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Preface

Nanoplasmonics is a young topic of research, which is part of nanophotonics and nano-op‐
tics. Nanoplasmonics concerns to the investigation of electron oscillations in metallic nano‐
structures and nanoparticles (NPs). Surface plasmons have optical properties, which are
very interesting. For instance, surface plasmons have the unique capacity to confine light at
the nanoscale. Moreover, surface plasmons are very sensitive to the surrounding medium
and the properties of the materials on which they propagate. In addition to the above, the
surface plasmon resonances can be controlled by adjusting the size, shape, periodicity, and
materials’ nature. All these optical properties can enable a great number of applications,
such as biosensors, optical modulators, photodetectors, and photovoltaic devices. This book
is intended for a broad audience and provides an overview of some of the fundamental
knowledges and applications of nanoplasmonics.

The book is divided into 19 chapters with the following scope:

Section 1 of this book entitled “Fundamentals" presents six chapters. The first two chapters
investigate graphene-based plasmonics. Indeed, Mattheakis et al. investigate plasmonic met‐
amaterial based on graphene in order to obtain tunable wave propagation properties such as
epsilon-near-zero behavior. Then, Kuzmin et al. study in detail two ways of breaking the
degeneracy of the plasmonic modes with the opposite azimuthal rotations for graphene-
coated nanowires. In addition, Paudel et al. present interesting descriptions of the plasmonic
properties of metal nanostructures of different geometries and their applications in modern
nanotechnology (Chapter 3). In Chapter 4, Kim et al. present a theoretical method for the
calculation of the transient nonlinearity in dielectric composites doped with metal nanopar‐
ticles and some applications using this approach. Then, Zheng et al. are focused on under‐
standing the electromagnetic response of plasmonic antennas through a classical
computational electromagnetic algorithm (Chapter 5). To finish this section “Fundamentals,"
Hooshmand investigates the interdimer separation influence on the localized surface plas‐
mon resonance (LSPR) of homo- and heterodimers composed of silver and gold nanocubes
by using the method of discrete-dipole approximation (DDA).

Section 2 describes some applications of nanoplasmonics to thermal and infrared (IR) do‐
mains. Firstly, the work by Wu et al. investigates the thermal effects of plasmonic nanostruc‐
tures, which can be employed for energy conversion, thermal management, and optical
trapping. In addition, Matsui et al. explore plasmonic responses of ITO nanoparticles (NPs)
in the infrared (IR) domain and describe IR plasmonic applications of ITO NP sheets for so‐
lar-thermal shielding technology. To conclude this section, Gu et al. present a work on the
description of surface plasmon resonance excitation for a plasmonic 2D hole array structure
and its application in IR detector enhancement.



In Section 3, some applications of nanoplasmonics to optoelectronics are presented. Firstly,
the work by Zhang et al. introduces a new methodology for designing plasmonic metamate‐
rial devices such as Butterworth filter and metal-insulator-metal absorber. In the next chap‐
ter, Qasymesh highlights the potential of functioning electro-optical materials in
nanoplasmonic waveguides to achieve novel ultracompact and efficient devices. Then, Cos‐
ta et al. present an impedance-matching analysis of two plasmonic nanocircuits connected to
cylindrical nanoantennas. Finally, El-Toukhy et al. investigate novel designs of tapered plas‐
monic nanoantennas for energy-harvesting applications.

Section 4 displays some applications of nanoplasmonics to biology and chemistry. In the first
chapter of this section, Bueno-Alejo et al. introduce plasmonics devoted to photocatalytic ap‐
plications in different environments. In the second chapter of Section 4, Wang et al. interest to
the investigation of plasmonic biosensors based on surface-enhanced Raman scattering (SERS)
for protein biomarker detection. Then, El-Said et al. present analyses of living cells by SERS. To
finish this section, Rivero et al. investigate LSPR optical fibers for biosensing.

Section 5 concludes this book by describing some of the fabrication techniques dedicated to
plasmonics. Firstly, Kalfagiannis et al. present the technique of laser annealing as an interesting
platform for plasmonic nanostructuring. Lastly, the work by Oshikane investigates the fabrica‐
tion and properties of plasmonic thin film of titanium nitride by pulsed laser deposition.

For making this book on nanoplasmonics, I had the pleasure to collaborate with authors of
high quality coming from worldwide, and I thank them for that. This book dedicated to
nanoplasmonics could serve as support for the students or researchers who are interested in
this field.

Dr. HDR. Grégory Barbillon
Paris-Saclay University,

France
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Chapter 1

Graphene and Active Metamaterials: Theoretical

Methods and Physical Properties

Marios Mattheakis, Giorgos P. Tsironis and
Efthimios Kaxiras

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67900

Abstract

The interaction of light with matter has triggered the interest of scientists for a long time.
The area of plasmonics emerges in this context through the interaction of light with
valence electrons in metals. The random phase approximation in the long wavelength
limit is used for analytical investigation of plasmons in three-dimensional metals, in a
two-dimensional electron gas, and finally in the most famous two-dimensional semi-
metal, namely graphene. We show that plasmons in bulk metals as well as in a two-
dimensional electron gas originate from classical laws, whereas quantum effects appear
as non-local corrections. On the other hand, graphene plasmons are purely quantum
modes, and thus, they would not exist in a “classical world.” Furthermore, under certain
circumstances, light is able to couple with plasmons on metallic surfaces, forming a
surface plasmon polariton, which is very important in nanoplasmonics due to its
subwavelength nature. In addition, we outline two applications that complete our
theoretical investigation. First, we examine how the presence of gain (active) dielectrics
affects surface plasmon polariton properties and we find that there is a gain value for
which the metallic losses are completely eliminated resulting in lossless plasmon prop-
agation. Second, we combine monolayers of graphene in a periodic order and construct
a plasmonic metamaterial that provides tunable wave propagation properties, such as
epsilon-near-zero behavior, normal, and negative refraction.

Keywords: random phase approximation, graphene, gain dielectrics, plasmonic
metamaterial

1. Introduction

The interaction of light with matter has triggered the interest of scientists for a long time. The
area of plasmonics emerges in this context through the interaction of light with electrons in

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



metals, while a plasmon is the quantum of the induced electronic collective oscillation. In
three-dimensional (3D) metals as well as in a two-dimensional electron gas (2DEG), the
plasmon arises classically through a depolarized electromagnetic field generated through
Coulomb long-range interaction of valence electrons and crystal ions [1]. Under certain cir-
cumstances, light is able to couple with plasmons on metallic surfaces, forming a surface
plasmon polariton (SPP) [2–4]. The SPPs are very important in nanoplasmonics and
nanodevices, due to their subwavelength nature, that is, because their spatial scale is smaller
than that of corresponding free electromagnetic modes. In addition to classical plasmons,
purely quantum plasmon modes exist in graphene, the famous two-dimensional (2D) semi-
metal. Since we need the Dirac equation to describe the electronic structure of graphene, the
resulting plasmons are purely quantum objects [5–8]. As a consequence, graphene is quite
special from this point of view, possessing exceptional optical properties, such as ultra-
subwavelength plasmons stemming from the specifics of the light-matter interaction [7–10].

In this chapter, we present basic properties of plasmons, both from a classical standpoint but
also quantum mechanically using the random phase approximation approach. Plasmons in 3D
metals as well as in 2DEG originate from classical laws, whereas quantum effects appear as
non-local corrections [11–13]. In addition, we point out the fundamental differences between
volume (bulk), surface, and two-dimensional plasmons. We show that graphene plasmons are
a purely quantum phenomenon and that they would not exist in a “classical world.” We then
outline two applications that complete our theoretical investigation. First, we examine how the
presence of gain (active) dielectrics affects SPP properties and we find that there is a gain value
for which the metallic losses are completely eliminated resulting in lossless SPP propagation
[3]. Second, we combine monolayers of graphene in a periodic order and construct a plasmonic
metamaterial that provides tunable wave propagation properties, such as epsilon-near-zero
behavior, normal, and negative refraction [9].

2. Volume and surface plasmons in three-dimensional metals

2.1. Free collective oscillations: plasmons

Plasma is a medium with equal concentration of positive and negative charges, of which at
least one charge type is mobile [1]. In a classical approach, metals are considered to form
plasma made of ions and electrons. The latter are only the valence electrons that do not interact
with each other forming an ideal negatively charged free electron gas [1, 14]. The positive ions,
that is, atomic nuclei, are uniformly distributed forming a constant background of positive
charge. The background positive charge is considered to be fixed in space, and as a result, it
does not respond to any electronic fluctuation or any external field while the electron gas is
free to move. In equilibrium, the electron density (plasma sea) is also distributed uniformly at
any point preserving the overall electrical neutrality of the system. Metals support free and
collective longitudinal charge oscillation with well-defined natural frequency, called the
plasma frequency ωp. The quanta of these charge oscillations are plasmons, that is, quasi-
particles with energy Ep ¼ ℏωp, where ℏ is the reduced Plank constant.

Nanoplasmonics - Fundamentals and Applications4
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We assume a plasma model with electron (and ion) density n. A uniform charge imbalance δn
is established in the plasma by displacing uniformly a zone of electrons (e.g., a small slab in
Cartesian coordinates) by a small distance x (Figure 1). The uniform displacement implies that
all electrons oscillate in phase [2]; this is compatible with a long wavelength approximation
(λp=α ! ∞, where λp is the plasmon wavelength and α is the crystal lattice constant); in this
case, the associated wavenumber jqj (Figure 1(b)) is very small compared with Fermi wave-
number kF, viz. q=kF ! 0 [7]. Longitudinal oscillations including finite wave vector q will be
taken into account later in the context of quantum mechanics. The immobilized ions form a
constant charge density indicated by en, where e is the elementary charge. Let xðtÞ denote the
position of the displaced electronic slab at time t with charge density given by �eδnðtÞ. Due to
the electron displacement, an excess positive charge density is created that is equal to eδnðtÞ,
which in equilibrium, δn ¼ 0, reduces to zero. Accordingly, an electric field is generated and
interacts with the positive background via Coulomb interaction, forcing the electron cloud to
move as a whole with respect to the immobilized ions, forming an electron density oscillation,
that is, the plasma oscillation. The polarized electric field is determined by the first Maxwell
equation as

∇ � E ¼ 4πeδn; ð1Þ

in CGS units.1 The displacement xðtÞ in the electronic gas produces an electric current density
J ¼ �eðnþ δnÞ _x ≈ � en _x (since δn=n ! 0), related to the electron charge density via the conti-
nuity equation ∇ � J ¼ �e∂tδn. After integration in time, we obtain

δn ¼ n∇ � x ð2Þ

Combining Eqs. (1) and (2), we find the electric field that is induced by the electron charge
displacement, that is,

Figure 1. (a) A charge displacement is established by displacing uniformly a slab of electrons at a small distance x,
creating a polarized electric field in the solid. (b) A plasma longitudinal oscillation electric field in the bulk of a solid.
The arrow indicates the direction of displacement of electrons and of the wavevector q, while the double-faced arrow
shows the plasmon wavelength λp.

1For SI units, we make the substitution 1=ε0 ¼ 4π.

Graphene and Active Metamaterials: Theoretical Methods and Physical Properties
http://dx.doi.org/10.5772/67900
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E ¼ 4πenx: ð3Þ

Newtonian mechanics states that an electron with mass m in an electric field E obeys the
equation m€x ¼ �eE, yielding finally the equation of motion

m€x þ 4πe2nx ¼ 0; ð4Þ

indicating that electrons form a collective oscillation with plasma frequency

ωpð0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4πe2n
m

r
: ð5Þ

where ωpð0Þ � ωpðq ¼ 0Þ. The energy Ep ¼ ℏωp is the minimum energy necessary for exciting a
plasmon. Typical values of plasmon energy Ep at metallic densities are in the range of 2� 20 eV.

Having shown that an electron gas supports free and collective oscillation modes, we proceed
to investigate the dynamical dielectric function εðq;ωÞ of the free electron gas. The dielectric
function is the response of the electronic gas to an external electric field and determines the
electronic properties of the solid [1, 11, 15]. We consider an electrically neutral homogeneous
electronic gas and introduce a weak space-time-varying external charge density ρextðx;tÞ [14].
Our goal is to investigate the longitudinal response of the system as a result of the external
perturbation. In free space, the external charge density produces an electric displacement field
Dðx;tÞ determined by the divergence relation ∇ �D ¼ 4πρext. Moreover, the system responds
and generates additional charges (induced charges) with density ρindðx;tÞ creating a polariza-
tion field Pðx;tÞ defined by the expression ∇ � P ¼ �ρind [1]. Because of the polarization, the
total charge density inside the electron gas will be ρtot ¼ ρext þ ρind, leading to the screened
electric field E, determined by ∇ � E ¼ 4πρtot. The fundamental relationD ¼ Eþ 4πP is derived
after combining the aforementioned field equations.

The dielectric function is introduced as the linear optical response of the system. According to
the linear response theory and taking into account the non-locality in time and space [2, 14],
the total field depends linearly on the external field, if the latter is weak. In the most general
case, we have

Dðx; tÞ ¼
Z

dx0
Z ∞

�∞
dt0εðx� x0; t� t0ÞEðx0; t0Þ; ð6Þ

where we have implicitly assumed that all length scales are significantly larger than the crystal
lattice, ensuring homogeneity. Thence, the response function depends only on the differences
between spatial and temporal coordinates [2, 8]. In Fourier space, the convolutions turn into
multiplications and the fields are decomposed into individual plane-wave components of the
wavevector q and angular frequency ω. Thus, in the Fourier domain, Eq. (6) reads

Dðq;ωÞ ¼ εðq;ωÞEðq;ωÞ: ð7Þ

For notational convenience, we designate the Fourier-transformed quantities with the same
symbol as the original while they differ in the dependent variables. The Fourier transform of

Nanoplasmonics - Fundamentals and Applications6



E ¼ 4πenx: ð3Þ

Newtonian mechanics states that an electron with mass m in an electric field E obeys the
equation m€x ¼ �eE, yielding finally the equation of motion

m€x þ 4πe2nx ¼ 0; ð4Þ

indicating that electrons form a collective oscillation with plasma frequency

ωpð0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4πe2n
m

r
: ð5Þ

where ωpð0Þ � ωpðq ¼ 0Þ. The energy Ep ¼ ℏωp is the minimum energy necessary for exciting a
plasmon. Typical values of plasmon energy Ep at metallic densities are in the range of 2� 20 eV.

Having shown that an electron gas supports free and collective oscillation modes, we proceed
to investigate the dynamical dielectric function εðq;ωÞ of the free electron gas. The dielectric
function is the response of the electronic gas to an external electric field and determines the
electronic properties of the solid [1, 11, 15]. We consider an electrically neutral homogeneous
electronic gas and introduce a weak space-time-varying external charge density ρextðx;tÞ [14].
Our goal is to investigate the longitudinal response of the system as a result of the external
perturbation. In free space, the external charge density produces an electric displacement field
Dðx;tÞ determined by the divergence relation ∇ �D ¼ 4πρext. Moreover, the system responds
and generates additional charges (induced charges) with density ρindðx;tÞ creating a polariza-
tion field Pðx;tÞ defined by the expression ∇ � P ¼ �ρind [1]. Because of the polarization, the
total charge density inside the electron gas will be ρtot ¼ ρext þ ρind, leading to the screened
electric field E, determined by ∇ � E ¼ 4πρtot. The fundamental relationD ¼ Eþ 4πP is derived
after combining the aforementioned field equations.

The dielectric function is introduced as the linear optical response of the system. According to
the linear response theory and taking into account the non-locality in time and space [2, 14],
the total field depends linearly on the external field, if the latter is weak. In the most general
case, we have

Dðx; tÞ ¼
Z

dx0
Z ∞

�∞
dt0εðx� x0; t� t0ÞEðx0; t0Þ; ð6Þ

where we have implicitly assumed that all length scales are significantly larger than the crystal
lattice, ensuring homogeneity. Thence, the response function depends only on the differences
between spatial and temporal coordinates [2, 8]. In Fourier space, the convolutions turn into
multiplications and the fields are decomposed into individual plane-wave components of the
wavevector q and angular frequency ω. Thus, in the Fourier domain, Eq. (6) reads

Dðq;ωÞ ¼ εðq;ωÞEðq;ωÞ: ð7Þ

For notational convenience, we designate the Fourier-transformed quantities with the same
symbol as the original while they differ in the dependent variables. The Fourier transform of
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an arbitrary field Fðr;tÞ is given by Fðr;tÞ ¼ R Fðq;ωÞeiðq�r�ωtÞdqdt where ω, q represent the
Fourier transform quantities. Hence, the Fourier transform of the divergence equations of D
and E yields

�iq �Dðq;ωÞ ¼ 4πρextðq;ωÞ ð8Þ

�iq � Eðq;ωÞ ¼ 4πρtotðq;ωÞ: ð9Þ

In longitudinal oscillations, the electron displacement field is in the direction of q (Figure 1(b)),
thus, q �D ¼ qD and q � E ¼ qE, where Dðq;ωÞ and Eðq;ωÞ refer to longitudinal fields. Com-
bining Eqs. (7)–(9) yields

ρtotðq;ωÞ ¼
ρextðq;ωÞ
εðq;ωÞ : ð10Þ

Interestingly enough, in the absence of external charges, ρextðq;ωÞ ¼ 0, Eq. (10) states that non-
zero amplitudes of charge oscillation exist, that is, ρtotðq;ωÞ 6¼ 0, under the condition

εðq;ωÞ ¼ 0: ð11Þ

In other words, in the absence of any external perturbation, free collective charge oscillations exist
with dispersion relation ωðqÞ that satisfies condition (11). These are plasmon modes, and conse-
quently, Eq. (11) is referred as plasmon condition. Furthermore, condition (11) leads to E ¼ �4πP,
revealing that at plasmon frequencies the electric field is a pure depolarization field [1, 2].

We note that due to their longitudinal nature, plasmon waves cannot couple to any transverse
wave such as electromagnetic waves; as a result, volume plasmons cannot be excited by light.
On the other hand, moving charged particles can be used for exciting plasmons. For instance,
an electron beam passing through a thin metal excites plasmons by transferring part of its
energy to the plasmon excitation. As a result, plasmons do not decay directly via electromag-
netic radiation but only through energy transfer to electron-hole excitation (Landau damping)
[2, 8, 14].

2.2. Dynamical dielectric function

Based on the plasmon condition (11), the problem has been reduced in the calculation of the
dynamical dielectric function εðq; ωÞ. Further investigation of εðq; ωÞ reveals the plasmon
dispersion relation as well as the Landau-damping regime, that is, where plasmons decay very
fast exciting electron-hole pairs [8]. Classically, in the long wavelength limit, the dielectric
response εð0; ωÞ can be calculated in the context of the plasma model [1, 11]. Let us consider
the plasma model of Eq. (4) subjected to a weak and harmonic time-varying external field
DðtÞ ¼ DðωÞe�iωt; Eq. (4) is modified to read

m€xðtÞ þ 4πe2nxðtÞ ¼ �eDðtÞ: ð12Þ

Assuming also a harmonic in time electron displacement, that is, xðtÞ ¼ xðωÞe�iωt, the Fourier
transform of Eq. (12) yields
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ð�mω2 þ 4πe2nÞxðq;ωÞ ¼ �eDðq;ωÞ: ð13Þ

Introducing Eq. (3) in Eq. (13) and using the relation (7), we derive the spatially local dielectric
response

εð0;ωÞ ¼ 1� ωpð0Þ2
ω2 ; ð14Þ

where the plasma frequency ωpð0Þ is defined in Eq. (5). Eq. (14) verifies that the plasmon
condition (11) is satisfied at the plasma frequency. The dielectric function (14) coincides with
the Drude model permittivity.

Further investigation of the dynamical dielectric function can be performed using quantum
mechanics. An explicit form of εðq;ωÞ including screening effect has been evaluated in the
context of the random phase approximation (RPA) [8, 12–14] and is given by

εðq;ωÞ ¼ 1� υcðqÞχ0ðq;ωÞ ð15Þ

where vcðqÞ is the Fourier transform of the Coulomb potential and χ0ðq;ωÞ is the polarizability
function, known as Lindhard formula [8, 12–14]. The Coulomb potential in two and three
dimensions, respectively, reads

υcðqÞ ¼

2πe2

jqjεb ð2DÞ

4πe2

jqj2εb
ð3DÞ

8>>>><
>>>>:

ð16Þ

where εb represents the background lattice dielectric constant of the system.

In RPA approach, the dynamical conductivity σðq;ωÞ reads [8]

σ ¼ iωe2

q2
χ0ðq;ωÞ; ð17Þ

revealing the fundamental relation between εðq;ωÞ and σðq;ωÞ that also depends on system
dimensions; we have finally

εðq;ωÞ ¼ 1þ i
q2vc
ωe2

σðq;ωÞ: ð18Þ

In the random phase approximation, the most important effect of interactions is that they
produce electronic screening, while the electron-electron interaction is neglected. The polariz-
ability of a non-interacting electron gas is represented by Lindhard formula as follows:

χ0ðq;ωÞ ¼ � 2
V

X
k

f ðEkþqÞ � f ðEkÞ
ℏω� ðEkþq � EkÞ þ iℏη

ð19Þ
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where factor 2 is derived by spin degeneracy (summation over the two possible values of spin
s ¼ ↑;↓) [8, 13, 14]. The summation is over all the wavevectors k, V is the volume, iℏη repre-
sents a small imaginary number to be brought to zero after the summation, and Ek is the kinetic
energy for the wave vector k. The carrier distribution f is given by Fermi-Dirac distribution

f ðEkÞ ¼
�
exp ½βðEk � μÞ� þ 1

��1
, where μ is the chemical potential and β ¼ 1=kBT with

Boltzmann’s constant denoted by kB and T is the absolute temperature. Equation (19) describes
processes in which a particle in state k, which is occupied with probability f ðEkÞ, is scattered
into state kþ q, which is empty with probability 1� f ðEkþqÞ. Eqs. (15)–(19) consist of the basic
equations for a detailed investigation of charge density fluctuations and the screening effect,
electron-hole pair excitation, and plasmons. With respect to condition (11), the roots of Eq. (15)
determine the plasmon modes. Moreover, the poles of χ0 account for electron-hole pair excita-
tion defining the Plasmon-damping regime [12–14].

For an analytical investigation, we split the summation of Eq. (19) in two parts. We make an
elementary change of variables kþ q ! �k, in the term that includes f ðEkþqÞ, and assume that
the kinetic energy is symmetric with respect to the wavevector, that is, Ek ¼ E�k. Therefore,
formula (19) yields

χ0ðq;ωÞ ¼
2
V

X
k

f ðEkÞ
ℏz� ðEkþq � EkÞ �

X
k

f ðEkÞ
ℏzþ ðEkþq � EkÞ

 !
ð20Þ

where z ¼ ωþ iη. At zero temperature, the chemical potential is equal to Fermi energy, that is,
μ ¼ EF [8, 11, 14], and the Fermi-Dirac distribution is reduced to Heaviside step function, thus,
f ðEkÞjT¼0 ¼ ΘðEF � EkÞ. The kinetic energy of each electron of mass m in state k is given by

Ek ¼ ℏ2jkj2
2m

; ð21Þ

hence

Ekþq � Ek ¼ ℏ2

2m
ðjqj2 þ 2k � qÞ: ð22Þ

At zero temperature, because of the Heaviside step function, the only terms that survive in
summation (20) are those with jkj < kF, where kF is the Fermi wavenumber and related to

Fermi energy by equation (21) as kF ¼ ð2mEF=ℏ
2Þ1=2. Subsequently, we obtain for the Lindhard

formula

χ0ðq;ωÞ ¼
4
V

X
jkj<kF

Ekþq � Ek
ðℏzÞ2 � ðEkþq � EkÞ2

ð23Þ

Summation turns into integration by using V�1
X

jkjð…Þ ! ð2πÞ�3 R d3kð…Þ, hence
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χ0ðq;ωÞ ¼
4

ð2πÞ3
Z

d3k
Ekþq � Ek

ðℏzÞ2 � ðEkþq � EkÞ2
ð24Þ

where the imaginary part in z guarantees the convergence of the integrals around the poles
ℏω ¼ �ðEkþq � EkÞ. The poles of χ0 determine the Landau-damping regime where plasmons
decay into electron-hole pairs excitation. In particular, the damping regime is a continuum
bounded by the limit values of ðEkþq � EkÞ; k takes its maximum absolute value jkj ¼ kF and

the inner product takes the extreme values kF k̂ � q ¼ �kFjqj.
ℏq
2m

ðq� 2kFÞ < ω <
ℏq
2m

ðqþ 2kFÞ; ð25Þ

where q ¼ jqj. The Landau-damping continuum (electron-hole excitation regime) is demon-
strated in Figure 2 by the shaded area.

Introducing relation (22) into Eq. (24) and changing to spherical coordinates ðr;θ;φÞ, where
r ¼ jkj and θ are the angle between k and q, we obtain

χ0ðq;ωÞ ¼
2k4Fq

ð2πÞ3mz2

Z 2π

0
dφ
Z 1

0
dx x2

Z π

0
dθ

q
kF
þ 2x cosθ

� �
sinθ

1� vFq
z

� �2 q
2kF

þ x cosθ
� �2 : ð26Þ

where x ¼ r=kF is a dimensionless variable and vF ¼ ℏkF=m is the Fermi velocity. In the non-
static (ω≫vFq) and long wavelength ðq≪ kFÞ limits, we can expand the integral in a power
series of q. Keeping up to q3 orders, we evaluate integral (26) and set the imaginary part of z
zero, that is, z ¼ ω. That leads to a third-order approximation polarizability function

Figure 2. Dispersion relation of plasmons in the bulk of three-dimensional solid (blue solid line) and in two-dimensional
electron gas (dashed red curve) plasmons. The shaded region demonstrates the Landau-damping regime where plasmons
decay to electron-hole pairs excitation.
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χ0ðq;ωÞ ¼
k3Fq

2

3π2mω2 1þ 3v2Fq
2

5ω2

� �
; ð27Þ

which, in turn, yields the dielectric function by using formula (14) and the three-dimensional
Coulomb interaction (16), hence

εðq ! 0;ωÞ ¼ 1� ωpð0Þ2
ω2 1þ 3

5
vFq
ω

� �2� �
; ð28Þ

where vacuum is assumed as background (εd ¼ 1) and we use the relation 0 [1, 15] where n is
the electron density. The result (28) is reduced to simple Drude dielectric function (14) for
q ¼ 0.

The plasmon condition (11) determines the q-dependent plasmon dispersion relation ωpðqÞ.
Demanding εðq;ωÞ ¼ 0, Eq. (28) yields approximately

ωpðqÞ ≈ωpð0Þ 1þ 3
10

vFq
ωpð0Þ
� �2

 !
: ð29Þ

Interestingly enough, the leading term of plasma frequency (29) does not include any quantum
quantity, such as vF, which appears as non-local correction in sub-leading terms. That reveals
that plasmons in 3D metals are purely classical modes. Moreover, a gap, that is, ωpð0Þ, appears
in the plasmon spectrum of three-dimensional metals. The plasmon dispersion relation (29) is
shown in Figure 2.

In the random phase approximation, the electrons do not scatter, that is, collision between
electrons and crystal impurities is not taken into account. As a consequence, the dielectric
function is calculated to be purely real; this is nevertheless an unphysical result as can be seen
clearly at zero frequency where the dielectric function is not well defined, that is, εðq; 0Þ ¼ ∞.
The problem is cured by introducing a relaxation time τ in the denominator of the dielectric
function as follows:

εðq ! 0;ωÞ ¼ 1� ω2
pðqÞ

ωðωþ i=τÞ ð30Þ

We can phenomenologically prove expression (30) by using the simple plasma model. In
particular, we modify the equation of motion (12) to a damped-driven harmonic oscillator by
assuming that the motion of electron is damped via collisions occurring with a characteristic
frequency γ ¼ 1=τ [2]; this approach immediately leads to the dielectric response (30). Typi-
cally values of relaxation time τ are of the order 10�14 s, at room temperature. The relaxation
time is determined experimentally. In the presence of τ, the dielectric function (15) is well
defined at ω ¼ 0, where the real part of permittivity has a peak with width τ�1 known as
Drude peak. Furthermore, it can be shown that equation (30) satisfies the Kramers-Kronig
relations (sum rules) [1, 14, 15].
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2.3. Surface plasmon polariton

A new guided collective oscillation mode called surface plasmon arises in the presence of a
boundary. Surface plasmon is a surface electromagnetic wave that propagates along an inter-
face between a conductor (metal) and an insulator (dielectric). This guided mode couples to
electromagnetic waves resulting in a polariton. Surface plasmon polaritons (SPPs) occur at
frequencies close to but smaller than plasma frequency. These surface modes show exceptional
properties for applications of nanophotonics, specifically they constitute a class of nano-
photonics themselves, namely nanoplasmonics. The basic property is the subwavelength
nature, that is, the wavelength of SPPs is smaller than electromagnetic radiation at the same
frequency and in the same medium [2, 3, 9].

Let us consider a waveguide formed by a planar interface at z ¼ 0 consisting of two semi-infinite
nonmagnetic media (permeability μ ¼ 1) with dielectric functions ε1 and ε2 as Figure 3a
denotes. The dielectric functions are assumed to be local in space (non-q�dependent) and non-
local in time (ω dependence), hence ε1;2 ¼ ε1;2ðωÞ. Assuming harmonic in time dependence in
the form uðr;tÞ ¼ uðrÞe�iωt, the Maxwell equations (in CGS units) in the absence of external
charges and currents read

∇ � ðεjEjÞ ¼ 0 ∇ ·Ej ¼ ik0Hj ð31Þ

∇ � ðHjÞ ¼ 0 ∇ ·Hj ¼ �iεjk0Ej ð32Þ

where k0 ¼ ω=c is the free space wavenumber and the index j denotes the media as j ¼ 1 for
z < 0 and j ¼ 2 for z > 0. Combining Eqs. (31) and (32), the fields are decoupled into two
separate Helmholtz equations [2, 4] as

∇2 þ k20εj
� � EjðrÞ

HjðrÞ
� �

¼ 0 ð33Þ

where r ¼ ðx;y;zÞ. For simplicity, let us assume surface electromagnetic waves propagating
along one direction, chosen to be the x direction (Figure 3b), and show no spatial variations
in the perpendicular in-plane direction, hence ∂yu ¼ 0. Under this assumption, we are seeking

Figure 3. A planar interface is formed between a metal and a dielectric where surface plasmon polaritons (SPPs)
propagate in (a) three- and (b) two-dimensional representation. (b) A schematic illustration of the SPP field.
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electromagnetic waves of the form ψjðrÞ ¼ ψjðzÞeiqjx, where ψj ¼ ðEj;HjÞT and q will be the

plasmon propagation constant. Substituting the aforementioned ansatz into Helmholtz equa-
tion (33), we obtain the guided electromagnetic modes equation [2]

∂2

∂z2
þ ðk20εj � q2j Þ

� �
EjðzÞ
HjðzÞ

� �
¼ 0: ð34Þ

Surface waves are waves that have been trapped at the interface (z ¼ 0) and decay exponen-

tially away from it
�
ψjðzÞ � e�κjjzjfor kj > 0

�
. Consequently, propagating wave solutions along

z is not desired. In turn, we derive the surface wave condition

κj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2j � k20εj

q
∈ℝ: ð35Þ

In order to determine the spatial field profiles and the SPP dispersion relation, we need to find
explicit expressions for each field component of E and H. This can be achieved by solving the
curl equations (31) and (32), which naturally lead to two self-consistent set of coupled
governing equations. Each set corresponds to one of the fundamental polarizations, namely
transverse magnetic (TM) (p-polarized waves) and transverse electric (TE) (s-polarized waves),
hence

We focus on transverse magnetic (TM) polarization, in which the magnetic fieldH is parallel to
the interface. Since the planar interface extends along ðx;yÞ plane, the TM fields read
Ej ¼ ðEjx; 0;EjzÞ and Hj ¼ ð0;Hjy; 0Þ. Solving the TM equations for surface waves, we obtain for
each half plane

z < 0 ðj ¼ 1Þ
Hy ¼ A1eiq1xek1z

ð36Þ

Ex ¼ � ik1A1

k0ε1
eiq1xek1z ð37Þ

Ez ¼ � q1A1

k0ε1
eiq1xek1z ð38Þ

z > 0 ðj ¼ 2Þ
Hy ¼ A2eiq2xe�k2z

ð39Þ

Transverse magnetic (TM) Transverse electric (TE)

Ejz ¼ �
qj
k0εj

Hjy

Ejx ¼ � i
k0εj

∂
∂z

Hjy

∂2

∂z2
Hjy �ðq2j � k20εjÞHjy ¼ 0

Hjz ¼ q
k0

Ejy

Hjx ¼ i
k0

∂
∂z

Ejy

∂2

∂z2
Ejy �ðq2j � k20εjÞEjy ¼ 0
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Ex ¼ ik2A2

k0ε2
eiq2xe�k2z ð40Þ

Ez ¼ � q2A2

k0ε2
eiq2xe�k2z ð41Þ

where kj is related to qj by Eq. (35). The boundary conditions imply that the parallel to interface

components of electric (Ex) and magnetic (Hy) fields must be continuous. Accordingly, we
demand Eqs. (36) ¼ (39) and Eqs. (37) ¼ (40) at z ¼ 0, hence we find the system of equations

eiq1x �eiq2x
k1
ε1

eiq1x
k2
ε2

eiq2x

 !
A1
A2

� �
¼ 0; ð42Þ

which has a solution only if the determinant is zero. As an outcome, we obtain the so-called
surface plasmon polariton condition

k1
ε1

þ k2
ε2

¼ 0: ð43Þ

Condition (43) states that the interface must consist of materials with opposite signed permit-
tivities, since surface wave condition requires the real part of both k1 and k2 to be non-negative
numbers. For that reason, interface between metals and dielectrics may support surface
plasmons, since metals show negative permittivity at frequencies smaller than plasma fre-
quency [2]. Furthermore, boundary conditions demand the continuity of the normal to the
interface electric displacement ðDjz ¼ εjEjzÞ yielding the continuity of the plasmon propagation
constant q1 ¼ q2 ¼ q [4]. In turn, by combining Eq. (35) with Eq. (43) we obtain the dispersion
relation for the surface plasmon polariton

qðωÞ ¼ ω
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1ε2

ε1 þ ε2

r
ð44Þ

where ε1;2 are, in general, complex functions of ω. For a metal-dielectric interface, it is more
convenient to use the notation ε1 ¼ εd and ε2 ¼ εm for dielectric and metal permittivity, respec-
tively. In long wavelengths, the SPP wavenumber is close to the light line in dielectric, viz.
q≃k0

ffiffiffiffiffi
εd

p
, and the waves are extended over many wavelengths into the dielectrics [2, 4]; these

waves are known as Sommerfeld-Zenneck waves and share similarities with free surface
electromagnetic modes [2]. On the other hand, at the limit q ! ∞, Eq. (44) asymptotically leads
to the condition

εd þ εm ¼ 0 ð45Þ

indicating the nonretarded surface plasmon limit [4]. In the vicinity of the nonretarded limit,
Eq. (35) yields kj≃q ≫ k0. Furthermore, in the nonretarded limit the phase velocity vph ¼ ω=q is
tending to zero unveiling the electrostatic nature characterized by the surface plasmon [2, 3].
As a result, at the same frequency vph is much smaller than the speed of light and, thus, the SPP
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wavelength ðλspÞ is always smaller than the light wavelength ðλphÞ, that is, λsp < λph, reveal-
ing the subwavelength nature of surface plasmon polaritons [2, 4]. In addition, due to the fact
that SPP phase velocity is always smaller than the phase velocity of propagating electromag-
netic waves, SPPs cannot radiate and, hence, they are well-defined surface propagating elec-
tromagnetic waves. Demanding q ! ∞ in the dielectric function (30), we find the so-called
surface plasmon frequency ωsp, which is the upper frequency limit that SPPs occur

ωsp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

p

1þ εd
� γ2

s
≃

ωpffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ εd

p ; ð46Þ

indicating that SPPs always occur at frequencies smaller than bulk plasmons.

If we follow the same procedure for transverse electric polarized fields, in which the electric
field is parallel to interface and the only non-zero electromagnetic field components are Ey;Hx;

and Hz, we will find the condition k1 þ k2 ¼ 0 [2]. This condition is satisfied only for
k1 ¼ k2 ¼ 0 unveiling that s-polarized surface modes do not exist. Consequently, surface
plasmon polaritons are always TM electromagnetic waves.

Due to metallic losses, SPPs decay exponentially along the interface restricting the propagation
length. Mathematically speaking, losses are described by the small imaginary part in the
complex dielectric function of metal εm ¼ �εm0 � iε00m, where ε0m;ε

00
m > 0. Consequently, the SPPs

propagation constant (44) becomes complex, that is, q ¼ q0 þ iq00, where the imaginary part
accounts for losses of SPPs energy. In turn, the effective propagation length L, which shows the
rate of change of the energy attenuation of SPPs [2, 3], is determined by the imaginary part
Im½q� as L�1 ¼ 2Im½q�.
Gain materials rather than passive regular dielectrics have been used to reduce the losses in
SPP propagation. Gain materials are characterized by a complex permittivity function, that is,
εd ¼ ε0d ¼ þiε00d , with ε0d;ε

00
d > 0, where ε00d is a small number compared to ε0d and accounts for

gain. As a result, gain dielectric gives energy to the system counterbalancing the metal losses.
We investigate the SPP dispersion relation (44) in the presence of gain and loss materials, and
find an explicit formula for gain ε00d where the SPP wavenumber is reduced to real function,
resulting in lossless SPPs propagation. In addition, we find an upper limit that values of gain
are allowed. In this critical gain, the purely real SPP propagation constant becomes purely
imaginary, destroying the SPP modes.

The dispersion relation (44) can also be written as q ¼ k0nsp [3], where nsp is the plasmon
effective refractive index given by

nsp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εdεm

εd þ εm

r
: ð47Þ

We are seeking for a gain ε00d such that the effective index nsp becomes real. Substituting the
complex function describing the dielectric and metal into Eq. (47), the function nsp is written in
the ordinary complex form as [3]
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nsp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p þ x
2

s
þ i sgnðyÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p � x
2

s
; ð48Þ

where sgnðyÞ is the discontinuous signum function [3] and

x ¼ ε0djεmj2 � ε0mjεdj2
jεd þ εmj2

ð49Þ

y ¼ ε00djεmj2 � ε00mjεdj2
jεd þ εmj2

ð50Þ

with jz�j denoting the norm of the complex number z�. The poles in Eqs. (49) and (50) corre-
spond to the nonretarded surface plasmon limit (45).

Considering the plasmon effective index nsp in Eq. (48) in the ðx; yÞ plane, we observe that
lossless SPP propagation ðIm½nsp� ¼ Im½q� ¼ 0Þ is warranted when the conditions y ¼ 0 and
x > 0 are simultaneously satisfied. Let us point out that for y ¼ 0 and x < 0, although the
imaginary part in Eq. (48) vanishes due to the signum function, its real part becomes imagi-

nary, that is, nsp ¼ i
ffiffiffiffiffijxjp

, which does not correspond to propagation waves. Solving Eq. (50) for
y ¼ 0 with respect to gain ε00d and avoiding the nonretarded limit (45), that is, εd 6¼ �εm, we
obtain two exact solutions [3] as follows:

ε00d� ¼ jεmj2
2ε00m

1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2ε0dε00m

jεmj2
 !2

vuut
0
B@

1
CA: ð51Þ

Due to the fact that εd is real, we read from Eq. (51) that [3].

jεmj2 ⩾ 2ε0dε
00
m: ð52Þ

Using inequality (52), we read for the solution εdþ of Eq. (51) that ε00dþ ⩾ ε0d. This is a contradic-
tion since the ε00d is defined to be smaller than ε0d. Thus, εdþ does not correspond to a physically
relevant gain.

Solving, on the other hand, Eq. (49) for x > 0, with respect to the dielectric gain ε00d , we
determine a critical value εc distinguishing the regimes of lossless and prohibited SPP propa-
gation [3], namely

εc ¼ ε0d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jεmj2
ε0mε

0
d;
� 1

s
; ð53Þ

hence, Eq. (53) sets an upper limit in values of gain. The appearance of critical gain can be
understood as follows: In Eq. (51) the gain εd� becomes equal to critical gain εc when
εd þ εm ¼ 0 [3], where the last item is the nonretarded limit where q ! ∞. Specifically, the
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surface plasmon exists when the metal is characterized by the Drude dielectric function of
Eq. (30), ε00d� ¼ εc at ω ¼ ωsp, corresponding to a maximum frequency [3].

In order to represent the above theoretical findings, we use the dielectric function of Eq. (30) to
calculate the SPP dispersion relation for an interface consisting of silver with ωpð0Þ ¼ 13:67
PHz and γ ¼ 0:1018 PHz, and silica glass with ε0d ¼ 1:69 and for gain ε00d ¼ εd� determined by
Eq. (51). We represent in Figure 3a the SPP dispersion relation of Eq. (44) for lossless case
(ε00d ¼ ε00d�), where the lossless gain is denoted by the inset image in Figure 3a. We indicate the
real and imaginary of normalized SSP dispersion q=kp (kp � ωp=c), with respect to the normal-
ized frequency ω=ωp. We observe, indeed, that for ω < ωsp the imaginary part of q vanishes,
whereas for ω > ωsp the SPPs wavenumber is purely imaginary. Subsequently, in the vicinity
of ω ¼ ωsp a phase transition from lossless to prohibited SPPs propagation is expected [3].

We also solve numerically the full system of Maxwell equations (31) and (32) in a two-dimen-
sional space for transverse magnetic polarization. The numerical experiments have been
performed by virtue of the multi-physics commercial software COMSOL and the frequency ω
is confined in the range ½0:3ωp; 0:75ωp� with the integration step Δω ¼ 0:01ωp. In the same

range, the lossless gain is calculated by Eq. (51), to be ½8 � 10�3; 8 � 10�2�. For the excitation of
SPPs on the metallic surface, we use the near-field technique [2, 3, 9, 10]. For this purpose, a
circular electromagnetic source of radius R ¼ 20 nm has been located 100 nm above the metal-
lic surface acting as a point source, since the wavelength λ of EM waves is much larger, that is,
λ >> R [2, 3]. In Figure 4b, we demonstrate, in a log-linear scale, the propagation length L,
with respect to ω, subject in lossless gain εd� (blue line and open circles). For the sake of
comparison, we plot LðωÞ in the absence of gain (green line and filled circles). The solid lines
represent the theoretical predictions obtained by the definition of L, whereas the circles

Figure 4. (a) The surface plasmon polariton (SPP) dispersion relation qðωÞ in the presence of a gain material with gain
corresponds to lossless SPP propagation. Re½q� and Im½q� are indicated by blue and red lines, respectively. The horizontal
dashed black line denotes the SPP frequency ðωsp ¼ 0:61ωpÞ where an interchanging between Re½q� and Im½q� appears.
The dotted magenta line indicates the light line in the dielectric. (Inset) Demonstration of the gain leads to lossless SPP
propagation. (b) Theoretical (solid lines) and numerical (circles) prediction of SPP propagation length L in the presence
(blue) and in the absence (green) of gain dielectric showing a phase transition that happens at ωsp (vertical dashed black
line). Deviations between theoretical and numerical predications for ω > ωsp correspond to quasi-bound EM modes. The
kp ¼ ωp=c is used as normalized unit of wavenumbers and ωp as normalized unit for frequencies.
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indicate numerical results. For the numerical calculations, the characteristic propagation
length has been estimated by the inverse of the slope of the LogðIÞ, where I is the magnetic
intensity along the interface [2–4]. The black vertical dashed line denotes the SPP resonance
frequency ωsp, in which the phase transition appears. The graphs in Figure 4b indicate that in
the presence of the lossless gain, SPPs may travel for very long, practically infinite, distances.
Approaching the resonance frequency ωsp, L decreases rapidly leading to a steep phase transi-
tion on the SPPs propagation. The deviations between theoretical and numerical results in
Figure 4 for frequencies near and greater than ωsp are attributed to the fact that in the regime
ωsp < ω < ωp, there are quasi-bound EM modes [2, 3], where EM waves are evanescent along
the metal-dielectric interface and radiate perpendicular to it. Consequently, the observed EM
field for ω > ωsp corresponds to radiating modes [3].

3. Two-dimensional plasmons

In this section, we investigate plasmons in a two-dimensional electron gas (2DEG), where the
electron sea is free to move only in two dimensions, tightly confined in the third. The reduced
dimensions of electron confinement and Coulomb interaction cause crucial differences in
plasmons excitation spectrum. For instance, plasmon spectrum in a 2DEG is gapless in contrast
with three-dimensional case [13]. For the sake of completeness, we first discuss briefly
plasmons in a regular 2DEG characterized by the usual parabolic dispersion relation (21) for a
two-dimensional wavevector k lies in the plane of 2DEG. Thence, we focus on plasmons in a
quite special two-dimensional material, viz. graphene. Graphene is a gapless two-dimensional
semi-metal with linear dispersion relation. The linear energy spectrum offers great opportu-
nity to describe graphene with chiral Dirac Hamiltonian for massless spin-1=2 fermions
[7, 8, 10]. Furthermore, graphene can be doped with several methods, such as chemical doping
[7], by applying an external voltage [10], or with lithium intercalation [16]. The doping shifts
the Fermi level toward the conduction bands making graphene a great metal. The advantage to
describe graphene electronic properties with massless carriers Dirac equation leads to excep-
tional optical and electronic properties, like very high electric conductivity and ultra-
subwavelength plasmons [6–8, 10].

3.1. Dynamical dielectric function of 2D metals

In order to determine the plasmon spectrum of a two-dimensional electron gas, first of all we
calculate the dielectric function in the context of random phase approximation (15) with vq
being the two-dimensional Coulomb interaction of Eq. (16). In the Lindhard formula (23), V
and k denote a two-dimensional volume and wave-vector, respectively. First, we investigate a
2DEG described by the parabolic dispersion relation (21). The electrons are assumed to occupy
a single band ignoring interband transitions, that is, transitions to higher bands. Thus, there is
no orbital degeneracy ðgv ¼ 1Þ resulting in the two-dimensional Fermi wavenumber

kF ¼ ffiffiffiffiffiffiffiffiffi
2πn

p
, where n is the carrier (electrons) density [13, 17]. Turning summation (23) into

integral by the substitution V�1
X

jkjð…Þ ¼ ð2πÞ�2 R d2kð…Þ, we obtain the Lindhard formula

in integral form
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χ0ðq;ωÞ ¼
4

ð2πÞ2
Z

d2jkj εkþq � εk
ðℏzÞ2 � ðεkþq � εkÞ2

ð54Þ

The singe particle excitation continuum is still defined by expression (25), since the kinetic
energy is considered to have the same form as in 3D case, even though the 2D Fermi wave-
number has been modified. Transforming to polar coordinate system ðr;θÞ and using relation
(22), integral (54) reads

χ0ðq;ωÞ ¼
2k3Fq

ð2πÞ2mz2

Z 1

0
dx x

Z 2π

0
dθ

q
kF
þ 2x cosθ

1� vFq
z

� �2 q
2kF

þ x cosθ
� �2 ð55Þ

where x is a dimensionless variable defined as x ¼ r=kF. Previously, since we are interested in
long wavelength limit (q≪ kF), we expand the integrand of Eq. (55) around q ¼ 0. Keeping up
to first orders of q, integral (55) yields

χ0ðq;ωÞ ¼
k2Fq

2

2πmω2 ð56Þ

where z ! ω by sending the imaginary part of z to zero. The dielectric function is determined
by the formula of Eq. (15) for 2D Coulomb interaction of Eq. (16), hence

εðq;ωÞ ¼ 1� 2πne2q
mω2 ð57Þ

The 2DEG plasmon dispersion relation is determined by Eq. (11) to be

ω2D
p ðqÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πne2q

m

r
ð58Þ

related with volume plasmons dispersion relation by ω2D
p ðqÞ ¼ ωp

ffiffiffiffiffiffiffi
q=2

p
. In contrast to three-

dimensional electron gas where plasmon spectrum is gapped, in two-dimensional case the
plasmon frequency depends on ffiffiffiqp making the plasmon spectrum gapless. In Figure 2, the 2D
plasmon dispersion relation (58) is demonstrated together with three-dimensional case. Fur-
thermore, it is worth pointing out the similarity between the plasmon dispersion relation of
2DEG of Eq. (58) and SPP of Eq. (44), that is, both show

ffiffiffi
q

p
dependence.

Let us now investigate the most special two-dimensional electron gas, namely graphene. At
the limit where the excitation energy is small compared to EF, the dispersion relation of
graphene, viz. the relation between kinetic energy Esk and momentum p ¼ ℏk, is described by
two linear bands as

Esk ¼ sℏvFjkj ð59Þ

where s ¼ �1 indicates the conduction (þ1) and valence (-1) band, respectively, vF is the two-
dimensional Fermi velocity which is constant for graphene and equal to vF¼ 106 m/s
[7, 8, 10, 16, 18]. Because of valley degeneracy gv ¼ 2, the Fermi momentum is modified to read
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kF ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πn=gv

p ¼ ffiffiffiffiffiffi
πn

p
[8, 18]. The Fermi energy, given by EF ¼ ℏvFkF, becomes zero in the

absence of doping (n ¼ 0). As a consequence, the EF crosses the point where the linear valence
and conduction bands touch each other, namely at the Dirac point, giving rise to the semi-
metal character of the undoped graphene [7, 15, 16, 18]. The Lindhard formula of Eq. (19)
needs to be generalized to include both intra- and interband transitions (valley degeneracy) as
well as the overlap of states, hence

χ0ðq;ωÞ ¼ � gsgv
V

X
s;s0

X
k

f ðEs0kþqÞ � f ðEskÞ
ℏω� ðEs0kþq � EskÞ þ iℏη

Fss0 ðk;kþ qÞ ð60Þ

where the factors gs ¼ gv ¼ 2 account to spin and valley degeneracy, respectively. The

Lindhard formula has been modified to contain two extra summations
X1

s¼�1

X1

s0¼�1

� �

corresponding to valley degeneracy for the two bands of Eq. (59). In addition, the overlap of
states function Fss0 ðk;kþ qÞ has been introduced and defined by Fss0 ðk;kþ qÞ ¼
ð1þ ss0 cosψÞ=2, where ψ is the angle between k and kþ q vectors [5, 18]. The term cosψ can
be expressed in jkj, jkþ qj and θ terms, and subsequently the overlap function is written as [8]

Fss0 ðk;kþ qÞ ¼ 1
2

1þ ss0
jkj þ jqj cosθ

jkþ qj
� �

: ð61Þ

In long wavelength limit, we approximately obtain

jkþ qj ¼ jkj 1þ jqj cosθ
jkj þ jqj2 sin 2θ

2jkj2
 !

: ð62Þ

In this limit, we obtain for the graphene dispersion relation (59) the general form

Eskþq � Es
0
k ¼ sℏvF

s� s0

s
jkj þ jqj cosθþ jqj

2jkj sin
2θ

� �� �
: ð63Þ

In turn, the plasmon-damping regimes are determined by the poles of polarizability (60) by
substituting expression (63). Due to the valley degeneracy, there are two damping regimes
corresponding, respectively, to intraband ðs ¼ s0Þ

ω < vFq ð64Þ

and interband (s ¼ �s0)

vFð2kF � qÞ < ω < vFð2kF þ qÞ: ð65Þ

electron-hole pair excitations [8] demonstrated in Figure 5 by shaded areas.

Substituting the long wavelength limit expression (62) in the overlap function (61), the latter
reads
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X
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X
k
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ℏω� ðEs0kþq � EskÞ þ iℏη

Fss0 ðk;kþ qÞ ð60Þ
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s¼�1

X1

s0¼�1

� �
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Fss0 ðk;kþ qÞ ¼
1� q2

4k2
sin 2θ ≃ 1 s ¼ s0 ðintrabandÞ

q2

4k2
sin 2θ ≃ 0 s 6¼ s0 ðinterbandÞ

8>>><
>>>:

ð66Þ

Equation (66) states that in long wavelength limit, the interband contribution can be neglected
[5], hence, the Lindhard formula (60) is simplified to

χ0ðq ! 0;ωÞ ¼ � 4
V

X
k

f ðEþkþqÞ � f ðEþk Þ
ℏz� ðEþkþq � Eþk Þ

þ
f ðE�kþqÞ � f ðE�k Þ
ℏz� ðE�kþq � E�k Þ

( )
: ð67Þ

As it has already been mentioned, in zero temperature limit, the Fermi-Dirac distribution f ðE�k Þ
is simplified to Heaviside step function ΘðkF ∓ jkjÞ. In this limit, the second term in the right
hand of Eq. (67) is always zero, since ΘðkF þ jkjÞ ¼ ΘðkF þ jkþ qjÞ ¼ 1, which reflects that all
states in the valence band are occupied. Making again the elementary transformation
kþ q ! �k in the term of Eq. (67) that includes f ðEþkþqÞ, we obtain

χ0ðq ! 0;ωÞ ¼ 8
V

X
jkj<kF

Eþkþq � Eþk
ðℏzÞ2 � ðEþkþq � Eþk Þ2

: ð68Þ

Turning summation (68) into integral, we read

χ0ðq ! 0;ωÞ ¼ 8

ð2πÞ2
Z

d2jkj
Eþkþq � Eþk

ðℏzÞ2 � ðEþkþq � Eþk Þ2
: ð69Þ

Transforming to polar coordinates for r ¼ jkj and using relation (63), we obtain the integral

Figure 5. Blue solid line indicates the dispersion relation of graphene plasmons ðωGr
p Þ. The shaded regimes represent the

intra- and interband Landau damping where plasmon decays to electron-hole pairs excitation.
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χ0ðq;ωÞ ¼
2EFkFq
π2ℏ2ω2

Z 1

0
dx
Z 2π

0

x cosθþ q
2kF

sin 2θ

1� vFq
ω

� �2 cosθþ q
2kFx

sin 2θ
� �2 dθ; ð70Þ

where x ¼ r=kF, q ¼ jqj and η ¼ 0 ) z ¼ ω. In non-static ðω≫ vFqÞ and long wavelength
(q≪ kF) limits, we expand the integrator of Eq. (69) in series of q. Keeping up to first power of
q=kF, we obtain

χ0ðq ! 0;ωÞ ¼ 2EFkFq
π2ℏ2ω2

Z 1

0
dx
Z 2π

0
x cosθþ q

2kF
sin 2θ

� �
dθ: ð71Þ

The evaluation of integral (71) is trivial and leads to the polarizability function of graphene

χ0ðq ! 0;ωÞ ¼ EF

πℏ2
q2

ω2 : ð72Þ

Using the RPA formula (15), we obtain the long wavelength dielectric function of graphene

εðq;ωÞ ¼ 1� 2e2EF

ℏ2ω2
q ð73Þ

indicating that at low energies doped graphene is described by a Drude-type dielectric func-
tion with plasma frequency depending straightforward on the doping amount, namely the
Fermi energy level EF. The plasma frequency of graphene monolayer is determined by condi-
tion (11) and reads

ωGr
p ðqÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2EF

ℏ2 q

s
ð74Þ

indicating the q1=2 dependence likewise plasmons at a regular 2DEG. The most important
result is the presence of ℏ in the denominator of Eq. (74), which reveals that plasmons in
graphene are purely quantum modes, that is, there are no classical plasmons in doped
graphene. In addition, graphene plasmon frequency is proportional to n1=4, which is different
from classical 2D plasmon behavior where ω2D

p � n1=2 [7, 18]. This is a direct consequence of

the quantum relativistic nature of graphene, since Fermi energy is defined differently in any
case, namely EF � kF � n1=2 in graphene, whereas, EF � k2F � n in 2DEG case. In Figure 3(a),
we represent the plasmon dispersion relation in doped graphene.

3.2. Graphene plasmonic metamaterial

Multilayers of plasmonic materials have been used for designing metamaterials providing elec-
tromagnetic propagation behavior not found under normal circumstances like negative refrac-
tion and epsilon-near-zero (ENZ) [9, 19, 20]. The bottleneck in creating plasmonic devices with
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any desirable characteristic has been the limitations of typical 3D solids in producing perfect
interfaces for the confinement of electrons and the features of dielectric host. This may no longer
be a critical issue. The advent of truly two-dimensional materials like graphene (a metal),
transition-metal dichalcogenides (TMDC’s, semiconductors), and hexagonal boron nitride (hBN,
an insulator) makes it possible to produce structures with atomic-level control of features in the
direction perpendicular to the stacked layers [9, 21]. This is ushering a new era in manipulating
the properties of plasmons and designing devices with extraordinary behavior.

