of reductor or precursor solution, as in
other chemical shell growth methods.

Finally, there has also been some interest in making nanoshells by coating SiO,
and polystyrene spheres using seedless schemes [39—41]. For example, the solvent-
assisted route has been used [39] to prepare a complete metal (Ag or Au) shell with
controlled thickness on polystyrene colloids. Also, the electroless plating approach,
based on electrostatic attraction, has been used to prepare a complete silver shell
with controlled thickness on silica colloids. In the first step of the solvent-assisted
route (Fig. 3.3a), the PS colloids synthesized by emulsion polymerization [37] are
immersed in a mixed solvent of ethanol and acetone containing the metal salt.
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Fig. 3.3 Zhang’s procedure for coating (a) polystyrene and (b) silica colloids with metal [39]

During the treatment process, the surface layer of the PS colloids gets swelled by
the mixed solvent and permeated by the metal ions. Subsequently, sodium
hypophosphite is used to reduce the metal ions in the swollen layer, and the swollen
layer of the PS colloids is loaded uniformly with metal nanoparticles. After surface
layer seeding, the PS colloids are dispersed in aqueous ethanol containing the
metal salt (0.2 M), C¢gHs0;Naz3*2H,0 (0.1 M), and ammonia solution (for Ag
coating) or Na,COj3 (for Au coating). Then, HCHO (10 %) is added dropwise to
grow the metal nanoparticles and increase the density and thickness of the metal
shell. By varying the amount of (1) PS colloids after seeding, (2) HCHO, and

(3) C¢Hs0O7Na3*2H,0, the thickness and uniformity of the metal shell can be

modified effectively.

On the other hand, Zhang’s approach for coating silica with silver relies on the
surface charge of the as-prepared colloids [36, 42], arising from the negatively
charged Si-OH groups (Fig. 3.3b). The [Ag(NH3),]" ions are absorbed onto the
colloids’ surface by the negatively charged Si-OH groups through electrostatic
attraction. Subsequently, KBH, is used to reduce the [Ag(NH3),]* ions, and the
colloids’ surface is covered uniformly with silver nanoparticles. The growth of
the colloids after surface seeding is similar to that of the PS colloids after
surface seeding. The main advantages of the above two coating routes are the
following [39]:

1. Metal seeds are synthesized directly on the surface layer of the PS or silica core,
avoiding the surface functionalization of the core and additional preparation of
metal nanoparticles

2. The thickness and roughness of the metal shell can be effectively
controlled through continuous dropwise addition of reductor solution, and the
as-prepared core-shell colloids can crystallize into a long-range-ordered
structure.

3. The routes are facile and versatile and suitable for the coating of other metals
whose cations or complexes can be reduced in solution.
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4.2 Theoretical Methods

The methods used for computing the scattering properties of small particles can be
roughly divided in two groups: exact and approximated techniques. In general, the
exact methods are more accurate than the approximated ones but are much more
restricted with respect to the kind of particles they are suited for. All exact
techniques for calculating electromagnetic scattering are based on solving the
differential Maxwell equations or their integral counterparts in the time or fre-
quency domain. To find an analytical solution, one has to solve the vector wave
equations for the time-dependent electric fields outside and inside the particle,
using the separation of variables technique. Then, the incident and internal fields
are expanded in wave functions which are regular inside the scatterer, whereas the
external scattered field is expanded in wave functions that behave as outgoing
waves at infinity. Finally, using the requirement of continuity of the tangential
component of the electric and magnetic fields at the particle boundary, the unknown
coefficients in the internal and scattered field expansions can be determined from
the known expansion coefficients of the incident field [43].

Unfortunately, the separation of variables technique generates only manageable
solutions for a few simple cases. The first of such exact solutions was developed by
Mie [44] for spherical particles. This model was later extended, first for the coated
sphere [45] and then for the multilayered sphere [46—49]. Similar solutions have
been found for homogeneous infinite circular cylinders [50], infinite elliptical
cylinders [51], and homogeneous and core-mantle spheroids [52]. However, in
the case of spherically symmetric particles, like most nanoshell variants, the
exact methods can be used to generate accurate results for essentially any size
parameter and relative refractive index values. Therefore, in this review we will
focus mainly on the exact methods, and the approximate ones will be discussed only
briefly, to show in which cases they can replace or supplement the exact solutions.

4.2.1 Quasi-static Approximation

When a particle’s size is much smaller than the incident wavelength, the incident
electric field may be regarded as spatially uniform over the extent of the particle;
this is referred to as the quasi-static (QS) approximation. Despite its simplicity and
lack of rigor, this approach is useful for qualitative understanding of the phenomena
related to light scattering by nanoshells as it considerably simplifies the mathemat-
ical analysis. In this case, the electrostatic solution can be obtained by solving
Laplace’s equation of the potential.

The expressions needed to calculate the electric field of a core-shell particle in
the quasi-static approach were first developed by Neeves and Birnboim [53].
Averitt et al. [28] subsequently extended the analysis, obtaining explicit formulas
for the scattering and the absorption cross sections as well as for the geometric
tunability of the surface plasmon resonance. In the core-shell geometry (Fig. 3.4),
the first region is the core, characterized by a radius r; and dielectric function ;.
The second region (the shell) has a thickness #, = r, — r; and a dielectric function &,
and, finally, the surrounding medium has a dielectric function ¢;. In general, there is
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no especial requirement for the dielectric functions (i.e., each can be either real or
imaginary), but this geometry becomes a metal nanoshell when the core is
a dielectric material and ¢, is the dielectric function of a metal. The general solution
for the potential in each region is given by:

®;(r,0) = [A; r + B;/r*] cos 0 (3.1

where A; and B, are the constants multiplying the monopole and the dipole terms,
respectively. B; = 0 in the core and the potential ®3 = —FE( r cos 0 must be
recovered in the surrounding medium, far from the shell, yielding A; = —E,.
Moreover, there must be continuity of the tangential and normal components of
the electric field:

0 O; 0Dy
W r=r; B 00 r=r; (32)
0 (I)i - 0 CI)H—I
&j W . = &j+1 a , — (33)

The application of the boundary conditions to Eq. 3.1, together with the known
values of A; and B/, results in a set of four equations and four unknowns that can be
solved to obtain the constants A;, A,, B,, and B3, allowing the determination of the
potential in the core, shell, and embedding medium. The electric field, in turn, can

be obtained for each region using the expression E; = —V®;(r, 0):
98283 ~ . -
1 :7Eo<cos9r+sm0 0) 3.4
&28q — 2838b

[(81 +2¢e) +2(e) — 32)(r1/r)3} cos 0 i+
om0 g, ) (3.5)
&8, — 2838 _|_[(gl +2&) — (&1 — 82)01/”)1 sin00
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P is the ratio of the shell volume to the total particle volume. The induced field in
the region outside the shell is the same as a dipole with an effective dipole moment
of p = &3 o E;,4; then, the polarizability is given as:

828q — €38
— A gy 1S | 2240 39
* Tt [azsa — 2838h:| (3.9)

where &, = 8.85 x 1072 F/m is the permittivity of free space. Finally, the scattering
and absorption cross sections can be obtained from the polarizability, by using
scattering theory [54]:

K, 1287 5 | ees — &3 2
sca — - 3.10
7 6m &3 i 34 72 €26, — 2638 (3.10)
k 8 n? €264 — €36
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4.2.2 Mie Theory

The simplest exact solution is the original Mie formulation [44], which is based on
solving Maxwell’s equations in spherical polar coordinates for an incident electro-
magnetic (EM) plane wave impinging on a metallic sphere with a radius » embed-
ded in a medium with a refractive index n,,. Now, let us consider an x-polarized
incident electric field, E; = Egexp[ikr cos(0)] é,, with a time dependence of
exp(—iw ). The interaction of this EM wave with small particles produces scat-
tering and absorption of the incident plane wave [54]. The total energy loss of the
incident radiation is the sum of the scattered and absorbed energies. These energy
losses are expressed in a more convenient form by the cross sections, which are
a measure of the probability that an event (scattering, absorption, or extinction) will
take place. The total extinction cross section g,y is given by 0.y = Tscq + Taps,
where g, and o, are the scattering and absorption cross sections, respectively.
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In order to express these cross sections, it is convenient to define the size parameter
x and the relative refractive index m, as:

2 iy 7
x=kr= ”;1 ! (3.12)
m="r (3.13)

Ny

where r is the radius, / is the light wavelength in vacuum, and n, and n,, are the
refractive indices of the sphere and the surrounding medium, respectively. Here, k
and mk represent the wave number in the dielectric medium and in the metallic
particle, respectively. The electromagnetic field is divided into two orthogonal
subfields that can be deduced from a scalar potential. The solutions are expressed
in terms of infinite series where the coefficient constants are obtained from the
appropriate boundary conditions at the surface of the sphere. For this case, the cross
sections can be calculated as:

21 &

Gew =13 ; (2n+ 1)Re{a, + by} (3.14)
21 &

oa =5 O 20+ D (laf + o) (3.15)
n=1

Oabs = Oext — Odis (3.16)

The corresponding efficiency factors can be calculated for all the cross
sections from the relation Q; = g;/A, where A = nr? is the geometrical cross
section of the particle. The scattering coefficients, a,, and b,, can be calculated by
the expressions:

_ ml//n(mx)l//ln(x) — an (mx)lpn (X)
)2, 5) — 0 (m3) 60 47
lpn (mx)lp,n (X) B mlp/n (mx)lpn (]C)
b” B [//n(mx)gln(x) - mlﬁ/n (mx)én (x) (318)
where /, and &, are the Riccati-Bessel functions, defined as:
lﬁn(Z) = Zjn(z)v in(z) = Zhn(z) (3.19)

being j,(z) and h,(z) the spherical Bessel and Hankel functions [55, 56], respec-
tively. The expressions i/ and ¢ indicate differentiation with respect to the
argument in parentheses.
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This Mie solution for the extinction by a single sphere also applies to any
number of spheres provided that they have similar diameters and are randomly
distributed with enough separations among them (distances larger than the incident
wavelength). Under these circumstances, coherent light is not scattered by the
spheres and the total scattered energy is equal to the energy scattered by one sphere
multiplied by their total number.

Core-Shell Structures

Mie theory was subsequently extended by Aden and Kerker [45] in order to
consider the scattering of light by a sphere with a concentric spherical shell
embedded in a medium (core-shell structure with radii r; and r, for the core and
the shell, respectively). They obtained new expressions to calculate the coefficients
a, and b,, (Egs. 3.14-3.16) are still valid):

!

¥, () [%(mzy) - Anx;(mzy)} — Y, )W (m2y) — A, (may)]

a, = ; - ; (3.20)
&) [V (may) — Aniy(may)] — &, W, (may) — Aug,(may)]
o ma ) [V ) = Bur om2)] = 0,00 m29) ~ Bat () o)
"t mal, () [, (may) — Bu,(may)] — E,(0) Wa(may) — Buxy(may)] '
where
P (max)y, (myx) = my, (max)yp,, (myx) (3.22)
T may, (o)W, (mix) — myz, (max), (mix) '
5 _ MY, (max) — ma, (max), (m1) (3.23)
"t ma, (o), (mix) — s, (mix) z, (mox)
x=kry, y=knr (3.24)

Multilayered Spheres

Mie theory can also be extended for the radially inhomogeneous (i.e., multilayered)
sphere [46—49]. Similarly to the previous cases, the solution of the scattering by
a multilayered sphere consists in expressing the EM fields in each layer / in terms of
appropriate sets of spherical wave functions. Each layer is characterized by a size
parameter x; = 27 n,, 1;/A = k r; and a relative refractive index m; = n;/ny,, [ = 1,
2, ..., L, where A is the wavelength of the incident wave in vacuum, r; is the outer
radius of the /th layer, n,, and n, are the refractive index of the medium outside the
particle and its /th component, respectively, and k is the propagation constant. In the
region outside the particle, the relative refractive index is m;,; = I. The space is
divided into two regions: the region inside the multilayered sphere and the
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surrounding medium outside the particle. The electric and magnetic fields (inside
and outside the sphere) are considered as the superposition of sets of spherical wave
functions. For example, E;, and E,,,, can be expressed in terms of complex spherical
eigenvectors [43]:

En = M), —id!N{) | (3.25)
n=1

B = Y En[ialN), - bM{) ] (3.26)
n=1

where E, = i"Ey(2n+ 1)/n(n + 1), and Mffl)n and Ng’?n (j = 1, 3) are the vector
harmonic functions with the radial dependence of the first kind of spherical Bessel
function for j = I and the first kind of spherical Hankel function for j = 3. The
explicit expressions for Mf)’l)n and NE’])" can be found elsewhere, for instance,
in » Chap. 4, “UV-Vis Spectroscopy for Characterization of Metal Nanoparticles
Formed from Reduction of Metal Ions During Ultrasonic Irradiation” of
reference [54].

In the region outside the sphere, the total external field is the superposition of the

incident and scattered fields, E = E; 4+ E;, which can be expanded as:

E= £ M), - NG (3.27)
n=1
E, =Y E|ia,NG, - bM) | (3.28)
n=1

where a,, and b,, are the scattering coefficients. It can be deduced [43] that a,(,l) =
bS,l) = 0and cﬁ,LH) = d,SLH) = 1. The expansion coefficients (a,g), bﬁ,l), cﬁl[), and d,gl )
and scattering coefficients (a, and b,) are obtained by matching the tangential
components of EM fields at each interface and after some algebra (for details see
reference [43]); the final coefficients in the series can be identified with the
scattering coefficients [43]:

e HEmex) fme A+ nfxc ), () = ¥, ()

ap=4a, = [HZ(mLXL)/mL + n/xL]Cn(xL) _ €n71(XL) (3.29)

[mLHZ(mLxL) + n/xL} lpn (XL) - lpnfl (XL)
[mLHl};(mLXL) + I’l/XL] Cn (XL) - Cnfl (XL)

where V,, and {,, are the Riccati-Bessel functions (as defined in reference [57]), and
the determinants H¢ and H” can be calculated by the expressions [43]:

(3.30)

_ L+
by = bt =

H(myx;) = DV (myxy) (3.31a)
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G,DY" (myx;) — QSII)GIDI(’IS) (myx;)

HZ(m;xl) = 0 5 = 27 ...,L (331b)
G> — 0y’ Gy
GoD} (mix)) = 04 G DY
H (mpxy) = 22 (i) Q(l) Do lmext) (3.32)
Gy — 00" Gy
~ (D) A 3
G,D,, — 0,'G1D;,
HE (myxy) = 22 (i) Q(l) IDm) (3.32b)
G2 — 0n'Gy
and
DI (2) =, (2) /W, (2) (3.33)
DY) () = £,(2)/4u(2) (3.34)
() _ l//n(mlxlfl) lpn (mlxl) (3 35)
O, Co(muxi—y) [ C(myxy)
Gi = mHe(m_1xi_1) — m_ DV (mpx_y) (3.36)
Gz = m;Hf;(ml_lx;_l) — m1_1D5,3) (m;x/_l) (337)
Gl = ml,lHZ(ml,lxl,l) — m;Dfll)(mlxl,l) (338)
Gy = my_1Ho (my_1x,-1) — mD (mypx_y) (3.39)

As before, Egs. 3.14-3.16 remain valid for the calculation of the cross sections.

4.2.3 Plasmon Hybridization

As has been said earlier, for most nanoshell variants, Mie theory can be used to
generate accurate results for essentially any size parameter and relative refractive
index values. However, even if one can easily calculate the optical responses of
such low-dimensional structures, it is often very difficult to understand the origin of
the observed resonances. This problem can be overcome using the theory
of plasmon hybridization [6], which is in good agreement with the Mie theory in
the dipole limit (i.e., the quasi-static approximation). The theory of plasmon
hybridization is an electromagnetic analog of molecular orbital theory, where the
characteristics of the SPR can be explained in terms of the interactions between the
plasmons of metallic nanostructures of simpler shapes. For example, the SPR of
metallic nanoshells (Fig. 3.5) can be viewed as the interaction between the
plasmons of a sphere and a cavity. The hybridization of the plasmon of the sphere
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Fig. 3.5 Energy-level
diagram describing the
plasmon hybridization in
metal nanoshells, resulting
from the interaction between
the sphere and cavity
plasmons. The two nanoshell
plasmons are an
antisymmetrically coupled
(antibonding) | ) plasmon
mode and a symmetrically
coupled (bonding) |w_)
plasmon mode

Fig. 3.6 Comparison of
calculated symmetric ®_ and
antisymmetric @, plasmon
resonances (symbols) for gold
nanoshells, as a function of
their aspect ratio X = ry/r,
with the result from the
semiclassical approximation
(Eq. 3.40) (lines) [58]
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and the cavity creates two new plasmon oscillation modes (Fig. 3.6), i.e., the higher
energy (antibonding) mode |w,) and the lower energy (bonding) mode |w_),
corresponding to the antisymmetric and symmetric interactions between the |w;)
and |w.) modes, respectively. The frequencies of these modes are [6]:

2
wz —%
l:l:_z

1+

21+1

” 21+1
1+410(1+1) (—‘) (3.40)

2
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Fig. 3.7 (a) Schematic representation of the MDM and DCN structures (for the MDM ry = ty = 0)
and (b) their corresponding energy diagrams, representing plasmon hybridization [59]. Plasmon
hybridization for the MDM and DCN structures is represented in red and blue, respectively

being / the plasmon order (/ = 1 is the dipolar plasmon, / = 2 the quadrupolar, and
so on), wp the bulk plasmon frequency, and r; and r, the core and shell radii,
respectively.

For composite metallic nanostructures of greater geometrical complexity, it is
more difficult to obtain explicit expressions for the hybridized modes. However,
this method remains as a useful tool to understand qualitatively their plasmon
resonance behavior. Two particularly interesting multilayer geometries are metal-
dielectric-metal (MDM) [5] and double concentric nanoshells (DCN) [60] struc-
tures (Fig. 3.7). The plasmon resonance in a MDM [DCN] structure can be viewed
as the interaction between the plasmon responses of the inner sphere [nanoshell]
(Joos)[|o” ) and |, )]) and the outer (|w? ) and |w? )) nanoshell. Three hybridized
modes are obtained for the MDM; the energy mode |w:> corresponds to the
antisymmetric coupling between the symmetric plasmon resonance modes of the
outer (’a)‘i>) nanoshell and the sphere plasmon. The coupling between the higher-
energy antibonding mode of the outer nanoshell and the nanosphere plasmon modes
is very weak, and only one hybridized mode is produced in this case (|wi>). In
contrast, four hybridized modes are produced in the DCN structure because its inner
nanoshell has two energy modes. The energy mode ‘a):> (|wf>) corresponds to the
antisymmetric (symmetric) coupling between the symmetric plasmon resonance
modes of the inner (|a)’_ >) and outer (|w‘i>) nanoshells. On the other hand, the
energy mode |w1> (|wi>) corresponds to the symmetric (antisymmetric) coupling
between the antisymmetric plasmon resonance modes of the inner (|a)i+>) and outer
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(|wj>) nanoshells (Fig. 3.7). Although, in principle, there exists also a coupling
between the antisymmetric and symmetric plasmons of the separate nanoshells, it
has only a small influence on the hybridized modes, due to the large energy
separation between those two modes [6].

4.2.4 Other Methods

Generally, the above mentioned methods are sufficient to study the optical proper-
ties of most of the classical nanoshells. However, there are some interesting cases
such as nonconcentric [61], incomplete [41, 62-64], or ellipsoidal [19, 20]
nanoshells that require the use of more elaborated techniques. These approximate
techniques allow the study of virtually any shape. However, they have the disad-
vantage that their computational cost is much higher than that of the exact methods.
Here, we will briefly discuss two of the methods that are frequently used for this
task: the finite-difference in the time-domain (FDTD) method and the discrete
dipole approximation (DDA).

The FDTD method, introduced in 1966 by Yee [65], is an electromagnetic
modeling technique frequently used for the computation of light scattering by
nonspherical or inhomogeneous particles. In this approach, the computational
space and time are divided into a grid of discrete points, and the derivatives of
the Maxwell equations are approximated by finite differences. The entire volume,
containing the scatterer, is discretized into a cubical grid known as the Yee lattice;
the basic element of this lattice is the Yee cell [65]. A finite differences method is
then applied to evaluate the space and time derivatives of the field. This procedure
is repeated iteratively for increasing values of time until a steady state solution is
obtained. Absorbing boundary conditions are used to truncate the computational
domain; this requires a layer of grid cells all around the computational domain. The
absorbing boundary conditions ensure that the wave is not reflected at the open
boundary of the discretized volume. Finally, a near- to far-field transformation is
used to compute the scattered far-field from the near-field values of the computa-
tional domain.

The DDA method was originally developed by Purcell and Pennypacker [66] to
model the interaction of light with dust particles in space. The main idea behind the
DDA is to simulate the optical response to an electromagnetic field by approximat-
ing the particle with a finite number of polarizable entities on a cubic grid. Each
dipole cell is assigned a complex polarizability, which can be computed from the
complex refractive index of the bulk material and the number of dipoles in a unit
volume. For a finite array of point dipoles, the scattering problem may be solved
exactly, so the only approximation made in the DDA is the replacement of the
continuum target by an array of N-point dipoles. The replacement requires speci-
fication of both the geometry (location of the dipoles) and the dipole polarizabil-
ities. This method was further refined by Draine et al. [67, 68], who applied the Fast
Fourier Transform and conjugate gradient method to calculate the convolution
problem arising in the DDA methodology which allowed the calculation of
scattering by larger targets.
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5 Key Research Findings
5.1 Optical Properties

The main feature that differentiates nanoshells from solid particles is that, while the
surface plasmon resonance of the former can be adjusted by varying the geometric
parameters [2], that of the latter is essentially fixed. For example, coating of metallic
shells on silica allows one to tune their absorption band from visible to infrared
region. Moreover, by changing the shell thickness, one can tune the SPR band
position in the desired wavelength range. Metal nanoshells having plasmon resonance
in the infrared region are well suited for biological applications, as this range of the
electromagnetic spectrum is transparent for biological tissues [69]. Thin metallic
layers lead to larger SPR red-shifts, whereas thick layers have the opposite effect
[58]. Small variations of shell thickness can displace the SPR in a wide spectral
region, which can be optically monitored following the position of their SPR peaks.
In this subsection, we will discuss the origin of this interesting feature and analyze the
main factors affecting the optical properties of metallic nanoshells.

5.1.1 Surface Plasmon Resonance (SPR)

Physical properties of nanoparticles (NP) are intermediate between those of atoms
and solids. The range of variation is large because these properties evolve in
a nonlinear fashion with increasing number of atoms from a single atom to
a dimer, a trimer, and so on, up to the physical properties of a bulk solid.
Specifically, the optical properties strongly depend on the size and geometry of
the NP [70]. In this respect, surface plasmon resonances (SPRs), coming from the
resonant interaction between the collective oscillations of electrons in the conduc-
tion band and the incident radiation, play an important role in the optical properties
of metals. They give rise to a strong absorption band in the visible range of the
electromagnetic spectrum [54, 71]. When the electric field interacts with a metal, its
electrons oscillate back and forth at the fluctuation frequency of the incident wave
(see Fig. 3.8). The light is reflected because the electrons in the metal act as a shield
against the incident electric field. However, there is a frequency fluctuation limit for
which electrons can respond; i.e., if the fluctuations are too fast, the electrons can no
longer respond. This limit, in which electron-plasma interactions give rise to the
absorption of the photon energy, is called the plasmon frequency (w,). Light with
frequency above the plasma frequency is transmitted. The plasmon frequency is
responsible, among other things, for the color of bulk metals like gold and copper.
In the free electron model, the plasmon energy can be estimated as:

n e?

(3.41)

), =
P &y m*

where n is the density of free electrons, e is the electronic charge, g, is the
permittivity of free space, and m* is the effective mass of the electrons.
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Fig. 3.8 Schematic
representation of the surface
plasmon resonance excited by
light with a frequency 1/t

Plasmon energy for bulk gold (9.2 eV [72]) and silver (9.0 eV [73]) lies in the
UV range; however, for nanoparticles, the plasmon energy is smaller and lies in the
UV-visible spectral range. As the electromagnetic wave striking the metal surface
has small penetration depth, its interaction with the electrons of the metal surface
becomes significant, and the collective oscillations of these surface electrons are
known as surface plasmons. The extinction efficiency (Q,.,) for spherical metallic
particles can be approximated by:

/

_ 24nRéE)? €
ext l (8/ + 2 Sm)z + (8”)2

(3.42)

where R is the radius of the particle, 4 the wavelength of the incident electromag-
netic radiation, ¢ and ¢ are the real and imaginary parts of the dielectric constant of
the particles (i.e., &, = & + i &), respectively, and &,, is the dielectric constant of the
embedding medium. Then, the extinction would be maximum when ¢; + 2¢,, = 0,
which gives rise to a surface plasmon resonance (SPR) band. The position of the
SPR band is dependent on the size and shape of the particle and dielectric constant
of the medium in which the particles are dispersed [70].

5.1.2 Dielectric Functions

The optical properties of materials can be described by the complex refractive index
(i = n + i k) or, alternatively, using the dielectric function (¢ = ¢ + i ¢). Both
quantities are equivalent and are related by the expression: ¢ = /i°. They can be
taken either from experimental results or from theoretical models. The most
commonly used experimental data for the dielectric function of the noble metals
comes from the measurements performed by Johnson and Christy in 1972 [74]. The
experimental data published by Palik [75] has been frequently used as well.
Unfortunately, the experimental data are not always suitable, as they might have
gaps in certain regions of the spectrum or cannot be used with certain calculation
algorithms (e.g., FDTD [76]). For this reason, in some cases, analytical expressions
for ¢(w) are necessary. The more common approach to obtain such expressions
consists in adding a certain number of Lorentzian terms to the free-electron (Drude)
equation, in order to reproduce the interband transitions; this method is called the
extended Drude model (EDM):
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where the first two terms are the contributions of the standard Drude model, with
a high-frequency limit dielectric constant &4, a plasma frequency w),, and a (bulk)
damping term I, while the L;() terms are the frequency-dependent Drude-Lorentz
oscillators. Examples of the use of this approach are frequent in the literature. For
instance, Vial et al. [77] provided an analytical fit to the gold data using only one
Lorentzian term, while See et al. [78], Lee and Gray [79], and Moskovits et al. [80]
have represented the dielectric function of silver using two, three, and four
Lorentzian terms, respectively. Likewise, Hao and Nordlander [76] and Rakic
et al. [81] fitted the dielectric functions of both Au and Ag using four and six
Lorentzian terms, respectively.

More recently, Etchegoin et al. [82] have proposed a different approach:
replacing the Lorentzian terms with a family of analytical models, called critical
points (CPs), which have long been used for the analysis of interband transitions in
semiconductors [83]. The advantage of using the CPs is that, unlike simple Lorentz
oscillators, they allow for an easy adjustment of asymmetric line shapes [82, 84]. In
this approach, the frequency-dependent dielectric function in the near-UV/visible
region can be represented by the formula:

2 n

o
_ b Z
8(w) = 8o = o? + joI’ * py Gl G4

where G;(w) terms are the critical point oscillators, which can be described by the
expression [85]:

Gi(w) = Ci[e¥ (w; — o — jT)" + e 791 (w; + o + jT)"] (3.45)

here, C; is the amplitude, ¢; the phase, w; the energy of the gap, I'; the broadening,
and y; the order of the pole. The form of the dielectric function described by
Egs. 3.45 and 3.46 conforms to the requirements of the Kramers-Kronig relations
[80], as long as y; < 0 [85].

Size Corrections

Although the optical properties of nanostructured materials differ from those of
their bulk counterparts, it is possible to use the dielectric functions determined for
bulk metals, g, (), if the appropriate size corrections are applied. These dielec-
tric functions have contributions from interband and intraband transitions:

gbulk(w) = 8inter(a)) + 8intra(a)) (346)

In metals, the electrons at the Fermi level can be excited by photons of very
small energies, and therefore, they are considered “free” electrons. The contribu-
tions from free electrons to sexp(w) can be described by the Drude model [54]:
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where ), is the plasma frequency and I' the damping constant arising from the
dispersion of the electrons. I is related with the mean free path of electrons (4.) by
the expression I' = vg//,, being vp the Fermi velocity.

Now, we must consider that these free electrons can also be dispersed by the NP
surface, as their mean free path is comparable or larger than the dimension of the
particle. Therefore, it is necessary to modify the damping term to take into account
the surface scattering of the “free” electrons:

VF VF
I =1 ” +l = — + —
bulk k A R

e

(3.48)

where 'y is the damping constant arising from the surface scattering associated
with a particle of radius R.

From the Eq. 3.46, we obtain the input of the bound charges by subtracting the
free electron contribution from the bulk dielectric function. The free electron
contributions are calculated using the Drude model (Eq. 3.47) and w),, is calculated
using Eq. 3.41. Now, we include the surface damping contribution by adding the
extra damping term vp/R to the Drude model and obtain the size-dependent
dielectric function, which includes the contributions of the free electrons, surface
damping, and interband transitions, as:

&(,R) = éinter (@) + Sﬁfra(w7R) = eputk (@) — intra (@) + Sﬁﬁa(w,R)
> w? (3.49)
= epun (@) + L L
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Up to now we have considered a sphere of radius R, for which the
surface damping is given by vg/R. This correction can easily be extended for
a nanoshell if instead of the radius we consider its thickness (f): vg/f. In both
cases, the smaller the particle size (its radius or thickness), the more important is the
surface dispersion effect. It has been demonstrated that the surface dispersion
effects do not change the location of the surface modes, but they affect the coupling
of such modes with the applied field, making the resonance peaks wider and less
intense [86].

Just to illustrate the importance of the above-described correction in the values
of the dielectric functions, we can analyze how the damping constant changes due
to the surface dispersion effect for the case of Cu, which has a Fermi velocity of
1.57 x 10° m/s and a mean free path of electrons of 3.9 x 10% m [87], and hence
ré", has a value of ~4.03 x 10"* s™'. For a Cu nanoshell with a thickness of 5 nm,

res, is ~3.54 x 10" 57!, one order of magnitude higher than the damping

constant for the bulk material.
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5.1.3 Tuning the SPR

Plasmon Position

Perhaps the single most important characteristic of gold nanoshells is the tunability
of their surface plasmon resonance. Among the three geometrical parameters of the
nanoshells, the shell thickness (7,), the radii of the inner core (), and the outer shell
(r2), only two are independent, as: r» = r; + t,. Consequently, the position of the
SPR peak and the relative contributions of absorption and scattering to total
extinction can be adjusted simply by varying two of these parameters (Fig. 3.10).
Moreover, it has been shown that the position of the SPR depends only on the core-
to-shell ratio (r1/r;) or, equivalently, on the shell thickness-to-total radius ratio
(t2/r5) [28]. For greater core-to-shell ratios (thinner shells), the peak becomes
shifted to longer wavelengths. This resonance condition can be obtained from
Eq. 3.9, when the real part of the denominator becomes zero; i.e., Re (& ¢, + 2¢3
&p) = 0. Now, if we assume that the core and the embedding medium are dielectrics
(i.e., Im (¢) = 0; i = 1, 3), then the expression for the resonance condition as
a function of wavelength can be described as [28]:

1/3

n_ |, +§ &y (A)(e1 +2 &3)

r 2 [8/2()»)]2 — & (A)(e1 +2&3) + {81 &3 — [sg(i)]z}

(3.50)

where 2,/2 and e; are the real and imaginary part of the shell’s dielectric function,
respectively.

Equation 3.50 gives the ratio of the core radius to the total radius needed to
obtain a resonant condition at a particular wavelength. As can be seen in Fig. 3.9,
there is always (within a certain range) a core-to-shell ratio capable of placing the
maximum of the SPR in any desired wavelength. For example, the position of the
resonant extinction peak of gold nanoshells can be selectively tuned from 590-600
nm to around 1,000 nm (Fig. 3.10a). This wavelength range is especially significant
because it includes the “NIR tissue window” from 700 to 1,300 nm (Fig. 3.11) [88],
where human tissues are mostly transparent to the incident radiation. In the NIR
region, effective penetration depths vary from a few millimeters to several centi-
meters, depending on tissue type [89, 90]. Precisely this possibility of shifting the
nanoshells” SPR to the NIR region is fundamental for their usage on in vivo
applications.

Unfortunately, some problems arise when large red-shifts of the SPR are needed;
as we have seen, this can only be achieved by increasing the r/r, ratio. This implies
that we have to either reduce the thickness of the metal layer or to increase the
particle size. Decreasing the thickness of the metal layer has the disadvantage that
the intensity of the near-field is reduced, while increasing the particle size affects
the Q,,,/O,c. ratio. Both of these effects are unfavorable for some applications,
such as surface-enhanced spectroscopy and thermal therapy of tumors [91]. More-
over, after a certain point, the SPR intensity is considerably reduced (Fig. 3.10b),
eliminating most of the advantages obtained by the use of nanoshells. Finally,
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Fig. 3.9 Core-to-shell ratios
necessary to shift the SPR
peak to the desired
wavelength position,
calculated for the three noble
metals using Eq. 3.50

Fig. 3.10 (a) Theoretically
calculated optical extinction
spectra of gold nanoshells

(r, = 60 nm) for some
selected core-to-shell ratios
(from left to right: 0.0, 0.67,
0.83, and 0.92). (b) Variation
of calculated optical
resonance wavelength (black
line) and intensity (red line)
with core-to-shell ratio for the
same metal nanoshells
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Fig. 3.12 Absorption spectra
of MDM nanoshells suspended
in free space with r; = 0 nm
(solid line), 10 nm (dashed
line), 20 nm (dotted line), '
30 nm (dash-dot line), and 400 600 800 1000 1200 1400 1600 1800
40 nm (dash-dot-dot line) [5] Wavelength (nm)

smaller nanoparticles are preferred in certain cases. For instance, use of nanoshells
as contrasting agents in biomedicine requires particles of a few tens of nanometer
diameters to facilitate their penetration into the biological tissues.

A simple, yet effective, alternative to single nanoshells can be the structures with
additional metallic layers, which can produce additional red-shifts through plasmon
hybridization while maintaining the small size and strong surface plasmon reso-
nance. For example, metal-dielectric-metal (MDM) hybrid nanostructures have
been synthesized [23] and studied theoretically [5, 59, 92] in recent years, with
excellent results (Fig. 3.12). Similarly, double concentric nanoshells (DCN),
consisting of two concentric metallic nanoshells, have also been analyzed [59, 60]
(Fig. 3.13) and fabricated [4, 6]. The advantage of these multilayered structures
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Fig. 3.13 Simulated extinction efficiency for a DCN, having ty = t, = 5 nm, while t; and t; are
varied (t; = 1,2,...15 nm; t3 = 16 nm — t;) simultaneously. For clarity, Q.. is presented for some
selected values of t; (a) and for the whole interval (b) [60]
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Fig. 3.14 Calculated 1.0
absorption (dashed lines) and
scattering (solid lines) ratios,

for gold nanoshells with fixed
core-to-shell ratios of 0.8 »
(black) and 0.9 (red). For o
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scattering efficiencies are o
almost equal for outer radii of

ca. 50 and 70 nm, 02k
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over nanoshells comes from the extra SPR tunability provided by the additional layers.
Therefore, the size of the particles can be further reduced without affecting their
optical properties.

Qabs/Qsca Ratio

In addition to spectral tunability, the absorption to scattering ratio of nanoshells can
also be tuned by changing their outer radius (7). For smaller nanoshells, absorption
dominates scattering, whereas for larger nanoshells the opposite is true. In between
these two extremes, the contributions of absorption and scattering to total extinction
can be controlled at will, depending on the total radius and on the core-to-shell ratio
(Fig. 3.14). It is therefore possible to design nanoshells tailored for either diagnosis
or therapy, where high scattering efficiencies facilitate scattering-based imaging
and high absorption efficiencies facilitate photothermal therapy. In resume, by
appropriately choosing the dimensions of r; and r,, the position of the extinction
peak and the relative amounts of absorption and scattering can be selected across
a wide range of wavelengths. This geometrical tunability is an outstanding prop-
erty. In contrast, a large number of conventional organic dyes would be necessary to
cover the same wide spectral range [24].

Near-Field Enhancement
Metallic nanoparticles (including nanoshells) exhibit another unique property.
They efficiently concentrate the incident electromagnetic radiation into the near-
field region close to their surfaces [93-95]. For example, Jackson et al. [96] and
Averitt et al. [28] have predicted near-field enhancements (|E|/|Eo|, being E and E,
the local and incident field, respectively) of around 30 and 3 for silver and gold
nanoshells, respectively.

Hooshmand et al. [20], on the other hand, investigated systematically the effect
of combining a nanoshell with a spheroid within the same nanostructure (i.e.,
a nanorice). They found that the plasmonic field enhancement is an order of
magnitude larger for gold spheroidal nanoshells of aspect ratio 4 as compared to
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Fig. 3.15 Near-field enhancement in the vicinity of a spheroidal silica core-gold nanoshell as
a function of the spheroidal aspect ratio for (a) a nanoshell with an aspect ratio of 1, an outer
diameter of 40 nm, and a shell thickness of 7 nm; (b) a spheroidal nanoshell with an aspect ratio of 3,
an outer dimension of 60 nm, and a shell thickness of 12 nm along the long axis; and
(c) a spheroidal nanoshell with an aspect ratio of 4, an outer dimension of 80 nm, and a shell
thickness of 16 nm along the long axis. (d) Line profile of the field enhancement along the long
axis of the spheroid for all three aspect ratios [20]

spherical nanoshells of the same material (Fig. 3.15). Finally, Pefia-Rodriguez and
Pal [97] studied the plasmonic behavior of incomplete gold nanoshells, finding that
during the initial stages of formation, well-separated, noninteracting metallic
nanoparticles at the surface of a dielectric core behave like isolated particles, but
intense and irregular local electric fields (with prominent hot spots that exhibit
enhancements as high as 60) are created when the number of metallic spheres
increases. Such enhancements are very important for applications like surface-
enhanced Raman scattering (see Sect. 5.2.1) (Fig. 3.16) [98].

5.2 Applications

5.2.1 Surface-Enhanced Raman Scattering (SERS)

The first application of (gold) nanoshells in SERS was reported by Oldenburg et al.
[98]. In this study, significant SERS signal was observed for p-mercaptoaniline
(p-MA) in solution using gold nanoshells with plasmon resonance peak tuned to lie
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Fig. 3.16 Near-field contour plots in the section plane for some incomplete gold nanoshells. The
structures shown have filling fractions of (b) 0.4, (c) 0.6, (d) 0.8, and (e) 1.0. (a) The field profiles
through the middle of the metallic shell (marked with solid lines in the contour plots) are also
shown, for clarity [97]

at the wavelength (1.06 pm) of the excitation source. The strongest Raman
enhancements were obtained when enough gold was deposited on the silica cores
to form a nearly complete metal shell. The SERS signal was found to be produced
by two different factors: the local enhancement of the dielectric field via the
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plasmon resonance of the nanostructure and the enhancement due to the localized
regions of high field intensity provided by the nearly completed gold shell.
A comparison between the SERS enhancements on complete nanoshell structures
indicated the relative contribution of these two effects.

Silver nanoshells, owing to their intense SPR, are better SERS substrates than
their gold counterparts, as has been observed by Jackson et al. [96]. They demon-
strated that the variations of core diameter and shell layer thickness of a metallic
nanoshell can tune the local surface electromagnetic field of the nanoparticle in
a controlled manner, resulting in local field enhancements (|E|/|Eo|) of up to 30.
Effective SERS enhancements of the order of 10° were obtained for these
nanoshells in aqueous solution, which correspond to absolute enhancements
~10"? when reabsorption of Raman emission by nearby nanoparticles is taken
into account. Aggregates of composite Au/Ag nanoshells, fabricated on nanosized
silica spheres by an aggregation-based method, also exhibited excellent optical
properties, and their utility as substrates for surface-enhanced Raman scattering was
demonstrated by Lu and coworkers [99]. Similarly, Jackson and Halas [100] found
that SERS enhancements on Au and Ag nanoshell films are dramatically different
from those observed on colloidal aggregates, measuring SERS enhancements as
large as 2.5 x 10'® on Ag nanoshell films for the nonresonant molecule
p-mercaptoaniline.

Goude and Leung [101] have applied the Gersten-Nitzan model to study the
surface-enhanced Raman scattering from a molecule adsorbed on a spherical
metallic nanoshell. They concluded that the nonlocal effects can be significant for
very close molecule-shell distances and for shells with very small sizes and/or
thickness, leading to smaller enhancement in general. On the other hand, Heck et al.
[102] used SERS to provide the first direct evidence of the room-temperature
catalytic hydrodechlorination of a chlorinated solvent through in situ the catalytic
hydrodechlorination of 1,1-dichloroethene in H,O. In this study, the authors
employed Pd islands grown on Au nanoshell assembled films, exploiting the high
enhancements and large active area of Au nanoshell SERS substrates, the transpar-
ency of Raman spectroscopy to aqueous solvents, and the catalytic activity
enhancement of Pd by the underlying Au metal. The formation and subsequent
transformation of several adsorbate species were observed.

Surface patterns of nanoshell arrays play an important role in diverse applica-
tions including SERS sensors, lithium-ion batteries, solar cells, and optical devices.
Yang et al. [103] have described an innovative surface nanopatterning technique for
realizing large-scale ordered arrays of spherical nanoshells with well-defined struc-
tures. Ag nanoshell arrays were fabricated using polystyrene sphere templates by an
electrophoretic process in Ag colloidal solutions. With this fabrication process, it
was possible to control various structural parameters of the nanoshell arrays,
including the diameter, the surface roughness, and the inter-shell spacing. Tunable
SERS and localized SPR of the nanoshell arrays were demonstrated by controlling
the structural parameters. Moreover, Kiistner et al. [104] have reported the silica
encapsulation of a self-assembled monolayer (SAM) on metallic nanoparticles
(Fig. 3.17). In this approach, the advantages of both the SAM and the silica shell
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Fig. 3.17 Structure of silica-encapsulated and biofunctionalized SERS labels. Left: Gold/silver
nanoparticle with a SAM of Raman label molecules (red) and a protective silica shell with amino
groups (gray). Middle: heterobifunctional polyethylene glycol spacer. Right: monoclonal antibody
for antigen recognition [104]

are integrated into a single functional unit. Using a SAM on gold/silver nanoshells
optimized for red laser excitation, they found that these SERS labels give signals
approximately 180 times more intense than those of other labels based on single
gold particles.

Occurrence of SERS inside metal nanoshells was experimentally observed for
the first time by Zhang and Guo [105]. They achieved giant enhancements of the
order of 10"'=10"*, solely due to the electromagnetic enhancement in the near-field.
Meanwhile, Gellner et al. [106] have reported the optical properties and SERS
efficiency of Au/Ag alloy nanoshells with different shell thickness. The relative
SERS efficiency of the Au/Ag nanoshells was determined with a self-assembled
monolayer of 4-mercaptobenzoic acid (MBA) as a probe molecule. They presented
quantitative predictions of SERS efficiencies as high as 0.9, based on calculated
Mie scattering intensities. Additionally, a qualitative analysis of their relative SERS
efficiency was performed using two dominant Raman bands of MBA.

The application of gold nanoshells as SERS platform for intracellular sensing in
NIH-3T3 fibroblast cells was studied by Ochsenkiihn et al. [107], using MBA-
functionalized nanoshells as a pH sensor. For this, they used 151 £ 5-nm-sized
solution-stable nanoparticles, finding the voluntary uptake of nanoshells by living
cells. This controllable process was found to be independent of active cellular
mechanisms, such as endocytosis. As a result, the cells showed no increase in
necrosis or apoptosis. Nanoshell-based intracytosolic SERS spectra were measured
using short acquisition times and low laser powers.

5.2.2 Surface-Enhanced Raman Optical Activity (SEROA)

Raman optical activity [108, 109] (ROA), which is defined as the difference
between right- and left-circularly polarized Raman-scattering intensities, provides
a spectroscopy that is sensitive to molecular chirality. The surface-enhanced ver-
sion of ROA (SEROA) is even more sensitive and more selective than normal ROA
spectroscopy. Acevedo et al. [110] have investigated SEROA theoretically for
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molecules near a metal nanoshell. They calculated the SEROA excitation profiles
and examined in detail the differential Raman scattering for a simple chiroptical
model that provides analytical forms for the relevant dynamical molecular response
tensors. This allowed a detailed investigation on the circumstances that simulta-
neously provide strong enhancement of differential intensities and selectivity to
molecules with chirality. Moreover, Lombardini et al. [111] have examined
SEROA in the same system for different experimental polarization schemes. Dual
circular polarization strategies were found to have special advantages in these
circumstances, and the corresponding excitation profiles for a simple chiroptical
model were analyzed in detail to suggest preferred excitation wavelengths.

5.2.3 Medicine

Outstanding optical and chemical properties of metal (mainly gold) nanoshells
make them interesting for medical applications [70], particularly in the areas of
biomedical diagnostics, drug delivery, and thermal therapy of cancer [112, 113]. As
the optical properties of these nanoshells are highly sensitive to the relative
dimensions of the core and the shell, it is possible to design them to activate their
plasmon frequencies in the near-infrared spectral range. In this energy range, the
main components of body tissues, such as water, hemoglobin, and oxyhemoglobin,
have weaker absorption (Fig. 3.11), making nanoshells useful for cancer treatment
and/or detection [114]. Moreover, they can be tailored to either absorb or scatter
EM radiation at this wavelength range, and, consequently, it can be controlled at
will if the light is converted into heat or dispersed [115]. In the former case, the
produced heat can be used to kill cancer cells or release drugs, while the scattering
can be used to detect some types of malign cells.

In any case, nanoshells require adequate bio-conjugation for the attachment with
biological cells. The bioconjugated nanoshells are then positioned specifically in
the tumor to treat or detect the disease. Biomedical applications of nanoshells can
be divided into two main categories: outside (i.e., in vitro) or inside (in vivo) the
body. Among the former applications, we can find biosensors and biochips, which
have been used to analyze various biological samples, particularly the blood, since
2002 [116]. For applications inside the body, researchers are working on the
implementation of nanoshells tailored for enhanced thermal ablation of tumors,
modulated drugs delivery, and cancer detection. In the following subsection, we
will make a brief literature survey on the usage of nanoshells for medical
applications.

Cancer Therapy

Complications associated with invasive malignant tumor excision have led to
alternative treatment methods including chemotherapy, photodynamic therapy,
and thermal coagulation. Metal nanoshells can provide a novel means for targeted
photothermal therapy in tumor tissues, minimizing damage to the surrounding
healthy tissues. Metal nanoshells have a strong tunable absorption, which can be
placed in the near IR, where maximal penetration of light through biological tissues
can be achieved. Moreover, when conjugated with a tumor-specific protein, these
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Fig. 3.18 (a) Gross pathology after in vivo treatment with nanoshells and NIR laser reveals
hemorrhaging and loss of tissue birefringence beneath the apical tissue surface. (b) Silver staining
of a tissue section reveals the region of localized nanoshells (outlined in red). (¢) Hematoxylin/
eosin staining within the same plane clearly shows tissue damage within the area occupied by
nanoshells. (d) Likewise, MRTI calculations reveal an area of irreversible thermal damage of
similar dimension to a, b, and ¢ [91]

nanoshells could be systemically injected for the preferential attachment to the
tumor sites. Up to date, cancer therapy using nanoshells has focused mainly in two
directions: thermal ablation of tumors [91] and photothermally modulated drug
delivery [117].

