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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

2 H. Jing et al.



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 AD) (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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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

Fig. 1.1 Pictures of the

Lycurgus Cup (on display in

the British Museum)
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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 oB relative to the lattice of positive ions [29]. For a bulk metal with

infinite sizes in three dimensions in vacuum, oB can be expressed as

oB ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4pe2n
me

r
(1.1)
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where n is the number density of electrons and e and me 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 osurf ¼ oBffiffi
2

p . 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,

Fig. 1.2 Schematic

illustrations of (a)
a propagating plasmon at

metal–dielectric interface and

(b) a LSPR of a metal

nanosphere (Adapted with

permission from Ref. [33].

Copyright 2007 Annual

Reviews)
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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 oS:l ¼ oB

ffiffiffiffiffiffiffi
l

2lþ1

q
(l ¼ 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

1 Geometrically Tunable Optical Properties of Metal Nanoparticles 7



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

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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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 fromMie 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

1 Geometrically Tunable Optical Properties of Metal Nanoparticles 9



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 (l ¼ 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

Cext ¼ 24p2R3em3=2

l
� e2
ðe1 þ 2emÞ2 þ e22

(1.2)

where Cext is the extinction cross section of the spheres, em is the dielectric constant

of the surrounding medium, l is the wavelength of the radiation, R is the radius of

a homogeneous sphere, and e1 and e2 denote the real and imaginary part of the

complex dielectric function of the particle material, respectively. A resonance

occurs whenever the condition of e1 ¼ �2em 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 (l ¼ 2) and octupole (l ¼ 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 (N) 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 (osp) of

a spherical nanoparticle within the quasi-static limit through control over its free

carrier concentration (N). In this figure, the LSPR frequency can be estimated using

the following equation:

oSP ¼ 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ne2

e0meðe1 þ 2emÞ

s
(1.3)

Here the high frequency dielectric constant (e1) is assumed to be 10, the

medium dielectric constant em is set as 2.25 for toluene, and the effective mass

of the free carrier me is assumed to be that of a free electron. e is the electronic

charge, and e0 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 1017 and 1023 cm�3. 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 1019–1022 cm�3 are required. Below 1019 cm�3, the number of

carriers (for a 10-nm nanocrystal) may be too low (<10) to support an LSPR

mode.
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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 1022–1023 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 e ¼ e1 þ ie2,
describes a material’s response to an applied electric field. e1 determines the

degree to which the material polarizes in response to an applied field, while e2
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

Fig. 1.5 LSPR frequency dependence on free carrier density and doping constraints (Reprinted

with permission from Ref. [66]. Copyright 2011 Nature Publishing Groups)
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condensed into e2. For the noble metals at optical frequencies, the dielectric

function can be expressed as the sum

eðmÞ ¼ 1þ w1 þ wDðoÞ (1.4)

where the background susceptibility w1 arises from the core electron polarizability

and interband (d ! sp) transitions and wD is the Drude response of the conduction

electrons. The background polarizability and free space response are often com-

bined into e1 ¼ 1þ w1 In the Drude model [30],

wDðoÞ ¼ � o2
P

o2 þ iGo
¼ � o2

p

o2 þ G2
þ i

o2
pG

oðo2 þ G2Þ (1.5)

where oP is the bulk plasmon frequency and G is the reciprocal electron relaxation

time. In the visible and NIR, G<<o; therefore,

wDðoÞ ffi �o2
P

o2
þ i

o2
p

o3
G (1.6)

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 (e2) and a marked change in the

slope of the real part (e1) 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)
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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

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)
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face-centered cubic crystalline structures with very small lattice mismatch

(lattice constants of 4.078 Å and 4.086 Å 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

Fig. 1.7 UV–visible spectra

of Au–Ag alloy nanoparticle

colloids with varying

compositions. A linear fit of

the peak position of the

experimental absorption band

as a function of composition

obtained using Mie theory is

plotted (inset). HRTEM
image shows the

homogeneous distribution of

Au and Ag atoms within the

particles (Reprinted with

permission from Ref. [80].