Here, we propose a systematic method for constructing epsilon-near-zero (ENZ) metamaterials
by appropriate combination on 2D materials. The aforementioned metamaterials exhibit inter-
esting properties like diffractionless EM wave propagation with no phase delay [9]. We show
analytically that EM wave propagation through layered heterostructures can be tuned dynam-
ically by controlling the operating frequency and the doping level of the 2D metallic layers.
Specifically, we find that multilayers of a plasmonic 2D material embedded in a dielectric host
exhibit a plasmonic Dirac point (PDP), namely a point in wavenumber space where two linear
coexisting dispersion curves cross each other, which, in turn, leads to an effective ENZ behav-
ior [9]. To prove the feasibility of this design, we investigate numerically EMwave propagation
in periodic plasmonic structures consisting of 2D metallic layers lying on yz plane in the form
of graphene, arranged periodically along the x axis and possessing surface conductivity σs. The
layers are embedded in a uniaxial dielectric host in the form of TMDC or hBN multilayers of
thickness d and with uniaxial relative permittivity tensor εd with diagonal components
εx 6¼ εy ¼ εz. We explore the resulting linear, elliptical, and hyperbolic EM dispersion relations
which produce ENZ effect, ordinary and negative diffraction, respectively.

We solve the analytical problem under TM polarization, with the magnetic field parallel to the
y direction which implies that there is no interaction of the electric field with εy. We consider a
magnetically inert (relative permeability μ ¼ 1) lossless host (εx;εz ∈ℝ). For monochromatic
harmonic waves in time, the Maxwell equations lead to three equations connecting the com-
ponents of the E and H fields. For the longitudinal component [9, 19], Ez ¼ ðiη0=k0εzÞð∂Hy=∂xÞ
where η0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
μ0=ε0

p
is the free space impedance. Defining the vector of the transversal field

components as ψ ¼ ðEx; HyÞT gives [9]

i
∂
∂z

ψ ¼ k0η0

0 1þ 1
k20

∂
∂x

1
εz

∂
∂x

εx
η20

0

0
BB@

1
CCAψ ð75Þ

Assuming EM waves propagating along the z axis, viz. ψðx;zÞ ¼ ψðxÞeikzz, Eq. (75) leads to an
eigenvalue problem for the wavenumber kz of the plasmons along z [9, 19]. The metallic 2D
planes are assumed to carry a surface current Js ¼ σsEz, which acts as a boundary condition in
the eigenvalue problem. Furthermore, infinite number of 2D metals are considered to be
arranged periodically, along x axis, with structural period d. The magnetic field reads
H�

y ðxÞeikzz for �d < x < 0 and Hþ
y ðxÞeikzz for 0 < x < d on either side of the metallic plane at

x ¼ 0, with boundary conditions Hþ
y ð0Þ �H�

y ð0Þ ¼ σsEzð0Þ and ∂xHþ
y ð0Þ ¼ ∂xH�

y ð0Þ. Due to the
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periodicity, we use Bloch theorem along x as Hþ
y ðxÞ ¼ H�

y ðx� dÞeikxd, with Bloch wavenumber

kx. As a result, we arrive at the dispersion relation [9, 19, 20]:

Fðkx;kzÞ ¼ cos ðkxdÞ � coshðκdÞ þ ξκ
2
sinhðκdÞ ¼ 0 ð76Þ

where κ2 ¼ ðεz=εxÞðk2z � k20εxÞ expresses the anisotropy of the host medium and ξ ¼ �ðiσsη0=
k0εzÞ coincides with the so-called “plasmonic thickness” which determines the SPP decay
length [9, 19, 20]. In particular, ξ is twice the SPP penetration length and defines the maximum
distance between two metallic layers where the plasmons are strongly interacting [9, 19, 20].
We point out that for lossless 2D metallic planes σs is purely imaginary and ξ is purely real (for
εz ∈ℝ). At the center of the first Brillouin zone kx ¼ 0, the equation has a trivial solution [19] for
κ ¼ 0 ) kz ¼ k0

ffiffiffiffiffi
εx

p
which corresponds to the propagation of x-polarized fields travelling into

the host medium with refractive index
ffiffiffiffiffi
εx

p
without interacting with the 2D planes which are

positioned along z axis [22]. Near the Brillouin zone center ðkx=k0 ≪ 1 and κ≃0Þ and under the
assumption of a very dense grid ðd ! 0Þ, we obtain kxd≪ 1 and κd≪ 1, we Taylor expand the
dispersion equation (76) to second order in d, hence

k2z
εx

þ d
ðd� ξÞεz k

2
x ¼ k20: ð77Þ

The approximate relation (77) is identical to that of an equivalent homogenized medium
described by dispersion: k2z=ε

eff
x þ k2x=ε

eff
z ¼ k20 [9, 21]. Subsequently, from a metamaterial point

of view, the entire system is treated as a homogeneous anisotropic medium with effective
relative permittivities given by

εeffx ¼ εx ; εeffz ¼ εz þ i
η0σs
k0d

¼ εz
d� ξ
d

: ð78Þ

We read from Eq. (78) the capability to control the behavior of the overall structure along the z
direction. For instance, the choice d ¼ εz=ðεz � εxÞξ leads to an isotropic effective medium with
εeffz ¼ εeffx [9].

For the lossless case (Im½ξ� ¼ 0), we identify two interesting regimes, viz. the strong plasmon
coupling for d < ξ and the weak plasmon coupling for d > ξ. In both cases, plasmons develop
along z direction at the interfaces between the conducting planes and the dielectric host. In the
strong coupling case (d < ξÞ, plasmons of adjacent interfaces interact strongly with each other.
As a consequence, the shape of the supported band of Eq. (77), in the ðkx;kzÞ plane, is hyper-
bolic (dashed red line in Figure 6(a)) and the system behaves as a hyperbolic metamaterial
[9, 19, 22] with εeffx > 0, εeffz < 0. On the other hand, in the weak plasmon coupling ðd > ξÞ, the
interaction between plasmons of adjacent planes is very weak. In this case, the shape of the
dispersion relation (77) on the ðkx;kzÞ plane is an ellipse (dotted black line in Figure 6(a)) and
the systems act as an ordinary anisotropic media with εeffz ;εeffx > 0 [9]. We note that in the case
ξ < 0 the system does not support plasmons and the supported bands are always ellipses [9].
When either the 2D medium (Re½σs� 6¼ 0) or the host material is lossy, a similar separation
holds by replacing ξ by Re½ξ�.
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The most interesting case is the linear dispersion, where kz is linearly dependent on kx and
dkx=dkz is constant for a wide range of kz [9, 19]. When this condition holds, the spatial
harmonics travel with the same group velocity into the effective medium [9, 19]. To engineer
our structure to exhibit a close-to-linear dispersion relation, we inspect the approximate ver-
sion of Eq. (77): a huge coefficient for kx will make k20 on the right-hand-side insignificant; if

ξ ¼ d, the term proportional to k2x increases without bound yielding a linear relation between kz
and kx. With this choice, σs ¼ �iðk0dεz=η0Þ, and substituting in the exact dispersion relation
Eq. (76), we find that ðkx;kzÞ ¼ ð0;k0 ffiffiffiffiffi

εx
p Þ becomes a saddle point for the transcendental func-

tion Fðkx;kzÞ giving rise to the conditions for the appearance of two permitted bands, namely
two lines on the ðkx;kzÞ plane across which Fðkx;kzÞ ¼ 0. This argument connects a mathemat-
ical feature, the saddle point of the dispersion relation, with a physical feature, the crossing
point of the two coexisting linear dispersion curves, the plasmonic Dirac point [9] (solid blue
line in Figure 6(a)). From a macroscopic point of view, the choice ξ ¼ d makes the effective

Figure 6. (a) The three supported dispersion plasmonic bands in ðkx;kzÞ plane: hyberbolic (dashed red), elliptical (dotted
black), and linear (solid blue) where plasmonic Dirac point (PDP) appears. (b) Combinations of graphene doping μc and
free-space operational wavelengths λ leading to epsilon-near-zero (ENZ) behavior (PDP in dispersion relation) for several
lattice periods d (in nm). (c) Real and (d) imaginary parts of the effective permittivity εeffz for the choice d ¼ 20 nm (dashed
line in (b)); dashed curves indicate the ENZ regime.
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permittivity along the z direction vanish, as is evident from Eq. (78). As a result, the existence
of a PDP makes the effective medium behave like an ENZ material in one direction (εeffz ¼ 0).

The plasmonic length ξ is, typically, restricted in few nanometers (ξ < 100 nm). Regular
dielectrics always present imperfections in nanoscales, hence, the use of regular materials as
dielectric hosts is impractical. Furthermore, graphene usually exfoliates or grows up on other
2D materials. Because of the aforementioned reasons, it is strongly recommended that the
dielectric host to be also a 2D material with atomic scale control of the thickness d and no
roughness. For instance, one could build a dielectric host by stacking 2D layers of materials
molybdenum disulfide (MoS2) [23] with essentially perfect planarity, complementing the pla-
narity of graphene.

Substituting the graphene dielectric function (73) into formula (18), we calculate the two-
dimensional Drude-type conductivity of graphene [6, 19, 21]

σsðωÞ ¼
ie2μc

πℏ2ðωþ i=τÞ ; ð79Þ

where μc is the tunable chemical potential equal to Fermi energy EF and τ is the transport-
scattering time of the electrons [6, 19] introduced in the same manner as in Eq. (30). In what
follows, we use bulk MoS2, which at THz frequencies is assumed lossless with a diagonal
permittivity tensor of elements, εx ffi 3:5 (out of plane) and εy ¼ εz ffi 13 (in plane) [23].

The optical losses of graphene are taken into account using τ ¼ 0:5 ps [19]. Since the optical
properties of the under-investigated system can be controlled by tuning the doping amount,
the operating frequency or the structural period, in Figure 6(b), we show proper combinations
of μc and operational wavelength in free space λ which lead to a PDP for several values of
lattice density distances (d ¼ Re½ξ� in nm) [9]. To illustrate, for a reasonable distance between
successive graphene planes of d ¼ 20 nm, the real (Figure 6(c)) and imaginary (Figure 6(d))
effective permittivity values that can be emulated by this specific graphene-MoS2 architecture
determine the device characteristics at different frequencies and graphene-doping levels. Pos-
itive values of Re½εeffz � are relatively moderate and occur for larger frequencies and lower
doping levels of graphene; on the other hand, Im½εeffz � is relatively small in the ENZ region as
indicated by a dashed line in both graphs [9]. On the other hand, losses become larger as
Re½εeffz � gets more negative.

To examine the actual electromagnetic field distribution in our graphene-MoS2 configuration,
we simulate the EM wave propagation through two finite structures consisting of 40 and 100
graphene planes with Re½ξ� ¼ 20:8 nm and for operational wavelength in vacuum λ ¼ 12m
(f ¼ 25 THz ¼ 0:1 eV). In order to have a complete picture of the propagation properties, we
excite the under-investigating structures with a 2D dipole magnetic source as well as with a
TM plane wave source. In particular, the 40-layered structure is excited by a 2D magnetic
dipole source, which is positioned close to one of its two interfaces and oriented parallel to
them, denoted by a white dot in Figure 7(a)–(c). On the other hand, the 100-layered configura-
tion is excited by a plane source, which is located below the multilayer and is rotated by 20o
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σsðωÞ ¼
ie2μc

πℏ2ðωþ i=τÞ ; ð79Þ

where μc is the tunable chemical potential equal to Fermi energy EF and τ is the transport-
scattering time of the electrons [6, 19] introduced in the same manner as in Eq. (30). In what
follows, we use bulk MoS2, which at THz frequencies is assumed lossless with a diagonal
permittivity tensor of elements, εx ffi 3:5 (out of plane) and εy ¼ εz ffi 13 (in plane) [23].

The optical losses of graphene are taken into account using τ ¼ 0:5 ps [19]. Since the optical
properties of the under-investigated system can be controlled by tuning the doping amount,
the operating frequency or the structural period, in Figure 6(b), we show proper combinations
of μc and operational wavelength in free space λ which lead to a PDP for several values of
lattice density distances (d ¼ Re½ξ� in nm) [9]. To illustrate, for a reasonable distance between
successive graphene planes of d ¼ 20 nm, the real (Figure 6(c)) and imaginary (Figure 6(d))
effective permittivity values that can be emulated by this specific graphene-MoS2 architecture
determine the device characteristics at different frequencies and graphene-doping levels. Pos-
itive values of Re½εeffz � are relatively moderate and occur for larger frequencies and lower
doping levels of graphene; on the other hand, Im½εeffz � is relatively small in the ENZ region as
indicated by a dashed line in both graphs [9]. On the other hand, losses become larger as
Re½εeffz � gets more negative.

To examine the actual electromagnetic field distribution in our graphene-MoS2 configuration,
we simulate the EM wave propagation through two finite structures consisting of 40 and 100
graphene planes with Re½ξ� ¼ 20:8 nm and for operational wavelength in vacuum λ ¼ 12m
(f ¼ 25 THz ¼ 0:1 eV). In order to have a complete picture of the propagation properties, we
excite the under-investigating structures with a 2D dipole magnetic source as well as with a
TM plane wave source. In particular, the 40-layered structure is excited by a 2D magnetic
dipole source, which is positioned close to one of its two interfaces and oriented parallel to
them, denoted by a white dot in Figure 7(a)–(c). On the other hand, the 100-layered configura-
tion is excited by a plane source, which is located below the multilayer and is rotated by 20o
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with respect to the interface; the blue arrow in Figure 7(d) indicates the direction of the
incident wave. The normalized to one spatial distribution of the magnetic field value is shown
in Figure 7 in color representation, where the volume containing the graphene multilayers is
between the dashed blue lines. To minimize the reflections, the background region is filled
with a medium of the same dielectric properties as MoS2. In Figure 7(a and d), the system is in
the critical case (d ¼ Re½ξ�), where the waves propagate through the graphene sheets without
dispersion as in an ENZ medium. In Figure 7(b and e), the interlayer distance is d ¼ 0:7Re½ξ�
(strong plasmon-coupling regime) and the system shows negative (anomalous) diffraction. In
Figure 7(c and f) d ¼ 1:5Re½ξ� (weak plasmon-coupling regime) and the EM wave show
ordinary diffraction through the graphene planes [9].

4. Conclusion

In summary, we have studied volume and surface plasmons beyond the classical plasma
model. In particular, we have described electronic excitations in solids, such as plasmons and
their damping mechanism, viz. electron-hole pairs excitation, in the context of the quantum
approach random phase approximation (RPA), a powerful self-consistent theory for determin-
ing the dielectric function of solids including screening non-local effect. The dielectric function
and, in turn, the plasmon dispersion relation have been calculated for a bulk metal, a two-
dimensional electron gas (2DEG) and for graphene, the famous two-dimensional semi-metal.

Figure 7. Spatial distribution of the magnetic field (color map) of graphene-MoS2 multilayer structure located between
the blue dashed lines and embedded in MoS2 background. In (a)–(c), the metamaterial consists of 40 graphene sheets and
excited by a magnetic dipole (white dot). In (d)–(f), the structure is composed by 100 graphene layers and excited by a TM
plane wave source located at y ¼ 0 and rotated 20o with respect to the interface. (a), (d) d ¼ Re½ξ� (ENZ behavior). (b), (e)
d ¼ 0:7Re½ξ� hyperbolic metamaterial. (c), (f) d ¼ 1:5Re½ξ� elliptical medium, where Re½ξ� ¼ 20:8 nm. Due to high reflec-
tions in (d), (e), we observe pattern formation of stationary waves below the metamaterial.
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The completely different dispersion relation between plasmon in three- and two-dimensional
metals has been pointed out. Furthermore, we have highlighted the fundamental difference
between plasmons in a regular 2DEG and in doped graphene, indicating that plasmons in
graphene are purely quantum modes, in contrast to plasmons in 2DEG, which originate from
classical laws. Moreover, the propagation properties of surface plasmon polariton (SPP), a
guided collective oscillation mode, have been also investigated. For the completeness of our
theoretical investigation, we have outlined two applications. First, we have examined SPPs
properties along an interface consisting of a bulk metal and an active (gain) dielectric. We have
found that there is a gain value for which the metallic losses have been completely eliminated
resulting in lossless SPP propagation. Second, we have investigated a plasmonic metamaterial
composed of doped graphene monolayers. We have shown that depending on operating
frequency, doping amount, and interlayer distance between adjacent graphene layers, the
wave propagation properties present epsilon-near-zero behavior, normal, and negative refrac-
tion, providing a metamaterial with tunable optical properties.
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Abstract

Nowadays, graphene plasmonics shows a great number of features unusual for tradi-
tional (metal-based) plasmonics from high localization and large propagation distance
of surface plasmon-polaritons (SPPs) through the existence of both TE- and TM-polarized
SPPs to the possibility of controlled SPPs by graphene chemical potential (or, equivalently,
by gate voltage or chemical doping). Cylindrical graphene-based plasmonic structures
have some advantages in contrast to planar geometry: absence of edge losses, existence of
high-order azimuthal modes, etc. In this work, we discuss some ways to obtain an optical
activity in cylindrical graphene-based plasmonic structures and its possible applications to
SPPs manipulation.

Keywords: surface plasmon-polaritons, graphene, optical activity,
magneto-plasmonics, metasurface

1. Introduction

Nowadays, it is evident that graphene is a very promising material for many optics, photonics
and plasmonics applications [1–3]. Graphene layers (single layer as well as two- and multi-layer
waveguides) may support highly localized electromagnetic waves, i.e. surface plasmon-polaritons
(SPPs), both TE and TM polarized [4–9]. Tight confinement and large propagation length of
plasmons make it possible to observe strong light-matter interactions in graphene-based struc-
tures [10]. Practically, only graphene ribbons of finite weight may be used. Unfortunately, the
edges of such ribbons lead to undesirable increase in losses [11]. The possible way to solve this
problem is the use of cylindrical 2D surfaces [12]. Graphene-based cylindrical waveguides may
operate in single- and multi-mode regimes in the frequency range from THz to mid-IR [13–15].
They may support TE-polarized plasmons [16], similar to the single graphene layer [4].
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For realizing any plasmonic devices, one should have the instrument for manipulating by
plasmon-polaritons. This goal may be achieved, for example, by the combination of plasmonic
and optically active materials [17–22]. Among other optically active materials, the use of
magnetic ones leads to cross-coupling between magnetic properties of materials and optical
fields: different mechanisms may lead to optically induced magnetic fields [23–26] and excita-
tion of localized plasmons may lead to a major increase in magneto-optical effects [27–31].

It is well known that magnetic field (or magnetization) in cylindrical optical fibres may lead to
the rotation of the energy distribution (i.e. speckle-pattern) into cross-section of the fibre [32–35].
The nature of this effect is magnetic field-induced breaking of degeneracy of the modes with
opposite signs of azimuthal mode index (i.e. rotating in opposite azimuthal directions). Recently,
we have shown that in graphene-coated optical fibre one may control such rotation by both
magnetic field and chemical potential of the graphene [36], but for observable rotation it is
necessary that the fibre length should be of a few centimetres. Recently, we have shown that in
case of magneto-active nanowire covered by graphene layer one may achieve the rotation of
some plasmonic modes by up to ∼100° on the scale of about 500 nm at mid-infrared frequencies
[37]. Tuning carrier concentration in graphene by chemical doping or gate voltage allows con-
trolling of SPP properties and notably the rotation angle of high-order azimuthal modes.

In this chapter, we summarize our previous results and discuss some magnetic-free ways to
obtain similar effects. Our results may open the door for the application of straintronic control
in plasmonics and the design of one-way propagation plasmonic devices.

The chapter consists of introduction, three sections and conclusions. In Section 2, we review
basic properties of SPPs propagating in cylindrical graphene-based plasmonic waveguides. We
discuss conditions of propagation of both TM and TE fundamental modes and TM-like high-
order SPPs. This section also covers some features of effective magnetic field induced via
inverse Faraday effect. In Section 3, we show the possibility of rotation of SPPs, which are
supported by graphene-coated gyrotropic nanowire. Section 4 discusses the similar effects of
the spiral graphene-based plasmonic waveguide.

2. Surface plasmon-polaritons in graphene-covered nanowires

Cylindrical graphene-based plasmonic waveguides of different configurations have been well
investigated in the literature [13–16]. It has been shown that such a waveguide may support
high-order azimuthal plasmonic modes and may work in the single-mode regime.

Let us consider a nanowire with the dielectric permittivity εwire covered by a graphene layer.
This structure is embedded in the medium with permittivity εout. The radius of nanowire is R.
We will use cylindrical coordinates (r, φ, z). The nanowire axis is supposed to be the z-axis. We
describe graphene by a 2D conductivity σg [38], which depends on the temperature T, the
angular frequency ω, the scattering rate Γ and the chemical potential (or the Fermi energy)
μch ≈ ħvF(πn)1/2, where vF ≈ 106 m/s is the Fermi velocity. For example, n ≈ 8 · 1013 cm�2

corresponds μch ≈ 1 eV. We use a standard model of graphene surface conductivity calculated
within the local random phase approximation with the dominant Drude term at SPP energies
below the Fermi level [39, 40].
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We will consider monochromatic plasmons propagating along the nanowire axis (z-axis) by
putting electric and magnetic fields E,H ∞ exp[i(βz � ωt)] into Maxwell's equations (β = β0 + iβ″
is a complex propagation constant, ω is a circular frequency). Components of electric and
magnetic fields in the cylindrical coordinates (r, φ, z) inside the nanowire (i.e. at 0 < r < R) are
the following:

Ein
r;m ¼ �ig�2fβgAmI0mðgrÞ þ iωmµ0r

�1BmImðgrÞg;
Ein
φ;m ¼ �ig�2fiβmr�1AmImðgrÞ � ωµ0gBmI0mðgrÞg;

Ein
z;m ¼ AmImðgrÞ;

Hin
r;m ¼ �ig�2fβgBmI0mðgrÞ � iωmεinr�1AmImðgrÞg;

Hin
φ;m ¼ �ig�2fiβmr�1BmImðgrÞ � ωεingAmI0mðgrÞg;

Hin
z;m ¼ BmImðgrÞ:

(1)

In Eq. (1), a multiplier exp[i(mφ + βz � ωt)] has been omitted. Equations describing fields
outside the nanowire (at r > R) Eout, Hout may be derived from Eq. (1) by substitutions:

g ! p, ImðgrÞ ! KmðprÞ,Am ! Cm,Bm ! Dm, εin ! εout: (2)

In all formulae, Im(x) and Km(x) are modified Bessel's functions of the first and second types,
respectively; operation ‘means differentiation with respect to the argument; g2 = β2 – ω2εinμ0,
p2 = β2 – ω2εoutμ0, where μ0 is the magnetic constant. Parameters p and g are related to the field
confinement of mode. Constants Am, Bm, Cm and Dm are determined by boundary conditions
and mode normalization procedure. The boundary conditions at r = R are the following:
Ein
z,m ¼ Eout

z,m, E
in
ϕ,m ¼ Eout

ϕ,m, H
out
z,m �Hin

z,m ¼ �σgEin
ϕ,m and Hout

ϕ,m �Hin
ϕ,m ¼ σgEin

z,m.

The characteristic (or dispersion) equation for the mth plasmonic mode may be obtained from
boundary conditions with fields expressions (1) and (2).

For m = 0, electromagnetic waves may be classified into TE and TM modes. High-order modes
have all non-zero components of electric and magnetic fields.

Dispersion relation for TE-polarized fundamental mode (m = 0) reads [16]

iωμ0σg ¼
gI0ðgRÞ
I1ðgRÞ þ pK0ðpRÞ

K1ðpRÞ : (3)

Both terms on the right-hand side are positive; so, we may conclude that condition Im[σg] < 0 is
necessary. But this condition is not sufficient. Let us suppose that |Re[σg]| << |Im[σg]|. This
condition is satisfied near the inter-band transition (i.e. when 1.667 < ħω/μch < 2). Cut-off limit
(i.e. p ! 0) leads to critical coupling among the core radius, frequency and dielectric permit-
tivity. The limit gcrR << 1, which corresponds to small core radius, small difference of permit-
tivities of the inner and the outer mediums, or low frequency, leads to the condition of
ωμ0jIm½σg�jR ¼ 2: Estimations of critical radius for the frequency range 100–600 THz (near-
infrared to visible light) give R ∼1 μm.
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High-order TE-like SPPs modes may propagate in the structures with much larger radius, and,
thus, are of interest for practical plasmonic applications.

TM-SPPs have been investigated in details in [13, 14]. Dispersion relation of TM fundamental
plasmonic modes is

εoutK0ðpRÞ
pK1ðpRÞ þ εinI0ðgRÞ

gI1ðgRÞ þ i
σg
ω

¼ 0: (4)

Thismode exists for any radius values and frequencies of electromagnetic wave, when Im[σg] > 0.

The modes with index |m| > 0 exist above the cut-off frequency. The number of supported
modes at the fixed vacuumwavelength λ0 may be estimated as Re[i2πR(εwire+εout)c/(σgλ0)]. An
increase of the core permittivity leads to an increase in the number of supported modes.

Comparison of the SPPs characteristics of graphene-covered nanowire and gold-coated
nanowire in the frequency range of 30–50 THz shows [13] that the effective mode index of
SPPs mode in graphene-covered nanowire is much larger than that of gold-coated nanowire,
indicating that plasmon mode in graphene-covered nanowire has a much shorter SPP wave-
length and better mode confinement. SPPs mode in graphene-covered nanowire has a much
smaller mode area: the mode energy of graphene-covered nanowire is mainly localized inside
the nanowire, while the mode energy of gold-coated nanowire resides outside the Au coating.

Field expressions (1) with (2) allow one to calculate the inverse magneto-plasmonic effect [41]:
i.e. the effective magnetic field induced by propagating SPPs due to the inverse Faraday effect
Heff ¼ αIm½E ·E��. For mode with m = 0 SPPs may be classified into TE and TM modes. It is
easy to show that TE mode cannot produce any magnetic field, while TM mode can induce
azimuthal magnetic field. Magnetic field components induced by any single mode do not
depend on the azimuthal angle φ. For modes with m ≠ 0, all components of magnetic field are
non-zero. Change in the propagation direction leads to a change in the Heff rotation direction.
Modes with greater |m| induces longitudinal component of magnetic field as well. The value
of this component increases with an increase in mode number. We have found also that in two-
mode regime it is possible to induce azimuthally periodic magnetic field distribution. This
distribution may be rotated by these two mode phase shift controls.

3. Gyrotropic graphene-coated nanowires

Let us consider a gyrotropic nanowire covered by a graphene layer (see Figure 1). We will use
cylindrical coordinates (r, φ, z). The nanowire axis is supposed to be the z-axis, which coincides
with the gyration axis. Such situation may be realized, for example, in magnetic nanowires
magnetized along the wire axis. The electrodynamic properties of the nanowire may be
described by the following dielectric permittivity tensor:

ε̂wire ¼ ε0
ε⊥ �iεa 0
iεa ε⊥ 0
0 0 ε∥

0
@

1
A (5)

Nanoplasmonics - Fundamentals and Applications34
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gI1ðgRÞ þ i
σg
ω

¼ 0: (4)
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The modes with index |m| > 0 exist above the cut-off frequency. The number of supported
modes at the fixed vacuumwavelength λ0 may be estimated as Re[i2πR(εwire+εout)c/(σgλ0)]. An
increase of the core permittivity leads to an increase in the number of supported modes.

Comparison of the SPPs characteristics of graphene-covered nanowire and gold-coated
nanowire in the frequency range of 30–50 THz shows [13] that the effective mode index of
SPPs mode in graphene-covered nanowire is much larger than that of gold-coated nanowire,
indicating that plasmon mode in graphene-covered nanowire has a much shorter SPP wave-
length and better mode confinement. SPPs mode in graphene-covered nanowire has a much
smaller mode area: the mode energy of graphene-covered nanowire is mainly localized inside
the nanowire, while the mode energy of gold-coated nanowire resides outside the Au coating.

Field expressions (1) with (2) allow one to calculate the inverse magneto-plasmonic effect [41]:
i.e. the effective magnetic field induced by propagating SPPs due to the inverse Faraday effect
Heff ¼ αIm½E ·E��. For mode with m = 0 SPPs may be classified into TE and TM modes. It is
easy to show that TE mode cannot produce any magnetic field, while TM mode can induce
azimuthal magnetic field. Magnetic field components induced by any single mode do not
depend on the azimuthal angle φ. For modes with m ≠ 0, all components of magnetic field are
non-zero. Change in the propagation direction leads to a change in the Heff rotation direction.
Modes with greater |m| induces longitudinal component of magnetic field as well. The value
of this component increases with an increase in mode number. We have found also that in two-
mode regime it is possible to induce azimuthally periodic magnetic field distribution. This
distribution may be rotated by these two mode phase shift controls.

3. Gyrotropic graphene-coated nanowires

Let us consider a gyrotropic nanowire covered by a graphene layer (see Figure 1). We will use
cylindrical coordinates (r, φ, z). The nanowire axis is supposed to be the z-axis, which coincides
with the gyration axis. Such situation may be realized, for example, in magnetic nanowires
magnetized along the wire axis. The electrodynamic properties of the nanowire may be
described by the following dielectric permittivity tensor:

ε̂wire ¼ ε0
ε⊥ �iεa 0
iεa ε⊥ 0
0 0 ε∥

0
@

1
A (5)

Nanoplasmonics - Fundamentals and Applications34

Here, ε0 is the electric constant (we will use SI units throughout the chapter). Graphene layer
may be described by 2D conductivity σg, which depends on the temperature T, the angular
frequency ω, the scattering rate Γ and the chemical potential μch. It may be calculated in local
random phase approximation [39, 40], for example. We will take into account the presence of
graphene only as a specific boundary condition [38]. We will suppose that the outer medium is
the air, i.e. it has dielectric permittivity εout = ε0.

Characteristics of SPP modes propagating in graphene-covered non-gyrotropic nanowire have
been investigated in details [13–16]. In Section 2, it has been discussed that plasmonic modes in
such structure may induce a complex distribution of magnetic field via inverse Faraday effect.
Here, we suppose that intensity of plasmonic modes under consideration is small enough, and
one may neglect the inverse Faraday effect inside magnetic nanowire.

Now, one has to solve Maxwell's equations inside each medium. We suppose that electromag-
netic wave has harmonical time dependence and propagates along the z-axis, i.e. E, H ∼
exp[�iωt + iβz], where β = β0 + iβ″ is a complex propagation constant. Electromagnetic field
distribution inside magnetic nanowire with permittivity tensor (Eq. (5)) may be expressed
similarly to that of circular microwave waveguides and optical fibres filled by gyrotropic
medium [42–44]. Field outside the nanowire has a usual form (see Eqs. (1) and (2)). These
fields should satisfy the boundary conditions at r = R: Ein

z, m ¼ Eout
z, m, E

in
ϕ,m ¼ Eout

ϕ,m, H
out
z, m �Hin

z, m

Figure 1. Geometry of the problem.

Magneto‐Plasmonics and Optical Activity in Graphene‐Based Nanowires
http://dx.doi.org/10.5772/67417

35



¼ �σgEin
ϕ,m and Hout

ϕ,m �Hin
ϕ,m ¼ σgEin

z,m. So, we will have the dispersion equation. Solving this

equation, one will obtain β for each azimuthal mode index m.

Standard characteristics of SPP are the SPP wavelength λSPP = 2π/β0, and propagation length
LSPP = (β″)�1. When LSPP becomes less than λSPP for chosen m, the corresponding SPP mode
becomes overdamped and cannot propagate in the structure.

Analytical analysis shows that dispersion equation has terms with the first and third powers of
the mode index m. This leads to non-reciprocity for modes with the opposite azimuthal
propagation direction, i.e. modes with different signs of m will propagate with slightly differ-
ent velocities.

Let us suppose that at z = 0 one has a field distribution with azimuthal dependence ∼cos(mφ).
Such distribution may be described by superposition of two modes with m = �|m|, which are
excited without phase shift:

Ei ¼ ~Ei;þmðrÞ exp ½imφ�exp½iβþmz� þ ~Ei;�mðrÞ exp ½�imφ�exp½iβ�mz� (6)

where ~Ei,�mðrÞ are the radial distributions of the field, i = r, ϕ, z. Indeed, due to the difference
between propagation constants β�m, this distribution will differ for opposite signs of m, but in

the first approach we will suppose that ~Ei,þmðrÞ ≈ ~Ei,�mðrÞ. Correctness of such assumption will
further be approved by numerical calculations of field distributions. Different values of prop-
agation speed will lead to phase shift at chosen z = z0 and, thus, to the rotation of field
distribution on the angle (β0�m – β0+m)z0/2m. This formula is similar to the one for microwave
waveguide filled by gyrotropic medium [43]. For the characterization of rotation angle, we will
use the specific rotation angle for each mode defined as following:

θ ¼ β0�m � β0þm

2m
: (7)

Propagation length will also differ for modes with opposite signs of m. This may lead to the
fact that at certain value of z, one of the modes becomes negligibly small. At such length,
defined by the condition

jβ″�m � β″þmjz0 >> 1, (8)

the initial azimuthal intensity distribution becomes spatially homogeneous.

For numerical solution of dispersion equation and investigation of field distributions, we will
use the following parameters: linear frequency of electromagnetic wave f = ω/2π = 100 THz
(wavelength in vacuum λ0 = 3 μm), nanowire radius R = 50 nm (quantum effects in graphene
structures should be taken into account at the size of the structure less than ≈20 nm [45]). For
simplicity, we will assume that ε⊥ = εjj = ε. The value of ε will be set at 2. We will consider the
room temperatures (T = 300 K) and graphene scattering rate Γ = 0.1 meV. Due to the fact that
rotation may be observed only for modes that depend on azimuthal angle, we will consider the
modes with |m| ≠ 0.
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Figure 2 shows the electric field distribution of some high-order modes at z = 100 nm for
different values of εa. Graphene chemical potential is μch = 1 eV. Dash-dot lines show the
calculated position of maximum. One can see that the calculated rotation angles are in good
agreement with numerical modelling. Change in the sign of gyrotropy εa (i.e. change in
magnetization or magnetic field direction) leads to opposite rotation of field distribution. The
difference between radial distributions of the fields with opposite signs of m has no evident
effect. For high-index modes in giant gyrotropy case, condition (8) is not satisfied, and one can
see the blurring of distribution we have mentioned above.

A change in graphene conductivity (or its chemical potential) may lead to greater difference in
propagation constants of the modes with opposite signs of m. This may be used for adjusting
the rotation angle, similarly to graphene-covered optical fibre [36]. Dependences of the specific
rotation angle, calculated by Eq. (7) for some lower modes, are shown in Figure 3. This figure
also contains SPP wavelength and propagation length. One can see that specific rotation angle
reaches a maximum at certain chemical potential, for which values are different for each mode.
For lower modes, the maximum corresponds to higher chemical potential values. These max-
imal values are indicated by dashed lines. Maximal rotation angle decreases when mode
number increases. An increase in gyrotropy |εa| leads to some shift of the maximum to lower
chemical potentials. For positive values of gyrotropy, the specific rotation angles are negative
but equal to the absolute value in the case of negative gyrotropy. For the graphs of SPP

Figure 2. Electric field distribution of some lower modes at z = 100 nm for different values of εa. Dash-dot lines show the
calculated position of the first maximum. Calculated rotation angles are shown as well. For εa > 0 rotation angles are the
same as for corresponding case of εa < 0, but distribution rotates in opposite direction. Graphene chemical potential is
μch = 1 eV.
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Figure 3. Dependences of the specific rotation angle, SPP wavelength and propagation length versus chemical potential
of graphene. The vertical dashed lines show the position of maximum of specific rotation angle for corresponding mode.
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Figure 3. Dependences of the specific rotation angle, SPP wavelength and propagation length versus chemical potential
of graphene. The vertical dashed lines show the position of maximum of specific rotation angle for corresponding mode.
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wavelength and propagation length change, the sign of εa leads to the exchange of the lines for
m > 0 and m < 0.

In general, the specific rotation angle may be adjusted approximately twice by changing the
chemical potential of graphene.

It should be noted that the maximal specific rotation is observed near the inflection point of
dependence of SPP wavelength versus chemical potential for the mode with higher wave-
length. At such chemical potential values, corresponding modes have propagation length less
than SPP wavelength, i.e. when the modes become evanescent. One can also see that for
maximal rotation angles propagation lengths of the modes with opposite sign of m differ
significantly. Thus, condition (8) plays a crucial role.

Propagation characteristics of the modes depend on the permittivity of nanowire, its radius
and frequency of electromagnetic wave. All these values may be used for achieving the
maximal rotation of desirable mode, but this question needs to be investigated separately.

Rotation angle linearly depends on the length of nanowire. So, the maximal rotation may be
reached at the propagation length of SPPs. But one has to keep in mind condition (8) to avoid a
non-desirable blurring of distribution.

It should be noted that for practical application of the effect under investigation, high values of
εa are needed. It takes values εa ∼ 0.001–0.01 at wavelengths approximately equal to be
considered here to be used in magneto-optics materials frequently [29]. Faraday rotation angle
and Verdet constant are used frequently used for characterizing gyrotropic materials. Faraday
rotation angle may be defined as follows [43]: θF = zω[(ε + εa)

1/2 � (ε � εa)
1/2]/(2c) = BVz, where

B is the external magnetic induction and V is the Verdet constant. For εa << ε, gyrotopy is
proportional to BV. The high values of Verdet constant in the THz frequency range (0.1–10
THz) have some semiconductors: (Cd,Mn)Te (103 rad T�1 m�1) [46], InSb (104 rad T�1 m�1)
[47], HgTe (106 rad T�1 m�1) [48]. In such materials, the values of εa may be reached, which are
necessary for practical application, but proposed structure should be redesigned for THz
frequencies (radius of the core should be increased). We should note that at THz frequencies
propagation length of SPPs is much greater than in infrared domain as considered here. Thus,
it is possible to achieve a greater rotation angles but at greater scales.

4. Spiral graphene-based waveguides

Let us consider a dielectric cylinder (core of the waveguide) with dielectric permittivity
εin = εrinε0 (ε0 is the electric constant) and radius R, which is coiled by graphene strip (see
Figure 4a and b). Such cylinder is embedded in the dielectric medium with dielectric permittiv-
ity εout = εroutε0. Both mediums will be considered as non-magnetic (μin = μout = μ0). We will use
cylindrical coordinates (r, φ, z). Let us suppose that the z-axis coincides with the cylinder axis.

The net of cylindrical surface may be represented as meta-surface formed by graphene strips
with width W and spacer width G (see Figure 4c). Such meta-surface may be described by 2D
conductivity tensor σ̂ of which components depend on the tilt angle θ [49, 50]:
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σ̂g ¼
σφφ σφz

σzφ σzz

 !

σφφ ¼ LσgσCsin2θ
WσC þ Gσg

þW
L
σg cos 2θ;

σzz ¼
LσgσC cos 2θ
WσC þ Gσg

þW
L
σg sin 2θ;

σφz ¼ σzφ ¼ W
L
σg �

LσgσC
WσC þ Gσg

� �
sinθ cosθ

σC ¼ �iωε0ε
L
π

� �
ln csc

πG
2L

� �� �

(9)

In Eq. (9), σg is the graphene conductivity, which may be divided into intra- and inter-band
contributions σg = σintra + σinter, while σC is the effective meta-surface conductivity caused by
capacitive coupling between graphene strips. Such representation is valid when the wave-
length of electromagnetic wave is much longer than the periodicity of the structure.

For fixed periodicity of the surface L = W + G, the tilt angle may get discrete values:
θn = arcsin[nL/2πR], where n is an integer number, which may be interpreted as the count of
graphene spirals (or the count of spacers in the meta-surface between two enclosed strip
edges). We will call this number the ‘tilt number'.

Figure 4. Geometry of the problem. Perspective (a) and top projection (b) views of the part of the meta-tube. Schemes
illustrating the coupling between the tilt angle θ and tilt number n (c) and influence of the graphene strip width W on
dispersion characteristic of the plasmonic modes with m = �1 (d), n = 0 for the solid line corresponds to the non-chiral
structure formed by graphene rings, n = 9 for dashed lines approximately corresponds to the tilt angle 45°.
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For investigation of electrodynamics of such structure, one should solve Maxwell's equations inside
each medium taking into account the boundary conditions: Ein

z, ¼ Eout
z , Ein

ϕ ¼ Eout
ϕ , Hout

z �Hin
z ¼

�σφφEin
φ � σφzEin

z and Hout
φ �Hin

φ ¼ σzzEin
z þ σzφEin

φ . Considering the waves propagating along the

cylinder axis, one may put electric and magnetic fields E, H ∼ exp[�iωt + ihz + imφ], where ω is
the circular frequency, h is the propagation constant and m is the azimuthal mode index.

The calculations show that propagation constants for the modes propagating along the z-axis
with opposite azimuthal rotation direction (we will denote these propagation constants as
h+|m| and h�|m|) are different, similarly to the plasmonic modes in gyrotropic graphene-covered
nanowires (see Section 3). Thus, if one has azimuthal field distribution at an input of the
waveguide z = 0 proportional to cos[mφ], at the output z = z0 one will have rotated field
distribution. Rotation angle may be calculated as ψ = z0(Re[h�|m|] – Re[h+|m|])/2|m|, while z0|
Im[h�|m|] – Im[h+|m|]| << 1. To characterize the rotation effect, we will also use the specific
rotation angle ψ0 = ψ/z0.

Figure 4(d) shows the dispersion characteristics (mode refractive index Re[hm]/k0 and the
propagation length 1/2Im[hm]) for the structure formed by graphene strip with the periodicity
L = 50 nm, core radius R = 100 nm for the frequency of electromagnetic wave f = 50 THz via
graphene strip width for the modes with m = �1 and two values of the tilt angles (n = 0
corresponds to the non-chiral structure formed by graphene rings, n = 9 approximately corre-
sponds to the tilt angle 45°). We assume that εrin = 3, and εrout = 1. For the fixed periodicity L, a
decrease in strip width leads to an increase in the spacer width. One can see that there is a
critical strip width when the structure cannot support plasmonic mode. This critical width is
different for a different mode index m. For non-zero tilt number modes with the opposite
azimuthal rotation directions (i.e. �|m|) have different critical width. The mode rotating in
the same direction as chirality of the structure exists at lower graphene width but has low
propagation length, while the opposite mode has a bulk behaviour when graphene width
reaches the critical value.

Figure 5 shows the specific rotation angle for the spiral waveguide with the periodicity
L = 50 nm, graphene strip width W = 45 nm and the spacer width G = 5 nm via the tilt number
of the structure. Other parameters are the same as for Figure 2. One can see that at n < ncr ≈ 10,
specific rotation angle of lower modes is greater than that of higher modes. At n > ncr, the
opposite behaviour take a place. Maximal specific rotation reaches up to few hundreds of
degrees, and it is observed near the tilt angle of about π/4, when non-diagonal components of
conductivity are maximal, similarly to the TE-TM coupling for the fundamental plasmonic
mode. The maximums of higher modes are shifted to greater tilt angles. We should note that
the rotation angle strictly depends on the graphene chemical potential, which may be con-
trolled by gate voltage or chemical doping. The maximal values of the specific rotation angle
are much higher than that of gyrotropic graphene-covered nanowires for the similar set of
parameters (see Section 3). Negative tilt numbers (and tilt angles) correspond to the opposite
chirality of the structure. Such situation will be observed for the backward waves propagating
in the structure, and the specific rotation angle will have negative values. Thus, the structure is
strictly non-reciprocal. This property may be used for one-way wave propagation if we have
graphene strip width lower than the critical one for the negative azimuthal mode index: mode
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with the positive azimuthal index will still propagate along the structure, while in the opposite
direction only the mode with the negative azimuthal index will propagate.

One may see that even at maximal possible tilt angle the specific rotation angle is still high
enough. This fact makes the concept of surface plasmon-polaritons control by the shear strains
very promising for practical applications. Let us imagine that we have a non-chiral structure
formed by nanowire longitudinally covered by graphene strips (see Figure 6). This situation
corresponds to the tilt angle θ = 90o. Non-diagonal components of the surface conductivity tensor
will be equal to zero, and no rotation of high-order plasmonic modes will be observed. If shear
strains are applied to such a structure, the spiral waveguide will be formed with the tilt angle
defined by the strain value and field distribution at the output of the waveguide will be rotated.

Figure 5. Specific rotation angle for the spiral waveguide with the periodicity L = 50 nm, graphene strip widthW = 45 nm
and the spacer width G = 5 nm via the tilt number (or the tilt angle) of the structure. The upper panel shows the specific
rotation angle for first four modes for graphene chemical potential μch = 0.5 eV. The lower panel shows the specific
rotation angle for the mode with |m| = 1 for different values of graphene chemical potential.
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Another way to control plasmons in the structure under investigation by external strains is to
apply an axial strain to the structure. An axial strain will lead to the change in the spacer widthG
and the periodicity of the structure L. From Eq. (9), we may see that the relation W/L affects
significantly the meta-surface conductivity. In the situation under discussion W/L may be con-
trolled by the axial strain. It is seen from Figure 4(d) that even a change in the strip width on
some nanometres leads to a significant difference in the propagation constants of counterrotating
azimuthal modes. Thus, proposed structure should be very sensitive to an axial stresses.

5. Concluding remarks

In this chapter, we have investigated in detail two ways of breaking of the degeneracy of the
plasmonic modes with the opposite azimuthal rotations for graphene-coated nanowires: by
external magnetic field and by surface spiral structure. This breaking of the degeneracy may
lead to a giant spatial rotation of high-order plasmonic modes, and to the redistribution of the
intensity of electromagnetic wave.

The open problem is the self-consistent problem of SPPs propagation in plasmonic magnetic
nanowires. Magnetization of the nanowire, in general, will lead to the change in SPPs proper-
ties, while SPPs themselves will induce an effective magnetic field, which will change the
magnetization of the nanowire. This effect should be taken into account especially for non-
linear SPPs. To the best of our knowledge, this problem is still unsolved.

The effects discussed in Section 4 are caused by the off-diagonal components of the surface
conductivity tensor. In addition to the considered structure, some similar effect may be
observed for the nanowires covered by strained graphene layer. Recent investigation of

Figure 6. The schemes illustrating formation of the spiral waveguide by shear strains (a) and control of spiral waveguide
parameters by axial strains (b).
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graphene conductivity under a non-mechanical distortion shows that it may have anisotropic
conductivity tensor with the off-diagonal components as well [51]. This fact opens the door for
further investigations of SPPs control by artificial strains.

The predicted effects may play a crucial role in the polarization rotation in metamaterials
consisting of multiple proposed structures. On the other hand, redistribution of the electro-
magnetic wave intensity may be interpreted in terms of local change in the photonic density of
states, which may be used to control the radiation of quantum dots placed near such
plasmonic nanowire. These results open the door to novel plasmonic applications ranging
from nanowire-based Faraday isolators and one-way devices to the magnetic and strain
control in quantum-optical applications.
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graphene conductivity under a non-mechanical distortion shows that it may have anisotropic
conductivity tensor with the off-diagonal components as well [51]. This fact opens the door for
further investigations of SPPs control by artificial strains.

The predicted effects may play a crucial role in the polarization rotation in metamaterials
consisting of multiple proposed structures. On the other hand, redistribution of the electro-
magnetic wave intensity may be interpreted in terms of local change in the photonic density of
states, which may be used to control the radiation of quantum dots placed near such
plasmonic nanowire. These results open the door to novel plasmonic applications ranging
from nanowire-based Faraday isolators and one-way devices to the magnetic and strain
control in quantum-optical applications.
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Abstract

In this book chapter, we review some of the progress made in nanoplasmonics and
related optoelectronics phenomena in the field of two-dimensional (2D) materials and
the recent 3D Weyl semimetals. We give a brief overview of plasmonics for three-
dimensional (3DEG) and two-dimensional electron gases and draw comparisons with
graphene, 3D topological insulators, 3D Weyl semimetals, and nanoplasmonics in
nanogeometries. We discuss the decay of plasmons into electron-hole pairs and the
subsequent thermalization and cooling of the hot carriers. We present our recent results
in the fields of plasmonics in different nanostructures made of noble metals, such as
Silver, and plasmonics in Dirac systems such as graphene and 3D topological insulators.
We show a possibility of dynamically shifting the plasmon resonances in hybrid metal-
semiconductor nanostructures. Plasmonics in 3D topological insulator and 3D Weyl
semimetals have been least explored in nanoplasmonics although it can provide a
variety of interesting physical phenomena involving spin plasmonics and chirality. Due
to the inherent large spin-orbit coupling, locked spin-momentum oscillations can exist
under special conditions and in the presence of an external laser field. We explore
symmetric and antisymmetric modes in a slab of 3D TIs and present their dependences
on the thickness of the slab.

Keywords: surface plasmon polaritons, metal, Dirac fermions

1. Introduction

Electromagnetic properties of metal-dielectric interfaces have attracted a vast amount of research
efforts. Ever since, the work of Mie [1] for small particles and Ritchie [2] for flat interfaces, a wide
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variety of scientists ranging from physicist, chemists, material scientists to biologists have
explored plasmonics-based phenomena and their potential applications in practical life. In
nanostructures, under the right circumstances, light waves propagating at metal-dielectric
interface excite collective modes of electrons at the metal surface, resulting in the generation
of charge density waves called surface plasmons (SPs), which can be divided into localized
modes called localized surface plasmons (LSPs) and propagating modes called surface
plasmon polaritons (SPPs), propagating along the interface like ripples across the surface of
water with an effective wavelength much less than that of incident electromagnetic wave. Free
electrons respond collectively by oscillating in resonance with the light waves. In optics,
scientists have investigated methods to use plasmonics for concentrating, channeling, and
changing the phase of light using subwavelength metallic structures. This would lead
to miniaturized plasmonic circuits with length scales much smaller than those in current use
[3–13]. A creatively engineered metal-dielectric interface can generate surface plasmons with
the same frequency as the outside electromagnetic waves but with several times shorter
wavelength. This interesting phenomenon can be utilized in a way in which surface plasmons
carry information in microprocessors faster than current electronic transistors [14]. Plasmonics
holds promise for a higher information density than conventional electronics [15]. While this
proposed application needs still to be proven feasible, metallic nanostructures much smaller
than the wavelength of light have already been successfully built for amplifying signals in
surface enhanced Raman spectroscopy (SERS), providing a powerful method to detect a single
molecule [16–27]. Plasmonically enhanced electric fields are already being used for sensing
biomolecules [28–36]. The efficient heating property of plasmonic fields can be used for
photothermal cancer treatment [37, 38] and also for thermally assisted magnetic recording
[39–41]. Plasmonic lasers are able to achieve ultrafast dynamics with sub-wavelength mode
confinement [42–50].

Metallic nanoparticles can be made in different sizes and shapes, and the distance among them
can be controlled as well. These parameters can be used to tune the plasmon resonance
frequency [51–62]. The use of optically excited plasmons as a tunable frequency source that
can be mixed with a laser through Raman scattering enables dynamical shifting of the wave-
length of light in a controlled manner [63]. Fluegel et al. [64] used a continuous laser beam of a
few microwatts power to excite carriers in a carefully engineered narrow GaAs quantum well.
These photogenerated carriers are selectively passed through a thick barrier of AlAs into a
wide GaAs quantum well in which the two-dimensional electron gas (2DEG) supports high
charge density waves with collective electron motion normal to the layer. A signal laser beam
operating at a different wavelength undergoes inelastic Raman scattering from the plasmon-
phonon (longitudinal optical phonon) modes in the two-dimensional (2D) quantum well. The
result is that a signal with 13–15 nm redshifted frequency is generated. Plasmonics can also be
exploited in optical tweezers to confine nanoparticles to small dimensions [63]. Grigorenko
et al. [65, 66] have made electromagnetically coupled gold pillars. A trapping beam simulta-
neously excites gap plasmon (GP) modes in the gap between the pillars when they are used as
a substrate, resulting in an enhanced field at the trapping site.

In a metallic nanoshell containing a core of dielectric material, due to different dielectric
environments in the core and outside of the nanoshell, plasmons are excited in the inner and
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carry information in microprocessors faster than current electronic transistors [14]. Plasmonics
holds promise for a higher information density than conventional electronics [15]. While this
proposed application needs still to be proven feasible, metallic nanostructures much smaller
than the wavelength of light have already been successfully built for amplifying signals in
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few microwatts power to excite carriers in a carefully engineered narrow GaAs quantum well.
These photogenerated carriers are selectively passed through a thick barrier of AlAs into a
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result is that a signal with 13–15 nm redshifted frequency is generated. Plasmonics can also be
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environments in the core and outside of the nanoshell, plasmons are excited in the inner and
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outer surface of the metallic nanoshell, which can be tuned by varying the ratio of inner to the
outer radii of the nanoshell and by altering the dielectric materials [67, 68]. Figure 1 shows that
the plasmon resonance energy can be tuned over a wide range by varying the material and/or
shaping parameters. Figure 1 compares the plasmon resonance wavelengths of gold, silver,
graphene, and topological insulator nanostructures. For a particle diameter much smaller than
the wavelength of light, the light-matter interaction leads to an oscillating homogeneous
polarization of the particle volume, resulting in an oscillating dipole field. For spherical Au
and Ag nanoparticles, the dipole plasmon resonance occurs in the visible part of the spectrum.
In particle ensembles, additional shifts are noticed due to electromagnetic coupling between
LSP modes. For example, in case of a dimer, plasmons can be viewed as bonding and anti-
bonding combinations, in analogy to molecular orbitals, i.e., hybridization of the individual
nanoparticle LSPs occurs, giving rise to resonance shifts following the 1/d3 interaction between
two classical dipoles [69]. The observed shifts in LSP resonance and the linewidth narrowing
can be understood by means of the Mie scattering theory [1]. Due to the coupling of LSPs, the
arrays support one longitudinal and two transverse modes of propagating polarization waves.
The transport of energy along such a chain is the main idea for transmitting information using
plasmonics [70, 71]. Large heat dissipation has so far slowed down the progress in this field.

Nevertheless, we proposed a method of guiding electromagnetic waves along a chain below
the diffraction limit in a controlled manner using a chain of nanoshells [72, 73]. The dynamic
control over the plasmon resonances and their coupling gave rise to the idea of an optically
controlled plasmonic switch. In this chapter, we present a concept of dynamical control over
the plasmon resonances that can be obtained by controlling the dielectric environment of the
LSPs using a pump probe technique. In Ref. [74], we show that a shift up to 125 nm can be
achieved in an Ag core-TiO2 coated nanostructure.

Figure 1. Comparison of the plasmon resonance wavelength spectra of gold, silver, graphene, and topological insulator
(TI) nanostructures. The lifetime of plasmon for gold and silver ( τ ¼ 1� 100 f s) is shorter than that of graphene and
TI ( τ ¼ 10� 100 f s).
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In addition to that, we also review plasmonics in Dirac systems. Like in the case of a two-
dimensional electron gas (2DEG), the surface plasmon mode in 2D materials such as graphene
is tunable by changing the gate voltage through shifting the Fermi energy. Exciting surface
plasmons give rise to light absorption enhancement in graphene, which can be utilized for
photodetectors based on surface plasmon polaritons [75], optical switching of infrared
plasmon polariton [76], and THz plasmonic lasing [77]. Plasmonics in Dirac systems show
interesting features due to massless electrons around the Dirac nodes. In particular, we focus
on surface plasmons in graphene, in Bismuth-based 3D topological insulators (3DTIs), and in
3D Weyl semimetals. Graphene, 3DTIs, and 3D Weyl semimetals are interesting due to their
special electronic and optical properties arising from the linear dispersion relation around the
Dirac cones in the Brillouin zone [78]. Around these points, energy dispersion of electrons can
be described by a low energy Dirac Hamiltonian: HG(k) = h(k) � σ, where h(k) = [hx(k), hy(k), 0]
and σ = [σx, σy, σz]. For a small wave vector, q = k - K, we have h(k) = ħυFq, showing that the
electronic states are helical in nature, therefore allowing for “one-way traffic.” This helical
nature of electronic states significantly enhances the charge mobility, resulting in reduced
plasmonic loss, and therefore high-quality factor in doped graphene.

Due to the excitation of surface plasmons, it is now possible to engineer the behavior of light
on nanometer length scales and to increase the light-matter interaction [79–82]. This interaction
is an outcome of the near-field enhancement close to the metal surface, which also leads to
plasmon damping through radiative decay and through nonradiative decay inside the mate-
rial, due to Landau damping, i.e., creation of electron-hole pairs via interband or intraband
transitions, electron-phonon interaction, and boundary effects. The intraband transition hap-
pens in the conduction band and the interband transition occurs between other bands (such as
the d-band) and the conduction band, as shown schematically in Figure 2a [83–85].

The radiative decay part of plasmon damping is due to the direct photon emission by coherent
electron oscillation. As the size of the nanoparticle increases, the radiative decay of the
plasmon is more significant. For larger nanoparticle elements, the radiative decay component
is the main reason of plasmon resonance broadening and weakening of the dipole strength. In
contrast, decreasing the size of the nanoparticle lets the nonradiative component dominate the
plasmon decay. For applications in information technology, a slow dephasing of optical polar-
ization by electron oscillation is essential, which is characterized by the dephasing time (T2).
The dephasing time can be found experimentally by measuring the plasmon linewidth Г = 2ħ/
T2, where T2 is related to the time constant of the inelastic decay of the plasmons T1 and elastic
scattering time constant T* by the authors of Refs. [82–84].