Thermal Ablation of Tumors

Phototherapy is a new therapeutic use of electromagnetic radiation for cancer
treatment [118]. This type of therapy has the advantage of delivering a controlled
amount of energy directly into the tumor mass. The laser energy delivered to the
targeted tumors can induce localized photochemical, photomechanical, and
photothermal reactions that kill the tumor cells [119]. However, the application
of photothermal ablation is limited by the potential damage of the surrounding
healthy tissues, as the heating from laser sources is nonspecific. Fortunately,
nanoshells can be used to significantly enhance the efficiency of photothermal
ablation because they exhibit a strong optical extinction at visible and near-infrared
wavelengths, coming from the surface plasmon resonance. Moreover, these
nanoparticles can be fabricated with well-defined core-shell ratio to absorb NIR
light, resulting in a resonant and optimal transfer of thermal energies to the
surrounding tissues. The absorption band in the NIR region is a desirable property
because the normal tissues are relatively transparent to NIR light; thus, irradiation
with NIR light causes minimal thermal injury to normal tissues [120]. Next, we will
discuss the most significant advances that have been reported in the literature on the
use of nanoshells for photothermal ablation of cancer cells.

Human breast carcinoma cells incubated with nanoshells in vitro were found to
have undergone photothermally induced morbidity on exposure to NIR light
(Fig. 3.18) [91]. In vivo studies under magnetic resonance guidance have also
revealed that exposure of low doses of NIR light in solid tumors treated with
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metal nanoshells attains average maximum temperatures capable of inducing irre-
versible tissue damage within 4-6 min. Tissues heated above the thermal damage
threshold displayed coagulation, cell shrinkage, and loss of nuclear staining, which
are indicators of irreversible thermal damage. Likewise, photothermally induced
death of nanoshell-bound carcinoma cells in vitro, as well as in vivo [121] was
demonstrated using an 821-nm diode laser combined with Au nanoshells fabricated
to have their plasmon resonance at the same wavelength. Specific binding to tumor
cells was achieved by conjugating antibodies against oncoproteins to nanoshells.

Laser-activated gold nanoshell-induced ablation has been found to be an effec-
tive and selective technique for both, an ectopic murine tumor model [122] and
a subcutaneous murine colon tumor model [123]. In the former study, gold
nanoshells of a total size of 110 nm with a 10-nm-thick metallic shell were designed
to act as intense near-infrared absorbers, attaining temperatures up to 65.4 C in the
treated group which resulted in 93 % of tumor necrosis and regression for the high-
dose-treated group. The ablation zone was sharply limited to the laser spot size.
There was no difference in the size or tumor histology in control groups, indicating
a benign course for near-infrared laser treatment alone. The second work relied on
the enhanced permeability and retention effect, by which nanoscale materials are
preferentially deposited into the tumors (as opposed to normal tissue) due to the
leaky nature of tumor vessels. They reported an effective nanoshell-induced
photothermal ablation of the tumor using polyethylene glycol-coated Au nanoshells
(~130 nm in diameter) which accumulated in the tumor passively after intravenous
injection.

This structure also proved effective to mediate a thermally induced modulation
of tumor vasculature in experimental prostate tumors [124]. It was demonstrated
that after passive extravasation and retention of the circulating nanoshells from the
tumor vasculature into the tumor interstitium, the enhanced nanoshells absorption
of near-infrared irradiation over normal vasculature can be used to increase tumor
perfusion or shut it down at powers which result in no observable effects on tissue
without nanoshells. The results indicated that nanoshell-mediated heating can be
used to improve perfusion and subsequently enhance drug delivery and radiation
effects or be used to shut down perfusion to assist in thermal ablative therapy
delivery.

Enhanced targeted delivery of the nanoshells has also been demonstrated using
a new class of molecular specific photothermal coupling agents based on hollow
gold nanoshells (average diameter ~30 nm) covalently attached to monoclonal
antibody directed at epidermal growth factor receptor (EGFR) [120]. The resulting
anti-EGFR-NS exhibited excellent colloidal stability and efficient photothermal
effect in the near-infrared region. EGFR-mediated selective uptake of anti-EGFR-
NS in EGFR-positive A431 tumor cells but not IgG-NS control was shown in vitro
by imaging scattered light from the nanoshells. Irradiation of anti-EGFR-NS treated
A431 cells with near-infrared laser resulted in selective destruction of these cells. In
contrast, cells treated with anti-EGFR-NS alone, laser alone, or IgG-NS plus laser did
not show observable effect on cell viability. Using '''In-labeled nanoshells, it was
found that anti-EGFR-NS could be delivered to EGFR-positive tumors at 6.8 % ID/g,
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and the microscopic image of excised tumor with scattering signal from nanoshells
confirmed a preferential delivery of anti-EGFR-NS to A431 tumor compared with
IgG-NS. The absence of silica core, the relatively small particle size and high
tumor uptake, and the absence of cytotoxic surfactant required to stabilize other
gold nanoparticles suggest that immuno-NS has the potential to extend to in vivo
molecular therapy.

Mild-temperature hyperthermia generated by near-infrared illumination of gold
nanoshell-laden tumors was reported to cause an early increase in tumor perfusion,
reducing the hypoxic fraction of tumors [125, 126]. A subsequent radiation dose
was used to induce vascular disruption with extensive tumor necrosis. The study
determined that gold nanoshells sequestered in the perivascular space mediate these
two tumor vasculature-focused effects to improve radiation response of tumors.
This novel integrated antihypoxic and localized vascular disrupting therapy can
potentially be combined with other conventional antitumor therapies. Similarly,
local hyperthermia delivered by gold nanoshells plus radiation can eliminate
radioresistant breast cancer stem cells [127]. In this work, it was confirmed that
these cancer stem cells are responsible for accelerated repopulation in vivo and
demonstrated that hyperthermia sensitizes this cell population to radiation
treatment.

Active targeting of NSs to integrin o, 3 increases its preferential accumulation
in tumors and results in therapeutic nanoconstructs for effective cancer therapy
[128]. Enzyme-linked immunosorbent assay (ELISA) and cell binding assay
confirmed the binding affinity of NS-RGDfK to integrin o, f3;. Positron emission
tomography/computed tomography imaging suggested that tumor targeting
is improved by conjugation of NSs to cyclo(RGDfK) and peaks at ~20 h
postinjection. In the subablative thermal therapy study, greater biological effec-
tiveness of targeted NSs was implied by the greater degree of tumor necrosis.

Photothermally Modulated Drug Delivery
Another very important application of nanoshells that leverages the photothermal
effect is the photothermally modulated drug delivery [129, 130]. Unfortunately
conventional chemotherapeutic agents have poor specificity in reaching tumor
tissues and are consequently restricted by dose-limiting toxicity. This limitation
could be overcome using a combination of controlled release technology and
targeted drug delivery. For this reason, a lot of recent efforts have been dedicated
to the development of nanoscale delivery vehicles capable of controlling the release
of chemotherapeutic agents directly inside the cancer cells [113]. This is achieved
by combining a natural or synthetic polymer with a drug in such a way that the
drug is encapsulated within the polymer system for subsequent release in a
predetermined manner. One of the ways to obtain this goal is by means of
photothermally modulated drug delivery. In this technique, optically active
nanoshells are attached to thermally sensitive polymeric hydrogels, and the drug
release is triggered with a laser emitting at the wavelength of the nanoshell SPR.
For example, composites of thermally sensitive hydrogels and optically active
nanoparticles have been used to achieve significantly enhanced drug release in
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Fig. 3.19 NIPAAm-co-
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response to light irradiation [117, 131]. Copolymers of N-isopropylacrylamide
(NIPAAm) and acrylamide (AAm) exhibit a lower critical solution temperature
(LCST) that is slightly above the body temperature. When the temperature of the
copolymer exceeds the LCST, the hydrogel collapses (Fig. 3.19), causing a burst
release of any soluble material held within the hydrogel matrix. Gold-gold sulfide
nanoshells had been incorporated into poly(NIPAAm-co-AAm) hydrogels for the
purpose of initiating a temperature change with light. The 1,064-nm light was
absorbed by the nanoparticles, and converted to heat, leading to the release of
methylene blue and proteins of varying molecular weights. Additionally, these
nanoshell-composite hydrogels could release multiple bursts of protein in response
to repeated near-IR irradiation. The very same composites were also found suitable
for delivering controlled pulsatile doses of insulin in response to near-IR irradiation
[132]. The activity of the released insulin was determined by measuring glucose
uptake by adipocytes that had been exposed to photothermally released insulin. The
released insulin did not show a loss in activity as compared to the positive control
(insulin in saline), thus demonstrating transdermal photothermally modulated drug
deliver in vitro.

Near-complete liposome release within seconds was demonstrated by irradiating
hollow gold nanoshells with a near-infrared pulsed laser, overcoming their usual
slow release of the encapsulated drug [133]. Different coupling methods, such as
having the gold NSs tethered to, encapsulated within, or suspended freely outside
the liposomes, were tested, finding that all triggered liposome release but with
different levels of efficiency. Microbubble formation and collapse due to the rapid
temperature increase of the NS, resulting in liposome disruption, was suggested as
the underlying content release mechanism.

Nanoshell-composite hydrogels have also been used to develop a photothermal
modulated drug delivery system [134]. SiO,-Au nanoshells of varying concentra-
tions have been embedded within temperature-sensitive N-isopropylacrylamide-co-
acrylamide (NIPAAm-co-AAm) hydrogels. The resulting composites had the
extinction spectrum of the SiO,-Au nanoshells in which the hydrogels collapsed
reversibly in response to temperature (50°C) and laser irradiation. The degree of
collapse of the hydrogels was controlled by the laser fluence as well as the
concentration of SiO,-Au nanoshells. Modulated drug delivery profiles for
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methylene blue, insulin, and lysozyme were achieved by irradiation of the drug-
loaded nanoshell-composite hydrogels, revealing that drug release depends on the
molecular weight of the therapeutic molecules. Similarly, a drug-loaded structure
comprising a PEGylated (PEG = polyethylene glycol) gold nanoshell on silica
nanorattle spheres was demonstrated to obtain combined remote-controlled
photothermal therapy with modulated drug delivery [135]. Tumor cells were killed
with higher efficacy and less toxicity than the free drug.

Tissue Welding

Gold nanoshells with peak extinction matching the NIR wavelength of the exciting
laser also proved to be good exogenous NIR absorbers to facilitate NIR laser-tissue
welding [114]. Goblin et al. have performed the optimization work on ex vivo
muscle samples and then translated into testing in an in vivo rat skin wound-healing
model. Mechanical testing of nanoshell-solder welds in muscle revealed successful
fusion of tissues with tensile strengths of the weld site equal to the uncut tissue. No
welding was accomplished with this light source when using solder formulations
without nanoshells. Mechanical testing of the skin wounds showed sufficient
strength for closure and strength increased over time. Histological examination
showed good wound-healing response in the soldered skin. Notably, the healing
results were similar to the suture-treat control group until day 5, after which healing
was shown to be better in the suture group.

Bio-sensing and Imaging

As important as the treatment of tumors is their detection. Thanks to its versatility
and low toxicity, nanoshells have also found wide applications in this field. For
instance, bioconjugated nanoshells have been used as contrast agents, to detect and
image individual cancer cells in vitro and solid tumors in vivo. In this case, one
attempts to maximize the scattering of light rather than the absorption, which allows
the sensing and/or imaging of tumors, facilitating its detection.

Bio-sensing
Potential applications of NSs in bio-sensing [116, 136] arise from the dependence of
their surface plasmon resonance frequency on the refractive index of surrounding
environment [70]. For sensing applications, a high sensitivity of the SPR frequency to
the change in the refractive index of the surroundings (4/4gpgr/4n,,) is required. Sun
and Xia [116, 137] have shown that gold nanoshells are more sensitive than solid
nanospheres to the changes in refractive index of the surrounding environment
(306.6 and 65.5 nm/RIU, respectively) and that the observed peak shift varies
linearly with #n,, (Fig. 3.20). Similar results were obtained by Tam et al. [138],
who could measure sensitivities of up to AAgpr/4n,, = 555.4 nm/RIU. In this
subsection, we will do a brief literature survey on how this optical sensitivity to
the surrounding environment exhibited by nanoshells has been exploited to detect
biomarkers in simple absorbance assays [16, 139].

A rapid immunoassay capable of detecting analyte within complex biological
media without any sample preparation has been demonstrated [16, 140, 141].
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Fig. 3.20 Extinction coefficients computed for (a) a gold solid colloid with a diameter of 50 nm
and (b) a gold nanoshell with a diameter of 50 nm and wall thickness of 4.5 nm. In simulation, the
gold nanostructures are surrounded by solvents with increasing refractive indices: n = 1.33
(water), 1.36, 1.39, 1.42, 1.45, and 1.48. (c) Plots of the dependence of peak shift (Akgspg, relative
to the peak position calculated for water with n = 1.33) on the refractive index of surrounding
medium. The sensitivity factors, Alspr/An,,, were 306.6 and 65.5 nm/RIU for gold nanoshell and
50-nm solid colloids, respectively. The interiors of these gold nanoshells were assumed to be filled
by the external solvent [116]

This was accomplished using gold nanoshells as an immunoassay substrate. Near-
infrared resonant gold nanoshells were labeled with antibodies specific to rabbit
IgG analyte. Addition of analyte induced aggregation of antibody-nanoshell
conjugates, causing a decrease in the SPR intensity. Successful detection of
immunoglobulins was achieved in saline, serum, and whole blood. This simple
immunoassay proved capable of quantitative detection of analyte within 10-30 min
with sensitivities below 1 ng/mL. McFarland and Van Duyne [13] have used
dark-field optical microscopy to demonstrate the localized surface plasmon reso-
nance Ang. response of individual Ag nanoparticles and the formation of
a monolayer of small-molecule adsorbates. They showed that the adsorption of
fewer than 6 x 10* 1-hexadecanethiol molecules on single Ag nanoparticles results
in a localized surface plasmon resonance shift of 40.7 nm. Additionally, they found
that the kinetics of the single nanoparticle response was comparable to that of other
real-time sensor technologies.

Mie theory and the discrete dipole approximation method were used to calculate
absorption, scattering efficiencies, and optical resonance wavelengths for three
classes of nanoparticles commonly used for biological and cell imaging applica-
tions: gold nanospheres, silica-gold nanoshells, and gold nanorods [115]. In partic-
ular, gold nanoshells were found to have optical cross sections comparable to or
even higher than nanospheres made of the same metal with the added advantage
that their optical resonances lay favorably in the near-infrared region. The reso-
nance wavelength could be rapidly increased by either increasing the total
nanoshell size or increasing the ratio of the core-to-shell radius. The total extinction
of nanoshells exhibits a linear dependence on their total size; however, it is
independent of the core/shell radius ratio. It has also been found that the relative
scattering contribution to the extinction can be rapidly raised by increasing the
nanoshell size or decreasing the ratio of the core/shell radius.
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Silica-gold nanoshells have also been used as solid-phase dot immunoassay
[142, 143]. The principle of this assay is based on staining of a drop (1 pl) analyte
on a nitrocellulose membrane strip by using silica-gold nanoshells conjugated with
biospecific probing molecules. Experimental example was human IgG (hIgG, target
molecules) and protein A (probing molecules). For 15-nm colloidal gold conju-
gates, the minimal detectable amount of hIgG was about 4 ng, but for nanoshell
conjugates (silica core diameter of 70 nm and gold outer diameter of 100 nm), the
detection sensitivity increased to about 0.5 ng. This finding has been explained by
the difference in the monolayer particle extinction. Additionally, the optical mech-
anisms behind the efficiency of nanoparticle-labeled dot immunoassay have been
addressed, both, theoretically and experimentally [144]. The experimental verifi-
cation was performed with functionalized 15-nm colloidal gold nanospheres and
silica-gold nanoshells. Three types of NSs, with silica core diameters of 100, 140,
and 180 nm and a gold shell thickness of about 15 nm, were studied. A normal
rabbit serum (the target IgG molecules) and sheep antirabbit antibodies (the probing
molecules) were used as a biospecific model. It was found [139] that the minimal
detection limit for IgG target molecules improves from 15 ng for 15-nm colloidal
gold particles to around 0.25 ng in the case of 180/15-nm NSs and up to 0.5-1.0 ng
for 100/15 and 140/15-nm NSs.

In yet another study, gold nanoshells were used as effective signal transducers in
whole blood. First, NS self-assembled monolayers (SAMs) were formed on the
surface of transparent glasses modified with 3-aminopropyltrimethoxysilane
(APTES) [139]. Afterward, NS SAMs were modified with cystamine and biotin-
NHS (N-hydroxysuccinimide) and used as a novel optical biosensor for real-time
detection of streptavidin-biotin interactions in diluted human whole blood within
short assay time, without any sample purification/separation. It has been shown that
this biosensor featured a low detection limit ~3 pg/mL and a wide dynamic range
~3-50 pg/mL.

Gold precursor composites, preadsorbed onto the surface of ITO substrates, were
also used successfully as nanoprobes in an antioxidant capacity assay [145].
Nanoshell precursor composites were enlarged to varying degrees with the treat-
ment of modified electrodes immersed in the gold nanoparticle growth solution
containing different phenolic acids. Obtained results revealed that the higher
capacity of phenolic acid to reduce AuCl*~ to Au’ resulted in the intensified
localized SPR features and reduced cathodic currents. The optical and electrochem-
ical results could be used to evaluate the antioxidant capacity of phenolic acids with
this simple method. Similarly, a series of phenolic acids were also tested for their
ability to scavenge hydrogen peroxide (H,O,) by using a novel enzyme-free,
spectrophotometry assay [146]. Gold nanoshell precursor composites were used
as optical nanoprobes. This approach was based on the H,O,-induced growth of
gold NSs. The addition of phenolic acids inhibits the formation of complete gold
NSs, and the corresponding peak wavelength changed accordingly, acting as an
optical signature. Caffeic acid was found to be the most efficient H,O,-scavenger
with its H,O,-scavenging activity being 125 x 10~ uM™', whereas trans-cinnamic
acid exhibited the weakest activity (0.73 x 107> pM™).
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Imaging

Optical imaging of tissues is a high resolution, noninvasive technique that has the
potential to greatly contribute to cancer detection [30]. Unfortunately, these tech-
nologies are often limited by the inherently weak optical signals of endogenous
chromophores and the subtle spectral differences of normal and affected tissues.
This limitation can be overcome by using exogenous contrast agents, designed to
probe the molecular specific signatures of cancer, which improve the detection
limits and clinical effectiveness of optical imaging [147]. In recent years,
nanoshells have been increasingly used for this task, due to their outstanding optical
properties.

Imaging of tumors has been achieved by using diffuse optical spectroscopy
(DOS) for the noninvasive measurement of gold nanoshell concentrations in tumors
of live mice [148, 149]. In this study, the diffuse optical spectra (500-800 nm) were
measured using an optical fiber probe placed in contact with the tissue surface. In
vitro studies were performed on tissue phantoms illustrating an accurate measure-
ment of silica-gold nanoshell concentration within 12.6 % of the known concen-
tration. Subsequent in vivo studies were performed on a mouse xenograft tumor
model. DOS spectra were measured at preinjection, immediately after injection,
and at 1 and 24 h postinjection times. The nanoshell concentrations were verified
using neutron activation analysis.

The effective use of gold nanoshells as a contrast agent for optical coherence
tomography (OCT) may be hampered by the delivery of a wrong dose resulting in
unwanted signal attenuation. A recent study has examined how the changes in the
scattering coefficient (u,) due to concentration variations affect the OCT image and
defined a dose range that would result in optimal values of p, to maintain an
acceptable signal attenuation level [150]. The results obtained by Kah et al.,
using 81-nm-radius silica core and 23-nm shell thickness revealed that an increase
in p; not only enhances the OCT signal near the surface but also attenuates the
signal deeper into the sample. It was found that a concentration range of 5.6 x 10°
<c<2.3 x 10" particles/mL provides adequate signal enhancement near the
surface without severely compromising the imaging depth due to signal attenuation.
Finally, the extraction of y, from the OCT signal to estimate the gold nanoshells’
concentration in vivo has also been demonstrated. The estimated concentration of
6.2 x 10° particles/mL in a mouse tumor after intravenous delivery lies within this
concentration range to effectively enhance the tumor imaging.

The in vivo control of optical contrast in a mouse tumor model with gold
nanoshells as contrast agent has been examined [151]. Gold nanoshells were
administered into mice, with varying injected dosage and particle surface parame-
ters. The results reasserted that a high concentration of gold nanoshells in tumor
only enhances the OCT signal near the tissue surface while significantly attenuating
the signal deeper into the tissue. However, with an appropriate dosage, intravenous
(IV) delivery of gold nanoshells allows a moderate concentration of 6.2 x 10’
particles/mL in tumor to achieve a good OCT signal enhancement with minimal
signal attenuation at higher depths. An increase in the IV dosage of gold nanoshells
revealed a corresponding nonlinear increase in their tumor concentration.
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Fig. 3.21 Standard white light images and two-photon-induced photoluminescence (TPIP)
images from subcutaneous tumors. (a), (¢) White light images of tumor with and without
nanoshells. (b), (d) TPIP images from tumors with and without nanoshells [152]

The fractional concentration could be improved with the use of antiepodermal
growth factor receptor (EGFR) surface functionalization, which also reduced the
time required for tumor delivery from 6 to 2 h.

Likewise, 3D microscopic imaging of gold nanoshells in tumors has been
achieved using two-photon-induced photoluminescence [152—155]. This study
took advantage of a new photo-physical property of nanoshells, whereby these
particles glow brightly when excited by near-infrared light. Specifically, it was
demonstrated that NSs excited at 780 nm produce strong two-photon-induced
photoluminescence (TPIP, Fig. 3.21). The luminescence brightness of NSs was
characterized and compared to that of fluorescein-labeled fluorescent beads (FB),
finding that the former are 140 times brighter than the latter. 3D distribution of gold
NSs targeted to murine tumors was imaged to demonstrate the potential application
of this bright TPIP signal for biological imaging.

Gold NSs can be used as exogenous contrast agents for enhanced visualization of
tumors using narrow band imaging (NBI) [156, 157]. NBI takes advantage of the
strong NIR absorption of NSs to distinguish between blood and nanoshells in the
tumor by imaging in narrow wavelength bands in the visible and NIR, respectively.
First, the optimum wavelengths to enhance contrast between blood and NSs were
determined using tissue-simulating phantoms. Then, these optimum wavelengths
were used for ex vivo imaging of tumors extracted from human colon cancer
xenograft-bearing mice injected with gold NSs. Systemically, delivered NSs accu-
mulated passively in tumor xenografts due to the enhanced permeability and
retention effects. Ex vivo NBI of tumor xenografts demonstrated tumor-specific
heterogeneous distribution of NSs, with a clear distinction from the tumor
vasculature.

The radiolabeling of gold nanoshells for positron emission tomography/
computed tomography (PET/CT) imaging in rat tumor model has also been
reported. For this purpose, the radionuclide ®*Cu was attached to the NSs via
a conjugation method. In a first study [158], the resulting conjugates showed
good labeling efficiency and stability in PBS and serum. The pharmacokinetics of
%4Cu-NS and the controls (**Cu-DOTA and **Cu-DOTA-PEG2K) were determined
in nude rats with a head and neck squamous cell carcinoma (HNSCC) xenograft by
radioactive counting. In vivo distribution of ®*Cu-NSs and the controls in the
tumor-bearing rats were monitored at various time points after their intravenous
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Fig. 3.22 Spatial distribution of gold NSs in live cultures of RAW 264.7 (left) and A431 (right).
Red contrast corresponds with forward-detected CARS signal with pump and Stokes wavelengths
tuned to excite the CH2 resonance (red). Green signal corresponds with gold NS signal. Both bars
represent 10 pm [159]

injection using PET/CT imaging. Obtained results showed accumulation of ®*Cu-
NSs in the tumors and other organs with significant difference from the controls.
The organ biodistribution of rats at 46 h postinjection was analyzed by radioactive
counting and compared between the **Cu-NS and the controls. Different clearance
kinetics was indicated. Neutron activation analysis (NAA) of gold concentration
was performed to quantify the amount of NSs in major tissues of the dosed rats, and
the obtained results revealed similar distributions. Overall, PET images using ®*Cu
had good resolution and therefore can be further applied to guide photothermal
treatment of cancer. In vivo biodistribution and tumor specificity were analyzed in
a similar study [128], using ®*Cu-radiolabeled untargeted and targeted NSs in live
nude rats bearing HNSCC xenografts. ELISA and cell binding assay confirmed the
binding affinity of NS-RGDfK to integrin o, 3. PET/CT imaging suggested that
tumor targeting is improved by conjugation of NSs to cyclo(RGDfK) and peaks at
~20 h postinjection.

Finally, plasmon-enhanced four-wave mixing microscopy combined with coher-
ent anti-Stokes Raman scattering (CARS) microscopy has been used to visualize
the distribution of 75-nm-radius gold NSs within live cells (Fig. 3.22) [159]. It was
found that living cells containing plasmonic nanoshells could be exposed up to
2.5 mJ with no detectable photothermally induced necrosis. In contrast, above this
irradiation energy threshold, cell death occurs, which is linearly proportional to the
laser power. The majority of the detected NS signals were through plasmon-
enhanced four-wave mixing process, along the epi-direction with the incident lasers
tuned to the silent region of the Raman spectrum. Then, the distribution of NSs
inside live cells was visualized by combining the epi-detected signal with the
forward-detected CARS at the CH, resonance.

5.2.4 Photonics

Colloidal particles can be assembled to form a two- or three-dimensional crystal
lattice with long-range periodicity, known as photonic bandgap materials. The
behavior of photons in these materials is equivalent to that of electrons in
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Fig. 3.23 (a) SEM image of a 2D colloidal crystal template composed of PS beads (diameter of
1,600 nm). (b) SEM image of the resultant 2D ordered array of metallodielectric composite
microspheres. The inset in (b) shows the MD particles at a higher magnification. The silver
shell thickness is about 45 &= 5 nm [160]

semiconductors. In this configuration, the gaps between the particles form a region
of low refractive index, while the particles form a region of high refractive index.
When photons are incident on these materials, they pass through regions with high
and low refractive indices. For photons, this contrast in refractive index is similar to
the periodic potential that an electron experiences while passing through
a semiconductor. If the contrast in refractive index is large, then the photons are
either totally reflected or confined inside the dielectric material. The colloidal
crystal blocks wavelengths in the photonic bandgap while allowing other wave-
lengths to pass through. The photonic bandgap can be tuned by changing the size of
the constituting particles.

Nanoshells are better suited than solid particles for this application because
relative refractive index contrast in core and shell particles is higher [10]. Bandgap
of such photonic crystals can be tuned from visible to IR range simply by changing
index contrast [161]. For example, Zhan et al. [160] have studied the optical
reflectance of a two-dimensional (2D) metallodielectric (MD) photonic crystal,
composed of hexagonal array of close-packed silver shell polystyrene-core com-
posite particles (Fig. 3.23). They observed a dramatic change in reflectivity behav-
ior of the 2D MD film from a 2D colloidal crystal template and a homogeneous
silver film. The phenomenon of strong reflectance bands of the 2D MD film was
explained as a selective coupling of the incident light with surface plasmon of the
2D textured structure via the 2D grating.

Similarly, collective plasmonic modes in two- and three-dimensional periodic
assemblies of metallic nanoshells were studied by means of full electrodynamic
calculations [162, 163]. It was found that, in assemblies of metallic nanoshells, the
plasmon resonances of the individual particles interact weakly between them and
form narrow bands of collective plasmon modes that manifest themselves as
resonance structures in corresponding transmission spectra and induce strong
absorption. In contrast, for binary heterostructures, the collective plasmonic
modes originating from the two building components coexist, leading to hybridi-
zation gaps, broadband absorption, and a rich structure of resonances over an
extended range of frequencies.
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5.2.5 Fano Resonances

Fano profiles are typical spectral features caused by the coupling of a discrete state
with a continuum [164]. In particular, the all-plasmonic Fano resonance [25] was
first described for a near-field coupled Au-Ag dimer, where the spectrally localized
SPR of the silver nanoparticle (the discrete level) was coupled to the interband
transitions of the gold nanoparticle (the continuum) [165]. In addition to funda-
mental scientific interests, Fano resonances in strongly coupled systems give rise to
the so-called plasmon-induced transparency (PIT) [61], which is a phenomenon
similar to the electromagnetically induced transparency, previously observed in
atomic systems [166, 167]. In turn, PIT has a great potential for the fabrication of
sub-wavelength waveguides, low-loss metamaterials, and chemical sensors [61,
168—171]. Therefore, it is not surprising that, apart from the original dimer, several
plasmonic structures have been proposed as candidates for generating Fano reso-
nances [61, 72, 168, 172, 173].

Fano resonances in modified MDM nanoshells (also referred as Fanoshells
[174]) have been recently reported by Hu et al. [22] and Mukherjee et al. [61]. In
these structures, the center of the metallic shell had been displaced with respect to
the center of the metallic core. Then, the dipolar modes of the inner core interacted
with quadrupolar and higher multipolar plasmon modes of the outer shell due to the
symmetry breaking introduced by the displacement of the core, resulting in Fano
interference. It was found that the resulting Fano resonance was almost isotropic
(i.e., independent of the polarization of the incident light), opening the possibility of
applying them as metamaterials.

6 Conclusions and Future Perspective

Research on metal nanoshells has had a short but intense life. The theoretical tools
to calculate their optical properties existed since the 50s [45]. However, it was only
in 1989 that Neeves and Birnboim [53] demonstrated, using theoretical calcula-
tions, that a composite spherical particle with a dielectric core and a metallic shell
can produce SPR modes in a much larger range of wavelengths than solid ones.
They predicted that those SPR wavelengths would be tunable by controlling the
geometrical parameters of the core and shell. The first nanoshells, consisting of an
Au,S core surrounded by a gold shell, were synthesized a few years later by Zhou
et al. [27] and allowed shifting the plasmon resonance peak from 520 nm (gold
colloids) up to 900 nm. However, additional red-shifts were restricted by the
chemistry of the synthesis reactions, which imposed a limit of around 40 nm on
the maximum achievable size of nanoshells [9]. The process also produced large
amounts of gold colloid as a secondary product, generating an additional absorption
peak around 520 nm [9]. Most of the limitations of those first nanoshells were
overcome by a new type of gold nanoshells, synthesized by Halas and coworkers
[71]. The new method replaced the Au,S core of the previous structure by mono-
disperse spherical silica particles, opening the possibility of much greater control
over the spectral position of SPR in nanoshells [2].
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After that, applications of nanoshells flourished. In 1999, Oldenburg et al. [98]
demonstrated the use of nanoshells in surface-enhanced Raman scattering (SERS).
A year later Sershen et al. [117] used them for photothermally modulated drug
delivery. Sun and Xia [116] showed in 2002 that nanoshells are more sensitive than
nanospheres to changes in the refractive index of the surrounding environment,
opening the door to their use as sensors. Hirsh at al. [91] revealed its usefulness for
thermal ablation of tumors in 2003. Goblin et al. [114] proved in 2005 that they can
be good exogenous NIR absorbers to facilitate NIR laser-tissue welding. Last year
(2010), Hu et al. [22] reported the appearance of Fano resonances in metal-
dielectric-metal (MDM) nanoshells with the center of the metallic shell displaced
with respect to the center of the metallic core.

Moreover, the methods of nanoshell synthesis have also been improved consid-
erably, allowing an always-growing control over the morphology of the nanoshells
that lead to several new variations such as the nanorice [19, 20] (ellipsoidal
nanoshells) as well as nonconcentric [21, 22] and multilayered [6, 23] nanoshells.
All of them have proved capable of increasing the upper limit of allowed red-shifts.
However, despite all those advances made in the study of nanoshells, the possibil-
ities of development are still very large. It is not hard to foresee that the current
trend on nanoshell research will continue, achieving greater control over their
morphology and size, while new applications appear and existing ones are
improved. In the end, it will be possible to fabricate nanoshells with features
tailored to the needs of each particular application.
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1 Overview

The reduction processes of metal ions can be used to prepare metal nanoparticles in
an aqueous solution, in which UV-Vis spectroscopy can be used as an excellent tool
to characterize the properties of metal nanoparticles, in particular the size and shape
of the metal nanoparticles and their surface property in the state of the colloidal
dispersion system. In addition, UV-Vis spectroscopy enables the amount of pre-
cursor metal ions used during the formation of metal nanoparticles to be measured.
In this chapter, the sonochemical reduction processes for Pd(II), Au(IIl), Pt(II),
Pt(IV), Ag(I), and MnO, "~ are described on the basis of changes in the absorption
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spectrum during ultrasonic irradiation to understand the sonochemical reduction
mechanism of metal ions. In addition, the optical properties of the sonochemically
formed metal nanoparticles such as the spherical nanoparticles of Pd, Au, Pt, Ag,
MnO,, and Au/Pd and the shape-controlled nanoparticles are reviewed to under-
stand the formation processes during ultrasonic irradiation.

2 Introduction

Metal nanoparticles have attracted considerable attention in various fields of tech-
nology because of their useful physicochemical properties arising from the effects
of the size of nanoparticles. The structure and shape of the nanoparticles are also
important factors to control their properties. Therefore, various types of preparation
methods such as controlled chemical methods with an appropriate reductant [1-4]
as well as photochemical and radiation chemical methods [5, 6] have been actively
developed. Although there are a number of methods available to prepare metal
nanoparticles, a sonochemical method offers unique synthetic processes: the
sonochemical method involves radical reactions and/or thermal reactions, which
originate from extremely high temperatures and pressures generated in cavitation
bubbles. In addition, strong shock waves and micro-jet flows are also induced by
ultrasonic irradiation of a liquid as a consequence of a cavitation phenomenon.

The reduction processes can be conveniently used to prepare metal nanoparticles
in an aqueous solution. As representative reactions, the following reactions proceed
under ultrasonic irradiation in an aqueous solution containing an organic additive
(RH) under a rare gas atmosphere [7]:

H,O — e¢OH+ e H 4.1

RH+ ¢ OH(eH) — eR+H,0(H,) 4.2)

RH — pyrolysis radicals and unstable products 4.3)
M™* + reductants — M° (4.4)

MO — (M) 4.5)

MY+ (M7), = (M), (4.6)
where M™ and M° correspond to a metal ion and metal atom, respectively.
Reactions (4.1)—(4.3) indicate the sonochemical formation of reductants: (4.1) «H
is formed from the pyrolysis of water, (4.2) *R and H, are formed from the
abstraction reaction of RH with «OH or *H, and (4.3) pyrolysis radicals and unstable
products are formed via the pyrolysis of RH. Some of the pyrolysis radicals and

unstable products act as reductants. In this mechanism, most of the organic
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additives used, including general organic stabilizers such as surfactants or water-
soluble polymers, correspond to RH. After the formation of M°, some of the M’
aggregate to form small particles, (M%), as Eqs. 4.4 and 4.5. In addition to such
aggregation, the formed M can be adsorbed on (M°), to give (M®),.,1, as Eq. 4.6.
The general mechanisms for the formation of metal nanoparticles are studied
elsewhere [1-4].

Sonochemical reduction processes can be used as eco-friendly techniques for the
synthesis of nanoparticles, because these experiments can be conducted in
a solution at around room temperature and the amounts of used reagents and/or
reaction times can be reduced [7-10]. Since the sonochemical processes offer
unique synthetic routes, they are expected to be promising ones to synthesize
various types of novel functional nanoparticles.

Although there are some reviews about the sonochemical synthesis of metal
nanoparticles, the UV-Vis spectrum analyses for the formation of the metal
nanoparticles as well as the reduction of metal ions are not described comprehen-
sively. Therefore, in this chapter, the comprehensive data for changes in the
absorption spectrum of the sample solution during ultrasonic irradiation are
shown and analyzed to understand the mechanism for the formation of metal
nanoparticles and reduction of metal ions, where the synthesis of spherical metal
nanoparticles of Pd, Au, Pt, Ag, MnO,, and Au/Pd and the synthesis of shape-
controlled nanoparticles of Au nanorods are described.

3 Experimental and Instrumental Methodology

Various types of sonicators and irradiation systems have been used for
sonochemical reactions. An ultrasonic cleaning bath can be used conveniently;
however, when the intensity of ultrasound is not high enough, the sonochemical
reactions with OH or H radicals do not occur sufficiently. This is because hot
cavitation bubbles do not generate sufficiently and thus the amounts of OH or
H radicals formed are very small. On the other hand, a horn-type sonicator can be
used as a high-intensity sonicator, which is often used as a strong homogenizer.
Although a horn-type sonicator can produce hot cavitation bubbles, the frequency
of ultrasound is generally limited to as low as 20—50 kHz. Stronger physical effects
such as shock waves and micro-jet flows are also induced by the irradiation with
a lower frequency sonicator. This is because changes in the size of the cavitation
bubbles during ultrasonic irradiation are larger at the lower frequency.

In this chapter, a standing-wave-type irradiation system is mainly used for the
sonochemical reduction of metal ions and formation of metal nanoparticles. The
representative irradiation setup and the characteristics of the reaction vessel are
shown in Fig. 4.1 [11]. In this system, standing waves are formed by overlapping
the irradiated ultrasound with the ultrasound reflected at the top interface of the
sample solution. The glass vessel is cylindrical and it has a Teflon valve and a port
covered by a silicon septum for gas bubbling. The bottom of the vessel is planar,
1 mm thick and 55 mm in diameter. The vessel is mounted at a fixed position. Since
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Fig. 4.1 One example of the

irradiation setup and the

characteristic of the reaction Teflon valve
vessel in a standing-wave-

type irradiation system

(Reprinted with permission

from Ref [11]. Copyright

2002 The Chemical Society

of Japan)
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the distance from the oscillator to the vessel bottom affects sonochemical efficiency
[11], the distance from the oscillator must be controlled carefully. In general, the
vessel bottom is fixed at the A/2 distance from the oscillator to get high
sonochemical efficiency, where A is the wavelength of ultrasound in the sample
solution.

As a sample solution, an aqueous solution of metal ions (e.g., 0.1-1.0 mM, 60 or
65 mL) is added to the vessel. Since a dissolved gas in the sample solution strongly
affects sonochemical efficiency [11, 12], the solution should be purged with an
appropriate gas. After purging, ultrasonic irradiation is carried out using an ultra-
sonic generator (4,021type; frequency, 200 kHz; Kaijo Co.) and a 65 mmd oscil-
lator (Kaijo Co.), which is operated at ca. 20-200 W in a water bath maintained at
a constant temperature. In this chapter, figures other than Fig. 4.11 are based on the
results obtained by this irradiation system. After irradiation, small amounts of the
sample solutions are drawn from the silicon septum by a syringe with a stainless-
steel needle and then the sample solutions are analyzed by UV-Vis spectroscopy
and/or various analytical methods.

As described in the reduction mechanism, organic compounds, which act as
a precursor for the formation of reductants during ultrasonic irradiation, are added
before or after gas purging. When a high-volatile organic compound is added to the
sample solution, its vaporization property should be considered: the addition of
a high-volatile compound should be performed after gas purging to avoid the
decrease in the concentration by its vaporization.

As a matter of course, the physicochemical properties of the cavitation bubbles
affect the reduction processes of the metal ions as well as various chemical
reactions. Since the bubble temperature is one of the most important factors to
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control the chemical effects of cavitation, it is important to understand the bubble
temperature of the used irradiation system. To estimate the bubble temperature,
analyses of sonoluminescence (light emission from a cavitation bubble) and reac-
tion kinetics can be used. Here, we briefly present the analysis of reaction Kinetics.
Based on the literature [12—15], the bubble temperature can be estimated from the
sonolysis of a tert-butyl alcohol (#-BuOH) aqueous solution in the presence of an
appropriate rare gas. During the sonolysis of this solution, CHj radicals are formed
by the pyrolysis of z-BuOH, which then react to form C,H,, C,H,4, and C,Hg. Since
the product ratio (C,H, + C,H4)/C,Hg is dependent on the temperature, the
bubble temperature can be estimated by analyzing the yield of these products: the
product ratio is equal to the ratio k,/k;, where k; (rate constant for 2CH3; — C,Hg) is
24 x 10 T7% dm> mol ! s7! and k, (rate constant for 2CH; — C,H,4 + H,) is
1.0 x 10'® exp(—134 kJ/RT) dm>® mol~' s™'. C,H, is formed via the thermal
reaction of C,H,.

Figure 4.2 shows the estimated bubble temperature as a function of the thermal
conductivity of each rare gas [12]. It can be seen that the bubble temperature is
about 3,900 K and is almost the same among all of the rare gases. In the analysis of
sonoluminescence induced by using a horn-type 20-kHz sonicator, the bubble
temperatures decrease with increasing thermal conductivity of the dissolved
gases, where it is considered that the greater the conductivity of the gas, the more
heat is dissipated to the surroundings, resulting in the decrease in the bubble
temperature. Until now, the bubble temperatures estimated from analyses of the
sonoluminescence, reaction kinetics, and a computer simulation are generally in the
range between 3,900 and 30,000 K [12-21].

In addition to the measurement of the bubble temperature, chemical efficiency is
often measured. The yield of H,O, formed in the sonolysis of pure water can be
regarded as the chemical efficiency [11, 22], because the yield of H,O, can be
connected to that of the OH primary radicals formed in the sonolysis of water.

2 [ ] OH — H202 (47)

Koda et al. [22] investigated the effect of frequency on the sonochemical
efficiency in the frequency range of 19.5-1.2 MHz, where the yields of H,O,
were measured by KI oxidation and the Fricke reaction (Fe(Il) oxidation) with
a UV-Vis spectrophotometer. They showed that the highest chemical efficiency
existed in the range of 96-500 kHz. In addition, the liquid height of the sample
solution also affects the sonochemical efficiency [23]. Therefore, to get high
chemical efficiency, the frequency and liquid height should be optimized as well
as the configuration of the irradiation system.

As a reference, we introduce several examples for the effects of frequency on the
chemical reactions. From the viewpoint of environmental remediation, the degra-
dation of 1,4-dioxane and CCl, has been investigated. In the case of 1,4-dioxane,
the rate of degradation was the highest at 358 kHz in the frequency range of
205-1,071 kHz [24]. In the case of CCly, the rate of degradation was the highest
at around 500-618 kHz in the frequency range of 20—1,078 kHz [25]. On the other
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Fig. 4.2 Cavitation bubble 4500 . . . .
temperature estimated in the
presence of different rare
gases from the analysis of
reaction kinetics. Ultrasound
(200 kHz) is irradiated to

a t-BuOH aqueous solution at
20 °C (Reprinted with
permission from Ref. [12].
Copyright 2006 American
Chemical Society)
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hand, from the viewpoint of the reduction of metal ions to form metal nanoparticles,
the effect of frequency on the rate of reduction has been investigated. For example,
the rate of Au®* reduction in the presence of 1-propanol decreased with increasing
frequency (213 kHz > 358 kHz > 647 kHz > 1062 kHz), and the rate was the
lowest when a horn-type sonicator of frequency 20 kHz was used [26]. Here,
UV-Vis spectroscopy acts as a strong tool for the measurement of the concentration
of Au" in an aqueous solution during ultrasonic irradiation.

In the following section, the formation of metal nanoparticles is described in
connection with the reduction behavior of metal ions based on the analysis of
changes in the UV-Vis spectra during ultrasonic irradiation.

4 Key Research Findings
4.1 Pd Nanoparticles

Pd nanoparticles can be widely applied to catalysts for cross-coupling reactions,
hydrogenations and oxidations [27-29]. As described in the Introduction section,
various preparation methods have been studied to prepare Pd nanoparticles. The
size and shape of the nanoparticles are important factors to control their catalytic
properties, because the surface structure and electronic state change depending on
the size and shape of the nanoparticles. For example, the amount ratio of Pd atoms
on the facets, edges, and corners of the nanoparticles changes when the size and
shape of the nanoparticles change, resulting in the different catalytic activity for the
structure sensitive reactions. By using a sonochemical reduction method, we can
prepare size-controlled Pd nanoparticles [30]. We can see the characteristics of
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Fig. 4.3 (a) Changes in absorption spectra during ultrasonic irradiation of a Pd(IT)-SDS aqueous
solution under an argon atmosphere and (b) absorption spectra after addition of Nal to each sample
solution of (a). Conditions: PdCl,-2NaCl 0.5 mM, SDS 8 mM, cell length 0.5 cm (Reprinted with
permission from Ref. [30]. Copyright 1996 American Chemical Society)

changes in the UV-Vis absorption spectra of a sample solution during ultrasonic
irradiation.

Figure 4.3a shows changes in the absorption spectra during ultrasonic irradiation
of an aqueous solution containing PdCI,-2NaCl (hereafter, abbreviated to Pd(Il))
and sodium dodecyl sulfate (SDS) under an argon atmosphere. Small absorption
peaks at around 300 and 400 nm, characteristic of Pd(Il), are observed before
ultrasonic irradiation (corresponding to 0 min in Fig. 4.3a).

These peaks gradually disappear with irradiation and a broad absorption band
between the UV and visible region appears. Based on the Mie theory [31], this
broad band can be attributed to the spectrum of the solution containing colloidal Pd
nanoparticles. The color of the solution changes from initial pale yellow to dark
brown by ultrasonic irradiation. As a matter of fact, the formation of Pd
nanoparticles must be confirmed by several analysis methods as described later.

To understand the mechanism of Pd(II) reduction and Pd nanoparticle formation,
the concentration of Pd(II) should be measured as a function of irradiation time.
However, it is impossible to determine the concentration of Pd(II) from the spectrum
analysis of Fig. 4.3a. This is because the spectrum of Pd(Il) in an aqueous solution
consists of [PdClx(H20)4,X]("_2)_ or [PdClX(OH)4,x]2_, which are dependent on the
concentration of Pd(II) and the pH value of the solution. By using a Nal colorimetric
method [30], the concentration of Pd(II) in the sample solution can be determined:
the addition of an appropriate amount of a saturated Nal aqueous solution to the
sample solution results in the formation of a Pd(Il)-iodide complex with a large
absorbance (¢ = 9,600 M~ cm ™' at wavelength of 408 nm) as seen in Eq. 4.8.

PA(II) + 41~ — [Pdly)*~ (4.8)

In addition, since the aggregation of colloidal Pd nanoparticles occurs simulta-
neously, the aggregated Pd nanoparticles can be removed by filtration with
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a membrane filter. Therefore, based on this method, the concentration of Pd(II) in
the sample solution can be spectrophotometrically determined without interference
from surfactants and colloidal Pd nanoparticles. Figure 4.3b shows the
absorption spectra obtained from each of the irradiated Pd(II) solutions in the
presence of SDS after Nal addition and filtration with a 0.2-pm pore size membrane
filter. The absorption peak attributed to [PdI,]*~ is clearly observed at 408 nm
before ultrasonic irradiation, and the peak gradually decreases with increasing
irradiation time.