Copyright 2006 American

Chemical Society)
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different metals [68, 81, 82]. Recently, the creation of onion-like multilayer bime-

tallic nanoparticles obtained by successive reduction of AgNO3 and HAuCl4 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].
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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 ðCabsÞ, scattering ðCcsaÞ, and total extinction

ðCextÞ derived from Gans theory can be quantitative described by the following

equations:

Cabs ¼ 2p
3l

e3=2m V
X

i

e2=ðnðiÞÞ2

ðe1 þ ½ð1� nðiÞÞ=nðiÞ�emÞ2 þ e22
(1.7)

Csca ¼ 8p3

9l4
e2mV

2
X

i

ðe1 � emÞ2 þ e22=ðnðiÞÞ
2

ðe1 þ ½ð1� nðiÞ=nðiÞ�emÞ2 þ e22
(1.8)

Cext ¼ Cabs þ Csca (1.9)

where l is the wavelength of light, V is the unit volume of the nanoparticle, and nðiÞ

is the depolarization factor defined by:

nðaÞ ¼ 2

R2 � 1
ð R

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � 1

p ln
Rþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � 1

p

R�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � 1

p � 1Þ (1.10)

nðbÞ ¼ nðcÞ ¼ ð1� nðaÞÞ=2 (1.11)

where a, b, and c are the three axes of the nanoparticle, a > b ¼ c, and aspect ratio,
R is equivalent to a=b or a/c. The LSPRs of an ellipsoidal particle occur when the

following equation applies:

e1 ¼ �ð1� nðiÞÞ � em=nðiÞ (1.12)
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where i ¼ a for the longitudinal resonance and i ¼ b or c 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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Fig. 1.9 Calculated spectra for Au ellipsoids with an aspect ratio of 3.5 in different media (left)
and the LSPR band position as a function of the medium refractive index (right) (Reprinted with

permission from Ref. [87]. Copyright 2005 Elsevier B. V.)
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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 AuBr4
� 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 HAuCl4 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

HAuCl2 growth solution obtained by the reduction of HAuCl4 with ascorbic acid in

the presence of CTAB surfactant and AgNO3, 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 mW/cm2) 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 occurswhen 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.

S€onnichsen 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�10 due to the rapid nonradiative
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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�4 to 10�3, 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

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). (c) Measured linewidth G of plasmon resonances in single nanorods (dots) and

nanospheres (open triangles) versus resonance energy Eres. (d) Same data plotted as quality factor

Q ¼ Eres/G (Reprinted with permission from Ref. [117]. Copyright 2002 American Physical

Society)
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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. 1.13 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)
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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

Fig. 1.14 (a, b) Topographic
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)
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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 rhodamine 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 Au2S–Au core–shell

nanoparticles produced by the reduction of HAuCl4 in an aged Na2S solution [22,

139]. By adjusting the amount ratios between HAuCl4 andNa2S, Au2S–Au nanoshells

can be grownwith different core sizes and shell thicknesses.However, the tuning range

of the overall size (<40 nm) and LSPR wavelength (600–900 nm) of the Au2S–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 Au2S–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 HAuCl4 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].

Fig. 1.15 Plasmonic

tunability demonstrated for

nanoshells with an inner silica

core radius r1 ¼ 60 nm and an

overall particle radius r2¼ 65,

67, 70, and 80 nm. The

plasmon resonance

(extinction) of the particles

redshifts as r1/r2 increases

(Adapted with permission

from Ref. [23]. Copyright

1998 Elsevier B. V.)
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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

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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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 mm 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 �. 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

L ¼ n0me

2

Z
�~H� � dS� 1

2

Z
sð~r Þsð~r 0Þ
~r �~r 0j j dSdS0 (1.13)

where n0 is the free-electron density,me is the mass of electrons, and s is the surface

charge density,

d

dt
s ¼ n0e

d�

dn̂
(1.14)

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 ðo�Þ and the higher

energy antisymmetric or “antibonding” plasmon ðoþÞ.
The hybridization of the cavity and the sphere plasmons depends on the

difference in their energies oC;l and oS;l and on their interaction, which is

determined by the thickness of the shell. To describe the geometry of

a nanoshell, the notation ða; bÞ 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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plasmons gives rise to two hybridized plasmon modes oþj i and o�j i for each

l > 0. The frequencies of these modes are

o2
l	 ¼ o2

B

2
1	 1

2lþ 1
1þ 4lðlþ 1Þ a

b

� �2lþ1
� �1=2( )

(1.15)

The oþj i mode corresponds to antisymmetric coupling between the sphere and

cavity modes, and the o�j i mode corresponds to symmetric coupling between the

two modes (see Fig. 1.18b). The o� plasmon interacts strongly with the incident

optical field, while the oþ 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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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)
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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 ðo�Þ is more sphere-like, while the optically dark plasmon mode ðoþÞ is

more cavity-like. Therefore, o� sensitively shifts upon a change in refractive index

of the embedding medium, while oþ 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 a2 � b1j j 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 1.19c

shows the strong coupling case. Spectrum (1) shows the experimental and theoret-

ical extinction spectra for the isolated inner-shell plasmon o�;NS1

�� �
. Spectrum (2) is

the theoretical extinction spectrum of the isolated outer-shell plasmon o�;NS2

�� �
,

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 oþ
�;CS

��� E
and o�

�;CS

��� E
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 o�;NS1

�� �
and outer-shell plasmon o�;NS2

�� �
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 oþ;NS1

�� �
and

oþ;NS2

�� �
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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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. 1.19 (a) Concentric nanoshell geometry with concentric radii of core (a1), inner shell (b1),