1
T2

¼ 1
2T1

þ 1
T∗ : ð1Þ

T1 is a combination of time constants related to the radiative and nonradiative decay processes
T1 = T1,r + T1,nr. Nonradiative decay of surface plasmon through Landau damping gives rise to
electron-hole pair generation. When the energy of these excited carriers is much larger than the
thermally excited electron-hole pairs at ambient temperature, they are called hot carriers. This
phenomenon of hot-carrier generation finds lots of applications in energy harvesting, photo

Nanoplasmonics - Fundamentals and Applications52



In addition to that, we also review plasmonics in Dirac systems. Like in the case of a two-
dimensional electron gas (2DEG), the surface plasmon mode in 2D materials such as graphene
is tunable by changing the gate voltage through shifting the Fermi energy. Exciting surface
plasmons give rise to light absorption enhancement in graphene, which can be utilized for
photodetectors based on surface plasmon polaritons [75], optical switching of infrared
plasmon polariton [76], and THz plasmonic lasing [77]. Plasmonics in Dirac systems show
interesting features due to massless electrons around the Dirac nodes. In particular, we focus
on surface plasmons in graphene, in Bismuth-based 3D topological insulators (3DTIs), and in
3D Weyl semimetals. Graphene, 3DTIs, and 3D Weyl semimetals are interesting due to their
special electronic and optical properties arising from the linear dispersion relation around the
Dirac cones in the Brillouin zone [78]. Around these points, energy dispersion of electrons can
be described by a low energy Dirac Hamiltonian: HG(k) = h(k) � σ, where h(k) = [hx(k), hy(k), 0]
and σ = [σx, σy, σz]. For a small wave vector, q = k - K, we have h(k) = ħυFq, showing that the
electronic states are helical in nature, therefore allowing for “one-way traffic.” This helical
nature of electronic states significantly enhances the charge mobility, resulting in reduced
plasmonic loss, and therefore high-quality factor in doped graphene.

Due to the excitation of surface plasmons, it is now possible to engineer the behavior of light
on nanometer length scales and to increase the light-matter interaction [79–82]. This interaction
is an outcome of the near-field enhancement close to the metal surface, which also leads to
plasmon damping through radiative decay and through nonradiative decay inside the mate-
rial, due to Landau damping, i.e., creation of electron-hole pairs via interband or intraband
transitions, electron-phonon interaction, and boundary effects. The intraband transition hap-
pens in the conduction band and the interband transition occurs between other bands (such as
the d-band) and the conduction band, as shown schematically in Figure 2a [83–85].

The radiative decay part of plasmon damping is due to the direct photon emission by coherent
electron oscillation. As the size of the nanoparticle increases, the radiative decay of the
plasmon is more significant. For larger nanoparticle elements, the radiative decay component
is the main reason of plasmon resonance broadening and weakening of the dipole strength. In
contrast, decreasing the size of the nanoparticle lets the nonradiative component dominate the
plasmon decay. For applications in information technology, a slow dephasing of optical polar-
ization by electron oscillation is essential, which is characterized by the dephasing time (T2).
The dephasing time can be found experimentally by measuring the plasmon linewidth Г = 2ħ/
T2, where T2 is related to the time constant of the inelastic decay of the plasmons T1 and elastic
scattering time constant T* by the authors of Refs. [82–84].

1
T2

¼ 1
2T1

þ 1
T∗ : ð1Þ

T1 is a combination of time constants related to the radiative and nonradiative decay processes
T1 = T1,r + T1,nr. Nonradiative decay of surface plasmon through Landau damping gives rise to
electron-hole pair generation. When the energy of these excited carriers is much larger than the
thermally excited electron-hole pairs at ambient temperature, they are called hot carriers. This
phenomenon of hot-carrier generation finds lots of applications in energy harvesting, photo

Nanoplasmonics - Fundamentals and Applications52

detection, and photocatalysis. The hot carriers can be used directly to drive chemical reactions
[86] in metals and to drive photocurrents in a semiconductor for the photovoltaic effect or for
photoelectrochemical processes [87, 88]. The energy distribution of the generated hot carriers is
sensitive to the detailed band structure of the metal. For example, the energy of the excited
holes in copper and gold is higher than for electrons; however, in aluminum and silver, the
electron and hole energies are almost equal. The advantage of the asymmetry between the
produced hot electron and holes by the surface plasmon helps to collect more hot carriers
before inelastic scattering occurs. The energy distribution of the carriers generated by decay of
plasmons, the subsequent elastic and inelastic scatterings and their transport are important for
the design of the hot-carrier-based devices. The inelastic scatterings due to the Coulomb
interaction lead to the thermalization of the hot carriers among each other, thereby reaching
their carrier equilibrium temperature. The inelastic scatterings due to the electron-phonon
interaction result in the cooling of the carriers, thereby reaching the equilibrium temperature
of the lattice of the material. For example, in graphene, thermalization takes place on a time
scale of 100 fs, while cooling is much slower and happens on a time scale of 10 ps.

This book chapter is organized as follows: in Section 2, we discuss the SP resonances in hybrid
metal-semiconductor nanostructures. By altering the dielectric environment of nanostructures

Figure 2. (a) Different types for decay of plasmon. The plasmon is damped by radiative (left) or nonradiative decay
through Landau damping (right). (b) Schematic representation of the surface plasmon excitation followed by damping
through hot-carrier generation. Schematics for the surface-assisted excitation of hot electron-hole (e-h) pair with energy
ħωp. (c) An external electric field incident on a metal nanoparticle with characteristic size of L excites surface plasmon. (d)
It leads to geometry-assisted hot e-h excitation (e) followed by momentum relaxation through surface scattering in a
region with size of the order of vF=ω.
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dynamically using pump-probe techniques, we show that it is possible to shift the SP reso-
nance wavelength. In Section 3, we discuss in detail the plasmon excitations and their damping
pathways in a three-dimensional electron gas (3DEG). We discuss both the radiative and
nonradiative damping mechanisms of SPs in 3DEGs. In Section 4, we give a brief overview of
plasmons in a two-dimensional electron gas (2DEG). In Section 5, we present the size depen-
dent properties of the SPs in nanostructures. Graphene plasmonics and losses are discussed in
Section 6. Section 7 is dedicated to the description of the SPs in Dirac systems. We focus on the
SPs in 3DTI materials and 3D Weyl semimetals, and we discuss graphene plasmons as a
limiting case of the 3DTI plasmons in the limit where the thickness of the 3DTI slab d ! 0.
Finally, we wrap up the book chapter with the conclusion in Section 8.

2. Surface plasmon resonances in metal nanostructures

A nanoparticle shows tunable optical properties under controlled variation of its geometry. In
a pure Ag spherical nanoparticle in vacuum, for example, the plasmon resonance occurs at 320
nm. These plasmon modes are shifted if the nanoparticle is coated with dielectric materials. It
has been shown that with increasing shell thickness, the local electric field enhancement factor
peak increases and redshifts for ε2 > ε3, whereas the local field enhancement factor peak
decreases and blueshifts nonlinearly for ε2 < ε3, where ε2 and ε3 are dielectric functions of the
shell and the surrounding materials, respectively [89]. The electric field enhancement factor is
defined by EF = |E/E0|

2. It can be easily calculated by means of the finite-difference time
domain (FDTD) technique. Figure 3 shows the example of an Au nanoparticle with a radius
of 50 nm in air with index of refraction n = 1.

Figure 3. The resonant excitation of the Au nanoparticle causes large local electric fields close to the particle surface,
which is obtained by means of finite-difference time domain (FDTD) calculations. Here, EF(x,y) is shown in the xz plane at
494 nm.
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The quasi-static approximation provides a good estimate for a nanoparticle size of around 1/10
or smaller of the incident light wavelength. For larger nanoparticles, due to the finite speed of
light, retardation effects lead to a redshift of the plasmon resonance [90]. In Ref. [91], authors
have found an analytical expression for a spheroid that takes into account the depolarization
factors and that gives a good approximation for nanogeometries of size up to 150 nm. Figure 4
shows our results for the local field enhancement in the presence of an Ag nanocube. As
expected from electrostatics, the largest enhancement occurs at the vertices of the Ag nanocube.

The optical resonances of a nanoshell exhibit enhanced sensitivity to its local dielectric envi-
ronment relative to the solid nanoparticle, as shown in Figure 5. For a particle diameter less
than the wavelength of light, the light-matter interaction leads to an oscillating homogeneous

Figure 4. Local field enhancement EF for an Ag nanocube of 20 nm size. The surrounding medium has a refractive index
of n = 1.65, which is the case for boron nitride (BN). The green arrow points in the propagation direction of the
electromagnetic wave, and the red double arrow shows the polarization of the electromagnetic wave.

Figure 5. Surface plasmons (SPs) field enhancement in a hybrid nanoshell with a Ag core and TiO2 shell of size of 15 nm
at different shell thickness using the quasi-static field approximation (a), and different positions inside the shell (b) [see
Ref. [74]. The inset in Figure 5a shows a scheme of a core-shell nanoparticle.
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polarization of the particle volume, resulting in a dipole field. Figure 5a and b shows the
dependence of plasmon resonances on the shell thickness and the size of a hybrid metal-
semiconductor nanostructure of 15 nm diameter with an Ag core coated by TiO2 shell obtained
in the quasi-static approximation. The expressions are given in Ref. [67].

Plasmon resonances in a nanoshell can be tuned dynamically by letting a pump laser pulse of
energy equal to the band gap or above generate electron-hole pairs in a semiconducting
material surrounding the nanoshell. A probe laser pulse at a plasmon resonance frequency is
used to excite plasmons on the metal surface. The generation of free electron-hole pairs alters
the dielectric function of the surrounding semiconducting material. Due to the reduced dielec-
tric function caused by the excitation of the electron-hole pairs, the excitation of surface
plasmons by a probe pulse requires a higher energy. The frequency of the probe pulse is
smaller than that of the pump pulse ensuring that no excitons are excited in the semiconductor
during the probing. The change in the dielectric function of the surrounding medium due to
the pump pulse can be calculated using Fermi’s golden rule:

ImðεðωÞÞ ¼ 4π2e2

m2ω2

X
k, c, v

je�Pc,vj2f ðEvðkÞÞ½1� f ðEcðkÞÞ�δðEcðkÞ � EvðkÞ � ħωÞ, ð2Þ

where Pc,v is a transition dipole matrix element between conduction and the valence band, e is
the direction of the polarization and f(E) is the Fermi-Dirac distribution function. At zero
temperature, the factor f ðEvðkÞÞ½1� f ðEcðkÞÞ� ¼ 1 before the optical excitation and becomes
less than 1 after optical excitation.

Figure 6 shows shifts in the resonance peak of the surface plasmons occurring at around 620
nm before the generation of excitons in a nanoshell structure (as shown in inset of Figure 5a)
with diameter of 15 nm. After the pump pulse, depending on the density of the excitations, the

Figure 6. Local field enhancement factor EF on the surface of a nanoshell of 15 nm diameter. The core is made of Ag with a
diameter of 7 nm. At higher density of excitation, the resonance peak is gradually blueshifted.
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plasmon resonance peaks are excited by the probe pulse shift. The larger the density of excited
free electron-hole pairs in the semiconductors, the larger is the blueshift of the plasmon reso-
nance peak. For a density of excitation of 5 · 1021 cm�3, a resonance shift of up to 125 nm can be
achieved.

3. Plasmon excitation and damping for a three-dimensional electron gas
(3DEG)

In this section, we discuss the plasmon excitation and their damping pathways in 3D materials
made of metal. The plasmonic damping pathways in 3D materials include radiative decay,
Landau damping, and resistive loss, as depicted in Figure 7. During Landau damping,
plasmon quasi-particles lose their energy by exciting hot electron-hole pairs via direct
interband or phonon/geometry-assisted intraband transitions. In the case of geometry-assisted
intraband transition, the translational symmetry is broken due to electric field confinement or
boundaries of the material [92]. In the case of resistive loss, single carriers, electrons or holes
that are the building blocks of the plasmon quasi-particle, are kicked out of the phase-coherent
collective plasma oscillation through electron-electron or electron-phonon scattering, giving
rise to plasmon damping. In 2D materials, the plasmons follow similar damping pathways.
Figure 7 shows the stages of the plasmon decay, the initial nonequilibrium configuration after
the excitation, the thermalization, and the cooling of the hot carriers. Some of these damping

Figure 7. The stages of energy relaxation of excited plasmon. (a) The incident electric field on a graphene nanostructure
excites the surface plasmon. (b) The plasmon quasi-particles lose their energies by different scattering processes to excite
hot carriers, which have nonthermal distribution on the order of tens to hundreds of femtoseconds. (c) Electron-electron
and other scattering processes redistribute the hot carriers and thermalized them in the order of one to hundreds of
picoseconds to generate ling-lived hot carrier distribution. (d) Cooling stages and energy transferring to the substrate
happen by phonon and geometry-assisted scattering processes over a longer time scale (hundreds of picoseconds to tens
of nanoseconds) for relaxation of the hot carrier distribution to the equilibrium.
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pathways can be used to inject hot carriers into other materials. For example, at a metal-
semiconductor interface, hot electron-hole pairs can be separated by means of the Schottky
barrier for the purpose of energy harvesting. In metal-graphene or metal-MoS2 junctions, the
surface plasmons can generate hot electron-hole pairs, thereby injecting electrons/holes into
n/p-doped 2D materials, giving rise to hot carrier-induced doping [93] or even insulator-to-
metal phase transitions [94].

The initial distribution of the hot carriers can be estimated using the jellium model for metal
nanoparticles and nanoshells [95, 96], but this approach cannot explain the material depen-
dence of this process because the specific band structure of the metal is completely neglected.
In order to capture the material properties, it is necessary to combine FDTD calculations for
obtaining the plasmon modes with ab initio density functional theory (DFT) calculations to
determine the initial energy distribution of generated hot carriers by decay of surface plasmon.
Figure 7b shows the schematic of plasmonic hot-carrier generation [97].

The plasmon resonance frequency and dispersion can be obtained by evaluating the dynamic
polarizability in the presence of the carrier-carrier Coulomb interaction. The dynamic polariz-
ability in the random phase approximation (RPA) is given by

χRPAðq,ωÞ ¼ χ0ðq,ωÞ
εRPAðq,ωÞ , ð3Þ

where χ0(q,ω) is the noninteracting (zeroth-order) polarizability (single pair bubble) and
εRPAðq,ωÞ ¼ εm � vcðqÞχ0ðq,ωÞ, with εm being the permittivity of the environment, and
vcðqÞ ¼ e2=2ε0q the Coulomb interaction between the carriers. The RPA method corresponds
to the expansion of 1=εRPAðq,ωÞ, leading to an infinite power series over the bubble diagrams.

If optical phonons are also considered, the effective dielectric function in the RPA expansion
takes the form [98, 99]

εRPAðq,ωÞ ¼ εm � vcðqÞχ0ðq,ωÞ � εm
X
l

vsph, lðq,ωÞχ0ðq,ωÞ � εmvophðq,ωÞχ0
j, jðq,ωÞ, ð4Þ

where εm is the average of dielectric constants of the environment. The second term represents
the effective Coulomb interaction of electrons in graphene, and vcðqÞ ¼ e2=2qε0 is the direct
Coulomb interaction. The third term is the effective dielectric function for different phonon
modes (l) coming from electron-electron interaction mediated by substrate optical phonons,
which couple to the electrons by means of the Fröhlich interaction, i.e.,

vsph, lðq,ωÞ ¼ jMsphj2G0
l ðωÞ, ð5Þ

where |Msph|
2 is the scattering and G0

l is the free phonon Green’s function. The last term of
Eq. (4) corresponds to the optical phonon mediated electron-electron interaction.
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vsph, lðq,ωÞ ¼ jMsphj2G0
l ðωÞ, ð5Þ

where |Msph|
2 is the scattering and G0

l is the free phonon Green’s function. The last term of
Eq. (4) corresponds to the optical phonon mediated electron-electron interaction.
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vophðq,ωÞ ¼ jMophj2G0ðωÞ: ð6Þ

Here |Moph|
2 defines the scattering matrix element and Go(ω) is the free phonon Green’s

function. In Eq. (4), χ0
j, jðq,ωÞ is the current-current correlation function. This description is

very general and can be applied to any metallic system.

For the simplest case, when only the carrier-carrier Coulomb interaction is present, we can
derive the dynamical plasmon dispersion relation following standard textbooks [100]. The first
step is to calculate noninteracting dynamical polarizability.

χ0ðq,ωÞ ¼ 1
Ω

X
k, s

n0kþq, s � n0k, s
εkþq � εk � ħω� iħη

, ð7Þ

where Ω is the volume of the sample, n0k, s is the equilibrium electron density, and εk is the
single-particle energy dispersion of the electrons. Assuming |q| ≪ kF, we can expand χ0

(q, ω) in q by taking advantage of the expansions εkþq ¼ εk þ q � ∇kεk þ⋯ and n0kþq ¼ n0k
þ ∂n0

∂ε q � ∇kεk þ⋯. At zero temperature, we have ∂n0
∂εk

¼ �δðεk � εFÞ and the velocity can be

approximated by the Fermi velocity, i.e., ∇kεk ¼ ħvk ≈ ħvF, leading to the approximation

χ0ðq,ωÞ ≈ � 2

ð2πÞ3
ð
d3k

q � vFδðεk � εFÞ
q � vF � ω� iη

¼ 2

ð2πÞ2
ð1

�1

dð cosθÞ
ð∞

0

k2dk
qvF cosθ

qvF cosθ� ω� iη
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¼ k2F
2π2ħvF

2
3

qvF
ωþ iη

� �2

þ 2
5

qvF
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þ⋯

" #

≈
k3Fq

2
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5

q2v2F
ðωþ iηÞ2

" #
¼ n0q2

mðωþ iηÞ2 1þ 3
5

q2v2F
ðωþ iηÞ2

" #
:

ð8Þ

Using the equation kF ¼ ð3π2n0Þ1=3 ⇔ n0 ¼ k3F
3π2 for 3D metals, one obtains

χ0ðq,ωÞ ≈ ρ0q
2

mðωþ iηÞ2 1þ 3
5

q2v2F
ðωþ iηÞ2

" #
¼ ρ0q

2

mðωþ iηÞ2 Rðq,ωÞ
2 ð9Þ

with

Rðq,ωÞ2 ¼ 1þ 3
5

q2v2F
ðωþ iηÞ2

" #
: ð10Þ

Consequently, the dynamical polarizability in the RPA and long wavelength regime is
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χRPAðq,ωÞ ¼ χ0ðq,ωÞ
εðq,ωÞ ¼

ρ0q
2

mðωþ iηÞ2 Rðq,ωÞ
2

1� 4πe2ρ0

mðωþ iηÞ2 Rðq,ωÞ
2
¼ ρ0q

2Rðq,ωÞ2
mðωþ iηÞ2 � 4πe2ρ0Rðq,ωÞ2

¼ ρ0q
2Rðq,ωÞ
2mωp

1
ωþ iη� ωpRðq,ωÞ �

1
ωþ iηþ ωpRðq,ωÞ

� �
,

ð11Þ

where the quantum plasma frequency of a 3D metal in the free electron approximation is given
by the Pines and Bohm equation [101, 102]

ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πn0e2

m

r
, ð12Þ

with n0 being the equilibrium electron density and m the electron mass. Using
lim
η!0þ

1
z�iη ¼ P 1

z

� �þ iπδðzÞ, it follows that

Im½χRPAðq,ωÞ� ≈ πρ0q
2Rðq,ωÞ

2mωp
δ
�
ω� ωpRðq,ωpÞ

�
� δ
�
ωþ ωpRðq,ωpÞ

�n o
, ð13Þ

which yields the bulk plasmon dispersion relation for 3D metals, i.e.,

ωq ¼ ωpRðq,ωpÞ ¼ ωp 1þ 3
10

q2v2F
ðωp þ iηÞ2 þ⋯

" #
: ð14Þ

The same result can be obtained by solving εRPAðq,ωÞ ¼ 0. Note that the slope of the parabolic
dependence at q ¼ kF is

3v2FkF
5ωp

¼ 3v2FkF
5 4πe2n0

m

¼ 9πmv2FkF
20e2k3F

¼ 9πmv2F
20e2 mvF

ħ
� �2 ¼

9πħ2

20e2m
¼ 0:67

m
s
≪

cffiffiffiffiffi
εd

p : ð15Þ

This difference in slopes between the 3D bulk plasmon and the photon-like surface plasmon
polariton is clearly visible in Figure 8 (see below).

It is well known that in 3D metals Landau damping occurs when the plasmon resonance
energy enters the electron-hole continuum, which is determined by the condition

ħω ¼ εkþq � εk ¼ ħ2ðkþ qÞ2 � ħ2k2

2m
¼ ħ2q2 þ 2ħ2k � q

2m
¼ ħ2q2 þ 2ħ2kq cosθ

2m

¼ ħ2qðqþ 2k cosθÞ
2m

≥ 0:

ð16Þ

Since �1 ≤ cosθ ≤ 1 and 0 ≤ k ≤ kF, the electron-hole continuum is given by the gray shaded area
in Figure 8. The plasmon can decay into an electron-hole pair when the plasmon dispersion
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It is well known that in 3D metals Landau damping occurs when the plasmon resonance
energy enters the electron-hole continuum, which is determined by the condition
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curve enters the electron-hole continuum limit. This decay corresponds to intraband Landau
damping.

The presence of a planar boundary for a 3D metal adds a new mode known as surface plasmon,
which propagates at the metal-dielectric interface. Since the electron charge density of a metal
leaks outside the interface into the dielectric in the order of 1=kF ≈ 1 Å, a macroscopic description
based on Maxwell’s equations is sufficient to understand the surface plasmon qualitatively.
Taking the boundary conditions into account, the dispersion relation of the surface plasmon is
determined by Ritchie and Eldridge [103]

qx ¼
ω
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εmεd

εm þ εd

r
¼ ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 � ω2

p

1þ 1
εd

� �
ω2 � ω2

p

εd

vuut ð17Þ

in the Drude model, where εmðωÞ ¼ 1� ω2
p=ω

2. This biquadratic equation can be solved

analytically, yielding

ωspðqxÞ ¼ � 1ffiffiffiffiffiffiffi
2εd

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2q2xð1þ εdÞ þ εdω2

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c4q4xð1þ εdÞ2 þ 2c2q2xð�1þ εdÞεdω2

p þ ε2dω
4
p

qr
: ð18Þ

Since ωspðqxÞ ≥ 0, there are only two physical solutions, which are drawn in Figure 8. While the
upper branch corresponds to the photon-like plasmon polariton, the lower branch represents
the plasmon-like surface plasmon polariton (SPP) with the following asymptotics:

Figure 8. Dispersion curves of the RPA bulk plasmon resonance (red), the semi-classical surface plasmon polaritons
(blue), and the RPA 2DEG plasmons. The shaded area marks the electron-hole continuum. When the bulk plasmon
resonance enters the shaded area, the plasmon decays into electron-hole pairs which is called Landau damping.
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8>>>><
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which in the nonretarded regime reduces to Ritchie’s equation [2],

ωsp ¼ ωpffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ εd

p ¼ ωpffiffiffi
2

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πn0e2

m

r
¼ 4e2

ffiffiffiffiffiffiffi
2m

p

3πħ3

� �1=2

εF3=4 ð20Þ

for wave vectors q in the range of ωs=c≪ q≪ qF, where qF is the Fermi wave vector [104]. Since

kF ¼ ð3π2n0Þ1=3 in 3D metals, the bulk plasmon frequency exhibits a εF3=4∝n1=20 dependence.

To estimate the plasmon decay rate, the band structure of the materials should be calculated by
means of DFT to find out the exact quasi-particle orbitals and energies. Different electronic
structures can be used to calculate the band structure of noble metals. To estimate the decay
rate, the electronic states and energies of the metals resulting from PBEsol + U DFTmethod are
used in Eq. (2). To find the plasmon decay distribution, energy conservation is used to deter-
mine the regions of the first Brillouin zone, which are responsible for the electron-hole gener-
ation [97]. Since aluminum, which is a nearly free electron metal, has a band crossing close to
the Fermi level at the W point, interband transitions from the valence band with energies ħω
from zero to the plasmon energy are allowed for creating a symmetric amount of both hot
electrons and holes. There is an extra possibility for interband transitions at the K point, which
mostly contribute to the generation of hot holes with energies >2 eV, giving rise to a modest
asymmetry between hot electron and hole distributions. For copper, the interband transitions
happen at the X, L and K, points, and for gold they occur at the X and L points [97]. In these
two noble metals, since all the transitions originate from the “d” band, the hot hole energies are
larger than 2 eV and consequently they have larger kinetic energies than the electrons. In
metal-semiconductor interface, this asymmetry between hot hole and electron energy distribu-
tion plays a dominant role in the hot-carrier collection efficiency. For gold and copper, the
holes have more kinetic energy than the electrons. This means that in a metal-semiconductor
Schottky junction such as gold-n type gallium arsenide junctions, the hot electrons do not have
enough energy to pass the Schottky barrier and therefore need to tunnel or get more thermal
energy to overcome Schottky barrier. However, in gold-p type gallium arsenide junctions, the
hot holes have sufficient kinetic energy to overcome the Schottky barrier. This means for
copper and gold, the metal-p type semiconductor junction is more efficient for the collection
of hot holes. But for aluminum and silver, the efficiency is almost the same for hot holes and
electrons. According to the Fowler theory [96], the angular distribution of the hot-carriers
should be isotropic. However, experiments show that none of the noble metals exhibit an
isotropic distribution [97].

In nanoconfined structures, because of lack of translational symmetry, the crystal momentum q
is not a good quantum number and there is no momentum conservation anymore. Therefore

Nanoplasmonics - Fundamentals and Applications62



ωspðqxÞ ¼

cffiffiffiffiffi
εd

p qx 1� 1
2

c
ωp

� �2

q2x þ…

" #
, qx ≪

ωp

c

ωpffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ εd

p 1� 1
2

ωp

c

� �2 εd
1þ εd

� �2

q�2
x þ…

" #
, qx ≫

ωp

c

8>>>><
>>>>:

ð19Þ

which in the nonretarded regime reduces to Ritchie’s equation [2],

ωsp ¼ ωpffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ εd

p ¼ ωpffiffiffi
2

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πn0e2

m

r
¼ 4e2

ffiffiffiffiffiffiffi
2m

p

3πħ3

� �1=2

εF3=4 ð20Þ

for wave vectors q in the range of ωs=c≪ q≪ qF, where qF is the Fermi wave vector [104]. Since

kF ¼ ð3π2n0Þ1=3 in 3D metals, the bulk plasmon frequency exhibits a εF3=4∝n1=20 dependence.

To estimate the plasmon decay rate, the band structure of the materials should be calculated by
means of DFT to find out the exact quasi-particle orbitals and energies. Different electronic
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used in Eq. (2). To find the plasmon decay distribution, energy conservation is used to deter-
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ation [97]. Since aluminum, which is a nearly free electron metal, has a band crossing close to
the Fermi level at the W point, interband transitions from the valence band with energies ħω
from zero to the plasmon energy are allowed for creating a symmetric amount of both hot
electrons and holes. There is an extra possibility for interband transitions at the K point, which
mostly contribute to the generation of hot holes with energies >2 eV, giving rise to a modest
asymmetry between hot electron and hole distributions. For copper, the interband transitions
happen at the X, L and K, points, and for gold they occur at the X and L points [97]. In these
two noble metals, since all the transitions originate from the “d” band, the hot hole energies are
larger than 2 eV and consequently they have larger kinetic energies than the electrons. In
metal-semiconductor interface, this asymmetry between hot hole and electron energy distribu-
tion plays a dominant role in the hot-carrier collection efficiency. For gold and copper, the
holes have more kinetic energy than the electrons. This means that in a metal-semiconductor
Schottky junction such as gold-n type gallium arsenide junctions, the hot electrons do not have
enough energy to pass the Schottky barrier and therefore need to tunnel or get more thermal
energy to overcome Schottky barrier. However, in gold-p type gallium arsenide junctions, the
hot holes have sufficient kinetic energy to overcome the Schottky barrier. This means for
copper and gold, the metal-p type semiconductor junction is more efficient for the collection
of hot holes. But for aluminum and silver, the efficiency is almost the same for hot holes and
electrons. According to the Fowler theory [96], the angular distribution of the hot-carriers
should be isotropic. However, experiments show that none of the noble metals exhibit an
isotropic distribution [97].

In nanoconfined structures, because of lack of translational symmetry, the crystal momentum q
is not a good quantum number and there is no momentum conservation anymore. Therefore
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the transition creating an electron-hole pair is allowed to be nonvertical. This is the case for
geometry-assisted intraband transition, where no phonon is required. A vector potential for
one quantum of each symmetric and antisymmetric modes can be used in Fermi’s golden rule
to calculate the decay rate of an LSP to an electron-hole pair. By decreasing the thickness, the
effect of confinement is to be more pronounced and more hot electrons can be generated by
intraband transitions. This effect is more noticeable for the antisymmetric mode, because a
smaller part of the light is located inside the gold film, which leads to reduction of interband
transitions [97].

In metals, plasmons decay is not only in the ultraviolet and visible spectrum but also in the
infrared and microwave regimes [105, 106]. Due to the conservation of momentum in infinite
crystal lattices, the direct interband transition induced by plasmon decay is only possible for
energies larger than the band gap energy. However, for energies below the visible spectrum,
typically phonon-assisted and surface-assisted intraband electron-hole pair generations are
able to bypass this selection rule [92].

The plasmon decay rate is related to the imaginary part of the dielectric tensor Im ε ðωÞ [92],
i.e.,

ΓðrÞ ¼ 1
2πħ

E∗ðrÞ � ImεðωÞ � EðrÞ: ð21Þ

Let us consider a 3D semi-infinite metal slab extending in the negative z-direction with a single
surface in the xy-plane at position z = 0. Using the electric field profile of a single quantum of
the surface plasmon polariton with wave vector k and frequency ω and integration over the
space gives the total nonradiative (nr) decay rate.

ΓnrðrÞ ¼ 1
2LðωÞjγðz < 0Þjλ

∗ � Im ε ðωÞ � λ ð22Þ

The decay rate of plasmon as a function of frequency can be calculated by substituting the
experimental data for the complex dielectric function measured by ellipsometry. Within the
random phase approximation (RPA), the nonradiative decay rate induced by direct interband
transition is [97]

ΓnrðdirectÞ ¼ 2π2e2

LðωÞjγðz < 0Þjme
2ω2

ð

BZ

dq

ð2πÞ3
X

n0n
ðf qn � f qn0 Þδðεqn0 � εqn � ħωÞ· jλ � 〈p〉qn0nj2 ð23Þ

where 〈p〉qn0n ¼ �Ψσ∗
qn0 ðrÞiħ∇Ψσ

qnðrÞ are momentum matrix elements between the quasi-particle

orbitals Ψσ∗
qn0 ðrÞ and Ψσ

qnðrÞ. fqn are the Fermi occupation functions of the quasi-particles,

λ � k̂ � ẑk=γðz < 0Þ is the polarization vector, and γ(z) is the imaginary part of the wave vector
in z-direction. Eq. (23) can also be obtained in first quantization and is based on the electric
dipole approximation, which means the plasmon mode function slowly changes on the atomic
scale. To include the effect of electron-electron and electron-phonon scattering on the decrease
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in the lifetime of carriers, the δ function is replaced by a Lorentzian with half width
ImΣqn þ ImΣqn0 , where ImΣqn is the total carrier lifetime due to the scatterings.

The contribution of the electron-phonon interaction to the plasmon decay through intraband
transitions can be calculated in second-order perturbation theory [107, 108], giving

ΓnrðphononÞ ¼ 2π2e2

LðωÞjγðz < 0Þjme
2ω2

ð
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dq0dq

ð2πÞ6
X
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2
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X

n1

gq
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q0n0,qn1〈p〉
q
n1n

εqn1 � εqn � ħωþ iη
þ 〈p〉q

0
n0n1g

q0�q,α
q0n1 ,qn

εq0n1 � εqn ∓ ħωq0 � q,αþ iη

 !�����

�����

2

,

ð24Þ

where ħωk,α is the energy of a phonon with wave vector k and polarization index α, Nk,α is the

Bose occupation factor for the phonons, gk,αq 0n0,qn is the electron-phonon matrix element with q

and n being the wave vector and band index of the electronic states, and the � signs distin-
guish between absorption and emission of phonons.

Excitation of surface plasmon generates a strong field confinement on the surface with the

exponential decay length ðjγðz < 0Þj�1Þ inside the metal, which creates a Lorentzian distribu-
tion for the momentum of the plasmon in the z-direction. This momentum distribution leads to
diagonal intraband transition and introduces a “surface-assisted” plasmon decay [92]

Im εsurfaceðωÞ ¼
ω2

p

ω3 ·
3
4
jγðz < 0ÞjvF

� �
2k2

k2 þ jγðz < 0Þj2 , ð25Þ

where ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πne2=me

p
is the bulk plasma frequency of the metal, vF ¼ ðħ=meÞð3π2nÞ3=2 is the

Fermi velocity, and n is the bulk carrier density of the metal.

Numerical studies based on the free electron jelliummodel show that in nanostructures, due to
the localization of electronic states and the nonconservation of the crystal momentum,
intraband transitions are enhanced [95, 96, 109]. Using Fermi’s golden rule together with the
free electron eigen states and the dipole field profile, the nanoconfinement contribution is

ImεsphereðωÞ ¼
ω2

p

ω3 ·
6vF
π2R

, ð26Þ

where R is the radius of the spherical nanoparticle.

In the Landau damping theory, the lowest-order processes consisting of direct, phonon-
assisted, and surface/geometry-assisted electron-hole pair excitation contribute to the decay
of plasmons [102, 110]. Higher-order processes leading to the excitation of many electron-hole
pairs or many phonons are suppressed due to the phase-space factors at small energies [111].
Only at large energies, the higher-order processes become significant. Being completely
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diagonal intraband transition and introduces a “surface-assisted” plasmon decay [92]

Im εsurfaceðωÞ ¼
ω2

p

ω3 ·
3
4
jγðz < 0ÞjvF

� �
2k2

k2 þ jγðz < 0Þj2 , ð25Þ

where ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πne2=me

p
is the bulk plasma frequency of the metal, vF ¼ ðħ=meÞð3π2nÞ3=2 is the

Fermi velocity, and n is the bulk carrier density of the metal.

Numerical studies based on the free electron jelliummodel show that in nanostructures, due to
the localization of electronic states and the nonconservation of the crystal momentum,
intraband transitions are enhanced [95, 96, 109]. Using Fermi’s golden rule together with the
free electron eigen states and the dipole field profile, the nanoconfinement contribution is

ImεsphereðωÞ ¼
ω2

p

ω3 ·
6vF
π2R

, ð26Þ

where R is the radius of the spherical nanoparticle.

In the Landau damping theory, the lowest-order processes consisting of direct, phonon-
assisted, and surface/geometry-assisted electron-hole pair excitation contribute to the decay
of plasmons [102, 110]. Higher-order processes leading to the excitation of many electron-hole
pairs or many phonons are suppressed due to the phase-space factors at small energies [111].
Only at large energies, the higher-order processes become significant. Being completely
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different from Landau damping, another source of plasmon damping is the resistive loss in the
metal, which can be calculated by means of the linearized Boltzmann equation in the relaxa-
tion time approximation [92], giving

Im εresistðωÞ ¼ 4πσ0
ωð1þ ω2τ2Þ , ð27Þ

where σ0 is the zero frequency conductivity and τ is the momentum relaxation time, which can
be derived from the carrier-carrier Coulomb and electron-phonon matrix elements.

4. Plasmons in a two-dimensional electron gas (2DEG)

According to Ritchie [2] and Stern [112], the dispersion relation for 2DEG plasmons is

ω2DEG ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nse2

2m�ε0εðq,ωÞ qx
s

, ð28Þ

where ns is the surface carrier density. A typical dispersion curve is shown in Figure 8. In the
case of a typical metal-oxide-semiconductor (MOS) system, the effective dielectric function is
given by

εðq,ωÞ ¼ 1
2

εSCðωÞ þ εOXðωÞcothðdqxÞ
� �

, ð29Þ

where εSCðωÞ and εOXðωÞ are the dielectric constants of the semiconductor and oxide layers,
respectively. The oxide layer has a thickness of d. For example, Heitmann [113] and Wilkinson
[114] were able to observe this type of 2DEG plasmons in AlGaAs-GaAs heterostructures. This
result shows clearly that the dispersion curve can be tuned by changing the thickness of the
oxide layer and by altering the gate voltage. Similarly, the plasmon dispersion can be tuned in
atomically thin 2D materials. Since the dispersion relation in Eq. (28) exhibits a ffiffiffiffiffiqxp depen-
dence for a 2DEG, it is plausible to assume that atomically thin metallic 2D materials follow a
similar dependence, which is indeed the case, as we discuss below in Sections 6 and 7. Since in
a 2DEG

ns ¼ 1
Ω

X
jkj ≤ kF, s

1 ¼ 2
ð

d2k

ð2πÞ2 1 ¼ 2
πk2F
ð2πÞ2 ¼

k2F
2π

¼ m�εF
πħ2

, ð30Þ

the 2DEG plasmon frequency exhibits a
ffiffiffiffiffi
ns

p
∝

ffiffiffiffiffi
εF

p
dependence. Note that the electron-hole

continuum in a 2DEG is determined by a similar formula to Eq. (16). Therefore the gray shaded
area in Figure 8 has similar forms for 3DEGs and 2DEGs.
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5. Static geometry of metallic objects and environment

When the size of the nanoparticle is much smaller than the wavelength of the incident light, the
particle exhibits a dipolar oscillation mode (Fröhlich mode). As the diameter of the nanoparti-
cle is increased, the electrostatic limit is not a good approximation anymore and the multipolar
oscillation modes start to appear. Excitation of these modes gives rise to the broadening of the
resonance [115], as seen from Figure 9b. The LSP resonance redshifts with increasing diameter
of the sphere, which is due to retardation effects [90]. Decreasing the size of nanoparticle less
than mean free path of electrons moves the material band structure and dielectric function
away from the bulk properties and increases the surface scattering that gives rise to broaden-
ing of the absorption spectrum [115], as shown in Figure 9a. The internal field enhancement of
an illuminated spherical nanoparticle is

EiðωÞ
E0

¼ 3εm
εðωÞ þ εm

, ð31Þ

where ε and εm are the dielectric functions of the nanoparticle and the medium, respectively.

An ellipsoidal nanoparticle with a shape defined by ðx=aÞ2 þ ðy=bÞ2 þ ðz=cÞ2 ¼ 1 supports an
internal field enhancement given by

EiðωÞ
E0

¼ εm
εm þ LðεðωÞ � εmÞ , ð32Þ

where L is the shape factor, whose value lies between 0 and 1. For the resonance frequency, the
real part of the denominator is zero, which means the resonance occurs at frequencies when

εðωÞ ¼ εm 1� 1
L

� �
ð33Þ

is satisfied. The shape factor for the axis parallel to the polarization of the incident light (e.g.,
the axis a) is given by

L ¼ abc
2

ð∞
0

dq
ða2 þ qÞf ðqÞ, ð34Þ

where

f ðqÞ ¼ ða2 þ qÞðb2 þ qÞðc2 þ qÞ� �1=2
: ð35Þ

For the core-shell spherical nanoparticles the resonance condition is given by

εc ¼ �2εs
εsð1� f Þ þ εhð2þ f Þ

εsð1þ 2f Þ þ 2εhð1� f Þ
� �

, ð36Þ
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where f ¼ ðrc=rsÞ3 is the core fill fraction and εc, εs, and εh are the core, shell, and host dielectric
functions, respectively. The resonance frequency is tunable by modifying the shell thickness
and the radius of the core. As shown in Figure 10, due to the hybridization of the plasmon
modes, even in the electrostatic limit there are multiple resonance frequencies [116].

Figure 9. Calculated extinction coefficient per unit volume for a spherical Aluminum nanoparticle of various diameters.
(a) For the case when the size of the nanoparticle becomes smaller than the mean free path of the electron, the linewidth
becomes wider due to increased surface scattering. (b) For the case when the size of the nanoparticle becomes much larger
than the mean free path of the electron, excitation of multipole modes leads to broadening of the linewidth and the
retardation effect leads to a redshift of the LSP resonance peak.

Figure 10. Energy-level diagram of plasmon hybridization in metallic core-shell nanoparticles. The hybridization results
from the coupling between the cavity and sphere surface plasmons.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

67



6. Plasmon theory for graphene

Graphene is a two-dimensional (2D) material comprised of a single layer of carbon atoms in
a honeycomb lattice. It has unique electrical, optical, and mechanical properties due to its
tunable band dispersion relation and atomic thickness. Because of its unique band structure
graphene possesses a very high mobility and a fast carrier relaxation time [117–121], making it
an attractive candidate for ultrafast electronics and optoelectronics. Exciting surface plasmons
on graphene is a distinct technique to increase absorption with low damping rate. The surface
plasmon couples the electromagnetic (EM) wave to the conductive medium, giving rise to
direct absorption of light by monolayer graphene and providing the opportunity of electrical
tunability of the plasmon resonance frequency, high degree of electric field confinement, and
low plasmon damping rate [122–125]. The increased light-matter interaction results in an
enhanced spontaneous emission rate close to the nanostructure edges [126, 127]. Recent exper-
iments have achieved an absorption of 90% in the mid-IR range by connecting graphene with
high carrier mobility to a silicon diffractive grating [128] and designing graphene nanoribbons
[128, 129], nanodisks [130], and antidot array [125] theoretically. These high carrier mobilities
can be achieved only for mechanically exfoliated graphene. Exciting plasmon on CVD-grown
monolayer graphene with lower mobility than the mechanically exfoliated one reduces the
absorbance to 19% and 28% for graphene nanoribbons [99, 127, 131] and nanodisks [132, 133],
respectively. We show in experiments that the coupling of a patterned CVD-grown graphene
sheet to an optical cavity amplifies the excited LSPs and enhances the light absorption to a
current world record of 45% [134]. We also show that the theoretically achievable enhancement
is 60% for a square lattice of holes [134].

The electric current of graphene in the interaction picture is given by

jxxðωÞ ¼ σðωÞEðωÞ, ð37Þ

where E(ω) is the in-plane electric field and σ(ω) is the interband optical conductivity

σinterðωÞ ¼ � ie2

ωA

X
k

vx2
ρvv � ρcc

εc,k � εv,k � ħðωþ iηÞ ð38Þ

with A being the cross-section area, vx the velocity operator along x-direction, ρvv and ρcc the
digonal elements of the density matrix, εc,k /εv,k the conduction/valence band energy, and η an
infinitesimal value. Using the energy dispersion, εn,k ¼ nvFħjkjwith n ¼ þ1=� 1 for conduction/
valence band and vF ¼ 106m=s, and replacing the summation by the integration inEq. (38) leads to

σinterðωÞ ¼
e2vf 2

2ω
g
4π

ð∞
0
2πkdkðρvv � ρccÞδðεc,k � εv,k � ħωÞ

¼ e2vf 2

ω

ð∞
0
kdkðf ðεvÞ � f ðεcÞÞδðεc,k � εv,k � ħωÞ

¼ e2

4ħ
f � ħω

2

� �
� f

ħω
2

� �� �
,

ð39Þ
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Where g = 4 is the graphene degeneracy and ρ is replaced by the Fermi distribution function f.
By inserting the explicit expression of the Fermi distribution, Eq. (39) is reduced to

σinterðωÞ ¼ e2

4ħ

sinh ħω
2kBT

� �

cosh εF
2kBT

� �
þ cosh ħω

2kBT

� � , ð40Þ

where εF is the Fermi energy of graphene, kB is the Boltzmann constant and T is the tempera-
ture. Eq. (40) is the graphene optical conductivity due to interband transition, which is valid in
the visible light spectrum. This result can be derived from the Kubo formula too. When the
energy of the incident light (ħω) and kBT are of the same order and εF is much larger than kBT,
the interband optical conductivity is constant, i.e.,

σinterðωÞ ¼ e2

4ħ
: ð41Þ

For infrared and THz radiation, the Fermi energy can be tuned to become much larger than the
incident photon energy, and therefore due to Pauli blocking there are only intraband transi-
tions. According ot the Boltzmann equation and under the relaxation time approximation, the
carrier distribution in the presence of a constant electric field with x-polarization is given by

f ðkÞ ¼ f 0ðkÞ � qExvxðkÞτðkÞ ∂f
0ðkÞ
∂ε

, ð42Þ

where f 0(k) is the carrier distribution in the absence of the electric field, q is the carrier charge,
and τ(k) is the relaxation time in the presence of electron-phonon interaction, electron-
impurity interaction, and other scattering processes. By using Eq. (42), the electric current is
given by

jx ¼
q
A

X
k

f ðkÞνxðkÞ ¼ �q2Ex

A

X
k

νx2ðkÞτðkÞ ∂f
0ðkÞ
∂ε

: ð43Þ

In the absence of the external electric field, the net electric current is zero, so the summation of

the first part of Eq. (43) in the electric current is zero. Since ∂f 0ðkÞ
∂ε is so narrow around the Fermi

surface, only the wave vectors near the Fermi energy contribute to the integration, and τ(k) is
approximately constant. By replacing νx2ðkÞ with νF2=2, the intraband optical conductivity
becomes

σintra ¼ � q2τ
A

νF2

2

X
k

∂f 0ðkÞ
∂ε

¼ � q2τvF2

2π2

ð∞

0

dk2πk
∂f 0ðkÞ
∂ε

: ð44Þ

For each k there are two energy values in the conduction and the valence bands. Using the
linear dispersion relation, the intraband optical conductivity is reduced to
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σintra ¼ � q2τ
πħ2

ð∞

0

εdε
∂f 0ðεÞ
∂ε

þ
ð�∞

0

εdε
∂f 0ðεÞ
∂ε

0
@

1
A

¼ � q2τ
πħ2

ð∞

�∞

jεjdε ∂f
0ðεÞ
∂ε

¼ e2τ
πħ2

2kBTln 2cosh
εF

2kBT

� �� �
,

ð45Þ

where q is replaced by the electron charge (�e) . Assuming εF ≫ kBT, which is usually the case,
the intraband optical conductivty simplifies to

σintra ¼ e2

πħ2
εF: ð46Þ

In the presense of an oscillating electric field, the relaxation time is a complex function
ðτ�1 ! τ�1 � iωÞ and the intraband conductivity is given by

σintraðωÞ ¼ e2

πħ2
2kBT

τ�1 � iω
ln 2cosh

εF
2kBT

� �� �
, ð47Þ

which in the case of εF ≫ kBT is reduced to [118, 120]

σintraðωÞ ¼ e2

πħ2
εF

τ�1 � iω
, ð48Þ

where τ is determined by impurity scattering and electron-phonon interaction
τ�1 ¼ τ�1

imp þ τ�1
e�ph.

The dielectric function of graphene can be obtained via its AC conductivity by means of [135]

εðωÞ ¼ 2:5þ i
σðωÞ
ε0ωd

ð49Þ

where εg = 2.5 is the dielectric constant of graphite. Here d is the thickness of graphene.

The bandstructure of graphene is linear in the tight-binding approximation, as shown in
Figure 11b. The dispersion relation for the TM mode in the geometry depicted in Figure 11a,
which consists of graphene surrounded by dielectrics with constants εr1 and εr2, is given by
[122]

εr1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 � εr1ω2

c2

q þ εr2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 � εr2ω2

c2

q ¼ �σðq,ωÞi
ωε0

, ð50Þ
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c2
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ωε0
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where σ(ω,q) is the conductance of graphene. The semiclassical conductivity σ(ω) does not
depend on q. In the nonretarded regime (q = ω/c), the dispersion relation of the TM mode is
reduced to [122]

q ≈ ε0
εr1 þ εr2

2
2iω

σðq,ωÞ : ð51Þ

The larger the q (smaller plasmon wavelength), the higher is the transversal confinement of
the TM mode due to excitation of the surface plasmon (SP) on graphene, which is similar to
the case of regular metals. The main difference of SPs on metal and 2D materials is due to
their band structures. While normal metals have parabolic bands, graphene has Dirac cones,
which leads to a novel dispersion relation for the SPs on graphene, as shown in Figure 11c.
The interactions between the substrate and graphene optical phonons and the graphene
plasmons open a band gap in the graphene plasmon dispersion relation, as shown in
Figure 11d, showing the plasmon loss function in the presence of plasmon-optical phonons
interaction given by Eqs. (4)–(6) [134]. The electrons in 2D materials are bound in the
normal direction, which leads to more confinement of the coupled electromagnetic wave
due to plasmon excitation. In graphene, thermalization takes place on a time scale of 100 fs,
while cooling is much slower and happens on a time scale of 10 ps, as seen from Figure 11
[136, 137].

There are two different approaches to obtain the dispersion relation of the surface plasmon. In
the semiclassical approximation, the Drude-like conductivity is used to obtain the plasmon
dispersion relation [122, 138]

qðωÞ ¼ πħ2ε0ðεr1 þ εr2Þ
e2εF

1þ i
τω

� �
ω2 ð52Þ

and the plasmon loss

Figure 11. (a) Schematic of the patterned graphene layer surrounded by two media of dielectrics εr1 and εr1. (b) The
sketch of intraband (green arrow) and interband (red arrow) transitions after absorbing a photon on the Dirac cone. (c)
The graphene plasmon loss function for the structure shown in part (a) without plasmon-optical phonon coupling. This
function shows the graphene plasmon dispersion relation. (d) The graphene dispersion relation in presence of substrate/
graphene optical phonons.
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Req
Imq

¼ ωτ ¼ 2πcτ
λair

: ð53Þ

Another approach that works for both intraband and interband regimes is based on the
selfconsistent linear response theory, known as random phase approximation (RPA) along
with the relaxation time approximation defined by Mermin [139]. The dispersion relation of
the plasmon can be obtained by solving

εRPAðq,ωÞ ¼ 0, ð54Þ

with the complex wave vector q ¼ q1 þ iq2. Considering the Coulomb interaction of electrons
in graphene and the medium dielectric, first and second terms of Eq. (4), one obtains the
plasmon dispersion relation

εr1 þ εr1
2

þ e2

2ε0q1
Reχðq1,ωÞ ¼ 0 ð55Þ

and the plasmon loss relation [122]

q2 ¼
Imχðq1,ωÞ þ 1

τ
∂
∂ωReχðq1,ωÞ þ 1

ωτReχðq1,ωÞ 1� χðq1,ωÞ
χðq1, 0Þ

h i

1
q1
Reχðq1,ωÞ � ∂

∂q1
Reχðq1,ωÞ

: ð56Þ

The plasmon losses ðReq=ImqÞ, wave localization ðλair=λpÞ, and the group velocity of the
graphene plasmon ðνg ¼ ∂ω=∂qÞ are calculated by means of the semiclassical approximation
and RPA, as shown in Figure 12 for the Fermi level of εF ¼ 0:135 eV and relaxation time of
τ ¼ 1:35 · 10�13s [122]. Below the interband regime, the plasmon loss, the wave localization,
and the group velocity calculated by RPA are in very good agreement with the semiclassical
approach.

For 2D materials such as graphene, the amount of plasmon loss can be calculated by using
the effective dielectric function of the material. The dynamical polarizability

Figure 12. (a) Plasmon loss, (b) filed confinement, and (c) the group velocity of the graphene surface plasmon for εF ¼ 0:135 eV
and the carrier mobility of μ ¼ 10000 cm2=Vs. The solid and dashed line represent the RPA and semiclassical results, respec-
tively, and the rose shaded area is the high-interband loss region.
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h i

1
q1
Reχðq1,ωÞ � ∂

∂q1
Reχðq1,ωÞ

: ð56Þ

The plasmon losses ðReq=ImqÞ, wave localization ðλair=λpÞ, and the group velocity of the
graphene plasmon ðνg ¼ ∂ω=∂qÞ are calculated by means of the semiclassical approximation
and RPA, as shown in Figure 12 for the Fermi level of εF ¼ 0:135 eV and relaxation time of
τ ¼ 1:35 · 10�13s [122]. Below the interband regime, the plasmon loss, the wave localization,
and the group velocity calculated by RPA are in very good agreement with the semiclassical
approach.

For 2D materials such as graphene, the amount of plasmon loss can be calculated by using
the effective dielectric function of the material. The dynamical polarizability

Figure 12. (a) Plasmon loss, (b) filed confinement, and (c) the group velocity of the graphene surface plasmon for εF ¼ 0:135 eV
and the carrier mobility of μ ¼ 10000 cm2=Vs. The solid and dashed line represent the RPA and semiclassical results, respec-
tively, and the rose shaded area is the high-interband loss region.
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χðq, iωnÞ ¼ � 1
A

ðβ
0
dτeiωnτ〈TρqðτÞρ�qð0Þ〉 ð57Þ

determines several important quantities, such as the effective electron-electron interaction,
plasmon spectra, phonon spectra, and Friedel oscillations. ωn ¼ 2πn

β are the Matsubara frequen-

cies, ρq is the density operator in q-space and A denotes the area. This quantity is calculated in
the canonical ensemble for both of the sub-lattice density operators (ρ = ρa + ρb). The dynamical
polarizability in zeroth-order in the electron-electron interaction in the long wavelength limit is
[140]

χ0ðq, iωnÞ ¼ gsgv
4π2

ð
d2k

X
s, s0¼�

f ss
0 ðk, qÞ f ðεsðkÞÞ � f ðεs0 ðjkþ qjÞÞ

εsðkÞ � εs0 ðjkþ qjÞ þ iħωn
, ð58Þ

where gs ¼ gv ¼ 2 are the spin and valley degeneracy, f ðεsðkÞÞ is the Fermi distribution func-
tion, and εsðkÞ ¼ sħvFk� εF is the graphene energy. The band overlap of the wavefunctions

f ss
0 ðk, qÞ ¼ 1

2
1þ ss0

kþ q cosϕ
jkþ qj

� �
ð59Þ

is a specific property of graphene, where ϕ signifies the angle between k and q. At zero
temperature, the Fermi-Dirac distribution functions are step functions. In that case, using
ωn ! ωþ iδ, Eq. (58) is simplified to

χ0�
T¼0ðq,ωÞ ¼

gsgv
4π2ħ

ð
d2k
X
α¼�

αf�ðk,qÞ
ωþ αvFðk∓ jkþ qjÞ þ iδ

, ð60Þ

where the + and – signs denote the intra and interband transitions, respectively. Integration
over ϕ and k gives the retarded polarizability or charge-charge correlation function

χ0ðq,ωÞ ¼ χ0
εF¼0ðq,ωÞ þ Δχ0ðq,ωÞ, ð61Þ

where

χ0
εF¼0ðq,ωÞ ¼ �iπ

Iðq,ωÞ
ħ2ν2F

, ð62Þ

and

Δχ0ðq,ωÞ ¼ � gεF
2πħ2v2F

þ Iðq,ωÞ
ħ2v2F

ℵ
ħωþ 2εF
ħvFq

� �
�Θ

2εF � ħω
ħvFq

� 1
� �

· ℵ
2εF � ħω
ħvFq

� �
� iπ

� �

�Θ
ħω� 2εF
ħvFq

þ 1
� �

·ℵ
ħω� 2εF
ħvFq

� �

8>>><
>>>:

9>>>=
>>>;

ð63Þ

The two functions Iðq,ωÞ and ℵðxÞ are defined by
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Iðq,ωÞ ¼ g
16π

ħv2Fq2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 � ν2Fq2

q ð64Þ

and

ℵðxÞ ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p
� lnðxþ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p
Þ, ð65Þ

Where g ¼ gsgv ¼ 4. For ω > qvF and in the long wavelength limit q ! 0, x ¼ jðħω� 2εFÞ=ħ
vFqj≫1, thus x2 � 1 ≈ x2 and ℵðxÞ ≈ x2 � 2lnðxÞ. We derive here the dynamical polarizability in
Eq. (63) in these regimes. The expansion of Iðq,ωÞ gives

Iðq,ωÞ ¼ g
16π

ħv2Fq2

ω
1� v2Fq

2

ω2

� ��1=2

≈
g

16π
ħv2Fq2

ω
1þ v2Fq

2

2ω2

� �
: ð66Þ

In this condition and for intraband transitions ħω < 2εF ( ħω < 2μ)

ℵ
ħωþ 2εF
ħvFq

� �
� ℵ

2εF � ħω
ħvFq

� �
¼ 8ħωεF

ħ2v2Fq2
þ 2lnj 2εF � ħω

2εF þ ħω
j: ð67Þ

As a result, Δχ0ðq,ωÞ reduces to

Δχ0ðq,ωÞ ¼ � gεF
2πħ2v2F

þ Iðq,ωÞ
ħ2v2F

8ħωεF
ħ2v2Fq2

þ 2lnj 2εF � ħω
2εF þ ħω

j þ iπ

( )

¼ gq2

8πħω
2εF
ħω

þ 1
2
ln

2εF � ħω
2εF þ ħω

�����

�����þ
iπ
2

( )
:

ð68Þ

If 2εF ≫ ħω, then

Δχ0ðq,ωÞ ¼ gq2

8πħω
2εF
ħω

þ iπ
2

� �
: ð69Þ

By taking the decay rate ω ! ωþ iτ�1 into account and inserting Eq. (62) into Eq. (61), the
dynamical polarizability reduces to

χ0ðq,ωÞ ≈ εFq2

πħ2ðωþ iτ�1Þ2 : ð70Þ

In the presence of optical phonons, the effective dielectric function in the RPA regime is given
by Eq. (4), which we restate here for convenience [98, 99]:

εRPAðq,ωÞ ¼ εm � vcðqÞχ0ðq,ωÞ � εm
X
l

vsph, lðq,ωÞχ0ðq,ωÞ � εmvophðq,ωÞχ0
j, jðq,ωÞ, ð71Þ

where εm ¼ ðε1 þ ε2Þ=2 is the average of dielectric constants of graphene’s environment. The
collective oscillation modes of the electrons can be obtained by solving εRPAðq,ωÞ ¼ 0. The
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2εF
ħω

þ 1
2
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2εF � ħω
2εF þ ħω

�����

�����þ
iπ
2

( )
:

ð68Þ

If 2εF ≫ ħω, then

Δχ0ðq,ωÞ ¼ gq2

8πħω
2εF
ħω

þ iπ
2

� �
: ð69Þ

By taking the decay rate ω ! ωþ iτ�1 into account and inserting Eq. (62) into Eq. (61), the
dynamical polarizability reduces to

χ0ðq,ωÞ ≈ εFq2

πħ2ðωþ iτ�1Þ2 : ð70Þ

In the presence of optical phonons, the effective dielectric function in the RPA regime is given
by Eq. (4), which we restate here for convenience [98, 99]:

εRPAðq,ωÞ ¼ εm � vcðqÞχ0ðq,ωÞ � εm
X
l

vsph, lðq,ωÞχ0ðq,ωÞ � εmvophðq,ωÞχ0
j, jðq,ωÞ, ð71Þ

where εm ¼ ðε1 þ ε2Þ=2 is the average of dielectric constants of graphene’s environment. The
collective oscillation modes of the electrons can be obtained by solving εRPAðq,ωÞ ¼ 0. The
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extinction function is identified by Z ¼ � δT
T0
, or for the plasmonic structure coupled to an

optical cavity Z ¼ � δR
R0
, where δR ¼ R� R0 and R/R0 is the reflectance with/without plasmon

excitation, which corresponds to the enhanced absorbance at resonance frequencies [129, 131]

Z∝� Im
1

εRPA

� �
: ð72Þ

The loss function represents the amount of energy dissipated by exciting the plasmon coupled
to the substrate and graphene optical phonons. The collective oscillation modes of the electrons
can be obtained by solving εRPAðq,ωÞ ¼ 0. Considering the first two terms in Eq. (71) gives the
plasmon dispersion relation of graphene

ħωpðqÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gαGεFħvFq

2ε0

s
, ð73Þ

where the graphene fine structure constant is given by

αG � e2

εħvF
¼ c

εvF
α, ð74Þ

with α ¼ e2=ħc being the fine structure constant. In the case of graphene on a SiO2 substrate,
εr1 ¼ 1 for air and εr2 ¼ 3:9 for SiO2, which yield αG ¼ 0:9. For suspended graphene,
εr1 ¼ εr2 ¼ 1 and therefore αG ¼ 2:2. Thus, it is possible to tune αG by altering the dielectric
materials surrounding the graphene sheet [141].