In the presence of polyethylene(40)glycol monostearate (PEG40MS) instead of
SDS, changes in the absorption spectra during irradiation were similar to those in
the presence of SDS. On the other hand, in the case of a Pd(II)-polyvinyl
pyrrolidone (PVP; Mw, 40,000) aqueous solution and a Pd(II)-polyoxyethylene
(20)sorbitan monolaurate (Tween20) aqueous solution, different absorption spectra
were observed: when Nal was added to the sample solution of Pd(II)-PVP or Pd(II)-
Tween20, the absorption intensity and peak considerably changed
(e =21,000 M~ ' cm ™" at wavelength of 342 nm). These changes in the absorption
spectra would be due to the fact that the coordination of PVP and Tween20 to Pd(II)
partly occurred. However, a good linear line dependence of absorbance versus
concentration of Pd(I) was able to be obtained as in the SDS and PEG40MS
solutions.

By using the colorimetric method, the rates of reduction of Pd(II) can be
measured and analyzed. For example, when the types of added organic additives
were changed, it was found from the analysis of the colorimetric method that the
rates changed in the order of no organic additive (6.9 pM min~') < 1 g/L PVP
(87 pM min™") < 8 mM SDS (130 pM min~") < 0.4 mM PEG40MS
(230 yM minfl) < 5 g/L Tween20 (400 pM minfl), at an initial concentration of
1.0 mM of Pd(II) [30]. In addition, when the concentration of SDS was increased,
the rates of reduction of Pd(II) also increased as 30 uM min~ ! at 0.1 mM SDS <
100 pM min ', at 1 mM SDS < 130 uM min "', and at 8§ mM SDS. Even in the case
of the addition of alcohols or carboxylic acids, the rates can be changed. For
example, the rates were 250 uM min ' in a 10 mM -BuOH aqueous solution and
300 pM min~' in a 10 mM n-pentanoic acid aqueous solution. Based on these
results, it was concluded that organic additives act as a precursor for the formation
of reductants as described in the mechanism of the sonochemical reduction. There-
fore, the concentration and types of organic additives are important factors to
control the rates of reduction.

Figure 4.4 shows a TEM image of Pd nanoparticles formed from the sonolysis of
a 1.0 mM Pd(II) and 0.4 mM PEG40MS aqueous solution. It can be seen that the
size of the Pd nanoparticles is ca. 5 nm [10]. Since organic additives of PVP, SDS,
PEG40MS, and Tween20 act as colloidal stabilizers to suppress the aggregation of
Pd nanoparticles, the synthesis of the size-controlled Pd nanoparticles can be
performed by using these stabilizers. The average size of the sonochemically
formed Pd nanoparticles decreased with decreasing initial concentrations of
Pd(II) [30]. In addition, the average size decreased with increasing rates of Pd(I)
reduction [32].
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Fig. 4.4 TEM image of
sonochemically prepared Pd
nanoparticles from the
reduction of 1.0 mM Pd(II)
and 0.4 mM PEG40MS
(Reprinted with permission
from Ref. [10]. Copyright
1996 Elsevier)

The types of precursors also affect the reduction behavior of metal ions and
formation behavior of metal nanoparticles. When a [Pd(NH3),4]Cl, aqueous solution
is sonicated instead of PdCl,-2NaCl, the rate of reduction is different. Figure 4.5a
shows changes in the absorption spectra of a [Pd(NH3)4]Cl, aqueous solution
containing 2-propanol during ultrasonic irradiation [33]. A broad absorption band
between the UV and visible region increases with increasing irradiation time, and
an absorption peak can be observed at 225 nm at the irradiation times of 30, 60, and
120 min. Creighton and Eadon [31] reported that the calculated surface plasmon
peak of spherical Pd nanoparticles of 10 nm diameter in water was located at
220-230 nm. In most cases, it is difficult to confirm the peak at 220-230 nm
experimentally because it is often overlapped with other absorption spectra of
coexisting solutes such as inorganic ions and organic stabilizers.

However, if the spectrum interference due to coexisting solutes was removed,
the absorption spectra should become clearer. Figure 4.5b and ¢ shows absorption
spectra of sonochemically formed Pd nanoparticles before and after corrections in
the region from 200 to 280 nm, where the corrected absorption spectra (Fig. 4.5¢)
are prepared by abstracting the spectra of [Pd(NH3)4]Cl, remaining in the irradiated
solution from the spectra of Fig. 4.5b. In this case, the concentrations of [Pd(NH3),]
Cl, are measured first by the colorimetric method, and then, the overlapping spectra
are removed from the uncorrected absorption spectra. Since the mole absorption
coefficient of CI~ and NH," ions is quite small compared with that of [Pd(NH3),]
Cl,, the corrections for these ions are excluded. As seen in Fig. 4.5¢c, the clear peak
corresponding to the surface plasmon of the Pd nanoparticles can be seen after the
spectrum corrections.
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Fig. 4.5 (a) Changes in the absorption spectra of [Pd(NH3)4]Cl, solution in the presence of
2-propanol during ultrasonic irradiation. (b) Absorption spectra of sonochemically formed Pd
nanoparticles before and (c¢) after corrections. Conditions: 0.2 mM [Pd(NH3)4]Cl,, 100 mM
2-propanol, argon atmosphere, cell length, 0.5 cm (Reprinted with permission from Ref. [33].
Copyright 2002 The Chemical Society of Japan)

The TEM analysis indicated that the size of the formed Pd nanoparticles was
about 20-30 nm. The Pd nanoparticles formed here were stable in the colloidal state
for more than 6 months, although no stabilizer existed in the solution.

Based on the colorimetric method, we can measure the rates of [Pd(NH3)4]2+
reduction during ultrasonic irradiation. Although the sonochemical reduction of
[Pd(NH;)4]** did not proceed in the absence of 2-propanol, it proceeded in the
presence of 2-propanol, where the rate was estimated to be 2.1 pM min " at 0.2 mM
[Pd(NH3)4]**. Consequently, it was found that the rate of [Pd(NH;)4]** reduction
was slower than that of the Pd(II) (= PdCl,-2NaCl) reduction, indicating that
[Pd(NH3),]*" is more stable than Pd(Il) for the reducing species formed from the
sonolysis of water and 2-propanol.

4.2 Au Nanoparticles

Au nanoparticles can be widely applied to various fields of nanotechnology such
as catalysts [34-36], sensors [37, 38], and surface-enhanced Raman spectroscopy
[39]. By using a sonochemical reduction method, we can prepare Au
nanoparticles. Figure 4.6a shows a representative spectrum change in the solu-
tion containing NaAuCly (hereafter, abbreviated to Au(Ill)) and SDS during
ultrasonic irradiation [40]. The absorption peak at around 300 nm can be
observed before ultrasonic irradiation. This peak corresponds to
[AuCl,_,(OH),]™ [41]. After irradiation, a new absorption peak appears at
around 530 nm, and its intensity gradually increases with increasing irradiation
time, indicating the formation of Au nanoparticles. It is also clear that the
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Fig. 4.6 (a) Changes in absorption spectra during ultrasonic irradiation of Au(III)-SDS aqueous
solution under an argon atmosphere and (b) absorption spectra after addition of NaBr to the sample
solution of (a). Conditions: NaAuCl, 1 mM, SDS 8 mM, cell length 1.0 cm (Reprinted with
permission from Ref. [40]. Copyright 1996 Radiation Research Society)

absorption peak corresponding to [AuCl,_,(OH),] ™ disappears at 15 min irradi-
ation. In this case, the color of the sample solution gradually changes from initial
yellow to reddish-violet by ultrasonic irradiation.

It is clear that the concentration of [AuCl,_,(OH),]” cannot be measured
correctly from the analysis of Fig. 4.6a because the spectrum of Au nanoparticles
overlaps with that of [AuCl,_,(OH),]™ during ultrasonic irradiation, and thus, the
peak corresponding to [AuCl, (OH),]™ shifts. However, when the addition of
a NaBr solution to the sample solution of Fig. 4.6a is performed, the concentration
of [AuBr,]™ formed from [AuCl; OH,]™ can be measured as seen in Fig. 4.6b,
where the following ligand exchange reaction occurs:

[AuCly_«(OH),|” +4Br~ — [AuBry]” + (4 —x)CI” +xOH~  (4.9)

Simultaneously, the aggregation of colloidal Au nanoparticles occurs. Since the
aggregated Au nanoparticles can be removed by filtration, the concentration of
unreduced Au(IIl) can be determined, and the rate of reduction of Au(Ill) can be
calculated to be 83 pM min~'. The rates of reduction of Au(IIl) are strongly
dependent on the types and concentrations of organic additives [40] and the types
of dissolved gases [11].

The average size of the formed Au nanoparticles has been measured to be 10 and
9 nm from the analysis of dynamic light scattering and TEM, respectively [40].
Recently, Haiss et al. reported a simple method to estimate the size of Au
nanoparticles from the analysis of an UV-Vis spectrum [42]. They plotted the
ratio of the surface plasmon resonance peak (A, to the absorbance at 450 nm
(Ays0) as a function of the logarithm of the particle diameter (D), where the plots
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were prepared by use of the theoretical and experimental data, respectively. As
a result, the linear relationship between Ay, /A4so and D was established in the size
range from 5 to 80 nm as follows:

Agpr
D = exp(B; A”’ —B,) (4.10)
450

where B, is the inverse of the slope (m) of the linear fit, B, is By/m, and By is the
intercept. They found from the theoretical data that B; and B, were 3.55 and 3.11,
respectively. On the other hand, from the experimental data, B; and B, were 3.00
and 2.20, respectively.

By using the theoretically and experimentally measured values of B; and B,, the
diameter of the sonochemically formed Au nanoparticles at 15 min irradiation in
Fig. 4.6a can be calculated to be 8.8 and 9.7 nm, respectively. These values are in
good agreement with those measured by dynamic light scattering and TEM. The
size of the sonochemically formed Au nanoparticles can be controlled by various
parameters such as types of organic additives and dissolved gas, intensity of
ultrasound, frequency of ultrasound, and distance between the reaction vessel and
the oscillator [11, 26].

4.3 Pt Nanoparticles

Pt nanoparticles can be applied to various catalysts for electrocatalytic oxidations
[43, 44] and water-gas shift reactions [45]. A sonochemical reduction method can
be used to prepare Pt nanoparticles [10, 46, 47]. Figure 4.7a shows changes in the
absorption spectra during ultrasonic irradiation to an aqueous solution containing
K,PtCly (hereafter, abbreviated to Pt(I)) and SDS [46]. Small absorption peaks at
380.5 and 317.5 nm attributed to Pt(II) gradually disappear, and a broad absorption
band between the UV and visible region increases with increasing irradiation time.
This spectrum change is due to the progress of the reduction of Pt(II) and formation
of Pt nanoparticles.

The absorption spectrum of Pt(Il) is unclear as seen in Fig. 4.7a, because Pt(Il) in
water consists of [PtClx(H20)4,x](x72)7 or [PtClx(OH)4,X]27. However, the con-
centration of Pt(II) can be determined by the Nal colorimetric method as follows:

Pt(IT) + 41~ — Ptl,*~ 4.11)

Since the aggregated Pt nanoparticles that are induced by the addition of Nal can
be removed by filtration, the absorption spectra of PtI,>™ attributed to Pt(II) can be
clearly measured as seen in Fig. 4.7b. The spectrum and TEM analyses indicated
that the rate of Pt(I) reduction and the average size of the formed Pt nanoparticles
were measured to be 26.7 pM min~" and 2.6 nm, respectively [46].

In the following section, we look at the sonochemical reduction of the different
valence of the Pt precursor. Figure 4.8a shows changes in the absorption spectra
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Fig. 4.7 (a) Changes in the absorption spectra of a solution of K,PtCl, and SDS during ultrasonic
irradiation under an argon atmosphere and (b) absorption spectra of Nal treated sample solution of
(a). Conditions: K,PtCl, 1 mM, SDS 8 mM (Reprinted with permission from Ref. [46]. Copyright
1999 American Chemical Society)
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Fig. 4.8 (a) Changes in the absorption spectra of a solution of H,PtClg and SDS during ultrasonic
irradiation under an argon atmosphere and (b) absorption spectra of Nal treated sample solution of
(a). Conditions: H,PtClg 1 mM, SDS 8 mM (Reprinted with permission from Ref. [47]. Copyright
2001 Elsevier)

during ultrasonic irradiation of an aqueous solution containing H,PtClg (hereafter,
abbreviated to Pt(IV)) and SDS [47]. It can be seen that the absorbance in the UV
region attributed to Pt(IV) decreases with increasing irradiation time from O min to
15 min. After 15 min irradiation, a broad absorption band between the UV and
visible region increases with increasing irradiation time. This spectrum change is
due to the consecutive progress of the reduction of Pt(IV) to Pt(II) and Pt(I) to Pt(0)
(corresponding to the formation of Pt nanoparticles) as described later.
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Similar to Pt(Il), the following ligand exchange reaction of Pt(IV) (Pt(IV) in
water consisting of [PtCls_(H,0),]% ™ or [PtCls_(OH) ,J*7) occurs after
addition of a saturated Nal solution to the sample solution of Fig. 4.8a.

Pt(IV) + 61~ — Ptlg*~ (4.12)

Therefore, the absorption spectra of PtIf,z* attributed to Pt(IV) can be measured
as seen in Fig. 4.8b, where the formation of PtI427 (Pt(ID)) is also confirmed as an
intermediate during the sonochemical reduction of Pt(IV).

From the analysis of Fig. 4.8b, changes in the concentrations of Pt(IV), Pt(Il),
and Pt(0) during ultrasonic irradiation can be prepared as shown in Fig. 4.9. It is
clear that the reduction of Pt(IV) proceeds to form Pt(I) and then the reduction of
Pt(II) to Pt(0) proceeds consecutively [47].

It has also been reported that the reduction rates of Pt(IV) to Pt(II) were strongly
affected by the concentration and types of organic stabilizers of SDS, PEG40MS,
and sodium dodecylbenzenesulfonate, although those of Pt(II) to Pt(0) were hardly
affected. The average sizes of the formed Pt nanoparticles at 8 mM SDS and
0.4 mM PEG40MS were measured to be ca. 3 nm and ca. 1 nm, respectively [47].

4.4 Ag Nanoparticles

Ag nanoparticles have been investigated actively from the fundamental point of
view to understand the mechanism of Ag(I) reduction and Ag nanoparticle forma-
tion. This would be because Ag(I) is a simple monovalent metal cation, and the
formed Ag clusters have a size-dependent absorption property. In addition, Ag
nanoparticles can be widely applied to various technologies such as surface-
enhanced Raman spectroscopy [48] and optical sensing [49, 50].
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Nagata et al. reported the formation of Ag nanoparticles from the sonochemical
reduction of Ag(I), where AgClO4 or AgNO; were used as precursors [51]. An
example for changes in the absorption spectra of an aqueous solution containing
AgNOj; and PVP during irradiation is shown in Fig. 4.10 [52]. Although little
absorption is observed before irradiation, a new absorption peak at around
420 nm gradually emerges with irradiation time. It is clear that the concentration
of Ag(I) cannot be measured by analyzing the spectra of Fig. 4.10. To measure the
amount of the formed Ag(0) colorimetrically, Nagata et al. used Eq. 4.13:

Ag(0) + C(NO,), — Ag(I) + C(NO,)*~ + NO, (4.13)

where the absorbance of C(N02)3 ~ (¢ =14,000 M ! em ! at wavelength of
350 nm) was measured. By analyzing the amount of C(N02)3 ~, the reduction rate
of Ag(I) can be estimated. Ag nanoparticles can be also synthesized in the presence
of other stabilizers such as SDS, PEG40MS and Tween20. The average size of the
Ag nanoparticles formed from the sonochemical reduction of AgClO4-PEG40MS
was measured to be 13 nm, as determined by a dynamic light scattering photometer.
Gedanken et al. reported the formation of Ag nanoparticles from the sonochemical
reduction of Ag(l) in the absence of organic additives under an argon-hydrogen
atmosphere [53]. Zhu et al. reported the formation of Ag nanorods from the
sonochemical reduction of Ag(I) in the presence of methenamine and PVP [54].
Xu and Suslick recently reported that very small Ag nanoparticles with a highly
fluorescent property (hereafter, abbreviated to Ag nanoclusters) can be prepared by
the sonochemical reduction of Ag(I) in the presence of polymethylacrylic acid
(PMAA), which acts as a capping agent [55]. We can observe changes in the
absorption spectra during the formation of Ag nanoclusters. They used a horn-
type sonicator (1 cm? Ti horn at 20 kHz and 25 W cm ™ 2) to prepare Ag nanoclusters
under an argon atmosphere at 20 °C. Figure 4.11a shows changes in the absorption
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Fig. 4.11 (a) UV-Vis spectra and (b) fluorescence emission spectra of the solution containing
PMAA and AgNO; after increasing length of sonication time; the excitation spectrum shown in (b)
corresponds to the 90-min sample with an emission wavelength of 610 nm (inset: solution of the
Ag nanoclusters illuminated by a UV lamp with 365-nm excitation) (Reprinted with permission
from Ref. [55]. Copyright 2010 American Chemical Society)

spectra of an aqueous solution containing Ag(I) and PMAA during ultrasonic
irradiation. The formation of Ag nanoclusters can be confirmed by an absorption
peak at around 440-520 nm, which gradually emerges by ultrasonic irradiation. In
this case, the color of the solution gradually changes from colorless (0 min) to pink
(90 min) and then dark red (180 min). The formed Ag nanoclusters were measured
to be less than 2 nm in diameter.

Since the carboxylic acid groups in PMAA have a strong affinity for Ag(I) ions and
Ag metal surfaces, the aggregation of Ag nanoclusters would be suppressed. The
formed Ag nanoclusters have a high fluorescent property, as seen in the inset of
Fig. 4.11b. They also reported that the optical and fluorescence properties of the
sonochemically synthesized Ag nanoclusters also change by modifying the stoichiom-
etry of the carboxylate groups of PMAA to Ag(I) [55]. In general, Ag nanoclusters can
be applied to fluorescent sensors for metal ions such as Cu(Il) [49] and Hg(II) [50].
More recently, it has been reported that Au/Ag nanoclusters with a yellow emission can
be synthesized by ultrasonic irradiation in the presence of bovine serum albumin [56].

4.5 Reduction Mechanism of Metal lons

The reduction of Pd(II), Au(Ill), Pt(II), Pt(IV), and Ag(I) proceeds by ultrasonic
irradiation as described before. Here, the reduction behavior among Pd(II), Au(IIl),
Pt(Il), and Ag(I) in the presence of SDS will be compared by analyzing the rates of
reduction. Based on Eqgs. 4.1-4.6, various types of reductants are formed in the
sonolysis of SDS and water. Since each of the reductants should have different
reducing potentials for metal ions, the rate of reduction of metal ions should depend
on the reactivity of the metal ions with reductants.
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In the case of 200 kHz ultrasonic irradiation under an argon atmosphere, the
rates of the sonochemical reduction are reported to be in the order of 130 uM min "
for Pd(Il) > 83 uM min~! for Au(IIl) > 19 M min~! for Pt(I) > 7 M min~! for
Ag(D) [10]. Since metal ions have different valences, the rates of the sonochemical
reduction should be corrected for comparison with each other. If the rates were
corrected on the basis of the number of electron transfers (e.g., Pd(I) needs two
electrons to form Pd(0) and Au(IlI) needs three electrons to form Au(0)), the order
would become Pd(I) ~ Au(IIl) > Pt(Il) > Ag(I). This order does not agree with
the order of the redox potential of each metal ion. It is found that the rates of the
sonochemical reduction of Pt(I) and Ag(I) are considerably slower than those of
Pd(II) and Au(IIl). From the analysis of the reduction behavior during gamma ray
irradiation under a N,O atmosphere [10], it is suggested that the sonochemical
reduction of Pt(Il) and Ag(I) proceeds mainly via the reduction by *R and H,,
which are formed by the abstraction reactions as Eq. 4.2. On the other hand, in the
cases of Pd(II) and Au(III), the sonochemical reduction proceeds mainly via the
reduction by pyrolysis radicals and unstable products, which are formed by the
pyrolysis of RH as Eq. 4.3.

To evaluate the effects of *R and H, on the reduction of metal ions, the analysis
of the amount of H,O, formed in the sonolysis of pure water is useful, because the
amount of H,O, should be related to that of *R and H,, taking into account Egs. 4.2
and 4.7. As a result of this analysis, the effects of the pyrolysis radicals and unstable
products on the reduction of the metal ions can also be evaluated as seen in the
literature [10, 11, 26, 30, 32, 33, 40, 46, 47].

4.6 MnO, Nanoparticles

MnO, is a useful material for application to electrochemical capacitors, Li-
batteries, sensors, and catalysts [57-60]. Okitsu et al. reported that
the sonochemical reduction of MnO,4~ occurs to form MnO, nanoparticles [9].
Figure 4.12a and b shows changes in the absorption spectra of a MnO,~ aqueous
solution during ultrasonic irradiation, where no organic compound has been
added. During irradiation, the color of the sample solution gradually changes
from purple (0 min) to pale yellow (8 min) and finally turned to colorless (12, 14,
16 min). Figure 4.12a shows that several absorption peaks of MnO,~ from 450 to
580 nm gradually disappear, and a new broad peak at around 360 nm emerges by
ultrasonic irradiation. Based on the literature [61-64], this new peak can be
attributed to colloidal MnO, particles. Therefore, a pale yellow color solution at
8 min irradiation corresponds to the formation of colloidal MnO, particles. In
Fig. 4.12a, two isosbestic points are also observed at 504 and 580 nm, indicating
that the reduction of MnO,~ to MnO, proceeds consecutively by ultrasonic
irradiation. Figure 4.12b shows changes in the absorption spectra following
further irradiation. The peak at around 360 nm quickly decreases with increasing
irradiation time. This is due to the progress of the reduction of MnO, to Mn>*
[62, 64].
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Fig. 4.12 (a) Changes in absorption spectra of MnO, "~ aqueous solution before and after 2, 4, 6,
and 8 min ultrasonic irradiation and (b) after 8, 10, 12, 14, and 16 min ultrasonic irradiation. (c¢)
Changes in the concentration of MnO,  (e) and absorbance at 400 nm (00) during ultrasonic
irradiation. Initial concentration of MnO,4 : 0.1 mM, argon atmosphere (Reprinted with permis-
sion from Ref. [9]. Copyright 2009 Elsevier)

Figure 4.12c shows changes in the concentration of MnO, during ultrasonic
irradiation. As an index of the amount of MnO, in the sample solution, changes in
the absorbance at 400 nm are also plotted, where the absorbance at 400 nm is
chosen to reduce the overlap of the MnO, "~ absorbance. It is clear that the formation
of MnO, occurs along with the reduction of MnO, ", and the formed MnO, is
reduced consecutively by further irradiation. From Fig. 4.12c, it is found that 8 min
irradiation is the optimum irradiation time to prepare MnQO, particles.

In this study, since no organic additive is added to the sample solution, the
reduction of MnO,~ proceeds as follows:

2MnO,~ + 3H;(or 6H) — 2MnO, + 20H™ + 2H,0 (4.14)

2MHO4_ + 3H202 — 2Mn02 + 302 + 20H™ + 2H20 (415)
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where MnO,4 ™~ can react with H,O, because of the strong oxidizing agent of MnO,4
[65]. As seen in Eqgs. 4.14 and 4.15, the measurement of pH is also useful to
understand the progress of the formation of MnO,.

4.7 Au Core/Pd Shell Nanoparticles

Bimetallic nanoparticles of Au/Pd can be prepared by sonochemical reduction of
the corresponding metal ions [66—-69]. Au/Pd nanoparticles are recently researched
as active catalysts that can be applied to various catalytic reactions such as alkene
hydrogenation [67, 68], H,O, production [70], and CO oxidation [71]. Figure 4.13a
shows changes in the absorption spectra of the sample solution containing Au(III),
Pd(II), and SDS during ultrasonic irradiation [66]. It can be seen that an absorption
peak at around 520 nm gradually emerges with increasing irradiation time and
becomes clear at 6 min irradiation. This peak is in good agreement with the surface
plasmon peak of Au nanoparticles [31, 40]. After that, the peak becomes broader
following further irradiation. The color of the solution gradually changes from pale
yellow (0 min) to reddish-violet (6 min) and finally to dark brown (15 min) during
ultrasonic irradiation.

Figure 4.13b shows changes in the concentrations of Au(Ill) and Pd(II) during
ultrasonic irradiation, where the concentrations are measured using a colorimetric
method [66]. It can be seen that the reduction of Au(III) starts at first and then the
reduction of Pd(I) starts after completion of the reduction of Au(IIl). The TEM
analysis indicated that the average size of the formed Au/Pd nanoparticles is ca.
8 nm and they have a Au core and a Pd shell nanostructure. Based on the formation
of the core/shell nanostructure, it can be concluded that the reason why the surface
plasmon peak of Au nanoparticles becomes broader at 9 min irradiation is because
of the deposition of the sonochemically reduced Pd atoms on the formed Au
nanoparticles. As seen in Fig. 4.13a and b, the analysis of the UV-Vis spectra is
an important probe to understand the reduction behavior of Pd(I) and Au(IIl) as
well as the formation behavior of Au core/Pd shell nanoparticles.

4.8 Au Nanorods

Rod-shaped Au nanoparticles (Au nanorods) have great potential in a wide variety
of applications such as photothermal therapy of cancer cells [72] and optical data
storage [73]. Okitsu et al. reported the synthesis of Au nanorods from the
sonochemical reduction of Au(I) [74]. Figure 4.14 shows changes in the extinction
spectra of the sample solution during ultrasonic irradiation at pH 3.5. Cetyltri-
methylammonium bromide (CTAB), AgNOs;, and ascorbic acid are added to the
solution of HAuCl,, where CTAB and AgNOs; act as shape-control agents and
ascorbic acid acts as a weak reductant to reduce HAuCly to Au(I). From this figure,
the term of extinction is used instead of absorbance, because Au nanorods have
a light scattering property depending on their size and shape. Therefore, the term of
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extinction is appropriate for the results of UV-Vis spectroscopy. In Fig. 4.14, it can
be seen that the extinction intensity gradually increases with irradiation time, and
extinction peaks at around 510 and 880 nm are clearly observed at the irradiation
time from 10 to 180 min. These peaks correspond with the surface plasmon bands of
Au nanorods [3, 75, 76], indicating that the reduction of Au(I) to Au(0) proceeds
and formation of Au nanorods occurs.

Figure 4.15a shows a TEM image of Au nanoparticles formed at 180 min
irradiation in Fig. 4.14. It is clear that rod-shaped nanoparticles are formed in the
size range of 10-50 nm. Figure 4.15b shows the distribution of the aspect
ratio measured. It is found that the formation of nanorods with an aspect ratio
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Fig. 4.15 (a) TEM image of Au nanorods and nanoparticles formed after irradiation of a sample
solution of Au(I) under an argon atmosphere at pH 3.5 for 180 min. (b) Distribution of the aspect
ratio of Au nanorods and nanoparticles (Reprinted with permission from Ref. [74]. Copyright 2009
American Chemical Society)

from 1.5 to 2.0 is almost zero. From Fig. 4.15a and b, spherical-, cubic-, and
irregular-shaped particles with an aspect ratio of less than 1.5 are formed partly,
and the total yield of these is measured to be ca. 20 %. The average aspect ratio
of the formed nanorods was 3.0, when particles with an aspect ratio of less than
1.5 were excluded from the calculation of the average aspect ratio. Since Fig. 4.14
shows that the peak wavelength of the surface plasmon bands hardly changes
during ultrasonic irradiation, it is possible that the formation of nanorods is deter-
mined at the initial growth stage of the formed Au seeds.

The pH of the solution is one of the important factors to control the
sonochemical reduction of Au(I) and formation of Au nanoparticles. Figure 4.16
shows the extinction spectra of the sonochemically formed Au nanoparticles after
180 min irradiation of different pH solutions. It can be seen that the peak wave-
length of the longitudinal plasmon band decreases as the pH of the solution
increases.

The TEM analysis indicated that the average aspect ratio of Au nanorods
synthesized at different pH solutions decreased as follows: 3.0 at pH 3.5 < 2.2 at
pH 5.0 and < 2.1 at pH 6.5, where particles with an aspect ratio of less than 1.5 were
excluded from the calculation of the average aspect ratio. This order can be
connected to the order of the peak shift observed in the extinction spectra as seen
in Fig. 4.16: the peak wavelength of the longitudinal plasmon band decreases with
decreasing aspect ratio of the formed Au nanorods.

As seen in the results for Au nanorods, the extinction spectrum changes strongly
depending on the aspect ratio of Au nanorods. In the case of the synthesis of shape-
controlled nanoparticles with a surface plasmon peak, therefore, the analysis of the
extinction spectrum is an important probe to know the average property of the



172 K. Okitsu

Fig. 4.16 Effects of pH on 0.3 T ‘ T \ T
the extinction spectra of Au
nanorods and nanoparticles
formed after irradiation of

sample solutions of Au(I)

under an argon atmosphere 0.2
for 180 min. Cell length:

0.25

c
0.5 cm (Reprinted with i) 015
permission from Ref. [74]. g
Copyright 2009 American &
Chemical Society) 0.1
0.05

ofF

L L L

1 L
300 400 500 600 700 800 900 1000

Wavelength (nm)

formed nanoparticles in the state of the colloidal dispersion system. In the analysis
of a TEM image, a large number of particles must be analyzed to get the average
information of the formed nanoparticles. In addition, it is possible that the prepa-
ration processes of the TEM specimens affect the formation of some aggregation
with nanostructures. For example, the following phenomena may occur [74]:
(1) during the processes of centrifugation to remove dissolved organic and inor-
ganic species in solution, some aggregation of nanoparticles may occur, and
(2) during the addition of a sample solution to a TEM grid or during the drying
processes of a sample solution on a TEM grid, some aggregation of the
nanoparticles may occur. In such a case, chemical reactions of the nanoparticles
or unreduced metal ions with a TEM grid such as Cu may be induced to form some
aggregation and/or unexpected nanostructures. Therefore, the results of TEM
showing the formation of the unique shape should be compared with those of the
extinction spectrum of the sample solution to confirm whether the formation of
nanostructures occurs in the state of the colloidal dispersion system or not.

5 Conclusions and Future Perspective

UV-Vis spectroscopy provides important information about the sonochemical
reduction processes of metal ions and the formation processes of metal
nanoparticles in solution. In this chapter, the optical properties of spherical
nanoparticles of Pd, Au, Pt, Ag, MnO,, and core/shell bimetal nanoparticles and
shape-controlled nanoparticles are described mainly on the basis of changes in the
UV-Vis spectra during ultrasonic irradiation. It is noted that the UV-Vis spectrum
has to be collected as a function of irradiation time to understand the effects
of ultrasound on the synthesis of these nanoparticles. Since the reduction processes
of metal ions can be linked to the formation processes of metal nanoparticles,
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the analysis of both processes must be performed to understand the mechanism. In
particular, since the analysis of the UV-Vis spectrum of the nanoparticle sample
solution corresponds to real information for the formed metal nanoparticles in the
state of a colloidal dispersion system, the analysis of the spectrum must be
performed comprehensively. In the case of the synthesis of shape-controlled
nanoparticles, it is probable that the analysis of TEM only leads to misunderstand-
ings when the preparation and analysis of the TEM sample are not performed
adequately. Therefore, to evaluate the formed nanoparticles correctly, the results
of the TEM analysis should be compared with those of the UV-Vis spectrum.

In the sonochemical reduction methods, various parameters such as the types of
organic additives and dissolved gas, intensity of ultrasound, frequency of ultra-
sound, and distance between the reaction vessel and the oscillator strongly affect
the rates of the reduction of metal ions and properties of the formed metal
nanoparticles [7]. If we changed the experimental parameters, the properties of
the formed metal nanoparticles would change. However, there are still unclear
points regarding the characteristics of the cavitation phenomenon such as the
bubble temperatures and pressures, number and size distribution of the bubbles,
and its dynamics. If we succeeded in clarifying the cavitation phenomenon in more
detail, the sonochemical reduction methods would be promising ones to synthesize
various types of novel functional nanoparticles. UV-Vis spectroscopy is expected to
be an excellent tool to understand the reduction behavior of metal ions and the
formation behavior of metal nanoparticles, as well as a means to understand the
characteristics of the cavitation phenomenon.
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optical properties of metal structures depend not only on the type of material but
also on the dimensions and geometry of the structure, suggesting the possibility of
tuning optical resonances through appropriate engineering. In this chapter, we will
describe methods for calculation of size-dependent optical properties of metal
nanostructures and show the successful use of extinction spectroscopy technique
to determine the size of nanoparticles (Np/Nps).

2 Overview

From a classical point of view, the optical properties of materials are condensed in
the so-called constitutive parameters, namely, the electric permittivity and the
magnetic permeability. Particularly, the dielectric function condenses the averaged
response of the constitutive electrons of matter to an externally applied electric
field. If this electric field varies in time, the dielectric function not only integrates
the electron characteristics of the specific material but it will also depend on the
frequency of the incoming field.

For metals at the nanoscale, the dielectric function behaves differently from its
macroscopic (bulk) counterpart, since the electrons start to show confinement
effects. This behavior includes an explicit dependence on particle size. In turn,
the optical absorption, scattering, and extinction cross sections are functions of the
metal dielectric function, thus translating the size dependence to the optical prop-
erties of the metallic nanostructure.

In this chapter, we overview the contribution of free and bound electrons to the
metal dielectric function and apply different theoretical approaches to the calculation
of optical extinction spectra of nanowires, nanotubes, and bare and core-shell nano-
particles. We then apply these results to fit experimental extinction spectra and deter-
mine the size of nanostructures which compare very well with high-resolution TEM.

3 Introduction

The developments in the nanotechnology area have been undoubtedly one of the
greatest achievements of science in the late twentieth century. The particular
interest in understanding the physical and chemical phenomena associated with
nanoscale systems (clusters of several tends of atoms up to systems with charac-
teristic distances of small fractions of a micron) is mainly due to its high techno-
logical potential. Nanotechnology has found wide applications in broad
interdisciplinary science fields. We found significant developments in the biomed-
icine area, lasers, communications, and medical physics, to name a few.

This increasing trend toward nanoscience and nanotechnology makes it inevita-
ble to study the optical properties and electromagnetic response (near and far field,
resonances) on the nanometer scale. In particular, over the last two decades, the
interest in metallic clusters, metallic nanoparticles (core-shell systems, nanowires),
and systems with nanometric details has grown significantly ([1-15], and therein).
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The term “nanoparticle” includes from small clusters, size range around 1 nm
(tens of atoms), up to particles consisting of hundreds of thousands of atoms
(or even greater) and having a diameter in the range of tens to hundreds of
nanometers. In the literature, this kind of material has long been known as colloids,
generally applied to suspensions of metal particles in an aqueous medium. In
fact, colloidal gold has been used as a coloring pigment dating back to the Middle
Ages [7].

The excitation at optical frequencies of “eigenmodes” (surface plasmon reso-
nances in metallic nanoparticles, whispering gallery modes in the dielectric spheres,
and other resonant phenomena) is probably one of the most spectacular electro-
magnetic effects in nanosystems. In particular, plasmon resonances lead to
extremely strong fields in the vicinity of a nanoparticle. Such fields play, for
example, a key role in surface-enhanced Raman scattering, wherein the Raman
signal of a molecule deposited on the nanoparticle is enhanced by several orders of
magnitude [16]. This enhancement can be large enough that the Raman spectrum of
a single molecule can be detected [17, 18].

The large extinction cross section associated with plasmon resonances also
produces a strong signal in the far field. This observation is the key to detect and
investigate optical properties of nanoscopic particles. Plasmon resonance occurs for
specific wavelengths and gives the particles ensemble its color. These resonance
frequencies are sensitive not only to particle size but also its shape. The properties
of the metal particles were used during the Middle Ages for the design of colored
glass. This was mostly an empirical art, close to alchemy, where the relation
between the metallic particle shape and its color (its spectrum of plasmon reso-
nances as it is called today) was only known by the master glass-makers. In the
nineteenth century, Faraday noted that there must be a relationship between the
ruby red color of a colloidal gold suspension and the presence of aggregates of
metal atoms, although he had no means of analyzing the size of these metallic
nanoparticles by modern analytical techniques such as transmission electron
microscopy (TEM).

The theoretical investigation of this problem remained however extremely
limited. The exact treatment of the problem of scattering of electromagnetic
waves by particles is limited only to a few very simple geometries such as spheres
or ellipsoids in 3D, or a nanowire with a cylindrical or elliptical section in 2D
[19-24]. In general, for simple situations, it can be solved using Mie theory or
related semi-analytical techniques. Recently, through discrete dipole approxima-
tion or finite element approaches, it is possible to calculate the electromagnetic
interaction between particles of different shapes and sizes. However, these calcu-
lations become very difficult when the particle size is smaller than 20 nm,
extremely rapid variations of the field occur on very short distances. Using these
techniques to study the resonance spectra of silver nanowires with a non-regular
cross section, it was shown that nanowires had a complex spectrum, with many
different resonances [25]. In particular, triangular wires seem to produce the most
complex spectrum, as it was demonstrated in [26, 27], where nanowires with
different convex polygonal sections were systematically investigated.
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An interesting question that arises when studying the interaction of electromag-
netic waves with nanoscale systems is about the validity of Maxwell’s equations for
these scales. The constitutive parameters characterize completely the system, but
they are calculated for “macroscopic bodies.” They represent an averaging of
quantum phenomena that occur during the interaction over a large number of
atoms to achieve an adequate bulk representation.

In general, for metals with characteristic dimensions on the order of the wave-
length or larger, the bulk atoms contribute mainly to the dielectric function. For
example, for systems with few cubic millimeters, the relationship between surface
atoms and bulk atoms is less than 107>, When the volume is a few tens of
nanometers, the relationship is about 0.1. However, for systems with few nanome-
ters of characteristic dimensions, all atoms can be considered like surface atoms.

For these nanoscale systems, where optical properties are governed by surfaces
effects (especially metals and semiconductors), an adjustment of the constitutive
parameters with size is essential to maintain the validity of the classical equations.
This chapter presents a review of a theoretical model to correct the constitutive
parameters with system size, focusing on outlining the physical principles involved
in the interaction of electromagnetic waves with nanometric systems. In the different
sections, we will show results of several research groups, including ours, about the
behavior of the dielectric function in the UV-visible to near-IR (infrared) range
appropriately corrected for few nanoscopic dimensions, as well as its applications to
sizing for different 2D and 3D nanostructures. We will focus on studying dilute clusters
of particles (average distance between particles of some wavelengths) with revolution
symmetry such as nanospheres, nanowires, metallic core-shell spheres, and metallic
nanotubes, where the thicknesses of the metal layers are of a few nanometers. In this
way, the dielectric function will not only depend on the frequency of the electromag-
netic wave but also on the characteristic dimensions of the nanoscale systems [16]. One
of the main challenges at theoretical level is the correct description of the optical
parameters of systems with nanometric scale. This parameterization of the dielectric
function with the size allows describing the optical response of the system under study
with a macroscopic quasi-classic model, based on Maxwell’s equations.

In this study, there are two kinds of approaches: One is the top-down approach, in
which the study of the nanostructures is reached from the bulk, and the other is the
bottom-up approach, where the analysis starts from the atoms toward large clusters.

We analyze at this point, the behavior of the dielectric function for different
sizes, starting from experimental bulk values toward smaller sizes up to
subnanometric nanoparticles.

4 Experimental and Instrumental Methodology
4.1 Experimental Extinction Spectroscopy

Traditional methods for nanoparticle sizing are based on optical or electron micros-
copy. These methods have, in many cases, drawbacks concerning the preparation of
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the sample or poor statistics. Optical spectroscopic techniques are often more
suitable since measurements can be made without sample treatment, data acquisi-
tion can be very fast, they may be implemented for in situ analysis, and they are an
excellent complement to electron microscopy.

Spectral extinction is one of these techniques which can be readily implemented
using a commercial spectrophotometer. It is a very simple and suitable technique
for sizing particles in the micron and submicron range, where it can be put in
parallel with transmission electronic microscopy (TEM) and scanning electronic
microscopy (SEM). Spectral extinction can be easily performed for dielectric
[28, 29] and metallic nanoparticles [16, 25, 30-42] in diluted liquid suspensions.
Figure 5.1 pictures a possible setup of the situation. When the detector is placed in
the direction of the incident light, after the ensemble, it will measure an energy flux
per unit area which is smaller than the power of the incoming wave.

Experimental results are fitted by Mie calculations (see Sect. 5.3.4) for spherical
particles, where knowledge of the refractive index as a function of the wavelength
for both the particle material and the solvent is necessary. For the metal dielectric
function used in this Mie calculation, it is necessary to include the modifications for
size for the free and bound electron contribution described in Sect. 5.1.

Spectrophotometers measure the extinction of light that is the fraction of light
removed from the incident beam. Operatively, extinction can be derived from the
relation given by the Lambert—Beer law:

I =1 exp (_Bextl) (51)

where /; is the intensity incident over the sample, /, is the transmitted irradiance, .,
is the attenuation coefficient, and / is the length of the sample. When the dilution of
the sample is such that the average interparticle distance in the medium is large
enough so that incoherent scattering can be considered, it is possible to relate the
attenuation coefficient of a sample of N particles per unit volume, with the single-
particle cross section C,,:

Bew = NCou (5.2)
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When a set of measurements of /,/I; are performed over a range of wavelengths,
the so-called extinction spectra is obtained. Results can be compared with the
calculated spectral extinction efficiency, Q.,; (1), for a given medium refractive
index and for a given nanoparticle radius, which is used as fitting parameter. This
spectral signature has information of the chemical composition of the sample as
well as the size and distribution of sizes of the particles.

In general, samples consist of an ensemble of particles with a certain size
distribution suspended in some liquid. To determine this distribution of radii,
extinction measurements at a discrete set of wavelengths may be conducted,
a method that is called multispectral extinction. Inversion of the experimental
results should retrieve, in principle, the different radii values, although this is not
a trivial task, since, in general, the scattering matrix is ill conditioned and
a nonlinear inversion algorithm must be used to solve the problem.

For the case of large particles (compared with wavelength), when scattering is almost
forward and the light can reach the detector, the measurement is not a pure extinction
(scattering plus absorption) but an intermediate between absorption and extinction.
Experimental results may be strongly altered unless special care is taken to avoid the
unwanted forward-scattered light from reaching the detector. A small diameter pinhole
placed at a suitable position between the sample and the detector will help enhance the
reliability of the measurements. As the size of dielectric particles becomes smaller than
the wavelength, the scattering spectrum smoothens its features and the spectral extinc-
tion technique loses gradually its power, thus making it an unsuitable method for
measuring particles with mean radius below about 200 nm. However, it is interesting
to notice that metal particles constitute one important exception to the rule mentioned
above because their extinction spectra present clear size effects for radius well below the
wavelength. For this reason, colloidal solutions of noble metals, like copper, gold, and
silver, present intense color that is absent in bulk material. This behavior is due to
surface modes, a class of electromagnetic modes that can couple light to particles in
a very efficient way, as will be discussed in the next sections.

4.2 Experimental Fabrication and Fragmentation by
Laser Ablation

The metal nanostructures which this chapter deals with were generated either by
wet chemistry or by ultrashort pulse laser-based ablation methods. The former is
extensively treated in the literature and will not be discussed here. The latter is
centered in ablation of solid targets immersed in a cell with an appropriate liquid.
Fabrication was performed focusing the laser beam over a sample of 1-cm diameter,
which is placed over a PC controlled X-Y-Z translation stages with micrometer
accuracy. The laser system was a Spectra Physics 100 fs pulse 800 nm wavelength
Ti:Sa chirped amplified laser of 1 mJ pulse energy and 1 kHz repetition rate. After
a few seconds of ablation, the liquid showed a typical coloring according to the
ablated metal. Figure 5.2 shows the setup used to fabricate different metal Nps in
solution with IR fs laser.



5 Size-Dependent Optical Properties of Metallic Nanostructures 185

4 Neutral Crystal for
Cube Beam filter continuum
splitter generation

A A LA

VAN — ] Ti:Sa CPA
CCD é \ U = I?I System
- Diaphragm Shutter
Power
me‘zar A2 plate
Lens
z y Alignment
X / Nps in solution He-Ne laser
S

Fig. 5.2 Setup used to fabricate gold Nps in solution with IR fs laser and to perform fragmen-
tation with SC generated using an external sapphire crystal

The second step consists in the fragmentation of the sample obtained before.
This fragmentation process was carried out using two different sources of
supercontinuum (SC) radiation: (1) SC produced by an external sapphire crystal
and (2) SC produced by IR fs pulses in the same liquid solution. In both cases,
radiation was applied to the solution during 30 min. This process enables to reach
sizes of radius less than 2 nm. In the first case, the SC generated in the external
sapphire crystal was focused on Nps solution to analyze the effect on size distri-
bution after light interaction. A suitable IR cutoff filter could be inserted before the
sample to filter out the 800-nm fundamental radiation [37, 38].

In the second case, fragmentation is carried out using the same setup, removing
the sapphire crystal and the solid gold disk from the sample and leaving only the
Nps solution. In this case, the IR radiation cannot be separated from the SC light
generated in water. To characterize the size of gold Nps in water, optical extinction
measurements in the 300—700 nm range by means of a commercial spectrophotom-
eter were conducted.

5 Key Research Findings
5.1 About the Dielectric Functions of Metals

The optical parameters of metals determine many macroscopic characteristics such
as shiny aspect and opacity to transmitted visible light. The reflection and trans-
mission coefficients of light for different wavelength ranges may be described
based on these optical parameters which, in turn, can be understood by assuming
a simple model to characterize the microscopic structure of matter.
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The electromagnetic response of matter is described by a frequency-dependent
complex dielectric function, ¢ (w) = ¢ (w) + i¢” (w) , which relates the value of the
electric field E (w) with the displacement field D (). The dielectric function for
nanometric systems is not only a function of the wavelength (or frequency) of the
incident radiation but also is sensitive to the size and shape of the particle [43—45].
As it was shown in the works of E. Coronado [43] and J. Kottmann [44], variations
in the imaginary part of the dielectric function lead to dramatic changes in the
optical response for nanoparticles and nanowires with asymmetric profiles.

The expression of the dielectric function for a nanoscopic particle is not trivial.
Different approaches such as the jellium or quantum-chemistry models [16, 46, 47]
may be used based on considerations related to electron collective behavior or in
first principles calculations, respectively. However, if suitable and physically
meaningful corrections are made, the classical concept of dielectric function can
be extended down to nanometer sizes. This approach yields results that fit satisfac-
torily experimental data while giving physical insight about the electronic processes
that give rise to macroscopic measurable parameters.

In general, this complex dielectric function for bulk metals can be decomposed
into two terms, a complex free electron term and a complex interband (or bound
electron) term. Since the dielectric function is additive [48], it can be written as:

& (w) = gﬁ'eefele(rtrons(w) + 8bom’td7elec'1‘r0ns(a)) = Sl(a)) + iS”((D)

So, real and imaginary parts of dielectric function have contributions from both
complex free and bound electrons. In the following paragraphs, we will discuss briefly
the separate contributions, introducing for each one an appropriate size dependence and
will compare the results with available experimental data on real and imaginary parts of
noble metal dielectric function. We will also analyze the influence of these size depen-
dences on the optical extinction spectra of nanometric and subnanometric particles.