spacer layer (a2), and outer shell (b2) where e1 and e3 are assumed to be SiO2, e2 and e4 are Au, and
e5 is embedding medium. (b) Energy-level diagram of hybridization between the inner and outer

nanoshell plasmons. (c) 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)
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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] ¼ [39, 48]-nm Au nanoshell with vacuum core. (c) Experimentally measured

single-particle dark-field scattering spectra of a nanoshell (black curve, [a, b]¼ [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] ¼ [39, 48]-nm Au nanoshells with different offset cores and an

empirically based dielectric function for Au. Left: D¼ 0 nm at l¼ 604 nm. Center:D¼ 4.5 nm at
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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 oþ
�;CS

��� E
and o�

�;CS

��� E
can be

observed with o�
�;CS

��� E
further redshifted and oþ

�;CS

��� E
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 lðDl ¼ 0Þ. In the quasi-static limit, only the l ¼ 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 ða; b;DÞ 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

� [157], which takes the form

�ðrC;OC; rS;OSÞ ¼
X
lm

ffiffiffiffiffiffiffiffiffiffi
a2lþ1

lþ 1

r
_ClmðtÞrC�l�1YlmðOCÞ

" #

þ
ffiffiffiffiffiffiffiffiffiffiffi
1

lb2lþ1

r
_SlmðtÞrlSYlmðOSÞ (1.16)

�

Fig. 1.20 (continued) l ¼ 619 nm. Right: D ¼ 7.5 nm at l ¼ 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 ðrC;OCÞ are spherical coordinates centered in the cavity and ðrS;OSÞ are

spherical coordinates with an origin at the center of the spherical outer shell. The

quantities of Clm and Slm 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 l, 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 �. 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 l but not on the azimuthal

index m which labels the 2lþ 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 l,
corresponding to the spherical or zero-offset case, although for finite offset the

plasmon modes contain an admixture of plasmons of all l 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]¼ [39, 48] nm as a function of core-offset D obtained by the

plasmon hybridization model. As D increases, the l ¼ 1 mode is redshifted and the

higher lmodes, 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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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].

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)
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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 (a-Fe2O3) 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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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.

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)
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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

plasmonmodes 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) ¼ cotha, which consists of a metal with an electron density

corresponding to a bulk plasmon frequency oB and a polarizability of eS (immersed

in a dielectric with permittivity eE), the energies of the plasmon modes take the form

o2
S;lmðaÞ ¼ o2

B

P0
lmðcosh aÞQlmðcosh aÞ

eSP0
lmðcosh aÞQlmðcosh aÞ � eEPlmðcosh aÞQ0

lmðcosh aÞ (1.17)

For a prolate dielectric cavity of aspect ratio cotha filled with a dielectric

medium of permittivity eC in the same metallic material, the plasmon energies are

o2
C;lmðaÞ ¼ o2

B

Plmðcosh aÞQ0
lmðcosh aÞ

eSPlmðcosh aÞQ0
lmðcosh aÞ � eCP0

lmðcosh aÞQlmðcosh aÞ (1.18)

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 ¼ 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 100–400 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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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 shapeswere synthesized

in a highly controllablemanner using thepolyolmethod,where themetal salt is reduced

by hot pentanediol at near-reflux temperature in the presence of PVP as the capping

polymer. Silver nitrate and PVPwere 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].

Fig. 1.24 TEM image of Au nanoprisms (left), 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)
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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, HAuCl4 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 HAuCl4, 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

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)
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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

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). (c) 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)
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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 Na2PtCl4 and

Na2PdCl4 allows for the preparation of Pt- and Pd-containing nanocages, respec-

tively [212, 213].

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 HAuCl4 solution. Lower panel, the corresponding extinction spectra

of Ag nanocubes and Au nanocages (Adapted with permission from Ref. [208]. Copyright 2008

American Chemical Society)
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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

HAuCl4 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 Cl-, 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 l ¼ 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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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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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)
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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 D3h) and squarely arranged quadrumer (group D4h)

[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 (D3h), are degenerate. This degeneracy

is lifted as the symmetry is lowered to C2v and eventually to D1h 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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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

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. (c) 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)
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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 108 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 108–109 at near-infrared wavelengths and simultaneously provide

broadband mid-infrared hot spots that can enhance infrared absorption by a factor

of 104 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.

(b) 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].

(c) 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 Å)

[321], while interesting coupling between the fluorophore and the enhanced

1 Geometrically Tunable Optical Properties of Metal Nanoparticles 59



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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