It is also interesting to note that in contrast to the εF3=4 ∝n1=20 dependence of the bulk plasmon

resonance frequency in Eq. (20) and the εF1=2∝n
1=2
s dependence of the 2DEG plasmon, the

graphene plasmon exhibits a ε1=2F ∝n1=4s dependence.

In order to show the results for εF > 0, we define two regimes for ℵðxÞ, i.e.,

ℵ>ðxÞ ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p
� cosh�1ðxÞ, for x > 1

ℵ<ðxÞ ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

p
� cosh�1ðxÞ, for x < 1

ð75Þ

Using Eq. (60), the imaginary part of dynamical polarization is given by [140]

ImΔχ0ðq,ωÞ ¼ Iðq,ωÞ
ħ2v2F

·

ℵ>ð2εF � ħω
ħvFq

Þ � ℵ>ð2εF þ ħω
ħvFq

Þ, ! 1A

π ! 1B
�ℵ>ð2εF þ ħω

ħvFq
Þ, ! 2A

�ℵ<ðħω� 2εF
ħvFq

Þ, ! 2B

0, ! 3A
0: ! 3B

8>>>>>>>>>>><
>>>>>>>>>>>:

ð76Þ

and the real part is obtained by the Kramers-Kronig relation, yielding

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

75



ReΔχ0ðq,ωÞ ¼ � gεF
2πħ2v2F

þ Iðq,ωÞ
ħ2v2F

·

π, ! 1A

�ℵ>ð2εF � ħω
ħvFq

Þ þ ℵ>ð2εF þ ħω
ħvFq

Þ, ! 1B

�ℵ<ðħω� 2εF
ħvFq

Þ, ! 2A

ℵ>ð2εF þ ħω
ħvFq

Þ, ! 2B

�ℵ<ðħω� 2εF
ħvFq

Þ þ ℵ<ð2εF þ ħω
ħvFq

Þ, ! 3A

ℵ>ð2εF þ ħω
ħvFq

Þ � ℵ>ðħω� 2εF
ħvFq

Þ: ! 3B

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ð77Þ

Different regions are shown in Figure 13. As we mentioned, the plasmon dispersion relation is
determined by εðq,ωp � iγÞ ¼ 0, where γ is the decay rate of the plasmon. For weak damping,
the plasmon dispersion relation and damping are given by

ε0 ¼ vcReΔχ0ðq,ωpÞ, γ ¼ ImΔχ0ðq,ωpÞ
ð∂=∂ωÞReΔχ0ðq,ωÞ��ωp

: ð78Þ

The solution of the first part of Eq. (78) exists only for ReΔχ0ðq,ωpÞ > 0, which is valid only for

finite graphene doping and ω > vFq. Interestingly, a plasmon does not decay if ImΔχ0ðq,ωpÞ ¼ 0,
which is the case in region 1B shown in Figure 13. For the finite doping ðεF > 0Þ, the acoustic
phonon at long wavelength is inside the region 1A in Figure 13.

Figure 13. Different regions related to the dynamical polarization. The regions are separated by the straight line ω ¼ vFq
(solid), ħω ¼ ħvFq� 2εF (dashed), and ħω ¼ 2εF � ħvFq (dotted). The red-shaded area depicts the region of interband
Landau damping while the green-shaded area marks the region of intraband Landau damping. The radiative interband
Landau damping originating from direct (vertical) transitions occurs at q = 0. The red-shaded area with q 6¼ 0 corresponds
to the region of nonradiative interband Landau damping.
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7. Surface plasmon resonances in 3D topological insulators

So far, we have discussed nanoplasmonics in 3D metals and graphene and their damping
mechanisms. Now we focus on the RPA theory of nanoplasmonics in 3D topological insulator
(TI) materials. In particular, we are going to identify the graphene plasmons as a limiting case of
3DTI plasmons in the case when the thickness of the 3DTI slab becomes atomically thin. Bismuth
selenide (Bi2Se3) is the prime example of a 3DTI material that has a rhombohedral crystal
structure and consists of five atomic layers arranged along the z-direction, known as quintuple
layers (QLs). Two such QLs are coupled by a weak interaction, predominantly of the van der
Waals type. At the vicinity of the Γ point in the Brillouin zone of Bi2Se3, the low energy of Dirac
particles in the xy-plane can be described by the effective Hamiltonian [142, 143],
HTI ¼ ħvf ðσ ·k � ẑÞ � EF, where z is the unit vector in a z-direction. In the case of graphene, it is
the pseudospin, representing the two sub-lattice indices, which is locked to themomentum of the
electron. The chiral nature of the electronic states with the spin locked in perpendicular direction
to the momentum results in a unique type of collective excitations which are, indeed, accompa-
nied by transverse spin fluctuations [142, 143].

Let us consider a slab of a 3DTI material of thickness d > 5 nm, which is large enough to suppress
any overlap of the single-electron states between the top and the bottom layers. In contrast, long-
range Coulomb interaction exists and couples the opposite surfaces as in 2D electron plasmas.

We consider a Hamiltonian that describes the properties of collective oscillations on the top
and the bottom surfaces of a 3DTI material as [142]

Hl=l 0 ¼ ħvf
X

α, β, k, l, l0
aþk, l,αðτ ·kÞ � ẑak, l,β þ

1
2S

X

q, l, l0
υl, l0 ðqÞnq, ln�q, l0 , ð79Þ

where lðl0 Þ indicates the top (bottom) surface, α, β are spin indices, a is the annihilation

operator, and S is the surface area. nq, l ¼
X
k,α

aþk�q, l,αak, l,α is the density operator, and

τ ¼ fτx, τyg are the Pauli matrices. With a long-range Coulomb interaction within the RPA,
the response function can be written as

χ2x2
RPA ¼ χ2x2

0 ðq,ωÞ
1� υðqÞχ2x2

0 ðq,ωÞ , ð80Þ

where χ2x2
0 ðq,ωÞ ¼ χ11 0

0 χ22

� �
is a 2 · 2 matrix. υðqÞ is a 2 · 2 matrix whose diagonal and

off diagonal elements are the two-dimensional Fourier transforms of Coulomb potentials and
can be obtained by solving Poisson’s equation [144]. Similar to the RPA dielectric function for
graphene shown in Eq. (71), the equivalent equation for the RPA dielectric function in 3DTIs is

ε2x2RPAðq,ωÞ ¼ 1� vðqÞχ2x2
0 ðq,ωÞ: ð81Þ

Compared to graphene, the main difference is that υðqÞ is a 2 · 2 matrix accounting for the
intrasurface and intersurface interactions. Here we write these expressions as
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υ11=22ðqÞ ¼
4πe2ε2

�
coshðqdÞ þ ðε3=1=ε2ÞsinhðqdÞ

�

q
�
ε2ðε1 þ ε3ÞcoshðqdÞ þ ðε1ε3 þ ε2ÞsinhðqdÞ

� ð82Þ

for the intrasurface interaction, and

υ12ðqÞ ¼ 4πe2ε2

q
�
ε2ðε1 þ ε3ÞcoshðqdÞ þ ðε1ε3 þ ε2ÞsinhðqdÞ

� ð83Þ

for the intersurface interaction. εi (i = 1, 2, 3) are the dielectric functions for the top, middle, and
bottom layers, respectively. In the limit of equal dielectric constant, ε1 ¼ ε2 ¼ ε3 ¼ ε,
V11 ¼ V22 ! 2π2e2=εq, and V12 ¼ V21 ! ð2π2e2=εqÞe�qd. This shows that for a given wave
vector the intrasurface Coulomb interaction depends on the dielectric constant of the materials,
the intersurface Coulomb interaction not only depends on the dielectric constant, but is also
modulated by the negative distance-dependent exponential factor. For a sufficiently thick slab,
i.e., qd ! ∞, the top and the bottom surfaces are completely decoupled and therefore we obtain
the limit of V12 ¼ V21 ! 0, and thus we only have a nonzero intrasurface potential. This is the
case that is equivalent to the Coulomb interaction in a sheet of graphene.

The response function χ provides important information about the collective states that are
excited at small transferred momentum. The collective mode frequencies of the system can be
obtained by solving Det½1� υðqÞχ2x2

0 ðqÞ� ¼ 0. In the region vf q < ω < 2Ef =ħ� vf q, collective
modes of oscillations are undamped. Beyond that limit, such modes are not observed because
the energy of the modes is transferred to the particle-hole excitations. In Section 6, we derived
the dynamical polarizability for the case of a graphene sheet. For vf q < ω with Im½χ� ¼ 0, the
linear response function can be written as [144]

χl=l
0

nn ðq,ωÞ ¼ � El=l
F

0

2πħ2υF2
þ 1
16πħ

q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 � ðυFqÞ2

q · G
2El=l

F
0 þ ħω

ħυFq

 !
� G

2El=l
F

0 � ħω
ħυFq

 !" #
, ð84Þ

where GðxÞ ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p
� cosh�1ðxÞ. Using the relation for the relative permittivity εr ¼ 1þ χ,

the linear response function given by Eq. (84) is obtained from Eq. (61) in the long wavelength
limit. This charge-charge response function describes explicitly the dispersion of the collective
modes exist on the two sides of a slab geometry of a 3DTI slab. Using Eq. (80), the pole of
Det½1� υðqÞχ2x2

0 ðqÞ� ¼ 0 can be solved with the help of Eq. (35). The potential υ(q) is a 2 · 2
block diagonal (corresponding to spin and charge) for two surfaces. In the limit of an infinitely
thick slab, we recover the intrasurface potential for υðqÞ and the corresponding mode for
graphene. The two modes in the long wavelength limit are: the symmetric (photon-like) mode
and the antisymmetric (plasmon-like) mode. At a thickness below the Thomas-Fermi screening
length, the symmetric mode is highly Landau damped. In Figure 14, we show the antisym-
metric mode for a slab of thickness 120 nm at different Fermi energies of 0.3, 0.2, and 0.1 eV,
taking into account the inter and intrasurface potentials given in Eqs. (82) and (83) in the q! 0
limit of the RPA response function. This result can be compared with the experimental obser-
vation of the Dirac plasmon dispersion in Bi2Se3 [145].
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case that is equivalent to the Coulomb interaction in a sheet of graphene.

The response function χ provides important information about the collective states that are
excited at small transferred momentum. The collective mode frequencies of the system can be
obtained by solving Det½1� υðqÞχ2x2

0 ðqÞ� ¼ 0. In the region vf q < ω < 2Ef =ħ� vf q, collective
modes of oscillations are undamped. Beyond that limit, such modes are not observed because
the energy of the modes is transferred to the particle-hole excitations. In Section 6, we derived
the dynamical polarizability for the case of a graphene sheet. For vf q < ω with Im½χ� ¼ 0, the
linear response function can be written as [144]
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where GðxÞ ¼ x
ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p
� cosh�1ðxÞ. Using the relation for the relative permittivity εr ¼ 1þ χ,

the linear response function given by Eq. (84) is obtained from Eq. (61) in the long wavelength
limit. This charge-charge response function describes explicitly the dispersion of the collective
modes exist on the two sides of a slab geometry of a 3DTI slab. Using Eq. (80), the pole of
Det½1� υðqÞχ2x2

0 ðqÞ� ¼ 0 can be solved with the help of Eq. (35). The potential υ(q) is a 2 · 2
block diagonal (corresponding to spin and charge) for two surfaces. In the limit of an infinitely
thick slab, we recover the intrasurface potential for υðqÞ and the corresponding mode for
graphene. The two modes in the long wavelength limit are: the symmetric (photon-like) mode
and the antisymmetric (plasmon-like) mode. At a thickness below the Thomas-Fermi screening
length, the symmetric mode is highly Landau damped. In Figure 14, we show the antisym-
metric mode for a slab of thickness 120 nm at different Fermi energies of 0.3, 0.2, and 0.1 eV,
taking into account the inter and intrasurface potentials given in Eqs. (82) and (83) in the q! 0
limit of the RPA response function. This result can be compared with the experimental obser-
vation of the Dirac plasmon dispersion in Bi2Se3 [145].
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In the limit of small thickness of the slab, when the condition qd ! 0 is satisfied, the antisym-
metric photon-like mode behaves as
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and the symmetric plasmon-like mode as
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where ξ ¼ ðn1 � n2Þ=ðn1 þ n2Þ is the density polarization and kf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πðn1 þ n2Þ

p
is the total

Fermi wave vector. αD ¼ e2=ħvf is the fine structure constant for the Dirac system. It is to be
noted that indices 1 and 2 indicate two different surfaces. For equal Fermi energy at the top and
the bottom surfaces, the density polarization reduces to zero, resulting in an equilibrium situa-
tion. When the thickness of the slab tends to zero, we recover only the antisymmetric mode,
which is the mode obtained for a sheet of graphene. As the slab thickness goes to infinity, the two
surfaces interact weakly and the intersurface potential falls rapidly as the thickness increases. In
this case, we obtain that the two antisymmetric modes each correspond to a single sheet of
graphene. Using a series expansion of the frequency, it is possible to obtain a more accurate
solution for the symmetric mode, which is derived elsewhere [144]. The solution is given by
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Figure 14. Plasmon dispersion in Bi2Se3 slab of thickness 120 nm at different Fermi energy with top and bottom dielectric
constant of 1 and 9.3, respectively, taking full potential and q ! 0 limit. Only the antisymmetric mode is shown here.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

79



For a size of the slab smaller than the mode wavelength, i.e., d < λp, the antisymmetric mode is
independent of thickness, and the symmetric mode has a d2 dependence. The plasmon disper-
sions for the limit of qd! 0 for symmetric and antisymmetric modes with 10 and 20 nm of slab
width at different dielectric environments are shown in Figure 15a. The electric field profiles
along (Ex) and perpendicular (Ez) to the plasmon polarization direction are shown in
Figure 15b for a thin slab of thickness 10 nm with ε1 ¼ ε3 ¼ 3:8 for an antisymmetric mode.
We also show the Landau damping regions with a blue shade given by the line segments
ω ≤ υFq and ω ≥ 2EF � υFq, in complete analogy to Figure 13. The distribution of excited “hot”
carriers is limited to a narrow region around the Fermi level. In quasi-equilibrium, the hot
carrier distribution can affect the plasmon lifetime.

The topological surface states are extended inside the bulk with a localization length given by
lo ¼ ħvf =Eg where Eg is the bulk bandgap. lo is equal to 1.5 nm (~2 quintuple layer (QL)) in
Bi2Se3. Due to the quantum confinement of the carriers, two different conductivities arise: one
due to the topological surface states that extend to 2 QL and the other one due to the 2DEG
trapped below the surface, which extends up to 8 QL [146]. Theoretically, it should be possible
to separate out the two different effects and write the response functions as χ ¼ χTI þ χ2DEG for
two independent channels. The contribution of the 2DEG to the plasmon dispersion can be
calculated separately [147].

Surface plasmons in 3DTI surfaces do not consist only of charge density waves but are also
accompanied by spin density waves due to inherent nature of spin-momentum locking. This
can be qualitatively understood by calculating the surface current in terms of the spin and
charge quantity by J ¼ vfσ · ẑ. The continuity equation ∂nq=∂t ¼ �∇ � J shows that the charge

density nq oscillates in phase with the transverse spin sT ¼ ẑ � ðq̂ · sÞ, and the amplitude of

their ratio is given by sT=nq ¼ 1=ħvf EFαDvf =2q
� �1=2, which can be much larger than unity in the

Figure 15. (a) Symmetric (dotted) and antisymmetric (solid) modes of plasmon dispersion in 3DTI in the limit of qd ! 0
for the slab thickness of 10 and 20 nm (Eqs. (7) and (9)). The Landau damping region is shown with the blue shade,
determined by ω ≤ υFq and ω ≥ 2EF � υFq. (b) The electric field profile of surface plasmons along and perpendicular
direction of polarization for antisymmetric mode (plasmon-like mode) in a slab of thickness 10 nm.
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long wavelength limit [142]. To understand the electromagnetic response of spin and charge
oscillations in a selfsustained mode, we write the induced potential V ind ¼ υðqÞχ4x4

0 ðq,ωÞV ind

under vanishing external perturbation [147]. One can solve again for the pole�
1� υðqÞχ4x4

0 ðq,ωÞ
�
V ind ¼ 0 in order to obtain the explicit expression for the induced poten-

tial. This time, both the spin and charge part of the response functions are included, i.e., the
solutions include the explicit information of the spin and charge oscillations. The solutions to
the induced potential proportional to

V�
ind ∝

1
0
y�

0

0
BB@

1
CCA, ð88Þ

where yþ ¼ 1 and y� ¼ � El
F

El
0
F

. The induced charge density is calculated from the response

function ρ ¼ χ4x4
0 ðq,ωÞV ind. Spins are inherently attached to the momentum as accounted by

the complete response function given by Eq. (80). The symmetric and antisymmetric modes are
purely spin-like and purely charge-like for a slab of 3DTI. This can be seen in the following
expressions in the limit of qd ! 0 as
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for the antisymmetric mode, and
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for the symmetric mode, where ϕ1 ¼ ρl

sl

� �
and ϕ2 ¼

ρl
0

sl
0

 !
, and the indices l and l0 can be

chosen to represent the top and the bottom surfaces. Clearly, charges oscillate in phase and
spins oscillate out of phase for antisymmetric mode, whereas spins oscillate in phase and
charges oscillate out of phase for the symmetric mode on the top and the bottom surfaces.
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It has been observed that the phonon modes in Bi2Se3 have frequencies of around 2 THz. Since
the phonon modes overlap with the plasmon modes in energy space, there is a possibility of
mode hybridization, similar to the case of graphene. In a micro-ring structure of Bi2Se3, there
are bonding (lower) and antibonding (upper) plasmon modes [148]. The antibonding plasmon
mode frequency is much larger than the phonon mode frequency, and the bonding plasmon
mode overlaps with the phonon mode, resulting in hybridization in two branches with an
interaction frequency of around 0.35 THz.

Recently, in Ref. [149], authors investigated the possibility of obtaining SPPs in Weyl semi-
metals. In Weyl semimetals such as TaAs, NbAs, YbMnBi2, and Eu2Ir2O7 [150–152] the valence
and the conduction band touch in isolated points of the Brillouin zone close to the chemical
potential, and their dispersion is described by an equation similar to the one for Dirac metals.
A pair of Weyl nodes appears with opposite chiralities with a distance of b in the reciprocal

space. Their topological properties are described by Sθ ¼ e2
4πħc

ð
dt
ð
d3r θ E:B, where

θ ¼ 2ðbr� botÞ. Sθ is an important parameter that alters the electrodynamics of the bulk
response to an applied electric field. In such a system, the authors found that the SPPs with
b 6¼ 0 have properties similar to those in ordinary metal SPPs in the presence of an external
magnetic field, despite their unique origin. Therefore, the θ term that contributes to the
dielectric tensor originating from the anomalous Hall displacement current induces an anom-
alous surface magnetoplasmon. Interestingly, for certain orientations of the surface of the Weyl
semimetal, the authors predict the nonreciprocal dispersion of SPPs, i.e., the propagation of the
SPP is unidirectional.

8. Conclusion

In this book chapter, we present descriptions of the plasmonic properties of metal nanostructures
of different geometry, their size dependence, and applications in modern nanotechnology. We
show dynamic control over the plasmon resonances where a shift up to 125 nm at a density of
1022 cm�3 can be achieved using a pump-probe technique. This provides the opportunity to
utilize plasmonics in modern information processing devices. In addition to plasmonics in 3D
metal nanostructures, we present a description of graphene and 3DTI plasmonics using classical
and quantum perspectives. Using the RPA theory, we obtain symmetric and antisymmetric
modes in a slab of 3DTI, which reduces to a graphene plasmonics in the limit of zero thickness
of the slab. Surface plasmon (SP) damping mechanisms are interesting due to their potential
applications for enhanced current density that comes from SPs nonradiative damping in
nanostructures smaller than the skin depth. We present a quantum theory of SPs damping in
metals and layered materials like graphene.

There are several potential applications of the nanoplasmonics in graphene and 3DTI. Graphene
and 3DTI are potential candidates for nanospasers that utilize Dirac fermions, unlike the massive
electrons or holes in the originally proposed spasing scheme by Bergman and Stockman in
2003 [153]. The spaser is a nanoplasmonic counterpart of a laser, where photons are not
emitted. In Ref. [154], the authors have proposed a scheme of nanospasing using a sheet of
graphene with an electrically pumped cascaded quantum well structure working as a gain
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medium. For the range of Fermi energy, it was shown that spasing could be potentially
obtained for a plasmon relaxation time of several femtoseconds in the mid-IR range. A similar
scheme with an optically pumped nanospaser for a slab 10 nm of 3DTI was proposed in Ref.
[155]. It is advantageous to use a 3DTI, such as Bi2S3, as a nanospaser due to the possibility of
using its bulk as a gain medium and the surface as a medium that supports SPPs. This
configuration avoids the use of a separate gain medium to provide the feedback for the SPPs.
Therefore, a 3DTI nanospaser can be truly nanoscopic and can be used for various applications
in physics, chemistry, and biology.

Acknowledgements

We acknowledge the support provided by NSF grant CCF-1514089 and DARPA grant HR0011-
16-1-0003.

Author details

Hari P. Paudel1, Alireza Safaei2 and Michael N. Leuenberger2*

*Address all correspondence to: michael.leuenberger@ucf.edu

1 Center for Nano-Optics, Georgia State University, Atlanta, Georgia, USA

2 NanoScience Technology Center, Department of Physics, and College of Optics and
Photonics, University of Central Florida, Orlando, Florida, USA

References

[1] G. Mie, Annal of Physics, 25 (1908) 377.

[2] R.H. Ritchie, Plasma losses by fast electrons in thin films, Physical Review, 106 (1957)
874–881.

[3] J. Pendry, Applied physics—playing tricks with light, Science, 285 (1999) 1687–1688.

[4] B. Hecht, H. Bielefeldt, L. Novotny, Y. Inouye, D.W. Pohl, Local excitation, scattering,
and interference of surface plasmons, Physical Review Letters, 77 (1996) 1889–1892.

[5] D.Y. Fedyanin, A.V. Krasavin, A.V. Arsenin, A.V. Zayats, Surface plasmon polariton
amplification upon electrical injection in highly integrated plasmonic circuits, Nano
Letters, 12 (2012) 2459–2463.

[6] X. Guo, Y.G. Ma, Y.P. Wang, L.M. Tong, Nanowire plasmonic waveguides, circuits and
devices, Laser & Photonics Reviews, 7 (2013) 855–881.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

83



[7] X. Guo, M. Qiu, J.M. Bao, B.J. Wiley, Q. Yang, X.N. Zhang, Y.G. Ma, H.K. Yu, L.M. Tong,
Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic compo-
nents and circuits, Nano Letters, 9 (2009) 4515–4519.

[8] R.W. Heeres, L.P. Kouwenhoven, V. Zwiller, Quantum interference in plasmonic circuits,
Nature Nanotechnology, 8 (2013) 719–722.

[9] J.S. Huang, D.V. Voronine, P. Tuchscherer, T. Brixner, B. Hecht, Deterministic spatiotem-
poral control of optical fields in nanoantennas and plasmonic circuits, Physical Review
B, 79 (2009) 195441.

[10] J.T. Kim, S.Y. Choi, Graphene-based plasmonic waveguides for photonic integrated
circuits, Optics Express, 19 (2011) 24557–24562.

[11] S.E. Kocabas, G. Veronis, D.A.B. Miller, S.H. Fan, Transmission line and equivalent
circuit models for plasmonic waveguide components, IEEE Journal of Selected Topics
in Quantum Electronics, 14 (2008) 1462–1472.

[12] V.J. Sorger, R.F. Oulton, R.M. Ma, X. Zhang, Toward integrated plasmonic circuits, MRS
Bulletin, 37 (2012) 728–738.

[13] H. Wei, H.X. Xu, Nanowire-based plasmonic waveguides and devices for integrated
nanophotonic circuits, Nanophotonics, 1 (2012) 155–169.

[14] W.L. Barnes, A. Dereux, T.W. Ebbesen, Surface plasmon subwavelength optics, Nature,
424 (2003) 824–830.

[15] H.A. Atwater, The promise of plasmonics, Scientific American, 296 (2007) 56–63.

[16] K. Kneipp, Y. Wang, H. Kneipp, L.T. Perelman, I. Itzkan, R. Dasari, M.S. Feld, Single
molecule detection using surface-enhanced Raman scattering (SERS), Physical Review
Letters, 78 (1997) 1667–1670.

[17] S.M. Nie, S.R. Emery, Probing single molecules and single nanoparticles by surface-
enhanced Raman scattering, Science, 275 (1997) 1102–1106.

[18] F. De Angelis, F. Gentile, F. Mecarini, G. Das, M. Moretti, P. Candeloro, M.L. Coluccio, G.
Cojoc, A. Accardo, C. Liberale, R.P. Zaccaria, G. Perozziello, L. Tirinato, A. Toma, G.
Cuda, R. Cingolani, E. Di Fabrizio, Breaking the diffusion limit with super-hydrophobic
delivery of molecules to plasmonic nanofocusing SERS structures, Nature Photonics, 5
(2011) 683–688.

[19] S.J. Lee, Z.Q. Guan, H.X. Xu, M. Moskovits, Surface-enhanced Raman spectroscopy and
nanogeometry: the plasmonic origin of SERS, Journal of Physical Chemistry C, 111
(2007) 17985–17988.

[20] W.H. Li, R. Zamani, P.R. Gil, B. Pelaz, M. Ibanez, D. Cadavid, A. Shavel, R.A. Alvarez-
Puebla, W.J. Parak, J. Arbiol, A. Cabot, CuTe nanocrystals: shape and size control,
plasmonic properties, and use as SERS probes and photothermal agents, Journal of the
American Chemical Society, 135 (2013) 7098–7101.

Nanoplasmonics - Fundamentals and Applications84



[7] X. Guo, M. Qiu, J.M. Bao, B.J. Wiley, Q. Yang, X.N. Zhang, Y.G. Ma, H.K. Yu, L.M. Tong,
Direct coupling of plasmonic and photonic nanowires for hybrid nanophotonic compo-
nents and circuits, Nano Letters, 9 (2009) 4515–4519.

[8] R.W. Heeres, L.P. Kouwenhoven, V. Zwiller, Quantum interference in plasmonic circuits,
Nature Nanotechnology, 8 (2013) 719–722.

[9] J.S. Huang, D.V. Voronine, P. Tuchscherer, T. Brixner, B. Hecht, Deterministic spatiotem-
poral control of optical fields in nanoantennas and plasmonic circuits, Physical Review
B, 79 (2009) 195441.

[10] J.T. Kim, S.Y. Choi, Graphene-based plasmonic waveguides for photonic integrated
circuits, Optics Express, 19 (2011) 24557–24562.

[11] S.E. Kocabas, G. Veronis, D.A.B. Miller, S.H. Fan, Transmission line and equivalent
circuit models for plasmonic waveguide components, IEEE Journal of Selected Topics
in Quantum Electronics, 14 (2008) 1462–1472.

[12] V.J. Sorger, R.F. Oulton, R.M. Ma, X. Zhang, Toward integrated plasmonic circuits, MRS
Bulletin, 37 (2012) 728–738.

[13] H. Wei, H.X. Xu, Nanowire-based plasmonic waveguides and devices for integrated
nanophotonic circuits, Nanophotonics, 1 (2012) 155–169.

[14] W.L. Barnes, A. Dereux, T.W. Ebbesen, Surface plasmon subwavelength optics, Nature,
424 (2003) 824–830.

[15] H.A. Atwater, The promise of plasmonics, Scientific American, 296 (2007) 56–63.

[16] K. Kneipp, Y. Wang, H. Kneipp, L.T. Perelman, I. Itzkan, R. Dasari, M.S. Feld, Single
molecule detection using surface-enhanced Raman scattering (SERS), Physical Review
Letters, 78 (1997) 1667–1670.

[17] S.M. Nie, S.R. Emery, Probing single molecules and single nanoparticles by surface-
enhanced Raman scattering, Science, 275 (1997) 1102–1106.

[18] F. De Angelis, F. Gentile, F. Mecarini, G. Das, M. Moretti, P. Candeloro, M.L. Coluccio, G.
Cojoc, A. Accardo, C. Liberale, R.P. Zaccaria, G. Perozziello, L. Tirinato, A. Toma, G.
Cuda, R. Cingolani, E. Di Fabrizio, Breaking the diffusion limit with super-hydrophobic
delivery of molecules to plasmonic nanofocusing SERS structures, Nature Photonics, 5
(2011) 683–688.

[19] S.J. Lee, Z.Q. Guan, H.X. Xu, M. Moskovits, Surface-enhanced Raman spectroscopy and
nanogeometry: the plasmonic origin of SERS, Journal of Physical Chemistry C, 111
(2007) 17985–17988.

[20] W.H. Li, R. Zamani, P.R. Gil, B. Pelaz, M. Ibanez, D. Cadavid, A. Shavel, R.A. Alvarez-
Puebla, W.J. Parak, J. Arbiol, A. Cabot, CuTe nanocrystals: shape and size control,
plasmonic properties, and use as SERS probes and photothermal agents, Journal of the
American Chemical Society, 135 (2013) 7098–7101.

Nanoplasmonics - Fundamentals and Applications84

[21] S.A. Maier, Plasmonic field enhancement and SERS in the effective mode volume pic-
ture, Optics Express, 14 (2006) 1957–1964.

[22] M.J. Mulvihill, X.Y. Ling, J. Henzie, P.D. Yang, Anisotropic etching of silver
nanoparticles for plasmonic structures capable of single-particle SERS, Journal of the
American Chemical Society, 132 (2010) 268–274.

[23] J.B. Song, J.J. Zhou, H.W. Duan, Self-assembled plasmonic vesicles of SERS-
encoded amphiphilic gold nanoparticles for cancer cell targeting and traceable
intracellular drug delivery, Journal of the American Chemical Society, 134 (2012)
13458–13469.

[24] R.W. Taylor, T.C. Lee, O.A. Scherman, R. Esteban, J. Aizpurua, F.M. Huang, J.J.
Baumberg, S. Mahajan, Precise subnanometer plasmonic junctions for SERS within
gold nanoparticle assemblies using cucurbit[n]uril “Glue,” ACS Nano, 5 (2011) 3878–
3887.

[25] J. Theiss, P. Pavaskar, P.M. Echternach, R.E. Muller, S.B. Cronin, Plasmonic nanoparticle
arrays with nanometer separation for high-performance SERS substrates, Nano Letters,
10 (2010) 2749–2754.

[26] W. Xie, B. Walkenfort, S. Schlucker, Label-free SERS monitoring of chemical reactions
catalyzed by small gold nanoparticles using 3d plasmonic superstructures, Journal of
the American Chemical Society, 135 (2013) 1657–1660.

[27] J. Ye, F.F. Wen, H. Sobhani, J.B. Lassiter, P. Van Dorpe, P. Nordlander, N.J. Halas,
Plasmonic nanoclusters: near field properties of the fano resonance interrogated with
SERS, Nano Letters, 12 (2012) 1660–1667.

[28] D. Rodrigo, O. Limaj, D. Janner, D. Etezadi, F.J.G. de Abajo, V. Pruneri, H. Altug, Mid-
infrared plasmonic biosensing with graphene, Science, 349 (2015) 165–168.

[29] J.N. Anker, W.P. Hall, O. Lyandres, N.C. Shah, J. Zhao, R.P. Van Duyne, Biosensing with
plasmonic nanosensors, Nature Materials, 7 (2008) 442–453.

[30] A.E. Cetin, H. Altug, Fano resonant ring/disk plasmonic nanocavities on conducting
substrates for advanced biosensing, ACS Nano, 6 (2012) 9989–9995.

[31] S.K. Dondapati, T.K. Sau, C. Hrelescu, T.A. Klar, F.D. Stefani, J. Feldmann, Label-free
biosensing based on single gold nanostars as plasmonic transducers, ACS Nano, 4
(2010) 6318–6322.

[32] A.V. Kabashin, P. Evans, S. Pastkovsky, W. Hendren, G.A. Wurtz, R. Atkinson, R. Pol-
lard, V.A. Podolskiy, A.V. Zayats, Plasmonic nanorod metamaterials for biosensing,
Nature Materials, 8 (2009) 867–871.

[33] S.W. Lee, K.S. Lee, J. Ahn, J.J. Lee, M.G. Kim, Y.B. Shin, Highly sensitive biosensing
using arrays of plasmonic au nanodisks realized by nanoimprint lithography, ACS
Nano, 5 (2011) 897–904.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

85



[34] J. McPhillips, A. Murphy, M.P. Jonsson, W.R. Hendren, R. Atkinson, F. Hook, A.V.
Zayats, R.J. Pollard, High-performance biosensing using arrays of plasmonic nanotubes,
ACS Nano, 4 (2010) 2210–2216.

[35] M.E. Stewart, N.H. Mack, V. Malyarchuk, J. Soares, T.W. Lee, S.K. Gray, R.G. Nuzzo, J.A.
Rogers, Quantitative multispectral biosensing and 1D imaging using quasi-3D plasmonic
crystals, Proceedings of the National Academy of Sciences of the United States of America,
103 (2006) 17143–17148.

[36] T. Vo-Dinh, H.N. Wang, J. Scaffidi, Plasmonic nanoprobes for SERS biosensing and
bioimaging, Journal of Biophotonics, 3 (2010) 89–102.

[37] T.A. Larson, J. Bankson, J. Aaron, K. Sokolov, Hybrid plasmonic magnetic nanoparticles
as molecular specific agents for MRI/optical imaging and photothermal therapy of
cancer cells, Nanotechnology, 18 (2007) 325101.

[38] J.Z. Zhang, Biomedical applications of shape-controlled plasmonic nanostructures: a
case study of hollow gold nanospheres for photothermal ablation therapy of cancer,
Journal of Physical Chemistry Letters, 1 (2010) 686–695.

[39] B.V. Budaev, D.B. Bogy, On the lifetime of plasmonic transducers in heat assisted mag-
netic recording, Journal of Applied Physics, 112 (2012) 034512.

[40] B.C. Stipe, T.C. Strand, C.C. Poon, H. Balamane, T.D. Boone, J.A. Katine, J.L. Li, V.
Rawat, H. Nemoto, A. Hirotsune, O. Hellwig, R. Ruiz, E. Dobisz, D.S. Kercher, N.
Robertson, T.R. Albrecht, B.D. Terris, Magnetic recording at 1.5 Pb m(-2) using an
integrated plasmonic antenna, Nature Photonics, 4 (2010) 484–488.

[41] N. Zhou, X.F. Xu, A.T. Hammack, B.C. Stipe, K.Z. Gao, W. Scholz, E.C. Gage, Plasmonic
near-field transducer for heat-assisted magnetic recording, Nanophotonics, 3 (2014)
141–155.

[42] A. Yang, T.B. Hoang, M. Dridi, C. Deeb, M.H. Mikkelsen, G.C. Schatz, T.W. Odom, Real-
time tunable lasing from plasmonic nanocavity arrays, Nature Communications, 6
(2015) 6939.

[43] M.T. Hill, M. Marell, E.S.P. Leong, B. Smalbrugge, Y.C. Zhu, M.H. Sun, P.J. van Veldhoven,
E.J. Geluk, F. Karouta, Y.S. Oei, R. Notzel, C.Z. Ning, M.K. Smit, Lasing in metal-insulator-
metal sub-wavelength plasmonic waveguides, Optics Express, 17 (2009) 11107–11112.

[44] Y. Hou, P. Renwick, B. Liu, J. Bai, T. Wang, Room temperature plasmonic lasing in a
continuous wave operation mode from an InGaN/GaN single nanorod with a low
threshold, Scientific Reports, 4 (2014) 5014.

[45] S.H. Kwon, J.H. Kang, C. Seassal, S.K. Kim, P. Regreny, Y.H. Lee, C.M. Lieber, H.G. Park,
Subwavelength plasmonic lasing from a semiconductor nanodisk with silver nanopan
cavity, Nano Letters, 10 (2010) 3679–3683.

[46] Y.J. Lu, C.Y. Wang, J. Kim, H.Y. Chen, M.Y. Lu, Y.C. Chen, W.H. Chang, L.J. Chen, M.I.
Stockman, C.K. Shih, S. Gwo, All-color plasmonic nanolasers with ultralow thresholds:
autotuning mechanism for single-mode lasing, Nano Letters, 14 (2014) 4381–4388.

Nanoplasmonics - Fundamentals and Applications86



[34] J. McPhillips, A. Murphy, M.P. Jonsson, W.R. Hendren, R. Atkinson, F. Hook, A.V.
Zayats, R.J. Pollard, High-performance biosensing using arrays of plasmonic nanotubes,
ACS Nano, 4 (2010) 2210–2216.

[35] M.E. Stewart, N.H. Mack, V. Malyarchuk, J. Soares, T.W. Lee, S.K. Gray, R.G. Nuzzo, J.A.
Rogers, Quantitative multispectral biosensing and 1D imaging using quasi-3D plasmonic
crystals, Proceedings of the National Academy of Sciences of the United States of America,
103 (2006) 17143–17148.

[36] T. Vo-Dinh, H.N. Wang, J. Scaffidi, Plasmonic nanoprobes for SERS biosensing and
bioimaging, Journal of Biophotonics, 3 (2010) 89–102.

[37] T.A. Larson, J. Bankson, J. Aaron, K. Sokolov, Hybrid plasmonic magnetic nanoparticles
as molecular specific agents for MRI/optical imaging and photothermal therapy of
cancer cells, Nanotechnology, 18 (2007) 325101.

[38] J.Z. Zhang, Biomedical applications of shape-controlled plasmonic nanostructures: a
case study of hollow gold nanospheres for photothermal ablation therapy of cancer,
Journal of Physical Chemistry Letters, 1 (2010) 686–695.

[39] B.V. Budaev, D.B. Bogy, On the lifetime of plasmonic transducers in heat assisted mag-
netic recording, Journal of Applied Physics, 112 (2012) 034512.

[40] B.C. Stipe, T.C. Strand, C.C. Poon, H. Balamane, T.D. Boone, J.A. Katine, J.L. Li, V.
Rawat, H. Nemoto, A. Hirotsune, O. Hellwig, R. Ruiz, E. Dobisz, D.S. Kercher, N.
Robertson, T.R. Albrecht, B.D. Terris, Magnetic recording at 1.5 Pb m(-2) using an
integrated plasmonic antenna, Nature Photonics, 4 (2010) 484–488.

[41] N. Zhou, X.F. Xu, A.T. Hammack, B.C. Stipe, K.Z. Gao, W. Scholz, E.C. Gage, Plasmonic
near-field transducer for heat-assisted magnetic recording, Nanophotonics, 3 (2014)
141–155.

[42] A. Yang, T.B. Hoang, M. Dridi, C. Deeb, M.H. Mikkelsen, G.C. Schatz, T.W. Odom, Real-
time tunable lasing from plasmonic nanocavity arrays, Nature Communications, 6
(2015) 6939.

[43] M.T. Hill, M. Marell, E.S.P. Leong, B. Smalbrugge, Y.C. Zhu, M.H. Sun, P.J. van Veldhoven,
E.J. Geluk, F. Karouta, Y.S. Oei, R. Notzel, C.Z. Ning, M.K. Smit, Lasing in metal-insulator-
metal sub-wavelength plasmonic waveguides, Optics Express, 17 (2009) 11107–11112.

[44] Y. Hou, P. Renwick, B. Liu, J. Bai, T. Wang, Room temperature plasmonic lasing in a
continuous wave operation mode from an InGaN/GaN single nanorod with a low
threshold, Scientific Reports, 4 (2014) 5014.

[45] S.H. Kwon, J.H. Kang, C. Seassal, S.K. Kim, P. Regreny, Y.H. Lee, C.M. Lieber, H.G. Park,
Subwavelength plasmonic lasing from a semiconductor nanodisk with silver nanopan
cavity, Nano Letters, 10 (2010) 3679–3683.

[46] Y.J. Lu, C.Y. Wang, J. Kim, H.Y. Chen, M.Y. Lu, Y.C. Chen, W.H. Chang, L.J. Chen, M.I.
Stockman, C.K. Shih, S. Gwo, All-color plasmonic nanolasers with ultralow thresholds:
autotuning mechanism for single-mode lasing, Nano Letters, 14 (2014) 4381–4388.

Nanoplasmonics - Fundamentals and Applications86

[47] J. Pan, Z. Chen, J. Chen, P. Zhan, C.J. Tang, Z.L. Wang, Low-threshold plasmonic lasing
based on high-Q dipole void mode in a metallic nanoshell, Optics Letters, 37 (2012)
1181–1183.

[48] V.V. Popov, O.V. Polischuk, A.R. Davoyan, V. Ryzhii, T. Otsuji, M.S. Shur, Plasmonic
terahertz lasing in an array of graphene nanocavities, Physical Review B, 86 (2012)
195437.

[49] A.H. Schokker, A.F. Koenderink, Lasing at the band edges of plasmonic lattices, Physi-
cal Review B, 90 (2014) 155452.

[50] W. Zhou, M. Dridi, J.Y. Suh, C.H. Kim, D.T. Co, M.R. Wasielewski, G.C. Schatz, T.W.
Odom, Lasing action in strongly coupled plasmonic nanocavity arrays, Nature Nano-
technology, 8 (2013) 506–511.

[51] J.A. Fan, C.H. Wu, K. Bao, J.M. Bao, R. Bardhan, N.J. Halas, V.N. Manoharan, P.
Nordlander, G. Shvets, F. Capasso, Self-assembled plasmonic nanoparticle clusters,
Science, 328 (2010) 1135–1138.

[52] J.B. Lassiter, H. Sobhani, J.A. Fan, J. Kundu, F. Capasso, P. Nordlander, N.J. Halas, Fano
resonances in plasmonic nanoclusters: geometrical and chemical tunability, Nano Let-
ters, 10 (2010) 3184–3189.

[53] B. Luk’yanchuk, N.I. Zheludev, S.A. Maier, N.J. Halas, P. Nordlander, H. Giessen, C.T.
Chong, The Fano resonance in plasmonic nanostructures and metamaterials, Nature
Materials, 9 (2010) 707–715.

[54] H. Wang, D.W. Brandl, F. Le, P. Nordlander, N.J. Halas, Nanorice: a hybrid plasmonic
nanostructure, Nano Letters, 6 (2006) 827–832.

[55] H. Wang, D.W. Brandl, P. Nordlander, N.J. Halas, Plasmonic nanostructures: artificial
molecules, Accounts of Chemical Research, 40 (2007) 53–62.

[56] Y.N. Xia, N.J. Halas, Shape-controlled synthesis and surface plasmonic properties of
metallic nanostructures, MRS Bulletin, 30 (2005) 338–344.

[57] V. Amendola, O.M. Bakr, F. Stellacci, A study of the surface plasmon resonance of silver
nanoparticles by the discrete dipole approximation method: effect of shape, size, struc-
ture, and assembly, Plasmonics, 5 (2010) 85–97.

[58] J. Bosbach, C. Hendrich, F. Stietz, T. Vartanyan, F. Trager, Ultrafast dephasing of surface
plasmon excitation in silver nanoparticles: influence of particle size, shape, and chemical
surrounding, Physical Review Letters, 89 (2002) 257404.

[59] K.S. Lee, M.A. El-Sayed, Gold and silver nanoparticles in sensing and imaging: sensitiv-
ity of plasmon response to size, shape, and metal composition, Journal of Physical
Chemistry B, 110 (2006) 19220–19225.

[60] D.E. Mustafa, T.M. Yang, Z. Xuan, S.Z. Chen, H.Y. Tu, A.D. Zhang, Surface plasmon
coupling effect of gold nanoparticles with different shape and size on conventional
surface plasmon resonance signal, Plasmonics, 5 (2010) 221–231.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

87



[61] C. Tabor, R. Murali, M. Mahmoud, M.A. El-Sayed, On the use of plasmonic nanoparticle
pairs as a plasmon ruler: the dependence of the near-field dipole plasmon coupling on
nanoparticle size and shape, Journal of Physical Chemistry A, 113 (2009) 1946–1953.

[62] J.H. Zhang,H.Y. Liu, Z.L.Wang,N.B.Ming, Shape-selective synthesis of gold nanoparticles
with controlled sizes, shapes, and plasmon resonances, Advanced Functional Materials, 17
(2007) 3295–3303.

[63] P.J. Reece, Plasmonics—finer optical tweezers, Nature Photonics, 2 (2008) 333–334.

[64] B. Fluegel, A. Mascarenhas, D.W. Snoke, L.N. Pfeiffer, K. West, Plasmonic all-optical
tunable wavelength shifter, Nature Photonics, 1 (2007) 701–703.

[65] A.N. Grigorenko, N.W. Roberts, M.R. Dickinson, Y. Zhang, Nanometric optical tweezers
based on nanostructured substrates, Nature Photonics, 2 (2008) 365–370.

[66] M.L. Juan, M. Righini, R. Quidant, Plasmon nano-optical tweezers, Nature Photonics, 5
(2011) 349–356.

[67] R.D. Averitt, S.L. Westcott, N.J. Halas, Linear optical properties of gold nanoshells,
Journal of the Optical Society of America. B-Optical Physics, 16 (1999) 1824–1832.

[68] E. Prodan, P. Nordlander, N.J. Halas, Electronic structure and optical properties of gold
nanoshells, Nano Letters, 3 (2003) 1411–1415.

[69] J.R. Krenn, M. Salerno, N. Felidj, B. Lamprecht, G. Schider, A. Leitner, F.R. Aussenegg, J.
C. Weeber, A. Dereux, J.P. Goudonnet, Light field propagation by metal micro- and
nanostructures, Journal of Microscopy-Oxford, 202 (2001) 122–128.

[70] S.A. Maier, P.G. Kik, H.A. Atwater, S. Meltzer, E. Harel, B.E. Koel, A.A.G. Requicha,
Local detection of electromagnetic energy transport below the diffraction limit in metal
nanoparticle plasmon waveguides, Nature Materials, 2 (2003) 229–232.

[71] P. Nordlander, C. Oubre, E. Prodan, K. Li, M.I. Stockman, Plasmon hybridizaton in
nanoparticle dimers, Nano Letters, 4 (2004) 899–903.

[72] D.E. Chang, A.S. Sorensen, P.R. Hemmer, M.D. Lukin, Quantum optics with surface
plasmons, Physical Review Letters, 97 (2006) 4.

[73] D.E. Chang, A.S. Sorensen, E.A. Demler, M.D. Lukin, A single-photon transistor using
nanoscale surface plasmons, Nature Physics, 3 (2007) 807–812.

[74] H.P. Paudel, M.N. Leuenberger, Light-controlled plasmon switching using hybrid
metal-semiconductor nanostructures, Nano Letters, 12 (2012) 2690–2696.

[75] T.J. Echtermeyer, S. Milana, U. Sassi, A. Eiden, M. Wu, E. Lidorikis, A.C. Ferrari, Surface
plasmon polariton graphene photodetectors, Nano Letters, 16 (2016) 8–20.

[76] G.X. Ni, L. Wang, M.D. Goldflam, M. Wagner, Z. Fei, A.S. McLeod, M.K. Liu, F.
Keilmann, B. Ozyilmaz, A.H.C. Neto, J. Hone, M.M. Fogler, D.N. Basov, Ultrafast optical
switching of infrared plasmon polaritons in high-mobility graphene, Nature Photonics,
10 (2016) 244.

Nanoplasmonics - Fundamentals and Applications88



[61] C. Tabor, R. Murali, M. Mahmoud, M.A. El-Sayed, On the use of plasmonic nanoparticle
pairs as a plasmon ruler: the dependence of the near-field dipole plasmon coupling on
nanoparticle size and shape, Journal of Physical Chemistry A, 113 (2009) 1946–1953.

[62] J.H. Zhang,H.Y. Liu, Z.L.Wang,N.B.Ming, Shape-selective synthesis of gold nanoparticles
with controlled sizes, shapes, and plasmon resonances, Advanced Functional Materials, 17
(2007) 3295–3303.

[63] P.J. Reece, Plasmonics—finer optical tweezers, Nature Photonics, 2 (2008) 333–334.

[64] B. Fluegel, A. Mascarenhas, D.W. Snoke, L.N. Pfeiffer, K. West, Plasmonic all-optical
tunable wavelength shifter, Nature Photonics, 1 (2007) 701–703.

[65] A.N. Grigorenko, N.W. Roberts, M.R. Dickinson, Y. Zhang, Nanometric optical tweezers
based on nanostructured substrates, Nature Photonics, 2 (2008) 365–370.

[66] M.L. Juan, M. Righini, R. Quidant, Plasmon nano-optical tweezers, Nature Photonics, 5
(2011) 349–356.

[67] R.D. Averitt, S.L. Westcott, N.J. Halas, Linear optical properties of gold nanoshells,
Journal of the Optical Society of America. B-Optical Physics, 16 (1999) 1824–1832.

[68] E. Prodan, P. Nordlander, N.J. Halas, Electronic structure and optical properties of gold
nanoshells, Nano Letters, 3 (2003) 1411–1415.

[69] J.R. Krenn, M. Salerno, N. Felidj, B. Lamprecht, G. Schider, A. Leitner, F.R. Aussenegg, J.
C. Weeber, A. Dereux, J.P. Goudonnet, Light field propagation by metal micro- and
nanostructures, Journal of Microscopy-Oxford, 202 (2001) 122–128.

[70] S.A. Maier, P.G. Kik, H.A. Atwater, S. Meltzer, E. Harel, B.E. Koel, A.A.G. Requicha,
Local detection of electromagnetic energy transport below the diffraction limit in metal
nanoparticle plasmon waveguides, Nature Materials, 2 (2003) 229–232.

[71] P. Nordlander, C. Oubre, E. Prodan, K. Li, M.I. Stockman, Plasmon hybridizaton in
nanoparticle dimers, Nano Letters, 4 (2004) 899–903.

[72] D.E. Chang, A.S. Sorensen, P.R. Hemmer, M.D. Lukin, Quantum optics with surface
plasmons, Physical Review Letters, 97 (2006) 4.

[73] D.E. Chang, A.S. Sorensen, E.A. Demler, M.D. Lukin, A single-photon transistor using
nanoscale surface plasmons, Nature Physics, 3 (2007) 807–812.

[74] H.P. Paudel, M.N. Leuenberger, Light-controlled plasmon switching using hybrid
metal-semiconductor nanostructures, Nano Letters, 12 (2012) 2690–2696.

[75] T.J. Echtermeyer, S. Milana, U. Sassi, A. Eiden, M. Wu, E. Lidorikis, A.C. Ferrari, Surface
plasmon polariton graphene photodetectors, Nano Letters, 16 (2016) 8–20.

[76] G.X. Ni, L. Wang, M.D. Goldflam, M. Wagner, Z. Fei, A.S. McLeod, M.K. Liu, F.
Keilmann, B. Ozyilmaz, A.H.C. Neto, J. Hone, M.M. Fogler, D.N. Basov, Ultrafast optical
switching of infrared plasmon polaritons in high-mobility graphene, Nature Photonics,
10 (2016) 244.

Nanoplasmonics - Fundamentals and Applications88

[77] S. Chakraborty, O.P. Marshall, T.G. Folland, Y.J. Kim, A.N. Grigorenko, K.S. Novoselov,
Gain modulation by graphene plasmons in aperiodic lattice lasers, Science, 351 (2016)
246–248.

[78] M.Z. Hasan, C.L. Kane, Colloquium: topological insulators, Reviews of Modern Physics,
82 (2010) 3045–3067.

[79] R. Kolesov, B. Grotz, G. Balasubramanian, R.J. Stohr, A.A.L. Nicolet, P.R. Hemmer, F.
Jelezko, J. Wrachtrup, Wave-particle duality of single surface plasmon polaritons,
Nature Physics, 5 (2009) 470–474.

[80] H.A. Atwater, A. Polman, Plasmonics for improved photovoltaic devices, Nature mate-
rials, 9 (2010) 205–213.

[81] J.A. Schuller, E.S. Barnard, W. Cai, Y.C. Jun, J.S. White, M.L. Brongersma, Plasmonics for
extreme light concentration and manipulation, Nature materials, 9 (2010) 193–204.

[82] S.A. Maier, Plasmonic: Fundamentals and applications, Springer US, 2007.

[83] C. Sonnichsen, T. Franzl, T. Wilk, G. von Plessen, J. Feldmann, Plasmon resonances in
large noble-metal clusters, New Journal of Physics, 4 (2002) 93.

[84] C. Sonnichsen, T. Franzl, T.Wilk,G. vonPlessen, J. Feldmann,O.Wilson, P.Mulvaney,Drastic
reduction of plasmon damping in gold nanorods, Physical ReviewLetters, 88 (2002) 077402.

[85] T.V. Shahbazyan, Landau damping of surface plasmons in metal nanostructures, Phys-
ical Review B, 94 (2016) 235431.

[86] S. Mukherjee, F. Libisch, N. Large, O. Neumann, L.V. Brown, J. Cheng, J.B. Lassiter, E.A.
Carter, P. Nordlander, N.J. Halas, Hot electrons do the impossible: plasmon-induced
dissociation of H2 on Au, Nano Letters, 13 (2013) 240–247.