5.1.1 Free Electron Contribution
In order to model this response, a microscopic picture of matter is needed. One of
the most basic models is the so-called Lorentz model, which assumes matter
composed of electrons and ions as a collection of independent, identical, isotropic,
and damped charged harmonic oscillators. So, optical properties are a consequence
of the way in which these oscillators respond to electromagnetic fields.

For this model [49], the relative dielectric function ¢ defined as ¢ = € /g,
corresponding to a collection of N damped harmonic oscillators per unit of volume,
each with resonant frequency w, can be written as:

>

L (5.3)
Wi — w* — iyw

where a)f, = N*¢? /mey, e and m are the charge and mass of the electron, & is the
permittivity of vacuum, and vy is the damping constant of the oscillators. For metals,
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N is the density of free or conduction electrons that, in general, corresponds to one,
two, or three electrons per atom.

Optical properties of materials are alternatively described by two sets of quan-
tities: the real and imaginary parts of the complex refractive index, N = n + ik or
the real and imaginary parts of the dielectric function ¢ = ¢’ + i¢”. For nonmagnetic
media, the relation N = /¢ holds. So, the real and imaginary parts of both param-
eters are related by:

¢ =n* -k, (5.4)
¢ =2nk. (5.5)

The energy states of electrons in solid materials may be represented by a nearly
continuum energy levels grouped into different bands. For metals, the upper
occupied band is partially filled with electrons or completely filled and overlapped
with an upper empty band, as shown in a simplified form in Fig. 5.3.

Electrons in bulk metals are considered essentially “free” since they can be
promoted to higher empty energy levels (from the top of the energy distribution,
near the Fermi level) with very small photon energies. In this sense, it can be
considered that they are not bound to the ion core, so their resonant frequency may
be set equal to zero in the Lorentz model [50 (a, b)]. Therefore, the expression for
the dielectric function of a “free electron metal” can be obtained according to the
Drude Sommerfeld model, by putting wo = 0 in Eq. 5.3:

>3

tree () = 1 = =" p — (5.6)

with real and imaginary parts given by:
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The plasma frequency ), lies in the ultraviolet region of the spectrum and 7w,
ranges from 4 to 20 eV. In the bulk metal, the damping constant 5., has a simple
physical interpretation in terms of the average total time t between collisions of free
electrons with other electrons (electron—electron scattering), lattice vibrations
(electron—phonon scattering), and imperfections. It can be expressed as:

11 1 1
Voo === + +— (5.9)

T Tel—el Tel—ph Tim

For nanoparticles smaller than the electron mean free path (a few tens of
nanometers for bulk metals), scattering of electrons with the particle’s boundaries
(surfaces) becomes important. This process reduces the electron mean free path,
which in turn leads to an increase in the imaginary part of the dielectric function.
This has been evidenced experimentally for spherical particles [16, 51-54]. In these
works, it is shown that for particle sizes below 10 nm, the resonance width becomes
broader.

To account for this fact, it is necessary to include an additive term in Eq. 5.9
which must be inversely proportional to the average time between collisions of the
electrons with the boundary of the particle, Ti = C ™, where vr is the velocity of
the electrons at the Fermi level and r is the radius of the nanoparticle. The
proportionality constant C accounts for the details of the electron scattering pro-
cesses at the boundary and may be calculated from electrodynamic theory or
quantum box model [55 (a—d)]. For spheres, its value ranges from 0.75 to 1.15 [51].

With these considerations, a size-dependent damping constant may be intro-
duced and expressed as:

Ve = Voow + C (5.10)
The second term of Eq. 5.10 becomes negligible for large radii r, and the size

damping constant tends to the bulk value. When 7yg.. is replaced by the size-
dependent expression of Eq. 5.10, Egs. 5.7 and 5.8 take the form:

2

/ _ CUP
Efpee(, 1) =1 = 72 (5.11)
2+ (V},’E‘Z)
“ ") = O e 5.12
‘Oj;"ree(w’ ’) - ( . )

o ( + (y;;;;)2>

Using Eqgs. 5.11 and 5.12, a set of curves for different radii values can be
obtained for the real and imaginary parts of the dielectric function. Figure 5.4
shows an example for the case of gold (Au), when it is plotted against wavelength.
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Fig. 5.4 Real (a) and imaginary (b) part of free electron contribution to the dielectric function for
gold. Values used are: C = 0.8, vp = 14.1 x 10 nm/s Grangqvist and Hunderi [56]

It can be seen that, as expected, each set of curves tends to a common wave-
length-dependent curve (bulk) as the radius increases but presents clear differences
for sizes between 1 and 10 nm, approximately, depending on the metal. It is clear
then that it is possible to reproduce bulk values of the dielectric function by simply
calculating Egs. 5.11 and 5.12 for a radius close to 100 nm, since for these sizes, the
second term in Eq. 5.10 is negligible. In this free electron approximation, all noble
metals (Au, Ag, and Cu) behave alike and their dielectric functions are very similar,
except for small differences arising from the different plasma frequency values.

5.1.2 Bound Electron Contribution (Bulk)

As it was mentioned at the beginning of Sect. 5.1, the complete expression for the
complex dielectric function is made up by a free electron component and a bound
electron component:

€ ((1)) = Sﬁ'ee(w) + sbound(U)) = 8/(0)) + i8/l(0)> (5.13)

where &4..() can be made size-dependent through the Eqgs. 5.11 and 5.12.

In a first approximation, the bound contribution may be considered non-size
dependent. Its value may be determined from subtracting sf,ee(a)) from the bulk
experimental data ¢ (w) taken from Palik or Johnson and Christy [57, 58] such as
indicated in Eq. 5.13. For Nps with size smaller than 10 nm, the full complex
dielectric function depends on size (¢ (w, r)), and can be written as:

e(m, 1) = &free(®, 1) + Ehouna(®) (5.14)

where ¢4..(, ) can be calculated by Eqs. 5.11 and 5.12.

Figures 5.5, 5.6, and 5.7 shows both the real and imaginary parts of dielectric
function for Ag, Au, and Cu, respectively for bulk [58], and corrections for different
radius of Nps calculated from Eq. 5.14.
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Fig. 5.5 Real (a) and imaginary part (b) for Ag dielectric function. In black, experimental bulk
dielectric function [58]. In color, correction for a particle from 5 to 1 nm of radii [25]. See the
panel for details
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Fig. 5.6 Real (a) and imaginary part (b) for Au dielectric function. In black, experimental bulk
values [58]. In color, correction for particles from 5 to 1 nm of radii [59]. See the panel for details
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Fig. 5.7 Real (a) and imaginary part (b) for Cu dielectric function. In black, experimental bulk
values [58]. In color, correction for particles from 5 to 1 nm of radii. See the panel for details
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Fig. 5.8 Simplified electrons Interband Intraband
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The real part shows an abrupt change of slope that is located at different
wavelengths depending on the noble metal. The influence of bound electron is
clearly associated for wavelengths smaller than the point of slope change. This is
more dramatically evidenced in the behavior of the imaginary part, which shows a
widened resonance at short wavelengths.

5.1.3 Bound Electron Contributions (Single Transition)

When the energy of the incoming photon is large enough to overcome the bandgap
and promote valence (bound) electrons to the conduction band of the material, these
electrons will add its contributions to the dielectric function. These kinds of
transitions are called electronic interband transitions.

Figure 5.8 shows a simplified diagram for electrons energy bands of
a noble metal at zero Kelvin. As s-p band is filled up to the Fermi energy,
interband transitions can occur over a threshold energy value (E, + Ef). Intraband
transitions which correspond to free electrons can be excited with low energy
photons.

The Drude model described above takes into account only electrons in the outer
atomic orbitals (for example, 5s, 6s, and 4s states for silver, gold, and copper,
respectively). However, interband transitions, such as the one from the 5d-band to
the 6sp-band in gold, cannot be ignored when the incident light frequency falls in
the visible region. This effect can be taken into account in e’;y,,q (w) by means of
a standard Lorentz-like equation [4, 43, 61]:

2
Wp

Epouna (0) = 1+ ( (5.15)

2 _ 2\ _
Wo (U) Y bound @

where w;; is introduced in analogy to the plasma frequency in the Drude model,
Vbouna 1S the damping constant for the bound electron, and @y is the resonance
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Fig. 5.9 Real (a) and imaginary (b) parts of the dielectric function for Au. Open circles
correspond to the experimental bulk dielectric function from Johnson and Christy [58]. Solid
line, free electron contribution for a bulk size; dashed line, free plus single bound electron
contribution, also for a bulk size. Values used are: wy = 4.19 x 10" Hz, o p =448 x 10" Hz
and Ypouna = 8.95 x 10" Hz [61]

frequency of the bound electron under the applied electric field. The real and
imaginary parts are given by:

o' 2 W2 — w?
S/Lbound(w) =1+ i ( 0 )

5 2 5 . (5.16)
(wo -0 ) + Vbouna @

;7 2
8/,Lbound (CU) = @ B Lbound © (5 17)

Since the dielectric function is additive, the complex expression can be written as:

& (CO, I’) = aﬁ‘??(wa I‘) + 8Lhound(w)

B 2

2
=1- P 1
(,02 + lCO ,yxzze (I‘) + +

ree

/
@p

. (5.18)

((,00 - w2) —i Ybound @

The total contribution of free and bound electrons to the dielectric function can
be evaluated from Eq. 5.18.

In Fig. 5.9, we plot the real (a) and imaginary (b) parts of the dielectric function
of gold in the visible and near-infrared range of the spectrum, using Eq. 5.18 with
r = 100 nm to consider a bulk size. The bulk dielectric function, plotted as open
circles, is calculated by interpolation using experimental data measured by Johnson
and Christy [58]. Solid line corresponds to free electron contribution while dashed
line represents the sum of intraband and a single interband transition [61].
Concerning the real part, some authors add an arbitrary constant term called &,
whose value ranges between 1 and 10 and represents other interband transitions
[61, 62], to fit the experimental data. For wavelengths & > 650 nm, ¢ (w, r) is
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governed by its large negative real part. This is a consequence of the fast
response of conduction electrons to the external electromagnetic excitation. This
quasi-free behavior is like a shield causing a very fast damping of the EM fields
within the metal.

Concerning the imaginary part, at wavelengths A < 600 nm, the free plus single-
transition bound electron model does not reproduce the experimental data. For this
model, ¢’ departs from the experimental data between 300 and 450 nm. Thus, with
the inclusion of a single interband correction (Eq. 5.15), an agreement with the
experimental curve is only obtained for 450 nm <A<1,000 nm.

Similar general behavior (including the disagreements) was observed for the
case of silver and copper, both for real and imaginary parts. So it is clear that a more
complete model that considers explicitly other interband transitions is necessary to
describe the complex expression of ¢ (@, r).

5.1.4 Bound Electron Contributions (Multiple Transitions)

Since the single-transition bound electron contribution model fails for particles
sizes comparable to the mean free path of conduction electrons, there is a need for
an adequate description of the optical properties for large clusters formed by
hundreds of atoms (molecule-like properties), which may help to have a better
agreement between theory and experiment for short wavelengths. This is a topic
under discussion since more than 50 years ago [63, 64]. In this section, we show
a theoretical formalism to evaluate the interband contribution to the dielectric
function. This contribution was estimated in last section based on a semiempirical
analysis.

Pinchuk et al. [59] have analyzed the influence of interband electronic
transitions on the frequency, amplitude, and bandwidth of the surface plasmon
resonance in small metal nanoclusters. Their theoretical results for silver
and gold, including the interband transitions in the model, lead to a more
reasonable value for the plasmon bandwidth. A first approximation was based
on the concept that the contribution due to interband transitions remains
unchanged when material goes from bulk to small particles. Afterward, in the
previous section, this fact was modified, specially for noble metals, considering
transitions of bound electrons to conduction levels with a characteristic
frequency wy.

Now we take a step forward, considering that for the contribution of bound
electron transitions to the dielectric function in actual solids, w( should be extended
to cover all the allowed transitions to conduction band levels, as indicated in
Fig. 5.10.

If the density of states on this band is represented by D (wy), the relative
dielectric function corresponding to the bound electrons contribution can be
written as:

pound () = / D (0) (1 = F) e pouna (@, w0) davy, (5.19)
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where F is the Fermi distribution, (1-F) is the probability that the upper state is not
occupied, and &y, (w, ®,) is the Lorentz dielectric function given by Eq. 5.15.
Rosei et al. [60] and Rosei [65] have given an explicit form for D (wy)
corresponding to noble metals like gold and silver, and they show also the way to
calculate the limits of the integral in Eq. 5.19. Inouye et al. [66] have shown
a simplified expression of this calculation for gold assuming that the curvature of
the d-band can be ignored. In this case, the dielectric function can be written as:

D)
Epound (@) = Kbulk/ fg[l —F(x,T)]
(Ug

« (P -+ +i2 0y

(2 — 0 4 92)" + 4 02y

dx, (5.20)

where 7w, is the gap energy (E,); F (x, Ep, T) is the Fermi energy distribution
function of conduction electron of energy % x at the temperature T with Fermi
energy Er; y, represents the damping constant in the band to band transition; and
Kk 1s a proportionality factor. The reference for the energy is assumed at the top
of the d-band.

Figures 5.11 and 5.12 show calculated free electron (Egs. 5.11, 5.12) and
multiple transitions bound electron contribution (Eq. 5.20) to the dielectric function
of gold and copper, respectively. The sum contribution (solid line) is compared with
experimental data given in Ref. [58] for bulk. Some parameters were taken from the
literature, while others were calculated previously by the authors [30]. These
parameters such as Ky, E,, Er, and 7, produce different and independent effects
over the dielectric function.
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Fig. 5.11 Calculated free electron and multiple transitions bound electron contribution to the
dielectric function of gold. The sum contribution (solid line) is compared with experimental data
given in Ref. [58] for bulk
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Fig. 5.12 Calculated free electron and multiple transitions bound electron contribution to the
dielectric function of copper. The sum contribution (solid line) is compared with experimental data
given in Ref. [58] for bulk

Fitting parameters and other relevant values for gold and copper are summarized
in Table 5.1. It can be seen that with these parameters, the curves show excellent
agreement with the experimental data without the need of adding an arbitrary
constant.

For the contribution of bound electrons, no functional form is known to change
the parameters in Eq. 5.20 as a function of the size of the particle. Some authors
[16, 69, 70] introduced the idea that the electronic density of states is different for
nanoparticles of different sizes. This fact affects Eq. 5.20 where part of the
integrand is just the density of states in the upper band. Since small particles have
larger spacing between electronic states, it is valid to conclude that the density of
states will be smaller for very small Nps. It was proposed [16] to take account of
this fact by changing the proportionality factor Ky, in the contribution of bound
electrons from its accepted bulk value to Ky, = Kpux(1 — exp (—R/Ry)), where R
is the radius of the particle and Ry is a scale factor that represents the size for which
the density of states can be considered to reach the value of the bulk.
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Table 5.1 Optical parameters of bulk gold and copper

Symbol  Value Reference
Gold parameters
Plasma frequency , 13 x 10" Hz Granqvist and Hunderi [56]
Damping constant for free electrons Pbulk 1.1 x 10" Hz Johnson and Christy [58]
Coefficient for bound electron Kok 23 x 10* Scaffardi and Tocho [30]
contribution
Gap energy E, 2.1eV Scaffardi and Tocho [30]
Fermi energy Ep 2.5eV Scaffardi and Tocho [30]
Damping constant for bound electrons 7y, 2.4 x 10" Hz Inouye et al. [66]
Copper parameters
Plasma frequency wp 13.4 x 10" Hz Cain and Shalaev [67]
Damping constant for free electrons Ybulk 1.45 x 10'* Hz Johnson and Christy [58]
Coefficient for bound electron Kok 2 x 10* Santillan et al. [68]
contribution
Gap energy E, 1.95eV Santillan et al. [68]
Fermi energy Er 2.15eV Santillan et al. [68]
Damping constant for bound electrons 7y, 1.15 x 10" Hz Santillan et al. [68]
a 1.7 nm, 10 nm be, 1.7 nm, 10 nm
. 4] 0.7 om
§ 3] ——== 0.9 nm
a ——=- 1.1 nm
~ 2 1.7 nm
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Fig. 5.13 Bound electron contribution to the dielectric function of gold, including correction for
size. The correction is negligible for sizes close to 1.7 nm

Figures 5.13a, b show the spectral behavior of the real and imaginary parts of the
bound electron contributions of gold for different nanometric and subnanometric
sizes, using the Eq. 5.20 with the correction Ky, = Kpur(1 — exp (—R/Ry)).

For the case of copper, Fig. 5.14a, b shows the spectral behavior of the real and
imaginary parts of bound electron contribution for different subnanometric and
nanometric sizes.

It can be observed from Figs. 5.13 and 5.14 that the curves corresponding to
sizes larger than 2 nm are overlapped with each other. This is due to the fact that, for
that size range, the correction included in the expression of Kg,. becomes
negligible.
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Fig. 5.14 Bound electron contribution to the dielectric function of copper, including correction
for size. For sizes close to 2 nm, the correction is negligible

In the following section, we present results about the electromagnetic response
of different nanometric systems. We show how changes in the dielectric function
modify the optical properties of nanometric systems: metallic nanowires (2D
scattering problem), nanotubes, spherical nanoparticles, and core-shell systems.

The different modification in the real and imaginary part of the dielectric
function described above (arising from free and bound electron contribution) will
be used in Sect. 5.3.4 to characterize experimentally the size of 3D spherical
nanostructure from the features of their extinction spectrum.

5.2 Optical Extinction Spectroscopy

5.2.1 Nanoparticle Cross Section and Optical Theorem for
Arbitrary Geometry

In this section, we outline the problem of the interaction of an electromagnetic wave
with a nanometric sized particle [48, 71]. We use arigorous 2D integral method based on
Green'’s second identity and the extinction theorem for calculations of optical responses
of arbitrary shaped particles. We then give a brief overview about the calculation of
scattering and extinction cross section by small spherical particles following the method
of Mie expansion, exploring the asymptotic behavior when the radius a — 0.

Figure 5.15 shows the general problem of dispersion by a particle, considering
that a polarized electromagnetic wave interacts with a particle of volume V with
arbitrary geometry. The particle is characterized by a dielectric function
() = & () + i€(F).

Given the direction of incident electromagnetic field and the shape, size, and
relative dielectric function &(7) of the scatterer, the goal is to determine the fields
E(F) and H(F) at all points in space. The scatterer is assumed to be embedded in
a homogeneous and isotropic lossless medium of dielectric constant &,. Electro-
magnetic fields must satisfy the macroscopic Maxwell’s equations with the
corresponding boundary condition on the particle [72]. In general, this is
a complex problem that must be solved numerically, although analytical
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Einc = Egé -7

Fig. 5.15 Schematic for scattering calculation

expressions can be obtained for simple geometries or for certain approximations
[58, 61, 73, 74].

In order to gain physical insight into the problem, we can write the total fields as
a superposition of incident and scattered fields:

- = =

E = Einc + Escar
H= Hinc + Hscat
If we take a closed mathematical surface X containing the scatterer, the total

energy flow per unit time and area that crosses this surface is given by the time-
averaged Poynting vector <S> = (1/2)Re[E x H*], or

<S> =<8>+ <S>+ <85> (5.21)

It is interesting to note that the time-averaged Poynting vector for the total
field can be written as a linear combination of energy flow per unit time for the
incident field and scattered field plus a term that accounts for overlap of
the fields:

<§i> - (1/2)R6[Emn X 1_71'%;10]5 <§S> == (I/Z)Re[Escat X I—Z}L‘at]v and
<§,> = (1/2>R6[Einc X ['i}fcat + Escat X H;*nc}
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By integrating Eq. 5.21 through the closed surface X, we find a simple relation
for energy present in the system. The energy term corresponding to the incident
field results in zero, since we assumed a lossless host medium. Thus, the energy
balance for a metallic scatterer is given by:

— W, =W, + W,

WQ:%<$>ﬁmL W%i%@mxﬁ*AH%mxﬁfyﬁm (5.22)

scat mc

z z

W, is the energy absorbed by the particle and 7 is the normal to the X surface.

The integral W', the total energy removed from the incident field by both
scattering and absorption, can be written in an analytic form when the electromag-
netic fields are considered in the far field.

We consider an incident electromagnetic wave with a wave vector IEE) = kof and
electric field of the form:

E; = Egé; expliko(i - )]
The scattered waves, far from the scatterer, are considered spherical waves:

expliko - 7] =

E_"S(m :f({’ 6) Ta Hscat = \/% [(3 Xf(l: 5)] M

R

where f (f ,0) is the so-called scattering amplitude, which depends on the observa-
tion angle.

By substituting the incident and scattered field into Eq. 5.22 and integrating
when R — oo, we obtain:

2 ..
—W:m+m:£ﬁm@amﬂ]

Absorption and scattering remove energy from the incoming electromagnetic
field when light interacts with particles. At this point, we can introduce the
extinction cross section C,;:

Cou = Vot Ws A0y e £G0)] (5.23)
|<S>| ko
and
W, 12 %% .
Cooat = ——— = 6,1)]7dQ, Copy =——=—= [ koe"(F)|E(F)|dV (5.24
<S> A;V@lﬂ ’ |<Si>| [:M('” )ldv .24
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Equation 5.21 is the so-called Optical Theorem or Forward Scattering Theorem
[71, 75, 76], which is valid not only in electromagnetism but also in acoustics and
quantum mechanics.

The electromagnetic problem reduces to find the scattering amplitude f(9, [ ).
A simple analysis shows the dependence of f (6,f ) with both the constitutive
parameters and the shape of the nanoparticle. We first write Maxwell’s equation
in the following manner:

x E = ico,uol-_f,

<

x H = —iweoE + Ee,

<

where Ee is consider like a source which generates the scattered waves and it is
defined by [61]:

0 outside

Z { —iweo[e(F) =11 E in V

If we write the scattered electromagnetic field as a function of the Hertz vector
[62], we obtain:

— —

E,F) =V x V x O,(7), H(F) = —iweV x T,(7), (5.25)

=2 _’/ !
where Is(7) ~ o f Go(7 (7") av'.

Go(7,7") is the free space Green’s function. In the far field, we can write
Go(7,7") as (see Fig. 5.14):

explikoR — iko 7' - 0]

Go(,7") = 47R

Then, substituting Gy (7,7 ) for large R in to Eq. 5.25 we obtain:

explikoR]
£ =(0,) PR,

and
5.7) = ko 6 x [0 x E(F' Py — 1 kOF" - oldV' (526
f(rm)—ﬂ/v{—ox [0 x E(7")] }{e(F") — 1} exp[—ik0F" - 0] (5.26)

The scattering amplitude (6, 1) depends on E(7"), the field inside the particle,
and this magnitude is unknown in general. However, in many practical situations, it
is possible to obtain a useful approximation to compute f(0,1).
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From a theoretical point of view, for particles with radii much smaller than the
wavelength, a quasi-static limit can be used. Under this quasi-static approximation,
if we consider the scatterer with a spherical symmetry, the electromagnetic field
inside the sphere is constant and proportional to the incident field [77]:

3
EF") = Py 2E0é,~,

Substituting this expression in Eq. 5.26 and considering a uniform dielectric
function for the scatterer, we obtain:

o K .
flo,i) = ﬁ&xo V sin(0,ps),
where o = &5 and sin(Opps) = —6 X (6 % &;).

Under this approximation, both the scattering and absorption cross sections are
given by:

C‘vca 8 Cab.v
Oscar = Taz’ = g (koa)4|060‘2, Oubs = ﬁ =4 koa ¢

where a is the radius of the sphere.

A similar expression is obtained from an asymptotic Mie expansion (far field) for
ka < 1, being a radii of the particle, as will be shown in Sect. 5.2.3.

For metallic particles, ¢’ <0 at optical frequencies, so, the extinction cross section
has a maximum when ¢’ = —2 for spheres and ¢ = —1 for cylinders. This resonance
is associated with collective oscillations of the free electrons at the metal induced by
the incident electromagnetic fields. The physical region where the excitation into the
metal occurs is given by the skin depth § = A / [47 Im[\/¢]]. These collective
electronic oscillations at the surface of the metal are known as surface plasmon
[78]. In contrast to flat interfaces (films, diffraction gratings, rough interfaces), in the
case of a nanoparticle, the surface plasmon is confined to the three dimensions of the
nanostructure and it is then called localized surface plasmon [78, 79]. In this situation,
the localized surface plasmon resonance depends on the metal dielectric function and
on the geometry of the nanostructure.

For cross sections with different geometry to the spherical or circular one, the
analytical calculation is not easy even under the small-particle approximation. One
approach to estimate the condition of resonance is a generalization given by
Re(¢) =1 — 1/T", where I is a geometrical factor or effective depolarization factor
which depends on the shape of the particle [14, 79]. However, I' can also include
some first order corrections to the quasi-static model such as the dynamic depolar-
ization or the radiation damping. I" takes the value 1/2 for circular cylinders and
thus the resonance condition will be Re(¢) = —1. In first approximation, the I'" factor
can be estimated from experimental curves for Q,,,. For ellipsoidal cross section,
the value of I is related with the polarization of the incident wave: If the electric
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field is along the major axis of the ellipsoid, I" is smaller than 1/2, and if it is along
the minor axis, I' is greater than 1/2. Similar functional dependences are found for
3D nanowires [4, 14, 80].

The description of the scattering of electromagnetic waves by arbitrary
nanosized obstacles has led to the development of several techniques to solve
Maxwell’s equations in inhomogeneous media. For example, the dipole discrete
dipole approximation (DDA) [15, 81], finite difference methods in time domain
(FDTD) [82, 83], multiple multipole expansion (MMP) techniques [84], transfer
matrix methods [85, 86], or finite element methods in frequency domain [87] are
among some of the most commonly used techniques to solve Maxwell’s equations.
All of them present advantages in certain aspects and disadvantages in others, but
we will not go further into their description.

5.2.2 Scattering by Infinitely Long Wires
The method used to compute the scattered far field can deal with scattering problems
of electromagnetic waves from systems formed by arbitrarily shaped bodies. Details
of the general procedure can be found elsewhere [88-91]. In what follows we
summarize the method applied to 2D systems with translations symmetry.

Let us consider a s or p incident polarized electromagnetic field with electric or
magnetic vector E)(F, 1) or H")(F, 1), given by:

) (7,1) = (0, 6,0 (7,0), 0) exp|—icvt]
A (7, 1) = (0,6, (7 0), 0) expl oo,

respectively. When these fields are incident upon a cylinder of cross section S
limited by a curve C, and complex permittivity ¢ (Fig. 5.16), the expressions of the
scattering field (per unit length) in each medium can be obtained using the extinc-
tion theorem for multiply connected scattering volumes [26]. The field is then
represented in the form:

960 (vl =) oy
- O, 0)

0G0 = 0,00+ [ ar

060 (7' 0
—Go(/amko|F — F/|)% , if € host medium
n

¢O(F,0) =0, if 7 ¢ host medium (5.27)

P

o7 0) =1 [ dl’[7661<‘["°‘rr|)</)£)( 0) — G ( \/_ko\rfr|)7d¢lafl,‘)}, ifFes

PV (7 0) =0,if F¢S.
(5.28)
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Fig. 5.16 Schematic for Ay
scattering calculation for
infinitely long wires

o denotes s- or p-polarization, and (]Si’) (7,0), with j=0, 1, represents
the complex amplitudes in the host medium (g,) and inside the cylinder,
respectively. In a 2D configuration, the Green’s functions are
Gi(\/GkolF —'|) = inH(()l)(\/s—jk0|r —7'|), where HYY are the zero-order, first
class, Hankel functions and dl' is the differential element of line along the C
contour. The symbol ¢ denotes that the integration variable 7’ tends to the contour
C from outside of surface S(the normal 72’ points outward of surface S) and ¢~ denotes
that the integration variable 7 tends to the contour C from inside of surface S (the
normal 7’ points inward of surface S). The electromagnetic field expressions for the
far zone can be obtained from the previous equations making use of the asymptotic
expressions for the Hankel functions for |7 — 7’| — oo, and the boundary
conditions:

0y () 03 (7)
(0) (7 — ¢ (7 z - 2
(150( (f) rect ¢0’ (f) Fec*’ on' fee * on' re .77

where 7, = bm and n, = 1.
€

In particular, the transmitted far field takes the form:

o (r,0) =, /ﬁexp {iw [ /emkor — 73 /4} 7(6), (5.29)

J 7 -/ a O A /
T(O):i f{ [(n -k,)qag?)(r )—zd)gﬁf’)] exp(—ik,-7')ds,  (5.30)
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is called the amplitude function of the scattering of the cylinder [56], and IE; is the
propagation vector of the scattered wave, defined by,

ki = ko\/Em (sin0;,0,cos 6,). (5.31)

A Gaussian incident beam of half-width W was considered. With this kind of
beams, we can simulate a plane wave by setting W sufficiently large [25].

The optical properties of the cylinder material are introduced only
through the frequency-dependent dielectric functions ¢ and ¢, that was used
in Egs. 5.27 and 5.28. Once the far field is calculated, the extinction cross
section per unit length Q,,, can be determined by using the optical theorem
[48, 71, 76]:

Qv = Cour/2a = %Remon, (532)

where x = kg a is the size parameter of the cylinder. Calculated Q.,, would be
compared with experimental extinction spectra.

The method described here was extended to consider more complex systems
such as nanotubes and coated wires [92].

5.2.3 Scattering by Spheres
This section is devoted to calculate 3D scattering for different structures such as
bare-core or core-shell spherical nanoparticles. For calculations of cross sections, in
this section, we resume the basic concepts involved in Mie Theory [48].

If a single spherical particle of radius a is considered, we can write the extinction
cross sections (Eq. 5.23) in terms of the Mie [48] expansion coefficients a,, and b,, as:

W,+W, 21
Coy=———=— 2n+1) Re (a, + b, 5.33
=g TR 2 (2n 1) Re ) (5.33)
where
2 . r_ . . !
nm Jn(mx) [XJ,,(X)] ﬂl]n(x) [mxjn(mx)] (5.34)

" () [ 10|71 () g ()]

Uy Jn(mx) [xjn(x)}/ — fiy jn(x) [m xjn(mx)]' (5.35)

b, = .
s nm) [0 ()] = D () g ()

and the primes indicating derivatives with respect to the argument of the function;
1 and p; are the magnetic permeabilities of the surrounding medium and of
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the spherical particle, respectively; x = 2N a/4 is the called size parameter with
N = /e, being the refractive index of the medium; m = N, /N is the relative
refractive index. Finally, j, and %, are the spherical Bessel and Hankel functions,
respectively.

If the size of the sphere is small compared with the incident wavelength, only the
first two terms on the expansion are relevant (dipolar term). With the asymptotic
form for a; and b, and considering the lowest order in x [48], the expressions for
absorption and scattering efficiency factors Q are:

&1 — &y
abs = 4 x Im | ——— 5.36
o X m(81 +28m> (5.36)
8 4 | &1 —ém 2
wa == _ 5.37
e 3 * &1+ 2¢, ( )

These expressions are identical to that obtained from the electrostatic approxi-
mation using the Optical Theorem.

If scattering is small compared with absorption, the absorption cross section may
be expressed as:

Caps = k Im(ar) (5.38)

where k = 2 ’;N is the wavenumber in the medium surrounding the particle, A is the

wavelength of the incident light in vacuum, and « is the polarizability given by:

o=4rdo (5.39)

For more complex structures, like core-shell spherical Nps, the expression of the
polarizability is [48]:

(&2 —&m) (61 +2&2) +f (61 — &2) (6m + 282)

o=4nR} , 5.40
2(82+28m) (e1+2&)+f (e —2¢y) (&1 — &) ( )

R 3 . . . . .
where f = () is the ratio between inner and outer radius volumes; Ry = Ry i8

the metal central core; R, = R ore+coating 15 the outer radius (metal core + shell); and
e1 = &1(4, Ry), & = &(4, R, — R}), and ¢, are the dielectric functions of the core,
coating (shell), and surrounding medium, respectively. When the metal dielectric
function in the above expressions is modified by size according to Egs. 5.11, 5.12,
and 5.20, it is possible to calculate the extinction cross section for sizing small
nanoparticles according to Eq. 5.38. This procedure will be used in Sect. 5.3.4 to fit
experimental extinction spectra results in the visible-NIR range for bare-core and
core-shell nanoparticles.
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5.3 Theoretical and Experimental Results

In this section, we review some relevant results from the literature for the optical
response of nanoscale systems. We show theoretical and experimental results of
physical observables in the far field (optical cross sections) and how these observ-
ables depend on both the size and shape of the nanoparticle.

In recent years, great interest has developed in the study of nanoscale systems,
from the synthesis and manufacture of nanoparticles, characterization and optical
response up to their manipulation and physical properties control. Different areas of
knowledge (chemistry, biology, physics, etc.) are making a significant amount of
contributions to the subject. This is evidenced by the large number of interdisciplin-
ary citations in recent reviews on the topics (see for instance Refs. [1, 2, 4, 7, 93-95]).

The optical properties of noble metals — in particular the structures of silver,
gold, copper, aluminum, titanium — can be manipulated by appropriate engineering
of nanoparticles (or nanostructures) and this subject is its main attraction. Under-
standing the optical response of nanoscale systems promote a variety of potential
applications ranging from simple interaction molecules, optical crystals and pho-
tonic metamaterials. For instance, in surface-enhanced Raman spectroscopy
[96-101], chemical and biological sensors have been proposed based on plasmon
resonant particles [1, 102—104]. For scanning near-field optical microscopy, metal-
lic particles provide large, yet well-localized near-field sources [105-113], and can
therefore increase the resolution.

Small silver or gold particles and wires are also highly interesting for optical
devices, as they provide efficient, frequency-selective scatters with sub-wavelength
dimensions, allowing further device miniaturization. Moreover, silver and gold
nanowires can guide electromagnetic modes over several microns [8, 114-118],
coupled plasmon resonant nanoparticles can be used for evanescent optical trans-
port [119—124], and nanoholes in metal films allow the filtering of optical signals
[125—127]. Most recently, an active optical component, similar to a transistor, was
proposed using the local field amplification associated with the excitation of
plasmon resonances [12, 128] or the ablation of cancer cells in vivo [2, 7, 93, 94].

In general, numerical computations are necessary to understand the optical
properties of arbitrarily shaped plasmon resonant particles in detail. In particular,
the knowledge of the complex relationship between shape and size of the particles
and its plasmon resonance spectrum allows designing nanoparticles for specific
applications. This knowledge is required both for individual and interacting metal
nanoparticles.

5.3.1 Electromagnetic Responses of Infinitely Long Nanowires:

A 2D Scattering Problem
In this subsection, we deal with nanometric systems with translational symmetry. In
particular, we show the electromagnetic response of metallic infinitely long
nanowires and metallic nanotubes (2D metal dielectric core-shell systems). The
solution of 2D problems allows qualitative and quantitative studies of the physical
phenomena involved in electromagnetic interaction, without loss of generality.
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As we mentioned in Sect. 5.2.1, the electron collective oscillation occurs within
a narrow strip from the particle surface. The rapid response of free electrons in
metals to external fields is the cause of the rapid damping of electromagnetic fields
inside the metal giving rise to the skin effect. It is interesting to note that, for Ag
particles, the skin effect depth is about 6-10 nm around the resonance frequency.
Therefore, when the electromagnetic field falls on nanoparticles (¢ < 10 nm), the
electromagnetic resonances related to the plasmon excitation practically occur in
the volume of the particle. Due to these characteristics, we will call these reso-
nances ‘“eigenmodes of the system” which are a solution of the homogeneous
problem.

The small metallic particle shows a complete polarization and the free electrons
are confined to oscillate within its volume. Thus, the optical properties for these
systems are substantially modified respect to larger ones. This behavior with size
affects the constitutive parameters of the nanoparticle, as was shown in the
Sect. 5.1.1

5.3.2 Nanowires

In Figs. 5.5, 5.6, and 5.7 (Sect. 5.1), we have shown results of applying the
correction by size to Ag, Au, and Cu dielectric functions for particles with radii
less than 7 nm. For infinitely long nanowires, a new condition is established: The
permittivity depends on the polarization state of the illuminating wave. Two
different dielectric functions may be defined: &(w) corresponding to silver bulk
for s-waves (or TM), and ¢(w,r) for p-waves (or TE), where the size correction is
included [25]. For this configuration, only p-waves show eigenmode resonances.

By inspection of the dielectric functions, we can see a clear increase of slope in
the imaginary part as the particle radius decreases, while the real part displays much
less variation, with a tendency to decrease its slope. This behavior of the dielectric
constant (which is only corrected by size) is reflected in the cross section of
extinction.

In Fig. 5.17, we show the evolution of the extinction cross section (p-waves)
with the incident wavelength for different Ag and Au nanowires. The position of the
resonant peak exhibits a clear dependence on the size. As the particle radius
decreases, the resonant peak maximum is blueshifted.

This effect is particularly notorious for Ag nanowires (Fig. 5.17a). In Fig. 5.17b,
we plot the peak position (resonant wavelength) depending on the radius, which
clearly shows this blueshift. In the Fig. 5.17b too, we compare the same system but
when it is immersed in index matching oil (refractive index approximately 1.52 at
500 nm). By comparing the peaks curve, we can see the redshifts of all resonance
spectra due to change in the refractive index of the surrounding medium.

For the Au nanowires, the blueshift is less noticeable and for wires with radii less
than 7 nm, the peak displacement is within the numerical error (see Fig. 5.17c¢).
With respect to the displacement of the peaks with the particle size, there is not total
agreement today. In the review of Link et al. [129], the authors devote a paragraph
to comment about the disagreement in resonant peak shift. In the literature both
redshifts and blueshifts of the peaks are reported. Recently, we can observe that this
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Fig. 5.17 (a) Behavior of Q. for p-polarized illumination with the wavelength for Ag nanowires
with different radii. (b) Evolution of the resonant peak position with the radius. (¢) Idem to (a) but
Au nanowire normalized to the height of the resonance peak. In both cases, a blueshift is observed
when the radius of the nanowire is reduced. Resonance peak position versus the radius of the silver
nanowire for different host media: air and index matching oil

different behavior is produced by a nanoscopic shell due to the fabrication presses:
oxide metal shell (i.e., in Ag nanoparticles) [130], surface modified in chemical
process (i.e., in Au nanoparticles), etc.

In all cases studied, we observe a similar optical response: The position of the
resonance peak does not change substantially with decreasing radius (less than
5 nm) and neither does the real part of the dielectric constant. As the radius
decreases, the resonance peak broadens and decreases in height, while the imagi-
nary part of the dielectric constant increases.

Another way, for s-waves, no eigenmode excitations are possible for 2D
nanowires, but a clear difference in the spectra corresponding to different radii
can be observed. In Fig. 5.18, we show the evolution for the extinction cross section
with the wavelength for the incident s-wave. For radius larger than 10 nm, the
contrast (relative difference between the maxima and the minima of the extinction
cross section) between the ridge at 260-275 nm and the dip at 320-330 nm can be
used to characterize the radii of the cylinders.
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Fig. 5.18 (a) Evolution of Q,,, for s-polarized illumination as a function of wavelength for Au
nanowires with different radii. (b) Evolution of the resonant peak position with the radius in air
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Fig. 5.19 Contrast curves as a function of Ag nanowire radius. (a) p-polarization for two host
media, oil and air. (b) s-polarization in air

In Refs. [16, 25, 53], it has been proposed a useful tool based on contrast
measurements. In Fig. 5.19, we show the contrast curves for characterizing the
size of nanowires.

These qualitative optical properties are observed in 2D and 3D systems. The
electromagnetic responses of metallic nanoparticles are not only sensitive to size of
the particles, but also are sensitive to both the surrounding environment as well as
its shape [74, 129].

In particular, the resonant frequencies of eigenmodes are sensitive to the geom-
etry of the particles. The main attraction of the nanoparticles design is the possi-
bility of tuning the resonant excitation of eigenmodes in a wide bandwidth,
allowing a large number of applications, from the design of optical nanoantennas
[123, 131], construction of plasmons waveguide of some nanometers wide
[62, 121], development of more efficient solar cells, or the possibility of applying
these resonant systems in detecting and/or destruction of cancer cells (photothermal
therapy) [93].
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Fig. 5.20 Optical response for Ag nanowires with elliptic cross section and different aspect
ratios. (a) Evolution of the extinction cross section Q,,¢ with wavelength for two different incident
p-illumination modes: electric field parallel to major axis b (0y = 90°) — solid symbols;
electric field parallel to the minor axis a (6p = 0°) — hollow symbols. (b) Evolution of the
maximum of resonance peak as a function of the aspect ratio for both incidences. See the insets
in panels (a) and (b)

A slight deviation from circular (spherical) geometry produces a splitting of
the lower energy peak. This effect is noticeably for Ag particles, where
eigenmode resonance shows a single well-defined peak for circular geometry
(see Fig. 5.17a).

In Fig. 5.19, we show normalized extinction curves (respect to the geometrical
shadow) as a function of wavelength for Ag nanoparticles with different aspect
ratios (relationships between major and minor axes) R =b/a: fromR =1(a=b =
10 nm) up to R = 6 (a = 10 nm, b = 60 nm). As we can see in Fig. 5.19, two
branches (channels) are opened which depend on the polarization of the incident
wave. One of them, when the peak position shifts to shorter wavelengths, corre-
sponds to the electric field parallel to the minor axis — open symbols — (incidence to
0°, see the inset in Fig. 5.20a) and the other one is redshifted when the electric field
is along the major axis — solid symbol — (incidence to 90°).

In Fig. 5.20b, we show the evolution of the resonance peak versus the aspect
ratio R = a/b. The behavior of the resonant wavelengths is quasi-linear with R.
With blue hollow circles, we show the evolution of resonance blueshifted peaks and
with solid red circles, the redshifted peak ones. Because the minor axis is constant,
the blueshift is not very pronounced, A4 =9.4nm with respect to the perfect
circle R =1.

A similar behavior is observed for Au nanowires with elliptical cross section. In
Fig. 5.21, we show the evolution of the extinction cross section for identical
geometrical parameters to Fig. 5.20.

A qualitative explanation of the optical response for particles with volume
(surface) ellipsoidal can be given under the non-retarded field hypothesis. This
theory is based on an electrostatic solution for the principal values of the polariz-
ability tensor, o, with a relative complex dielectric function e(4) [48].
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Fig. 5.21 Optical response for Au nanowires with elliptic cross section and different aspect ratios.
(a) Evolution of the extinction cross section Q. with wavelength for two different incident
p-illumination modes: electric field parallel to major axis b (6 = 90°) — solid symbols; electric field
parallel to the minor axis a (6p = 0°) — hollow symbols. (b) Evolution of the maximum of resonance
peak as a function of the aspect ratio for both incidences. See the insets in panels (a) and (b)
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V is the ellipsoidal volume and T'; are the geometrical depolarization factors.
When the three axis of the ellipsoid are equal, the geometrical factor is degenerated
and equals to 1/3 (or 1/2 for 2D problem). For small Rayleigh particles, the light-
scattering contribution to the total extinction is usually neglected, so optical
absorbance Q, is calculated through the absorption cross section averaged over
random orientations of spheroids. Most papers on the optical properties of metal
nanoparticles suspensions used the classic Gans theory. The qualitative behavior
shown in Figs. 5.19 and 5.20 was observed experimentally in Au nanorods [13, 19].

Another way to control the frequency of excitation of eigenmodes in
nanoparticles is through core-shell systems: dielectric particles coated with metal
shell. In this case, controlling the thickness of the metal layer and the dielectric
particle size is possible to tune the proper mode at determined frequency.

In the next section, we describe the optical response of metallic nanotubes. That
is, hollow tubes with nanometric metallic walls and dielectric cylinders coated with
a metallic layer.

5.3.3 Nanotubes
Geometrically, the nanotubes are formed by two coaxial cylinders forming an
annular surface (wall of the nanotube) which is considered metallic. When the
core of the nanotube is filled with a dielectric material, it is the 2D equivalent
problem to the core-shell 3D system [42].

As it was shown for a single particle, the study of these 2D systems provides all
the information necessary to understand the physical mechanisms involved in three-
dimensional problems.
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Fig. 5.22 Behavior of Q.. as a function of the incident wavelength for different metallic
nanotubes. (a) Ag nanotubes: in solid line Q.x When the dielectric function is corrected by the
thickness of the metallic shell and hollow symbols Q.. for bulk dielectric function; (b) Qcx, for Au
nanotubes; (¢) idem to (b) for Cu nanotubes and (d) Q«t curves for Ag nanotubes (hollow symbols)
and Ag-shell silica-core (solid line) systems are compared. In all cases, the external radius is
constant: 7; = 10 nm and the internal radios r, is variable. Line code in (a—c) is the same as shown
in (d)

Nanoshells and nanotubes are other example of tunable plasmonic
nanostructures with important applications as nanoantennas [2, 42], light manipu-
lators [132] and biomedical applications (http://halas.rice.edu/) [3]. Many recent
studies have been focused on metallic nanoshells where the plasmon resonance can
be tuned very simply by varying the shell thickness. In general, the models used to
describe the response of systems with metallic shells are based on a quasi-static
approximation and dipole interaction [133—-137].

We focus on metallic shells with thickness from 1 to 10 nm, where the dielectric
function of the metallic layer should be corrected by size [92], and the quasi-static
approximation could be applicable. Results for larger systems (core radius larger
than 50 nm) with thin shell layers, where the electromagnetic response is dominated
by retarded effects, are also shown.

Numerical results for eigenmode excitation of metallic nanotubes corresponding
to p-mode [138] are shown in Fig. 5.22 where the extinction cross section as
a function of incident wavelength is depicted. For these examples and in this
subsection, the external radius r; is constant and equal to 10 nm and the thickness
(d = ry — rp) of the nanotube is considered variable.

Figure 5.22a shows the extinction cross section for Ag nanotubes considering the
dielectric function with (solid line) and without (hollow symbols) size correction.
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Figure 5.22b shows the extinction cross section Au nanotubes with dielectric
function thickness correction, (c) the extinction cross section for Cu nanotubes
with corrected dielectric function, and (d) the extinction cross section for Ag
nanotubes (hollow symbols) versus Ag/silica system (solid line) with dielectric
function corrected. The inset in Fig. 5.22d shows the shell thickness code, valid also
for panels (c) and (d). Hollow and solid symbols with the same color correspond to
the same shell.

For these particle sizes, in general, Q.. ~ Qs and the extinction peaks
observed in Fig. 5.7 are related with the excitation of eigenmodes. It is interesting
to note that for the Ag shell, our model gives as a main result a significant widening
of the resonance peak (due to the strong increase in the imaginary part of the
dielectric function). The complex propagation constant solution to the homoge-
neous problem — eigenmode — moves away from the real axis into the complex
plane as the thickness of the shell decreases. However, if the bulk dielectric
function is used for all thicknesses, an opposite effect is observed: As the thickness
of the shell decreases, the amplitude of the peaks increases and a more complicated
evolution is observed for some cases (Au and Cu, for example). This behavior in the
extinction cross-section spectra has been observed for all the examples shown in
this section.