[87] Y. Takahashi, T. Tatsuma, Solid state photovoltaic cells based on localized surface
plasmon-induced charge separation, Applied Physics Letters, 99 (2011) 182110.

[88] F. Wang, N.A. Melosh, Plasmonic energy collection through hot carrier extraction, Nano
Letters, 11 (2011) 5426–5430.

[89] N.V. Smith, Photoelectron energy spectra and the band structures of the noble metals,
Physical Review B, 3 (1971) 1862–1878.

[90] V. Myroshnychenko, J. Rodriguez-Fernandez, I. Pastoriza-Santos, A.M. Funston, C.
Novo, P. Mulvaney, L.M. Liz-Marzan, F.J.G. de Abajo, Modelling the optical response
of gold nanoparticles, Chemical Society Reviews, 37 (2008) 1792–1805.

[91] H. Kuwata, H. Tamaru, K. Esumi, K. Miyano, Resonant light scattering from metal
nanoparticles: practical analysis beyond Rayleigh approximation, Applied Physics Letters,
83 (2003) 4625.

[92] A.M. Brown, R. Sundararaman, P. Narang, W.A. Goddard, 3rd, H.A. Atwater,
Nonradiative plasmon decay and hot carrier dynamics: effects of phonons, surfaces,
and geometry, ACS Nano, 10 (2016) 957–966.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

89



[93] Z. Fang, Y. Wang, Z. Liu, A. Schlather, P.M. Ajayan, F.H. Koppens, P. Nordlander, N.J.
Halas, Plasmon-induced doping of graphene, ACS Nano, 6 (2012) 10222–10228.

[94] Y. Kang, S. Najmaei, Z. Liu, Y. Bao, Y. Wang, X. Zhu, N.J. Halas, P. Nordlander, P.M.
Ajayan, J. Lou, Z. Fang, Plasmonic hot electron induced structural phase transition in a
MoS2 monolayer, Advanced Materials, 26 (2014) 6467–6471.

[95] A. Manjavacas, J.G. Liu, V. Kulkarni, P. Nordlander, Plasmon-induced hot carriers in
metallic nanoparticles, ACS Nano, 8 (2014) 7630–7638.

[96] A.O. Govorov, H. Zhang, Y.K. Gun’ko, Theory of photoinjection of hot plasmonic car-
riers from metal nanostructures into semiconductors and surface molecules, The Journal
of Physical Chemistry C, 117 (2013) 16616–16631.

[97] R. Sundararaman, P. Narang, A.S. Jermyn, W.A. Goddard, 3rd, H.A. Atwater, Theoret-
ical predictions for hot-carrier generation from surface plasmon decay, Nature Commu-
nications, 5 (2014) 5788.

[98] E.H. Hwang, R. Sensarma, S. Das Sarma, Plasmon-phonon coupling in graphene, Phys-
ical Review B, 82 (2010) 195406.

[99] H.G. Yan, T. Low, W.J. Zhu, Y.Q. Wu, M. Freitag, X.S. Li, F. Guinea, P. Avouris, F.N. Xia,
Damping pathways of mid-infrared plasmons in graphene nanostructures, Nature Pho-
tonics, 7 (2013) 394–399.

[100] P. Pines, P. Nozieres, The Theory of Quantum Liquids, Benjamin, New York, W.A.
Benjamin,1966.

[101] D. Pines, D. Bohm, A collective description of electron interactions: II. Collective vs
individual particle aspects of the interactions, Physical Review, 85 (1952) 338–353.

[102] D. Bohm, D. Pines, A collective description of electron interactions: iii. coulomb interac-
tions in a degenerate electron gas, Physical Review, 92 (1953) 609–625.

[103] R.H. Ritchie, H.B. Eldridge, Optical Emission from Irradiated Foils. I, Physical Review
126 (1962) 1935.

[104] R.H. Ritchie, PlasmaLosses by Fast Electrons inThin Films, Physical Review, 106 (1957) 874.

[105] A.D. Rakic, A.B. Djurisic, J.M. Elazar, M.L. Majewski, Optical properties of metallic
films for vertical-cavity optoelectronic devices, Applied Optics, 37 (1998) 5271–5283.

[106] P.G. Etchegoin, E.C. Le Ru, M. Meyer, An analytic model for the optical properties of
gold, The Journal of Chemical Physics, 125 (2006) 164705.

[107] E. Kioupakis, P. Rinke, A. Schleife, F. Bechstedt, C.G. Van de Walle, Free-carrier absorp-
tion in nitrides from first principles, Physical Review B, 81 (2010) 241201(R).

[108] J. Noffsinger, E. Kioupakis, C.G. Van de Walle, S.G. Louie, M.L. Cohen, Phonon-assisted
optical absorption in silicon from first principles, Physical Review Letters, 108 (2012)
167402.

Nanoplasmonics - Fundamentals and Applications90



[93] Z. Fang, Y. Wang, Z. Liu, A. Schlather, P.M. Ajayan, F.H. Koppens, P. Nordlander, N.J.
Halas, Plasmon-induced doping of graphene, ACS Nano, 6 (2012) 10222–10228.

[94] Y. Kang, S. Najmaei, Z. Liu, Y. Bao, Y. Wang, X. Zhu, N.J. Halas, P. Nordlander, P.M.
Ajayan, J. Lou, Z. Fang, Plasmonic hot electron induced structural phase transition in a
MoS2 monolayer, Advanced Materials, 26 (2014) 6467–6471.

[95] A. Manjavacas, J.G. Liu, V. Kulkarni, P. Nordlander, Plasmon-induced hot carriers in
metallic nanoparticles, ACS Nano, 8 (2014) 7630–7638.

[96] A.O. Govorov, H. Zhang, Y.K. Gun’ko, Theory of photoinjection of hot plasmonic car-
riers from metal nanostructures into semiconductors and surface molecules, The Journal
of Physical Chemistry C, 117 (2013) 16616–16631.

[97] R. Sundararaman, P. Narang, A.S. Jermyn, W.A. Goddard, 3rd, H.A. Atwater, Theoret-
ical predictions for hot-carrier generation from surface plasmon decay, Nature Commu-
nications, 5 (2014) 5788.

[98] E.H. Hwang, R. Sensarma, S. Das Sarma, Plasmon-phonon coupling in graphene, Phys-
ical Review B, 82 (2010) 195406.

[99] H.G. Yan, T. Low, W.J. Zhu, Y.Q. Wu, M. Freitag, X.S. Li, F. Guinea, P. Avouris, F.N. Xia,
Damping pathways of mid-infrared plasmons in graphene nanostructures, Nature Pho-
tonics, 7 (2013) 394–399.

[100] P. Pines, P. Nozieres, The Theory of Quantum Liquids, Benjamin, New York, W.A.
Benjamin,1966.

[101] D. Pines, D. Bohm, A collective description of electron interactions: II. Collective vs
individual particle aspects of the interactions, Physical Review, 85 (1952) 338–353.

[102] D. Bohm, D. Pines, A collective description of electron interactions: iii. coulomb interac-
tions in a degenerate electron gas, Physical Review, 92 (1953) 609–625.

[103] R.H. Ritchie, H.B. Eldridge, Optical Emission from Irradiated Foils. I, Physical Review
126 (1962) 1935.

[104] R.H. Ritchie, PlasmaLosses by Fast Electrons inThin Films, Physical Review, 106 (1957) 874.

[105] A.D. Rakic, A.B. Djurisic, J.M. Elazar, M.L. Majewski, Optical properties of metallic
films for vertical-cavity optoelectronic devices, Applied Optics, 37 (1998) 5271–5283.

[106] P.G. Etchegoin, E.C. Le Ru, M. Meyer, An analytic model for the optical properties of
gold, The Journal of Chemical Physics, 125 (2006) 164705.

[107] E. Kioupakis, P. Rinke, A. Schleife, F. Bechstedt, C.G. Van de Walle, Free-carrier absorp-
tion in nitrides from first principles, Physical Review B, 81 (2010) 241201(R).

[108] J. Noffsinger, E. Kioupakis, C.G. Van de Walle, S.G. Louie, M.L. Cohen, Phonon-assisted
optical absorption in silicon from first principles, Physical Review Letters, 108 (2012)
167402.

Nanoplasmonics - Fundamentals and Applications90

[109] H. Zhang, A.O. Govorov, Optical generation of hot plasmonic carriers inmetal nanocrystals:
the effects of shape and field enhancement, The Journal of Physical Chemistry C, 118 (2014)
7606–7614.

[110] J.M. Elson, R.H. Ritchie, Photon interactions at a rough metal surface, Physical Review
B, 4 (1971) 4129–4138.

[111] J.B. Khurgin, How to deal with the loss in plasmonics and metamaterials, Nature Nano-
technology, 10 (2015) 2–6.

[112] F. Stern, Physical Review Letters, 18 (1967) 546.

[113] F. Stern, Polarizability of a Two-Dimensional Electron Gas, Physical Review Letters, 18
(1967) 546.

[114] R.J. Wilkinson, C.D. Ager, T. Duffield, H.P. Hughes, D.G. Hasko, H. Ahmed, J.E.F. Frost,
D.C. Peacock, D.A. Ritchie, G.A.C. Jones, C.R. Whitehouse, N. Apsley, Plasmon excita-
tion and self-coupling in a bi-periodically modulated 2-dimensional electron-gas, Jour-
nal of Applied Physics, 71 (1992) 6049–6061.

[115] D.R.H. Craih, F. Bohren, Absorption and Scattering of Light by Small Particles, John
Wiley & Sons, Inc. , 1998.

[116] E. Prodan, C. Radloff, N.J. Halas, P. Nordlander, A hybridization model for the plasmon
response of complex nanostructures, Science, 302 (2003) 419–422.

[117] F. Bonaccorso, Z. Sun, T. Hasan, A.C. Ferrari, Graphene photonics and optoelectronics,
Nature Photonics, 4 (2010) 611–622.

[118] L.A. Falkovsky, Optical properties of doped graphene layers, Journal of Experimental
and Theoretical Physics, 106 (2008) 575–580.

[119] L.A. Falkovsky, S.S. Pershoguba, Optical far-infrared properties of a graphene mono-
layer and multilayer, Physical Review B, 76 (2007) 153410.

[120] L.A. Falkovsky, A.A. Varlamov, Space-time dispersion of graphene conductivity, The
European Physical Journal B, 56 (2007) 281–284.

[121] V. Singh, D. Joung, L. Zhai, S. Das, S.I. Khondaker, S. Seal, Graphene based materials:
past, present and future, Progress in Materials Science, 56 (2011) 1178–1271.

[122] M. Jablan, H. Buljan, M. Soljacic, Plasmonics in graphene at infrared frequencies, Phys-
ical Review B, 80 (2009) 245435.

[123] F.H. Koppens, D.E. Chang, F.J. Garcia de Abajo, Graphene plasmonics: a platform for
strong light-matter interactions, Nano Letters, 11 (2011) 3370–3377.

[124] Z. Fei, A.S. Rodin, G.O. Andreev, W. Bao, A.S. McLeod, M. Wagner, L.M. Zhang, Z.
Zhao, M. Thiemens, G. Dominguez, M.M. Fogler, A.H. Castro Neto, C.N. Lau, F.
Keilmann, D.N. Basov, Gate-tuning of graphene plasmons revealed by infrared nano-
imaging, Nature, 487 (2012) 82–85.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

91



[125] A.Y. Nikitin, F. Guinea, L. Martin-Moreno, Resonant plasmonic effects in periodic
graphene antidot arrays, Applied Physics Letters, 101 (2012) 151119.

[126] S. Thongrattanasiri, F.J. Garcia de Abajo, Optical field enhancement by strong plasmon
interaction in graphene nanostructures, Physcial Review Letters, 110 (2013) 187401.

[127] V.W. Brar, M.S. Jang, M. Sherrott, J.J. Lopez, H.A. Atwater, Highly confined tunable
mid-infrared plasmonics in graphene nanoresonators, Nano Letters, 13 (2013) 2541–
2547.

[128] W. Gao, J. Shu, C. Qiu, Q. Xu, Excitation of plasmonic waves in graphene by guided-
mode resonances, ACS Nano, 6 (2012) 7806–7813.

[129] A.Y. Nikitin, F. Guinea, F.J. Garcia-Vidal, L. Martin-Moreno, Surface plasmon enhanced
absorption and suppressed transmission in periodic arrays of graphene ribbons, Physi-
cal Review B, 85 (2012) 081405.

[130] S. Thongrattanasiri, F.H. Koppens, F.J. Garcia de Abajo, Complete optical absorption in
periodically patterned graphene, Physical Review Letters, 108 (2012) 047401.

[131] L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao, H.A. Bechtel, X. Liang, A. Zettl, Y.R.
Shen, F. Wang, Graphene plasmonics for tunable terahertz metamaterials, Nature Nano-
technology, 6 (2011) 630–634.

[132] Z. Fang, Y. Wang, A.E. Schlather, Z. Liu, P.M. Ajayan, F.J. de Abajo, P. Nordlander, X.
Zhu, N.J. Halas, Active tunable absorption enhancement with graphene nanodisk
arrays, Nano Letters, 14 (2014) 299–304.

[133] Z. Fang, S. Thongrattanasiri, A. Schlather, Z. Liu, L. Ma, Y. Wang, P.M. Ajayan, P.
Nordlander, N.J. Halas, F.J. Garcia de Abajo, Gated tunability and hybridization of
localized plasmons in nanostructured graphene, ACS Nano, 7 (2013) 2388–2395.

[134] A. Safaei, S. Chandra, A. Vázquez-Guardado, J. Calderon, D. Franklin, L. Tetard, L.
Zhai, M. N. Leuenberger, D. Chanda, Dynamically tunable extraordinary light absorp-
tion in monolayer graphene, Under Review.

[135] N.D.M. Neil W. Ashcroft, Solid state physics, Cengage Learning, 1976.

[136] J.C. Song, L.S. Levitov, Energy flows in graphene: hot carrier dynamics and cooling,
Journal of physics. Condensed Matter: An Institute of Physics Journal, 27 (2015) 164201.

[137] M.L. Brongersma, N.J. Halas, P. Nordlander, Plasmon-induced hot carrier science and
technology, Nature Nanotechnology, 10 (2015) 25–34.

[138] G.W. Hanson, Quasi-transverse electromagnetic modes supported by a graphene
parallel-plate waveguide, Journal of Applied Physics, 104 (2008) 084314.

[139] N.D. Mermin, Lindhard dielectric function in the relaxation-time approximation, Phys-
ical Review B, 1 (1970) 2362–2363.

[140] B. Wunsch, T. Stauber, F. Sols, F. Guinea, Dynamical polarization of graphene at finite
doping, New Journal of Physics, 8 (2006) 318.

Nanoplasmonics - Fundamentals and Applications92



[125] A.Y. Nikitin, F. Guinea, L. Martin-Moreno, Resonant plasmonic effects in periodic
graphene antidot arrays, Applied Physics Letters, 101 (2012) 151119.

[126] S. Thongrattanasiri, F.J. Garcia de Abajo, Optical field enhancement by strong plasmon
interaction in graphene nanostructures, Physcial Review Letters, 110 (2013) 187401.

[127] V.W. Brar, M.S. Jang, M. Sherrott, J.J. Lopez, H.A. Atwater, Highly confined tunable
mid-infrared plasmonics in graphene nanoresonators, Nano Letters, 13 (2013) 2541–
2547.

[128] W. Gao, J. Shu, C. Qiu, Q. Xu, Excitation of plasmonic waves in graphene by guided-
mode resonances, ACS Nano, 6 (2012) 7806–7813.

[129] A.Y. Nikitin, F. Guinea, F.J. Garcia-Vidal, L. Martin-Moreno, Surface plasmon enhanced
absorption and suppressed transmission in periodic arrays of graphene ribbons, Physi-
cal Review B, 85 (2012) 081405.

[130] S. Thongrattanasiri, F.H. Koppens, F.J. Garcia de Abajo, Complete optical absorption in
periodically patterned graphene, Physical Review Letters, 108 (2012) 047401.

[131] L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao, H.A. Bechtel, X. Liang, A. Zettl, Y.R.
Shen, F. Wang, Graphene plasmonics for tunable terahertz metamaterials, Nature Nano-
technology, 6 (2011) 630–634.

[132] Z. Fang, Y. Wang, A.E. Schlather, Z. Liu, P.M. Ajayan, F.J. de Abajo, P. Nordlander, X.
Zhu, N.J. Halas, Active tunable absorption enhancement with graphene nanodisk
arrays, Nano Letters, 14 (2014) 299–304.

[133] Z. Fang, S. Thongrattanasiri, A. Schlather, Z. Liu, L. Ma, Y. Wang, P.M. Ajayan, P.
Nordlander, N.J. Halas, F.J. Garcia de Abajo, Gated tunability and hybridization of
localized plasmons in nanostructured graphene, ACS Nano, 7 (2013) 2388–2395.

[134] A. Safaei, S. Chandra, A. Vázquez-Guardado, J. Calderon, D. Franklin, L. Tetard, L.
Zhai, M. N. Leuenberger, D. Chanda, Dynamically tunable extraordinary light absorp-
tion in monolayer graphene, Under Review.

[135] N.D.M. Neil W. Ashcroft, Solid state physics, Cengage Learning, 1976.

[136] J.C. Song, L.S. Levitov, Energy flows in graphene: hot carrier dynamics and cooling,
Journal of physics. Condensed Matter: An Institute of Physics Journal, 27 (2015) 164201.

[137] M.L. Brongersma, N.J. Halas, P. Nordlander, Plasmon-induced hot carrier science and
technology, Nature Nanotechnology, 10 (2015) 25–34.

[138] G.W. Hanson, Quasi-transverse electromagnetic modes supported by a graphene
parallel-plate waveguide, Journal of Applied Physics, 104 (2008) 084314.

[139] N.D. Mermin, Lindhard dielectric function in the relaxation-time approximation, Phys-
ical Review B, 1 (1970) 2362–2363.

[140] B. Wunsch, T. Stauber, F. Sols, F. Guinea, Dynamical polarization of graphene at finite
doping, New Journal of Physics, 8 (2006) 318.

Nanoplasmonics - Fundamentals and Applications92

[141] L.A. Ponomarenko, R. Yang, T.M. Mohiuddin, M.I. Katsnelson, K.S. Novoselov, S.V.
Morozov, A.A. Zhukov, F. Schedin, E.W. Hill, A.K. Geim, Effect of a high-kappa environ-
ment on charge carrier mobility in graphene, Physical Review Letters, 102 (2009) 206603.

[142] V.A. Hari P. Paudel, Mark I. Stockman, Three-dimensional topological insulator based
nanospaser.pdf, Physical Review B, 93 (2016) 155105.

[143] S. Raghu, S.B. Chung, X.-L. Qi, S.-C. Zhang, Collective Modes of a Helical Liquid,
Physical Review Letters, 104 (2010) 116401.

[144] R.E.V. Profumo, R. Asgari, M. Polini, A.H. MacDonald, Double-layer graphene and
topological insulator thin-film plasmons, Physical Review B, 85 (2012) 085443.

[145] P. Di Pietro, M. Ortolani, O. Limaj, A. Di Gaspare, V. Giliberti, F. Giorgianni, M. Brahlek,
N. Bansal, N. Koirala, S. Oh, P. Calvani, S. Lupi, Observation of dirac plasmons in a
topological insulator, Nature Nanotechnology, 8 (2013) 556–560.

[146] N. Bansal, Y.S. Kim, M. Brahlek, E. Edrey, S. Oh, Thickness-Independent Transport Chan-
nels in Topological Insulator Bi2Se3Thin Films, Physical Review Letters, 109 (2012) 116804.

[147] T. Stauber, G. Gómez-Santos, L. Brey, Spin-charge separation of plasmonic excitations in
thin topological insulators, Physical Review B, 88 (2013) 205427.

[148] M. Autore, F. D’Apuzzo, A. Di Gaspare, V. Giliberti, O. Limaj, P. Roy, M. Brahlek, N.
Koirala, S. Oh, F.J.G. de Abajo, S. Lupi, Plasmon-phonon interactions in topological
insulator microrings, Advanced Optical Materials, 3 (2015) 1257–1263.

[149] J. Hofmann, S. Das Sarma, Surface plasmon polaritons in topological Weyl semimetals,
Physical Review B, 93 (2016) 5.

[150] S.Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, G. Bian, C.L. Zhang, R. Sankar, G.Q.
Chang, Z.J. Yuan, C.C. Lee, S.M. Huang, H. Zheng, J. Ma, D.S. Sanchez, B.K. Wang, A.
Bansil, F.C. Chou, P.P. Shibayev, H. Lin, S. Jia, M.Z. Hasan, Discovery of a weyl fermion
semimetal and topological fermi arcs, Science, 349 (2015) 613–617.

[151] B.Q. Lv, H.M. Weng, B.B. Fu, X.P. Wang, H. Miao, J. Ma, P. Richard, X.C. Huang, L.X.
Zhao, G.F. Chen, Z. Fang, X. Dai, T. Qian, H. Ding, Experimental Discovery of Weyl
Semimetal TaAs, Phys. Rev. X, 5 (2015) 031013.

[152] A.B. Sushkov, J.B. Hofmann, G.S. Jenkins, J. Ishikawa, S. Nakatsuji, S. Das Sarma, H.D.
Drew, Optical evidence for a Weyl semimetal state in pyrochlore Eu2Ir2O7, Physical
Review B, 92 (2015) 241108(R).

[153] D. Bergman, M. Stockman, Surface Plasmon Amplification by Stimulated Emission of
Radiation: Quantum Generation of Coherent Surface Plasmons in Nanosystems, Physi-
cal Review Letters, 90 (2003) 027402.

[154] V. Apalkov, M.I. Stockman, Proposed graphene nanospaser, Light: Science & Applica-
tions, 3 (2014) e191.

[155] H.P. Paudel, V. Apalkov, M.I. Stockman, Three-dimensional topological insulator based
nanospaser, Physical Review B, 93 (2016) 155105.

Nanoplasmonics in Metallic Nanostructures and Dirac Systems
http://dx.doi.org/10.5772/67689

93





Chapter 4

Ultrafast Nonlinear Optical Effects of Metal

Nanoparticles Composites

Kwang-Hyon Kim, Anton Husakou and

Joachim Herrmann

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67412

Abstract

We present a theoretical method for the calculation of the transient nonlinearity in dielec-
tric composites doped with metal nanoparticles and demonstrate some applications of this
approach. First, we describe the theoretical basis of the linear and nonlinear properties of
metal nanoparticles by using the time-domain discrete-dipole approximation. By using the
two-temperature model for the description of the electron-electron and electron-lattice
interaction, we derive an equation for the transient third-order nonlinear susceptibility.
Based on this method and the effective medium approximation, we present numerical
results for the nonlinear optical susceptibility for different nanocomposites media
consisting of noble metal nanoparticles surrounded by a dielectric host. With increasing
pump intensities, the plasmon resonance is shifted which leads to a saturation of the
absorption. We present a theory of mode-locking of solid-state and semiconductor disk
lasers using metal nanocomposites as saturable absorbers. Finally, we consider a novel
slow-light device based on metal nanocomposites.

Keywords: metal nanoparticles, nanocomposite materials, nonlinear optical response,
third-order nonlinear susceptibility, time-domain discrete-dipole approximation, effec-
tive medium approximation, saturation of absorption, mode-locking of lasers, slow light

1. Introduction

Metal nanoparticles (NPs) play a key role in the emerging field of nanooptics and plasmonics.
The interaction between light and metal NPs is determined by charge-density oscillations on
the surface of the particles, or so-called localized plasmon resonances. These elementary
electronic excitations have been extensively studied, both in fundamental direction and with
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a view to applications (for reviews see e.g., Refs. [1–3]). Examples of the diverse fields of applica-
tions include localized plasmons, which allow greatly increased signal strengths in Raman
spectroscopy and surface spectroscopy, significant enhancement of the emission rate of fluores-
cent molecules or quantum dots, increased efficiency and brightness of light-emitting devices
(LEDs), as well as novel forms of fluorescence microscopy. The plasmonic properties of
nanoparticles exhibit a highly sensitive dependence on its shape, and the plasmonic resonance is
shifted in nonspherical particles, especially rods, spheroids, triangular prisms or bow-tie antennas
to longer wavelengths [4].

The huge nonlinearity of metallic nanostructures after intense excitation with fs laser pulses is
related to the response of intraband and interband nonlinear electronic processes to the elec-
tromagnetic field. Early theoretical studies of the Kerr-type nonlinear susceptibilities in com-
posite media are reported in Refs. [5–7]. A review of main results can be found in Ref. [8]. More
recently using the discrete-dipole approximation, linear and nonlinear optical characteristics of
metal composites with nanoparticles with different sizes and shapes have been studied in Refs.
[9–11], and the saturation of absorption in such materials in Ref. [12].

In Section 2 of this chapter, we present a method for the calculation of the linear and nonlinear
properties of metal nanoparticles by using the time-domain discrete-dipole approximation and
derive an equation for the transient nonlinear susceptibility based on the two-temperature
model for the description of the electron-electron and electron-lattice interaction. In Section 3,
we present numerical results for the ultrafast third-order nonlinear optical susceptibility for
different nanocomposites media consisting of a noble metal nanoparticles surrounded by a
dielectric host. Based on the predicted saturable absorption in Section 4, we describe ultrashort
pulse generation by mode-locking of short-wavelength solid-state and semiconductor disk
lasers using metal nanocomposites. In Section 5, we describe a mechanism for the realization
of slow light phenomenon by using glasses doped with metal nanoparticles in a pump-probe
regime near the plasmonic resonance due to the sensitive frequency dependence of the refrac-
tive index related with the saturable absorption [13].

2. Theoretical fundamentals

In this section, we introduce the basic theoretical model for ultrafast nonlinear optical responses
of dielectric composites containingmetal nanoparticles based on the time-domain discrete-dipole
approximation and the two-temperature model.

2.1. Time-domain discrete-dipole approximation for the calculation of the ultrafast
nonlinear optical responses of composites containing metal nanoparticles with different
sizes and shapes

To evaluate the change of the dielectric function of metals, we should obtain the distribution of
the amplitude of the enhanced field Aenh(t) in metal NPs. The popular numerical method for
calculating the transient field distribution in NPs is the finite-difference time-domain (FDTD)
method. However, for the evaluation of the ultrafast nonlinear change of the dielectric function
of a metal, we should know the amplitude Aenh(t) which requires very significant
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computational effort with FDTD. For the evaluation of Aenh(t), we use the time-domain dis-
crete-dipole approximation (TDDDA) [10, 11]. Below, we briefly describe the basics of this
numerical approach.

TDDDA is a numerical tool for evaluating the distribution of amplitude of real or enhanced
field in metal NPs with arbitrary sizes and shapes. It is a time-domain version of conventional
frequency-domain discrete-dipole approximation (DDA). TDDDA describes NPs as the collec-
tion of small dipoles. The amplitude Am of the enhanced field at the m-th dipole is given by the
following integral-differential equation:

Am ¼ 1� ε1=2h
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where εh is the permittivity of the host medium, c0 is the light velocity in vacuum,Ain
m andQm are

the amplitudes of the incident field and polarization at the place of the m-th dipole, rm⊥ = (k∙rm)/k
is the projection of rm onto the direction of wavevector k of incident pulse, with rm being the
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mn þ 4ik0Rmn þ 2Þð1� r̂mn ⊗ r̂mnÞ � ðik0Rmn þ 1Þðik0Rmn þ 1Þ�,

(2)

where k0 = ω0/c0 is the wave number at the central angular frequency ω0 of incident light pulse,
Rmn = |rm�rn|, r̂mn ¼ ðrm � rnÞ=Rmn. The amplitude of the polarization Qm(t) in Eq. (1) is
determined by Qm ¼ βAm þQm1, where β = [ (ε∞/εh) � 1]/(4π), ε∞ is the dielectric function for
infinite frequency. In this formalism, we use the extended Drude model for the linear dielectric
function of a metal given by εm0 ¼ ε∞ � ω2

p=ðω2 þ iγωÞ, where ωp is the plasma frequency, and

γ is the electron collision frequency. In the equation for Qm, Qm1 is determined by

Q¨ m1 þ cQ˙ m1 þ bQm1 ¼ aAm, (3)

where a ¼ ω2
p=ð4πεhÞ,b ¼ �ðω2

0þiγω0Þ, and c = γ � 2iω0. The basic principle of TDDDA and

the detailed derivations of the above equations can be found in Ref. [10].

2.2. Transient nonlinear Kerr-type optical nonlinearity

The transient nonlinear optical response of metal NPs is related with the electron and phonon
temperatures. Upon illuminating metal nanoparticles, femtosecond laser pulses excite the
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nonequilibrium electron distribution and thermalization process follows through the interac-
tions between electrons. The time scale of electron-electron interactions τee is about a few
hundreds femtoseconds. The electron system transfers its energy to the lattices through elec-
tron-phonon coupling, the time scale τep of which is a few picoseconds. The thermalized part
of electrons, in part, is cooled through heat exchange with lattices in the NPs. The above
outlined processes can be described by the following phenomenological rate equations (see e.g.,
Refs. [14, 15]):

∂N
∂t

¼ � N
τee

� N
τep

þ δPðtÞ;

Ce
∂Te

∂t
¼ �GðTe � TLÞ þ N

τee
;

CL
∂TL

∂t
¼ GðTe � TLÞ þ N

τep
;

(4)

where N is the energy density stored in the nonthermalized part of the distribution; P(t) is the
absorbed laser power per unit volume; δ is a constant representing the contribution of light field
to the generation of excited nonequilibrium electrons; Ce and CL are the heat capacities, Ce and
CL are the temperatures of electrons and lattices, respectively; G is the cooling time constant.

The above rate equations describe only the temperatures of thermalized electrons and lattices.
The relations between the optical responses of metal nanoparticles and these temperatures can be
found by the following considerations. The change of transient transmittance ΔT, an experimen-
tally observable nonlinear quantity, is a linear function of the dielectric function of NPs [14]:

ΔT
T

¼ ∂lnT
∂ε1

Δε1 þ ∂lnT
∂ε2

Δε2; (5)

where T is the transmittance of the composite, ε1 and ε2 are real and imaginary parts of the
dielectric functions of metal, and Δ represents the change of the corresponding quantities. The
change of dielectric functions depends on redistribution of the electron energy in the vicinity of
the Fermi level. Such a change can be accurately described by a linear function of the electronic
and lattice temperatures [14] in the case of weak pump energy and the above equation can be
represented as

ΔT
T

¼ aTeðtÞ þ bTLðtÞ; (6)

where a and b are constants.

From Eqs. (5) and (6), we can conclude that, in the considered case, the change of dielectric
function of metal is proportional to the change of electronic and lattice temperatures. The
empirical results show, however, that the influence of lattice temperature on the dielectric
function change is negligible. From these facts, the change of the dielectric function of a metal
Δεm can be written [16]:

ΔεmðtÞ ¼ ηΔTe; (7)

where η is a constant.
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The disadvantage of this model is that it cannot directly account for the nonlinear optical
parameters such as nonlinear refractive index and absorption. To solve this problem, below
we relate the unknown parameters in Eqs. (4) and (7) with the nonlinear optical susceptibility
of the metal which can be experimentally determined.

From the second and the third equations in Eq. (4), we obtain

∂ðTe � TLÞ
∂t

¼ �G
1
Ce

þ 1
CL

� �
ðTe � TLÞ þ 1

Ceτee
� 1
CLτep

� �
N: (8)

Introducing the cooling time τep = CeCL/[G(Ce + CL)] and taking into account that the increase
of lattice temperature can be neglected compared to that of electrons and Te � TL ≈ Te � T0, we
obtain

∂ðTe � T0Þ
∂t

¼ �Te � T0

τep
þ 1

Ceτee
� 1
CLτep

� �
N, (9)

where T0 is the initial temperatures of electrons and lattices. On the other hand, integrating the
first equation in Eq. (7) we have

N ¼ δ
ðt
�∞

Pðt0Þexp � t� t0

τ0
ee

� �
dt0; (10)

where τ0�1
ee ¼ τ�1

ee þ τ�1
ep : Combining Eqs. (9) and (10), we obtain

∂ðTe � T0Þ
∂t

¼ �Te � T0

τep
þ δ

1
Ceτee

� 1
CLτep

� �ðt
�∞

Pðt0Þexp � t� t0

τ0
ee

� �
dt0: (11)

From Eq. (7),

∂Δεm
∂t

¼ η
∂ðTe � T0Þ

∂t
: (12)

By using Eqs. (11) and (12), we can write

∂Δεm
∂t

¼ �Δεm
τep

þ δ0
1

Ceτee
� 1
CLτep

� �ðt
�∞

Pðt0Þexp � t� t0

τ0
ee

� �
dt0; (13)

where εm is the dielectric function of metal as a function of time and incident intensity, and δ0 = ηδ.
The absorbed energy density P(t) must be proportional to the enhanced intensity in the metal NPs
and therefore we find

∂Δεm
∂t

¼ �Δεm
τep

þ β
τee

ðt
�∞

jAenhðt0Þj2exp � t� t0

τ0
ee

� �
dt0; (14)

where β is a constant proportional to δ0½C�1
e � C�1

L ðτee=τepÞ� and Aenh(t) is the amplitude of
enhanced field. To determine the constant β, we consider the steady-state nonlinear solution of
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Eq. (14). For a steady-state pumping, Eq. (14) gives Δεm; static ¼ βτepjAenhj2 and we have

β ¼ χð3Þ
m =τep, where χð3Þ

m is the inherent degenerate third-order susceptibility of the metal.
Consequently, we obtain [17]

∂Δεm
∂t

¼ �Δεm
τep

þ χð3Þ
m

τeeτep

ðt
�∞

jAenhðt0Þj2exp � t� t0

τ0
ee

� �
dt0; (15)

Since the pure e-e scattering time τee (typically around 100 fs) is much shorter than τep
(typically around or longer than 1 ps), in Eq. (15), τ

0
eecan be replaced with τee. The resultant

dielectric function is determined by εm= εm0 + Δ εm(t), where εm0 is the linear dielectric
function of metal.

Equation (15) is the major governing equation for the ultrafast nonlinear optical responses of
metal nanoparticles.

3. Numerical results for the ultrafast nonlinear response of metal NPs
composites

3.1. The effective medium approximation

The transient distribution of the amplitude Am obtained by using Eq. (1) is used for the
calculations of the distribution of the nonlinear dielectric function εNL

n in metal nanoparticles,
on each time step by using Eq. (15). The effective nonlinear dielectric function of the metal
nanocomposite is calculated by using the effective medium approximation (EMA)
εNL
eff ¼ 〈εA〉=〈A〉 [9], where the average is done over the distribution of dipoles and A is, the
amplitude of the enhanced field. In the calculations based on EMA, the dielectric function ε
and the field amplitude A in the nanoparticle region are εNL

m,n (subscription m represents metal
and n denotes the value at n-th dipole) and the enhanced field Am calculated with the TDDDA.
In the spatial areas outside of the nanoparticles, we take the permittivity of the host εh as ε and
the amplitude of incident field as A. The volume of host medium is calculated using the filling
factor f, which is the volume ratio of metal NPs to the volume of the host medium. After
obtaining the effective nonlinear dielectric function of metal nanocomposite εNL

eff , one can
calculate the nonlinear optical characteristics such as the nonlinear effective index and absorp-
tion coefficient. The effective refractive index of the composites is determined by

nNL
eff ¼ Re

ffiffiffiffiffiffiffiffi
εNL
eff

q
. The nonlinear effective absorption coefficient of the composite is given by

αNL
eff ¼ 2ðc0=ω0ÞIm

ffiffiffiffiffiffiffiffi
εNL
eff

q
and the transmittance by TNL ¼ exp ð�αNL

eff lÞ, where l is the thickness

of the composite film. Then, the relative change of transmittance ΔT/T is calculated by
(TNL�TL)/TL, where TL is the linear transmittance.

For the special case of very small and spherical NPs, the amplitude of the enhanced field can be
approximately calculated by Aenh(t) = x(t)A0(t), where x(t) = εh/[εm(t) + 2εh] is the transient field
enhancement factor and A0 is the amplitude of the incident pump pulse. The nonlinearly
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modified εm(t) is self-consistently calculated in combination with the above-mentioned
enhanced amplitude Aenh(t). The resultant effective dielectric function of the composite εNL

eff is
calculated by using Maxwell-Garnett model.

3.2. Numerical results and discussions

In this section, we present the numerical results for the ultrafast nonlinear optical responses of
metal NPs composites.

Figure 1 shows an example of the time-dependent nonlinear transmission of a metal
nanocomposite. The figure shows ΔT/T of a 0.2-μm-thick Al2O3 film doped with Ag NPs.
We consider NPs with diameter of 6.5 nm, and a filling factor of 1%. The value of pump
fluence is assumed to be 100 μJ/cm2. For the optimal fit with the experimental data [18], we
use the e-e and cooling times of τee = 100 fs and τep = 0.70 ps, correspondingly. Though the
pump pulse is in the sub-100 fs range, the transmittance responds slower, which is explained
by the delayed thermalization of electrons. In both cases, the time necessary to reach a
maximum change in the transmittance is roughly 200–250 fs longer than the e-e scattering
time τee. The exponential decay of the transmittance change depends on the cooling time τep
and also on the pump fluence. Here we assume for the two response times τee = 100 fs and
τep = 1 ps.

Figure 2 presents the transient behavior of the effective refractive index (a) and the transmit-
tance (b) of a 1-μm-thick silica glass layer doped with very small Ag nanospheres at pump
light at 430 nm. In Figure 2, one can see that the relaxation of the transmittance is slower for a
higher fluence of the incident light even for a fixed value of inherent cooling time of silver as
large as 1 ps.

Figure 1. The transient nonlinear absorption of metal nanocomposites in an alumina film containing Ag NPs with filling
factor of 1% and with particles diameter of 6.5 nm. The pump and probe have the central wavelength of 800 nm and 30 fs.
We consider 0.25-μm-thick composite film. In the inset, the experimental (points, from Ref. [18]) and the theoretical (solid
curve) results are compared.
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To investigate the dependence on the NP shape, we numerically investigate the ultrafast
nonlinear responses of composites containing nonspherical metal nanoparticles, considering
silica glass doped with silver nanorods. To study the dependency of the ultrafast nonlinear
responses on the aspect ratio, we have taken nanorods with constant volumes. Note that the
quantities presented in Figures 3(a) and (b) have been averaged over the possible polarization
directions versus the orientations of nanorods. For the simulations, we have taken nanorods with
different aspect ratio and geometry, as indicated in the figure. Figure 3(a) illustrates extinction
spectra of silver nanorods with different aspect ratios, embedded in silica. As the figure shows,
nanorod with a larger value of the aspect ratio (length divided by the diameter) exhibits surface
plasmon resonance (SPR) at a longer wavelength. The main SPR peaks appear at 595, 680, and
800 nm for silver nanorods with aspect ratio of 1.68, 2.25, and 3.11, respectively. These peaks
represent dipole plasmonic resonances for the case when the axes of nanorods are parallel to the
polarization of incident light. The minor SPR peaks, which correspond to the dipole resonances
for the polarization direction of incident wave perpendicular to the axes of nanorods, also appear

Figure 2. Refractive index (a) and transmittance (b) of silica glass doped with Ag NPs with diameters below 10 nm for
different fluences of 50 fs pulses at 430 nm. Filling factor is 10�4 and thickness is considered to be 1 μm. The red-dashed
curves in both panels represent the temporal profile of the pump pulse.

Figure 3. Ultrafast nonlinear response of silica glasses doped with silver nanorods with varying shape. The diameters D
and the lengths L of nanorods are given in insets. The volumes of silver nanorods are kept the same for all the aspect
ratios. Filling factor is 10�4 and the thickness of composite film is assumed to be 1 μm. (a) shows extinction spectra and (b)
depicts the nonlinear change of relative transmittance ΔT/T for the different shapes of silver nanorods at the wavelengths
corresponding to the main SPR peaks. The quantities shown in (a) and (b) are averaged over all the possible polarization
directions relative the orientations of nanorods. Pulse duration and the fluence are taken to be 50 fs and 2 μJ/cm2,
respectively. In (b), red-dotted curve shows the temporal profile of incident pump pulse. (c) shows the space-averaged
intensity enhancement when the axes of nanorods are parallel to the polarization of pump pulse.
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(at around 470 nm). Figure 3(b) illustrates the nonlinear change of relative transmittance ΔT/T
for the different aspect ratios of silver nanorods at the wavelengths corresponding to the main
SPR peaks. The figure also shows that the maximum change of ΔT/T becomes larger for the
nanorod with larger aspect ratio. We can expect that the stronger nonlinear response originates
from a stronger intensity enhancement in the silver nanorod, which we can confirm from
Figure 3(c).

With the theoretical tool for calculation of the ultrafast nonlinear optical responses of metal
NPs composites, below we theoretically demonstrate its possible use for the mode-locking and
slow light devices by using these materials.

4. Ultrashort pulse generation by mode-locking of lasers using metal
nanocomposites as saturable absorbers

In this section, we present the theory of mode-locking of visible solid-state [13] and semicon-
ductor disk lasers [17] using metal nanocomposites as saturable absorbers.

4.1. Mode-locking of solid-state lasers

In this subsection, we present the general passive mode-locked operation of solid-state lasers
taking Ho:YLF laser pumped with a diode laser as an example and a metal nanocomposite as
saturable absorber.

The master equation for mode-locking of solid-state lasers can be written as follows [19]:

TR
∂AðT;tÞ

∂T
¼ �iD

∂2A
∂t2

þ iδjAj2Aþ g� lþDg; f
∂2A
∂t2

� qðT; tÞ
� �

AðT; tÞ; (16)

where D is the second-order intracavity group delay dispersion (GDD), Dg;f ¼ g=Ω2
g þ 1=Ω2

f

the gain and intracavity filter dispersion, Ωg and Ωf are the gain and filter bandwidth,
respectively. The coefficient δ ¼ ð2π=λ0ALÞn2lL represents the nonlinear effect by the Kerr
nonlinearity in the gain crystal leading to self-phase modulation (SPM), where λ0 is the central
lasing wavelength, n2 is the nonlinear index of laser active medium, AL and lL are the effective
mode area and optical pass per round-trip. The gain coefficient is given by g ¼ g0=½1þ E=
ðPLTRÞ�, where g0 is the small-signal gain, E is the pulse energy, PL is the saturation power of
laser material, l is the linear loss inherent to the passive resonator, and q is the loss by saturable
absorber.

As an example, we investigate the mode-locking of a Ho:YLF laser operating at 545 nm and
pumped at 445 nm which contains SCHOTT glass N-BAK 4 doped with Au NPs (with filling
factor 2 · 10�3). In such a case, the laser gain medium functions as a three-level system [20].
The Ho:YLF crystal has an emission linewidth of roughly 18 nm and a strong absorption peak
around 450 nm which can be used for pumping with high power laser diodes. We have
assumed the absorption cross sections at 445 and 545 nm to be 3· 10�21 cm2 and 5 · 10�21 cm2,
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correspondingly, emission cross section at 545 nm to be 8· 10�21 cm2 [21], and the fluorescence
lifetime of 110 μs [21]. The lasing transition corresponds to 5S2�5I8 [20]. For the Ho3+ concen-
tration of 1:2 · 1020 cm�3, a beam area on the crystal with 1000 μm2, a pump intensity 0.6 MW/
cm2 corresponding to a pump power of 6 W, a crystal length of 10 mm, and a resonator length
of 1 m corresponding to a repetition rate of 0.15 GHz, we have the main laser parameters of g0 =
0.22, PL = 4.69 W,Ωg = 57.08 THz, and δ = 3.94 MW�1. We assumed the passive resonator loss to
be l = 0.02. As the saturable absorber for passive mode-locking, we consider a metal
nanocomposite given by a layer of SCHOTT glass (N-BAK 4) doped with small Au NPs. The
plasmon resonance is found at 543 nm and we expect strong saturable absorption since the
plasmon resonance peak is located near the central lasing wavelength. The saturable absorber

loss is determined by qðtÞ ¼ �iðω=cÞ ffiffiffiffiffiffiffiffiffiffiffiffi
εeffðtÞ

p
d, where ω is central frequency, and d is the thick-

ness of metal nanocomposite absorber. The cross section of beam on the metal nanocomposite
absorber is taken to be 0.01 mm2.

Figure 4 presents results for the passive mode-locking behavior of a Ho:YLF laser obtained by
the solution of Eq. (16). Here, the GDD parameter has a value of �20 fs2. As Figure 4(a) shows,
the pulse duration rapidly decreases during the early stage of mode-locking and it is then
stabilized.

The numerical results show that the shortest pulse duration of about 100 fs is much smaller
than the recovery time of 1 ps. In the early time of femtosecond pulse generation in solid-state
lasers by the use of saturable absorbers for passive mode-locking, it was believed that the
shortest pulse duration cannot be smaller than the recovery time of the absorber. However,
due to the combined influence of spectral broadening by SPM and GVD, a slow response of the
absorber with a recovery time larger than the pulse duration is sufficient for mode-locking
[22, 23]. Pulse stabilization and shaping mechanism in this case can be explained by the fact
that the action of the absorber steadily delays the pulse, similar as in solid-state lasers mode-

Figure 4. Mode-locking of Ho:YLF laser with SCHOTT glass N-BAK 4 doped with small Au NPs: (a) pulse evolution,
(b) pulse profile and the dynamics of absorber loss, (c) evolution of pulse energy, and (d) intensity and frequency profile.
D = �10 fs2.
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loss is determined by qðtÞ ¼ �iðω=cÞ ffiffiffiffiffiffiffiffiffiffiffiffi
εeffðtÞ

p
d, where ω is central frequency, and d is the thick-

ness of metal nanocomposite absorber. The cross section of beam on the metal nanocomposite
absorber is taken to be 0.01 mm2.

Figure 4 presents results for the passive mode-locking behavior of a Ho:YLF laser obtained by
the solution of Eq. (16). Here, the GDD parameter has a value of �20 fs2. As Figure 4(a) shows,
the pulse duration rapidly decreases during the early stage of mode-locking and it is then
stabilized.

The numerical results show that the shortest pulse duration of about 100 fs is much smaller
than the recovery time of 1 ps. In the early time of femtosecond pulse generation in solid-state
lasers by the use of saturable absorbers for passive mode-locking, it was believed that the
shortest pulse duration cannot be smaller than the recovery time of the absorber. However,
due to the combined influence of spectral broadening by SPM and GVD, a slow response of the
absorber with a recovery time larger than the pulse duration is sufficient for mode-locking
[22, 23]. Pulse stabilization and shaping mechanism in this case can be explained by the fact
that the action of the absorber steadily delays the pulse, similar as in solid-state lasers mode-

Figure 4. Mode-locking of Ho:YLF laser with SCHOTT glass N-BAK 4 doped with small Au NPs: (a) pulse evolution,
(b) pulse profile and the dynamics of absorber loss, (c) evolution of pulse energy, and (d) intensity and frequency profile.
D = �10 fs2.
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locked by a semiconductor saturable absorber [24, 25]. Thus, the pulse moves slower than any
noise structure behind the pulse maximum, and therefore, it fuses with the main pulse before it
experiences high enough gain. This behavior is illustrated in Figure 4(b).

Figure 5 shows results for the dependences of pulse duration and energy on the parameters of
the laser.

The resonator dispersion (the GDD parameter) is one of the key parameters affecting the
mode-locking stability, pulse duration as well as energy. The simulations predict that the pulse
evolution is unstable for the GDD parameter D from �55 fs2 up to around �3200 fs2 for the
other parameters equal to those in the above subsections. The physical mechanism of the
instability is the imbalance between the pulse delay, originating from the delayed absorber
response in the metal nanocomposite, and pulse reshaping by the dispersion. In Figure 5, we
show the dependence of the pulse duration and energy on the intracavity dispersion for a
filling factor of 2 · 10�3. As the dispersion increases, the pulse duration increases as well,
independent of the sign of dispersion.

Figure 5(c) depicts the dependences of pulse duration and energy on the filling factor for
D = �20 fs2 and the beam area on the metal nanocomposite. For a small filling factor, we find
a small maximum loss change leading to a larger pulse duration. For a filling factor smaller
than 1.7 · 10�3, mode-locking becomes unstable. For a filling factor larger than 2.1 · 10�3, the
total linear loss introduced by the saturable absorber is higher than the gain and the lasing
itself becomes impossible.

In Figure 5(d), pulse duration and energy are presented in dependence on the beam area for
the metal nanocomposite absorber film with D = �20 fs2 and f = 2 · 10�3. In the figure, the
mode-locking process is stable for the beam area larger than 0.1 mm2 or smaller than 6000 μm2.

Figure 5. Dependence of pulse duration (a), energy [red squares in (b)], and the ratio R [green triangles in (b)] on the GDD
parameter D. The beam area on the metal nanocomposite is 0.01 mm2 and filling factor is 2 · 10�3. (c) presents the
dependences of pulse duration and pulse energy on filling factor. The beam area on the metal nanocomposite is 0.01 mm2

and D = �20 fs2. (d) depicts the dependencies of pulse duration and energy, and the ratio R on the beam area on the metal
nanocomposite saturable absorber: D = �20 fs2 and f = 2 · 10�3.
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The pulse duration increases as the beam area increases, caused by the change of the reduced
maximum. The possible duration range is from 110 fs to 1.31 ps. The shortest pulse duration of
100.7 fs is predicted for D = 0, beam area 6000 μm2, and filling factor 2 · 10�3.

Mode-locking of solid-state lasers by a slow absorber but shaped by the interplay between
negative group-delay dispersion and SPM is often interpreted by the mechanism of soliton
mode-locking, where the pulse is completely shaped by soliton formation and the saturable
absorber only stabilizes the soliton against the growth of noise [23]. Whether such regime is

indeed realized can be estimated by the ratio R ¼ �8lnð ffiffiffi
2

p þ 1ÞD=ðδEτ0Þ, where τ0 is the pulse
duration full width at half maximum (FWHM). If the value of R is equal to 1, the pulse
formation mechanism can be interpreted by soliton mode-locking. In Figure 5(b), the ratio R
is depicted by the green triangles. As can be seen in the left stability range, the factor R is in the
range of 0.5, while in the right stability range, R is near zero. This means the predicted mode-
locking behavior cannot be interpreted by the mechanism of soliton mode-locking, and in
contrast to this interpretation, the action of the saturable absorber influences the pulse param-
eter. This is also confirmed by the calculated frequency chirp in Figure 5(d) which is not zero
unlike that of a soliton. Note that the very specific regime of soliton mode-locking is not
requested and femtosecond pulse generation in solid-state lasers by slow absorbers can be
achieved under more general conditions [22].

4.2. Mode-locking of semiconductor lasers

Here, we investigate the possibility of femtosecond pulse generation by mode-locking of semi-
conductor disk lasers (SDLs) in visible range by using of metal nanocomposites as slow saturable
absorbers. In contrast to the solid-state gain media, the semiconductors exhibit a dynamic gain in
one round trip of the pulse in the resonator. This characteristic makes the process quite different
from the mode-locked solid-state lasers but similar to one in passively mode-locked dye lasers.
Mode-locking in this case rely on the interplay between a slow saturable absorber and slow gain
saturation, which opens a net gain window in time, so that the pulse itself experiences gain per
round trip and noise is discriminated outside this net gain window.

Passively mode-locked operation of the SDLs is described by the following master equation:

TR
∂AðT;tÞ

∂T
¼ �iD

∂2A
∂t2

þ ð1� iαÞg� lþDg;f
∂2A
∂t2

� qðT;tÞ
� �

AðT;tÞ; (17)

where α is the linewidth enhancement factor [26, 27]. In the above equation, the gain coefficient
g(t) is given by [26]

∂gðtÞ
∂t

¼ � gðtÞ � g0
τg

� gðtÞ jAðtÞj
2

Eg
; (18)

where τg is the gain recovery time and Eg is the gain saturation energy dependent on the
saturation fluence and the beam diameter on the gain medium. The temporal dynamics of the
gain leads to a depletion of the leading edge of pulse which is absent in the case of solid-state
lasers due to the quasi-static gain. On the other hand, the slow saturable nanocomposite
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absorber suppresses the trailing edge, and the combined action of both creates a net gain
window with negative gain both on the leading and the trailing front of the generated pulse.

As an example, we consider a GaN-based SDL [27] operating with a central lasing wavelength
of 420 nm. The small signal gain is chosen to be g0 = 2, the gain linewidthΩg = 2π · 20.39 THz,
the linewidth enhancement factor α = 2.8 Lu et al. [27], the gain recovery time to be 1 ns [28],
and the saturation energy for the gain medium to be 0.6 nJ. As a saturable absorber, we
consider a silica glass film doped with Ag nanospheres with diameters smaller than 10 nm.
The filling factor is taken to be 7 · 10�3. In this case, the plasmon resonance is located at 414
nm and the composite exhibits strong saturated absorption near 420 nm.

In Figure 6, we present an example of passively mode-locked operation of this laser with a
cavity dispersion of D = 100 fs2 and a beam area on the metal nanocomposite of 0.002 mm2. As
can be seen in Figures 6(a) and (c) in this case, pulse shortening happens in the very beginning
of the process up to about 20 ns, while the stabilization is achieved after about ~200 ns and is
faster than in solid-state lasers (several μs). Figure 6(c) depicts the temporal behavior of gaun,
saturable loss, and pulse power. Figure 6(d) shows both the intensity and frequency profile.
The resultant pulse duration is about 83 fs and the pulse is positively chirped. This can be
explained by the nonlinear index of the gain and absorber medium. The nonlinear refraction in
the gain medium originates from the linewidth enhancement, due to the enhancement of the
spontaneous emission into a lasing mode by the high cavity quality factor of the microcavity in
the vertical cavity structure of the semiconductor disk gain medium.

Figures 7(a) and (b) show the dependences of pulse duration and energy on the cavity
dispersion D. One can see that pulse shaping is unstable for the range of small dispersion
(from D = �150 to 40 fs2). The figure shows that the achievable shortest pulse duration is about
54.0 fs for negative dispersion ofD =�160 fs2 and about 55.3 fs for positive dispersion ofD = 50 fs2.
For filling factor smaller than 6 · 10�3 due to the insufficient dynamic range of saturable loss,
the mode-locked operation becomes unstable. For filling factor larger than 7 · 10�3, the lasing
itself is impossible due to the negative small signal net gain. For f = 6 · 10�3, τ0 = 87.14 fs and

Figure 6. Evolution of pulse shape (a), power (b), duration (c), as well as frequency and power profile (d) in the GaN-
based semiconductor disk laser (420 nm) with silica glass doped with Ag NPs. D = 100 fs2.
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E = 0.69 nJ, and for f = 7 · 10�3, τ0 = 83.23 fs and E = 0.55 nJ. These values are calculated for D =
�300 fs2.

In Figures 7(c) and (d), we show the dependencies of pulse duration and energy on the beam
area on the metal nanocomposite absorbers for both cases of positive and negative cavity
dispersions, �300 and 300 fs2.

In comparison with other well-established mode-locking elements such as semiconductor satu-
rable absorber mirrors (SESAM), quantum dots, and carbon nanotubes, the operation range of
metal nanocomposites as saturable absorber can be extended to much shorter wavelengths,
down to the blue spectral range. Saturable absorbers in the visible spectral range can be realized
by dyes dissolved in different solvents, but disadvantages such as maintaining a constant stream
in the dye jet, temperature sensitivity, and long-term instability restrict their versatility. Different
metal nanoparticle composites offer several advantages and allow the development of very
compact and cheap mode-locking devices with tunable operation regions, extending from IR
down to the blue spectral region. After the prediction of the possible application of metal
nanocomposites for mode-locking of solid-state lasers [13] and semiconductor lasers [17], several
groups successfully exploited nanoparticles for the generation of ultrashort pulses in mode-
locked fiber lasers (see e.g. Refs. [29, 30], or solid-state lasers [31]).