Extinction curves for Au nanotubes show a more complicated behavior. This
effect can be associated to the multipole terms that play an important role for Au in
the short wavelength range [137]. It can be observed in Fig. 5.22b that extinction
curves for Au nanotubes present large and broad peaks for thin shells. The maxi-
mum of the extinction curves occurs for d = 2 nm in this configuration (see
captions), while for d = 1 nm, the extinction peak is attenuated and strongly shifted
to the IR zone. In all cases, the dipolar term dominates the extinction spectrum and
the higher multipole orders have a perturbative character overlapped with the
dipolar term. We can observe a similar behavior for Cu nanotubes (Fig. 5.22c)
but with a more complex optical response in the short wavelength range.

In Fig. 5.22d, we compare electromagnetic response of Ag nanotubes with
respect to a silica-core one (.o = 2.25), both with the same shell thickness.
When a silica core is considered, all the spectra are shifted to the IR region, and
the peaks are attenuated with respect to the same condition in the Ag nanotubes.
The main cause of this shift is the relative value that the metal dielectric function
takes with respect to the core dielectric constant. Therefore, the resonant coupling
between surface plasmons (in both faces of the metallic shell), mainly dipolar,
experiences a strong shifting to the IR zone and an intensity attenuation. This
mechanism is consistent with that described by the method of hybridization [2].

Due to the size of this system (few nanometers), it is possible to compare our
results with a non-retarded model. Moradi [133] proposes a non-retarded hybridi-
zation model to find the optical response of a core-shell 2D. Based on this model, it
is possible to find an analytical expression to predict evolution of the peaks as
a function of r,/r; ratio.

In Fig. 5.23, we show the evolution of the isolated peaks of Fig. 5.22a (Apeak = A*)
is a function of the r,/r; ratio, for both dielectric function, bulk and corrected,
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together with the silica-core metallic-shell systems (corresponding to Fig. 5.22d). In
dashed lines, we show the dispersion relationship of plasmons from hybridization
model corresponding to Ag nanotubes for three angular momenta m [133]. Squares
and circles represent bulk dielectric function and triangles correspond to corrected
dielectric function. Using the bulk dielectric function, it is possible to observe two
branches, while only one branch can be detected when corrected dielectric function is
used. Our calculations show that the fundamental excitation for an Ag nanotube
(associated to the dipole order) dominates the extinction coefficient. In general,
the principal extinction peaks follow a functional form like the predicted one by
the plasmon hybridization model. The main discrepancy between the curves obtained
by the non-retarded approximation and the maxima of extinction calculated by the
integral method is due to the different dielectric functions used to model the systems.
We observe that in the limit when r, — 0 (solid wire), both the analytic curves and
singles points (plasmonic excitations) converge to the same point.

In the quasi-static approach limit, it is possible to carry out an analysis of the
interaction between eigenmodes: Eq. 6 in [133] can be rewritten in the incremental
ratio form [92]:

4res - As 1
fres —*op 1, (5.42)

A m
N

where /g, corresponds to the wavelength for which the plasmon is excited in a solid
wire with radius ry. In this way, we can obtain a scaling law for the peaks shift that
depends only on relative geometrical parameters. With this in mind, Fig. 5.24 plots
(Apeak — Agp)llsp for the peak of low energy as a function of d/ry for different
materials: Ag (circles), Au (squares), and Cu (triangles) nanotubes. Hollow sym-
bols correspond to data extracted from Figs. 5.22a—c. In particular, for Ag
nanotubes, we show in red solid circles results for a nanotube with 7; = 50 nm
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Fig. 5.24 Dependence of the
relative shift (Apeak — Asp)/Asp
versus d/ry for the last peak
eigenmode resonances for Ag
(circles), Au (squares), and
Cu (triangles) nanotubes.
Solid and dashed lines
correspond to the fitting
curves: exponential and

Eq. 5.43, for Ag nanotubes
(blue) and Au, Cu nanotubes
(red), respectively
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and in green circles for r;{ = 120 nm. The rest of the circles shown were obtained for
r1 = 60 nm. For Au and Cu nanotubes, we can see that the curves are very close and
differ slightly from that corresponding to Ag nanotubes. In these curves, solid black
symbols (squares and triangles) correspond to r; = 10 nm, the green symbols to
r; = 60 nm, and orange square symbols to r; = 80 nm.

It is remarkable to note that all the points, regardless of the size of the nanotubes,
can be arranged on a single curve which can be adjusted by a single-exponential
decay function. A similar law was found by Jain and El-Sayed for coated spheres
and dimers [134].

As a first approximation, this extinction peak is due to a dipolar interaction
between plasmons. We propose a functional form for the fitting equation like
Eq. 5.42 with two degrees of freedom:

. .
Ares — Asp a

= ~1 (5.43)

(-

The best adjustment to the black hollow circles occurs for a = 0.988 £ 0.005
and ¢ = 2.87 £ 0.05 (for the complete data a = 0.98 + 0.02 and ¢ = 2.7 £+ 0.1).
Due to the universality of the curve, therefore, all the points can be fitted by
Eq. 5.43. In Fig. 5.23, we show the two fittings: in dashed line (blue and red), the
exponential law, and in solid line, the fit corresponding to Eq. 5.43.

The black square and triangle data points (corresponding to the Au and Cu
r; = 10 nm) can be adjusted by the same equation (the curves of Au and Cu show
little difference between them). We found that the best adjustment for the Au
nanotubes occurs for a = 1.01 4+ 0.01 and ¢ = 5.6 £ 0.2 (solid line in Fig. 5.23).
This numerical exploration in order to fit the data with the hybridization model
gives as a result high values for the parameter ¢ (equivalent to the angular momen-
tum for the Moradi’s model). This high values found for ¢ may indicate that the
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non-retarded dipole approximation is not able to describe accurately the plasmon
interaction through the nanotubes walls, at least for thin shells. Recently, Encina
and Coronado [139] reached a similar conclusion for dimers with Ag nanospheres,
where they also observe a separation between the “universal curves” between Ag
and Au dimers.

We found that the shift of the excitation peaks toward the IR is directly
associated with changes in the thickness of the wall of the nanotube. In addition,
the thickness of the walls modifies the constitutive parameters and, as
a consequence, the plasmon—plasmon interactions. This effect is clearly seen in
the Ag nanotubes. It can be observed, in particular for these structures, that the
effects of retardation should be included to describe correctly the interaction
between plasmons when the thickness of the layer decreases, as occurs in Ag
dimers. As a result, the fractional relative plasmon curve for Ag nanotubes is
separated slightly from that corresponding to Au and Cu as the shell thickness
decreases and the interband transitions start to be significant. For relationships
dir; > 0.6, these effects are attenuated and the “universal curve” appears to be
recovered (at least for nanotubes). The presence of a dielectric core produces
perturbations in the plasmon—plasmon interaction, and the extinction peaks are
shifted toward the IR zone with respect to nanotubes in the same condition. Then,
the fractional plasmon shift versus d/r; shows a difference when nanotubes and
core-shell 2D nanoparticles — for the same external radii — are compared.

In Fig. 5.25, we compare the near-field intensities, for the three structures shown
in this section in the resonance condition. Figure 5.25a corresponds to the near field
at A =338nm for Ag circular solid nanowire with 10 nm of radius (red line
extinction curve with solid circles in Fig. 5.16a). Figure 5.25b shows an intensity
map for a nanotube with 10 nm of external radius and Ag wall thickness of 3 nm at
A = 448 nm (solid green curve in Fig. 5.17a). Figure 5.25c¢, d show the near field for
the same Ag ellipsoidal nanowire (a = 10 nm, b = 60 nm), for two fundamental
electric field orientations: panel (c) electric field parallel to the minor axis, resonant
wavelength 329 nm; panel (d) electric field parallel to the major axis at 4 = 500 nm
(see red curves in Fig. 5.20a). The arrows, in all cases, indicate the direction of the
incidence.

The intensity maps shown in Fig. 5.25 for the eigenmode resonances are
consistent with a dipolar response (the single peak shown in the spectra of extinc-
tion curve). Due to the size of the particles considered, the scattering cross section is
negligible and the entire spectrum of extinction is due to absorption. Intensifications
of fields due to local resonances are very short range and can reach up to two orders
of magnitude of the incident field. The resonance occupies a small volume
around the nanoparticle interface, similar to a point source. This high density of
field is the tool for the thermal treatment of cancer cells. In the intensity maps, we
can see the field penetration inside the metal structure. Almost, the entire volume
(surface) of the nanoparticle is involved in the resonant phenomenon. Thus, part of
the resonant energy of free electrons can be transmitted to the structure of the
metal, causing an increase in kinetic energy resulting in an increase in metal
temperature [93].
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Fig. 5.25 Total near-field intensity maps |H |2 (normalized to the incident intensity) for different
Ag nanostructures in resonance. (a) Solid circular nanowire, 2 = 338 nm, 10 nm of radius; (b)
nanotube with 10 nm of external radius and 7 nm of the internal radius, 2 = 448 nm. (¢, d)
Elliptical cross-section nanowire (aspect ratio .72 = 6) for the two fundamental electric field
orientations: parallel to the minor axis, 4 = 329 nm and parallel to the major axis, A = 500 nm,
respectively. Arrows indicate the incident direction and the host medium is air

5.3.4 Experimental Results
The relation between the plasmon resonance maximum and the diameter of the
spherical particle has been used by some authors as a tool to establish a range of
sizes of studied metal Nps, TEM being the central technique for accurately mea-
suring certain particles. Link et al. [140] studied laser-induced shape changes of
colloidal gold nanorods after irradiating the sample with femtosecond and nano-
second laser pulses. The gold nanorods were prepared using an electrochemical
method. The shape transformations of the gold nanorods are followed by two
techniques: visible absorption spectroscopy by monitoring the changes in the
plasmon absorption bands characteristic for gold nanoparticles and transmission
electron microscopy (TEM) in order to analyze the final shape and size distribution.
The extinction spectra are used to monitor the evolution of the plasmon resonances
as the samples are irradiated with different pulselength lasers.

Mafuné et al. [141-147] studied the formation of noble metal (Au, Ag, and Pt)
Nps under ns-regime laser ablation of solid targets in water and its relation with
surfactant concentration. In all the series of papers, the authors use TEM to both
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show the sphericity of the ablated Nps as well as determine their average diameter
from sampling about 1,000 Nps. The extinction spectra are used to show the
existence of the plasmon resonance and its dependence on different experimental
parameters such as number of laser pulses, surface modifier concentration, etc.

Chen et.al [148] studied the induced alloying of Au-Pd and Ag—Pd colloidal
mixtures by ns pulse laser irradiation. UV—vis absorption spectra of 1:1 and 2:1
molar ratios of Au/Pd colloidal suspensions are used to show the development of
the mixture composition as a function of the laser exposure time, while the
approximate sizing is performed by TEM analysis.

In a very interesting paper by Besner et al. [149], fragmentation of colloidal gold
Nps by fs laser radiation is demonstrated by showing the expected blueshift of the
plasmon resonance as the particle radius decreases.

In a similar way, Barcikowski and collaborators [150] study the influence of
several parameters (such as pulse energy, dodecanthiol added to n-hexane) on gold
Nps production using ultrashort pulse lasers. They show these influences by com-
paring extinction spectra from several treated samples, indicating the plasmon peak
shift for different dodecanthiol concentrations in the liquid prior to fs laser ablation
at two different laser fluences.

As a final example, Pyatenko et al. [151] produced silver nanoparticles by
irradiating an Ag target with a 532 nm ns-regime laser in pure water. By working
with high laser power and small spot sizes, the authors claimed to have synthesized
very small spherical particles with a typical size of 2-5 nm. UV-vis extinction
spectra for different beam spot sizes are used for estimating the amount of ablated
Ag per pulse, according to a suggestion made by Mafuné et al. [141].

Our group has studied the relations between the different features of the extinc-
tion spectra and the size (or structure) of the Nps to use them for sizing purposes.

Scaffardi and Tocho [30] have explored the simultaneous modification of the
free electron contribution to the dielectric function as well as the bound electron
contribution, on the basis of Egs. 5.11, 5.12, 5.13, 5.20, 5.38, and 5.40 to fit
extinction spectra of very small nanoparticles (less than 2 nm radius). The contri-
bution of electron transitions from the d-band to the conduction band was modeled
using an integral expression for adding all the interband transitions across the
bandgap. The dependence of the electronic density of states with size (the states
begin to separate as the radius decreases) modulates the above integral expression
and enables a much better fitting of the extinction spectra of very small gold
nanoparticles, obtained by the inverse-micelle method. The fitting also permits
the determination of microscopic parameters like the bound electron damping
constant, the energy gap, and the Fermi energy of the particle.

Another application of extinction spectroscopy was developed by Roldan et al.
[34], who described a method for preparation of Ag nanoparticles from chemical
reduction of AgNOj in ethanol with ATS [N-[3-(trimethoxysilyl)propyl] diethyle-
netriamine] as surface modifier. While morphologic and structural characteriza-
tions of samples are conducted by Atomic Force Microscopy (AFM) and X-ray
diffraction (XRD), UV-vis extinction spectroscopy interpreted through Mie theory
is used to analyze the size evolution in the fabrication process of spherical silver
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Fig. 5.26 (a) FWHM and (b) peak position of ATS-coated silver Nps immersed in ethanol as
a function of core radius (r;) and shell thickness

nanoparticles. This evolution is studied as a function of the time elapsed between
the beginning of the reaction and the extraction of the sample and as a function of
the temperature during the chemical reaction. The study was based on the inverse
relation between the plasmon width (FWHM) and the mean radius, specially for
values below 6 nm.

The optical extinction spectroscopy approach was also shown to be useful in
sizing core-shell type Nps by Schinca and Scaffardi [35]. In Fig. 5.26, the authors
made a detailed analysis of the dependence of plasmon resonance wavelength and
FWHM with core radius and shell thickness of ATS-coated Ag Nps and were able
to establish that, for sizes less than 10 nm, the plasmon peak wavelength depends
almost exclusively on the shell thickness while the FWHM depends mainly on core
radius. Based on these regularities, a simultaneous experimental measurement of
plasmon width and plasmon peak position in extinction spectroscopy is proposed as
a simple protocol for determining the mean size of noble metal core-shell
nanospheres (in the size range smaller than 10 nm radius). The protocol was
successfully applied to chemically and laser-ablation fabricated Ag Nps, the results
of which agree with established TEM analysis.

A similar method was applied by Schinca et al. [36] to size small core-shell
silver—silver oxide generated by ultrashort pulse laser ablation of solid target in
water. Figure 5.27a, b show a TEM picture of the sample suspension and the
corresponding size distribution histogram, respectively. In this case, the Ag Nps
are capped with its own oxide during the ablation process, with a variety of
thicknessess. A fit of the full experimental spectrum using Mie theory allows the
determination of core size and shell thickness distributions as a function of fluence.
The redshift of the plasmon peak wavelength with respect to the bare-core peak
wavelength at 400 nm, produced by the oxide shell, may be easily measured even
for very small thicknesses. It was found that the dominant silver oxide effective
thickness is inversely proportional to the fluence, reaching a maximum of 0.2 nm
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Fig. 5.27 (a) TEM image and (b) corresponding histogram of the sample of silver Nps immersed
in water, fabricated at high fluence (1,000 J Jem?): (¢) Experimental extinction spectrum (solid line)
and theoretical fit (dot-dashed line) for silver Nps in water at 1,000 J/em? fluence. Inset shows size
relative abundance distribution used for the fit

for a fluence of 60 J cm 2 and a minimum of 0.04 nm for a fluence of 1,000J cm_z,

as it is shown in Fig. 5.27c.

For the case of Ag core-Ag,0 shell Nps, the relations depicted in Fig. 5.26 are a bit
more complex than in the metal core dielectric shell case. Figure 5.28 shows the results
of calculations of peak position (panel a), contrast (panel b) and FWHM (panel c) as
a function of core radius and shell thickness. These 3D plots picture the interrelation
between these three parameters. Although peak position is strongly dependent on shell
thickness and almost independent of core radius, FWHM and contrast depend on both
variables with similar strength. In spite of this complexity, Santillan et al. [41] have
shown that a simple stepwise protocol to size oxide thickness growth over bare-core
silver Np only from spectroscopic data could be devised and successfully applied to
experimentally obtained single-particle extinction spectra.

Finally, the possibility of using optical extinction spectroscopy for the case of
metal coated dielectric core Nps is also evident when the relation between the
FWHM and peak resonance position as a function of core radius and shell thickness
is analyzed. Figure 5.29 plots these relations for the case of a silica core and Ag shell.
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It can be seen that the peak position (panel b) is still strongly dependent on
metal shell thickness and almost independent of silica-core radius, but FWHM
depends on both Ag-shell thickness and silica-core radius. In this case,
a measurement protocol may also be devised to size separately the core radius
and metal shell thickness of single core-shell nanoparticles. These two last
cases are important since researchers in the biological area are directing their
interest in developing single-particle nanosensors for intracellular measurement
of oxidative processes [152, 153].

6 Conclusions and Future Perspective

Throughout this chapter, we have shown results referring to the optical response of
infinitely long metallic wires with cross section of the order of a few nanometers. The
theoretical and numerical results suggest the concrete possibility of controlling this
optical response with an appropriate engineering of nanoparticles. The relation of the
constitutive parameters with particle size, coupled with interband transitions in the
metal, gives a correct description of the experimentally measured optical observables.
Our theoretical results show a slight blueshift of the resonance peak (for p-polarization)
as the particle size decreases (most notorious for Ag nanowires).

The dependence of dielectric function on the particle size generates an anisot-
ropy with the polarization of the incident wave: The size correction begins to be
necessary for radii of the order of 7 nm and when the electric field vector is parallel
to the cross section. This sensitivity of the eigenmodes with the orientation of the
electric field can also be observed when the cross-sectional geometry deviates from
the perfect circular symmetry. For the example studied in this work, oblong
particles (two main axes), the orientation of the electric field determines two
plasmonic resonances. The design of the geometry of the particle can “tune in”
two-channel resonance. One channel is shifted to the blue and the other with
a greater range of variability to the red (compared to the position of the plasmon
for circular particle). Responsible for such behavior is an anisotropic tensor polar-
ization induced by external fields.

The geometry of the nanoparticle and the surrounding medium significantly
influence the optical response. A mixture of both conditions, along with size
corrected dielectric function, can yield systems with multiple plasmonic excitations
with redshifts of the resonant peak. While the physical principles involved in the
electromagnetic interaction with the metal layer are the same (the excitation of free
electrons), now couplings between resonant eigenmodes generated on both sides of
the shell exist. This plasmon coupling reminds the orbital electronic coupling in
diatomic molecules. The resonant couplings of the eigenmodes can be estimated in
the small-particle limit, using a hybrid mix of “wave functions”: eigenmodes
corresponding to a solid particle with corresponding eigenmodes in a cavity. The
interactions between surface plasmons generated on both sides of the metal shell
determine the resonant channel, with possible shifts of the resonance peak toward
blue or red.
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The understanding of the physical mechanisms involved in the optical response
of nanoscale systems (which results in the ability to “tune” these eigenmodes
through the design of structures) opens a large number of practical applications.
Today, these applications seem to be focusing strongly on biomedicine
(optical tracers, heat treatment of tumors [93]), optical communications (plasmon
waveguide-based nanocircuitry, optical antennas [4, 154]), and engineering of solar
cells [155].
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particular interest for sensing applications and permits to tune the optical response
of the nanoparticles, thus making them suitable for a wide range of applications in
photonics. From a theoretical point of view, models and methods were developed in
order to address the role of the previous structural parameters on the optical
response of tailor-made nanoparticles.

2 Overview

This chapter reviews classical models and methods suitable for simulating the
optical absorption, scattering, and near-field enhancement that arise at the surface
plasmon resonances of tailor-made metal nanoparticles. After presenting modern
methods for the controlled fabrication and optical characterization of metal
nanoparticles, relevant predictions of each model are underlined in order to illus-
trate the role of the size, shape, and environment of Au and Ag nanoparticles on
their optical response. Experimental data are also reported for comparison. Quasi-
static calculations, which are valid for nanoparticle sizes insignificant compared to
the wavelength of the incident light, highlight the sensitivity of the plasmonic
response of an isolated nanoparticle to its shape (sphere or spheroid) and the nature
of a surrounding dielectric medium. The macroscopic transmittance and specular
reflectance of nanocomposite materials consisting of statistical ensembles of metal
nanoparticles with a 2D or 3D organization in a dielectric film, or supported on
a nonmetallic substrate, are derived from effective medium models, in the quasi-
static approximation and assuming weak electrostatic interaction between
nanoparticles. Predictions of the Mie theory are then reported to illustrate the
consequences of dynamic effects on the optical response of an isolated spherical
nanoparticle in the non quasi-static size regime. The effects of deviation from the
spherical shape (spheroidal, disklike, or rodlike) and strong electromagnetic cou-
pling in a pair of nearly touching nanoparticles are discussed from numerical
simulations in the framework of classical electrodynamics. Limitations of classical
models are evoked, at the light of recent works based on quantum calculations of
the optical response of metal nanoparticles.

3 Introduction

3.1 Tuning, Characterization, and Modeling of Localized
Plasmon Resonances

Many centuries ago, noble metals were already used as pigments for the coloration
of glasses. A famous example of colored material obtained by melting small
amounts of a noble metal with glass is the Lycurgus cup. It is now well known
that the color of this piece of art results from the presence in the transparent glass
matrix of small noble metal particles (from several nm to tens of nm in size) [1],
which absorb light selectively around specific wavelengths in the visible range.
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This peculiar optical behavior, not observed in the case of bulk metals, was
underlined by Faraday, from his empirical works involving the synthesis of colloi-
dal solutions of many elements (Ag, Pt, Cu, Fe, Zn, Hg,...) [2]. A crucial step
toward the understanding of the interaction mechanisms of light with small metal
particles was then permitted by Mie’s theoretical works [3]. Mie solved Maxwell’s
equations in the case of a spherical particle excited by a sinusoidal plane wave,
whose wavelength A in the surrounding dielectric medium is longer or comparable
to the particle’s diameter D. After deriving the electromagnetic field inside and
around the particle, it was shown that it may absorb and scatter the incident light,
the importance and features of both phenomena depending on the D/A ratio, nature
of the particle and of the surrounding medium.

In the case of a spherical Ag particle with D/A<<1 (known as the quasi-static
limit), that is, several nm in size for near ultraviolet (N-UV), visible, or near infrared
(N-IR) incident light, a strong optical absorption band is usually observed in the
N-UV or visible, depending on the nature of the surrounding medium. At the peak
wavelength, a strong enhancement of the electric field in the particle’s nanometric
surroundings (near-field) is expected, while scattering (to the far-field) is insignifi-
cant. The microscopic interpretation of this optical behavior involves the conduction
electrons of the metal, which can be easily driven by the excitation electric field.
Since D/A<<1, this field is homogeneous over the whole particle volume and
induces a coherent oscillation of the conduction electrons relative to the rigid ionic
skeleton of the particle. A dipole-like distribution of surface charges thus appears, the
interaction between them acting as a restoring force. The particle therefore behaves as
an oscillating dipole, whose polarizability (and thus absorption and near-field) pre-
sents a resonant behavior with marked peak values. This phenomenon, which
involves a coherent oscillation of electrons (“plasmon”) and surface charges, is
known as “surface plasmon resonance.” Moreover, it is usually denoted as “local-
ized,” in order to distinguish it from plasmons propagating at the surface of metal
films. Hereafter, we will be interested only in localized surface plasmon resonances,
which will be denoted as “plasmon resonances,” for the sake of simplicity.

Plasmon resonances can be excited optically at determined wavelengths in the
N-UV, visible, and N-IR range in a metal in form of small entities, that is, from
a few nm to hundreds of nm in size (in the following, such entities will be called
nanoparticles). Nevertheless, the response of an arbitrary metal entity to the exci-
tation field, which determines its absorption, near-field, and scattering properties,
may strongly depart from that of the small spherical Ag nanoparticle evoked above.
As it will be detailed later, deviation from the spherical shape drives the degeneracy
breaking of the plasmon resonance and may induce stronger local values of the
near-field. Moreover, upon gradually increasing the size, it follows from Mie’s
theory that a spherical nanoparticle behaves as an efficient resonant dipole scatterer
and then supports several multipolar plasmon resonance modes peaking at distinct
wavelengths [4]. In addition, the hypothesis of an isolated nanoparticle does not
hold in many cases, for instance, as a result of electromagnetic interactions between
nanoparticles or with a substrate [5]. Such interactions were early considered by
effective medium models, which aimed at calculating the macroscopic optical
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response of nanocomposite materials consisting of statistical ensembles of
nanoparticles presenting simple shapes (such as spheres or spheroids), dispersed
in a dielectric matrix or supported on a substrate.

Studying experimentally in a rigorous way the influence of nanoparticles size,
shape, and interactions on their plasmon resonances has been allowed by the
improvement of nanofabrication and optical characterization methods in the last
20 years. Metal nanoparticles with almost any desired size and shape can now be
synthesized with a fine control of their organization, on substrates or in matrices.
Optical probes have become sensitive enough to characterize single nanoparticles
or agglomerates of a few nanoparticles. From a theoretical point of view, the
increasing computer capabilities have permitted to realize extensive parametric
studies involving analytical calculations and, above all, to implement numerical
methods based on classical electrodynamics for calculating the optical response of
finite but complex systems, for which analytical treatment is impossible. Such
numerical simulations yield the absorption/scattering properties and near-field of
single nanoparticles of complex shapes or finite systems of interacting
nanoparticles, in the chosen illumination and detection conditions. Moreover,
quantum calculations were performed in cases where classical hypotheses fail,
that is, for instance, when nanoparticle diameter is only of a few nm, or for nearly
touching nanoparticles. Coupling numerical calculations to adequate characteriza-
tion of tailor-made nanoparticles has thus participated to important progresses in
the understanding of the correlation between structural features and the plasmon
resonance-driven optical properties. Theoretical predictions are also interesting
from a technological point of view. Indeed, a good knowledge of the plasmonic
response of nanoparticles is a guide to the development of devices taking profit of
their specific properties. Among the possible applications, the tunability of the
spectral position of the resonances may benefit to optical filtering, data storage,
or encryption [6]. Nanoparticles with strong N-IR absorption may be used for local
disease treatment by photothermal effect [7]. Enhanced near-fields are interesting
for the realization of plasmonic circuitry [8], for luminescence enhancement [9], or
for surface-enhanced Raman scattering (SERS) [10], while plasmonic scattering is
thought to be useful for the development of improved solar cells [11]. In addition,
modeling is important for the inverse problem, that is, the characterization of metal
nanoparticles and their local surroundings from the features of their plasmon
resonances. This approach is particularly interesting for nondestructive in-situ
tracking of materials fabrication [12] or chemical sensing [13].

3.2 Aims and Outline

Due to the large number of recent publications dealing with the modeling of the
optical response of metal nanoparticles and the nanocomposite materials built from
them, several review papers were proposed in order to provide synthetic informa-
tion about the existing models and their predictions. Nevertheless, from the author’s
point of view, a book chapter presenting a didactic and self-standing overview of
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models and methods used in the last years in a wide range of cases (from an isolated
nanoparticle of complex shape to nanocomposite materials built from
nanoparticles) could be useful to a wide audience of material scientists and solid
state physicists. Such a report should highlight the limitations of each model and
provide comparisons between theoretical predictions and measurements on tailor-
made systems. It should describe the correlation between the optical response of
nanoparticles (resp. nanocomposite materials) and their nature, size, shape, and
environment (resp. nanostructure) and discuss the physical meaning of these cor-
relations. These are thus the purposes of this book chapter. Since the development
of theoretical works is tightly linked to that of elaboration and characterization
tools, we will first evoke the routes for fabricating metal nanoparticles in
a controlled way (Sect. 4.1) and the techniques permitting to measure optical
observables related to plasmon resonances (Sect. 4.2): the absorption and far-field
scattering cross sections, the near-field distribution of a single nanoparticle or
agglomerates of nanoparticles, and the macroscopic transmittance/specular reflec-
tance of non-scattering nanocomposite materials. In Sect. 5.1, a first theoretical
classical approach of the optical absorption and near-field enhancement of
a spherical or spheroidal metal nanoparticle will be realized assuming D/A<<1,
so that simple quasi-static calculations can be made and scattering neglected. The
influence of the nature of the metal and surrounding medium, as well as of
nanoparticle’s shape on the plasmonic response, will be shown. Finite-size effects,
that become significant for nanoparticles a few nm in size, that is, the range in
which the quasi-static approximation holds, will be discussed. Section 5.2 will be
devoted to effective medium models relying on the quasi-static approximation and
considering weak electrostatic interactions between nanoparticles. Recent applica-
tions of these models to non-scattering thin films based on random or anisotropi-
cally organized assemblies of metal nanoparticles will be reported. In Sect. 5.3, the
main features of the classical Mie theory (for a spherical nanoparticle too big to
satisfy quasi-static conditions) will be recalled, and the way the nanoparticle’s
diameter D affects its absorption/scattering cross sections and near-field will be
discussed using recently reported theoretical and experimental data. Numerical
calculation methods based on classical electrodynamics (multipole expansions,
DDA, FEM, FDTD, surface integral methods) will be presented together with their
predictions concerning the optical response of metal nanoparticles in specific but
frequently encountered and didactic cases. An emphasis will be made on the evolu-
tion of the absorption, scattering, and near-field of prolate spheroids and cylindrical
nanorods upon varying their aspect ratio and size, beyond the limits of the quasi-static
approximation. Results concerning the optical response of metal nanoparticle dimers
(pairs of spheres, prolate spheroids, or cylindrical nanorods) will also be reported, in
order to describe the effect of interactions (from weak to strong) between
nanoparticles on their plasmon resonances, as a function of their separation distance.
Limitations of the classical approaches and recent results based on quantum calcu-
lations will be highlighted in Sect. 6. Finally, a few words will be said about the role
of modern fabrication, characterization, and modeling techniques in the development
of very recent trending topics in plasmonics.
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4 Experimental and Instrumental Methodology: Fabrication
and Optical Characterization of Tailor-Made Metal
Nanoparticles

4.1 Fabrication Routes of Metal Nanoparticles

Today, physical or chemical fabrication routes permit to synthesize metal
nanoparticles with a fine control of their size and shape. They can be functionalized
and dispersed in gases, liquids, or organized on solid surfaces or in solid matrices.
Nevertheless, each fabrication route presents different potentialities in terms of
control of the nanostructure, which we discuss briefly in this section. We give
examples of realizations permitted by each elaboration technique. Although
nanoparticles of various compositions can be synthesized and plasmon resonances
can be observed in many metals [5, 14-17], we will focus here on noble metals
(mainly Ag and Au), since they are the most frequently used in the field of
plasmonics.

Among the many existing lithography techniques (focused ion-beam lithography
[18], UV lithography [19], electron-beam lithography [20], X-ray lithography [21],
plasmon-mediated lithography [22], nanosphere lithography [23]), electron-beam
lithography is a frequently used tool for designing metal nanoparticles supported on
a substrate. It relies on a computer-driven process, in which the user draws the
pattern to be imprinted by the electron beam on a layer of polymeric resist deposited
on a usually flat substrate. Subsequent development, followed by metal deposition
and washing out, converts the drawn pattern into metal nanostructures on the
substrate. This method thus permits a fine control of the in-plane geometry of
the nanoparticles, whereas their lateral sides are generally vertical, thus permitting
to fabricate, for instance, nanocylinders [24], nanorings [25], nanorods [26],
triangular nanoprisms [27], or nanocrosses [28]. Nanoparticles size can be tuned,
as well as the interparticle separation in dimers, chains, or 2D periodic or random
arrays of nanoparticles, however with an accuracy of only several nm. Thus, tuning
the shape of nanoparticles for sizes below 10 nm is not possible, and the
interparticle separation cannot be controlled with nanometric precision. The latter
limitation is problematic for the reproducible fabrication of tailored systems of
densely packed nanoparticles, whose optical response depends critically on the
separation between nanoparticles. Therefore, electron-beam lithography is an
excellent candidate for fabricating assembly of nanoparticles with typical dimen-
sions of tens or hundreds of nm but has limited capabilities at the nanometer scale.
In contrast, “bottom-up” elaboration routes provide a control, from reasonable to
very good, over the nanoparticles size and shape even for sizes of a few nm. By such
means, separation distance between the nanoparticles can be controlled at the
nanoscale.

Physical deposition techniques involving ion-beam sputtering, evaporation or
pulsed-laser ablation of a metal target in vacuum, and subsequent condensation of
the ejected material onto a usually nonmetallic substrate permit the formation
of assemblies of nanoparticles provided a Volmer-Weber-like growth occurs.



6 Modeling and Optical Characterization 237

Deposition onto flat crystalline substrates in mild deposition conditions permits to
grow nanoparticles with polyhedral shapes [29]. On amorphous flat substrates,
a single layer of more or less truncated and flattened spheroidal or ellipsoidal
nanoparticles can be formed, usually with quite broad size and shape distributions
[30]. Assisting the growth with pulsed-laser light has been shown to allow reducing
the distributions and controlling the flattening of nanoparticles of about 10 nm in
size [31, 32]. In-plane auto-organization of nanoparticles has been achieved by
deposition onto nanostructured templates, thus permitting the formation of parallel
chains of almost touching Ag nanoparticles a few nm in size [33] or parallel
nanostripes with lateral dimensions and separations of a few tens of nm [34, 35],
presenting an in-plane anisotropic macroscopic optical extinction. Performing
pulsed-laser treatment after deposition onto such templates has shown potential
for tuning the morphology of Ag nanostripes without affecting their orientation
[36]. Physical deposition techniques are not limited to the elaboration of a single
layer of nanoparticles supported on a substrate and in contact with the air. Coating
of such single layers by dielectric nanometric thin films is possible and permits to
tune mildly the flattening of Ag nanoparticles around 10 nm in size, independently
of their organization [30, 37]. Nanoparticles can also be embedded in
a dense protective matrix, with a random distribution or a multilayer organization
[38, 39] with a tunable period of a few nm. A clever use of multilayer deposition has
permitted the growth of Ag nanorods oriented perpendicularly to the substrate
[40, 41]. Nanocomposite materials containing almost monodisperse spherical
nanoparticles with a tunable size below 10 nm can be formed by low energy cluster
beam deposition (LECBD) [42]. This technique, as the previously cited ones, relies
on the (laser) ablation of a target. Nevertheless, condensation of the ablated atoms
and ions is provoked prior to deposition onto the substrate. Mass spectrometry
sorting of the formed nanoparticles allows to select those of the desired size, which
are then deposited onto the substrate.

Wet chemical synthesis, possibly seed-mediated, light-mediated, or template-
mediated, provides control of nanoparticles size and allows efficient shape tailor-
ing. A large variety of shapes [43—-45] can be obtained such as spheres, rods,
polyhedra, hollow structures such as nanoshells, and branched structures. Single
nanoparticles can be capped with organic [46] or inorganic [47] shells. Complex
assembling of previously synthesized metal nanoparticles can be achieved by using
DNA as bridging agent or template, permitting to form the so-called plasmonic
molecules (the simplest being the dimer), plasmonic polymers, or plasmonic
crystals [48]. Since shell thicknesses and chain lengths can be tuned at the nano-
meter scale, chemical synthesis is a powerful tool for the investigation of electro-
magnetic coupling in systems of nearly touching nanoparticles. Infiltration of
metals into inorganic templates is an efficient way to the fabrication of
multifunctional nanocomposite materials. For instance, due to its photochromic
properties, mesoporous TiO, impregnated with Ag is an interesting candidate for
reversible recording of data by optical means [49, 50]. Infiltration methods were
also used to grow materials organized at the nanoscale, for instance, consisting of
periodic arrays of vertically oriented Au nanorods.
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From a fundamental point of view, electron-beam lithography is thus ideal in
view of parametric studies aiming at the understanding of the absorption, near-field,
and scattering by nanoparticles as a function of their size and shape in the non
quasi-static regime. Electromagnetic coupling between nanoparticles can also be
probed, nevertheless with a limited precision when small separation distances and
macroscopic measurements on statistical ensembles of nanoparticles are involved.
Fine studies of the interaction between nearly touching nanoparticles are permitted
in systems formed by chemical synthesis. Chemical routes or physical deposition
techniques permit to fabricate nanoparticles small enough to fulfill quasi-static
conditions. Statistical numbers of such nanoparticles can be incorporated into
matrices or deposited onto a substrate in a controlled manner, in order to design
model materials suitable for testing effective medium models. In addition, the
monodisperse nanoparticles whose size is controlled below 5 nm provided, for
instance, by LECBD have shown to be adequate for studies of the influence of small
size effects involving quantum calculations.

4.2 Optical Characterization of Metal Nanoparticles

The most traditional way of probing the optical response of a nanoparticle consists
in measuring the spectra of its absorption and scattering cross sections, G, and
Oscar Tespectively. They are defined as the fraction of electromagnetic power
absorbed (P,,s) and scattered (P,.,) by the nanoparticle, with respect to the intensity
Iy of the incident plane sinusoidal wave: G,us = Paps/lp and 6., = Pyca/lp. They have
the dimension of an area and depend on the wavelength of the incident light. The
extinction cross Section, Gex; = Oaps + Oscar 1S the physical quantity usually
measured for nanoparticles in a liquid or gas. Indeed, assuming that a parallel
light beam crosses a thickness z of a medium containing N identical nanoparticles
per volume unit, the loss of intensity of this beam due to absorption and scattering
losses is linked to G4 by Beer-Lambert’s law :

Al(z) = I(1 — exp(—NGexz)) (6.1)

The transmitted intensity can be measured as a function of the wavelength in a
spectrophotometer. In addition, if an integrating sphere is implemented on the
setup, the scattered light can be collected. Let us underline that the intrinsic optical
response of one nanoparticle can be determined from ensemble measurements
following (Eq. 6.1) only if the N nanoparticles are in the free space, noninteracting,
and identical. In contrast, macroscopic measurements on a statistical number of
nanoparticles with size and shape distribution yield an average optical response that
hinders the response of individual entities [5]. Optical techniques were thus devel-
oped during the last decade to measure selectively the response of a single nano-
particle, dimers, or aggregates. Spatial modulation spectroscopy [51] (see Fig. 6.1,
top-left panel) gives access to the optical extinction spectrum of single metal
nanoparticles down to a few nm in size deposited on a substrate. For supported
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Fig. 6.1 (Top-left panel) Images of chemically synthesized Au nanoparticles deposited on a glass
substrate recorded by spatial modulation spectroscopy. Reprinted with permission from [51],
doi:10.1088/1464-4258/8/4/S28. Copyright 2006 Institute Of Physics. (Bottom-left panel) AFM
images of cylindrical Ag nanoparticles fabricated by electron-beam lithography, capped by an
organic shell grown by near-field-induced photopolymerization, and simulation of the near-field of
one nanoparticle. Reprinted with permission from [59]. Copyright 2007 by the American Physical
Society. (Right panel) Dark-field optical microscopy images of chemically synthesized Ag
nanoparticles deposited on a substrate together with the corresponding SEM images and scattering
spectra. Reprinted with permission from [159]. Copyright 2003, American Institute of Physics

nanoparticles of larger sizes, dark-field microscopy techniques [52-54] permit
measurements of the scattering spectrum, as shown in Fig. 6.1 (right panel).
Scanning near-field optical microscopy (SNOM) is used to image the near-field
of metal nanostructures [55-57] however with limited spatial resolution. Alterna-
tive and recently developed physicochemical and physical approaches permit to
take the fingerprint of the near-field of metal nanoparticles: near-field-induced
photopolymerization (as shown in Fig. 6.1, bottom-left panel) [58, 59] and femto-
second laser near-field ablation [60]. Other recent methods for probing locally the
plasmonic response of single or interacting metal nanoparticles, that is, electron
energy loss spectroscopy [61-63] and cathodoluminescence [64], even if not
optical, must be mentioned.

When a statistical ensemble of nanoparticles, small enough so that they do not
scatter light, is supported on a flat substrate, embedded in a thin slab or in a bulk
matrix, it forms a nanocomposite material that is frequently considered at the
macroscopic scale as an effective medium. This medium absorbs and reflects the
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incoming light, in a way that depends on its polarization and incidence angle, and
interferences may occur if the material is under the form of a thin slab. Analysis of
the optical response of the nanoparticles thus requires measuring the effective
refractive index and extinction coefficient tensors, [n.g] and [keg] (or in other
words, the complex effective dielectric tensor [€.¢]), of the nanocomposite material
that reduce to scalar quantities n.gr and kg if its optical response is isotropic. Such
a task is possible by fitting the transmittance and reflectance spectra of the material,
which must be measured at several angles of incidence and for several polarizations
of the (usually linearly polarized) light beam if the material presents optical
anisotropy. In the case of a uniaxial anisotropic material whose optical axis is
perpendicular to its (flat) surface, S-polarized light (electric field parallel to the
surface) permits to characterize the in-plane response, whereas P-polarized light at
oblique incidence (electric field in the plane of incidence) probes both components
of the effective dielectric tensor (in-plane and along the optical axis). For charac-
terizing biaxial materials presenting in-plane optical dichroism, measurements for
different in-plane orientations of the electric field must be performed. The recent
development of computer-controlled ellipsometers together with appropriate anal-
ysis software has permitted to extract from ellipsometry measurements the effective
dielectric function or tensor of nanocomposite materials based on metal
nanoparticles [65], presenting a uniaxial [66] or biaxial optical anisotropy [67]. In
contrast with classical transmittance and reflectance measurements, ellipsometry
yields information about the phase of the reflected or transmitted light.

5 Key Research Findings

5.1 Plasmon Resonances of a Metal Nanoparticle in the
Quasi-Static Approximation

5.1.1 Polarizability of a Spherical Nanoparticle
Let us consider a spherical nanoparticle of diameter D in a transparent homoge-
neous dielectric medium, whose optical properties are described by local fre-
quency-dependent dielectric functions, complex g(®) and real &,(®), for the
interior of the nanoparticle and surrounding medium, respectively. The magnetic
permeability of both media is taken equal to 1. The nanoparticle is illuminated by
a plane electromagnetic wave propagating along the x-axis and whose electric field
Eo = Eoe'™e, is oriented along the z-axis (as shown on Fig. 6.2, left panel).
We assume that D<<A, A being the wavelength of the incident light in the
dielectric medium. The excitation field is thus homogeneous over the whole
nanoparticle volume, so that it can be written as Eg = Eoe’™'e,. In these conditions,
known as “quasi-static,” the laws of electrostatics are verified, the static permittiv-
ities being replaced by the frequency-dependent g;(®) and ¢,,(®) dielectric func-
tions (in the following, the ® dependence will be omitted). The electric potential ¢
inside (¢;) and outside (¢,,) the sphere are determined by solving the Laplace
equation with the appropriate boundary conditions and assuming that ¢,,’s limit at
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Fig. 6.2 (Left panel) Schematic representation of a spherical nanoparticle of dielectric function g;,
in a homogeneous medium of dielectric function €,, illuminated by a plane electromagnetic wave.
(Right panel) DDA-calculated map of the near-field enhancement factor around a spherical Ag
nanoparticle (D = 60 nm) in water at the wavelength of its dipolar plasmon resonance. Reprinted
with permission from [27]. Copyright 2003 American Chemical Society

a large distance from the sphere is the potential ¢ of the applied field. One then
obtains for the electric field E,, outside the sphere, at a point M defined by its polar
coordinates (r,0) [16]:

D &—en
E.(r,0) = [Eocose + E()COSGE — .

. D gi—ey
} e+ [—Eosme + E0s1n6@ Si+28m:| .€g

(6.2)

This expression has the same form as the field at a distance r of a static point
dipole in a medium of dielectric function &, with its dipolar momentum p = pe,,
superimposed to a homogeneous field Ey:

1 psinB
4mepe, 13

1 2pcosd

En(1,0) = [Eocose + 7 ] e+ {—Eosine + ] .ep (6.3)

TEOEM I

After equating (6.2) and (6.3), and assuming that the dipole is induced by the
field E, that is, it satisfies the relation

P = €0em2Eg (6.4)

one obtains the quasi-static polarizability o of the spherical nanoparticle of
volume V:

3(g —&m)
= MWy 6.5
> 8i+28m ( )
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5.1.2 Absorption and Scattering by a Spherical Nanoparticle

After inserting the polarizability given by (Eq. 6.5) in the expressions of the
extinction and scattering cross sections Gy, and G, of an oscillating dipole [68],
one obtains the well-known expressions

18n &
Oext = O + o = kIm(ot) = — I3n/2 —_—————
ext abs sca ( ) 7\‘0 (81 T 28m)2 T 8%

Kt of? = 247 22 (81 — &m)” + €3
67 Ao " (e1+2em) + 83

(6.6)

Gsca =

With g = g + je,, k = 21em o, Mo being the wavelength in vacuum. Since
Ouca and Oy, scale as V2 and V, respectively, one gets G,,_RGCexi>>>Cy, for the
small nanoparticle sizes for which the quasi-static approximation is valid. It then
appears that G,,; depends on the volume and nature of the sphere (through €; and
€) and on that of the surrounding medium (through ¢,,). In the case of most
dielectrics, €, is usually constant in the visible and N-IR ranges. If ¢, is taken
independent of o, it then comes from (Eq. 6.6) that G, is maximized when

Sl(OJR) = — 28m (67)

Let us now take for g; the bulk dielectric function of Ag or Au. The dielectric
functions of these metals are the sum of contributions from the Drude electrons and
bounds electrons. The latter contribution is the result of “core polarization” and
interband transitions [5]. In the case of Au, interband transitions can be excited in
the visible range, as it can be seen from the nonzero values of & observed in
Fig. 6.3a below a Ay value of approximately 650 nm. In contrast, interband
transitions only occur in the N-UV for Ag, which behaves as a Drude metal
(although with a contribution of dielectric screening due to the core electrons) in
the visible. Both metals present comparable values of €; and €, in the N-IR.

Figure 6.3b presents the spectra of o, calculated from (Eq. 6.6) using the
dielectric functions of bulk Ag and Au shown in Fig. 6.3a [69], with g, = 1 (vacuum)
and D = 10 nm. The Ag nanoparticle presents a sharp absorption peak at Ao g ~ 350 nm,
with a maximum value G, g = 140 nm? at the plasmon resonance, usually denoted as
“dipolar” due to the topology of the electric field around the sphere. In the case of the Au
nanoparticle, such a sharp peak is not observed, but a broad band with a maximum value
Cabsr = 20 nm? at Aor ~ 500 nm. This absence of sharp resonance is due to the
damping of the plasmon excitation by interband transitions in the visible for Au [5].

5.1.3 Near-field Enhancement Around a Spherical Nanoparticle

From (Eq. 6.2), one can calculate the near-field enhancement factor 1(r,0) defined

as the intensity ratio between the total electric field at (r,0) and the incident field E:
_ |En(r,0)

n(r, 0) = /7L — cos?0
[Eof?