5. Slow light by using metal nanoparticle composites

The possibility to reduce the group velocity of light significantly by various nonlinear effects
has attracted much interest (see e.g., Refs. [32–35]). In this section, we show that metal
nanocomposite materials can also significantly reduce the velocity of light. We assume that a
metal nanocomposite is illuminated by a strong pump and a weak probe pulse with a

Figure 7. Dependencies of pulse duration (a) and energy (b) on the group delay dispersion D in the GaN-based
semiconductor disk laser (420 nm) with silica composite doped with Ag NPs. Beam area on the saturable absorber
composite is 1000 μm2. Dependencies of pulse duration (c) and energy (d) on beam are on the silica glass doped with Ag
NPs. In (c) D = �300 fs2 and in (d) D = 300 fs2.
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frequency slightly different from that of pumpwhich is in the range near the SPR [see Figure 8(a)].
For convenience, we consider probe pulse with ps durations which is much longer than e-e
interactions time τee (see Section 2). In this case, the nonlinear dielectric function change of
metal can approximately be written as follows [see Eq. (15)]:

ΔεmðtÞ ¼ χð3Þ
m

τep

ðt
�∞

e�
t�t0
τep jAenhðt0Þj2dt0: (19)

As the slow light is a pulse propagating with a small group velocity, we have to study the
propagation of a pulsed probe. Taking this into account, we write the amplitude of total enhanced
field in metal NPs as

AenhðtÞ ¼ Aenh
p þ Aenh

pr ðtÞe�iΩt, (20)

where Ω ¼ ωpr � ωp is the difference between probe ωpr and pump frequencies ωp. The above

equation can be rewritten by using the frequency-domain probe amplitude Aenh
pr ðΩÞ:

AenhðtÞ ¼ Aenh
p þ

ð
Aenh

pr ðΩÞeiΩtdΩ: (21)

Assuming that the probe is much weaker than the pump, we obtain the dielectric functions of
the metal at the pump and probe frequencies given by

εmðωpÞ ¼ εm0 þ χð3Þ
m jxpApj2;

εmðωprÞ ¼ εm0 þ χð3Þ
m jxpApj2 1þ 1

1þ iΩτep

� �
;

(22)

where xp ¼ Aenh
p =Ap is the field enhancement factor for the pump depending on its intensity

and is written by xpðωpÞ ¼ 3εh=½εmðωpÞ þ 2εh�. We find the effective dielectric function for
probe by using the Maxwell-Garnett formula. From the second equation in Eq. (22), we can
expect that the effective dielectric function of metal nanocomposite has large dispersion in a
narrow spectral range defined by τep.

Figure 8. Scheme of slow-light device based on a metal-nanoparticle composite (a). The absorption coefficient (blue
dashed line) and the effective index near the pump wavelength (red solid line) for the probe beam are shown in (b).
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In Figure 8(b), we show an example of the absorption spectrum and the effective refractive
index for the probe in silica glass doped with Ag NPs. The steep increase of the effective index
with the probe wavelength, as shown in the figure, leads to a large group index and strong
slowing down of the probe wave.

For current applications, studying slow-light performance at telecommunication wavelengths
is of particular importance. The plasmon resonance is shifted to a large extent for different
shapes of the metallic NPs, with nanorods being particularly suitable to shift the plasmon
resonance into the long wavelength range. Noble metals have extremely high inherent

nonlinear susceptibilities at telecommunication wavelengths, e.g., for gold χð3Þ
m ¼ �1:5· 10�11

m2V�2, which is 4 orders of magnitude higher than in the visible range [36]. Here, we solve the
coupled propagation equations for the cw pump and the pulsed probe, to take into account the
decrease of the pump intensity during the propagation due to the residual absorption and the
change in the complex amplitude of probe, using the effective dielectric function calculated as
explained above. The temporal profile of probe pulse is obtained by the Fourier transform.

Figure 9 shows typical incident and delayed pulses for a pump intensity of 6MW/cm2 at 1550 nm.
We consider a TiO2 film doped with gold nanorods with a diameter of 20 nm and a length of
66 nm with a surface plasmon resonance at 1540 nm. The propagation direction and polariza-
tion are the same for pump and probe beams. Figure 9(a) shows the evolution of probe pulse
with propagation. Despite the saturation of the absorption for the pump, the output pump
beam intensity is reduced down to 34 kW/cm2 (not shown), which is about 200 times lower
than that of input pump. The probe is sustained mainly by the coherent energy transfer from
the pump and is attenuated by linear loss after the strong reduction of pump intensity. At a
certain propagation length, the probe energy can become even larger than the incident energy.
Here, gain peak for the probe arises already for quite low intensities. This can be seen in Figure 9
(b): the probe peak intensity after 4 μm (green dash-dotted line) is 1.2 times larger than that of
the incident pulse. For a propagation length of 5 μm, the fractional delay is roughly equal to
1.79, corresponding to a delay-bandwidth product of 2.68. As a central finding, the group
velocity is 198 times smaller than the light velocity in vacuum. Because of the large inherent

Figure 9. Slow light in TiO2 film doped with Au nanorods, with a diameter of 20 nm and a length of 66 nm for pump
intensity of 6 MW/cm2 at 1550 nm. Filling factor is 2.5 · 10�2 and pulse duration is 1.85 ps. In (a) and (b), evolution of
probe pulse and optical delay are shown, respectively. In (b), blue-dotted curve is the incident probe pulse, green dash-
dotted and red solid curves are probe pulses for propagation lengths of 4 and 5 μm. In (c), we have shown the
dependencies of fractional delay F (blue solid line), transmittance T (green-dotted line) on the pump intensity in TiO2 film
doped with Au nanorods at 1550 nm. The propagation length is 5 μm, the filling factor 5 · 10�2, and the probe pulse
duration 1.85 ps.
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nonlinear susceptibility of gold in this wavelength range, the large fractional delay is achieved
even with relatively low intensities of few MW/cm2.

Figure 9(c) presents the dependence of fractional delay F (delay divided by the pulse duration
of input probe) and transmittance T as functions of the pump intensity at 1550 nm. It can be
seen that the fractional delay decreases as pump intensity increases, while the transmittance
increases. In particular, for stronger pump, the transmittance for the probe can exceed unity
due to amplification by an energy transfer from the pump. This feature constitutes a significant
advantage compared to the conventional slow-light mechanism. Figure 9(c) shows that for a
propagation length of 5 μm, a fractional delay in the range of 2 (corresponding to a delay-
bandwidth product of 3) is predicted with a transmittance higher than 0.5.

Up to now, only a small number of experiments in different schemes have measured relative
pulse delays exceeding these predictions. For comparison of results obtained with chip-com-
patible design, we refer to Ref. [32] with a fractional delay of 0.8 or to Ref. [33] with a value of
1.33. On the other hand, significantly larger fractional delays have been implemented by using
cascaded microring resonators and photonic wire waveguides (but with relatively small probe
transmission) [34] or by using double resonances of Cs atoms [35]. However, the numerical
examples with a fractional delay of roughly two are not the physical limits of the method
proposed here. Next, we will show that notably larger fractional delays can be realized using a
modified setup.

The main drawback of the delay line in collinear configuration is due to the propagation length
being limited by the attenuation of the pump. This can be circumvented using a transversely
pumped setup as shown in Figure 10(a), where the probe pulse is guided by the waveguide
structure. The thickness of the film is 1 μm in this case, resulting in an attenuation of the pump
intensity below 10%. Therefore, the pump intensity can be approximately considered to be
constant. The other parameters are the same as for the case of Figure 9 except the different
pump intensity of 0.28 MW/cm2. This value corresponds to a pump energy of 0.2 nJ for a 200 ps
pump and a transverse waveguide width of 5 μm. Note that the polarization of pump and probe
must be parallel due to the selective plasmon excitation for nonspherical NPs. Figure 10(b)
shows the evolution of the probe pulse intensity normalized by the incident peak probe intensity.
In this case, the peak intensity of the probe increases by a factor of 3.1 after propagation of 90 μm.
For a more detailed presentation, in Figure 10(c), we present the normalized probe pulses

Figure 10. Delay for 1.85 ps probe pulse and pump intensity of 0.28 MW/cm2 in TiO2 film with a thickness of 1 μm in
noncollinear configuration: (a) setup, (b) and (c) evolution of probe pulse. The remaining parameters are the same as in
Figure 9. In (c), blue dashed curve is the incident pulse and solid curves are the delayed pulse profiles corresponding to
propagation lengths L up to 90 μm with a step of 6 μm from the left to the right.
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corresponding to propagation lengths up to 90 μm with a step of 6 μm. We predict a total
fractional delay of about 43, with a delay-bandwidth product of 65 and a slowing down factor
of 270. In this configuration, as the probe can be amplified, we have no principal limitation of the
delay time; since with increasing propagation length, the delay time can be increased signifi-
cantly which is only limited to the available pump source.

6. Conclusion

In this chapter, we presented a numerical method—the time-domain discrete-dipole approximation
—for the calculation of the ultrafast nonlinear optical response of composites containing metal
nanoparticles with different shapes. Based on the two-temperature model, an equation for the
transient nonlinear response of metal nanocomposites is derived. This approach was applied for
the study of the nonlinear refraction index and the transmittance of a thin fused silica glass layer
doped with spherical nanoparticles and nanorods. The numerical results show that the total
absorption coefficient exhibits strong saturation behavior near the plasmon resonance. The
wavelength range of the saturated absorption can be significantly shifted in the whole ultravio-
let, visible, and near-infrared spectral region by using metal NPs with nonspherical shapes. We
have shown that the obtained results can be used for mode-locking of solid-state lasers and
semiconductor lasers. In particular, in the short-wavelength range below 700 nm, useful satura-
ble absorbers are still missing, but composites doped with metal NPs can enable the fabrication
of new types of broadband mode-locking elements with a saturation intensity in the range of 10
MW/cm2 and with an operation range from the near-IR up to the blue spectral range. As another
example, we investigated theoretically a new slow-light mechanism based on composites doped
with metal NPs. If two pulses with a frequency difference below the electron-phonon coupling
rate propagate through such a composite, plasmon-induced oscillations of the nonlinear permit-
tivity create a very high dispersion of the effective index for picoseconds-scale probe pulses, and
correspondingly a strongly reduced group velocity. We have shown that utilizing these compos-
ites in a collinear setup reduced group velocities with a slow-down factor in the range of 200 and
a fractional delay up to 2.5 for probe pulses with a few-ps duration can be implemented both at
telecommunication wavelengths as well as in the optical range. Avoiding pump depletion, the
relative delay can be significantly increased and a total fractional delay of 43 can be realized in a
transversely pumped waveguide geometry.
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Abstract

This chapter focuses on understanding the electromagnetic response of nanoscopic
metallic antennas through a classical computational electromagnetic algorithm: volu-
metric method of moments (V-MoMs). Under the assumption that metals only respond to
external electromagnetic disturbance locally, we rigorously formulate the light-nanoantenna
interaction in terms of a volume integral equation (VIE) and solve the equation by using
the method of moments algorithm. Modes of a nanoantenna, as the excitation indepen-
dent solution to the volume integral equation (VIE), are introduced to resolve the antenna’s
complex optical spectrum. Group representation theory is then employed to reveal how the
symmetry of a nanoantenna defines the modes’ properties and determines the antenna’s
optical response. Through such a treatment, a set of tools that can systematically treat the
interaction of light with a nanoantenna is developed, paving the road for future nanoantenna
design.

Keywords: computational electromagnetics, nanoantennas, optical response, modal
analysis, symmetries, group representation theory

1. Introduction

In the past decade, the grand leap in nanotechnology has granted us the very capability to
reproduce every single object in the macroscopic world nanoscopically. Since classical antennas
have been so optimized for controlling the low-frequency (normally below 1 THz) electromag-
netic interaction, their topology naturally becomes the first option to be explored at nanoscale.
The nanoscale version of classical antennas, which is always referred to as a “nanoantenna,” has
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been proven to provide an effective route to couple photons in and out of nanoscale volumes.
They are considered as excellent tools to probe and control light-matter interaction at the nano-
scale (e.g., the interaction between light and molecules) and therefore have become an essential
element in the discipline of nanophotonics [1, 2]. Till now, the concept of nanoantennas has
been applied to many different fields [3–11] covering single-molecule detection, magnetic record-
ing, bio-imaging, photochemistry, nanoscale signal processing, optical functional material, and
so on.

The general physics of the interaction between electromagnetic fields and the collective oscil-
lations of free electrons in a metal can be described by Maxwell’s equations. This physical
observation enables the reuse of traditional numerical techniques developed within the micro-
wave community. On the one hand, well packaged in commercial solvers, differential equa-
tion-based techniques, the finite difference time domain (FDTD) method [12], and the finite
element method (FEM) [13], to name a few, are widely employed by experimental physicists.
On the other hand, integral equation-based techniques [14], where the light-nanoantenna
interaction is mathematically depicted by surface integral equations (SIEs) or volume integral
equations (VIEs), are also of essential importance. Since an integral equation involves a pre-
calculated Green’s function (analytically known) and only targets the scatterers, that is, the
nanoantennas, it can provide an unbeatable accuracy, efficiency, and physical clarity compared
to their differential equation counterpart.

To reach an integral equation formalism, one may start from the equivalence principle, match
the electromagnetic field at the nanoantenna’s boundary, and obtain surface integral equations.
Another possibility is to use the volume equivalence principle. The nanoparticles are replaced
by equivalent-induced electric polarization currents. With discretized boundaries or bodies,
both the surface integral equation and the volume integral equation can be subsequently
solved by the method of moments (MoMs) algorithm [15].

In this chapter, we solely focus on the volume integral equation formalism. A review of the
surface integral equation formalism will be presented separately in the future. This chapter is
organized as follows. In Section 2, under the local response material assumption, we formulate
the interaction between light and a nanoantenna, which is of an arbitrary shape immersed in a
generic environment composed of several dielectric regions, in terms of a volume integral
equation. Then, the volume integral equation is solved by the method of moments algorithm.
To validate our implementation and demonstrate its diversity, simulation results are
contrasted with a wide range of experimental data.

In Section 3, the notions of eigenmodes and natural modes of a nanoantenna are presented. A
mode is a fixed spatial distribution of some physical quantities (e.g., charge, current, electric
field, magnetic field, etc.), and is only determined by the material, the geometry, and the
environment of the structure. It is thus independent of the incident field. Two kinds of modes
are introduced: eigenmodes and natural modes. While the eigenmodes are still frequency
dependent, the natural modes are frequency independent. The latter represent the most fun-
damental properties of a structure. Different from a closed system (e.g., a cavity), the modes of
an open system (i.e., a nanoantenna) are not necessarily orthogonal in an inner product sense.
This implies a possible interference between the modes which is the very cause of the forma-
tion of an asymmetric line, that is, a Fano resonance, in a nanoantenna’s scattering spectrum.
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Section 3 indicates that the modes of a nanoantenna are not necessarily orthogonal. Neverthe-
less, the condition under which the modes are orthogonal or not orthogonal is not specified. In
Section 4, we supply such a condition by using symmetry arguments. The relation between the
symmetries of a nanoantenna and the mode orthogonality is rigorously put into the mathe-
matical framework of the group representation theory. It is found that the modes that belong to
different irreducible representations are orthogonal to each other in an inner product sense,
and therefore no interference between these modes is allowed.

2. Volume integral equation formulation and volumetric method of
moments algorithm for light–nanoantenna interaction

Assume a nanoantenna in space (see Figure 1) shone upon by an incident plane wave. This
plane wave is generated by a current source which is very far from the scatterer. It oscillates
with a time dependency ejωt with an angular frequency ω. A general field relation, which is the
total field, is the sum of the scattered field and the incident field, must be satisfied at every
point in the space,

Etot r,ωð Þ ¼ Escat r,ωð Þ þ Einc r,ωð Þ, ð1Þ

Especially, at the nanoantenna the total electric field can be linked with the induced current
which includes both the conduction currents due to the motion of free electrons and the
displacement currents due to the motion of bound electrons through a dielectric function,

Jind r,ωð Þ ¼ jω ε r,ωð Þ � ε0ð ÞEtot r,ωð Þ: ð2Þ

In Eq. (2), ε0 is the vacuum permittivity. However, in general it can be understood as the
ambient background permittivity where the nanoantenna is positioned. ε r,ωð Þ is a function of

Figure 1. An abstract model for the light interaction with a nanoantenna (scatterer). In the figure, the scatterer is
composed of a material characterized by electric and magnetic parameters, that is, εV r,ωð Þ and μ0. Here, the material is
assumed to be non-magnetic. For the sake of conciseness, a homogeneous background is assumed and plotted but the
background can be inhomogeneous. Lastly, the incident field is generated by a predefined current distribution.
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observation point and frequency and represents the permittivity of the material constituting
the nanoantenna. Here, the locality (i.e., the material property does not depend on the source
point and hence no non-local behavior is assumed), the homogeneity (i.e., within the
nanoantenna, the permittivity is a constant), and the isotropy (i.e., the dielectric function is a
scalar) of the material are assumed. The relation stated in Eq. (2) is the so-called volume
equivalence principle.

Further, it should be realized that the scattered field is induced by the induced current (as in
Eq. (2)),

Escat r,ωð Þ ¼ �jωμ0

ð

V 0

G r, r0,ωð Þ � Jind r0,ωð Þdr0: ð3Þ

In Eq. (3), μ0 is the vacuum permeability and, in the most general case, should be understood

as the background permeability. G r, r0,ωð Þ is a Dyadic Green’s function describing how an
elementary-induced current Jind r0,ωð Þ at a source point r0 generates an electric field at an
observation point r: The volume integral takes into account all the induced current spanning
the nanoantenna and gives the scattered field at an observation point r.

Focusing on the volume of the nanoantenna, substituting Eqs. (2) and (3) into Eq. (1) and
putting all the terms containing the induced current on the left side of the equation, it is readily
found that

Jind r,ωð Þ
jω ε r,ωð Þ � ε0ð Þ þ jωμ0

ð

V 0

G r, r0,ωð Þ � Jind r0,ωð Þdr0 ¼ Einc r,ωð Þ: ð4Þ

Eq. (4) is the main equation in this chapter. Since the integral is taken with respect to the
volume of the nanoantenna, in this manner, we formulate the interaction between light and a
nanoscopic scatterer in terms of a volume integral equation. In short, Eq. (4) can be recast in an
operator form,

Z Jind r,ωð Þð Þ ¼ Einc r,ωð Þ: ð5Þ

The Z operator is named as the impedance operator since this operator links current density
with electric field and has the same unit as an impedance. This operator consists of two parts,

Z ¼ Ztot þ Zscat: ð6Þ

The first term in Eq. (6) is called the total field operator that links the induced current with the
total electric field,

Etot r,ωð Þ ¼ Ztot Jind r,ωð Þð Þ ¼ Jind r,ωð Þ
jω ε r,ωð Þ � ε0ð Þ : ð7Þ

The second term in Eq. (6) is called the scattered field operator that links the induced current with
the scattered field,
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The second term in Eq. (6) is called the scattered field operator that links the induced current with
the scattered field,
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Zscat Jind r,ωð Þð Þ ¼ jωμ0

ð

V 0

G r, r0,ωð Þ � Jind r0,ωð Þdr0 ð8Þ

By inverting the impedance operator in Eq. (5), in principle the induced current Jind r,ωð Þ can be
calculated. The scattered field in the space other than the region of the nanoantenna can be further
calculated by using Eq. (3), and therefore the total field at any point in space can be recovered.

Since analytical solutions for the main equation (4) only exist for a few cases (e.g., the Mie
solution in case of a sphere), in general the equation has to be solved numerically. To this end, a
method of moments algorithm can be employed [15]. The algorithm starts with the
discretization of the antenna with tetrahedral or hexahedral blocks (see Figure 2) and further
assumes that the current density flowing from one tetrahedral (hexahedral) element to a
neighboring one forms a certain basis function ϕi rð Þ, for example, a rooftop shape [16, 17].

Approximating the induced current Jind r,ωð Þ by a weighted sum of the basis functions,

Jind r,ωð Þ ¼
Xn

i¼1

wiϕi rð Þ, ð9Þ

and inserting Eq. (9) into Eq. (5), one equation with n unknowns is found

Xn

i¼1

Z wiϕi r
0ð Þ� � ¼ Einc r,ωð Þ ð10Þ

In order to construct a system ofN equations withN unknowns, a testing procedure is applied.
Assuming that a test function is ψj rð Þ, it is obtained that

zji
� �

wif g ¼ ej
� �

: ð11Þ
In Eq. (11), zji

� �
, wif g, and ej

� �
represent the impedance matrix, the vector containing the

weighting coefficients as in Eq. (9), and the vector containing the projection of the incident field
onto the jth basis function. zji

� �
and ej

� �
are

Figure 2. Continuum description (a), discretized description (b), and tetrahedral/hexahedral blocks (c) used to mesh the
continuous volume.
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zji ¼ 〈ψj rð ÞjZjϕi rð Þ〉 ¼

ð

Vj

ψj rð Þ∙ϕi rð Þdr

jω ε r,ωð Þ � ε0ð Þ þ
ð

Vj

ψj rð Þ
ð

Vi

G r, r0,ωð Þ �ϕi r
0ð Þdr0, ð12Þ

ej ¼ 〈ψj rð ÞjEinc r,ωð Þ〉 ¼
ð

Vj

ψj rð ÞEinc r,ωð Þdr: ð13Þ

Notice that in Eqs. (12) and (13), the integrations are with respect to the volume of the ith basis
function, Vi, and the jth test function, Vj. By inverting the impedance matrix, the induced
current can be reconstructed and the related physical quantities, for example, the near field
and the far field of the nanoantenna, can be calculated.

In our method of moments implementation, Green’s function for a planar stratified back-
ground is considered. Instead of using the Dyadic form of Green’s function as in the above
equations, a hybrid mixed-potential form is employed [18–22]. In the spirit of the Fourier
transform, Green’s function is analytically constructed in the Fourier space (the spectral
domain) and then numerically transformed back to the real space (the spatial domain). In the
latter step, all the singular behaviors in the Fourier space, for example, the branch point,
the pole, the slowly decreasing asymptotic behavior when an observation point is close to a
source point, are manually removed and analytically converted back to the real space so that
the numerical integration is considerably facilitated.

Besides, if a hexahedral block (see Figure 2(c)) is used, a basis function that varies separately in
the transverse direction and in the vertical direction is chosen. A transverse basis function reads,

ϕi rð Þ ¼ Δi x, yð ÞΠi zð Þ: ð14Þ

In Eq. (14), the functions Δi x, yð Þ and Πi zð Þ are triangular and rectangular functions,

Δiðx, yÞ ¼
ρi

li
, ρi ¼ ðx, yÞ ∈ Si

0, ρi ¼ ðx, yÞ ∉ Si

8<
: ð15Þ

Πi zð Þ ¼
1, z�i < z < zþi

0, z�i > z or z > zþi :

(
ð16Þ

In Eq. (15), Si denotes the base rectangle of the ith hexahedral block. ri gives the distance of a
point away from a given edge. li emphasizes the distance between the chosen edge and its
opposite edge. In Eq. (16), the superscripts “+” and “�” delimit the upper limit and the lower
limit of the block, respectively. A vertical basis function is

ϕi rð Þ ¼ Πi x, yð ÞΔi zð Þ: ð17Þ

In Eq. (17), the triangular and rectangular functions are similarly defined as in Eqs. (15) and
(16). Notice that Green’s function for a general planar multilayer structure behaves differently
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in the transverse direction (which is described mathematically by a Bessel function and phys-
ically by a cylindrical wave) and in the vertical direction (which is described mathematically
by an exponential function and physically by a plane wave). For example, a generic form of
Green’s function is

ð∞

0

Ai kρ
� �

J0 kρρ
� �

ejkiz jz�z0 jdkρ: ð18Þ

In Eq. (18), kρ is the transverse wave number and kiz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2i � k2ρ

q
is the corresponding vertical

wave number in the ith layer. Ai kρ
� �

represents the amplitude of a field component in the ith
layer.

Based on the above facts, the sevenfold integral (including three from the inner volume, and
three from the outer volume, and one from the inverse Fourier transform) in the second term of
Eq. (12) can be reduced to a fivefold integral. Take the coupling between a horizontal test
function and a horizontal basis function as example,

ð

Vj

ψj rð Þ
ð

Vi

G r, r0,ωð Þ �ϕi r
0ð Þdr0 ¼

ð

sj
Δj x, yð Þ

ð

Si

ð∞
0
Ai kρ
� �

J0 kρρ
� �ðzþj

z�j

ðzþi
z�i

ejkiz jz�z0 jdz0dz dkρ

( )
Δj x, yð Þds0ds

ð19Þ

In Eq. (19), the twofold integral with respect to the vertical direction can be performed analyt-
ically. In this way, an enormous amount of numerical efforts can be saved. Please notice that in
order to cope with the recently increasing interest in nanoscale antenna arrays, the calculation

Figure 3. (a) The scanning electron microscope (SEM) image, (b) the depth profile, and (c) the geometry of a “G” shape
structure with a period of 2400 nm. This figure is reproduced from [25].
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of periodic Green’s functions has been implemented on the basis of a quasi three-dimensional
(3-D) mixed potential integral equation formulation [23, 24].

The above MoM implementation is extremely efficient for the so-called extruded structures and
can be immediately confirmed by experimental data. Take the Nickel (Ni)-based G shape
structure (see Figure 3) as an example. In the simulation, the structure is illuminated by
horizontally polarized light. As a result, the induced current is highly localized along the
structure’s diagonal (see Figure 4(a)). Remembering that the current is directly related with the
electric field via Eq. (2), a corresponding intensive electric field concentration can be anticipated
(see the second harmonic generation image of the structure’s near field in Figure 4(b)). This
electromagnetic response induces a local thermal effect, that is, heat accumulation (due to the
large Ohmic loss in Ni). The generated heat can go beyond the melting point and finally
decorates the optical response of the structure. Similar simulation—experiment comparison—
can be found in [26–31].

3. Eigenmodes and natural modes of a nanoantenna

3.1. Eigenmodes of a nanoantenna

The impedance operator in Eq. (5) and accordingly the discretized version in Eq. (11) actually
include all the electromagnetic properties of the light-nanoantenna interaction problem. As
mentioned in the previous section, for a given incident electric field (e.g., a plane wave or the
electromagnetic fields emitted by a fluorescent molecule), the induced polarization current in a
nanoantenna can be calculated and the associated scattered fields can be readily derived. This
analysis scheme indeed works for every nanoantenna.

Nevertheless, it should be noted that the solution is incident field dependent. In some cases, due
to the complexity of a nanoantenna’s geometry (e.g., the G-shape structure), an excessive
amount of information can be read from a single simulation, for example, a very complex
near-field pattern, multiple resonances in the extinction, and scattering spectra. In this sense,

Figure 4. The optical response of the G-shape structure. (a) In the simulation, the G shape structure is excited by
horizontally polarized normally incident light. The spatial distribution of the induced current intensity is plotted with
the spatial positions where the current intensity is marked by red circles (in print: bold dashed lines). The plot is coded
from blue to yellow to denote the strength of the induced current’s intensity. (b) In the nonlinear experiment, the excitation
condition is the same as in (a). The near field pattern is captured by a Second Harmonic Generation (SHG) imaging
technique. The plot is coded from blue to white to denote the strength of the field intensity. (c) In the Atomic Force
Microscopy (AFM) experiment, the bumps due to the local heat accumulation are demonstrated.
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the incident field-dependent full solution may not be a good starting point for an analysis. To
cope with this problem, in this section we pursue two incident field-independent solutions,
that is, based on the eigenmodes and natural modes of a nanoantenna, and reveal their distinct
roles in determining the antenna’s response.

First, we investigate at the eigenvalue problem derived from Eq. (5) [32, 33],

Z Jn r,ωð Þð Þ ¼ λn ωð ÞJn r,ωð Þ: ð20Þ

In Eq. (20), Z is the impedance operator defined in Eq. (5). For a specific angular frequency
ω, Jn r,ωð Þ is the nth eigenmode with an eigenvalue λn ωð Þ. Some extra attention should be paid
to the terminology. Here, we define the eigenmodes of a nanoantenna based on the impedance
operator Z. This definition is different from the term “eigenmode” (or “normal mode”) in
quantum optics. There, eigenmodes are defined based on a differential operator (e.g., the
differential operator in the Helmholtz equation), while here eigenmodes are defined linked to
the integral operator as in Eq. (20).

Under the assumption that the material constituting a nanoantenna is locally responding,
homogeneous and isotropic, the total field operator Ztot (defined in Eq. (7)) is a scalar. On this
basis, we can distinguish two different contributions to the eigenvalue,

λn ωð Þ ¼ λn, tot ωð Þ þ λn,scat ωð Þ, λn, tot ωð Þ ¼ 1
jω ε r,ωð Þ � ε0ð Þ : ð21Þ

Apparently, λn, scat ωð Þ is associated with the scattering field operator (defined in Eq. (8)) and
hence is controlled by the geometry (as the volume integral in Eq. (8) is taken with respect to
the volume of the nanoantenna) and the environment of the nanoantenna (as the involvement
of the Dyadic Green’s function in Eq. (8)). After removing the total field operator from both
sides of Eq. (20), it is obtained that

Zscat Jn r,ωð Þð Þ ¼ λn,scat ωð ÞJn r,ωð Þ: ð22Þ

From Eq. (22), we can readily conclude that

When the material constituting a nanoantenna is local, homogeneous, and isotropic, the antenna’s
eigenmodes are indeed independent from the material of the nanoantenna. They only depend on the
antenna’s geometry and environment.

Due to the reciprocity of Green’s function, Zscat is a complex symmetric operator (i.e., the
operator contains complex elements and its transpose is equal to itself Zscat ¼ ZT

scat ), which
further implies that the eigenmodes are complex functions and orthogonal in a pseudo inner
product sense [32],

〈Jm r,ωð ÞjJn r,ωð Þ〉 ¼
ð

V 0

Jm r,ωð Þ � Jn r,ωð Þdr ¼ 1 m ¼ n
0 m 6¼ n :

�
ð23Þ

By expanding the induced current in terms of the eigenmodes,
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Jind r,ωð Þ ¼
X∞
n¼1

cnJn r,ωð Þ, ð24Þ

and projecting Eq. (5) onto the eigenmodes in a pseudo inner product sense, another matrix
equation can be received,

zmnf g cnf g ¼ emf g: ð25Þ

In Eq. (25), emf g is short for the projection of the incident field onto the mth eigenmode,

em ¼
ð

V 0

Jm r,ωð Þ � Einc r,ωð Þdr: ð26Þ

Eq. (25) is very similar to Eq. (11) in the sense that Eq. (11) uses local basis functions to
approximate the induced current, while in Eq. (25) eigenmodes which can be deemed as global
basis functions are employed. However, different from Eq. (11), which is in general a full
matrix, due to the orthogonality property presented in Eq. (23), the impedance matrix zmnf g is
a diagonal one. The weighting coefficients in Eq. (25) can be then evaluated as

cn ωð Þ ¼

ð

V 0
Jn r,ωð Þ � Einc r,ωð Þdr

λn ωð Þ : ð27Þ

Thus, combining Eq. (24) with Eq. (27), it can be concluded that

The induced current is a weighted sum of eigenmodes. The contribution of an eigenmode is deter-
mined by two factors: on the one hand the fact whether the incident field can efficiently excite the
eigenmode (the denominator of Eq. (27)); on the other hand the absolute value of the eigenvalue, that
is, when the absolute value of the eigenvalue reaches its minimum, the corresponding weight reaches
its maximum and hence the eigenmode reaches its resonance.

Interestingly, it should be noted that we may use the concept of inner product as well in the
construction of Eq. (25). In contrast to the definition of a pseudo inner product, which is

ð

V

Jm r,ωð Þ � Jn r,ωð Þdr, ð28Þ

the inner product is defined as
ð

V

J�m r,ωð Þ � Jn r,ωð Þdr: ð29Þ

Comparing Eq. (28) with Eq. (29) immediately reveals the key difference between the notion of
the pseudo inner product and the notion of the inner product, namely the extra complex
conjugate operation. In classical electromagnetism, the pseudo inner product is more associ-
ated with the reciprocal properties, while the inner product is emphasized in the definition of
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energy/power-related physical quantities, for example, the work done to a scatterer by an
incident field.

In this spirit, we can reformulate Eqs. (24)–(27) while using the concept of inner product,

z
0
mn

n o
cnf g ¼ e

0
m

n o
: ð30Þ

z
0
mn ¼

ð

Vj

J�m r,ωð Þ
ð

Vi

Z Jn r0,ωð Þð Þdr0dr, ð31Þ

e
0
m ¼

ð

V 0

J�m r,ωð Þ � Einc r,ωð Þdr: ð32Þ

In Eq. (30), the impedance matrix and the vector containing the projection of the incident field
on the mth eigenmode are primed to emphasize that the inner product is applied here. Notice

that now the impedance matrix z
0
mn

n o
is not a diagonal matrix anymore. This is because the

eigenmodes are only orthogonal in a pseudo inner product sense but are not orthogonal in an
inner product sense.

Further, we can see the right-hand side of Eq. (20) as an “eigen” incident field,

Einc,n r,ωð Þ ¼ λn ωð ÞJn r,ωð Þ: ð33Þ

Using Eq. (33), Eq. (31) becomes

z
0
mn ¼

ð

Vj

J�m r,ωð Þ � Einc,n r,ωð Þdr: ð34Þ

Hence, physically z
0
mn gives the work done by the nth“eigen” incident field on the mth eigen-

mode and quantifies the energetic coupling between different eigenmodes. We can give the
following two definitions,

Definition 1: When n ¼ m, z
0
nn ωð Þ is defined as the self-impedance of the nth eigenmode.

Definition 2: When n 6¼ m, z
0
mn ωð Þ is defined as the mutual impedance between the mth eigenmode

and the nth eigenmode.

Quantitatively, by evaluating Eq. (34), a self-impedance and a mutual impedance are related
with the eigenvalues,

z
0
mn ωð Þ ¼ dmn ωð Þλn ωð Þ: ð35Þ

In Eq. (35), dmn ωð Þ is the inner product of the mth and the nth eigenmodes and represents a
unitless factor taking into account the fact that the eigenmodes are not orthogonal in the inner
product sense, that is, not energetically orthogonal
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dmn ωð Þ ¼
ð

V

J�m r,ωð Þ � Jn r,ωð Þdr: ð36Þ

Note that in Eqs. (30), (31), and (34), the factor 1
2 has been systematically omitted.

3.2. Natural modes of a nanoantenna

As a special case of Eq. (5) where the eigenvalue is at zero, we can define the natural mode for a
nanoantenna [34, 35]

Z Jα r,ωαð Þð Þ ¼ 0 ð37Þ

In Eq. (37), Jα r,ωαð Þ is the nth natural mode with a natural frequency ωα. Different from the
eigenmodes discussed in the previous section, the natural modes are independent of fre-
quency. Mathematically, the natural modes originate from the impedance operator’s null space
and mark the non-trivial solutions to Eq. (37). Physically, the natural modes (including the
induced current and the associated field distribution) correspond to the resonant modes of an
open resonator (in contrast to a closed resonator like a perfect electric conductor (PEC) cavity).
Because of the radiation damping and the material loss in a nanoantenna, a natural frequency
is a complex number (remember in a PEC cavity with no losses the natural frequency is real).

In our MoM algorithm, we can numerically solve for a natural mode by seeking for the
(complex) frequency where the determinant of the impedance matrix is zero,

det zji ωαð Þ� �� � ¼ 0, ωα ∈ complex plane ð38Þ

We are especially interested in how a natural mode and a natural frequency affect the optical
response to an external perturbation at an angular frequency ω. The induced current is
obtained by inverting the impedance operator,

Jind r,ωð Þ ¼ Z�1 Einc r,ωð Þð Þ: ð39Þ

As in Eqs. (11), (25), and (30), the impedance operator can be recast for a specific set of basis
functions. Eq. (39) can be further written as

Jind r,ωð Þ ¼ adj Zð Þ
det Zð ÞEinc r,ωð Þ: ð40Þ

adj Zð Þ and det Zð Þ are, respectively, the adjugate and the determinant of the impedance matrix
(operator). In general, the determinant is a polynomial that can be decomposed into a product

of ω� ωαð Þi where i indicates the degree of degeneracy. In the discussion, it is assumed that the
natural mode is not degenerate so that i ¼ 1. The induced current can be rewritten as

Jind r,ωð Þ ¼
X∞
α¼1

Rα ωαð Þ
ω� ωαð ÞEinc r,ωð Þ: ð41Þ

Nanoplasmonics - Fundamentals and Applications128



dmn ωð Þ ¼
ð

V

J�m r,ωð Þ � Jn r,ωð Þdr: ð36Þ

Note that in Eqs. (30), (31), and (34), the factor 1
2 has been systematically omitted.

3.2. Natural modes of a nanoantenna

As a special case of Eq. (5) where the eigenvalue is at zero, we can define the natural mode for a
nanoantenna [34, 35]

Z Jα r,ωαð Þð Þ ¼ 0 ð37Þ

In Eq. (37), Jα r,ωαð Þ is the nth natural mode with a natural frequency ωα. Different from the
eigenmodes discussed in the previous section, the natural modes are independent of fre-
quency. Mathematically, the natural modes originate from the impedance operator’s null space
and mark the non-trivial solutions to Eq. (37). Physically, the natural modes (including the
induced current and the associated field distribution) correspond to the resonant modes of an
open resonator (in contrast to a closed resonator like a perfect electric conductor (PEC) cavity).
Because of the radiation damping and the material loss in a nanoantenna, a natural frequency
is a complex number (remember in a PEC cavity with no losses the natural frequency is real).

In our MoM algorithm, we can numerically solve for a natural mode by seeking for the
(complex) frequency where the determinant of the impedance matrix is zero,

det zji ωαð Þ� �� � ¼ 0, ωα ∈ complex plane ð38Þ

We are especially interested in how a natural mode and a natural frequency affect the optical
response to an external perturbation at an angular frequency ω. The induced current is
obtained by inverting the impedance operator,

Jind r,ωð Þ ¼ Z�1 Einc r,ωð Þð Þ: ð39Þ

As in Eqs. (11), (25), and (30), the impedance operator can be recast for a specific set of basis
functions. Eq. (39) can be further written as

Jind r,ωð Þ ¼ adj Zð Þ
det Zð ÞEinc r,ωð Þ: ð40Þ

adj Zð Þ and det Zð Þ are, respectively, the adjugate and the determinant of the impedance matrix
(operator). In general, the determinant is a polynomial that can be decomposed into a product

of ω� ωαð Þi where i indicates the degree of degeneracy. In the discussion, it is assumed that the
natural mode is not degenerate so that i ¼ 1. The induced current can be rewritten as

Jind r,ωð Þ ¼
X∞
α¼1

Rα ωαð Þ
ω� ωαð ÞEinc r,ωð Þ: ð41Þ
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Rα is the system residue matrix at a natural frequency. It can be shown that the residue matrix
is a dyadic and can be decomposed as the outer product of a natural mode and its transpose,

Rα ωαð Þ ¼ ⌈Jα r,ωαð Þ〉〈Jα r,ωαð Þ⌋: ð42Þ

Substituting Eq. (42) into Eq. (41), the induced current can be expressed as

Jind r,ωð Þ ¼
X∞
α¼1

〈Jα r,ωαð ÞjEinc r,ωð Þ〉
ω� ωαð Þ ⌈Jα r,ωαð Þ〉: ð43Þ

Based on Eq. (43), we can clearly define the weighting coefficient for a natural mode,

cα ωð Þ ¼ 〈Jα r,ωαð ÞjEinc r,ωð Þ〉
ω� ωαð Þ: ð44Þ

As the natural frequency is a complex number,

ωα ¼ ωαr þ jωαi, ð45Þ

For an incident field with an angular frequency ω around ωαr, we can approximate the
coupling coefficient by

cα ωð Þ � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω� ωαrð Þ2 þ ω2

αi

q : ð46Þ

In the above approximation, the imaginary part of the natural frequency is assumed to be
small. It is readily seen from Eq. (46) that when ω is around ωαr, the weighting coefficient is
maximized.

Moreover, consider an incoming electromagnetic pulse with a delta time dependence δ tð Þ and
apply an Inverse Fourier Transform to Eq. (43) with respect to the frequency. In time domain,
Eq. (44) reads,

Jind r, tð Þ ¼
X∞
α¼1

kα ωð ÞJα r,ωαð Þejωαt: ð47Þ

In Eq. (47), kα ωð Þ describes the coupling between a natural mode and an incident field. Due to
the complex nature of the natural frequency, the natural mode oscillates at a frequency ωαr but
decays with a rate of ωαi. Since the decaying rate is linked with the dissipated power and the
stored energy in a scatterer,

�2ωαi ¼
Pdissipated

Wstored
: ð48Þ

Accordingly, the “life time” of a natural mode can be defined as 1
�2ωαi

. In this way, a modal

quality factor Qmod can be defined for each natural mode,
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Qmod ¼ ωαrWstored

Pdissipated
¼ � ωαr

2ωαi
: ð49Þ

Again consider the frequency domain and apply an incident field with an angular frequency ω
around ωαr. Assuming that the αth natural mode is dominant, the induced current is

Jind r,ωð Þ � 〈Jα r,ωαð ÞjEinc r,ωð Þ〉
ω� ωαð Þ ⌈Jα r,ωαð Þ〉: ð50Þ

That is, the response near the resonance is largely determined by the excited natural mode.
Since a fixed stored energy and dissipated power are associated with the natural mode, the
modal quality factor Qmod renders a good estimation for the quality factor Qresat resonance.

3.3. Examples

In this section, we take real nanostructures to illustrate the above theoretical discussions on the
eigenmodes and natural modes of a nanoantenna.

3.3.1. Eigenmodes of a nanobar

Assume a normal incident field polarized along the longest axis of the nanobar structure
(Figure 5). The real part and the imaginary part of the self-impedance for the first three
eigenmodes are demonstrated in Figure 6(a) and (b). Note that the coupling coefficient is
inversely proportional to the eigenvalue as in Eq. (27) and the eigenvalue is closely related
with the self-impedance as in Eq. (35). When the absolute value of the self-impedance reaches
its minimum, the coupling coefficient may maximize. Comparing Figure 6(a) and (b) with
Figure 6(c), this is indeed the case for the first mode (the L1 mode) and the third mode (the L2
mode). For the L2 mode, the coupling (the integral in the numerator of Eq. (27)) between the
incident light and the mode pattern (see the top surface charge distribution for the first three

Figure 5. The topology, the depth profile, and the SEM image of the nanobar (L ¼ 370 nm, W ¼ 70 nm, and H ¼ 50 nm)
are presented. The white bar represents 100 nm.
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modes in Figure 6(c)) should be taken into account. Since the L2 mode pattern is symmetric
with respect to the short axis of the bar but the normal incident field is anti-symmetric, the
coupling (the integral in the numerator of Eq. (27)) is zero, that is, the second mode does not
contribute to the optical response at all. Further discussions on the symmetry can be found in
Section 4. Lastly, comparing the numerically calculated (by the V-MoM algorithm) and exper-
imentally obtained extinction cross sections with the coupling coefficients, one finds that
although the coupling coefficients and the extinction cross sections follow the same trend,
there is a shift. This shift is actually from the well-known near-field—far-field shift, which is a
direct consequence of the radiation loss.

Figure 6. The left column illustrates the real part (a) and the imaginary part (b) of the self-impedance for the L1 – L3 mode,
coupling coefficients (c) for the L1 mode and the L3 mode and extinction cross sections (d and e), while the right column
demonstrates the real part (f) and the imaginary part (g) of the mutual impedance for the L1mode and the L3mode, the self-
coupling power (h) of the L1 mode and the L3 mode, the mutual coupling power (i) between the L1 and L3 modes and the
extinction cross sections (j and k). In the inset of (c), the top surface charge distribution for the first three modes is plotted.
The colour there is coded from blue to yellow to mark the polarity of the surface charge (in print: grey scale). In (d), the V-
MoM simulation is marked by the solid line. In (j), the total dissipated power is marked by the solid line.
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In the right column of Figure 6, the role of the mutual impedance in determining the antenna’s
optical response is studied. As discussed in Eq. (34), the mutual impedance describes the
energetic coupling between different modes.

First, since the first mode and the third mode (i.e., the odd-order modes which are anti-
symmetric with respect to the bar’s short axis) have a different symmetry compared to the
second mode (the even-order modes are symmetric with respect to the bar’s short axis), the
mutual coupling between the odd-order modes and the even-order modes is zero. Further,
because the second mode is not excited by the incident field at all, the second mode does not
contribute in any way to the antenna’s response.

Second, the first mode and the third mode are energetically coupled (see the mutual imped-
ance in Figure 6(f) and (g)). As a result, the excitation of one of these two modes would directly
lead to the excitation of another. Taking this power transfer in between different modes into
account breaks the symmetric line shape in the self-coupling power and generates the so-called
asymmetric Fano line shape (see Figure 6(h)–(k)).

3.3.2. Natural modes of nanopatches and nanodimer

In this section, three nanostructures, that is, a gold (Au) nanopatch, a nickel (Ni) nanopatch,
and a gold (Au) nanodimer, are considered. The nanopatches are fabricated on top of an SiO2

(100 nm)/Si layer, while the nanodimer sits on an SiO2 substrate (see Figure 7). In the numer-
ical simulations, the same mesh (5 � 4 � 1) is used for the patch structures, while each
monomer in the dimer is discretized by a 3 � 2 � 1 mesh. For the sake of simplicity, the
multilayer substrate is not explicitly taken into account but is modeled by a homogeneous
surrounding environment with an effective refractive index (n ¼ 1.25).

Essentially, two observations can be immediately made from the simulations and experiments
shown in Figure 8:

First, natural modes are fundamental to the optical response of a nanoantenna. Depending on
the incident field, some of the modes are excited, while some of the modes are forbidden. For
the patch, due to the comparable dimensions along the long axis and the short axis, it is readily
expected that the first two resonant modes are horizontal and vertical dipolar modes.
Depending on the excitation, that is, horizontally (vertically) polarized normal incident light,

Figure 7. The design of an Au nanopatch (a), a nickel nanopatch (b) and a gold nanodimer (c). Both patches have the
following dimensions: L ¼ 250 nm, W ¼ 200 nm, and H ¼ 25 nm, while the dimensions of the dimer are L ¼ 135 nm,W ¼
100 nm, H ¼ 50 nm, and gap ¼ 20 nm). This figure is reproduced from [35].
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the horizontal (vertical) dipolar mode is excited (see the left column in Figure 8). The same
argument applies to the dimer structure (see Figure 8). Especially, the second mode (the L2
mode) can be only excited by an oblique incident field.

Second, natural frequencies control the resonances of a nanoantenna. From Figure 8, it is clear
that the real part of a natural frequency gives a “baseline” for the resonance, while the
imaginary part finally shifts the resonance to the “right” position. Another role that the
imaginary part plays is that it is associated with the loss (both radiation and material dissipa-
tion) in the structure. A large imaginary part can “flatten” the resonance (e.g., the gold patch
has less material loss than the nickel one, so it has a sharper resonance, or the L2 mode in the
dimer has less radiation loss than the other two modes, resulting in a sharper resonance).

Figure 8. Natural frequencies, natural modes, and scattering/extinction spectra for the patches (the left column) and the
dimer (the right column). (a) and (d) illustrate the natural frequencies and the natural modes for all the structures. In the
inset of (a) and (d), the top surface charge distribution for the natural modes is illustrated. The colour is coded from blue
to yellow to denote the polarity of the charge concentration (in print: grey scale). In (b-c) and (e-f), the scattering and
extinction cross sections from simulations are demonstrated. In (b) and (c) of the left column, the red (in print: the line
with triangle markers) and blue colour (in print: the line with square markers) respectively correspond to the response of
the horizontal and the vertical modes while in (e) and (f) the right column, the red, green and blue colours (in print: the
solid line with triangle markers, the solid line with square markers and the dotted line) represent the optical response
from the L1, L2 and L3 modes. This figure is reproduced from [35].
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4. Symmetries

In this section, we introduce a set of symmetry arguments to determine under which circum-
stances the eigenmodes are orthogonal to each other in an inner product sense (as defined in
Eq. (29)). Since a natural mode is just a special case of an eigenmode, the developed theory
applies to the natural mode case as well. In the following, we shall concentrate solely on the
symmetries and the eigenmodes of a nanoantenna.

To make our discussion more pedagogical, we again take the simple bar shape structure (see
Figure 9(a)) as an example. The bar structure carries a C2 symmetry group. There are two
symmetry operations in this group: the identity operation E where no transformation is
conducted, and a rotation of π about the z-axis, the C2 symmetry operation.

Since symmetry operations are always applied based on coordinates, we should be able to find
a corresponding set of matrices to “represent” these operations. Here, we especially focus on
the matrices with the lowest dimensionalities, that is, the irreducible representations. Since the
group under discussion is an abelian group, we have two irreducible representations and they
are shown in Figure 9(b).

Moreover, in contrast to these transformations operating on coordinates, we follow Wigner’s
conventions [36, 37] and define transformation operators which operate on functions,

PRf rð Þ ¼ f R�1r
� �

, PRf rð Þ ¼ R � f R�1r
� �

: ð51Þ

In Eq. (51), this definition is illustrated for both scalar functions (such as charge, etc.) and vector
functions (such as currents, electromagnetic fields, etc.). These transformation operators are
commutative with the impedance operator defined in Eq. (5), that is, the sequence of applying
the transformation operator and the impedance operator does not affect the final outcome of the
calculation,

Figure 9. (a) The length (L), width (W) and height (H) of the nanobar are 370 nm, 70 nm and 50 nm. The bar sits on top of
a SiO2 substrate characterized by a constant refractive index of 1.5. (b) The irreducible representation of the C2 group is
shown. E and mv respectively represent the identity operation and the mirroring operation with respect to the short axis
of the bar structure (marked by the red dash line in (c)). (c) The top surface charge pattern of the first four modes (L1-L4)
are shown. The colours from blue to yellow are used to denote the charge polarity (in print: grey scale).
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PRZ Jind r,ωð Þð Þ ¼ Z PRJind r,ωð Þð Þ: ð52Þ

Combining the group’s irreducible representations and its transformation operators, we can
further construct a set of projection operators for the group under discussion,

℘j ¼
lj
h

X
R

Γ�
j Rð ÞPR: ð53Þ

In Eq. (53), a projection operator is characterized by the subscript jwhich marks an irreducible
representation. Here, j may run from one to two. lj is the dimensionality of an irreducible
representation. Since every irreducible representation has a dimensionality of one, lj is equal
to one. Then, the summation is carried out with respect to all the symmetry operations.

Based on the defined projection operator, we can categorize all the eigenmodes according to the
irreducible representations (see an illustration of an eigenmode categorization in Figure 9(c)). It
is well known that [36, 37] the functions (e.g., in the current case, the eigenmodes) that belong to
different irreducible representations are orthogonal to each other in an inner product sense.

Figure 10. The mutual impedance (a) – (p) between the first four modes (see Figure 9) of the bar structure. This figure is
organized as follows. A column represents a “source” mode that generates eigen-incident field as in Eq. (33) while a row
represent an “observation”mode that the eigen-incident field is applied onto. Thus, the figure at the cross of the mth row
and the nth column denotes the mutual impedance z'mn as defined in Eq. (34). This figure is reproduced from [36].
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This is the very condition that controls the modes’ orthogonality (in an inner product sense).
The above is equivalent to saying that, according to the irreducible representations, an
eigenspace (in which one finds all the eigenmodes) can be split into several invariant subspaces
(in which one finds all the eigenmodes belonging to an irreducible representation).

To demonstrate this condition, the energetic coupling among the first four eigenmodes for the
bar structure is calculated with the V-MoM algorithm discussed in this chapter. Upon
inspecting Figure 10, it can be immediately concluded that the even-order modes do not
energetically couple with the odd-order modes. This is the same as we have seen in Section
3.3.1, where the vanishing energetic coupling is attributed to the integration of the product of
an odd function and an even function. Now, this intuitive idea is formally incorporated in the
framework of group theory. That is, since the even and the odd eigenmodes belong to different
irreducible representations, they must be orthogonal in an inner product sense.

Following the same line of reasoning as in Section 3.3.1, an excitation is applied (see Figure 11).
The incident field is polarized along the bar’s long axis but the incident direction is oblique. As
already seen in Figure 6, power transfer between modes of the same parity, that is, the even

Figure 11. The power transfer (a) – (p) between the first four modes (see Figure 9) of the bar structure. This figure is organized
similar to Figure 10. A column represents a “source” mode that generates eigen-incident field as in Eq. (33), while a row
represent an “observation”mode that the eigen-incident field is applied onto. However, different from Figure 10, the coupling
coefficients of the “source” and the “observation”modes are included. Thus, the figure at the cross of the mth row and the nth

column denotes the power transfer p'mn as defined in Eq. (54). This figure is reproduced from [36].
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(odd)-order modes, is allowed and can be evaluated by including the effects of the different
eigenmodes’ coupling coefficients,

p
0
mn ¼ c�m ωð Þcn ωð Þdmn ωð Þλn ωð Þ: ð54Þ

Eq. (54) is a direct extension of Eq. (35). However, as stipulated by group theory, the power
transfer between modes of different parity is forbidden. Lastly, as a comment, different from
Figure 6, due to the obliquely incident field, the even-order modes are now excited, and hence
the resonance and the energetic coupling between the second mode and the fourth mode is seen.

5. Conclusions

This chapter presents a complete set of numerical tools to tackle the nanoscale light-matter
interaction problem. By comparing with experimental results, the V-MoM solver and its exten-
sions are proven to be very efficient and accurate. The modal analysis scheme and the group
theoretical-based analysis scheme are demonstrated to deliver a deep physical understanding
of the physical system under study. Therefore, we believe that the developed integral equation-
based solver may become an essential complement for commercial solvers which are mostly
based on differential equations.
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Abstract

Silver (Ag) and gold (Au) nanoparticles are known to have very strong plasmonic fields 
among the other plasmonic metallic nanoparticles. When two Ag or Au nanoparticles are 
brought close together, hot spots (strong electromagnetic field) are formed between the 
particles, which can be exploited in imaging and sensing applications. In this chapter, 
we used the discrete dipole approximation (DDA) to investigate the interdimer separa-
tion dependence of the localized surface plasmon resonance (LSPR) of homo- and het-
erodimers of Ag and Au nanocubes (NCs) when the exciting incident light is polarized 
parallel to the dimer axis. It was found that as the interdimer separation changes, the 
plasmonic field distribution around the nanocubes’ surface varied. The results from the 
homodimers showed that the primary plasmon band red-shifted in accordance with 
the universal scaling law and the hot spots geometry changed abruptly at small separa-
tions. The results simulated at very short distances showed that the hot spots formed in 
between the adjacent facets and away from the corners of these facets. However, at larger 
separations, it moved toward the adjacent corners. For heterodimers, unusual behavior 
was observed. It showed that the E-field resulting from excitation of the Ag-dominated 
plasmon resonance was significantly weaker than expected, and the red shift of the gold-
dominated plasmon resonance did not follow the universal scaling law. It is likely that 
the silver plasmon mixes with the gold interband transition to form a hybrid resonance 
that produces weaker overall field intensity.

Keywords: plasmonics, DDA, coupling, nanoparticles, dimer
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1. Introduction

Plasmonic nanoparticles made of Ag or Au received significant attention from researchers as 
it showed unique properties when they interact with the electromagnetic radiation, primarily 
in the visible region. The localized surface plasmon resonance (LSPR) is an example for one 
such property. This results from the resonant excitations of the collective oscillations of their 
conduction band electrons [1–4]. The LSPR is tunable and strongly dependent on the shape, 
size, composition, and relative dielectric function of the nanostructure [4–11]. The oscillation of 
the electrons results in a strong enhancement in the optical absorption, scattering and near-field 
intensities of noble metal nanoparticles allowing for their use in numerous applications such as 
biological imaging, selective photothermal therapy, surface enhanced Raman scattering (SERS), 
optical wave guiding, and biochemical sensing [12]. It is well known that as interparticle gaps 
are reduced, localized regions of intense electromagnetic fields known as “hot spots” [13, 14] 
will be formed, which are of interest in surface-enhanced Raman spectroscopy (SERS). This is 
primarily due to the spatial overlap of the individual plasmonic modes, which induces the for-
mation of hybridized collective plasmonic modes. At nanoscale separations, the hot spots pro-
duced in these composite frameworks exhibit noteworthy enhancements in Raman scattering, 
fluorescence, infrared absorption; which has been useful for a variety of applications [15–17]. 
Substantial Raman enhancement can be generated, using larger aggregates experimentally [18].

The effect of coupling between the surface plasmons of adjacent particles, such as in nanopar-
ticle aggregates, is very important and has received a great deal of attention in recent years. 
Coupling typically results in a shift in the LSPR wavelength and a great enhancement of the 
plasmonic electromagnetic field (E-field) [19, 20]. This is important in optical technologies 
such as chemical and biological imaging [21, 22], sensing [23–25], and therapeutics [26–29]. 
This interparticle plasmon coupling forms the basis of the intense enhancement of spectro-
scopic signals (e.g., SERS) from molecules adsorbed at nanoparticle junctions, providing the 
capability for single-molecule sensing and detection [30, 31]. The overall strength of cou-
pling depends on the polarization direction of the exciting field and the distance between 
the nanoparticles. It has been observed that the LSPR shift due to coupling decreases expo-
nentially with increasing interparticle distance [20, 32]. When normalized to particle size, the 
relationship holds for many nanoparticles with different sizes, shapes, metals, and media; this 
has been termed the universal scaling law [19, 33].

Ag and Au NCs with sharp corners are known to have very strong plasmonic fields concen-
trated at their corners. The study of the coupling between a pair of Ag NCs and the effect of 
rounding the cube corners on their coupling strength has recently been carried out [34]. This 
chapter will focus on the theoretical understanding of unique features of assembled nanocubes 
made of Au and/or Ag plasmonic nanoparticles in face-to-face (FF) orientation. Discrete dipole 
approximation (DDA) method has been used to study the distance dependence of the plasmonic 
field coupling between homodimers (Ag-Ag or Au-Au) and heterodimers (Ag-Au) of nanocubes 
with sharp corners. We examined the dependence of the interaction of particles with light at 
the interparticle separation gap. Finally, we looked at the LSPR extinction wavelength and the 
relative field intensity distribution and the hot spot formation (strong E-Field) between adjacent 
nanoparticles at small interparticle separations.
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2. Research methods

Modeling and simulation play a key role in the advancement of nanoscience and nanotech-
nology. Among various numerical methods, DDA received significant attention as it can pro-
vide useful information on plasmonic phenomena. The DDA [35] is one of the most powerful 
theoretical techniques to model the optical properties of plasmonic nanoparticles of arbitrary 
geometry. This method was used to calculate near field interaction between of closely placed 
cubic Ag and Au nanoparticles (edge length = 42 nm) assembled in face-to-face orientation. The 
refractive index of Ag and Au NCs is assumed to be the same as that of the bulk metal [34]. The 
surrounding medium was set to be the water (n = 1.33). Simply, in DDA, the target (here Ag and/
or Au NCs) represents as cubic arrays of several thousands of points acquire dipole moment in 
response to the local electric field located on a cubic lattice (with volume d3). Details of the DDA 
method have been described elsewhere [35–37]. One of the important prospects of the LSPR to 
understand is the effect of the electromagnetic field distribution in determining sensing perfor-
mance of the metal nanoparticles. This needs to go through the fundamental study of the plas-
monic properties of nanoparticles. Using DDA [35, 37], we were able to calculate the plasmonic 
properties such as plasmonic field distribution of a pair of homo- and heterodimeric nanocubes 
made of Au and Ag at different separations upon exposure to resonant incident electromagnetic 
field. The Plasmonic field enhancement factor (in log-scale of |E|2/|E0|2) was located on the 
surface of a dimer of cubes with the DDA technique at different excitation wavelengths.

3. Gold nanocube dimer

Plasmonic nanoparticles dimers are very important in this context due to large electromagnetic 
field formation between them when they are in close proximity and exposed to the incident light 
[32, 38–41]. The strong electromagnetic field (hot spot) only forms, if the incident light polarized 
along the dimer axis [42]. Figure 1a and c shows, as the separation distance between the cubes 
decreases, the intensity of the SPR bands enhances and red-shifts. The total extinction increases 
from 5 a.u. for a single particle (or a large separation) to 18 a.u. for 2 nm separation. The extinc-
tion band maximum red shifts from 588 to 642 nm, upon decreasing the separation gap between 
the cubes. These results follow the typical scaling law seen for other particles (Figure 1b).

To better understand the dipole coupling behavior between the two nanocubes, the E-field 
plasmonic enhancement was calculated for a single and the dimer of Au NCs at very short 
distance (2 nm) and larger distance (10 nm). For calculating the field distribution of single and 
dimer of Au NCs, the maximum plasmon band wavelength of interest was used to excite the 
single or dimeric nanoparticles. We excited the single Au NC at 585 nm, a dimer with 2 nm of 
separation at 641 nm, and a dimer with 10 nm separation at 613 nm (Figure 2a–c).

The E-field around the single nanocube showed the characteristic pattern of field concen-
trated at the corners. As the particles moved away (at 10 nm), it shows that the electromag-
netic field became stronger near the adjacent corners compared to the adjacent facets. When 
the separation is reduced to 2 nm, the E-field strength moved away from the adjacent corners 
and in between the facing facets of the dimer.
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4. Silver nanocube dimer

In order to compare our results with a pair of Au NCs, we calculated extinction and field distri-
bution for pairs of Ag NCs in the same condition. The extinction spectra for different separations 
of homodimer of Ag NCs are shown in Figure 3a and c.

Figure 1. (a) Dependence of the extinction spectra on the separation distance of an Au NCs dimer in water. (b) Exponential 
behavior of fractional plasmon shift (Δλ/λ0) as a function of the interparticle separation normalized by the length of the 
nanoparticle. (c) The exponential dependence of extinction maximum on the interparticle separation. This exponential 
dependence suggests that the extinction spectra of Au NC dimers follow the universal scaling law. Reprinted with 
permission from Ref. [41]. Copyright 2014 American Chemical Society.

Figure 2. Plasmonic field enhancement for (a) single Au cube, (b and c) the dimer of Au-Au NCs with 2 nm of separation 
(excited at 641 nm) and 10 nm of separation (excited at 613 nm). As the separation distance increases to 10 nm, each cube 
in the dimer likely has the E-field distribution in character like which shown for the single cube. However, at 2 nm, the 
strongest field is located at the center of the adjacent faces. Reprinted with permission from Ref. [41]. Copyright 2014 
American Chemical Society.
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It shows that the extinction spectrum of a widely separated pair of cubes is nearly identical to 
that of the monomer. Contrary to the Au, it was found in the single and dimer Ag nanaopar-
ticles that there are two strong bands at long wavelengths (probably dipolar) and two weak 
higher order polar bands at short wavelengths. As the gap between the cubes decreases, 
although the bands shift to longer wavelengths, the shorter wavelength bands show further 
red shift than the longer wavelength bands. While a strong doublet is observed for 60 nm of 
separation, for 20 nm separation, one band of the doublet becomes weaker and broader in the 
spectrum. It is possible that the higher order bands become stronger and the higher energy 
dipolar band is likely to be submerged under the strong higher order band.

As shown in Figure 3b with increasing the interparticle gap separation of the Ag NCs dimer, 
the magnitude of the red shift of the plasmon band decreases based on the universal scaling 
law [41]. Figure 4a–c shows the electromagnetic field distribution of the Ag NCs dimer and 
single Ag NC. Here, only the main plasmonic band for both single Ag NC (λmax = 481 nm) and 
Ag NCs dimer at 2 nm (λmax = 553 nm) and 10 nm (λmax = 517 nm) was exited. As the separation 
distance increases, the E-field distribution becomes similar to the single Au NC.

In order to examine the hybridized dimer modes of the dimer of Ag nanocubes, the electromag-
netic field was calculated at 2 and 10 nm separation distances. The results showed that at 10 nm 
of separation, the field strength is strongest at the corners (Figure 4c), whereas, at 2 nm separa-
tion, the strongest field moved toward the center of the adjacent faces (Figure 4b). Compared to 
the dimer of the Au NCs, in all cases, the electromagnetic fields for the Ag NCs were stronger, 
as expected.

Figure 3. (a) DDA calculated extinction spectra at different distances, (b) exponential behavior of fractional plasmon shift 
(Δλ/λ0) as a function of the interparticle separation normalized by the length of the nanoparticle and (c) the exponential 
decrease of the intensity of the strongest extinction peak as the interparticle separation increases. Reprinted with 
permission from Ref. [41]. Copyright 2014 American Chemical Society.
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5. Plasmon coupling of gold-silver heterodimeric nanocubes

The results for the Ag-Au hetrodimeric NCs showed unusual results and more exciting conclu-
sions. We expect that the plasmonic modes of gold and silver will mix to form hybrid modes. 
Simply, if we consider ΨAu and ΨAg as dipolar modes for gold and silver, respectively, we might 
think that the two hybrid modes would be (ΨAu + ΨAg) and (ΨAu − ΨAg) [41]. However, the hybrid 
modes will not have equal contribution of Ag and Au uncoupled modes because the energies 
of the uncoupled modes are so different (gold at 588 nm and silver at 482 nm). As discussed by 
Sheikholeslami et al. in their work on Au-Ag nanosphere heterodimers [43], because the inter-
band transition of gold strongly overlaps energetically with the Ag NC’s natural LSPR reso-
nance, the LSPR resonance of the Ag NC may strongly couple to it. We showed at large dimer 
separations, the spectrum somewhat identical to the summation of the spectra for a single Au 
NC and an Ag NC, and there is no coupling between the Au and Ag cubes [41]. At short sepa-
rating distance, mixing occurs between the heterodimer of Au and Ag cubes. The main band 
around 600 nm showed that significant enhancement in characteristic intensity corresponds to 
the Au-like plasmonic band. This band red shifts with decreasing separation and showed that 
the band does not follow the universal scaling law as we showed in the homodimer cubes.

In order to understand the interplay between the Au and Ag NCs, the E-fields were calcu-
lated at 2 and 10 nm with different excitation wavelengths. The field resulting from excita-
tion of plasmon band at 2 nm (615 nm) and 10 nm (597 nm) is shown in Figure 5a and b. It 
shows that, at 10 nm of separation, the field is largely concentrated around the corners of the 
gold cube (on the right). In Ag NC dimer, at 2 nm of separation, the E-field enhances due to 
increased mixing-in of Ag dipolar mode. However, it is still weaker than the field around the 
Au NC. This hybrid mode can be represented as Ψ1 = aΨAu + bΨAg where a > b. Just as with the 
homodimers, the E-field is strongest at the corners and between the facing facets (Figure 6).

It shows the field distributing of the heterodimer of Ag-Au nanocubes when exciting the 
dimer at 487 nm associates with 2 and 10 nm of separations, whereas the hybrid modes have 

Figure 4. (a) Plasmonic electromagnetic field enhancement for a single Ag NC and the dimers of Ag-Ag NCs with (b) 
a separation distance of 2 nm (excited at 522 nm) and (c) separation distance of 10 nm (excited at 517 nm). As the 
separation distance decreases, the hot spots formation takes place in between the faces facing of the dimer and away 
from their corners. However, when the cubes move away from one another, the field distributions are mostly present 
around the corners of the faces facing facets of the dimer. Reprinted with permission from Ref. [41]. Copyright 2014 
American Chemical Society.
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a separation distance of 2 nm (excited at 522 nm) and (c) separation distance of 10 nm (excited at 517 nm). As the 
separation distance decreases, the hot spots formation takes place in between the faces facing of the dimer and away 
from their corners. However, when the cubes move away from one another, the field distributions are mostly present 
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Figure 5. (a and d) Separating the cubes by 10 nm and exciting at 597 nm produces a field almost entirely located on 
the Au NC. However, exciting at 487 nm exhibited the same pattern as seen for separation distance of 2 nm. Reprinted 
with permission from Ref. [41]. Copyright 2014 American Chemical Society. (b and c) Plasmonic electromagnetic field 
enhancement for the dimers of Ag-Au when the particles are separated by 2 nm (exciting at 487 and 615 nm). It shows 
that the field is strongest around the corners of the silver cube at 487 nm and exciting at 615 nm, the most field strongest 
in the middle of facing facets as well as around the exterior corners of the gold cube.

Figure 6. The spectrum of plasmonic coupling model for the heterodimer of Au-Ag NCs separated by 2 nm (left). It 
shows that there is significant mixing of the plasmonic modes of the two particles to form hybrid resonances at 2 nm. 
The two strongest bands at 615 and 487 nm associated with the corresponding field distribution in Figure 5b and c. A 
schematic represents that which modes mix to form the two strongest hybrid modes (right). Au interband transition can 
mix with Ag dipolar plasmonic resonance (around 487 nm), due to the similarity in energy. Adapted with permission 
from Ref. [41]. Copyright 2014 American Chemical Society.
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more silver character. Herein, for both separations, we can see that the field concentrates 
around the Ag cubes’ corners, and there is no field around the Au cube (Figure 5c and d). 
This suggests that this hybrid mode contains little gold dipole character. Compare to what 
was seen with all other dimeric pairs, as the intercube distance is reduced from 10 to 2 nm, 
the maximum field enhancement is reduced. This is expected due to the fact that silver’s 
dipole mode hybridizes with gold’s interband transition. Exciting the nanoparticle at the 
interband transition produces an incoherent excitation and little net E-field. Subsequently, 
a hybrid mode containing significant interband transition-character will produce a weaker 
overall E-field. We would also expect that there would be little to no E-field located on the 
Au NC, which was obvious. It is expected that this mode has the form Ψ2 = aΨAu + bΨAg + 
cΨIB, where ΨIB is the interband transition mode and b > c and a ≈ 0. A schematic overview 
of the proposed mixing scheme for Au and Ag NCs is shown in Figure 6 (on the right). The 
spectrum shows other modes that these high-energy resonances are likely included mostly of 
silver’s higher order modes.

It concludes when exciting the heterodimer at gold plasmon wavelength, reducing the separa-
tion distance weakens the field due to the silver plasmon mode mixes with gold’s interband 
transition, and since the interband transition does not show plasmonic behavior, it causes 
reduction in the overall field enhancement. As shown in Figure 6 (on the left), the main band 
(the hybrid band) contains both Au and Ag components, and it is mostly gold-based reso-
nance around 600 nm in character [41].

6. Conclusions

In this chapter, we summarize numerically the dependence of interparticle on the LSPR band 
shift and electromagnetic field distribution around face-to-face oriented Ag and/or Au NC 
homo- and heterodimers. To begin to study the plasmonic coupling behavior between cubes, 
the extinction spectrum was calculated for different separation distances. It was found that 
the separation distance between the cubes plays a significant role in the plasmonic shift in the 
extinction spectrum and corresponding E-field around the particles. Exciting homodimers of 
Au and Ag NCs parallel to the interparticle axis showed results consistent with expectations 
and follow the typical scaling law seen for other particles. This study is pointing toward the 
fact that in homodimers NC at very short separation of distance (i.e., 2 nm), the maximum 
field moved away from the corners of the cubes and became strong between the adjacent faces. 
Compared to homodimers, different behaviors are observed for the heterodimers. As the Au 
and Ag cubes in close proximity to each other, their plasmon modes mixed to form hybrid 
modes. As a result, Au dipolar mode weakly mixed with Ag higher energy dipolar mode. As a 
result, this hybrid mode enhanced the E-field primarily around the Au NC. Silver’s plasmonic 
mode mixed with gold’s interband transition, due to their similar energies. It was found that 
since the interband transition is an incoherent excitation, it results no E-field, and this hybrid 
mode had a weaker field enhancement compare to that of un-hybridized Ag mode.
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Abstract

With resonant light illumination, metallic nanostructures convert electromagnetic fields’
energy into heat because of optical absorption associated with plasmonic resonance. The
optical absorption triggers a heat generation process that involves not only the absorp-
tion of photon energy but also heat transfer from the nanostructures to the surrounding
medium. In this chapter, we study enhanced optical absorption of plasmonic nano-
structures. Moreover, thermal effects induced by optical absorption and heat transfer
between nanostructures are analyzed.

Keywords: plasmonics, nanoparticle, thermal effect, absorption, optical trapping

1. Introduction

Optically excited nanostructures have large absorption cross-sections, which lead to efficient heat
generation. Strength and localization of heat generation strongly depend on geometry and
composition of plasmonic nanostructures [1, 2]. The regimes of optical heating of nanostructures
can be collective or local. The collective heating is realized in a large and dense ensemble of
nanoparticles (NPs) where heat fluxes from individual NPs add up, leading to high-temperature
distribution [3]. The collective heating is typically realized in the regime of continuous wave
(CW) illumination when the system has enough time to reach a non-equilibrium steady state
with increased temperature [4, 5]. The local regime of heat generation can produce high temper-
ature in confined volumes within or in the vicinity of a plasmonic nanostructure. The local and
collective heating mechanisms depend on the composition and dimensions of nanostructures
[6, 7]. Moreover, the temperature distribution and the efficiency of temperature generation
depend on the shape of nanostructure [8, 9].
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The theoretical description of plasmonic photothermal effect can be modelled as: the light scatter-
ing/absorption, the subsequent heat generation, and heat dissipation or transfer in the system of
nanostructures [10–12]. The laser-induced heat generation and conduction in arbitrary plasmonic
structures can be numerically modelled and solved, using methods as finite element method
(FEM) [13], discrete dipole approximation (DDA) [14], boundary element method (BEM) [15], or
finite-difference time-domain (FDTD) [16]. Experimental methods have been developed for
observing light-induced heating effects in plasmonic systems and characterizing the temperature
increase of nanostructures. In time domain, transient thermo-reflectance technique (TTR) was used
to measure the pulsed-laser heating of a metal film by a pump-probe setup, with sub-picosecond
resolution [17–19]. In a spatial domain, the development of scanning thermal microscope (SThM)
enables thermal microscopic imaging with sub-500-nm resolution [20]. Other thermal microscopic
imaging methods were also demonstrated, such as measuring the phosphor decay time [21],
phase transition of organic molecules [22], or electric conductance of metal thin film [23].

In this chapter, the optical absorption of metallic nanostructures is simulated by finite element
method. Enhanced optical absorption is demonstrated by designing periodic and random
nanostructures. Broadband optical absorption is achieved based on refractory plasmonic
nanostructures for high-temperature applications. Experiments show that optical absorption of
90% in the wavelength range from 200 to 1100 nm can be achieved using random nanostructures.
The temperature distribution of NPs solution is measured using polarization anisotropy of
fluorescence (FPA). The heat transfer between nanostructures in different surrounding media is
analyzed using heat transfer theory. Thermal force induced by temperature gradient in the
surrounding aqueous medium is also discussed. Nanoparticle trapping using both optical force
and thermal force is demonstrated.

2. Optical absorption of plasmonic nanostructures
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Plasmonic materials are typically metals. Plasmonic resonance occurs when an electromag-
netic radiation of a well-defined wavelength interacts with a metallic system: free electrons in
the conduction band will oscillate with respect to fixed positive ions. When the exciting field is
resonant with the electron oscillation frequency, a strong electromagnetic field develops near
the nanostructure surface. The optical properties of noble metals can be described by a com-
plex dielectric function εM that depends on the frequency of the incident light ω. There are two
major contributions to εM: (1) the quasi-free movement of the conduction band electrons
induced by the incident radiation and (2) the electronic interband transitions that may take
place if the energy of photons exceeds the energy between energy bands. The dielectric
function containing both contributions can be described by the Drude–Lorentz model [24]:

εMðωÞ ¼ εr �
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Pj

ω2 þ iγjω
þ
X

j

ΔεjΩ2
Pj

Ω2
Pj � ω2 � iΓjω

(1)

where εr describes the optical response at high frequencies, which includes the background
dielectric function of the ionic cores, γ is the characteristic collision rate responsible for
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damping of electron oscillations that related to energy losses by heating and ωp is the volume

plasma frequency of the free electron system defined as: ωP ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2=ε0

p
, where e is the elemen-

tary charge, ε0 is the permittivity of free space and m is the electron mass. Δεj is the contribu-
tion of interband transition to the dielectric function and Ωp and γ are the plasma and
damping frequencies for the bound electrons, respectively. The inclusion of more terms (j) in
the sum provides a better fitting to the experimental data. The dielectric functions of com-
monly used metal materials gold (Au), silver (Ag) and one refractory material Tungsten (W)
are shown in Figure 1.

Upon optical illumination, a nanostructure both absorbs and scatters light, which can be
described by scattering, absorption and extinction cross-sections. Mie theory gives the exact
analytical solution to the scattering and absorption of simple cases, for example, metallic
spheres. Nevertheless, the scattering of particles with arbitrary shapes is beyond the ability of
Mie solution. The calculation of the EM fields at all points in space when light interacts with a
nanostructure of arbitrary shapes and dielectric properties is a complex problem that needs to
be solved numerically. Several numerical methods, such as FDTD, DDA and FEM, are suitable
for obtaining the scattering/absorption of nanostructures with arbitrary shapes. In this work,
we use FDTD method for the numerical calculation of the scattering/absorption spectra of
various plasmonic nanostructures.

Figure 1. Dielectric function of metals.
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Recent experimental findings show that the imaginary part of the dielectric function changes
significantly with the increasing temperature [25], whereas the real part remains almost intact.
The temperature-dependent deviations in the gold optical constants are quite significant. A
temperature dependent non-linear permittivity model combining several oscillators (j) with
lifetime Γj, strength fj and frequency ωj has been proposed recently [26]. Its expression com-
prises two terms: the first one taking into account the conduction electrons and the influence of
temperature and the second one expressing the interband absorptions:

εMðωÞ ¼ 1� ΩPðTÞ2
ω2 � iηω~ΓðTÞ þ

X
j

f jω
2
P

ω2
j � ω2 þ iΓjω

(2)

ΩPðTÞ ¼ ΩPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3ζðT � T0Þ

p (3)

~ΓðTÞ ¼ Γ0 þ ΓðTÞ � ΓðT0Þ (4)

where Γ(T) is the total damping coefficient at temperature T, γ0 is the interband damping
coefficient. ΩP ¼ ffiffiffiffiffiffiffiffiffiffiffi

f DωP
p

is the modified plasma frequency including the oscillator strength f0.
ζ is the thermal expansion coefficient and η is a dimensionless parameter that can be tuned to
take into account defects-induced damping changes.

Temperature change can strongly modify the field enhancement and absorption characteristics
of plasmonic devices. A deep understanding of the temperature dependence of the optical and
thermal phenomena in plasmonic structures has a great importance in a variety of research areas,
including plasmonics and near-field irradiative heat transfer. The increase in the imaginary part
at elevated temperatures significantly reduces the surface plasmon polariton propagation length
and the quality factor of the localized surface plasmon resonance. Even though the optical
properties of bulk metals at elevated temperatures have been studied, the temperature-depen-
dent data for plasmonic materials is still largely missing. Further experiments and analytical
models need to be developed for accurate modelling of high-temperature plasmonic devices
operating in a steady or dynamic state.

2.2. Broadband absorption

Enhancing light absorption of plasmonic materials has evoked great interest of researchers in
many fields of thermophotovoltaics and solar thermal applications. One of the approaches to
improve the absorbing performance is to utilize micro/nanostructures on material surface to
produce unique optical characteristics that facilitate a route to achieving spectrum selectivity
[27].

Applications in the high-temperature fields strongly demand for improving optical perfor-
mances of refractory materials. The absorption wavelength of an ideal absorber is from 400 to
1500 nm for maximum absorption of the solar spectrum. This absorption spectrum selectivity is
required to prevent re-radiation of the absorbed energy. It is possible to limit re-radiation by
heating the material above 1200°C to match the narrow bandgap of photovoltaic cells [28]. In
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order to obtain desired optical properties, different micro/nanostructures on refractory materials
supporting plasmonic resonance have been proposed.

2.2.1. Periodic plasmonic structures

First, we study the absorption enhancement and spectrum selectivity of refractory material
(Tungsten, W) with periodic structures comprising cylinder array. The incident light is a plane
wave with wavelength range from 400 to 2500 nm. The material property is modelled to fit
experimental data from the literature using a Drude-Lorentz model.

From Figure 2, we can see that the absorption enhancement can be achieved by adjusting the
structure parameters of nanostructures in visible and near-infrared wavelength range. How-
ever, absorption enhancement is not obvious at a longer wavelength (> 2000 nm) because
plasmonic resonance cannot be excited.

Figure 3 shows that the absorption peak wavelength is dependent on the structure period.
However, the absorption is gradually decreasing for the larger period because of weak
plasmonic coupling between periodic structures. It is difficult to excite plasmonic resonance
modes beyond the wavelength of 1200 nm. Therefore, there is no resonance peak in the mid-
infrared range for achieving the spectrum selectivity absorption to match the narrow bandgap
of photovoltaic cells.

The absorption of periodic structures with different height is shown in Figure 4. It shows that the
absorption peak wavelength is strongly affected by the height of surface structure. Increasing the

Figure 2. Absorption of the periodic plasmonic cylinders with different radii R, with P = 1000 nm and H = 500 nm. Inset is
the model of periodic array of plasmonic cylinders with period P, height H and radius R.
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Figure 3. Absorption of the periodic structures with different period at R = 100 nm and H = 500 nm.

Figure 4. Absorption of the periodic structures with different heights at R = 300 nm and P = 1000 nm.
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Figure 4. Absorption of the periodic structures with different heights at R = 300 nm and P = 1000 nm.
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height of structures can enhance absorption efficiency as new resonant modes are supported.
For instance, the absorption is greatly enhanced at wavelength 1500 nm for the structure with
H = 1000 nm. Varying the height of structure can also shift the peak absorption wavelength, for
example, the peak absorption is shifted to 1200 nm for the structure with H = 800 nm.

2.2.2. Random plasmonic structures

While optical absorption of periodic structures can be precisely controlled, random structures
offer flexibility to design and fabricate. Random structures can be described by their height
distribution and correlation function. There is an important statistical height parameter to be
often used, root mean square (RMS) Rq, for evaluating the amplitude of surface roughness. The
correlation length usually describes lateral dimensions and is another spatial parameter which
is used for the determination of peak density corresponding to lateral dimensions [29].

The random structure is characterized by a specified RMS (Rq) and correlation length (Lc),
which are related to the correlation function by [30]:

〈Hð r!ÞHð r! þ δ
!Þ〉 ¼ Rq

2 exp � δ
Lc

� �2
 !

(5)

where δ is the sampling resolution of the surface.

Rq
2 ¼ 1

L

ðL
0

�
zðxÞ2

�
dx (6)

Here, L is the sample length of the profile and z(x) is the profile heights measured from a
reference line. For convenience, the reference line is defined as x-axis along the lateral surface.

For the following FDTD simulations, the random surface roughness is generated by creating a
matrix of uniform random numbers in k-space [31]. First, generating a square two-dimensional
random rough surface F(x,y) with N ·N surface points. The surface has a Gaussian height
distribution and exponential auto covariance functions (in both x and y). LS is the length of the
surface side. Assuming Lcx = Lcy = Lc are the correlation lengths in x and y, a Gaussian filter is
applied to this matrix to remove high-frequency components and then a Fourier transform is
used to transform the matrix back to real space.

Figure 5 shows the absorption of random structures with different RMS values. The correlation
length (Lc) of each structure is set as 0.5 μm.We can see that absorption efficiencies are above 80%
in the wavelength range of 400 to 1500 nm when RMS values are larger than 0.3 μm. For longer
wavelength range > 1500 nm, the absorption efficiency is strongly dependent upon the value of
RMS. Strong resonance peaks can be excited near 2 μm for the structure with RMS > 0.3 μm. The
resonance peak (marked by red circles in Figure 5) obviously shifts toward longer wavelength for
bigger RMS values. The overall absorption efficiency at off-resonance peak wavelength is sharply
decreased. This property is beneficial for engineering spectrum selectivity in the mid-infrared
wavelength range by adjusting the RMS parameter.
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Figure 5. Absorption of random structures with various RMS values at Lc = 0.5 μm.

Figure 6. Absorption of random structures with different Lc values at RMS = 0.7 μm.
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The optical absorption of structures with a different correlation length Lc and same RMS (0.7 μm)
is plotted in Figure 6. It can be seen that the absorption efficiency is over 80% in the wavelength
range from 400 to 1500 nm. However, the value of Lc has a much stronger effect on the absorption
in the wavelength range from 1.5 to 2.5 μm. New resonance peaks with strong absorption are
excited at Lc is equal to 0.5, 0.7 and 0.9 μm, but the resonance peaks are not obviously shifted with
different Lc values (such as the positions marked by red circles in Figure 6). The absorption
enhancement spectrum can be gradually broadened to 2 μm when Lc is 0.7 μm. Therefore,
absorption enhancement and spectrum selectivity of refractory materials can be obtained by
controlling RMS and Lc of the random structures.

To demonstrate the absorption enhancement, random nanostructures have been fabricated
using femtosecond (fs) laser on the tungsten substrate (Figure 7). The optical absorption
spectrum measured by a spectrophotometer shows that the absorption efficiency of
nanostructures with RMS of 0.8 μm is greater than 90 % in the wavelength range from 200 to
1100 nm. However, the sample with surface structure RMS of 0.08 μm (polished surface) has
much lower absorption (less than 70 % for λ > 600 nm). It indicates that the optical absorption
of the refractory material depends on the size of microstructures on the surface.

3. Thermal effects of plasmonic resonance

The loss of metals, which is manifested by the imaginary part of permittivity Im(εM), implies that
resistive heat will be generated while illuminated by EM fields. A large portion of the energy of
incident photons is transferred to the energy of the collective oscillation of excited electrons
within the nanostructure. Plasmonic nanostructures show strong scattering and absorption of

Figure 7. Absorption spectrum of laser-processed tungsten samples with RMS of 0.8 μm and polished surface with RMS
of 0.08 μm. Inset shows the sample with polished surface (left) and the sample with micro/nanostructure (right).
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light at specific wavelength in visible and near-infrared regions because of plasmonic resonances.
Associated with the absorption of optical radiation is the generation of heat, which originates
from non-radiative decay due to electron–electron and electron–photon interactions. Based on
the Joule heating effect, the heat power volume density qp can be written as

qP ¼ 1
2
ðJ�Eþ JE�Þ ¼ ε0ωImðεMÞjEj2 (7)

where E is the electric field in the nanostructure and J is the electric current density.

3.1. Localized temperature field

The resulting temperature distribution around a nanostructure is described by the heat trans-
fer equation, a differential equation that must be solved numerically [32]:

ρð~rÞCTð~rÞ ∂Tð
~r, tÞ
∂t

¼ ∇κð~rÞ∇Tð~r, tÞ � qPð~r, tÞ (8)

here ~r and t are the spatial coordinates, and time T(~r, t) is the local temperature, ρ, CT and κ are
the mass density, specific heat and thermal conductivity, respectively.

The time evolution of the temperatures Ti of N objects is governed by the following energy
equations (i = 1,…,N) [33]:

ρiCiVi
dTiðtÞ
dt

¼ Qabs
i ðt,T1,⋯,TN,TbÞ (9)

here, the left-hand side is the time variation of the internal energy of object i, with ρi, Ci and Vi

representing its mass density, heat capacity and volume, respectively.

Figure 8. (a) The SEM image of Ag particles. (b) The temperature map of Ag particles in solution measured by FPAmethod.
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Figure 8 shows the temperature increase of silver nanoparticles solution measured using fluo-
rescence polarization anisotropy (FPA) method [34]. The FPA is directly related to rotational
diffusion induced by molecular Brownian dynamics. In general, a population of fluorophores
illuminated by linearly polarized incident light re-emits partially polarized fluorescence due to
the random orientation of the molecules. By measuring the polarization anisotropy of fluores-
cence, the temperature field around the fluorophore molecules can be obtained.

3.2. Heat transfer between nanoparticles

Considering a collection of N objects located at positions ri and maintained at different tem-
peratures Ti with i = 1, ⋯, N, in a thermal bath with temperature fixed at Tb. Suppose there is
no phase and mass change of materials and the size of these objects is small enough compared
with the thermal wavelength λT ¼ ℏc=kBT (T is the temperature, c is the speed of light in
vacuum, kB is Boltzmann's constant and ℏ is Plank's reduced constant), so that all individual
objects can be modelled as radiating dipoles. According to fluctuation-dissipation theorem, the
net heat transfer on particle i as a sum of exchanges with the other particles and with the
thermal bath [35] is

Qi
absðt,T1,⋯,TN,TbÞ ¼

*
dpiðtÞ
dt

� Eðri, tÞ
+

(10)

where the dipole moment piðtÞ is composed of its fluctuating and induced part, the local field E
is the sum of incident part Eb without scatters and its induced part Eind omitting the frequency
dependence. The net heat transfer can be rewritten as [36]:

Qi
absðt,T1,⋯,TN ,TbÞ ¼ðþ∞

0

dω
2π

hω
X
j≠i

4χiχj

jαij2
njiðωÞTrðT�1

ij T�1∗
ij Þ þ 4χik

2

jαij2
nbiðωÞ

X
jk

αjα∗
kTr
�
T�1
ij ImðG0

jkÞT�1∗
ki

�2
4

3
5 (11)

In the above equation, χj ¼ ImðαjÞ � k3
6π jαjj2, nijðωÞ ¼ nðω,TiÞ � nðω,TjÞ, where nðω,TÞ ¼

1=½ exp ðℏω=kBTÞ � 1� is the Bose-Einstein distribution. Tij ¼ δijI�ð1� δijÞk2αiG0
ij, G0

ij is the

dyadic Green tensor in free space

G0
ij ¼

exp ðikρÞ
4πρ

1þ ikρ� 1
k2ρ2

 !
Iþ 3ð1� ikρÞ � k2ρ2

k2ρ2
ρ̂⊗ ρ̂

" #
(12)

here, k = ω/c, r̂ ¼ r=r, ρ=r'- r, and ρ = |ρ|.

The power dissipated inside the particle i at a given frequency ω by the fluctuating field Eij

generated by the particle j can be calculated from the work of the fluctuating EM field on the
charge carriers as:

Pj!i ¼ 3
ð∞
0

dω
2π

Θðω,TjÞΓi, jðωÞ (13)

where Γi, jðωÞ is the transmission coefficient (TC)
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Γ i, jðωÞ ¼ 4
3
ω4

c4
ImðαiÞImðαjÞTr½GijGij∗� (14)

Here αi is the particle's polarizability. Gij is the dyadic Green tensor.

The heat flux (HF) is rewritten as

Pj!i ¼ 3
π2k

2

BT
3h

 !
Γi, jΔT (15)

π2k
2

BT=3h is universal quantum of thermal conductance. Γi, j is the mean transmission coeffi-

cient. Γi, j ¼
ð
dxf ðxÞΓi, jðxÞ=

ð∞
0
f ðxÞdx, where f ðxÞ ¼ x2ex=ðex � 1Þ2 is a function reminiscent of

the mean energy of a harmonic oscillator and
ð∞
0
f ðxÞdx ¼ π2=3.

Figure 9 shows the interparticle heat flux (HF) in a three-particle system (SiC particles)
between particles 1 and 2 with particle 3 in the middle [35]. The HF is normalized by the HF
between particles 1 and 2 without particle 3 in the same thermal conditions, for R2 = R1. It
shows that the HF mediated by the presence of the third particle can be significantly larger
than the value for two isolated dipoles. The enhancement of heat transfer can be over three
orders of magnitude for particles separated by distance over 200 nm. The heat transfer
between nanoparticles is strongly varied by the interactions with a third nanoparticle.

Figure 9. HF normalized to two-particle case with R2= R1. Normalized heat flux (HF) exchanged between particles 1 and
2 separated by different distances and particle 3 with various radii is located at the center in between. The white dashed
line is where three nanoparticles are touching. The blue line is distance d–R1–R2–2R3 = max (R1,R2,R3) [35].
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3.3. Thermal driving force

When colloidal particles in solutions are exposed to a temperature gradient, they are subjected
to thermophoretic forces, which drive them toward one side of the gradient. The direction of
particle movement depends on the ambient temperature and the details of particle solvent
interactions. Despite much data available, the physical mechanisms of thermophoresis and the
thermal driving force in liquids are not well understood. Particle motion in non-uniform gases
is well described by kinetic theory. However, surface forces are essential in aqueous solutions;
therefore, the steady state has to be characterized in terms of the mechanical equilibrium of
hydrodynamic stress and surface forces.

The probability density distribution p(r) for finding the particle at a certain position r is given
by the Smoluchowski equation [37]:

∂pðrÞ
∂t

¼ ∇ � �p
f c

FþD∇p
� �

(16)

Here fc is the friction constant and F is the thermal force acting on the particle due to the
present of the temperature gradient. D is the Brownian diffusion coefficient. For stationary
solution, the thermal force F is written as the following by introducing the definition of the
Soret coefficient ST= DT/D:

F ¼ � ST
β
∇T (17)

Here DT is the thermal diffusion coefficient or thermophoretic mobility, and β ¼ 1=kBT, kB is
Boltzmann's constant.

Strong temperature gradients can be induced around plasmonic nanostructures as a result of
light energy absorption and heat dissipation to surrounding medium. Recently, the thermal

Figure 10. (a) Number of nanorods trapped in the focus as a function of the trapping time. (b) Opto-thermal force as a
function of the number of nanorods trapped at different radii in the focal plane [38].
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driving force induced by plasmonic resonances has been demonstrated in gold nanorods’ solu-
tions [38]. Experiments show that nanorods from a position up to 4–5 times the radius of the Airy
spot of the laser beam can be attracted to the focal region. Figure 10(a) shows the dependence of
the number of gold nanorods trapped in the focus as a function of trapping time. The trapped
nanorods absorb a large amount of the energy from the trapping beam, which is converted to
heating in the medium around the focal region and then to temperature increase in the sur-
rounding medium. This opto-thermal process becomes significantly more pronounced when the
number of trapped gold nanorods becomes large. The thermal attracting force arising from the
temperature gradient can be large enough to overcome the Brownian motion of nanorods even
at a distance several micrometres away from the focal spot, as shown in Figure 10(b).

4. Conclusions

Resonant plasmonic structures allow for control of fundamental optical processes such as
absorption and emission. By structuring metal surfaces on the subwavelength scale, plasmonic
resonances can be designed to produce high-optical absorption in the broadband of wave-
length. The absorbed optical energy is converted to heat, which can lead to significant local
heating in metallic nanostructures and induce temperature gradient in the surrounding
medium. The heat transfer between nanostructures is significantly enhanced by near field
interaction. The thermal effects of plasmonic nanostructures can be used for energy conver-
sion, optical trapping and thermal management.
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Abstract

This chapter describes plasmonic responses in In2O3:Sn nanoparticles (ITO NPs) and 
their assembled ITO NP sheets in the infrared (IR) range. ITO NPs clearly provide reso-
nance peaks related to local surface plasmon resonances (LSPRs) in the near-IR range, 
which are dependent on electron density in the NPs. In particular, electron-impurity 
scattering plays an important role in determining carrier-dependent plasmon damping, 
which is needed for the design of plasmonic materials based on ITO. ITO NPs are mainly 
dominated by light absorption. However, a high light reflection is observed in the near- 
and mid-IR range when using assembled NP sheets. This phenomenon is due to the fact 
that the introduction of surface modifications to the NPs can facilitate the production of 
electric-field (E-field) coupling between the NPs. The three-dimensional (3D) E-field cou-
pling allows for resonant splitting of plasmon excitations to the quadrupole and dipole 
modes, thereby obtaining selective high reflections in the IR range. The high reflective 
performances from the assembled NP sheets were attributed to the plasmon interactions 
at the internanoparticle gaps. This work provides important insights for harnessing IR 
optical responses based on plasmonic technology toward the fabrications of IR solar 
thermal-shielding applications.

Keywords: oxide semiconductor, surface plasmon, infrared and energy-saving

1. Introduction

Plasmonic nanomaterials based on transparent oxide semiconductors (TOSs, such as In2O3, 
ZnO and SnO2) have received much attention as new optical phenomena with potential 
applications. In particular, oxide semiconductors with metallic conductivity by doping with 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



intrinsic and/or extrinsic impurities show surface plasmon resonances (SPRs) in the infrared 
(IR) range [1–5]. Unlike noble metals (silver and gold), SPRs can be controlled by tuning the 
physical characters of a material [6–8], which provides new possibilities for optical manipula-
tion of light. Studies of nanoplasmonics based on TOSs can break new ground in the areas 
of oxide semiconductors. A characteristic property cleared by these studies is that the optical 
nature of TOSs shows a low-loss plasmonic material even up to near-IR wavelengths because 
of IR transparency outside the reststrahlen band. The band structures on TOSs are simply 
composed of s- and p-orbitals [9], indicating no inter band transition-related d-orbitals such 
as those exhibited by the noble metals [10]. TOS materials with metallic conductivity have 
mainly applied to transparent electrodes [11, 12]. Therefore, SPRs on TOSs provide new 
insight for alternative plasmonic applications in the IR range.

SPR excitations on TOSs have been reported on different structures such as nanorods and 
nanowires [13–15]. In particular, nanoparticles (NPs) of In2O3:Sn and ZnO:Al produce local-
ized surface plasmon resonances (LSPRs), which are strongly generated when confining the 
collective excitations of carriers into NPs [16, 17]. This makes use of localization of large elec-
tric fields in the vicinity of NP surfaces. Thus far, the majority of investigations concerning 
LSPRs have demonstrated on the noble metal NPs, which have been tailored for use in optical 
areas as diverse as waveguides and biochemical sensing [18–20]. Recently, In2O3:Sn NPs have 
launched as nanoplamonic materials. The careful choice of impurity dopants can show clear 
LSPR peaks in the near-IR range. The assembled films of In2O3:Sn NPs have shown optical 
enhancements of near-IR luminescence and absorption [21, 22]. These behaviours make use 
of the electric-fields (E-fields) excited on the NP film surfaces [23].

Assembled films of the noble metals have been utilized in surface-enhanced Raman and fluores-
cence spectroscopies, which are based on high E-fields derived from plasmon coupling between 
the NPs. When metal NPs are located near one another, coupling LSPR induces in a gap between 
NPs [24]. The strength of LSPR enhances with the magnitude due to interparticle coupling. This 
optical phenomenon has been utilized in enhanced light emissions, for example, hybrid layers 
of silver NPs and InGaN/GaN quantum wells [25]. However, assembled films of metal NPs have 
been limited in the visible range. The use of TOSs extends to longer wavelengths in the IR range.

Plasmonic properties of TOS materials have attracted attention for thermal-shielding applica-
tions in order to solar and radiant heat in the near- and mid-IR range, respectively [26]. To date, 
the composites and films of oxide semiconductor NPs have been studied regard to transmis-
sion and extinction spectra in the IR range because optical properties are dominated by absor-
bance [27–30]. The present thermal-shielding applications have strongly been desired to cut IR 
radiation not by absorption but through reflection. However, no previous paper has reported 
reflective performance on doped oxide semiconductor NPs. In addition, plasmonic applica-
tions exhibiting a thermal-shielding ability have not been previously studied in detail. The pur-
pose of this chapter is to apply the plasmonic properties for satisfying recent industry demands 
for a material with thermal-shielding ability. These social requirements include the fabrication 
of flexible sheets with high heat-ray reflections, as well as visible and microwave transmissions. 
We use assembled NPs of In2O3:Sn as a concrete example. Plasmonic responses are dependent 
on electronic structure. For example, In2O3, ZnO and WO3 have similar band structures with 
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conduction and valence levels consisting of s- and p-orbitals. This indicates that the plasmonic 
properties of these materials can be well manipulated through same optical mechanism.

This chapter is organized as follows. In Section 2, we give a description of structural and 
optical properties of In2O3:Sn (ITO) NPs in the IR range from the viewpoint of local structural 
analyses. In Section 3, we focus plasmonic responses of ITO NPs from theoretical and experi-
mental approaches, which is not as readily available in the noble metal NPs. To investigate 
mechanism of plasmonic excitations in ITO, NPs is valuable information for oxide-based plas-
monics. Section 4 is devoted to discussion of thermal-shielding based on assembled films of 
ITO NPs for industrial applications. Above all, we describe plasmonic responses related to 
the 3D E-field coupling along the out-of-plane and in-plane directions. This has a key factor 
in producing selective high reflections in the IR Range, which provides important insights 
for harnessing IR optical properties towards the fabrications of solar-thermal shielding. In 
Section 5, we shortly provide electromagnetic (EM) responses of assembled ITO NP films in 
the microwave region. Finally, some concluding remakes are given in Section 6.

2. Fabrications and structures of ITO NPs

2.1. Fabrications of ITO NPs

In2O3:Sn nanoparticles (ITO NPs) were fabricated using a metal organic decomposi-
tion method. Various initial ratios of the metal precursor complexes of (C9H22CO2)3In and 
(C9H22CO2)4Sn were prepared as starting materials. Indium and tin carboxylates were heated 
with a chemical ratio of 95:5 in a flask supported by a mantle heater to 350°C. The temper-
ature was maintained for 4 hours, and then the mixture was cooled to room temperature 
around 30°C. The obtain solutions produced a pale blue suspension, to which excess ethanol 
was introduced to cause precipitation. Centrifugation and repeated washing processes were 
carried out several times using ethanol, producing dried powders of ITO NPs with a pale 
blue colour. As a final step, the NP samples were dispersed in a nonpolar solvent of toluene. 
A zeta-potential measurement revealed that the NPs showed non-aggregated states in the 
solvent due to an electrostatic repulsion. The Sn concentration in the NPs in this chapter was 
measured by X-ray florescence spectroscopy.

2.2. Structural properties of ITO NPs

X-ray diffraction (XRD) measurements clarified that the NPs showed broad peaks characteristic 
of a colloidal sample with a crystal structure [Figure 1(a)] [31]. The a-axis length increased from 
10.087 to 10.152 Å as a consequence of incorporations of Sn atoms in the host. Furthermore, 
local structures of the NPs were evaluated by transmission electron microscopy (TEM) [inset 
of Figure 1(a)]. The electron diffraction (ED) analyses revealed that the lattice interval (d222) 
along the [222] direction at the centre region (d222 = 0.301 nm) was close to that at the edge 
region in the NP (d222 = 0.302 nm) [inset of Figure 1(b)]. In addition, the experimental results of 
energy- disperse X-ray microscopy showed that the Sn concentration [Sn] at the centre region, 
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[Sn] = 5.4%, was similar to that at the edge region, [Sn] = 5.2%, which indicated that Sn atoms in 
the NP were spatially homogeneous [Figure 1(b)]. The NP diameter was around 20 nm, as con-
firmed using TEM and dynamic light-scattering methods. However, crystalline sizes derived 
from Scherer’s equation from the (222) diffraction peak of XRD patterns were calculated as 1.58 
and 2.20 nm for un-doped and doped NPs, respectively. Broadenings of the line-widths of the 
XRD patterns are attributed to structural imperfections such as defects and strains [22].

We further investigated structural properties by scanning-TEM (STEM) combined with 
electron-energy loss spectroscopy (EELS) [32]. A STEM-EELS technique can easily detect 
plasmonic response in a single NP. High-angle annular dark field (HAADF) images in 
Figure 2(a)–(c) cleared that Indium and Sn atoms in the NP were distributed homogeneously, 
which were consisted with the results of XRD. The EELS spectra at an edge and vacuum 

Figure 1. (a) XRD patterns of ITO NPs with Sn contents of 0 and 5%. Inset shows low-resolution (left) and high-resolution 
(right) TEM images of an ITO NP with a Sn content of 5%. (b) EDX spectra at the centre and edge regions in the NP. Inset 
represents ED patterns of the (222) plane at the centre and edge (Figure 1 of Ref. [22]). Copyright 2014 by the American 
Institute of Physics.
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region on the STEM-acquired particle image showed a slight spectral difference in energy-
loss regions from 1.0 to 0.5 eV [Figure 2(d)]. In Figure 2(e), a differential EELS spectrum had a 
maximum peak at 0.7 eV that was similar to the optical absorption in the near-IR, which was 
direct evidence of a LSP excitation on the NP surface as consequence of spatially homoge-
neous doping of Sn atoms in the NP.

3. Localized surface plasmons in ITO NPs

3.1. Theoretical calculations of optical properties

The absorption and scattering cross sections of a single ITO NP with a diameter (R) of 20 nm 
were theoretically estimated according to Mie theory on the basis of dielectric constants of a 
NP and a surrounding medium. A numerically analytical solution to Maxwell’s equations 
describes the extinction (σsca) and scattering (σscat) of light by a perfect spherical particle struc-
ture as follows [34].

   σ  sca   =   
2ρ

 ____ 
 |  k   |     2 

    ∑ L=1  ∞    (2L + 1 ) ( |    a  L     |     2  +  |    b  L     |     2  )   (1)

   σ  ext   =   
2ρ

 ____   |  k |     2     ∑ L=1  ∞    (2L + 1 ) [ Re( a  L   +  b  L   ) ]  (2)

Figure 2. (a) Aberration-corrected STEM image, and HAADF images of In (b) and Sn atoms (c) in the ITO NP with a Sn 
concentration of 5%. (d) EELS spectra taken in the electron Probe position at vacuum (dotted line) and edge (solid line) 
regions, and a STEM-acquired particle image (inset). (e) Differential EELS spectrum (dotted line) and optical spectrum 
of ITO NP taken in the near-IR (solid line) (Figure 3 of Ref. [33]). Copyright 2014 by the American Institute of Physics.
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where k is the incoming wave vector and L comprises integers representing the dipole, quad-
rupole, and high multipoles. aL and bL are represented by the following parameters, composed 
of the Riccati-Bessel equations of ϕL and δL:

   a  L   =   
m  φ  L  (mx )   φ   ′   L  (x ) −   φ   ′   L  (mx )  φ  L  (x )

   ______________________   m  φ  L  (mx )   δ   ′   L  (x ) −   φ   ′   L  (mx )  δ  L  (x )    (3)

   b  L   =   
 φ  L  (mx )   φ   ′   L  (x ) − m   φ   ′   L  (mx )  φ  L  (x )

   ______________________    φ  L  (mx )   δ   ′   L  (x ) − m   φ   ′   L  (mx )  δ  L  (x )    (4)

where, m = (nR + inI)/nm is the complex refractive index of the metal, and nm is the refractive index 
of the surrounding medium. In addition, x = kmr (r: is the radius of the particle).  km = 2π/λm is 
defined as the wavenumber in the medium. λm is the wavelength in the medium. Figure 3(a) 
shows absorption and scattering cross sections of an ITO NP with an R value of 20 nm. A peak 
position of LSP was located at around 1.8 μm. A spectral line-shape was a symmetric feature. A 
value of σabs was remarkably larger by three orders of magnitudes compared to σscat. The ratio 
of σabs/σscat was not less than one for the particle diameter range above 200 nm [Figure 3(b)]. 
Therefore, it is considered that an ITO NP is dominated by light absorption in the near-IR region, 
indicating that it is not capable of light scattering an incident light in the near-IR range. Herein, 
we note that Full Mie theory in Eqs. (1)–(4) only has two functions of a dielectric constant and 
a particle diameter. The optical factors such as surface and radiation damping are excluded on 
the calculated spectra.

3.2. Experimental optical properties

An optical absorption of an ITO NP solution (Sn concentration of 5%) was typically examined 
[Figure 4(a)]. Optical measurements in the IR-range were made at room temperature using 
a FT-IR spectrometer equipped with a liquid cooled HgCdTe (MCT) detector. An ITO NP 
solution was confined in an IR-transparent CaF2 holder with an optical thickness of 25 μm, 
showing that a single absorption peak was located at 1.86 μm because of LSP excitations of 

Figure 3. (a) Light absorption (σabs) and scattering (σscat) cross-sections of an ITO NP with an R value of 20 nm. (b) A value 
of σabs/σscat ratio as a function of particle diameter.
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ITO NPs. This result was close to the theoretical data. We studied optical quality in plasmon 
resonances of ITO NPs using Mie theory as follows.

The absorption spectrum was fitted using the classical Mie theory with plasmon damping γ 
because of ionized impurity scattering derived from Sn impurities in the NPs. The theoreti-
cal fitting of an optical absorption (σ) to the experimental data in the quasi-static limit was 
employed [34]:

  σ = 4πk  R   3  Im  {    
 ε  p  (ω ) −  ε  H  

 _  ε  p  (ω ) +2  ε  H     }     (5)

where, k = 2 π(εH)1/2 ω/c with c representing the speed of light, εp(ω) is the particle dielectric 
function, R is the particle radius, and εH indicates the host dielectric constants of toluene. 
The effective dielectric function (εeff) was used to obtain real nanoparticle dispersion by the 
Maxwell-Garnett effective medium approximation [35]:

    
 ε  eff  (ω ) −  ε  H  

 _________  ε  eff  (ω ) +2  ε  H     =  f  v     
 ε  p  (ω ) −  ε  H  

 ________  ε  p  (ω ) +2  ε  H      (6)

where, fv is the particle volume fraction in the order of 10−5. εp(ω) used the free-electron Drude 
term with a damping constant (γ) because ITO consists of free electrons due to the absence of 
interband transitions:

   ε  p  (ω ) = 1 −   
 ω  p  2  _______ ω(ω + iγ )    (7)

The plasma frequency (ωp) is defined to ωp = ne/ε∞ε0m*, where ε∞ is the high-energy dielectric 
constant, and m* is the effective electron mass. The fitted absorption was used with param-
eter values of εH = 2.23, m* = 0.3m0 and ε∞ = 3.8 to determine εp(ω). In Figure 4(a), the experi-
mental absorption spectrum of the ITO NP solution could not be fitted to Mie theory based 
on Eqs. (1)–(3).

Figure 4. Experimental absorption spectrum of an ITO NP solution (Sn concentration of 5%) fitted to the classical (a) 
and modified Mie theory (b). Experimental and calculated spectra were indicated by open circles and dotted lines. 
(c) Absorption intensity of solution with ITO NPs with different electron density (black dots). Comparative data 
(black line) was extracted from the calculated absorption.
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In general, plasmon damping γ of metallic NPs has been defined as a constant value. That is, γ 
is independent on frequency. However, plasmon damping of oxide semiconductors have been 
strongly dependent on frequency due to presence of electron-impurity scattering in a host. This is 
an interesting feature of the plasmonic response in doped oxide semiconductor NPs. Elucidation 
of the carrier-dependent damping mechanism is required for the design of plasmonic materials 
on TOSs. Therefore, frequency-dependent γ(ω) is introduced into the Drude term [36]. This is 
treated as the modified Mie theory for applying to doped oxide semiconductors.

  γ(ω ) = f(ω )  γ  L   + [ 1 − f(ω ) ] γ  H    (    ω _  γ  H     )     (8)

  f(ω ) =   1 __________  
1 + exp  (    

ω −  γ  X  
 _ σ   )   

    (9)

Above all, γL has information concerning electron-impurity scattering, resulting in an asymmet-
ric spectral feature followed by spectral broadening in the long wavelength region [Figure 4(b)]. 
That is, it is considered that ionized impurity scattering attributed to Sn impurities in the NPs 
provided the asymmetric LSP response. In addition, strength in plasmon absorption remark-
ably increased with Sn concentration, as supported from experimental and theoretical aspects 
[Figure 4(c)]. LSPRs of ITO NPs were observed in electron density region above 3 × 1019 cm−3, 
which was close to Mott critical density (Nc = 9 × 1018 cm−3) of ITO. Above the Nc of ITO, the Fermi 
energy is determined by the highest occupied states in the conduction band. That is, LSP excita-
tions are required to realize metallic states in the NPs, and became very strong at high electron 
densities above 1021 cm−3.

4. Fabrications and structures of ITO NP sheets

4.1. Fabrications

Assembled NP sheets were deposited on IR transparent CaF2 substrates by a spin-coating 
technique. Thick NP sheets were fabricated by way of multiple overglaze of a thin NP film 
obtained by a NP concentration of 0.2% in toluene. The spin-coating conditions were carried 
out using the following processes: 800 rpm (5 seconds) → 1200 rpm (10 seconds) → 2400 rpm 
(30 seconds) → 800 rpm (10 seconds). Fabricated sheet samples were heat-treated at above 
150°C in air in order to evaporate the solvent. NP sheets with various thicknesses were 
obtained by repetition of the above coating sequences.

4.2. Structural evaluations

The assembled sheets of the NPs were evaluated by small-angle X-ray scattering (SAXS), provid-
ing an interesting insight into the scattering vector (q) of the SAXS intensity. A maximum SAXS 
peak (qmax) includes structural information about spatial ordering of nanoparticles estimated using 
l = 2 π/qmax with a spatial period (l). The SAXS pattern showed a maximum peak at q = 0.33 nm−1 
followed with weak interferences [Figure 5(a)]. This resulted in an l value of 20 nm being close 
to the edge-to-edge between NPs, which was confirmed from in-plane surface scanning micros-
copy (SEM). A SEM image showed a close-packed structure because spin-coating produces 
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 self-organizations of colloidal NPs into a hexagonally close-packed (HCP) structure based on 
shear and capillary forces on substrates [37, 38] [Figure 5(b)]. In addition, a cross-section SEM 
image also provided a close-packed structure [Figure 5(c)]. However, a particle-alignment is 
disordered packing feature between NPs, as indicated from a fast-Fourier transform (FFT) pat-
tern of the SEM image [inset in Figure 5(c)]. This local structure is related to the broadened 
interferences of SAXS pattern, which gives influences to optical properties of the NP sheets.

5. Infrared optical responses of ITO NP sheets

5.1. Mono-layered NP sheets

The optical properties of a mono-layered ITO NP sheet are shown in Figure 6. Transmittance 
spectra exhibited a resonant peak at 2.64 μm, which revealed the red-shifted resonant wave-
length because of a collective plasmon resonance (CPR) effect compared to those of NPs dis-
persed in toluene [Figure 6(a)] [40]. On the other hand, reflectance at the resonant wavelength 
was very small, indicating that the optical responses were mainly dominated by light absorp-
tion properties. Furthermore, the finite-difference time-domain (FDTD) simulation was carried 
out to evidence the experimental results. The modelled mono-layered NP sheet (R = 20 nm) 
has a HCP structure with an inter-particle length (l) of 2 nm along the X-Y (in-plane) direction. 
The modelled NP sheet was illuminated with light directed in the Z-direction from the air side. 
Periodic boundary conditions were applied to X and Y directions, and the bottom and top of 
the simulated domain in the Z-direction were analysed using perfectly matched layer (PML) 
boundary conditions. The refractive index (n) of the surface ligand between NPs was defined 

Figure 5. (a) SAXS pattern of a 96 nm-thick NP sheet. Inset indicates schematic picture to explain an inter-particle length 
(l). (b) In-plane surface (b) and cross-section SEM image (c) of 96 nm-thick NP sheets. Inset represents a FFT pattern of a 
cross-section SEM image (Figures 5 and 7 of Ref. [39]). Copyright 2014 by the American Chemical Society.
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to 1.437. An ellipsometric measurement of an ITO film was conducted to obtain the complex 
dielectric constants within the visible-IR range. A surface ligand molecular of the NPs was a 
capric fatty acid in this chapter. A resonant peak at 2.45 μm was reproduced in transmittance 
and reflectance spectra, which was compared to the experimental results [Figure 6(b)]. The CPR 
effect was excited due to long-range coherences of E-field interactions between NPs, as sup-
ported from the two-dimensional (2D) image of the E-field distribution [inset of Figure 6(b)].