- D? g —¢g,|
8r3 g+2¢en

(6.8)
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Fig. 6.3 (a) Bulk real and imaginary parts, €, and ¢&,, of the dielectric function &; of Ag and Au,
taken from the Palik database [69]; (b) absorption cross sections calculated from (Eq. 6.6) with
D = 10 nm, €,, = 1, and with the metal dielectric functions shown in (a); near-field enhancement
factor n(0 = 0) at the surface of the sphere calculated from (Eq. 6.8); and (d) evolution of the
resonance wavelength Ao r and of the peak value ng(6 = 0) of (0 = 0) as a function of &, The
dotted lines are a guide for the eye

Let us note that (Eq. 6.8) presents fastly decreasing D*/r” terms, showing that the
near-field enhancement only occurs at very short distances from the surface of the
nanoparticle. This trend, as the dipolar geometry of the near-field, is observed in
the near-field map presented in Fig. 6.2 (right panel). This map was simulated for
an Ag nanoparticle with a 60-nm diameter, in the frameworks of electrodynamics
[27, 70]. The slight asymmetry of the near-field with respect to the vertical axis,
unexpected from (Eq. 6.8), is due to retardation effects that become important for
such a nanoparticle size and are not taken into account in the quasi-static calcula-
tion. These effects will be described later. The highest value of the quasi-static near-
field enhancement factor is obtained at the surface of the sphere (r = D/2) and for
6=0 (or ) where it is given by
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n(0=0) = (6.9)

Figure 6.3c shows the spectra of n(0 = 0) calculated from (Eq. 6.9) using the
bulk dielectric functions of Ag and Au shown in Fig. 6.3a and taking €, = 1. Their
aspect is qualitatively comparable to that of the absorption spectra. In the case of
a Ag nanoparticle, n(6 = 0) peaks sharply at the dipolar plasmon resonance, with
a maximum value Nr(0 = 0) of about 120. Due to the absence of an intense
resonance in the case of the Au sphere, no sharp peak can be seen in its spectrum
of (0 = 0), and a lower nr(0 = 0) is obtained. Systematic quasi-static calculations
of the n(6 = 0) spectra of spherical nanoparticles of various nature (Ag, Al, Au, Co,
Cr, Cu, Ni, Pd, Pt, Sn, Ti) in vacuum can be found in the literature [16]. From these
calculations, particularly high near-field enhancement values are expected at the
plasmon resonance of Al nanoparticles, which peaks in the N-UV.

5.1.4 Influence of £, on the Absorption and Near-Field Enhancement
of a Spherical Nanoparticle

Equations 6.6 and 6.9 show that the absorption cross section and near-field
enhancement factor of the sphere depend not only on the nature of the metal but
also on the dielectric function €, of the surrounding medium. In Fig. 6.3d, we plot
the calculated values of Ao r and Nr(6 = 0) in the case of Au and Ag spheres with
D = 10 nm. For both Au and Ag spheres, the dipole plasmon resonance shifts
toward longer wavelengths upon increasing €,,, due to increased screening of the
surface charges. Nr(0 = 0) evolves distinctly for the two metals: it increases
quasimonotonously as a function of Ao in the case of Ag, whereas it remains
constant at a low value until Ao g ~ 600 nm and then increases abruptly in the case
of Au. This brutal jump occurs because interband transitions in Au do not occur
above this wavelength, and the excitation of an intense dipolar plasmon resonance,
comparable to that observed for Ag, is permitted. Plasmonic applications requiring
high field enhancements in the N-IR can therefore be based on Au nanoparticles,
which present the advantage of being chemically stable [45], in contrast with Ag
nanoparticles that tend, for instance, to oxidize [71] or sulfidize [72].

5.1.5 Finite-Size Effects

As shown above, an isolated Ag or Au spherical nanoparticle in the quasi-static
regime presents a strong peak value of the absorption and near-field enhancement
provided a sharp and marked dipolar plasmon resonance develops. Optical spectra
measured on Ag and Au nanoparticles for which the quasi-static approximation is
valid do not generally present a plasmon resonance as sharp as observed in the
previous simulations. Two important causes of the broadening of the plasmon
resonances are the nanoparticles shape and size distribution and finite-size
damping, the latter usually becoming important for nanoparticles a few nanometers
in size. Classical interpretations of finite-size damping effects involve interactions
of the conduction electrons of the metal with the nanoparticle/surrounding medium
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interface (surface scattering [5] and/or chemical interface damping [73]). These
interactions are currently taken into account in a phenomenological way, by adding
a D-dependent term to the bulk collision frequency I, of the conduction electrons
in the metal, so that the electron collision frequency turns into [5]

(D) =TI+ 2A§ (6.10a)

A size-dependent dielectric function ¢{(D,®) is thus obtained for the
nanoparticle:

(D, 0) = &(0) + ©? ! : +_m§
1 ) = & - 1—
Plo24+ T2 o+ T%D) ®
I'(D) T
» _ 6.10b
<w2 +T%D) o+ r;) (0.106)

op and vg are the Drude plasma frequency and Fermi velocity of the bulk metal,
and A is an adjustable coefficient that has been shown experimentally to be
sensitive to the nature of the surrounding dielectric medium, yielding A values
from 0 to 3 [74] and above. Using &;(D,m) instead of g;(®) for the calculation of G
and (6 = 0) damps the dipolar plasmon resonance, that is, lowers G, r and
Nr(® = 0) and broadens the plasmon-related bands in the spectra of o, (effect
seen in Fig. 6.8, right panel) and n(6 = 0). Corrections accounting for finite-size
damping are also reported in the case of nonspherical nanoparticles [75, 76].
Classical corrections of €;(®) were also proposed to account for other finite-size
effects, affecting the spectral position of the plasmon resonances, such as the spill-
out of conduction electrons outside of the ionic skeleton of the nanoparticle [5] or
lattice contraction of the metal [77].

5.1.6 Anisotropic Optical Response of Spheroidal and Ellipsoidal
Nanoparticles

The Laplace equation can be solved in the case of nanoparticles of simple shapes,
such as ellipsoids or spheroids (rotational ellipsoids). The far-field optical response
of an ellipsoidal nanoparticle is that of a superposition of dipoles, located at the
center of the nanoparticle and oriented along its three axes [68]. One defines
the polarizability tensor of the nanoparticle, diagonal in the set of unity vectors
(e,, €y, €c) attached to the axes of the ellipsoid [68]:

o, 0 O
=0 o 0 (6.11)
0 0 o
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with o, = % being the polarizability along e, (e, = e,, ey, or e.) The L,’s
are the depolarization factors, which depend on the axis half lengths a, b, and ¢, and

are given by the analytical relations [68]:

r X
L, = / abed withu=a,borc  (6.12)

5 (X4 /(X +a?) (X +b?) (X +c?)

In the case of a spheroid for which a = b = D/2 and ¢ = H/2, one obtains
L, = Ly, = Liransverse and L, = Llongitudinal [68]:

1 1—¢? 1+e .
Liansverse = 5 |:1 - ? (ln (m) — 2€>:| lfH >D

1 1+€2
Liransverse = La = Lp = 2 |:] _ .
e

(6.13)

(e — arctan(e))] if H<D

and Llongiludinal = 1 — 2L¢ransverse
511/2

- @)

It is then straightforward that ellipsoidal and spheroidal nanoparticles present
a shape-dependent optical response. Each of the polarizabilities in (Eq. 6.11) presents
a resonant behavior at a wavelength depending on the corresponding depolarization
factor. Thus, three (two) distinct plasmon resonance modes peaking at different
wavelengths can be excited in an ellipsoidal (spheroidal) nanoparticle. Since the
far-field response of spheroidal and ellipsoidal nanoparticles is that of a superposition
of dipoles, the plasmon modes are usually denoted as “dipolar,” and the contribution
of each of them depends on the orientation of the electric field. Upon aligning it along
one of the axes of the ellipsoid (spheroid), the corresponding plasmon mode can be
selectively excited. Figure 6.4 presents the evolution of the spectral position Ao g of
the two plasmon resonances of a spheroidal Ag nanoparticle as a function of its axis
ratio H/D. The values of Ao were obtained after calculation of the absorption cross
section of the nanoparticle along (gray line) and perpendicularly to (black line) its
revolution axis using (Egs. 6.11, 6.13), and the relation 6, = kIm(a). €, was taken
equal to 4, and the dielectric function of bulk Ag shown in Fig. 6.3 was used for ¢;.

The “longitudinal” (“transverse”) plasmon mode excited by an electric field
oriented along (perpendicularly to) the revolution axis of the nanoparticle shifts
toward longer (shorter) wavelengths when H/D increases. The two modes are
excited at the same wavelength in the case of a spherical nanoparticle (H/D = 1).
For an oblate spheroid — H/D<1 (prolate spheroid — H/D>1) — the longitudinal
mode peaks at a shorter (longer) wavelength than the transverse mode. The shift
between the two modes can be qualitatively related with the shape-dependent
distance between charges at opposite surfaces [78]. For a prolate spheroid, this
distance is larger for a longitudinal excitation (charges at the tips of the spheroid)
than for a transverse excitation. The restoring force between surface charges is thus

with e =
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weaker under longitudinal excitation than under transverse excitation, as expressed
by the relation Ligngitudinal<Liransverse De€tween the depolarization factors. As a
consequence, the longitudinal plasmon mode is redshifted compared to the trans-
verse mode.

Many studies were devoted to the synthesis and optical characterization of Au
nanorods, presenting a cylindrical shape with rounded tips, and typical axis lengths in
the 10-50 nm range. As a first approximation, it can be assumed that they behave
optically as prolate spheroids in the quasi-static approximation [79]. As shown in
Fig. 6.5 (left panel), the extinction spectra of solutions containing randomly oriented
Au nanorods with a relatively sharp H/D distribution present two extinction bands in
the visible-N-IR range [6] that are assigned to the two dipolar plasmon resonance
modes of the rods: longitudinal and transverse [6, 79, 80]. The spectra are dominated
by the intense longitudinal plasmon band, which peaks at a longer wavelength than
the transverse plasmon band. In qualitative agreement with the trends observed in
Fig. 6.4, the longitudinal plasmon mode red-shifts sensitively upon increasing the
average aspect ratio, in contrast with the transverse mode that peaks at an almost
constant wavelength [6, 79, 80]. From a technological point of view, tuning of the
aspect ratio and spectral position of the dominant “longitudinal” dipolar plasmon
mode of Au nanorods has been achieved by several means and, recently by pulsed-
laser treatment [80], opening the way to optical data storage on such entities [6]. Due
to the sensitivity of the longitudinal plasmon mode to H/D, measurements on
a statistical number of nanorods with an H/D distribution yield a broader longitudinal
plasmon band than measurements on a single nanoparticle [81]. This effect, known as
“inhomogeneous broadening,” is illustrated in Fig. 6.5 (left panel).

In other studies, the macroscopic optical response of columnar Ag nanoparticles
with a relatively sharp H/D distribution, embedded in a dielectric thin film,
was probed by transmittance measurements at normal or oblique incidence under
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Fig. 6.5 (Left panel) Optical extinction spectra of single Au nanorods deposited on a substrate, as
measured by spatial modulation spectroscopy with longitudinal polarization, and spectrum
acquired on a solution of randomly oriented nanorods polydisperse in shape. Reprinted with
permission from [81]. Copyright 2008 American Chemical Society. (Right panel) Cross section
and plane-view TEM micrographs of a thin film containing Ag columnar nanoparticles oriented
perpendicularly to the substrate and the corresponding optical absorbance spectra obtained by
transmittance measurements at normal and oblique incidence with P-polarized light. Reprinted
with permission from [41]. Copyright 2008 American Chemical Society

P-polarized light [82, 83]. The columnar nanoparticles — a few nm in size — are
oriented with their revolution axis perpendicular to the surface of the film, as shown
in Fig. 6.5 (right panel). At normal incidence, the electric field is oriented perpen-
dicularly to the columnar nanoparticles and probes selectively the transverse
plasmon mode. In this configuration, only one band of low transmittance is thus
observed. This band only slightly blue-shifts upon increasing H/D [82, 83], in
qualitative agreement with Fig. 6.4. At oblique incidence, the inclined orientation
of the excitation field results in the presence of an additional band of low transmit-
tance. It will be shown later (see Sect. 5.2) that this band cannot be attributed
unambiguously to the longitudinal plasmon resonance of the nanocolumns. Indeed,
this mode can be “dark” to transmittance measurements in the particular case of
embedded prolate spheroids, nanorods, or nanocolumns with their revolution axis
oriented perpendicularly to the film.

Let us remark that the discussion presented above is only qualitative. More
advanced models than that of a single particle in a homogeneous environment are
required for quantitative discussions. These models, which will be presented later,
should take into account the real configuration of the system under study (ensem-
bles of supported or embedded nanoparticles), possible electromagnetic interac-
tions between nanoparticles and deviations from the quasi-static approximation
when the nanoparticles size is of a few tens of nm.

5.1.7 Near-Field Enhancement by Spheroidal Nanoparticles

After resolution of the Laplace equation in the case of a prolate spheroid excited by
an electric field E, oriented along its revolution axis, one obtains the general form
of the electric potential outside of the spheroid [68]. The near-field enhancement
factor can then be derived. One obtains at the tip of the spheroid [84]:
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Fig. 6.6 (Left panel) Field enhancement factor ng(0) at the surface of a prolate Ag spheroid
excited with a longitudinal electric field. The calculations were made in the quasi-static approx-
imation, at the wavelength of the longitudinal dipolar plasmon resonance of the spheroid. The bulk
dielectric function of Ag was used for the calculations. The same calculations were performed at
the dipolar plasmon resonance of an Ag sphere for comparison. Reprinted with permission from
[84]. Copyright 1983 by the American Physical Society. (Right panel) DDA-calculated map of the
field enhancement factor around a Ag prolate spheroid (D = 20 nm, H = 68 nm) in water, at the
wavelength of its longitudinal dipolar plasmon resonance. Reprinted with permission from [70]
Copyright 2004, American Institute of Physics
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The case of a prolate Ag spheroid in various dielectric environments, excited by
a longitudinal incident electric field, was early studied in the quasi-static regime
[84]. The spectra of the near-field enhancement factor n(6 = 0) at the tip of the
spheroid and of the surface-averaged value <m> were derived, both peaking at the
wavelength Aq/r of the longitudinal dipolar plasmon resonance. An increase in
H/D was observed to induce an increase in the values <n> g and (0 = O)y of the
near-field enhancements at A /. The angular evolution of | was also studied at the
wavelength A ,r. Figure 6.6 (left panel) presents the quasi-static ng(0) values for
H/D = 2 and H/D = 1 in air [84] and (right panel) the near-field map of a prolate
spheroidal Ag nanoparticle in water calculated in the framework of classical
electrodynamics [70] (methods discussed later). The highest value of ngr(0) is
obtained at the tip of the spheroid, that is, for 6 = 0. The particularly high values
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of the field enhancement at the tip of the spheroid in the quasi-static regime were
attributed to the combination of two effects [85]: the excitation of the longitudinal
plasmon resonance and the crowding of the field lines at the sharp tip of the
spheroid, or “lightning-rod effect.”

5.1.8 Some Other Cases Treated in the Quasi-Static Regime

In addition to the spherical, spheroidal, and ellipsoidal shapes, analytical expres-
sions of the quasi-static polarizability tensor exist for the core-shell geometry
[5, 16, 86, 87]. The optical responses of ensembles of nanoparticles in
a homogeneous dielectric medium or of a nanoparticle supported on
a nonmetallic substrate were also studied. When illuminated, the nanoparticles in
an ensemble polarize and, if sufficiently closely packed, interact through the fields
they generate. The polarization of each nanoparticle is thus driven by the fields
created by the others, in addition to the external field E,y. A simple way to treat such
interacting systems consists in assuming that the nanoparticles behave as point
dipoles experiencing non-retarded coupling. In the simplest cases of a dimer of
identical spherical nanoparticles [88] or identical nanorods with several relative
orientations [89], it was shown that an effective polarizability tensor can be derived
to account for the response of the coupled dipoles. Using this approach, it comes
that coupling between two identical spherical nanoparticles induces a splitting of
the nanosphere plasmon resonance into two distinct dimer plasmon resonances
[88], which can be excited selectively by orienting the external field along the
revolution axis of the dimer (redshifted mode) or perpendicularly to it (blueshifted
mode). Similarly, an anisotropic plasmonic response is observed when a spherical
nanoparticle is supported on a dielectric substrate [90]. This optical anisotropy is
due to the symmetry breaking induced by the presence of the substrate, and its
importance depends on the contrast between the refractive index of the substrate
and surrounding medium [90]. The field generated by the supported nanoparticle
polarizes the substrate, which in turns affects the field exerted on the nanoparticle.
Roughly, it can be assumed that the nanoparticle behaves as a point dipole and
interacts with an image dipole virtually located inside the substrate. Under such an
assumption, the effective polarizability of a single spherical nanoparticle [91] and
of a dimer of spherical nanoparticles [92] deposited on a substrate was derived. In
the case of a supported single nanoparticle, it comes that one dipolar resonance can
be excited if the electric field is oriented in the plane of the substrate and another
one for the field perpendicular to it.

These point dipole approaches are nevertheless not exact, neither for calculating
the near-field of spheroids or ellipsoids nor for describing the interaction between
a nanoparticle and a substrate or the interactions between two nearly touching
nanoparticles. Several methods suitable to exact quasi-static calculations in these
cases were thus developed. Approaches based on the resolution of the Laplace
equation using multipolar expansions of the potential can be used to calculate the
near- and far-field optical response of spheroidal or truncated spheroidal
nanoparticles. Surface integral methods in the quasi-static approximation can be
used to derive the effective properties of nanoparticles of more complex shapes,
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such as nanocubes [93] and nanocylinders, possibly with surface roughness [94].
Moreover, plasmon hybridization methods permit exact quasi-static calculations of
the optical response of nanoparticles of any shape or aggregates of nanoparticles
[95]. All these methods and their predictions will be presented in the next sections.

5.2 Statistical Assemblies of Nanoparticles in the Quasi-Static
Approximation: Effective Medium Modeling

The macroscopic optical response of ensembles of nanoparticles deposited on a flat

substrate or embedded in a thin dielectric film (thus forming a nanocomposite

material) cannot generally be simply derived from their individual extinction cross
section by Beer-Lambert’s law. Indeed, in real materials, the nanoparticles may
experience electromagnetic interactions with the substrate or with neighboring
particles. Their organization and orientation, which can be random or well defined,
must therefore be taken into account, together with their size and shape distributions.

When the nanoparticles are small enough to fulfill the quasi-static approximation

(D<<A, and therefore, Gy ,<<GO,,) and present a homogeneous 2D or 3D

distribution, it is usually proposed that the nanocomposite material can be consid-

ered from a macroscopic point of view as a homogeneous effective medium. The
optical properties of this effective medium are described by a dielectric tensor [€.]
from which the transmittance, reflectance, and ellipsometry spectra can be calcu-
lated. The key of effective medium modeling thus relies in the determination of

[€efe], which must be linked to the features of the nanoparticles ensemble: size and

shape distributions, organization, and orientation. Since the pioneering work of

Maxwell-Garnett [96] that dealt with the simple case of dilute monodisperse

spherical nanoparticles (considered as point dipoles) with a 3D distribution in

a medium, many effective medium models of increasing complexity were devel-

oped [97, 98]. Only some of them, which can be considered as particularly intuitive,

will be presented here in detail:

— The Maxwell-Garnett model and its extensions to polydisperse assemblies of
nanoparticles, anisotropic shapes with a specific ensemble orientation.

— The Yamaguchi modeling for a single layer of weakly interacting spherical or
spheroidal nanoparticles (considered as point dipoles) supported on a flat sub-
strate or sandwiched between two dielectric layers (2D distribution). Its exten-
sions to polydisperse systems, ellipsoidal nanoparticles, and nanoparticle chains
will be described.

— The effective surface susceptibility method of Bedeaux and Vlieger and its
applications (involving multipolar expansions of the potential) to the case of
a single layer of truncated spheroidal nanoparticles supported on a flat substrate
(2D distribution).

5.2.1 Maxwell-Garnett Model and Extensions
Maxwell-Garnett’s approach [96] deals with the case of identical spherical
nanoparticles dispersed homogeneously in an infinite matrix medium. Under
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external electric excitation, the nanoparticles get polarized and thus alter the
electric field in their surroundings. Each nanoparticle is supposed to be very
small (D<<)) and excited by a local field E;,. homogeneous over its whole
volume. It is thus modeled as a point dipole of polarizability o and dipolar
momentum p = €p€,0E o, €n being the dielectric function of the matrix. Ejoe
results from contributions of the external excitation and the fields generated by the
other nanoparticles. The exact way to take into account the latter contribution is to
sum the fields created at a central nanoparticle by all the others. In order to simplify
the problem, Maxwell-Garnett used the Lorentz sphere approach, that is, he con-
sidered the neighboring particles to act as a continuum. The local field was thus
calculated using the Clausius-Mossotti-Lorenz-Lorentz formula E,,. = E + P/
(3gpem), E and P being the macroscopic electric field and polarization in the
effective medium, respectively, and verify the relation P = Np = gg(€e-em)E,
N being the volume density of nanoparticles. After combining the previous rela-
tions and using Eq. 6.5 for the polarizability o, one gets the Maxwell-Garnett
formula:

(ei—&m)

P (3 (6.15)

€off = €m |1+ T

Except the dielectric functions of the metal and the host matrix, the only
parameter is the metal volume fraction f verifying f = NV, V being the volume
of one nanoparticle. This formula is frequently applied to the case of
nanocomposite thin films consisting of nanoparticles randomly dispersed or with
an isotropic 3D organization in a dielectric matrix. The film, of thickness t, is thus
considered as a homogeneous material whose dielectric function €. verifies
(Eq. 6.15). Its reflectance, transmittance, or ellipsometry spectra can thus be
calculated from the Abélés matrices taking into account in a coherent way the
propagation of light and its transmission and reflexion at interfaces [99]. Compar-
ison between absorbance spectra derived from (Eq. 6.15) and experimental spectra
was reported, as, for instance, in the case of 100-nm-thick films built by stacking
spherical core-shell Au/SiO, nanoparticles [100]. The core diameter was
D = 13 nm, and the thickness of the shell was adjusted in order to tune the metal
volume fraction f in the film. Simulations show a dipolar plasmon absorption band
that red-shifts upon increasing f, as observed experimentally. A reasonable agree-
ment between the simulated and experimental width and spectral position of the
plasmon resonance band was observed for volume fractions f as high as 30 %.

The Maxwell-Garnett model was modified to treat the case of spherical particles
consisting of an anisotropic nanocomposite material [101] or that of anisotropic
nanoparticle shapes. The case of polydisperse ellipsoidal nanoparticles with
a random orientation and distribution was studied [102]. Other extensions deal
with monodisperse spheroidal nanoparticles with a specific orientation of their
revolution axis, tilted of an angle 0 [103] from the direction e,, defined as the
normal to the nanocomposite material’s flat surface. In such a case, the effective
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Fig. 6.7 (Left panel) Schematic representation of a composite medium whose effective dielectric
function is calculated from (Eq. 6.16). It consists of spheroidal nanoparticles embedded in a matrix
with their revolution axis along e,. The incident electric field impinges obliquely onto the
nanocomposite material’s surface and is P-polarized. (Right panel) Spectra of the effective
refractive indices n, and n,, respectively, in the (e, e,) plane and along e,, of a material containing
Au nanocolumns oriented along e, Corresponding spectrum of the angle-dependent effective
refractive index n,, accounting for the response of the material illuminated at oblique incidence
(60°) with P-polarized light. Reprinted with permission from [108]. Copyright 2006 by the
American Physical Society

medium presents anisotropic optical properties, described by a tensor [g.¢] instead
of a scalar quantity. If the revolution axis of the particles is perpendicular to the
surface of the nanocomposite material (6 = 0) [104, 105], as shown in Fig. 6.7 (left
panel), e, is the optical axis of the corresponding uniaxial effective medium and
[ecre] can be written under a simple form in the set of axes (e, ey, €,):

Eeff xy 0 0
[Eefr] = 0 Ceffxy O (6.16)
0 0 eery
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where €iry = €m |1 +f (8i—&m) >] with u = xy or z

em+(1—f)Ly(6i—€m

L,y and L, are the depolarization factors Liangverse and Liongicudina defined in
Sect. 5.1, respectively. Thus, (Eq. 6.16) takes into account the nanoparticles shape
and specific orientation. The transmittance, reflectance, and ellipsometry spectra of
a slab of such a nanocomposite material can then be derived using the anisotropic
Abéles matrix method.

This uniaxial anisotropic form of Maxwell-Garnett’s formula was applied to the
case of Au nanocolumns embedded in a porous columnar Al,O; matrix and
elongated along the e, axis [106]. In that case, it reproduced the blueshift of the
transverse plasmon resonance, observed experimentally by transmittance measure-
ments at normal incidence, upon increasing the nanoparticles aspect ratio H/D. It
was also used to compute the transmittance spectra of columnar Ag nanoparticles
considered as prolate spheroids, a few nm in size, embedded in TiO, [107] or BN
[82] thin films with their revolution axis oriented along e, and volume fractions
below 10 %. In the latter case, the spectra were simulated for an excitation at
oblique incidence with P-polarized light and showed two bands of low transmit-
tance whose position agreed well with the experimental data. One of these bands
corresponds to the transverse dipolar plasmon mode of the nanoparticles (i.e., in the
(ex, €y) plane), which can be selectively excited by measurements at normal
incidence. The origin of the other band, in contrast, is less trivial and cannot be
interpreted using a model of isolated nanoparticle in the free space, as done in Sect.
5.1. Instead, let us consider a semi-infinite nanocomposite material, with its flat
interface in the (ey, €,) plane and whose dielectric tensor is given by (Eq. 6.16).
Under illumination from the outside, at oblique incidence with P-polarized light, its
effective response is accounted for by an angle-dependent complex refractive index
n, [108]. Due to the intrinsic anisotropic properties of the effective medium, n,, is
not a linear superposition of the refractive indices n, and n, defined as nx2 = Eeffxy
and nz2 = €.fr, [108]. As seen in [108], a direct consequence of the nonlinear
relation between ny, n,, and n,, is that a longitudinal resonance may not be observed
directly by transmittance measurements. Figure 6.7 (right panel) shows the n, and
n, spectra of a material presenting a transverse resonance (peaking at around
550 nm) and a longitudinal resonance (at around 1200 nm), respectively. The
corresponding n,, spectrum at oblique incidence (60°, P-polarized light) presents
a peak associated to the transverse resonance (at around 550 nm), another one at
about 700 nm, but nothing at around 1200 nm [108]. Determining the spectral
positions of the transverse and longitudinal plasmon modes of nanoparticles in
a uniaxial anisotropic plasmonic material from transmittance measurements is thus
not possible by simply indexing the peaks on the spectra. Instead, it is necessary to
fit the experimental data with an anisotropic model in order to extract the n, and n,,
spectra.

5.2.2 Yamaguchi Model and Extensions
Since it is based on the concept of Lorentz sphere, the Maxwell-Garnett model is
not suitable to the case of nanoparticles distributed in a plane, as it is however often
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the case in real materials. Yamaguchi et al. [109] thus considered an assembly of
monodisperse spheroidal nanoparticles with their revolution axis perpendicular to
a nonmetallic flat substrate supporting them, that is, along e,, as shown in Fig. 6.8
(top-left panel). They assumed the nanoparticles to behave as point dipoles
interacting between them. The interaction with the substrate was also taken into
account, by the image-dipole method. The calculation of the effective dielectric
tensor of the nanocomposite is then very similar to that of Maxwell-Garnett, except
that the local field E,, exerted at a given point dipole is calculated by a discrete sum
over the contributions of other point dipoles and the image dipoles: Ejoc = Eq + Egup
+ Egip, Where Eg Egy,p,, and Eg;, are the incident field, that of the image dipole, and
the sum of the contributions of the other dipoles (usually, the quasi-static compo-
nent of their radiated field) and their images, respectively.

In the original calculations, the nanoparticles were assumed to be uncovered.
Nevertheless, they can be straightforwardly extended to nanoparticles capped by
a dielectric layer (with a dielectric function &,p), with the restriction that this layer
is thick enough so that the nanoparticles do not interact significantly with the air/cap
interface [110]. The macroscopic polarization of the thin slab of effective material
reads P = gq([&efr]-Ecap)E = Ng€o€caplot]Eioc/top, Where N is the surface density of
particles, to and [€.g] the optical thickness and effective dielectric tensor of the slab,
and [o] the polarizability tensor of a nanoparticle (relation (6.11) with £, = €.,p). After
calculating E,,., knowing the size and shape of the nanoparticles and their organiza-
tion (on a square or hexagonal lattice in the (e, ey) plane), and writing the continuity
relations at the interface slab/cap and combining the equations, one obtains [109, 110]

€ =g {1 + N,V B T Ceap }
eff,xy — ©cap -
topt Ecap + ny (81 - scap)

-1
NSV €i — &cap :|
topt Ecap + Fz(gi - 8cap)

(6.17)

Eeff,z = Ecap |:] -

Let us remark that the equations giving €, and €, have distinct forms, due to the
different continuity conditions for the fields in the (ey.ey) plane and along e,. Fy,
and F, are effective depolarization factors that depend on the nanoparticle’s shape
(through their geometric depolarization factors Ly, and L,) and on their organiza-
tion [109, 110]:

Fooeloo — Vo g — Ecap . L chap SCOSZ(SOj) -1 \Y,
> > 4nH? Esub+E€cap 4r EsubtEcap I'j3
2V 12 1 (©19
Esub — €cs €
FZ:LZ _ . sub cap 1 sub l:_ _2:| vV
4nH 85ub+£€‘dp 4n gsub"_gcap Ith

Esub 18 the dielectric function of the substrate, r; are the positions of the dipoles.
The second term in the expressions of Fy, and F, accounts for the interactions
between a central nanoparticle and its image dipole and the third term for the
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Fig. 6.8 (Top-left panel) Schematic representation of a composite medium whose effective
dielectric function is calculated from (Eq. 6.17). (Bottom-left panel) Cross section TEM image
of a thin film consisting of a single layer of Ag nanoparticles sandwiched between two SizNy
layers. (Right panel) Spectra of the extinction coefficient of the single layer of Ag nanoparticles in
the (e, ey) plane for three of such thin films, containing different amounts of Ag. Simulations with
different models (Yamaguchi, extension of the Yamaguchi model to ellipsoidal polydisperse
nanoparticles, without and with finite-size damping effects) are compared to experimental spectra.
Bottom-left and right panels reprinted with permission from [117] doi:10.1088/0957-4484/19/12/
125709. Copyright 2008 Institute Of Physics
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Fig. 6.9 (Left panel) Top view of parallel chains of Ag nanoparticles supported by an alumina
rippled substrate — in the (ey.e,) plane. (Right panel) Corresponding absorbance spectra measured
at normal incidence, for the incident electric field oriented along the chains (full line) or perpen-
dicular to them (dotted line). Both panels reprinted with permission from [33]. Copyright 2003
American Chemical Society

interaction between this nanoparticle and the others, together with their image
dipoles. Despite the fact that the image-dipole approach is not exact [111], calcu-
lations based on relations (6.17) were used in order to determine from in situ optical
measurements the shape of Ag nanoparticles supported on substrates of various
natures [112-114]. In addition, they permitted to reproduce satisfactorily the
spectral position of the transverse dipole plasmon resonance of well-separated
and weakly flattened Ag oblate spheroidal nanoparticles sandwiched between
dielectric layers presenting a small refractive index contrast [37, 115]. Simulations
in such cases, where interactions between nanoparticles are weak, show that the
transverse plasmon mode of the nanoparticles red-shifts when the interparticle
distance decreases.

The case of a single layer of polydisperse spheroidal nanoparticles embedded in
a dielectric film was early treated [116]. An extension of these calculations was
applied to the case of ellipsoidal nanoparticles randomly oriented in the (e, ey)
plane and presenting correlated size and shape distributions [117], as frequently
observed in thin films grown by physical vapor deposition. Figure 6.8 (right panel)
presents the measured spectra of the in-plane extinction coefficient of single layers
of Ag nanoparticles sandwiched between SizNy4 layers (similar to that shown in the
bottom-left panel of the same figure). They present an absorption band character-
istic of the in-plane plasmonic response of the nanoparticles. The spectral position
of this band is badly reproduced by simulations based on the Yamaguchi model, due
to the non-spheroidal shape of the nanoparticles. In contrast, simulated spectra
comparable to the measured ones are obtained if the nanoparticles are considered as
ellipsoidal and if finite-size damping effects together with size and shape distribu-
tions are taken into account in the calculations.

Recently, physical vapor deposition on nanostructured substrates permitted to
grow systems of parallel chains of nanoparticles, as shown in Fig. 6.9 (left panel).
These materials display optical anisotropy in the (ey, €y) plane, as observed by
transmittance measurements at normal incidence with linearly polarized light.
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In such measurement conditions, a redshifted (blueshifted) plasmon resonance is
probed for the electric field oriented along (perpendicular to) the chains [33, 118,
119]. The effective optical response of such systems was measured by generalized
spectroscopic ellipsometry and shown to be described by a biaxial dielectric tensor
[67]. Models based on Yamaguchi’s approach were applied to derive in the point
dipole approximation the effective dielectric tensor of parallel chains of supported
spheroidal nanoparticles [118] or embedded -ellipsoidal nanoparticles [36].
Simulations using these models suggest that the existence of two in-plane polari-
zation-sensitive plasmon resonances may result from two contributions. First,
a morphological effect may be involved [118]. Indeed, the nanoparticles
sometimes present an in-plane elongation, with their long axis oriented along the
chains. Second, since the interparticle distance is shorter along the chains than
perpendicularly to them, a parallel incoming field may probe a more strongly
coupled system than a perpendicular field and thus excite a redshifted plasmon
resonance.

5.2.3 Limitations of the Yamaguchi and Maxwell-Garnett Approaches
Effective medium models like those of Maxwell-Garnett, Yamaguchi and their
extensions are interesting from a qualitative point of view, since they rely on a few
explicit parameters describing the structure of the nanocomposite materials. There-
fore, they permit to get insights into the influence of the organization, orientation,
and shape of the nanoparticles. They can also fit correctly experimental optical
spectra in specific cases. Nevertheless, they very often suffer from the crude
assumptions on which they rely. The point dipole approximation for modeling the
interaction of a small nanoparticle with a substrate or other nanoparticles, although
of practical interest, suffers from limitations. For instance, it rapidly fails to
describe the interaction between two spherical nanoparticles when they almost
touch, if the excitation electric field is oriented along the dimer [87]. This diver-
gence from the point dipole behavior, that occurs even if the nanoparticles well
behave as such when isolated, is linked to the strong inhomogeneity of the electric
field between the two spheres. The hypothesis of a locally homogeneous excitation
field made to obtain, for instance, Eq. 6.2 does not hold any more. Similarly, the
validity of the image-dipole approach for modeling the interaction of a nanoparticle
with a substrate has to be discussed. This approach is especially questionable in the
case of spheroidal and ellipsoidal nanoparticles, because their near-field is not that
of a point dipole [111]. Indeed, in the case of oblate spheroidal nanoparticles,
the image-dipole method overestimates the nanoparticle-substrate interaction
[111, 120]. Taking into account the near-field of the nanoparticle in a rigorous
manner is thus necessary to describe its interaction with the substrate. Another
weakness of the Yamaguchi and Maxwell-Garnett approaches is due to the hypoth-
esis that the shape and size distributions are decoupled from the organization of the
nanoparticles, which is not always the case experimentally. In addition, one has to
define an optical thickness to for the effective material. This is particularly
problematic in the Yamaguchi case, in which this choice looks completely
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arbitrary. Many models were developed to correct these weaknesses. An improve-
ment of the Yamaguchi model taking into account the exact near-field of the
spheroidal nanoparticles [111] was proposed. More general effective medium
theories than those of Yamaguchi and Maxwell-Garnett were developed [121-
126]. We evoke below that of Bedeaux and Vlieger [125, 126], which relies on
an approach rubbing out the concept of optical thickness.

5.2.4 The Surface Susceptibility Method of Bedeaux and Vlieger
Bedeaux and Vlieger showed [125] that a thin perturbed layer located between two
semi-infinite media can be described in terms of surface electromagnetic fields at
the interface — (ey, ey) plane — between the two media. For nonmagnetic materials,
the surface fields considered are the surface polarization P®, the surface electric
displacement D®, and the surface electric field E®. If the thickness of the perturbed
layer is insignificant compared to A, a local relation is derived between these fields.
The capability of the surface to polarize upon excitation is thus described by two
surface susceptibilities y and 3, which account for the response in the (e, ey) plane
and along e,, respectively. Expressions of the Fresnel coefficients of the interface
can then be calculated: they depend on the refractive indices of the substrate and
ambient, the surface susceptibilities, the angle of incidence, and the polarization of
the incoming light — while no optical thickness has to be used. Only the y coefficient
is involved for an S polarization of the incoming light, whereas both y and B play
arole at oblique incidence for a P polarization. In addition, the perturbed layer can
be equally described as a slab of effective medium with an effective dielectric
tensor [gqge] verifying the relation [125]:

Y= topt(seff,xy - ecap)

1 1 (6.19)

B=ton(— -
o Ecap Eeff z

After these general preoccupations, the surface susceptibilities of a single layer
of islands (with D< <) deposited on a nonmetallic flat substrate were calculated
[126]. They were considered as point dipoles, without any assumption on their
organization, with possible correlations between the size, shape, and position of the
islands. The surface susceptibilities then read [126]:

S
_ OLO.xy
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3 BXy20,x
. Y (6.20)
B _ OLO7Z
- 1 s
1 — 35,08,

where o’ x, and o, are the average island polarizabilities per unit of surface, in
the (e, e,) plane and along e,, respectively. The sty and «°, coefficients are
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calculated from the polarizabilities and exact positions of all the dipoles, retardation
effects of their radiated fields being taken into account. These coefficients have
simple expressions when assuming the nanoparticles size/shape to be decoupled
from their position. Making this assumption, simulations of the optical transmit-
tance of single layers of Ag nanoparticles supported on a substrate were comparable
to experimental data [127]. Let us note that using (Eq. 6.20) with the adequate
forms of k%, and x°, leads to the Yamaguchi’s effective dielectric functions
extended to ellipsoidal nanoparticles [117].

Further refinements dealt with the accurate consideration of the nanoparticle/
substrate and interparticle interactions. Interaction between a truncated spherical,
truncated spheroidal, or cap-like-shaped nanoparticle (as frequently encountered
experimentally) and a flat and optically isotropic dielectric substrate was studied in
the quasi-static approximation [128, 129]. The electrostatic potential that verifies
the Laplace equation was written in the nanoparticle, in the substrate, and in the
ambient medium as sums of multipole terms weighted by unknown expansion
coefficients. The boundary conditions at the different interfaces were taken into
account, the image charge method [130] being used to account for the interfaces
with the substrate. An infinite linear system involving the coefficients was thus
obtained. Once the expansion coefficients determined numerically, the near-field
around the nanoparticle can be calculated, as well as a renormalized polarizability
tensor, describing the far-field optical response of the nanoparticle interacting with
the substrate. Renormalized polarizabilities were also calculated in the case of
a nanoparticle deposited on an optically anisotropic a-Al,O3 (1010) substrate
[131]. The case of assemblies of supported nanospheres [132] interacting between
them and with an optically isotropic substrate was also treated. The electric
potential was calculated at a given point by summing the retarded multipole
contributions of all the nanoparticles. Interactions in systems of supported
nanoparticles can also be handled for truncated spheres [133] or truncated spheroids
but at the expense of increased computational cost. Coupling multipolar calcula-
tions with the surface susceptibility approach — as implemented in the freely
available Granfilm software [134] — permitted to analyze properly the spectroscopic
ellipsometry spectra of single layers of colloidal Au nanoparticles on Si substrates
[66] and to reproduce accurately the surface differential reflectivity of Ag
nanoparticles deposited by evaporation onto MgO [135] or a-Al,O5 [136] sub-
strates. In the latter case, the nanoparticles were modeled as identical hemispheres.
Their renormalized polarizability tensor was calculated taking nanoparticle/sub-
strate and dipole-dipole interparticle interactions into account. The surface polar-
izabilities ooy and o, and then the surface differential reflectance (SDR)
spectrum of the single layer of nanoparticles were then derived from this tensor.
Figure 6.10 (left panel) shows the excellent agreement between the simulated and
experimental SDR spectra (oblique incidence 45°, S-polarized light). These spectra
are dominated by a dipolar plasmon mode but also present quadrupolar contribu-
tions. The corresponding potential maps are shown also in Figure 6.10 (right panel),
further discussion being given in [136].
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Fig. 6.10 (Left panel) Experimental SDR spectrum (45°, S-polarized light) of Ag nanoparticles
deposited on a o-Al,O; substrate and fitted theoretical spectrum obtained assuming
a hemispherical shape for the nanoparticles. The individual contributions of the different plasmon
modes are shown. (Right panel) Potential maps of the different in-plane plasmon modes. Both
panels reprinted with permission from [136]. Copyright 2002 by the American Physical Society

53 Electrodynamic Calculations

5.3.1 Isolated Spherical Nanoparticle: Mie Theory

When D cannot be neglected versus A, a spherical nanoparticle is not excited
homogeneously by the incoming fields so that multipolar distributions of surface
charges can set up. Moreover, due to the finite velocity of light, interactions
between the polarization charges of the nanoparticle do not occur instantaneously
but are affected by retardation effects. Therefore, the quasi-static approximation
does not hold anymore. A more general approach, relying on electrodynamics, is
thus required to study the optical response of the nanoparticle. The problem was
treated by Mie [3], who found analytical solutions to Maxwell’s equations, thus
obtaining the extinction, scattering, and absorption cross sections of an isolated
sphere in a nonabsorbing medium [5]:

o0

Z )[Re(a;) + Re(by)]
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The coefficients a; and b; are functions of the geometric (size-dependent) Bessel
functions and of the dielectric functions of the sphere €; and surrounding medium
€m- These coefficients represent the contributions of multipoles (linked to surface
charges and surface currents) to the total response of the sphere. The dipolar
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contribution is given by 1 = 1, the quadrupolar contribution by 1 = 2, etc. Let us note
that Mie’s approach also permits to derive the electric and magnetic fields. The
extinction and scattering properties of the nanoparticles are usually described by
their extinction and scattering efficiencies defined as the ratio between the extinc-
tion cross section given by (Eq. 6.21) and the real cross section of the nanoparticle:
Quxt = Oex/TR? and Qyey = Oyea/TR. Figure 6.11 (top panel) shows calculated
extinction efficiency spectra for a spherical Ag and Au nanoparticle in water as
a function of its size [137] (given by the radius R). For the Ag nanoparticle atR — 0
(quasi-static limit), the extinction spectrum is dominated by the dipolar plasmon
resonance peaking at around 400 nm. Upon increasing the nanoparticle size, the
dipolar plasmon resonance red-shifts, while its peak value first increases slightly
(until R/=20 nm) and then decreases due to a strong damping. Such a redshift and
damping were also observed in the calculated spectra of the near-field of a Ag
nanoparticle [138].

On one hand, the redshift of the dipolar plasmon resonance is linked to the finite
velocity of light. Upon increasing R, the interaction between the opposite polari-
zation charges of the nanoparticle cannot be considered as instantaneous as in the
quasi-static regime. In contrast, they occur with a delay increasing with the particle
size. Roughly, the dipolar resonance can be excited if the period of the external field
remains much larger than this delay [139], that is, at a wavelength that increases
with the size. This early known effect [140] is denoted as “dynamic depolarization.”
On the other hand, “radiation damping” is responsible for the broadening of the
resonance in the frequency space [141].

Upon further increasing of the nanoparticle size, additional extinction bands
appear in the violet region and then red-shift. They are attributed to multipolar
distributions of surface charges [137]. The so-called multipolar plasmon resonances
appear by order of increasing 1 values and suffer from dynamic depolarization and
radiative damping as the dipolar mode. It comes from Mie’s calculations that the
contributions to extinction and scattering cross sections of the multipole 1 scale as
(kR)*'/k* and (kR)*™V/k?, respectively. Thus, in the limiting case of R—0,
(Eq. 6.21) reduces to (Eq. 6.6), and extinction is dominated by absorption. Upon
increasing R, the relative contribution of dipolar scattering increases, followed by
those of the quadrupole and poles of higher order. These trends are illustrated in
Fig. 6.11 (bottom panel), which shows measured absorption, scattering, and extinc-
tion spectra of Ag nanoparticles in water with a controlled size (ranging from 29 to
136 nm) [142]. Similar trends are observed in the extinction efficiency spectra of
Au but with plasmon modes shifted toward the red when compared to Ag. Dynamic
depolarization, radiative damping, scattering [138], and higher order multipoles
develop for larger values of R than in the case of Ag. The scattering pattern of the
nanoparticle also depends on its size [5]: forward and backscattering are of com-
parable importance at small sizes (Rayleigh scattering). Then, upon increasing the
size, forward scattering becomes predominant and contributions from multipoles
can be observed.

Among all the plasmon modes, the dipolar mode is the one that leads to
the highest near-field enhancement averaged over the nanoparticle surface [138].
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Fig. 6.11 (Top panel) Extinction efficiency of a Ag (a) and a Au (b) nanoparticle in water
calculated as a function of the wavelength in vacuum and of the nanoparticle radius R. A gray
scale is used for the extinction value: black for the lowest value and white for the highest one. The
extinction efficiency ranges for Ag and Au where respectively 0—11 and 0-8. The bulk dielectric
functions of Ag and Au were used for €;. Reprinted with permission from [137]. Copyright 2011
American Chemical Society. (Bottom panel) Measured extinction, scattering, and absorption
spectra of spherical Ag nanoparticles in water, with an average diameter ranging from 29 nm
(A) to 136 nm (P). Reprinted with permission from [142]. Copyright 2004 American Chemical
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If R is small enough so that the multipolar contributions can be neglected,
the optical response of the nanoparticle is usually described by a “dynamic
polarizability” taking into account dynamic depolarization and radiation damping
[143], the former scaling as R? and the latter as the volume V = 4nR>/3. This
polarizability substitutes to the static polarizability in (Eq. 6.6) to obtain the
extinction and scattering cross sections of the nanoparticle.

5.3.2 Numerical Methods

After Mie’s work, analytical solutions to Maxwell’s equations were found for
a sphere in an absorbing medium [144] or for nanoparticles presenting a simple
shape, such as spheroids [145] or infinite cylinders, among others [146]. Neverthe-
less, when more complex shapes are involved, numerical approaches are required.
A fast description of some frequently used approaches is given here. More complete
information is given in the cited references or in textbooks, and related computer
programs can be found [147]. Some of the methods available, such as the T-matrix
[148, 149] or multiple multipole [88] methods, describe the fields inside and outside
of the nanoparticle at a given wavelength as linear combinations of multipole terms.
As in the works initiated by Bedeaux and Vlieger (although in the quasi-static
approximation), the numerical task consists in determining the weighting coeffi-
cients in the sums. Volume discretization is the starting point of the discrete dipole
approximation (DDA), the finite element method (FEM), and the finite difference
time domain (FDTD). In DDA [150], a nanoparticle is described as a — generally
cubic — array of coupled point dipoles whose polarizability is linked to the wave-
length-dependent dielectric function of the metal. The momentum p; of a given
dipole is obtained from the local field, which is the sum of the incident field and
retarded contributions of the other dipoles. The momentums of the N dipoles
constituting the nanoparticle are thus linked by a system of N equations. After
solving this system, one gets the pj's, from which the electric field, extinction, and
scattering cross sections are calculated at a given wavelength of the incident light.
In FEM [151], the nanoparticle and its surroundings are divided into elements in
which the fields are written as a linear combination of basis functions. Boundary
conditions between neighbor elements lead to a system of equations that has to be
solved for determining the weighting coefficients. FDTD [151, 152] solves
Faraday’s and Ampere’s laws for an electromagnetic wave propagating in a grid-
based domain containing the nanoparticle and its surroundings. In contrast with the
previous approaches, which give wavelength-dependent results, FDTD yields
a time-dependent electromagnetic field, from which spectral data can be derived
by FFT treatment. Surface integral approaches, such as the boundary element
method (BEM) [153], are also frequently employed. The electromagnetic field
at a given wavelength is written as a function of boundary charges and currents
at the surface of the nanoparticle. Boundary conditions are expressed by a system
of surface integral equations that can be solved by discretization of the
nanoparticle surface, thus yielding the boundary charges and currents and the
electromagnetic field.
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Since these methods rely on modal or spatial discretization, they do not yield the
exact values of the electromagnetic field or absorption and scattering cross section.
The error relative to exact calculations is tightly linked to the way the discretization is
performed. Usually, the number of multipoles (MM and T-matrix) or number of
dipoles (DDA) is increased, or the size of the volume or surface elements (FEM,
FDTD, BEM) is decreased, until simulations of sufficient accuracy are obtained.
Improving the quality of the calculations nevertheless increases their computational
cost. Limitations in the computing capacity thus lead to select the calculation method
as a function of the system under study. For instance, the T-matrix method could be
more adequate for treating the case of large assemblies of spherical nanoparticles than
DDA, which would involve a prohibitive number of dipoles. In contrast, DDA may
take advantage in the case of single nanoparticles of complex shapes. Discussions of
the advantages and drawbacks of the different methods can be found in the literature
[139, 154], as well as benchmark studies comparing their performances in simple cases
such as, for instance, Mie, FDTD, T-matrix, FEM, and DDA for a spherical Au
nanoparticle [155]; MM, T-matrix, FEM, and DDA for a spheroidal Ag nanoparticle
[156]; Mie versus FEM and FDTD for infinite Au cylinders [151]; MM versus BEM
for a dimer of spherical Au nanoparticles [139]; DDA versus BEM for Au
nanodecahedra [139]; and MM versus FEM for dimers of Ag and Ag nanoshells [157].

5.3.3 Spheroids

Retardation effects, scattering, and excitation of multipolar plasmon modes also
occur upon increasing the size of nanoparticles presenting an anisotropic shape.
Extensive studies were undertaken in order to quantify the influence of these effects
on the optical response of nanoparticles with a revolution axis. Calculations of the
near-field enhancement at the tip of prolate spheroidal Ag, Au, and Cu
nanoparticles [84, 158] were early reported. As for spherical nanoparticles, increas-
ing the nanoparticle effective diameter above some tens of nm was shown to cause
a drastic decrease of the near-field enhancement at the longitudinal dipolar plasmon
resonance. Peak enhancements of lower intensity were observed at the multipolar
longitudinal plasmon resonances. Recently, a comprehensive DDA study of the
extinction spectra of Au and Ag prolate and oblate spheroids as a function of the
short axis length (varied from 5 nm to 30 nm) and axis ratio (H/D varied from
1/8 to 8) was realized [137]. The extinction spectra of the prolate and oblate
spheroids are dominated by their longitudinal and transverse dipolar plasmon
mode, respectively. As in the quasi-static case, these modes red-shift when the
shape anisotropy increases — at a faster rate for the prolate spheroid. In addition,
upon increasing the short axis length of the nanoparticles at fixed H/D, these
dominant modes experience dynamic depolarization and radiation damping effects,
while a blueshifted quadrupolar mode slightly grows. For a given H/D and short axis
length, the volume of a prolate nanoparticle is smaller than that of its oblate
counterpart, and the longitudinal prolate dipolar mode is less affected by the radiation
damping-induced broadening than the transverse oblate dipolar mode. This property
makes prolate spheroids interesting candidates for obtaining relatively sharp reso-
nances peaking in the IR. In this wavelength range, Ag and Au nanoparticles with the
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same shape and size present comparable extinction properties, due to similar Drude
behavior of both metals, as already mentioned in Sect. 5.1.

Early works generalized the concept of dynamic polarizability, known for the
dipolar plasmon mode of spheres, to spheroids [27]. The validity of the so-called
modified long wavelength approximation (MLWA) was confirmed by DDA calcu-
lations in the case of the transverse dipolar plasmon mode of oblate Ag
nanoparticles with an effective radius of 30 nm and axis ratios H/D as low as 0.1
[27, 143]. Similarly, a comparison between FDTD and analytical calculations
showed that the concept of dynamic polarizability can be extended to Ag and Au
prolate spheroids [159] with long axis length and axis ratio up to 120 nm and 5.5.
The so-obtained analytical formulas, based on phenomenological parameters inde-
pendent of the axis lengths, reproduced accurately scattering spectra of single Au
nanorods measured by dark-field microscopy. Recent theoretical considerations
about the dynamic polarizability in the case of spheroidal nanoparticles are reported
[160], together with effective medium models using this concept [161].

5.3.4 Nanodisks and Nanorods
Computational works were realized for nanodisks [26] and, above all, for nanorods
[162—-168] which can, as prolate spheroids, support sharp longitudinal plasmon
modes peaking in the IR. Their shape was taken into account rigorously, that is, as
cylinders presenting possibly hemispherical tips, in contrast with previous studies
in which they were approximated as spheroids [79]. DDA calculations of the
extinction spectra of Au nanorods and spheroids with a short axis of 10 nm and
H/D varying from 1 to 9 showed substantial differences in the positions of their
longitudinal dipolar plasmon mode, peaking at a longer wavelength in the former
case [163]. Assuming a cylindrical shape, a satisfactory agreement was obtained
between the simulated and measured extinction spectra of Au nanorods, with D and
H/D varying between 5 and 10 nm and 2 and 4, respectively [169]. The evolution of
the spectral position of the longitudinal dipolar plasmon mode was studied for a Au
nanorod as a function of the radius of the hemispherical tip and the total rod length,
varied up to 600 nm [166]. In addition, spectrally well-separated multipolar
plasmon modes were observed in the extinction spectra of such long Au nanorods
[170]. Numerical calculations described their shift toward the red upon increasing
the axis ratio [162, 167, 168]. Scaling laws linking the spectral position of each
mode to the geometric parameters of the nanorods were derived from these works.
The contributions of absorption and scattering to the extinction spectra of Au
nanorods was studied theoretically [162]. As seen in Fig. 6.12 (left panel), increas-
ing the effective radius of the nanorod at a fixed axis ratio induces an increase of the
scattering contribution. In addition, it is shown (Fig. 6.12, right panel) that
the relative contribution of scattering increases with the axis ratio H/D at fixed
volume and then remains almost constant. A similar behavior was observed exper-
imentally [171] by dark-field microscopy on single Au nanorods of various aspect
ratios and was attributed to the suppression of non-radiative desexcitation paths
when the longitudinal dipolar plasmon resonance is shifted away from the interband
region of Au.
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Fig. 6.12 (Left panel) Extinction, scattering, and absorption efficiency spectra of Au cylinders in
water with an axis ratio H/D = R = 3.4 and for different values of the effective radius. (Right
panel) Spectral position of the longitudinal dipolar mode of the Au cylinders and of the quantum
yield (ratio between the peak values of the scattering and extinction efficiencies) as a function of R,
for an effective radius of 40 nm. Both panels reprinted with permission from [162]. Copyright
2005 American Chemical Society

5.3.5 Other Nanoparticles Shapes

Metal nanoparticles with more complex shapes than spheres or rods can be
designed. Varying the nanoparticles size and shape was shown experimentally to
allow tuning their near-field, far-field optical response and index sensitivity [172].
Numerical calculations were performed in order to address the origin of the near-
field and far-field plasmonic features for a wide range of nanoparticles shapes
[70, 165] and to evaluate the related index sensibility. Studies are reported in the
case anisotropic nanoparticles, such as triangular Ag nanoprisms [70] possibly with
dipped edges, Ag truncated nanotetrahedra [27], Au nanodecahedra [173, 174], Ag
nanocubes [175], Au nanostars [176], and nanodumbbells [177] (which are cur-
rently formed during the coalescence of spherical nanoparticles). Shell-like struc-
tures, such as Au nanorings [178] or spherical nanoshells [179], have been shown to
present a dipolar plasmon resonance tunable from the visible to the IR upon varying
the shell thickness, together with strong near-field enhancement and index sensi-
tivity. Even higher tunability, near-field enhancement and index sensitivity are
obtained in the case of spheroidal metal nanoshells — known as nanorice [180, 181].

5.3.6 Supported Nanoparticles: Scattering and Applications

to Solar Cells
It is known that the scattering efficiency of a point dipole located at the interface
between two transparent media is modified when compared to the free-space case,
together with the angular distribution of the scattered light [182]. Under excitation
at normal incidence, the main fraction of the scattered light is redirected into the
medium presenting the highest refractive index [183]. Despite of the crudeness of
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point dipole-based approaches, this property is considered of potential interest for
the development of improved solar cells, since it may permit to increase the optical
path length and thus the absorption efficiency in the photovoltaic material. Photo-
current enhancement in the range of low absorption of silicon solar cells was
effectively observed after physical vapor deposition of Ag nanoislands [184] on
their top face. Rigorous classical treatment of the problem of scattering by
a spherical nanoparticle supported on a substrate was early done using multipole
expansion methods [185]. Recent theoretical studies based on numerical calcula-
tions aimed at determining the conditions permitting to improve the fraction of light
trapped in silicon: nanoparticles size and shape (cylinder, sphere, hemisphere)
[186], nature of a buffer between the nanoparticles and the substrate [187], and
distance between the nanoparticles and the substrate [188]. The recent advances in
the field of plasmon-based photovoltaics are detailed in a recent review paper [11].
Particular interest was also devoted to the calculation of the scattered light of
supported nanoparticles when observed using dark-field microscopes [90]. Besides,
let us mention that numerical studies were also performed to study the effect of
a metallic adhesion layer below cylindrical metal nanoparticles on their plasmon
resonances [189].

5.3.7 Interacting Nanoparticles

Considering the nanoparticles as point dipoles coupled via the quasi-static compo-
nent of their radiated field (as done, for instance, in Sect. 5.2.2) is generally a too
crude approximation for describing the interactions between them. Indeed, on one
hand, the electric field Egjpele radiated at r = (r,0) by an oscillating dipole excited
by a field E, involves a 1/r electrodynamic term in addition to the 1/r> quasi-static
term:

(1 — ikr)(3cos?0 — 1)ekr . k?sin®0e’*"

- oEq (6.22)
r r

Edipole =

While the quasi-static term dominates at small r, the electrodynamic contribu-
tion plays an important role in the far-field coupling between nanoparticles. Indeed,
it has been shown to affect the linewidth and spectral position of dipolar plasmon
resonances in dimers [190], 2D arrays [191-194], 2D arrays [195] interacting with
a substrate, and chains [196, 197] of nanoparticles, with pitches ranging from
100 nm to several hundreds of nm. On the other hand, when nanoparticles, even
if small enough to behave as dipoles when isolated, come close enough one to
another, the optical response of the coupled system involves multipolar orders
[198]. We will focus here on the case of nearly touching nanoparticles, whose
optical response is strongly sensitive to the interparticle distance, permitting the
realization of “plasmonic molecular rulers” useful for biological sensing [199]. In
addition, dense packing of the nanoparticles induces strongly enhanced fields — the
so-called hot spots — in the gaps between nanoparticles [200]. Hot spots are
identified as significant contributors to the SERS effect [10] and also likely play
a role in the strong nonlinear susceptibility of almost percolated assemblies of
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nanoparticles [201]. The simplest case for studying the optical response of strongly
coupled nanoparticles is that of a dimer of identical nanospheres, sufficiently small
to behave as dipoles when taken separately. The extinction of the dimer is generally
studied as a function of the s/D or s/R ratio, s being the distance separating the
nanoparticles surfaces. Decreasing s/D from a value at which the nanoparticles still
present a dipole-like behavior first leads to a dipole-dipole interaction-induced
redshift of the plasmon resonance observed under longitudinal excitation [88]
(electric field along the revolution axis of the dimer). In contrast, a slight blueshift
of the plasmon resonance is observed under transverse excitation. Upon further
decrease in the separation distance, the longitudinal plasmon mode keeps red-
shifting, as shown in Fig. 6.13 (top-left panel) but at a faster rate than predicted
assuming dipole-dipole interactions [88]. In addition, a blueshifted peak appears
under longitudinal excitation [70, 88, 177]. The near-field corresponding to this
peak involves distorded quadrupolar contributions, while that associated to the
redshifted peak presents dipole-like contributions [70] (see Fig. 6.13, top-right
panel). Simulations also show a very intense field enhancement in the gap [70,
177]. Upon reducing the separation distance down to very small values, calcula-
tions predict that the so-called dipolar mode loses strength as the quadrupolar-like
mode and higher order (blueshifted) modes grow [177].

Theoretical findings are consistent with experimental data obtained on dimers of
almost spherical or cylindrical metal nanoparticles [202-205] deposited on
a substrate. Indeed, the redshift of the longitudinal dipolar plasmon is usually observed
upon decreasing s/D. In the case of nearly touching nanoparticles, an additional
blueshifted peak was revealed under longitudinal excitation (see Fig. 6.13, bottom-
left panel) and was attributed to the quadrupolar-like mode [205]. Let us note at this
point that due to accuracy limitations and, above all, due to fundamental inadequacy
(as it will be explained in Sect. 6), numerical calculations based on local classical
hypotheses are expected to fail in reproducing experimental trends in the s/D—0 limit.

A physical interpretation of plasmonic coupling between spherical nanoparticles
[206, 207] and nanorods [208], and also in nanoshells [209, 210], or between
a nanoparticle and a metallic surface [211], among many others [212], is provided
by the plasmon hybridization method. This approach, which is valid in the quasi-
static regime, has, for instance, proved to give values of the peak wavelengths of the
plasmon resonances of a dimer of identical metal nanospheres in agreement with
FDTD calculations [206]. At sufficiently large s/D, dipole-dipole coupling domi-
nates and leads to the splitting of the “pure” single nanoparticle dipolar plasmon
mode into lower energy (bonding) and higher energy (antibonding) hybridized
dipolar dimer modes [79, 206]. One bonding and one antibonding mode are associ-
ated to each orientation of the excitation field and correspond to the two possible
relative directions of the dipoles. The modes consisting of antiparallel dipoles present
a zero total dipole moment and are optically “dark,” that is, they cannot be probed by
traditionnal optical far-field measurements. For a longitudinal (transverse) polariza-
tion, the dimer plasmon mode that can be probed — denoted as “bright” — is redshifted
(blueshifted) from the “pure” single nanoparticle dipolar plasmon mode, the magni-
tude of the shift depending on the interaction strength, that is, on the polarization and
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Fig. 6.13 (Top-left panel) Simulated extinction efficiency spectra of a dimer of Ag
nanoparticles (diameter 60 nm), for the excitation field parallel to the dimer revolution axis.
Reprinted after agreement from [177]. Copyright 2006 Optical Society of America. (Top-right
panel) Simulated near-field distribution of a dimer of Ag nanoparticles (diameter 72 nm) for an
excitation along its revolution axis, at the wavelength of the so-called quadrupolar and dipolar
plasmon resonances. Reprinted with permission from [70]. Copyright 2004, American Institute
of Physics. (Bottom-left panel) Experimental extinction spectra of two dimers of almost spher-
ical Au nanoparticles, for a longitudinal and a transverse excitation. Reprinted with permission
from [205]. Copyright 2009 American Chemical Society. (Bottom-right panel) Schematic
representation of plasmon hybridization in a dimer of metal nanoparticles, in which the “pure”
dipolar plasmon of one particle interacts with the “pure” multipolar plasmon of the other one.
Reprinted with permission from [206]. Copyright 2004 American Chemical Society
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separation distance. Due to the dipolar geometry of the near-field enhancement
around a single spherical nanoparticle, stronger interparticle coupling and mode
splitting are observed under longitudinal excitation of the dimer than under transverse
excitation. Upon further decreasing of s/D and under longitudinal excitation, the
“pure” dipolar plasmon mode of one nanoparticle interacts with the “pure” multipolar
plasmon modes of the other one [206], as shown in Fig. 6.13 (bottom-right panel).
This non-dipolar behavior leads to a faster redshift of the dipolar bonding mode than
predicted by dipole-dipole interaction models and to the excitation of multipolar
dimer plasmon modes peaking at a shorter wavelength than the dipolar bonding
mode [206].

Works were also performed in the case of interacting metallic prolate spheroidal
nanoparticles or nanorods sufficiently small so that their dipolar plasmon resonance
dominates when isolated (maximum length around 100 nm). In contrast with
spherical nanoparticles, the coupling depends on their relative orientation. Tip-to-
tip (i.e., nanoparticles with their revolution axes being superposed) and side-to-side
(i.e., with a plane of symmetry between the nanoparticles) configurations were
investigated by DDA for a dimer of identical Au oblate spheroids [213]. Decreasing
the separation distance in the tip-to-tip case leads to a weak blueshift and strong
redshift of the transverse and longitudinal plasmon modes of the spheroidal
nanoparticles, respectively. The situation is reversed in the side-to-side configura-
tion, for which the shifts are weaker and the longitudinal mode blue-shifts while the
transverse mode red-shifts. These trends are consistent with hybridization schemes,
whose predictions are depicted in the weak dipole-dipole interaction regime in
Fig. 6.14 [214]. Other orientations of the nanoparticles were also investigated by
numerical and experimental means: dimer of identical Au nanorods with tip-to-tip
and side-to-side configurations with a longitudinal offset (DDA) [214], dimer of
identical Au nanorods with tilted orientations [215] (FDTD), or dimer of tip-to-tip
nanorods of different length [216] (FDTD). The geometry of such dimers allows the
observation of antibonding modes that are dark for identical rods with tip-to-tip and
side-to-side geometries, as schematized in Fig. 6.14 [214].

Many other recent studies, which will not be detailed here, involving classical
numerical calculations and devoted to the near-field interaction between metal
nanoparticles can be found in the literature. A good agreement was obtained between
the experimental and DDA-computed spectral positions of the transverse and longi-
tudinal modes of an assembly of densely packed, vertically oriented Ag nanorods,
thus in the side-to-side configuration, embedded in a-Al,O3 [217]. Scaling laws
linking the spectral position of the longitudinal dipole plasmon of a dimer to a few
structural parameters were derived in the case of dimers of spheres, spheroids, flat
cylinders, and elongated cylinders with flat or rounded tips. Provided the separation
distance s between the nanoparticles is not too small, an exponential function of the
s/particle length ratio (or s/diameter ratio for spherical particles) has been obtained
[218, 219]. Deviations from the exponential behavior were underlined in periodic
arrays of dimers, in which far-field radiative coupling between the dimers plays
a significant role [220]. Recently, Fano resonances [221] were observed in Au or
Ag nanoparticle-based tailor-made plasmonic systems [212, 222], as a result of the
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Fig. 6.14 Schematic representation of hybridization diagrams of dimers of Au nanorods, for
different orientations, in the weak dipole-dipole interaction regime. Reprinted with permission

from [214]. Copyright 2009 American Chemical Society

interaction between broad and sharp hybridized plasmon modes. Much effort has
been made for modeling and tuning the features of the Fano optical transparency
band, for instance in tailored clusters of nanoparticles [223-224], unveiling their
strong potential for sensitive molecule [225] and nanoparticle [226] detection.

6 Conclusions and Future Perspective

In this chapter, the influence of the shape, size, and environment of Au and Ag
nanoparticles on their plasmon resonances was reviewed through experimental data
and simulations taken from the literature. The review was restricted to works dealing
with the linear optical properties of nanoparticles in a passive environment, which
represent only a fraction of the publications in the field of plasmonics. Indeed, it has
to be mentioned that a huge number of studies, involving experimental and theoret-
ical developments, were focused in the last years on the nonlinear optical response of
metal nanoparticles [53, 227, 228], their temporal response [229-231], their
vibrational properties [232], as well as on the interaction between metal nanoparticles
and luminescent materials [9]. Moreover, the theoretical results reported in this
chapter rely on the use of classical models, which assume the material constituting
the nanoparticles to be described by a frequency-dependent (possibly size-dependent)
dielectric function. In addition, the interface between a nanoparticle and its environ-
ment was considered as abrupt. These approximations are too rough in some
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Fig. 6.15 (Left panel) Spectral position of the dipolar and quadrupolar plasmon resonances of
a dimer of Ag nanoparticles, obtained from classical (dark lines) and quantum (colored lines)
calculations. (Right panel) Near-field enhancement around the dimer for several separation
distances, obtained from classical (red) and quantum calculations (blue). Both panels reprinted
with permission from [234]. Copyright 2009 American Chemical Society

cases, for instance, for isolated nanoparticles, a few nm in size or nearly touching
nanoparticles. Classical approaches based on nonlocal (i.e., frequency and
wave vector dependent) dielectric functions for the metal were thus developed in
order to provide a better description of such systems [233, 234]. The non-abruptness
of the nanoparticle/environment interface due to spill-out of the electron cloud away
from the rigid ionic skeleton of the metal was taken into account by quantum
calculations [235], from which absorption spectra [236, 237] and near-field
enhancements [239] of nanoparticles less than 5 nm in size were derived. From these
calculations, it was pointed out that the near-field in the nanometric surrounding
of a nanoparticle should be lower than predicted from classical calculations.
Recently, discrepancies between classical and quantum calculations were evidenced
in dimers of nearly touching Ag spherical nanoparticles [239] — as shown in Fig. 6.15
(left panel). Such discrepancies were attributed to the incapability of classical
models to take into account electron tunneling between the nanoparticles, which
occur at small separation distances and whose occurrence leads to lower field
enhancements than those predicted by classical calculations [239] (see Fig. 6.15,
right panel).

Although the results presented in this review are limited to relatively simple cases,
it has to be pointed out that numerical calculations and modern nanofabrication and
characterization techniques open the way to studies of more complex systems
involving metal nanoparticles (consisting of any metal or alloy). In the last years,
the potential of a broad range of elemental materials and alloys for plasmonics was
discussed [240, 241], and works coupling experiments and modeling were under-
taken in order to explore the optical response of tailored nanoparticles based on
alternative plasmonic metals such as Al, Pt or Pd [15, 242, 243]. Coupling between
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nanostructures of different natures, either in the core-shell geometry [244] or in
compositionally asymmetric nanoparticle dimers [245-248] opens the way to a rich
variety of plasmonic features and to the design of active hybrid systems with a
possible interplay between plasmons and other physical or chemical properties.
Specific illumination and collection conditions, as well as coupling between the
nanoparticles and complex environments such as photonic structures, can be taken
into account in classical calculations. Quantum calculations could also be useful for
studies dealing with the interaction between metal nanoparticles and nearly touching
active nanostructures. These developments, which have been at the focus of recent
studies, may keep on being of significant interest in the near future.
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1 Definition of the Topic

Metallic silver (Ag) nanostructures play an essential role in determining sensitivity,
specificity, and application in the context of the optical diagnostic techniques. In
order to obtain the best sensitivity, some detection techniques require stringent Ag
nanostructures, and it is for this reason that most such methods have not yet been
commercialized. As many of the detection or enhancement phenomena are associated
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with the optical properties of the metallic silver nanostructures such as surface
plasmon resonance (SPR), fluorescence quenching/enhancement, and surface-
enhanced Raman scattering (SERS), the quest for the “ideal” nanostructured silver
materials to provide the best response has been central to the situation.

2 Overview

The dramatic development of genomics and proteomics in the last several decades
has attracted researchers to investigate how the two fields merge together at the
molecular level. For example, the desire to understand how proteins are expressed
and what genes cause the expression has strongly motivated researchers to inves-
tigate proteins or genes in vivo or in vitro under various experimental conditions.
To accomplish this task, they have taken advantage of current molecular biology
techniques such as mass spectrometry, tap-tags, ELISAs, microarrays, and blottings
associated with gel electrophoresis. To date, however, the need to develop alterna-
tive assays that are rapid, sensitive, and selective is growing significantly because
the progress of the current research is hampered by the low throughput, high cost,
slowness, and, in certain cases, limited reproducibility of the conventional methods.

Emerging nanotechnologies are considered to be promising to solve these
problems. Owing to their unique and characteristic properties that have not been
observed in macroscopic worlds previously and that excel the conventional mate-
rials in efficiency, nanomaterials have been intensively investigated and utilized in
a variety of applications in diagnostics and therapeutics. Among the large number
of nanomaterials that have been synthesized, silver nanomaterials have been used as
probes in numerous detection schemes for biomolecule targets such as oligonucle-
otides and proteins. The unique chemical and physical properties of silver
nanomaterials that stem from their nanostructures offer high sensitivity and selec-
tivity in such applications. The following is a summary of the progress made toward
understanding the optical properties of silver nanoparticles and their applications
for biological sensing, with common methods and outlooks. To begin with, a brief
introduction of oligonucleotides, proteins, silver nanoparticles, and oligonucleotide-
silver nanoparticle conjugates (oligo-AgNPs) will be given in this section.

3 Introduction
3.1 Oligonucleotides

An oligonucleotide is a short nucleic acid, or polymer of nucleotides, with typically
fewer than 100 bases. Although it can be obtained by cleaving longer DNA or RNA
strands, oligonucleotides often refer to “synthetic” ones synthesized by polymeriz-
ing individual nucleotide precursors utilizing phosphoramidite chemistry. Because
their chemical identity is the same as that of longer DNA or RNA except in terms of
length, oligonucleotides have most of the same chemical and physical properties:
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they (1) exhibit a UV absorbance at 260 nm, (2) form duplexes via base pairing,
(3) have binding interactions with proteins, and (4) form monomolecular secondary
structures, such as G-quadruplexes. In addition, a variety of modified bases and
nucleotide linkages (e.g., 2'-O-methylated RNA bases, phosphorothioate-modified
phosphate backbones, and locked nucleic acids (LNA)) have been developed to
control their properties, in particular to enhance their stability.

One of the most important properties of oligonucleotides is the reversible duplex
formation. Based upon the pairing of the four bases (adenine (A)-thymine (T) and
guanine (G)-cytosine (C)) via hydrogen bonds, an oligonucleotide sequence can
reversibly bind or hybridize to the complementary sequence. During the hybridi-
zation process, its absorbance at 260 nm decreases due to hypochromism. When
heated, however, the duplexed oligonucleotides dehybridize into two complemen-
tary single strands with an increase in absorbance at 260 nm. If this dehybridization,
or “melting” process, is monitored as a function of temperature using UV-vis
spectroscopy (at 260 nm), a broad curve (full width at half maximum (FWHM)
~10 °C) is observed, whose midpoint is considered to be the melting temperature
(T},) of the duplex system. The T, which is the representative value of the stability
of the duplex pair, can be controlled by changing the salt concentration of the
solution, the length of the sequence or the number of mismatched bases.

Synthetic oligonucleotides, terminally modified with functional chemical moi-
eties such as thiols, amines, carboxyls, fluorophores, quenchers or biotin groups, are
getting more and more widely utilized in nanotechnology applications, including
microarrays, DNA origami, assembly of nanomaterials, and so on. As regards
oligonucleotides, we will cover how oligonucleotides that are conjugated with
nanomaterials, specifically silver nanoparticles, play a significant role as
a “smart” material based upon the aforementioned properties.

3.2 Proteins

Proteins are biochemical polymeric molecules that are composed of polypeptides
typically folded into various three-dimensional forms, facilitating crucial biological
functions. A polypeptide is a single-chained linear polymer composed of up to
20 different amino acids joined together by peptide bonds between the carboxyl and
amino groups of adjacent amino acid residues. Like other biological macromolecules
such as polysaccharides and nucleic acids, proteins are essential parts of organisms
and participate in virtually every process within cells. For example, enzymatic pro-
teins catalyze biochemical reactions that are vital to metabolism. All proteinogenic
amino acids except proline possess common structural features, including an o-carbon
to which an amino group, a carboxyl group, and a variable side chain are bonded.
Some proteins are membrane proteins that act as receptors, whose main function
is to bind a signaling molecule and induce a biochemical response in the cell. Many
receptors have a binding site exposed on the cell surface and an effector domain
within the cell, which may have enzymatic activity or may undergo
a conformational change detected by other proteins within the cell. Antibodies
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are protein components of an adaptive immune system whose main function is to
bind antigens or foreign substances in the body, and target them for destruction.
Antibodies can be secreted into the extracellular environment or anchored in the
membranes of specialized B cells known as plasma cells. Whereas enzymes are
limited in their binding affinity for their substrates by the necessity of conducting
their reaction, antibodies have no such constraints. An antibody’s binding affinity to
its target is extraordinarily high, and thus it can be used as a target-recognition
moiety as a part of silver nanomaterials-antibody conjugates.

3.3 Surface Plasmon Resonance (SPR)

Most metallic nanostructure-based diagnostic techniques, especially for silver or
gold, are based on the physical phenomenon of SPR. Surface plasmons are coherent
oscillations of electrons that occur at the interface between conductors and dielectrics
(Fig. 7.1) [1]. When such a thin film or nanoparticle structures are excited by different
wavelengths of light, there will be an absorbance maximum that occurs at a specific
measurement configuration. When the nanoparticle is excited by a specific wave-
length, the local electric field near the surface of the particle can be greatly enhanced,
which provides a way of enhancing the vibration of the molecules attached to that
surface. When two or more nanoparticles are in close proximity, the coupling of the
electric field during external light excitation also changes the wavelength and
strength of the local electric field. The optical properties of thin films and particles
respond very sensitively to the dielectric constant change of their local environment,
which is generally utilized by SPR-based sensors. In fact, the enhanced detection
sensitivity really depends on how sensitively the nanostructures respond to such
changes. Some of these SPR-based techniques are already commercially available.

34 Silver Nanoparticles: Chemical and Physical Properties

Colloidal silver nanoparticles (AgNPs) have been investigated by many researchers
because of their unusual properties that include relatively high stability, low
toxicity, catalytic activity, surface plasmon resonance (SPR), surface-enhanced
Raman scattering (SERS), and chemical tailorability. Also, these structures can
support multiple functionalities on their surface. Spherical AgNPs with various
diameters (between 2 and 250 nm) can be prepared in aqueous media in relatively
monodisperse forms using several synthetic methods. In addition, anisotropic
AgNPs with various shapes and sizes exhibit a variety of colors fully ranging in
the wavelengths of visible light. The unique and intense colors of these AgNPs are
associated with their SPR. This SPR is observed in the visible region of the
spectrum and stems from the collective oscillations of the free electrons in the
conduction band interacting with the electromagnetic field of the incoming light.
For example, monodisperse spherical AgNPs in solution (~20 nm in diameter)
exhibit a yellow color, indicative of a surface plasmon band centered at ~400 nm.
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Fig. 7.1 Schematic diagrams illustrating (a) a surface plasmon polariton (or propagating plasmon)
and (b) a localized surface plasmon (Reprinted with permission from Willets and Van Duyne [1].
Copyright 2007, Annual Reviews)

Because AgNPs, especially those stabilized with charged ligands, are exceedingly
sensitive to changes in solution dielectric, the addition of sodium chloride (NaCl)
shields the surface charge of these AgNPs and leads to a concomitant decrease in
interparticle distance and eventual particle aggregation. A solution containing
aggregated AgNPs appears purple or pink in color, corresponding to
a characteristic red shift of the SPR of these particles, to around 600 nm. This
distance-dependant optical property forms the basis of certain colorimetric detec-
tion schemes that employ nanoparticle-biomolecule conjugates as probes.



292 J.-S. Lee

3.5 General Properties of Oligo-AgNPs

An Oligo-AgNP is a two-component system comprised of thiol-oligonucleotide
strands and their nanoparticle scaffold. The properties of these inorganic nano-
particle core/organic-biomolecular ligand hybrids stem from not only each com-
ponent of the hybrids but also synergistically from the combination of those two
materials. The yellow color exhibited by Oligo-AgNPs in aqueous media is from
the surface plasmon resonance (SPR) of the silver nanoparticles, which shows
a narrow absorption in the visible range around 400 nm. However, the chemical
recognition abilities of these structures are derived from the oligonucleotide shell.
When two complementary Oligo-AgNPs are combined they form three-
dimensional networks through DNA-DNA duplex interconnects and an effective
shift of the SPR (100 nm or more) takes place with a concomitant yellow-to-pink
color change. Owing to the reversible hybridization properties of oligonucleo-
tides, however, the assembled Oligo-AgNPs disassemble at an elevated temper-
ature (or at a reduced salt concentration) returning back to yellow. Importantly,
melting analyses of the hybridized particle aggregates show sharper melting
transitions (FWHM ~2 °C) than free DNA duplexes. The sharpness of this
melting transition is explained by a cooperative mechanism that originates from
the presence of the multiple DNA interconnects between the Oligo-AgNPs and
the melting cascade that takes place as counter ions are rapidly released from the
aggregate. The sharp melting transition of the assembled Oligo-AgNPs is the
representative synergetic result of cooperative interactions between the AgNP and
surrounding oligonucleotides.

4 Experimental and Instrumental Methodology
4.1 Synthesis of DNA-Silver Nanomaterial Conjugates

In a typical experiment, silver nanomaterials with various shapes (nanospheres,
nanoprisms, nanowires, nanorods, nanocubes, etc.) are synthesized using a silver
precursor (AgNOj), structure-directing reagents, a reductant, and other
chemicals. Prior to the DNA-conjugation, excess chemicals are removed from
the silver nanomaterial solutions by centrifugation of the silver material, removal
of the supernatant, and redispersion of the materials in a solution containing
appropriate protecting reagents and surfactants. The monothiol DNA sequences
are deprotected by 0.10 M dithiothreitol in a phosphate buffer (0.17 M, pH 8.0)
and purified by an NAP-5 column. The DNA is combined with 1 mL of silver
nanomaterial solution (the final [DNA] = ~10 uM). The nanomaterial solution is
salted (0.15 M NaCl and 0.01 % SDS), buffered in 10 mM phosphate at pH 7.4,
and incubated at 25 °C for 12 h. The optical properties of DNA-silver
nanomaterials conjugates before and after salting are characterized by UV-vis
spectroscopy.
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4.2 Diagnostic Applications Using UV-Vis Spectroscopy

Two batches of DNA-silver nanomaterial probes, each with the two complementary
thiol-modified DNA sequences, respectively, are combined with the target DNA
strands in a series of concentrations and kept at 25 °C for 12 h to induce DNA-silver
nanomaterial assembly formation. The melting experiments are conducted by
monitoring the extinction at Aypax Wwhile heating the assembled DNA-silver
nanomaterials from 25 °C to 85 °C. The melting experiment for the single base-
mismatched target sequence was also performed in the same way.

5 Key Research Findings
5.1 Fluorescence

In the past, fluorescent dyes have been used extensively for biodetection, imaging,
and diagnostics. Fluorescence in the life sciences is used generally as
a nondestructive way of tracking or analysis of biological molecules by means of
the fluorescent emission at a specific frequency where there is no background from
the excitation light. In fact, a protein or other component can be “labeled” with an
extrinsic fluorophore dye, which can be a small molecule, protein, or quantum dot,
finding a large use in many biological applications. When an organic dye molecule
is placed on a metal surface, its florescence signal would be quenched owing to the
charge transfer between the dye molecule and the metal surface. In certain cases,
however, dye molecules that are placed a small distance (a few tens of nanometers)
away from the metal surface exhibit greatly enhanced florescence signal.
Depending upon the distance and geometry, silver surfaces or nanoparticles can
cause either a quenching or an enhancement of the fluorescence by factors of
up to 1,000.

This so-called metal-enhanced florescence on fluorophores is usually observed
by separating the fluorophore molecules from the metal surface by a distance of
10 nm, or more. Many of the reported studies of fluorescence associated with silver
nanomaterials have used Ag islands, Ag nanoparticles, Ag surfaces or films, or
mirrors, with the more dramatic effects having been found for islands and colloids
rather than for continuous metallic surfaces. This type of technique has been widely
used to study DNA hybridization and imaging-related diagnostics.

5.2 Surface-Enhanced Raman Scattering (SERS)

When photons are scattered from an atom or molecule, most photons are elastically
scattered, such that the scattered photons have the same frequency and wavelength
as the incident photons. A very small portion of that light, however, will shift
its wavelength (usually lower than the frequency of the incident photons) because
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of an interaction with different vibrational modes of the molecules. This type
of light-molecule interaction phenomenon is known as Raman scattering. The
locations of the Raman peaks reflect certain vibration bonds in the molecules, and
these can be used as fingerprint to identify or differentiate different molecules.
The Raman scattering technique is also one of the most useful methods in
materials research. Usually, the Raman scattering cross section is extremely small
compared to florescence spectroscopy, and is not suitable for low-concentration
analyte detection. During the 1970s, however, it was discovered that the Raman
scattering intensity could be significantly enhanced (~100 fold) when molecules
were placed near rough Ag surfaces. Since then, this SERS has emerged as
a powerful analytical tool that extends the possibilities of vibrational spectroscopy
to solve a vast array of chemical and biochemical problems. SERS provides
detailed information about the materials under investigation, often at a molecular
level. In general, two primary mechanisms that differ substantially are believed
to be responsible for the SERS enhancement: (1) a long-range classical electro-
magnetic (EM) effect [2] and (2) a short-range chemical (CHEM) effect [3].
These two mechanisms contribute simultaneously to the overall enhancement; the
EM mechanism is proposed to contribute the most to the observed intensity
enhancement, while the CHEM mechanism is thought to contribute a lesser
amount.

5.3 SPR-Based Diagnostic Applications: Arrayed Silver
Nanoparticles on a Flat Surface

Several research groups have begun to develop large-scale nanoparticle array
systems that enable the real-time, parallel monitoring of multiple targets, and to
explore alternative strategies for optical biosensors and chemosensors based on the
extraordinary optical properties of silver nanoparticles. Nanoscale chemosensors
and biosensors were demonstrated through shifts in the surface plasmon band of
triangular silver nanoparticles (Fig. 7.2). These wavelength shifts are caused by
adsorbent-induced local refractive index changes in competition with charge-
transfer interactions at the nanoparticle surface. Arrayed silver nanoparticles can
function as extremely sensitive and selective nanoscale affinity chemosensors and
biosensors. These nanoscale biosensors based on SPR spectroscopy operate by
transducing small changes in refractive index near the silver nanoparticle surface
into a measurable wavelength shift response.

The wavelength of SPR on a silver thin film depends on the dielectric constant of
the material, the film thickness, the morphological film structure, and the dielectric
constant of the environment surrounding the thin film. Any changes in these
parameters could induce a shift in the SPR resonant wavelength, thus give
a sensing response. For most chemical and biological sensing, a change usually
occurs in the surrounding environment of the thin film, such as the binding of
antibody or proteins on the surface, and this causes an alteration in the dielectric
constant of the environment.
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Fig. 7.2 (a) Illustration of the process of nanosphere lithography (NSL) in which nanospheres are
drop-coated onto a surface and allowed to self-assemble into a hexagonally close-packed array
(steps 1-3), followed by metal deposition (step 4), and (optional) removal of the nanosphere mask.
(b) Atomic-force-microscope image of an NSL-fabricated nanoparticle array in which the
nanosphere mask has been removed. (¢) Atomic-force-microscope image of a film-over-
nanosphere (FON) substrate in which the nanospheres remain on the surface (Reprinted with
permission from Willets and Van Duyne [1]. Copyright 2007, Annual Reviews)

54 SPR-Based Diagnostic Applications: Assembly of Silver
Nanomaterials

DNA -silver nanomaterial conjugates have been widely used in the assembly-based
diagnostics owing to their intense optical properties, enhanced binding properties,
sharp melting transitions, and high DNA loading. Depending on the type of assay,
different properties are more or less beneficial and the ability to tail the DNA-AgNP
synthesis for the specific assay can be critical. These materials have been used as
probes in biodiagnostic assays for DNA and proteins. They could be potentially
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used for the detection of small organic molecules and metal ions, considering the
applications of their gold analogues. Because of the unique combination of prop-
erties exhibited by DNA-AgNPs, many of the assays using these materials have
higher sensitivity and selectivity than conventional detection methods. The follow-
ing sections will describe the different types of assays designed using the assembly
of DNA-AgNPs for the detection of DNA target molecules.

5.4.1 Spherical Silver Nanoparticles

The development of DNA-spherical silver nanoparticle conjugates (DNA—AgNPs)
in 2007 has opened up opportunities for fundamental studies of their novel prop-
erties as well as their application in the assembly of advanced superstructures, the
detection of nucleic acids, proteins, metal ions, and small molecules, and as gene
silencing agents [4, 5]. The utility of DNA—-AgNPs is, in part, due to their intense
optical, catalytic, and synthetically programmable recognition properties. In addi-
tion, when chemically modified in the appropriate manner, they can exhibit highly
cooperative binding properties, which are typically characterized by extremely
sharp melting transitions. The identification of this cooperativity demonstrated
great possibility that can potentially lead to the development of molecular diagnos-
tic probes that exhibit much higher selectivity and sensitivity for target analytes
than conventional molecular fluorophore probes, and “antisense particle” agents
that are significantly more effective at gene knockdown than free DNA-based
antisense agents, as their gold analogues demonstrated.

In fact, silver nanoparticles (AgNPs) have generated significant scientific and
technological interest. These particles exhibit higher extinction coefficients relative
to gold nanoparticles of the same size, and are electrochemically and catalytically
active. As has been extensively demonstrated with gold analogues, a common
method used to functionalize the surface of noble metals is the adsorption of
thiol-containing molecules. Until 2007, however, there have been only a few
reports of thiol-functionalized AgNPs [6, 7], and of the structures prepared, they
all (1) show limited stability in saline buffer (up to 0.3 M salt concentration),
(2) typically require lengthy synthetic procedures (more than 2 days), and (3) do
not exhibit highly cooperative binding as determined by melting analyses (the
melting transitions for the hybridized particle aggregates span >10 °C). Moreover,
the possible oligonucleotides that can be used to stabilize the particles are limited
with respect to sequence (e.g., poly adenine (A) sequences). These limitations are
primarily owing to the chemical degradation of the AgNPs under the functiona-
lization conditions and the susceptibility of the silver surface to oxidation [8, 9].

As a result of these limitations, alternative approaches have been developed to
enable the conjugation of DNA to AgNPs. Attempts to modify the AgNP surface with
more tailorable and robust materials such as gold, silica, or polymers have been
considered [8, 10-12]. Unfortunately, however, they require additional cumbersome
chemical modification steps. Later, a method to functionalize AgNPs with oligonu-
cleotides modified with terminal cyclic disulfide groups was developed (Fig. 7.3) [4].
These DNA-functionalized silver particles (DNA-Ag NPs) can be synthesized in less
than 30 min and show stability at high salt concentrations (1.0 M NaCl).
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Fig. 7.3 (a) Schematic illustration of the hybridization of two complementary DNA-AgNPs.
(b) UV-vis spectra of unmodified AgNPs (black line), unhybridized DNA-AgNPs (blue line), and
hybridized DNA-AgNPs (red line). Note that the wavelength at which the maximum of the
extinction of AgNPs is obtained remains the same after DNA-conjugation. After hybridization,
however, the band of DNA-AgNPs broadens and red-shifts significantly from 410 to 560 nm.
(c) Colorimetric change responsible for the assembly process of DNA-AgNPs. The intense yellow
color of the unhybridized AgNPs (c1) turns to pale red (c2) as the particle aggregation proceeds.
Heating of (c2), however, results in the return of the solution color to yellow (c1) (Reprinted with
permission from Lee et al. [4]. Copyright 2007, American Chemical Society)

Significantly, the DNA-AgNPs also exhibit high cooperativity as characterized by
their sharp DNA-melting transitions (full width at half-maximum: ~2 °C).

The cyclic disulfide anchoring group was designed based on two previous
results: (1) Multiple thiol groups increase the binding affinity of oligonucleotides
for the AuNP surface, which results in nanoparticle probes with higher stabilities.
(2) Oligonucleotides containing a cyclic disulfide-anchoring group bind readily to
Au NPs with higher affinity than monothiol or acyclic disulfide groups. The first
strategy is based upon the fact that polydentate ligands often form more



298 J.-S. Lee

substantially stable metal-ligand complexes than monodentate ligands. Therefore,
utilization of multiple anchoring groups on the oligonucleotides should lead to
higher stability AgNP-oligonucleotide conjugates.

5.4.2 Silver Nanoprisms

Anisotropic silver nanomaterials of different shapes and sizes are an important
subject in chemistry, physics, and materials science. These materials demonstrate
structurally and optically attractive properties in that they are typically
nonspherical, range from several nanometers to submicrometers in size, and exhibit
strong extinction owing to SPR that sensitively depends upon their shape and size.
Specifically, plate-like triangular silver nanoprisms (AgNPRs), along with other
silver anisotropic nanostructures such as rods, cubes, wires, disks, and polyhedrons,
have been extensively investigated with respect to their controlled syntheses and
various applications. Importantly, recent synthetic developments for AgNPRs
based upon photochemical [13, 14] or thermal reactions [15, 16] have achieved
a very high yield and the systematic and precise control over structural parameters,
enabling their fundamental study and versatile application in diagnostics, optics,
and electronics [17—-19]. These advances in the synthesis and characterization of
AgNPRs have offered substantial opportunities for the synthesis of high-quality
DNA-silver nanoprism conjugates (DNA-AgNPRs) that would exhibit unique
chemical and physical properties not only from AgNPRs and DNA but also from
the conjugates themselves, which are analogous to DNA-conjugated isotropic
plasmonic nanoparticles such as spherical gold and silver nanoparticles [20, 21].
Synthesis of the polyvalent DNA-AgNPRs, however, has not been demonstrated
until 2009 [22], despite the highly developed silver surface chemistry with flat
silver surfaces and spherical silver nanoparticles.

Controlled assembly of such anisotropically nanostructured DNA conjugates is
another complicated and important issue [23-26]. In fact, anisotropic nanomaterials
as well as isotropic ones are known to exhibit different chemical and physical
properties depending upon how they are assembled. To date, several methods have
been developed to control the assembly formation of anisotropic nanomaterials,
such as gold nanorods, gold nanoprisms, silver nanoprisms, and silver nanocubes.
Significantly, these novel assembly structures have provided scope for understand-
ing the specific ways in which assemblies are constructed and have opened up an
avenue for their fundamental study and application. These methods, however,
usually require selective surface modifications of different facets or with different
chemicals. In certain cases, the assembly formation of a given nanomaterial is
limited to two dimensions on a surface and hardly exhibits anisotropy, despite the
highly anisotropic nature of the individual nanoparticles. Only few studies, how-
ever, have yet demonstrated the reversibility of anisotropic assembly formation of
anisotropic nanoparticles, which could lead to a variety of applications based upon
the unique distance-dependent and assembly structure—dependent optical properties
of the same material.

Recently, the synthesis of DNA-silver nanoprism conjugates and their thermodynam-
ically controlled anisotropic assemblies in aqueous media are reported (Fig. 7.4) [22].
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Fig. 7.4 (a) A scheme depicting the conjugation of thiol-DNA to a silver nanoprism (AgNPR).
(b) UV-vis spectra of unmodified AgNPRs. (¢) UV-vis spectra of DNA-conjugated AgNPRs
(Reprinted with permission from Kim and Lee [22]. Copyright 2010, American Chemical Society)

The DNA-silver nanoprism conjugates (DNA-AgNPRs) exhibit the reversible
assembly formation of the conjugates based upon the DNA-DNA duplex inter-
connects and assemble in an anisotropic manner that is controlled by thermo-
dynamic conditions. Importantly, the noncovalently assembled anisotropic
structures are observed not only ex situ, by electron microscopy, but also in
situ, in a solution using UV-vis spectroscopy, which is strongly indicative of the
programmable assembly formation not only by the DNA sequence, nanoparticle
size, or simple drying effect, but also by the shape of the nanoparticle. These
unique distance-dependent optical properties and programmable assembly prop-
erties are very important because they can be used in versatile diagnostic
applications.

In fact, the distance-dependent optical properties of DNA-plasmonic nanoparti-
cle conjugates have been widely utilized for the colorimetric detection of a variety
of targets. Most of them, however, are based upon the SPR of individual gold or
silver spherical nanoparticles, whose initial colors are limited to red (Au) or yellow
(Ag). To expand the window of the initial colors, recently, gold nanoparticle
clusters with various colors were synthesized whose optical properties were pre-
cisely regulated to exhibit colors such as red, purple, violet, and blue [27]. This
diversity of color is significantly expanded with silver nanoprisms whose SPR
ranges from the late UV region (~350 nm) to the early NIR region (~900 nm).
To demonstrate the versatility of DNA-AgNPRs for the colorimetric detection of
oligonucleotide targets, two sets of DNA-AgNPR probes, each of which was
complementary to each half of the target (Fig. 7.5), were designed. When combined
with targets of various concentrations (1, 5, 10, 25, and 50 nM), the probes
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Fig. 7.5 (a) A scheme depicting the design of the colorimetric detection system. One of the target
sequence bases is changed from adenine to thymine to examine a single-base mismatch target, and
is designated in a red box. (b) Melting transitions of DNA-AgNPR aggregates with respect to
various target concentrations. The melting temperature (7},,) is plotted as a function of the target
concentration (inset). (¢) Melting transitions of DNA-AgNPR aggregates formed with a perfectly
matched target (black line) and a single-based mismatch target (red line). The first derivatives of
melting transitions are shown in the inset. (d) Rainbow colors exhibited by two complementary
DNA-AgNPRs of various sizes before hybridization (fop), after hybridization (center), and after
melting (bottom) (Reprinted with permission from Kim and Lee [22]. Copyright 2010, American
Chemical Society)

aggregated and turned almost colorless. As the aggregates were heated, however,
they disassembled immediately to turn light blue at certain temperatures depending
upon the target concentration.

The quantitative aspect of the detection system was investigated by obtaining
a series of melting transitions of the DNA-AgNPR aggregates with different target
concentrations, and demonstrated by plotting the T, as a function of the target
concentration (Fig. 7.5). The plot of the T,, and the target concentration clearly
demonstrates an almost linear correlation between them, indicating that this system
is highly quantitative for measuring the target concentration. The limit of detection
(LOD) under unoptimized conditions was determined to be 1 nM, comparable to or
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better than those of other colorimetric DNA detection systems based upon the
DNA -plasmonic nanoparticle conjugates. The detection system also demonstrates
the excellent selectivity for distinguishing a single-base mismatch. The most
important aspect of this system is its capability to provide full and continuous
spectral coverage in the entire visible region by either modulating the size and
shape of the nanoprisms or combining two types of nanoprisms with different
colors.

5.4.3 Silver Nanowires

The syntheses and applications of one-dimensional silver nanostructures have been
extensively investigated for the past decade, mainly because of their intriguing
chemical and physical properties [28—33]. Specifically, silver nanowires (AgNW5s)
whose aspect ratio is generally much higher than their shorter rod forms exhibit
excellent optical, thermal, and electrical properties, typically suitable for conduc-
tive films, plasmon resonators, electrodes, and building blocks for other
nanostructures. One of the most successful methods based upon the chemical
reduction of silver precursors is the polyol synthesis of silver nanowires, which
takes advantage of polymeric materials such as polyvinylpyrrolidone (PVP) as
a structure-directing reagent, often with external seeds [34]. While powerful and
highly reproducible, this method requires the high reaction temperature (>150 °C)
and cumbersome preparation of anhydrous polyols such as ethylene glycol, in
certain cases with a mechanical syringe pump [35]. Alternatively, several investi-
gations have reported the synthesis of AgNWs in aqueous media using citrate or
ionic surfactants such as cetyltrimethylammonium bromide (CTAB) and sodium
dodecylsulfonate [36-38].

Of particular interest is the seed-mediated growth approach owing to the rapid
reaction rate and the capability to control the length distribution with different seed
concentrations. Unfortunately, however, the length distribution of nanowires syn-
thesized using this method was still broad, which could be an obstacle for analytical
and quantitative applications. Subsequently, two seedless methods have been
developed either with or without a surfactant [36, 37]. Unfortunately, however,
these methods still exhibit relatively broad length distributions and require a high
reaction temperature (100 °C). Therefore, considering the fundamental unique
properties and various applications of AgNWs, the development of a significant
facile synthetic method for AgNWs with well-defined structures for their
biodiagnostic applications was required.

Recently, a method to synthesize AgNWs with a uniform diameter and control-
lable lengths using poly(sodium 4-styrenesulfonate) (PSSS) as a structure-directing
reagent was reported (Fig. 7.6) [39]. PSSS molecules were chosen for two reasons:
(1) they are highly soluble in aqueous media where the AgNW growth reaction
takes place because of the linear, ionic structure and relatively low molecular
weight (MW = 70,000), and (2) they are capable of forming micelles owing to
the hydrophilic sulfonate and hydrophobic benzene ring, which can be used for
templates of nanostructures [16]. The PSSS molecules on the surface of AgNWs are
easily removed by simply exchanging the media with PSSS-free water, which
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Fig. 7.6 AgNWs synthesized with (a) 20 mM, (b) 30 mM, (¢) 40 mM, and (d) 50 mM of PSSS.
(e) The linear correlation between the length of AgNWs and PSSS. Note that the length distribu-
tion of AgNWs of each length is almost negligible (Reprinted with permission from Han and Lee
[39]. Copyright 2012, American Chemical Society)

enables the effective synthesis of DNA-AgNW conjugates (DNA-AgNWs)
containing biochemically functional DNA sequences. Importantly, the length of
the DNA-AgNWs can be precisely and accurately controlled from 0.5 to 2.5 pm
with an extremely narrow length distribution, which would result in significantly
improved and regulated properties of the DNA-AgNWs for quantitative analysis of
given targets. Unlike the conventional AgNW synthesis, this method employs very
mild conditions such as room temperature and aqueous media without using any
organic solvent.
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Fig. 7.7 A scheme depicting the detection of DNA targets using DNA-AgNW probes and
DNA-AuNP probes, each conjugated with two complementary sequences (SN1 and SN2), respectively
(Reprinted with permission from Han and Lee [39]. Copyright 2012, American Chemical Society)

The surface functionalization and assembly properties of AgNWs are particu-
larly important for biodiagnostic applications based upon their controlled length
and uniformity. A DNA detection system can be designed such that the DNA-
AgNW conjugates (DNA-AgNWs) and DNA-AuNP conjugates (DNA-AuNPs) are
complementary to each half of the target sequence (Fig. 7.7). In the presence of the
target, the DNAAuNP probes are supposed to hybridize onto the DNA-AgNW
probes, whose quantity would be proportional to the target concentration and could
be analyzed by simply counting the particles on the nanowires in the SEM images.
Alternatively, the extinction at 525 nm in the UV-vis spectrum of the DNA-AuNPs
can be obtained after their [salt]-induced dehybridization [40]. In fact, PVP mole-
cules on the conventional PVP-based AgNWs were reported to remain still on the
nanowire surface even when exposed to excess thiol chemicals for displacement,
often leading to incomplete and inhomogeneous conjugation with thiol functional-
ities [41]. In contrast, however, the PSSS-based AgNWs have demonstrated high
coverage with thiol-DNA sequences, proven by the sharp melting profile of hybrid-
ized DNA-AgNW and DNA-AuNP assemblies. Subsequently, solutions containing
a series of target concentrations were each combined with a mixture solution
containing DNA-AgNW probes and DNA-AuNP probes (finally, [DNA-
AuNP] = 10 nM, [NaCl] = 1 M). The mixtures were allowed to hybridize and
were observed by SEM (Fig. 7.8). Significantly, in the absence of target, only a few
AuNPs (<2) per AgNW were observed on average, indicating extremely low
nonspecific binding between the two probes even at very high [NaCl]. As the target
concentration increased, however, the number of AuNPs per AgNW distinctively
increased, demonstrating a highly quantitative nature of this detection system
because of the accurately controlled length and diameter of the monodisperse
AgNWs. Alternatively, the DNA-AuNPs were released from the DNA-AgNWs
by the addition of buffer without salt ([salt]-induced dehybridization), obtained
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Fig. 7.8 (a) SEM images of
DNA-AgNW probes
hybridized with DNA-AuNP
probes and target DNA of
various concentrations.

(b) A graph showing the
number of DNA-AuNPs per
DNA-AgNW as a function of
the target DNA concentration
(Reprinted with permission
from Han and Lee [39].
Copyright 2012, American
Chemical Society)
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their UV-vis spectra, and plotted their extinction at 525 nm as a function of the
target concentration (Fig. 7.8). The limits of detections in both cases were deter-
mined to be 50 pM under the conditions studied, which can be further improved by
increasing the [NaCl] or [DNA-AuNP]. This system can also selectively and
efficiently discriminate a one-base mismatch target.

5.4.4 Silver Nanocubes

Among nonspherical silver nanostructures, silver nanocubes (AgNCs) are particularly
attractive from a structural point of view, because they have an isotropic structure
analogous to spherical nanoparticles but contain only six flat surfaces without any
curvature. The unique optical properties of AgNCs based upon surface plasmon
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resonance (SPR) are more intense than AuNPs of the same size, which would provide
a better opportunity to design their optical application schemes. Importantly, consid-
ering that the curvature of spherical nanoparticles plays significant roles in the
cooperative disassembly properties of their DNA conjugates, the synthesis and revers-
ible assembly of DNA-silver nanocube conjugates would be a very interesting topic to
investigate in the context of DNA-mediated assembly of nanomaterials.

Polyvalent DNA-silver nanocube conjugates (DNA-AgNCs) and their reversible
assembly properties are highly shape dependent and efficiently controlled by various
chemical parameters. The distance-dependent optical properties of DNA-AgNCs
based upon their SPR are taken advantage of for the colorimetric detection of DNA
targets with a distinctive yellow-to-pink color change that is distinguished from
conventional DNA-AuNP probes (Fig. 7.9). These DNA-AgNCs are also used for
investigating their quantitative aspect and potential for diagnostic applications to
detect target DNA strands (Fig. 7.10). A pair of DNA-AgNC probes were synthe-
sized, each of which is conjugated with DNA sequences that are complementary to
each half of the target DNA, respectively. The probes were combined with the DNA
target whose concentration varied from 1 to 100 nM and allowed to hybridize to
form large macroscopic assemblies. The gradual shift of the melting transitions
obtained from the assemblies was observed, which become sharper as the target
concentration increases. The corresponding T,,s are analyzed and plotted as
a function of the target concentration, which clearly exhibits linearity up to 10 nM
of the target and subsequently a plateau from 25 to 100 nM. The limit of detection is
evaluated to be 1 nM, which is comparable to or better than those of other colori-
metric DNA detection systems based upon only the DNA-nanoparticle conjugates
without any enzymatic or chemical amplification. During the hybridization and
melting process, the corresponding concurrent color changes from yellow to pale
pink and back to yellow (Fig. 7.10) were also observed, which demonstrate the
capability of the assay to visualize the result to the naked eye without any compli-
cated instruments. Importantly, the detection system can also distinguish a single-
base mismatched target from the target with a 40% larger difference in
T (T, = ~44 °C, AT, > 7 °C) than that of the conventional DNA-AuNP clusters
or DNA-AgNPRs using the same sequences (typically the difference in Tm caused
by a single-base mismatch target in the conventional systems is ~5 °C).

6 Conclusions and Future Perspective

Nanotechnology is still in its infancy as far as bio-detection systems are concerned.
The majority of work in this area has centered on proof-of-concept studies, which
are vital when developing new methodologies. Proof-of-concept work allows
scientists to control most of the variables in a system, so that problems can be
easily solved in the laboratory. Once the simple systems have been characterized,
however, the successful transition to patient or environmental samples must be
shown in order for the technology to be broadly applied. This is where the majority
of work on detection systems using silver nanomaterials lies. For protein detection,
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Fig. 7.9 (a) Unmodified bare silver nanocubes (AgNCs) and (b) DNA-AgNC conjugates. The
cubes are slightly truncated after the DNA conjugation (b, inser). (¢) UV-vis spectra of bare
AgNCs, DNA-AgNCs and hybridized DNA-AgNCs. Note that the extinction of the DNA-AgNC
conjugates at 420 nm significantly decreases with asymmetric transformation of the spectrum after
the hybridization, leading to a color change of DNA-AgNCs from yellow to pale pink (inset)
(Reprinted with permission from Park et al. [42]. Copyright 2012, American Chemical Society)

researchers are interested in looking at varying protein levels in the blood of cancer
patients who are in remission and monitor relapses. As an example, it is projected
that the bio-barcode assay and modifications on it will redefine several aspects of
modern biodiagnostics for many types of cancer, heart disease, HIV, and
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neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease.
As for nucleic acid detection, the next big step is to prove that the detection systems
can work with genomic DNA from bacteria and higher mammals, along with RNA.
Though the majority of work with silver nanomaterials is interested in practical
applications, fundamental investigations are still very important. In addition, there
will no doubt be new and innovative uses for the silver nanomaterial systems.
Today, with the advance of new nanofabrication techniques, metal-based
structures — either simple component or mixtures of multiple components — with
better enhanced detection capabilities are emerging. Yet, even if these goals are
achieved, the silver nanostructure—based diagnostic techniques may often still be
impractical, generally because the environment in which the detection is carried out
can also cause problems. For example, in the detection of viruses and/or bacteria,
systems were tested using only purified viruses or bacteria, whereas in a practical
diagnostic test, the detection of a specimen or analyte must overcome
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often-complex biological matrices that affect the thresholds of both sensitivity and
specificity. Only the tip of the iceberg has been scraped with regard to the synthetic
mechanism of various silver nanomaterials. Much investigation remains to be done
before cohesive understandings of the thermodynamics of nucleic acid binding in
the context of the nanoparticle system are fully understood. Additionally, compre-
hensive studies into oligonucleotide loading and stability with silver nanomaterials
will be needed if these probes are to be transitioned from a research lab into
commercial applications.
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Solid materials reveal some special behaviors like quantum effects in semiconduc-
tors and surface-enhanced effects in metals by decreasing their diameters. In this
review, the enhancement of the optical response due to the electric field of the light
is reviewed as the recent active field of plasmonics. The production methods of
various metal nanoparticles are summarized for the bared state and for the embed-
ded state within the dielectric medium. The features of the optical properties of
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these nanoparticles are reviewed, and typical formula to reproduce the absorption
spectra due to the surface plasmon resonance is summarized. Several applications
of these systems are shortly introduced.

2 Overview

The optical responses of metal nanoparticles are different to those of the conven-
tional bulk metals and are actively studied as the field of plasmonics. The interest-
ing optical behavior comes from the enhanced surface effect and called
surface-enhanced plasmon resonance (SPR). The basic researches and application
studies are introduced. The synthesis methods for the bared nanoparticles and the
composite films dispersed with metal nanoparticles are briefly introduced. Basic
optical theories describing the optical properties of metal nanoparticles at both
bared and embedded states are reviewed. The detailed optical study of the
composition dependence of the silver nanoparticles within a ZrO, matrix is intro-
duced, and the applicability of the Maxwell-Garnett and Bruggeman theories is
discussed. Finally, recent application researches of metal nanoparticles are briefly
summarized.

3 Introduction

A metal nanoparticle is defined as the particle composed of a limited number of
metal atoms with the size of nm order (~10~° m). The dimensions of these groups
of materials are much larger than those of metal complexes or clusters and smaller
than so-called fine particles with the size of micrometer order (~107° pm)
(Fig. 8.1). As an example of gold nanoparticle, the minimum one is consisted of
13 atoms and the diameter is 0.86 nm. The particle becomes larger as the number of
the atoms increases. The particles with the diameter of 1.44 nm, 2.02 nm, and
2.6 nm contain the number of 55, 147, and 309 atoms, respectively.

The background of the researches for these nanoparticles in the early stage is
summarized as follows:

1. These materials belong to the interdisciplinary region between bulk materials,
and atoms/molecules and have been few chances to be the target of research.

2. Means to observe objects with these dimensions like TEM were not popular.

3. It was difficult to obtain a large quantity of nanoparticles with a same size
because of the lack of needs for applications.

As a result, few reports have been submitted by several physicists and
researchers of a colloid interface. Recently, researches on metal nanoparticles
have expanded rapidly as the basic materials for the nanotechnology in accordance
with the establishment of the synthesis method with simple and reproducible ways
using a wet process and also with the progress of the observation techniques
possible to characterize down to nanoscale order using high-resolution TEM,
SEM, and surface probe microscopes like AFM.
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Fig. 8.1 Classification of materials according to particle size

The nanotechnology is considered as the innovative technology to bring about an
industrial revolution in this era and is actively studied through the world. Espe-
cially, metal nanoparticles attract interests as the basic materials in the nanotech-
nology. The metal nanoparticles have many features, and the most of them are
related with a surface or an interface. The surface area (total surface area) of the
particles per unit weight becomes larger as the size of the particle becomes smaller.
For instance, the specific surface area of the particle with the diameter of 5 nm is
two million times larger compared with that with the diameter of 1 cm. A single
atom has 100 % of surface area. Surface positions are occupied by 12 atoms (92 %
of total atoms) in the nanoparticle consisted of 13 atoms and occupied by 42 atoms
(76 %) in the nanoparticle consisted of 55 atoms.

Light cannot penetrate into a bulk metal which has been mainly used as a mirror.
The resonance phenomenon (surface plasmon resonance: SPR) between the electric
field of light and the surface plasmon mode of the metal has been found out by
reducing metals to the nanoscale size. This effect has been known well as the origin
of the color in stained glasses. As the interest to the nanophotonics becomes
stronger, this effect is strongly correlated between electrons and light-attracted
eyes of researchers. The optical technology utilizing this effect is called plasmonics
like electronics and photonics and has the following features which cannot be
compared with conventional optical technologies:

(a) Confinement of light within the nanoscale region beyond the diffraction limit

(b) Enhancement of the local electric field on the vicinity of the object inducing
a SPR

(c) High sensibility of the resonance condition to the state of the surface of the
metal nanoparticle

Applications in the fields of nonlinear optics and near-field optics have been
developed according to these effects, and the researches on the second harmonic
generation (SHG), optical switching, optical logic circuits, etc., are actively carried
out. Especially, the noble metals like gold and silver have the resonance wavelength
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in the visible region, and various applications for optical devices can be expected.
A gold nanoparticle with the diameter of around 20 nm exhibits a red color, and it
becomes a dark brownish color by reducing the diameter further [1, 2]. The origin of
the red color ascribed to the absorption caused by the SPR and the effect has been
utilized for the red color in the stained glass. Faraday first succeeded to obtain the red-
colored gold nanoparticles in the dispersed colloidal system 150 years ago by
controlled adding of yellow phosphor to the tetrachloroaurate [3, 4]. He also found
out that such gold sol becomes stabilized by adding a protective colloid like a gelatin.
Turkevich et al. observed directly these gold nanoparticles in 1951 using a SEM after
50 years of Faraday’s works [5]. They also tried to make clear the generation
mechanism of nanoparticles by preparing various sizes of gold nanoparticles [6].
Further, they succeeded to synthesize alloy nanoparticles like Pt—Au, Pt—Pa, etc.,
without protective colloids [7]. On the other hand, Nord et al. reported the preparation
of nanoparticles with protective polymers like polyvinyl alcohol [8—10].

The nanoparticles which exhibit a plasmon absorption in the visible region are
typically gold, silver, copper, and other metal nanoparticles that generally show
stronger absorptions in the longer wavelength region giving a brownish color. The
features brought by reducing metals to a nanoscale size are not only colors but also
catalytic behaviors coming from the extremely large specific surface area [11-13].
Haruta et al. recently discovered the function of gold nanoparticles as an effective
catalyst which have been known inactive as a catalyst [14]. Furthermore, it was
found that nanoparticles of Pt group work as the catalyst for an effective hydroge-
nation and also as the catalyst to extract hydrogen from water [15-17].

The review articles on the topics of metal nanoparticles have been issued
recently reflecting the active researching field of plasmonics [18-26]. Most of the
reviews are discussed about the synthesis and optical behaviors of metal
nanoparticles. There are few reviews commented on the composite materials
between dielectric materials and metal nanoparticles [27]. In these reviews, the
optical behaviors of the composite materials consisting of oxide materials and noble
metal nanoparticles are especially reviewed minutely using various mixing models
for the effective permittivity of the composite materials.

4 Experimental and Analytical Methodology
4.1 Fabrication Methods of Metal Nanoparticles

Production methods of metal nanoparticles can be divided into two types in a larger
sense. One is the top-down method where nanoparticles are obtained by breaking
down the bulk metals physically, and the other is the bottom-up method where
nanoparticles are synthesized by extracting metal atoms from the precursors of
metal salt or metal complex followed by cohesion and growth (Fig. 8.2). It is said
generally to get homogeneous nanoparticles is difficult by the former method, and
the latter method is often used. Chemical methods to synthesize nanoparticles are
summarized on Table 8.1.
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Fig. 8.2 Basic principles to prepare nanoparticles with physical and chemical methods

Table 8.1 Classification of synthesis methods of nanoparticles by chemical process

Reduction Applicable metals Capping

Alcohol Noble metals Water-soluble polymer

Polyol Transition metals, alloy Polymer

Amino alcohol Gold, silver Polymer

Diborane Gold, palladium, alloy Phosphine ligand

Hydrogen Noble metals, transition metals ~ Amphiphilic molecule, long-chain
amine

Citric acidAscorbic acid Gold, silver, palladium, platinum Polymer, metal ligand

Hydrazine Noble metals, copper Amphiphilic molecule, polymer
Borohydride Noble metals, transition metals ~ Metal ligand, amphiphilic molecule
Light Noble metals Amphiphilic molecule, polymer
Gamma ray Noble metals, transition metals ~ Amphiphilic molecule, polymer
Supersonic wave Noble metals Polymer

Laser Noble metals Amphiphilic molecule

Thermal decomposition Gold, silver Amphiphilic molecule, metal ligand
Electrochemical Metals Amphiphilic molecule

Supercritical fluid Metals Polymer

In the wet method, metal atoms (0 valence) are obtained by introducing the
precursors like metal ions or metal complexes into the solution followed by the
thermal decomposition of metal complex (0 valence) or the reduction of metal ions.
Metals with O valence are generally derived from the complexes by a thermal
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decomposition [28]. On the other hand, the reagents like alcohol [29-31], polyol
[32-35], aldehyde, citric acid and its salt, ascorbic acid and its salt, hydrazine [36],
hydrogen [37, 38], diborane [39], boron hydride, alkylammonium salt [40—43],
alcohol amines, phosphor, etc., are used as the agents to reduce metal ions. The
physical energy like y-ray [44-47], X-ray, ultraviolet and visible light [48-50],
heat, ultrasonic wave, etc., are also used (Table 8.1).

4.2 Fabrication Methods of Dielectric Films Dispersed with Metal
Nanoparticles

The typical methods to synthesize composite materials of metal nanoparticles and
dielectric materials as a matrix are a melt and quench method [51-53], a sputtering
method [54-56], an ion implantation method [57-59], etc.

The melt and quench method has been known well since olden time and applied
to stained glasses according to their brilliant purple-red colors. The method is still
used widely for color filters. In the method, the mixtures of SiO,, Al,O3, and Na,O
together with the trace of metal (Au, Ag, or Cu) are put into a Pt crucible and melted
at over 1,000 °C. High-quality glasses with less content of impurities and small
departure from the stoichiometry are synthesized. After melting, the melt is poured
among the twin rollers and quenched to the glassy state. After the process, metal
ions melted within the glass are condensed to form aggregates of metal
nanoparticles by thermal annealing at the temperature around the softening tem-
perature of the glass to produce composite materials. The size and the density of the
metal nanoparticles strongly depend on the composition of the glass, the tempera-
ture, and the time of thermal annealing. Large homogeneous glasses dispersed with
metal nanoparticles are possible to fabricate at a low cost. However, there are
several problems that the maximum content of the metal nanoparticles is limited
below the solubility limit of about 0.1 vol.%, and it is also difficult to prepare the
glass dispersed with high density of metal elements because metal elements are
evaporated out during the high temperature process.

The sol-gel method is well known as the technique to synthesize glasses and
ceramics by a hydrolysis reaction of a metal alchoxide solution [60, 61]. By using
this technique, glass fibers, antireflection films, and contact lenses hybridized with
a polymer are fabricated industrially. It is possible to synthesize bulk, fiber, and
thin-film materials by this method. Composite materials dispersed with metal or
semiconductor nanoparticles are possible to fabricate by the sol-gel method.

The fabrication process of SiO, films dispersed with gold nanoparticles is shortly
explained as a typical example. TEOS and metal salt as source materials, ethanol
and water as solvents, and acid as a catalyst are mixed to form a sol solution. By
using the sol solution, a gel-like thin film is coated on a substrate by the dip or the
spin-coating method. Metal atoms dissolved within the glass are precipitated to
form metal nanoparticles by heating the gel film. The thickness of the film is
controlled by the withdrawal speed of the substrate during the dip coating, and
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the size of the metal nanoparticle is controlled by the annealing temperature. Both
bulk-like and film-like glasses dispersed with metal nanoparticles are possible to
fabricate with the relatively simple system.

An ion implantation technique is mainly used for the doping of impurities or the
surface modification of solids in the semiconductor industry. Colloidal metal
nanoparticles are possible to be precipitated within a glass by a higher doping
than a conventional doping density. By using this method, it is possible to disperse
nanoparticles into various matrix materials and control the size of nanoparticles by
the thermal annealing after the implantation. However, strains induced by the
damage are remained in the substrate due to the high doping (~10"dose), and
very expensive systems are required.

The sputtering method is widely used for many fields as a thin-film coating
technique on various types of substrates. Especially, insulators and materials with
high melting temperatures are easily deposited by using a high-frequency
sputtering. By the method, the dielectric matrix films dispersed with metal
nanoparticles at high density are possible to deposit.

As other methods, film depositions by vacuum evaporation using resistive
heating, by laser ablation, etc., have been reported.

4.3 Basic Theory on the Optical Properties of Nanoparticles

The optical responses of materials are described by using dielectric functions. The
dielectric functions depend on the frequency of light and take specific values
depending on the materials. The major particles to respond in the visible wave-
length region are electrons. In view of this response, the related materials are
classified into insulators or conductors which are featured by the motions of
bound or free electrons, respectively. The optical responses of these materials are
described using Maxwell’s equations.

The size and shape of the material strongly affect the optical response. Such
effects are reflected in the boundary conditions on solving Maxwell’s equations.
However, the quantum effects appear by reducing the size of the material
to a nanoscale, and the dielectric function varies largely due to the discrete
electronic states. Furthermore, the surface effects are enhanced by reducing
the volume and peculiar optical responses which are not observed when bulk
materials appear.

4.3.1 Drude Model for Free Electrons in Metal

The Drude model assumes that the electrons with an effective mass m* move under
the electric field of light E receiving a friction force with the average scattering
time of 1(=1/y) as shown in Fig. 8.3. The equation of motion for a free electron is
given as

m'F + m*yr = —eE 8.1)
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Fig. 8.3 Drude model illustrating the optical response of the free electron in metal

where r and —e are the displacement and charge of the electron. This equation is
solved as follows assuming an incident light with the electric field E = Eye™" of the

angular frequency m:

ek
== 2
d m*o(w + iy) ®2)

The dipole moment of an electron is defined as —er, and the dipole moment per
unit volume (polarization P) is given as follows using the number of electrons N per
unit volume:

P = —eNr (8.3)

As a result, the dielectric function &(w) is given as

_q1_ @y’
g(w)=1 oo+ 7) (8.4)

where w), is the plasma frequency defined as

[AntNe?
w, = - (8.5)

In the visible region, the average scattering time T is longer enough than the
period of the light frequency 2m/m. As a result, the dielectric function is approxi-
mated as

gw)=1—-— (8.6)

and the behavior is shown in Fig. 8.4. As shown in the figure, € takes negative
values below the plasma frequency. The relation among the permittivity, refractive
index, and reflectivity are given as

i(w) = n(w) + ik(w) = v/e(w) 8.7)
(o) =17 |+ in(w) — 1
R(w) i(w) + 1| |n4ix(w) + 1 (8.8)

where 7i(w), n(®), and k(w) are the complex refractive index, real refractive index,
and extinction coefficient, respectively. The complex refractive index 7i() becomes
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pure imaginary ik () in the frequency region where ¢ takes the negative value. As
a result, the electromagnetic wave damps exponentially in the metal, and the reflec-
tivity becomes 1. On the other hand, the refractive index becomes real at the higher
frequency than the plasma frequency, and light transmits through the metal. The high
reflectivity below the plasma frequency is the origin of the metallic luster, and the
color of the metal is closely related with the value of the plasma frequency.

The plasma frequency corresponds to the frequency of the free oscillation mode of
the longitudinal wave in a homogeneous metal. The wave transmits as the coupled
mode between the polarization of the free electron and the depolarization field
induced by the polarization. The restoration force of the oscillation becomes stronger
as the density of the free electrons becomes larger. Free electrons within the metal are
possible to respond for light at lower frequency than the plasma frequency which
gives the high reflectivity of light. However, free electrons cannot respond to light at
higher frequency than the plasma frequency, and light can penetrate into the metal.

The real and imaginary parts of the dielectric function are given as follows
considering the scattering process of the free electrons:

,?
e2(w) = @ 7 (8.10)
T o2 '
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Fig. 8.5 Surface mode traveling along the interface between mediums 1 and 2

4.3.2 Surface Wave Mode

The eigenmodes for the electromagnetic wave existing at the planar interface
between two materials with different dielectric functions &(®) and &,(®) satisfy
following conditions for the electric vector parallel and vertical to the interface as
shown in Fig. 8.5:

Eyy=Ey, 8.11)
81(60)Eu_ = _82E2J_ (812)

By combining these relations with the Maxwell equations, following relation is
derived:

=0 (8.13)

To satisfy this relation, either dielectric function €; or €, must take a negative
value, which implies that there is an exponentially damping mode perpendicular to
the interface. In other words, this condition is required to activate the eigenmodes
existing at the interface. As mentioned previously, the permittivity of metal takes
a negative value below the plasma frequency. By using the conservation of
wavenumber at respective material, following relations are derived:

k//2 + ku_2 = 81k02, k//2 + sz_Z = Szkoz (8.14)

2 _ &8

= 8.15
g1+ & 0 ( )
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Fig. 8.6 Dispersion relation
of surface plasmon
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Either €; or &, is negative, and €, + &, is also requested to be negative to satisfy
the equation.

The dispersion relation for the surface plasmon is shown in Fig. 8.6, assuming
medium 1 as air and medium 2 as metal and applying the simplified dielectric
function ¢(w) = I —a),,z/cuz. The surface plasmon mode exists in the region
o < w,/ /2, which corresponds to the condition of negative value of &; + &,. The
wavenumber of the surface plasmon becomes larger as w closes to w,. The
dispersion curve of light in vacuum does not cross the dispersion curve of the
surface wave, which means the surface waves cannot be excited by irradiating light
upon the metal surface from vacuum. As the excitation method of the surface
plasmon, the irradiation of light from the dielectric layer in the three-layer system
consisting of the dielectric, metal, and air layers is often used. The wavenumber of
light within the dielectric medium becomes larger according to the refractive index
of the medium, and the steepness in the dispersion curve becomes smaller to cross
the dispersion curve of surface plasmon as illustrated in Fig. 8.7.

4.3.3 Point Dipole
The electric field induced at the distance r by an oscillating point dipole moment p
located at the original point is given as

k? ik L i
E(r) = | (nx p) x p~-— {3(n-p)n—p} 5+ {3(n-p)n —p} =" (8.16)

where n and k are the unit vector toward r direction and wave vector, respectively.
The first term corresponds to the field induced by the accelerating movement of the
charge and damps slowly as 1/r form the dipole. This component of the radiation
field extends to long distance and can be observed by our eyes. The energy
distribution (Poynting vector) by this component emitted from the electric dipole
moment is shown in Fig. 8.8. The second term called an inductive electric field is
induced from the movement of the charge and damps rapidly as 1/r*. The third term
corresponds to the quasistatic electric field generated from the static charge and
damps very rapidly as 1/r> and can be neglected at far field from the point dipole.
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Fig. 8.7 Principle
illustrating the excitation
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The electric field distribution induced by the dipole is illustrated in Fig. 8.9. As seen
in the figure, the induced electric field along the dipole moment has the same
direction with the dipole moment vector, and the electric field perpendicular to
the moment has the reverse direction to the moment, which is the most important
factor to treat the interaction between particles and light in the nanoscale region.

4.3.4 Dipole Moment of Nanoparticle

The optical response of the metal particle changes largely depending on the size,
shape, and surrounding medium in the frequency region where the dielectric
function takes negative values in the lower frequency region than the plasma
frequency. Apart from the point dipole model, it is required to consider the model
which takes the shape and environment of the particle into consideration to under-
stand such phenomena.

It is possible to apply the response theory to the static field if the quasistatic field
approximation may hold. The dielectric polarization occurs for the particle placed
in the light field E, as shown in Fig. 8.10. The surface charges are induced on the
surface of the dielectrics with the charge density of ¢ given as

o = neP (8.17)
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Fig. 8.10 Dipole moment P induced by applying the electric field E, of light with longer
wavelength than the particles

where P and n are the density of the polarized dipole moment and the unit vector
perpendicular to the surface, respectively. The surface charges depend on the shape
of the particle and surrounding medium and play an essential role in the optical
response of the nanoparticle. The internal field E is different from the external field
E, and composed of the summation of the contribution from all dipoles as shown in
Fig. 8.11. The summation is proved equal to the electric field E; induced by the
surface charge ¢ in vacuum, and the electric field E; is called a depolarization
electric field as the direction is reverse to the external field Ey. As a result, the
internal field E within a dielectric material polarized homogeneously is given as

E=E)+E; (8.18)
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Fig. 8.11 Diagram
illustrating the effective field
E; induced by the surface
charge

The shapes of most particles are approximated as rotating ellipsoids. The
component of the depolarization field along the principal axis of the ellipsoid E;
is given as

E\; = N;P;, (8.19)

where P; (i = x, y, z) is the component of the polarization along the principal axes
of the ellipsoid. N; is called a depolarization factor and has the rule taking
a constant value of the summation (Ny + Ny + N, = 4n). The depolarization factors
for the particle with the typical shapes like a sphere, rod, and disk are shown in
Fig. 8.12.

The homogeneous polarization P is related with the internal field E using
a dielectric susceptibility x as

P=jE (8.20)

The internal field E is written as follows if the external field E, is parallel to the
principal axis of the ellipsoid and the depolarization factor is N:

E=Ey+E; =Ey—NP (8.21)
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Fig. 8.12 Depolarization of
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principal axes of the particles \
with typical shapes (sphere, \
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As a result, the polarization P is expressed by the external field E as
_ X
P = E, (8.22)
14+ Ny

As is seen from this equation, the induced polarization is different depending
on the shape even if the particle has same susceptibility. The dipole moment p
of the particle with the volume V is expressed as follows using the dielectric
function:

e(w)—1

= E .2
4n+N(s—1)V 0 (8:23)

p=VpP
In the case of a sphere, the dipole moment p is given as

g(w) =1 4
p= o) 12 ke Ey (8.24)

4.3.5 Surface Plasmon Resonance (SPR)

The dipole moment induced for the sphere particle depends on the wavelength of
the incident light according to the dielectric dispersion of the material as shown in
Eq. 8.24. The large polarization is induced resonantly especially at the frequency
where the permittivity takes a value &(w) = —2. As a result, the electric field around
the particle is enhanced. In the case of a metal, such resonant oscillation of the
electric polarization is called a localized surface plasmon. The dielectric function of
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Fig. 8.13 Relation between p
resonance frequency  and wp
depolarization factor N
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the metal takes negative values at the lower frequency than the plasma frequency as
shown in Fig. 8.4. The resonance phenomenon occurs in the visible wavelength
region in the case of Au and Ag, because the plasma frequencies of these metals
locate near the visible region. The condition where the denominator of the Eq. 8.23
becomes 0 in the Drude model gives the following relation between the resonance
frequency and depolarization factor:

W =1\/—w, (8.25)

The resonance frequency w becomes lower as the depolarization factor becomes
smaller as illustrated in Fig. 8.13.

The practical nanoparticles do not exist at isolated state and are generally
embedded in some medium or attached on the substrate. The influences of the
medium on the optical response of the nanoparticle are discussed shortly compared
with the isolated state. In the case of the particle embedded within a homogeneous
medium &' shown in Fig. 8.14, the surface charges induced by the light irradiation
are partly canceled by the polarization of the surrounding medium. As a result, the
resonance occurs at the frequency where the particle has a larger value of permit-
tivity and the condition can be expressed by replacing € in Eq. 8.23 by &/¢’. The
relation between the resonance frequency and €' is derived for the sphere metal
particle using Drude model as

Dp

The result implies this resonance phenomenon is sensitive to the shape of the
particle and also the surrounding medium.
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Fig. 8.14 Diagram
illustrating the optical
response of the nanoparticle
with the permittivity &
embedded within a medium
with the permittivity &’

b |

5 Key Research Findings
5.1 Shape Control Techniques of Nanoparticles

The nanostructure materials of noble metals are expected for wide range of appli-
cations in the fields of catalytic reactions, electronics, surface plasmon resonance
(SPR), surface-enhanced Raman scattering (SERS), and biological and medical
researches [62—64]. A specific shape of the nanostructure is required to optimize the
performance for the application in the field. For example, of the application for
catalysts, it is required to disperse the noble metal nanostructure on the ceramics
with the large surface area. Nanowires are required for the observation of electric
transport properties and the connection among electronic devices. On the other
hand, the shape of the structure becomes the parameters to enhance and control the
sensibility of the performance of noble metal nanostructures. The shapes of the
nanostructure of Au or Ag determine the SPR properties and also become the
important factors in the SERS measurement [65]. It is quite important to control
the shape of the nanostructure of noble metals to improve the performance in
various application fields.

The final morphology of the noble metal nanostructure in the liquid-phase
synthesis is mainly determined by the twinned structure of the seed crystal and
the growth rate of each crystal plane. The precursor compounds are decomposed or
reduced to change to atoms with zero valence, and clusters called nuclei with
flexible structures are formed. When the clusters grow beyond the critical size,
they tend to take some specific structures to form seed crystals. The seed crystals
play a role to connect between atoms and nanostructures and form single crystals or
multiply twinned crystals as illustrated in Fig. 8.15 [66]. The twinned structure of
the seed crystal is actually possible to control by the manipulation of the reduction
rate. In case of the faster reduction rate, thermodynamically stable structures like
single crystals or multiply twinned crystals are dominant. Depending on the reac-
tion conditions, the single crystals grow to octahedron or cubic structures, and the
multiply twinned structure to decahedron or pentagonal nanowire. In case of slow
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Fig. 8.15 Systematic diagram illustrating the flow from metal precursor to nanostructures

reduction rate, the reaction is controlled by the kinetic process. In this case, planer
seed crystals having flat defect like stacking fault are formed at the first nuclei-
forming process, and hexagonal and triangular nanoplates which depart largely
from the thermodynamically preferable morphology are formed.

In most case, the relative free energy of respective crystal plane changes by
introducing a capping agent with high selectivity according to the intense reaction
with a specific crystal plane. Such process is the important means to control the
relative growth rate of respective crystal plane. This type of chemical adsorption or
surface capping strongly affects the final morphology of the metal nanostructure.
For instance, polyvinylpyrrolidone (PVP) is a polymer capping agent in which
oxygen atoms strongly couple with the (100) plane of Ag and the formation of Ag
nanowire or nanocube is enhanced [67, 68].

5.1.1 Polyol Process in Nanostructures

The polyol process is the general method used to grow noble metal nanostructures
with a specific morphology. At the first stage of this process, glycol aldehyde is
synthesized using the following oxidation reaction by heating a metal salt (precur-
sor of the noble metal) together with ethylene glycol (EG) up to 140-160 °C under
the existence of a capping agent like PVP in order to create metal atoms [69]:

2HOCH,;CH,0H + O, — 2HOCH,CHO + 2H,0
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Fig. 8.16 SEM images
showing (a) a large
concentration of Ag nanorods,
(b) assembly of the Ag
nanorods during preparation
of the specimen, and (c)
pentagonal profile of the cross
section of Ag nanorods [71]
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Polyol can decompose many metal salts, and its reduction ability depends on the
temperature. As a result, the process is appropriate to synthesize noble metal
nanostructures like Ag, Au, Pd, Pt, Rh, Ru, and Ir.

5.1.2 Silver Nanoparticles

The nanostructure silver is a well-known material which engineering properties like
SPR (surface plasmon resonance) depend on the morphology [69]. The structure is
used to produce the substrate for SERS (surface-enhanced Raman spectroscopy)
and also works as an excellent catalyst to epoxide ethylene. Homogeneous Ag
nanowires are possible to synthesize by adding CuCl, to the typical polyol reduc-
tion of AgNOj; using EG [70, 71]. Cu(Il) ions are reduced to Cu(l) ions by EG, and
both ions play an important role in this synthesis. The mechanism is shortly
introduced below. Oxygen adsorbed on the metal surface is consumed in the
oxidation from Cu(I) to Cu(Il), and the oxygen concentration around the surface
decreases, which prevent multiply twinned crystals to dissolve by oxidation etching
to increase the sites for Ag to deposit and promote the growth of wire. Ethylene
glycol makes recycle of Cu(Il) to Cu(I), and adding of small quantity of Cu(Il) ions
is required for the adjustment of the oxygen concentration. Further, chloride ions
control the isolated Ag" concentration in the solution by forming AgCl, which
makes slow the reduction rate and promotes the preferential growth of Ag at the
high-energy twinned boundary on the top of the wire. In the typical synthesis, PVP
plays a role to protect preferentially (100) side plane of nanowire. Other trace ion
species are important to control the morphology of Ag nanostructures. In the polyol
reduction of AgNQg;, silver nanocubes are possible to synthesize homogeneously in
large quantities by adding a small quantity of sulfates in the form of either Na,S or
NaHS [10-12]. The SEM images of Ag nanorods and nanocubes synthesized by
polyol process are shown in Figs. 8.16 and 8.17, respectively. UV-Vis—NIR
absorption spectra of the reaction mixture at various reaction times during the
synthesis of Ag nanocubes are shown in Fig. 8.18 [71]. The resonance peaks
show the red shift depending on the reaction time.



330 M. Wakaki and E. Yokoyama

Fig. 8.17 FE-SEM images
of the final products. (a)
Uniform nanocubes with

a few Ag nanorods, (b)

a magnified image showing
Ag nanocubes with many
small Ag nanoparticles
attached on the facets, and (c)
the features of Ag nanorods
formed in the sample of Ag
nanocubes [71]
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Calculated UV—Vis extinction (black), absorption (red), and scattering (blue)
spectra of silver nanostructures were shown in Fig. 8.19 [70]. It is shown the shape
of the nanostructure strongly affects its spectral characteristics. The absorption
spectrum of an isotropic sphere (A) exhibits a single resonance peak. On the
other hand, the spectra of anisotropic cubes (B), tetrahedra (C), and octahedra (D)
exhibit multiple, red-shifted resonance peaks. The resonance frequency of a sphere
with a hollow shows red shift (E), and a sphere with thinner shell walls shows
further red shift (F) [70].

UV-Vis—NIR extinction (black), absorption (red), and scattering (blue) spectra
of silver nanostructures calculated using the discrete dipole approximation (DDA)
method are shown in Fig. 8.20 [70]. It is shown that 2D anisotropies affect strongly
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Fig. 8.19 Calculated UV-Vis extinction (black), absorption (red), and scattering (blue) spectra of
silver nanostructures for an isotropic sphere (a), an anisotropic cube (b), a tetrahedron (c), and an
octahedron (d). The absorption spectra of spheres with a hollow (e) and a thinner shell wall (f) are
also shown [70]

their spectroscopic features. Resonance peaks show red shift depending on the
anisotropy of a triangular plate (A) and circular disk (B). The resonance peaks of
silver nanorings of two different thicknesses (C) and (D) show larger red shift for
thinner rings.
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Fig. 8.20 UV-Vis-NIR extinction (black), absorption (red), and scattering (blue) spectra of silver
nanostructures calculated by the DDA method for a triangular plate (a) and a circular disk (b).
Absorption spectra of silver nanorings with two different widths are also shown in (¢) and (d) [70]

5.1.3 Gold Nanoparticles

Gold nanostructures attract the intentions according to their excellent chemical
stability, biological inactivity, SPR/SERS properties, and unique catalytic perfor-
mance. Many methods have been tried to control the morphology of the Au
nanostructures [72—75]. As mentioned for the Ag system previously, the selection
of reducing or stabilizing agents and reaction temperatures are important to form
a specific morphology. In the Au system, the polyol reduction also promotes to form
thermodynamically preferable polygon of Au nanostructure using strong reducing
agents. But there are several different points compared with Ag. It is considered that
the bonding of PVP to Au is not strong enough to promote the formation of
(100) plane in contrast to the Ag system. As a result, the single crystal and multiply
twinned polygon surrounded by (111) planes like octahedron, decahedron, and
icosahedron are the preferable nanocrystals of Au in the polyol process. For
example, Au octahedrons are synthesized at high yields by the improved polyol
process using polyethylene glycol 600 as the reducing agent [76]. Polyethylene
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Fig. 8.21 TEM images of (al) a truncated cube, (b1) a cube, (c1) a type I transitional particle,
(dl) a trisoctahedron, (el) a type II transitional particle, and (f1) a rhombic dodecahedron.
Morphologies of the nanocrystals are also illustrated in the figures. The corresponding SAED
patterns and their zone axes are also provided [75]

glycol 600 is used also as a solvent in this synthesis. The small addition of NaBH,
before adding an AuCl; water solution is the key to obtain homogeneous Au
octahedrons. The added NaBH, works as a strong reducing agent and rapid reduc-
tion of Au precursor proceeds. On the other hand, multiply twinned nanostructures
of Au can be synthesized by increasing the PVP concentration in the polyol
reducing process of HAuCl, using diethylene glycol [77].

TEM images of (al) a truncated cube, (bl) a cube, (cl) a type I transitional
particle, (d1) a trisoctahedron, (el) a type II transitional particle, and (f1) a rhombic
dodecahedron are shown in Fig. 8.21 [75]. Drawings of 