5.2. Three-dimensional NP sheets

3D-stacked NP sheets showed a remarkable change in optical properties, which were clearly 
found on transmittance and reflectance spectra [Figure 7(a) and (b)]. Transmittance with a 
resonant wavelength at 2.20 μm decreased to a level close to zero with increasing sheet thick-
ness. On the other hand, reflectance was enhanced at a close proximity of 0.6 in terms to the 

Figure 6. (a) Experimental and (b) simulated transmittance and reflectance of a mono-layered NP sheet with a HCP 
structure. Inset in Figure 6(b) shows a model of a mono-layered NP sheet and an E-field distribution when an electric 
field of light is applied along the X-direction (Figure 4 of Ref. [39]). Copyright 2014 by the American Chemical Society.
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sheet thickness [Figure 8(b)]. The single peak of 22 nm-thick NP sheet was gradually sepa-
rated into lower and higher wavelengths with the sheet thickness [Figure 8(a)]. We observed 
two types of resonant peaks (I and II) at 2.13 and 4.02 μm in the near- and mid-IR region on 
the 216 nm-thick NP sheet, respectively. The ratio of (R/A) of reflectance (R) and absorbance 
(A) increased quickly to a large value with increasing sheet thickness, which indicated that the 
assembled NP sheets showed reflectance-dominated optical properties.

FDTD calculations were conducted in order to clear the experimental results. From the cross-
section SEM image, the modelled NP layers are based on a 3D HCP structure with an l value 

Figure 7. (a) Experimental and (b) simulated transmittance spectra of NP sheets with different thicknesses.  
(c) Experimental and (d) reflectance spectra of NP sheets with various NP layers. The modeled NP sheet was illuminated 
with light directed in the Z-direction from the air side. The direction of the E-field was perpendicular to the light and 
parallel to the X-direction (Figure 5 of Ref. [39]). Copyright 2014 by the American Chemical Society.

Infrared Solar Thermal-Shielding Applications Based on Oxide Semiconductor Plasmonics
http://dx.doi.org/10.5772/67588

183



of 2 nm in the Z- (out-of-plane) direction. A layer structure along the in-plane (X-Y) direction 
employed the mono-layered NP layer in Section 5.1. The systematic change in the number of NP 
layers from 1 to 20 was capable of reproducing the experimental spectra [Figure 7(c) and (d)]. 
The employed model could describe the optical properties of the NP sheets. The increase in num-
ber of NP layers provided the resonant peaks in transmittance and peak separations in reflec-
tance. These behaviours were similar to the experiment results [Figure 8(a) and (b)]. Herein, the 
reflectance for peak-I was smaller than that for peak-II in the case of calculations, resulting in a 
difference of R/A ratio between experimental and calculation aspects [Figure 8(c)].

5.3. Plasmon hybridization and reflectance mechanism

The resonant origins of reflectance of peak-I and peak-II were theoretically examined as a 
function of interparticle length between NPs. Figure 9(a) exhibits calculated reflectance of 
NP sheets with different l values on the basis of 20 NP layer model, revealing that reflectance 
monotonically enhanced with decreasing l. Peak-II showed a red-shift to longer wavelengths 
when decreasing l from 10 to 1 nm. In contrast, peak-I remained unchanged [Figure 9(b)]. 
These results suggest a difference in the origin of plasmon resonance between peak-I and 
peak-II. In general, the localized E-field from each metal NP usually overlaps when metal 
NPs are closely positioned, and plasmon coupling occurs [41]. In the plasmon hybridization 
process, the plasmon interaction can be categorized into bonding and anti-bonding levels. 
For example, the bonding level shows a red-shift of a resonant wavelength with decreasing 
interparticle length. On the other hand, there is a slight blue-shift a resonant peak is due to 

Figure 8. (a) Resonant wavelengths and (b) reflectance of peak-I and peak-II as a function of sheet thickness (bottom 
horizontal axis) and number of NP layers (upper horizontal axis). Black lines indicate calculated results of FDTD 
simulations. (c) Experimental and calculated ratios of R/A at peak position related to peak-I. R and A represent reflectance 
and absorbance, respectively (Figure 6 of Ref. [39]). Copyright 2014 by the American Chemical Society.
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the anti-boding level. The peak shifts at peak-I and peak-II were similar to the anti-bonding 
and bonding states, respectively. Furthermore, E-field distributions and their charge vectors 
were investigated at peak-I and peak-II [Figure 9(c) and (d)]. We firstly focus on the mid-IR 
reflectance at peak-II. A resonant mode comprised of individual dipolar plasmons oscillating 
in-phase along the direction of incident polarization. The E-fields between the NPs were only 
localized along the in-plane X-direction. On the other hand, field analysis at peak-I exhibited 
that the dipolar plasmons in the NPs oscillate out-of-phase, providing a net dipole moment 
of nearly zero. Their E-fields were coupled with surrounding NPs along the out-of-plane and 
 in-plane directions. The mode splitting of plasmon resonances was related to 3D-stacked 
assemblies of NPs. Accordingly, quadrupole and dipole modes were formed as peak-I and 
peak-II, respectively. These behaviours became pronounced with an increase in sheet thick-
ness. We note that the differences in reflectance between experimental and simulation data 
could be considered in relation of a local structure and plasmon resonance. The NP sheets had 
a disordered structure of NPs from the SEM image. A dipole mode can be strongly observed 
in precise close-packed NP assemblies.

The character of E-field coupling in the NP sheets was further studied from polarized reflec-
tance measurements. Two types of light polarized perpendicular (s-polarized) and parallel 
(p-polarized) to the plane of incidence were introduced the sample at an incident angle of 
75°. Figure 10 shows polarized reflectance spectra for s- and p-polarization configurations 
for a NP sheet. In a case of s-polarization, peak-I and peak-II were simultaneously obtained 
because the electric vector of the radiation produced electron oscillations in NPs parallel to 
the in-plane of the sample. On the other hand, peak-I only found for a p-polarization case. 
These optical properties concerning both polarizations are explained as follows.

The electric vector excites electron oscillations in NPs normal to the plane of the sample, 
and suppresses the E-field coupling along the in-plane direction. These results revealed that 

Figure 9. (a) Calculated reflectance of NP sheets with different interparticle lengths. (b) Resonant peaks of peak-I and 
peak-II as a function of interparticle length. (c) Images of E-field distributions. (d) Images of charge vectors at peak-I and 
peak-II (Figure 6 of Ref. [39]). Copyright 2014 by the American Chemical Society.
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peak-II was excited by the field coupling along the in-plane directions. In contrast, the reflec-
tance at peak-I was essential for E-field coupling along the out-of-plane direction. That is, the 
near- and mid-IR reflectance of the NP sheets was attributed to the 3D field coupling along 
the out-of-plane and in-plane directions. The film thickness-dependent plasmon splitting was 
attributed to the formation of field coupling along the out-of-plane direction, leading to the 
enhanced reflectance in the near-IR range.

5.4. Nanoparticle gap and reflectance of ITO NP sheets

The thermal behaviours of the NP samples were investigated by TG-DTA in an N2 atmo-
sphere with a heating rate of 10°C/min. The weight loss up to 250°C might be related to the 
loss of physically or chemically absorbed water. There was an obvious weight loss in the 
temperature range 270–320°C because of the generation of organic species confirmed by m/z 
peaks at 18 (H2O) and 44 (CO2, C3H8, C2H4O etc.) [Figure 11(a) and (b)]. The decomposed 
species were owing to thermal removal of the surface ligands composed of fatty acids on the 
NP surfaces. There phenomena are identified by FT-IR measurements. The relation between 
surface ligand molecules and optical properties in the NP sheets was cleared by the  spectral 
changes after annealing at different temperatures (TA = 150–550°C). Figure 11(c) shows 
 temperature-dependent reflectance spectra taken in an inert atmosphere for a 216 nm-thick NP 
sheet, revealing remarkable spectral changes with increasing temperature. The two resonant 
peaks at 150°C were weakened gradually following the change in spectral shape with increas-
ing temperature. Above all, the near-IR reflection at peak-I shifted to longer wavelengths at 
high temperatures above 300°C corresponding to the removal of the surface ligands. In addi-
tion, the annealing effects of NP sheets were checked by the electrical resistivity in the sheets. 
Electrical resistivity was in the order of 104Ω.cm below annealing temperatures below 250°C 
because the presence of the surfactant layers on NPs seriously impedes carrier transport in 
the NP sheets. The surface ligands act as interparticle insulating layers in NP networks [42]. 

Figure 10. Reflectance spectra of a 216 nm-thick NP sheet for s- and p-polarized lights. Inset indicates the direction of the 
electric vector of incident light in addition to an E-field distribution under a p-polarization.
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However, this was markedly reduced at high temperatures above 350°C due to the removal of 
the surface ligands. Therefore, the removal of surface ligand molecules from the NPs strongly 
affected the whole reflective phenomena, which also clarified the importance of interparticle 
length in obtaining a high reflectance performance.

5.5. Electromagnetic responses in microwave range

EM properties are shortly discussed on a NP sheet in the microwave range 0.5–40 GHz. This 
range is an important frequency range for telecommunications. Transparent solar-thermal 
shielding is effective techniques to prevent room heat in order to realize comfortable environ-
ment in vehicles. However, it is strongly required for vehicles to transmit EM waves in the 
microwave range through windows to carry out radio communications such as an Electronic 
Toll Collection System (ETC) and Information traffic system (ITS). Therefore, it is important to 
measure EM properties of NP sheets in addition to evaluate optical properties in the IR range.

250 nm-thick NP sheet with an A4 size was fabricated on a PET substrate (thickness: 0.2 mm) 
using a roll-coating method [inset of Figure 12(a)]. High reflectance with a close proximity of 0.6 
was also obtained on a flexible PET substrate [Figure 12(a)]. The shielding effectiveness (SE) of the 
flexible NP sheet was almost zero, as different from that of a RF sputtered ITO film [Figure 12(b)]. 
The difference between the two materials related to electrical conductance (σ) in the sheets, which 
was in the order of 10−5 and 10−3 S/cm for the NP sheet and sputtered film, respectively. If the 
shielding material is thin, SE is mainly dominated by EM reflection as follows [43]:

Figure 11. (a) TG-DTA curves of ITO NP samples in an N2 atmosphere. (b) TOF-Mass spectroscopy combined with 
TG-DTA. M/z signals at 18 and 44 were detected in the range 27–550°C. (c) Dependence of reflectance spectra on 
annealing temperature for a 216 nm-thick NP sheet.
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where, β0
2 is μ/ε0, and R is the sheet resistivity (=1/σ). The significant obstruction of electron 

carrier transport between NPs produced low electrical conductance because of the presence of 
surface ligands on the NPs, and realized the high microwave transmissions.

ITO NPs were used to obtain assembled NP sheets with small interparticle lengths by the pres-
ence of ligand molecules on the particle surfaces. This situation produced effective E-field cou-
pling along the in-plane and out-of-plane directions. This caused the plasmon hybridization for 
the quadrupole and dipole modes, which played an important role in producing the high reflec-
tance in the near- and mid-IR range. In addition, the E-field enhancements between NPs simulta-
neously caused a remarkable reduction of electrical contacts between the NPs, which contributed 
to the high microwave transmissions. The plasmonic control in assemblies of NPs represents 
promising potential for structural and optical designs used to fabricate a flexible thermal-shield-
ing sheet with a reflection-type based on transparent oxide semiconductors. The knowledge 
gained in this study can be applied to NP sheets utilizing inexpensive ZnO and WO3 [44, 45].

6. Summary

Crystallinity and local structures of oxide semiconductor NPs were conducted using ITO NPs 
by XRD and TEM measurements in Section 2. The plasmonic resonances of ITO NPs were 
clearly obtained in the near-IR range from the viewpoints of optical and EELS signals. In par-
ticular, electron-impurity scattering contributed towards plasmon damping as one of a factor 
that is absent in metal NPs on the basis of theoretical and experimental approaches, which 

Figure 12. (a) Reflectance of a NP sheet on a PET film. Inset image represents a photograph of the fabricated sheet 
sample. (b) Shielding effectiveness (SB) in the microwave range 0.5–40 GHz for a NP sheet and RF-sputtered ITO film.
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was discussed in Section 3. In Sections 4 and 5, we described IR plasmonic applications in ITO 
NP sheets for solar-thermal shielding technology. Above all, the E-field coupling between 
NPs produced interesting plasmonic coupling because of the creation of narrow crevices in 
the interparticles. 3D field interactions along the in-plane and out-of-plane directions caused 
high reflectance in the near- and mid-IR regions. Finally, ITO NP sheets could be extended to 
obtain large-size flexible films on PET substrates, which simultaneously showed microwave 
transmittance essential for telecommunications.

The above results provided important insights for basic science and practical applications 
based on plasmonic investigations based on oxide semiconductor NPs. However, plasmonic 
properties and applications are stand still-points at the present time. Hereafter, it will be 
needed to study plasmonic phenomena on oxide semiconductor NPs towards new concepts 
concerning optical manipulations in the IR range.
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Abstract

Surface plasmonic waves have been extensively researched due to their strong surface
confinement. The strong surface confinement allows high absorption in an infrared (IR)
detector with a thin active absorption region. The excitation of surface plasmonic reso-
nance (SPR) depends on the metallic structures and the interface materials. This enables
engineering of plasmonic-enhanced IR detector properties (e.g. detection wavelength,
polarization and angular dependence) by properly designing the plasmonic structures.
This chapter first gives a brief review of the surface plasmonic waves, followed by the
description of SPR excitation in a metallic two-dimensional (2D) sub-wavelength hole
array (2DSHA) structure. The applications of the 2DSHA SPR in IR detector enhance-
ment are then presented with a discussion of the polarization and angular dependence.

Keywords: surface plasmonic waves, quantum dot, infrared detection

1. Introduction

Surface electromagnetic waves (also called surface plasmon polaritons, SPPs), predicted by
Ritchie in 1957 [1], are coherent electron oscillations at a metal surface. The coherent electron
oscillations generate electromagnetic (EM) waves that travel along the dielectric/metal inter-
face [2]. Depending on the metal structures, certain resonant modes of the surface electromag-
netic waves can be strongly absorbed (or excited) [2]. This is generally referred to as excitation
of surface plasmonic resonance (SPR) modes. SPRs propagate along the metal-dielectric inter-
face. The intensity profile exponentially decreases with the distance from metal-dielectric

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



interface, that is, SPs are confined at the metal-dielectric interface. Such surface confinement
effects have been used in Raman scattering, that is, surface-enhanced Raman scattering (SERS)
[3–5] and spectroscopy [6, 7] and have been reported with thousands of times sensitivity
enhancement [3, 4]. In addition to SERS, the SPR enhancement technology also provides a
promising technique to concentrate EM energy on surface area and thus enables high quantum
efficiency with a thin active absorption layer in a photodetector. Significant performance
enhancements in a quantum dot infrared photodetector (QDIP) have been reported [8–15].

In addition, the SPR modes can also change EM field distribution and thus offers an effective
technique for EM field engineering to achieve specific transmission and/or receiving patterns
with polarization and detection spectrum engineering capability [11, 16]. In this chapter, a brief
review of the fundamental concepts of SPRs will be first given and followed by the description of
their applications in infrared detections. SPR-based EM field engineering will also be presented
with the discussion of polarization and receiving angle control.

2. Review of surface plasmonic resonance

2.1. Plasma frequency, complex conductivity and the Drude model

Plasmonic waves are electromagnetic waves. They follow Maxwell equations, which can be
expressed as follows in the phasor domain

∇ �D⇀ ¼ ρ, (1)

∇ ·E
⇀ ¼ �jωμH

⇀
, (2)

∇ � B⇀ ¼ 0, (3)

∇·H
⇀ ¼ J

⇀ þ jωεE
⇀
, (4)

where J
⇀
is the current density, D

⇀
,E
⇀
, are the electric flux density and the electric field, respec-

tively, and B
⇀
, H

⇀
are the magnetic flux density and the magnetic field, respectively, ω is the

angular frequency, and ε and μ are the permittivity and permeability of the material, respec-

tively. The current density J
⇀
is related to E

⇀
by:

J
⇀ ¼ σE

⇀
, (5)

where σ is the conductivity of the material. Eq. (4) can therefore be expressed as follows:

∇ ·H
⇀ ¼ jωε 1þ σ

jωE

� �
E
⇀
, (6)

where εc ¼ ε 1þ σ
jωE

� �
is the complex permittivity of the material. The Maxwell’s current

continuity equation is as follows:

∇ � J⇀ ¼ �e
∂
∂t
n, (7)
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where e is the charge of an electron, e ¼ 1:6· 10�19ðCÞ, n is the density of electrons in metal.

The current density is related to the speed of the charge v by:

J
⇀ ¼ en0v, (8)

where n0 is the average electron density in metal. Combining Eqs. (7) and (8), one gets:

n0∇ � v⇀ ¼ � ∂
∂t
n, (9)

Taking another partial derivative of t, one gets:

n0∇ � ∂
∂t

v⇀ ¼ � ∂2

∂t2
n, (10)

Eq. (10) can be expressed as follows:

n0
m

∇ �ma
⇀ ¼ � ∂2

∂t2
n, (11)

where m is the mass of an electron. The ma
⇀

term is the force on the electron, which is the

electric force, F
⇀ ¼ eE

⇀
. Eq. (11) can thus be changed to

en0
m

∇ � E⇀ ¼ � ∂2

∂t2
n, (12)

In phasor domain, Eq. (12) can be expressed as follows:

en0
m

∇ � E⇀ ¼ ω2
pn, (13)

where ωp is the plasma frequency. Combining Eqs. (1) and (13), one gets

ωp ¼
ffiffiffiffiffiffiffiffiffi
e2n0
mE

r
(14)

Taking the partial derivative of t for Eq. (8), one gets

∂
∂t

J
⇀ ¼ en0

m
m

∂
∂t
v, (15)

The m ∂
∂t v

⇀ term can be replaced by the electric force, F
⇀ ¼ eE

⇀
. Eq. (15) becomes

∂
∂t

J
⇀ ¼ e2n0

m
E
⇀
, (16)

In phasor domain, Eq. (16) can be rewritten as follows:
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jω J
⇀ ¼ e2n0

m
E
⇀
, (17)

Combining Eqs. (5) and (17), one gets:

σ ¼ e2n0

jωm
, (18)

The complex permittivity εc is thus given as follows:

εc ¼ ε 1þ σ
jωE

� �
¼ ε 1� e2n0

ω2mE

� �
¼ ε 1� ω2

p

ω2

 !
(19)

The derivations and equations above are for the ideal lossless free-electron gas model. The loss
term can be included in the model by introducing a relaxation rate γ, that is,

εc ¼ ε 1� ω2
p

ω2 þ jωγ

 !
(20)

Eq. (20) is the complex permittivity given by the well-known Drude model [17].

2.2. Plasmonic waves at the dielectric and metal interface

Following Raether in Ref. [2], one can analyse plasmonic waves using a transmagnetic (TM)
plane wave. Figure 1 shows the incident of a TM plane EM wave with the H-field in the

y-direction. Note that the phasor expressions of the H-fields follow the convention of i k
! � R!

indicating the wave travels in the R
!
direction, whereas � i k

! � R! indicating the wave travels in

the � R
!
direction. A negative sign needs to be included in Eq. (6) to use this convention.

Figure 1. Scheme of TM wave incidence at the dielectric and metal interface.
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Under the aforementioned convention, the E-field defined by Eq. (6) can be changed to

E
⇀ ¼ � 1

jωɛc
∇ ·H

⇀
(21)

From Eq. (21), the Ex can be expressed as follows:

E
!

1i ¼ �x̂
jk1z
jωε1

H1iejðk1xxþk1zzÞ (22)

E
!

1r ¼ x̂
jk1z
jωε1

H1rejðk1xx�k1zzÞ (23)

E
!
2t ¼ �x̂

jk2z
jωε2c

H2tejðk2xxþk2zzÞ (24)

where k1x, k1z are the x and z components of the propagation constant k1, respectively. Simi-
larly, k2x, k2z are the x and z components of the propagation constant k2, respectively.

k21x þ k21z ¼ k21 ¼ ω2E1μ1 (25)

k22x þ k22z ¼ k22 ¼ ω2E2cμ2 (26)

where μ1 ≈μ2 ≈μ0 are the permeability of the material 1, 2 and vacuum, respectively. The
boundary conditions are Hy and Ex continuous at the interface (i.e. z ¼ 0). Applying the
boundary conditions, one gets the following:

H1iejk1xx þH1rejk1xx ¼ H2tejk2xx (27)

k1z
ε1

H1iejk1xx � k1z
ε1

H1rejk1xx ¼ k2z
ε2c

H2tejk2xx (28)

Since Eq. (27) and Eq. (28) are valid for any x, k1x ¼ k2x.

When there is no reflection, that is, H1r ¼ 0, Eqs. (27) and (28) become

H1i ¼ H2t (29)

k1z
ε1

H1i ¼ k2z
ε2c

H2t (30)

Combining Eqs. (29) and (30), one gets the following:

k2z ¼ ε2c
k1z
ε1

(31)
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Plugging Eq. (31) into Eq. (26), one gets the following:

k22x þ k22z ¼
ε22c
ε21

k21z þ k22x ¼ ω2E2cμ0 (32)

Combing Eq. (32) with Eq. (25), one can get k1x as follows:

k21x ¼ ω2μ0
E2cE1

ðε1 þ ε2cÞ (33)

Eq. (33) can be expressed using relative permittivity ε1r, and ε2cr.

k21x ¼ ω2μ0E0
E2crE1r

ðε1r þ ε2crÞ (34)

where ε1r ¼ ε1
ε0
, and ε2cr ¼ ε2c

ε0
.

kx ¼ k0Re

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2crE1r

ðε1r þ ε2crÞ
r� �

þ jk0Im

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2crE1r

ðε1r þ ε2crÞ
r� �

(35)

k2z can be obtained from Eq. (34) as follows:

k2z ¼ k0Re

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2crE2cr

ðε1r þ ε2crÞ
r� �

þ jk0Im

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2crE2cr

ðε1r þ ε2crÞ
r� �

(36)

where Re(.) and Im(.) are taking the real and the imaginary parts. The plasmonic wave propa-
gates in x and z directions with loss described by the imaginary parts of the corresponding
directions, that is, kspp ¼ kx. Since ε2cr is generally much larger than ε1r, Eq. (36) can be simplified
as follows:

kx ¼ k0
ffiffiffiffiffiffi
E1r

p
(37)

2.3. Plasmonic wave excitation in a metallic two-dimensional (2D) sub-wavelength hole
array (2DSHA) structure

Surface plasmonic waves can be excited by numerous structures. The metallic 2DSHA struc-
ture [18] is one of the commonly used plasmonic structures for performance enhancement in
infrared photodetectors [8, 10–12]. Figure 2 shows a schematic structure with the light incident
scheme of the metallic 2DSHA array structure. The 2DSHA structure is a square lattice with
the period of p, and the diameter of the hole is d. The periodical structure provides a grating
vector of Λ ¼ 2π

p . Surface plasmonic wave can be excited when the grating vector of Λ matches

the kspp, that is, kspp ¼ 2π
p .

Figure 3 shows the cross section of the light incidence on the 2DSHA structure. The excited
plasmonic waves and the scattered waves by the 2DSHA structure are indicated in the
figure.
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Figure 2. Schematic structure with the light incident scheme of the metallic 2DSHA array structure. The 2DSHA structure
is square lattice with a period of p, and the diameter of the hole is d.

Figure 3. Schematic of the cross-section of the light incidence on the 2DSHA structure. The 2DSHA structure generates
plasmonic waves and scattering waves.
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From E-M field boundary conditions, the following relations hold:

H1s� ¼ H2t� (38)

H1sþ ¼ H2tþ (39)

k1z
ε1

¼ � k2z
ε2c

(40)

The excitation efficiency η can be defined by the overlap integral of the incident filed with the
plasmonic waves, that is,

η ¼
ð
Hðx, zÞeiðksppxþk2zzÞjz¼0dx (41)

where Hðx, zÞ is the magnetic field of the incident wave modified by the 2DSHA, that is, the
periodical 2DSHA structure will introduce periodical variation in Hðx, zÞ as well.

2.4. Near-field E-field distribution in the 2DSHA structure

The near-field E-field component can be simulated as well. Figure 4 shows the top (x-y) and
cross-section (x-z) views of the Ex component at different wavelengths. The 2DSHA structure is
square lattice with a period of 2.3 µm, and the diameter of the hole is 1.15 µm. The simulation
is performed using CST Microwave studio®. The incident light is linearly polarized surface
normal plane wave with E-field magnitude of 1 V/m. The colour scale bar represents the
magnitude of the Ex.

Figure 5 shows the top (x-y) and cross-section (x-z) views of the Ez component at different
wavelengths. From Figures 4 and 5, both Ex and Ez strongly depend on the excitation wave-
lengths. Ez is high between 7.6 and 8.5 µm, whereas Ex is strong between 7.6 and 8.0 µm. Ez is
primarily at the edge of the holes, whereas Ex is inside the holes. The period of the 2DSHA
p ¼ 2:3 µm, kspp ¼ 2π

p .

Figure 4. Top and cross-section views of the Ex component at different wavelengths simulated using CST Microwave
studio®. The incident light is a linearly polarized surface normal plane wave with E-field magnitude of 1 V/m.
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The excitation efficiency η can be defined by the overlap integral of the incident filed with the
plasmonic waves, that is,

η ¼
ð
Hðx, zÞeiðksppxþk2zzÞjz¼0dx (41)

where Hðx, zÞ is the magnetic field of the incident wave modified by the 2DSHA, that is, the
periodical 2DSHA structure will introduce periodical variation in Hðx, zÞ as well.

2.4. Near-field E-field distribution in the 2DSHA structure

The near-field E-field component can be simulated as well. Figure 4 shows the top (x-y) and
cross-section (x-z) views of the Ex component at different wavelengths. The 2DSHA structure is
square lattice with a period of 2.3 µm, and the diameter of the hole is 1.15 µm. The simulation
is performed using CST Microwave studio®. The incident light is linearly polarized surface
normal plane wave with E-field magnitude of 1 V/m. The colour scale bar represents the
magnitude of the Ex.

Figure 5 shows the top (x-y) and cross-section (x-z) views of the Ez component at different
wavelengths. From Figures 4 and 5, both Ex and Ez strongly depend on the excitation wave-
lengths. Ez is high between 7.6 and 8.5 µm, whereas Ex is strong between 7.6 and 8.0 µm. Ez is
primarily at the edge of the holes, whereas Ex is inside the holes. The period of the 2DSHA
p ¼ 2:3 µm, kspp ¼ 2π

p .

Figure 4. Top and cross-section views of the Ex component at different wavelengths simulated using CST Microwave
studio®. The incident light is a linearly polarized surface normal plane wave with E-field magnitude of 1 V/m.
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From Eq. (35), kspp is

kspp ¼ 2π
λ0

Re
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2crE1r
ðε1r þ ε2crÞ

r� �
þ j

2π
λ0

Im
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2crE1r
ðε1r þ ε2crÞ

r� �
(42)

where λ0 is the free space wavelength, εm and εd are the relative permittivity of the metal and
GaAs, respectively. The dielectric constant of GaAs in the long-wave infrared region is 10.98 [19].
The dielectric constant of Au is calculated to be �1896 + i684 at 7.6 µm [1]. The calculated
plasmonic resonant wavelength is λsp = 7.6 µm. At the resonant wavelength (i.e. λ ¼ 7:6 µm),
the E-fields are strongly confined near the surface. Such strong surface confinement of plasmonic
waves enables high absorption using a thin absorption layer and thus leads to significant
enhancement in quantum dot infrared photodetectors (QDIPs) [8, 10–13, 15]. In the following
sections, we will first give a brief introduction of QDIPs, followed by the description of surface
plasmonic enhancement in QDIPs.

3. QDIPs in mid-wave infrared (MWIR) and long-wave infrared
(MWIR/LWIR) detection

QDIPs are based on intersubband transitions in self-assembled InAs quantum dots (QDs). The
simplified band diagram and the schematic structures of a QD infrared photodetector (QDIP)
are shown in Figure 6(a) and 6(b), respectively. The s, p, d, f, represent the energy levels of a
QD with the wetting layers (WL). A typical QDIP consists of vertically-stacked InAs quantum
dots layers with GaAs capping layers. The electrons are excited by the normal incident light
and subsequently collected through the top electrode and generate photocurrent. This is a
unipolar photodetector, where only conduction band is involved in the photodetection and
photocurrent generation process.

The QDIP technology offers a promising technology in MWIR and LWIR photodetection
due to the advantages provided by the three-dimensional (3D) quantum confinement of

Figure 5. Top and cross-section views of the Ez component at different wavelengths simulated using CST Microwave
studio®. The incident light and the simulation conditions are the same.

Surface Plasmonics and Its Applications in Infrared Sensing
http://dx.doi.org/10.5772/67410

203



carriers—including intrinsic sensitivity to normal incident radiation [13], high photoconduc-
tive (PC) gain, high quantum efficiency [15] and photoresponsivity [16]. The normal incidence
detection capability greatly simplifies the fabrication complexity for a large format (1K · 1K)
FPA. The high photoconductive (PC) gain and high photoresponsivity provide a promising
way for MWIR and LWIR sensing and detection.

Figure 7 shows the photodetection spectrum of a QDIP. It covers a broadband IR spectrum from
3 to 9 µm. The insert of Figure 7 shows an atomic force microscopic (AFM) picture of the QDs by
self-assembled epi-growth. The growth gives high-density QDs with uniform sizes. The InAs/

Figure 6. Schematic structure a unipolar QDIP with the intersubband transition: (a) simplified band diagram and (b)
schematic of the QDIP. The s, p, d and f, represent the energy levels of a QD.

Figure 7. Photodetection spectrum of a QDIP. It shows a broad IR detection spectrum from 3 to 9 µm. The insert shows an
AFM image of the QDs by self-assembled epi-growth.
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GaAs QDmaterial is a mature material systemwith low substrate cost, high material quality and
large wafer growth capability. It can offer low-cost MWIR and LWIR photodetectors and focal
plane arrays (FPAs) with simplified fabrication processes and high yield. Detailed QDIP perfor-
mance, such as photoconductive gains, noise, photoresponsivity and photodetectivity can be
found in literature [20–27].

4. 2DSHA plasmonic-enhanced QDIPs

4.1. Backside configured 2DSHA-enhanced QDIPs

Surface confinement of plasmonic waves enables high absorption using a thin absorption layer
and thus leads to significant enhancement in QDIPs [8, 10–13, 15]. We have developed a
backside-configured plasmonic enhancement technology by fabricating the 2DSHA plasmonic
structures on top of a QDIP and illuminating the QDIP from the opposite side of the plasmonic
structure (i. e. backside illumination) [12]. Figure 8(a) and 8(b) show the schematic cross-section
structures of the backside-configured plasmonic QDIP and the reference QDIP without the

Figure 8. (a) Schematic cross-section structure of the backside-configured 2DSHA plasmonic structure on the QDIP. The
IR incident light illuminates from the substrate side; (b) ref-QDIP without the plasmonic structure; (c) SEM image of the
2DSHA plasmonic structure on the QDIP and (d) close-up view of the plasmonic structure (© IOP Publishing.
Reproduced with permission from Ref. [12]. All rights reserved).
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plasmonic structure, respectively. Figure 8(c) and 8(d) show scanning electron microscopic (SEM)
images of the plasmonic structures on a QDIP and a close-up view of the plasmonic structure,
respectively.

Figure 9 shows the measured photocurrent spectra of the backside-configured plasmonic
QDIP compared with the top-side configured plasmonic QDIP and the reference QDIP. The
backside-configured plasmonic QDIP clearly shows higher plasmonic enhancement than those
of the top-side configured plasmonic QDIP and the reference QDIP.

Figure 10(a) shows the simulated E-field intensities of the top and backside-configured
plasmonic structures, respectively. The backside-configured plasmonic structure can induce
stronger E-field at the interface and therefore can provide larger plasmonic enhancement [12].

4.2. Wavelength-tuning and multispectral enhancement

From Eq. (42) and kspp ¼ 2π
p , one gets:

λsp ¼ pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2

p Re
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2crE1r
ðε1r þ ε2crÞ

r� �
(43)

where (m, n) are the orders of the grating vectors. Therefore, the plasmonic resonancewavelength
can be tuned by changing the period of the 2DSHA plasmonic structure. The plasmon resonant

Figure 9. Measured photocurrent spectra of the backside-configured plasmonic QDIP compared with the top-side
configured plasmonic QDIP and the reference QDIP. The backside-configured plasmonic QDIP clearly shows higher
plasmonic enhancement.
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peaks λsp of different (m, n) orders for various 2DSHA periods p are shown in Figure 11 that
exhibits the linear dependence of the resonant peak wavelength λsp with the period p of the
2DSHA for different (m, n) orders. As predicted by Eq. (43), good linearity is obtained for both
the (1, 0)th or (0, 1)th and the (1, 1)th order plasmonic resonant peaks.

We define the photocurrent enhancement ratio R as follows:

R ¼ Iplasmonic

Iref
(44)

where Iplasmonic is the photocurrent of the plasmonic QDIP and Iref is the photocurrent of the
reference QDIP without the 2DSHA structures.

Figure 10. Simulated E-field intensities: (a) top-configured plasmonic structure and (b) backside-configured plasmonic
structure. The backside-configured plasmonic structure can induce stronger E-field at the interface and therefore can
provide larger plasmonic enhancement (© IOP Publishing. Reproduced with permission from Ref. [12]. All rights
reserved).

Figure 11. (a) Plasmonic resonant peaks λsp of different (i, j) orders for various 2DSHA periods; (b) linear dependence of
the resonant peak wavelength λsp with the period of different (m, n) orders.
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Figure 12 shows the photocurrent enhancement ratio spectra for all the plasmonic QDIPs with
different periods from 1.4 to 2.0 µm. The periods of the 2DSHA plasmonic structures are
marked on the curves. The insert shows a microscopic picture of a QDIP with a 2DSHA
plasmonic structure. The IR incidence is from the backside of the QDIPs, that is, backside-
configured 2DSHA plasmonic structures.

As shown in Figure 12, the enhancement wavelengths can be tuned by varying the periods of
the 2DSHA plasmonic structures. This allows one to achieve multispectral QDIPs without
fabricating an individual filter on each photodetector [28].

4.3. Polarization dependence and polarimetric detection

From Eq. (43), the plasmonic resonant wavelength depends on the period p. By changing the
plasmonic lattice from a square lattice to a rectangular lattice with different periods in the x
and y directions, one can engineer the resonant wavelengths at different polarizations.

Figure 13(a) shows an SEM picture of a rectangular lattice 2DSHA plasmonic structure with the
periods of 2.6 and 3.0 µm in the x-direction and the y-direction, respectively. Figure 13(b)–(d)
shows the transmission spectra of the un-polarized, 90� polarized (i.e. polarization in
y-direction), and 0� polarized (i.e. polarization in x-direction), respectively. The resonant wave-
lengths correspond to the orders in the x- and y- directions are marked in the figures. The un-
polarized light shows transmission in both (0, 1) and (1, 0) orders. However, the 0� polarized

Figure 12. Photocurrent enhancement ratio spectra for plasmonic QDIPs with different periods varying from 1.4 to 2.0 µm.
The insert is a microscopic picture of a QDIP with a 2DSHA plasmonic structure (Reproduced from Ref. [28] with the
permission of AIP Publishing).
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light only shows transmission at the (1, 0) order resonant wavelength and the 90� polarized
light only shows transmission at the (0, 1) order.

Figure 14 shows a microscopic picture of a QDIP with the rectangular lattice 2DSHA structure.
The insert shows an SEM picture of the rectangular lattice 2DSHA structure.

Figure 15(a) and (b) shows the measured detection spectra of the plasmonic QDIP at 90�

polarization and 0� polarization, respectively. The photo-response of a reference QDIP without
the plasmonic structure is also shown in the figures for comparison. The plasmonic QDIP
shows different detection wavelengths at different polarizations.

4.4. Angular dependence of the 2DSHA plasmonic enhancement

Figure 16 shows the schematic view of the top-illuminated 2DSHA plasmonic QDIP with an
incident angle θ.

From Eq. (41), the coupling efficiency η to the plasmonic waves depends on the overlap
integral of Hðx, zÞ with the plasmonic wave eiðksppxþk2zzÞ. At the incident angle θ, the Hðx, zÞ not
only periodically modulated by the 2DSHA structure, but also added additional phase term
eiðk0sinθxÞ, that is,

Figure 13. (a) SEM picture of rectangular lattice 2DSHA structure. The periods in x- and y- directions are 2.6 and 3.0 µm,
respectively. (b), (c) and (d) transmission spectra at of the un-polarized, 90� polarized (i.e. polarization in y-direction), and
0� polarized (i.e. polarization in x-direction), respectively. The polarized light only shows transmission at their
corresponding resonant wavelengths (© IOP Publishing. Reproduced with permission from Ref. [11]. All rights reserved).
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Figure 14. Microscopic picture of a QDIP with the rectangular lattice 2DSHA structure. Insert: SEM picture of the
rectangular lattice 2DSHA structure (© IOP Publishing. Reproduced with permission from Ref. [11]. All rights reserved).

Figure 15. Measured detection spectra of the plasmonic QDIP at different polarizations: (a) 90� polarization and (b)
0� polarization. Different polarizations show different detection wavelengths (© IOP Publishing. Reproduced with
permission from Ref. [11]. All rights reserved).
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Figure 16. Schematic view of the top-illuminated 2DSHA plasmonic QDIP with an incident angle θ.

Figure 17. Measured photocurrent of the 2DSHA plasmonic QDIP at different incident angles of 0�, 30�, 45� and 60�

compared with the reference QDIP at the same incident angles. The plasmonic resonant wavelength λ0 shift to shorter
wavelengths as the incident angle increases.
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Hðx, zÞ∝e�iΛxeik0sinθx (45)

From Eq. (45), the coupling condition can be expressed as follows:

k0sinθ�Λ ¼ kspp (46)

Taking the + sign, one can write Eq. (46) in terms of plasmonic resonant wavelength λ0 as
follows:

λ0 ¼ Re

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2crE1r

ðε1r þ ε2crÞ
r� �

� sinθ
� �

Λ (47)

Eq. (47) shows that the enhancement wavelength shifts to shorter wavelengths as the incident
angle increases.

Figure 17 shows the measured photocurrent of the 2DSHA plasmonic QDIP at different
incident angles of 0�, 30�, 45�, and 60� compared with the reference QDIP at the same incident
angles. Blue shift of the plasmonic resonant wavelengths λ0 is experimentally observed as the
incident angle increases.

To quantitatively analyse the relationship between the plasmonic wavelength shift and the
incident angle, we plot the plasmonic resonant wavelengths λ0 versus sinθ. Figure 18 shows
the λ0 versus sinθ. A linear relation is obtained, which agrees well with Eq. (47). The intercep-
tion and the slope are 7.6 and�1.4 µm, respectively. The interception 7.6 µmmatches the value

Figure 18. λ0 versus sinθ plot. λ0 varies linearly with sinθ. The interception and the slope are 7.6 and �1.4 µm,
respectively.
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Re
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2crE1r

ðε1rþε2crÞ
q� �

Λ in Eq. (47). However, the slope of �1.4 µm is smaller than Λ ¼ 2:3 µm as

predicted in Eq. (47). This may be due to the plasmonic scattering-induced phase distribution
in Hðx, zÞ in addition to the eiðk0sinθxÞ term.

5. Conclusion

In conclusion, 2DSHA plasmonic structures can effectively induce plasmonic resonant waves.
The resonant wavelength depends on the period of the plasmonic structure. The surface
confinement effect allows one to improve the performance of QDIPs. The plasmonic enhance-
ment also strongly depends on the polarization and the incident angle. The polarization and
incident angle dependence allow polarimetric and polarization engineering in QDIP designs.
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Abstract

A new methodology termed as equivalent nanocircuit (EN) theory is briefly introduced,
and its recent important progress in designing meta-material devices with peculiar
characteristics in optical or infrared frequency domain is reviewed. Three representative
EN-based designs of infrared window meta-materials, such as Butterworth filter, metal-
insulator-metal absorber and design-simplified TCO-based super-flat absorber, are
demonstrated. All these progresses clearly indicate that the EN theory provides an
inspiring advancement on the way of designing more complicated meta-devices.

Keywords: meta-material, metatronics, nanocircuit theory, surface plasmon polariton

1. Introduction

The functionalities of plasmonic nanodevices are dependent on their artificial structure param-
eters that usually are smartly engineered. To introduce convenient and feasible methods based
on new paradigms to guide, the structure design is eagerly demanded. In the radio or micro-
wave frequency domains, lumped circuit elements, e.g. resistors (R), inductors (L) and capacitors
(C), can be effectively and flexibly used as blocks for designing complicated micro-electronic
devices, and the conventional circuit theory is widely and successfully adopted. One question
naturally arises: can such a circuit theory, along with its accompanying mathematical machinery,
be extended and applied to the design of plasmonic nanostructures working at the optical
domain?

Within this context, in this chapter, a new methodology, ‘equivalent nanocircuit (EN) theory’ is
briefly introduced, and its representative applications in designing plasmonic devices with
peculiar characteristics in optical or infrared frequency domains are enumerated. First, to start
with the short introduction of the basis of ‘metatronics', the analogy between micro-electronic
lumped circuit elements (R, L, C) and optical nanocircuit elements (nanoparticles, nano-
antennas, nanogratings and optical meta-surfaces) is established. Second, the method describing
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how to use the above optical nanocircuit elements to construct a single-layer or multiple-layer
complicated meta-material structure is proposed and thus the ‘metatronics’ concept moves
forward to the multi-order circuit theory. Finally, three representative applications of multi-
order EN theory to design infrared window meta-materials are demonstrated: (1) a synthesis
procedure for designing a third-order Butterworth filter is proposed; (2) a metal-insulator-metal
(MIM) ultra-broadband absorber is successfully designed in the infrared range; (3) with the
transparent conductive oxides (TCOs) semiconductor materials as building blocks, a design-
simplified broadband super-flat perfect infrared absorber is realized.

2. Metatronics and optical nanocircuit

2.1. ‘Metatronics': meta-material-inspired optical circuitry

Optical meta-material bridges the gap between the conventional optics and the nanoworld,
which gives rise to a diversity of surprising and profound effects fully appreciated and techno-
logically explored in recent years [1–3]. The electromagnetic property of meta-materials is
dependent on their specifically and smartly engineered artificial structures. To explore new
design methodology is eagerly demanded. Historically, in electronics, basic functionalities are
synthesized by ‘lumped’ circuit elements, such as resistors, inductors, capacitors and transistors,
and more complicated operations can be realized by combining them into a complicated circuit
in some specific serial or parallel ways. Now, great interests in pushing classic circuit operation
to infrared or visible optical frequency range have boomed in order to achieve an optical
analogy [4–7]. Generally, just simply reducing the basic unit size of circuit to the micrometre
(µm) or nanometre (nm) level would be technically difficult to achieve the above goals.

The first challenge arises in the state-of-the-art nanoscale fabrication technique is its inevitable
difficulty to achieve deeply sub-wavelength dimension becoming serious. The second chal-
lenge lies in material dispersion which is sometimes vital. As we know that metals such as
gold, silver, aluminium and copper are highly conductive materials at RF and microwaves,
commonly used in conventional circuits. However, at optical frequency, these metals would
behave differently, and they exhibit plasmonic resonance instead of the usual conductivity, i.e.
the coupling of optical signals with collective oscillation of conductive electrons at these metal
surfaces is dominant where the real part of permittivity is negative. In other words, at optical
wavelengths, the conduction current is no longer the dominant current circulating through
lumped optical elements. Therefore, the traditional circuit theory and the corresponding meth-
odology for micro-electronics lose their functionality in optical frequency domain.

In 2007, Engheta et al. have made an important breakthrough and first proposed the concept of
‘metatronics’ [6] which bridges the gap between low frequency circuitry design and high
frequency nanodevice design. In their opinions, it is possible to realize the performance of
lumped-circuit-like elements at optical frequency just by properly designing and suitably
arranging plasmonic or/and non-plasmonic nanoparticles, as shown in Figure 1. The theoret-
ical framework of ‘metatronics’ is very simple and is based on one Maxwell equation
∇�H ¼ Jc þ ð�iωDÞ, and this equation has two terms on its right-side: one is the conduction
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current Jc ¼ σE and the other is the displacement current Jd ¼ �iωD. As mentioned above, the
material dispersion plays a crucial role at optical wavelength, and the conduction current
(originally dominant at low-frequency) is no longer dominant. Instead, the electric displace-
ment current can be taken as the ‘flowing optical current'. With the left of displacement
current, the next and most important step is to re-build the formulas to calculate the ‘lumped
impedance’ of nanoparticles as for an optical circuit.

2.2. Optical lumped elements

Based on the above ‘metatronic’ concept, the optical impedance (an intrinsic parameter) of
nanoparticles is similar to the electrical counterpart (Z=V/I) [8], which is independent of the
surrounding environments. As sketched in Figure 2, two isolated sub-wavelength nanospheres
(radius R) with complex permittivity ε are immersed in homogenous space (with permittivity
ε0 being real) and illuminated uniformly by a vertical electric field E0. Because of small enough
size of nanoparticles (with respect to the central wavelength of illuminating field), the scattered
electromagnetic (EM) fields in the vicinity of nanospheres and the total fields inside it can be
obtained under suitable approximations by means of the well-known time-harmonic and
quasi-static approach [9]. If integrating the flux of displacement current Jd across the sphere
induced by the scattered electric field, one can get the ‘total’displacement current as,

Iimp ¼ Isph þ Ifringe ¼ �iωðε� ε0ÞπR2jE0j, (1)

Isph ¼ �iωεπR2ðε� ε0ÞjE0j=ðε� 2ε0Þ, (2)

Ifringe ¼ �iωε02πR2ðε� ε0ÞjE0j=ðεþ 2ε0Þ: (3)

Figure 1. Analogy between sub-wavelength nanoparticles and conventional lumped nanocircuit elements at optical fre-
quency domain. Here, one nanoparticle can take a different role when the sign of its complex permittivity ε is different. If
combined in a specific way, different nanoparticles can possess some defined functionalities (adapted fromRef. [6], Figure 1).
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Here, as shown at the bottom of Figure 2, Iimp is the ‘impressed’ displacement current, Isph is
displacement current circulating in nanospheres and Ifringe is displacement current for the
fringe (dipolar) field. Such currents are all related to the polarization charges at the surface of
nanospheres induced by light source and all can be intuitively interpreted as branch currents
at nodes in a parallel circuit.

The ‘average’ potential difference between the upper and lower hemi-spherical surfaces of the
sphere is given by

〈V〉sph ¼ 〈V〉fringe ¼ Rðε� ε0ÞjE0j=ðε� 2ε0Þ (4)

Thus, after having obtained the ratio between the potential difference (Eq. 4) and the effective
current evaluated from Eq. (2) or (3), one can, respectively, get the equivalent impedance for
the ‘nanosphere’ or the ‘fringe’ branch of the circuit as

Zsph ¼ ð�iωεπRÞ�1, Zfringe ¼ ð�iω2πRε0Þ�1: (5)

From Eq. (5), one can clearly see that the two parallel elements in the circuits (Figure 2) may
behave differently, which is determined by the permittivity sign of the nanospheres as shown
in Figure 1. For example, a non-metallic (or dielectric) sphere can be thought as a capacitor
(because of (ReðεÞ > 0), parallel with a resistor (ImðεÞ 6¼ 0), indicating a loss) (left-bottom,
Figure 2). In contrast, the impedance of the outside fringe is always capacitive, since its
permittivity is positive. Therefore, here the equivalent circuit elements are expressed in terms
of nanosphere parameters as,

Csph ¼ πRRe½ε�, Gsph ¼ πωRIm½ε�, Cfringe ¼ 2πRε0: (6)

Instead, if such a sphere is made of plasmonic materials (e.g. Ag, Au), it behaves as an
inductive element, since (ReðεÞ < 0), and similarly the equivalent inductor for such a sphere
becomes,

Figure 2. Optical nanocircuit models for (a) dielectric or (b) plasmonic nanoparticles. E0 denotes the incident electric field,
and thinner field lines together with the arrows represent the electric dipolar fringe field from nanospheres. (adapted from
Ref. [8], Figure 1).
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Lsph ¼ ð�ω2πRRe½ε�Þ�1: (7)

Naturally, one can implement a more complicated circuit by a series and parallel operations
among different kinds of such lumped particles. If two nanoparticles share a common interface
and electric field is tangential to the common interface, a parallel operation between them
would be made effective (left-column, Figure 3).

In contrast, if the electric displacement vector locally is normal to that of common interface, the
displacement current Jd passing across one element through the common interface must flow
inside the second element under the confinement of the continuity condition, and a series
cascade of these two nanoelements is realized (right-column, Figure 3). This represents an
important difference with respect to those in the conventional circuit theory, and in the latter,
the lumped elements are completely isolated from the external world, and their interaction
with the circuit is determined by the facts that how they pass through their terminals and how
they are connected with the rest of the circuit. In contrast, in the former, i.e. the configuration
presented here, since the fringing and external fields (Figure 2) play dominant roles in the
interaction of nanoelements with their neighbouring particles and surrounding environment,

Figure 3. Two conjoined two-dimensional half-spheres with different signs of permittivity, illuminated by a uniform
electric field. Parallel (left) and series (right) configurations are, respectively, shown (adapted from Ref. [8], Figure 2).
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the originally same connection now may consists of both series and parallel interconnections
which sensitively depend on the orientation of the external applied field. This point may be
taken as an important and additional degree of freedom in optical nanocircuit design.

In the above, just nanosphere is taken as an example particle. In fact, except for this, the basic
‘alphabets’ of metatronics can also be gratings, cylinder pillars, rectangle bricks and other
antennas, and they have been widely applied to various wavelength regimes,for example in a
series of theoretical analyses and numerical simulations [4, 7, 10–12].

2.3. Metatronics-based applications

The recent experimental progresses [7, 13] have verified the validity and potentiality of the
above optical nanocircuit paradigm introduced in Section 2.2, and also demonstrated the
possibility of re-configuring the circuit responses just by changing the orientation and polari-
zation of illuminating field to induce a specific feature not available in conventional electric
circuits. No doubt that this metatronics concept provides us an effective and practical tool to
design optical nanodevices, such as designing and tuning of optical nanoantennas [14, 15] and
meta-surfaces [16].

One representative example is shown in Figure 4 where a polarization-selective optical filter
making use of a simple sub-wavelength grating is designed. Different incident illuminations
and different effective optical connections between the nanoelements of this ‘stereo-
nanocircuit’ are chosen to conveniently control the light transmittance, i.e. to make the circuit
functions either band-stop or band-pass. This scheme may be exploited for parallel processing
of multiple flows of information through a single nanostructure.

In detail, when electric field E is perpendicular to the nanorods (Figure 4a), the optical
displacement current Jd ‘flows’ transversely across the nanorods and air gaps (in other words,

Figure 4. Sub-wavelength grating with parallel plasmonic nanorods working as a two-dimensional optical nanocircuit
with a stereo-functionality. (a) The E field is perpendicular to the nanorods and nanoinductors (including nanoresistors)
and nanocapacitors form a series configuration (c). In contrast, if the E field is parallel to nanorods (b), a parallel
configuration (d) of lumped circuit elements is formed instead (adapted from [10], Figure 1).
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the displacement current is in the plane of the arrays but perpendicular to the nanorods).
Therefore, the final equivalent series impedance is written as,

Z⊥ðequivalentÞ ¼ Z⊥ðnanorodÞ þ Z⊥ðairgapÞ ,
Z⊥ðnanorodÞ ¼ iw=ωhε, Z⊥ðairgapÞ ¼ ig=ωhεair:

(8)

In contrast, when E is parallel to the nanorods (Figure 4b), the optical displacement current Jd
‘flows’along both the nanorods and air gaps. Therefore, each nanorod and its neighbouring air
gap collectively have equivalent parallel impedance,

ZkðequivalentÞ ¼ ZkðnanorodÞZkðairgapÞ=ðZkðnanorodÞ þ ZkðairgapÞÞ,
ZkðnanorodÞ ¼ i=ωwhε , ZkðairgapÞ ¼ i=ωghεair

(9)

These equivalent impedances (series or parallel,in Eqs. (8) and (9)) finally determine the
transmittance of the incident optical signal, and the latter is naturally derived as,

T⊥ ¼ jZ⊥ðequivalentÞ=ðZ⊥ðequivalentÞ þ ½η0ðwþ gÞ=2�Þj2,
Tk ¼ jZkðequivalentÞ=ðZkðequivalentÞ þ ½η0=ð2ðwþ gÞÞ�Þj2: (10)

To test this optical circuit approach, one can compare the results in Figure 5 calculated from
Eq. (10) with those experimentally measured (10) or exactly numerical results with the help of

Figure 5. Transmittance spectra for five different samples from A to E. Experimentally measured data for (a) perpendic-
ular or (b) parallel polarization of the incident wave impinging on the nanorod arrays. (c and d) Full-wave simulation
results and (e and f) calculation results from nanocircuit theory for polarization perpendicular (upper) or parallel (lower)
to nanorods (adapted from Ref. [10], Figure 2).
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a commercial software. As one expects, the grating with a ‘series’ configuration behaves as a
band-stop filter, however the same grating with a ‘parallel’ configuration as a band-pass filter
instead.

Another representative example is related to the radio-frequency (RF) antennas which have been
widely investigated and applied in wireless telecommunication system in the last century. The
functionality of RF antenna is information revolution. It is usually used with a radio transmitter
or radio receiver. In transmission, a radio transmitter supplies an electric current oscillating at
radio frequency (i.e. a high frequency alternating current (AC)) to the antenna’s terminals, and
the antenna radiates the energy from the current as electromagnetic waves (radio waves). In
analogy with their RF counterparts, optical antennas made of plasmonic nanoparticles are able
to efficiently coupled localized sources or guided waves at the nanoscale level to far-field
radiation, and in turn, to convert the impinging radiation from the far-field into sub-wavelength
localized or guided fields [17]. As the counterpart of RF antenna, an optical nanoantenna exhibits
novice and interesting characteristics because of their plasmonic nature.

In detail, as depicted in Figure 6a, a conventional linear RF antenna is loaded at its feeding gap
with lumped circuit elements and changing the antenna input impedance allowance to operate
at a given frequency or to achieve a good match for a specific feeding network. Analogously,
an optical nanocircuit opens the same possibility for an optical nanoantenna (Figure 6b), and
the complex optical input impedance can be interpreted as the parallel combination of the
dipole intrinsic impedance Zdip and the gap impedance Zgap [11, 15]. The former impedance is
assumed to be a fixed property of the nanoantenna geometry and surrounding environment,
and the latter can be engineered to a large extent by loading the gap with different materials.

Figure 6. Optical nanoantennas. RF dipole antenna (a) loaded with lumped circuit elements at its feeding gap, and
analogously, a plasmonic dipole nanoantenna (b) loaded with optical nanocircuits (adapted from Ref. [15), Figure 1).
The low inset shows the circuit model of antenna input impedance. (c) Tuning of nanoantenna resonance by ‘gap loading’
with different realistic materials (adapted from Ref. [15], Figure 3).
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functionality of RF antenna is information revolution. It is usually used with a radio transmitter
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the antenna radiates the energy from the current as electromagnetic waves (radio waves). In
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to efficiently coupled localized sources or guided waves at the nanoscale level to far-field
radiation, and in turn, to convert the impinging radiation from the far-field into sub-wavelength
localized or guided fields [17]. As the counterpart of RF antenna, an optical nanoantenna exhibits
novice and interesting characteristics because of their plasmonic nature.

In detail, as depicted in Figure 6a, a conventional linear RF antenna is loaded at its feeding gap
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an optical nanocircuit opens the same possibility for an optical nanoantenna (Figure 6b), and
the complex optical input impedance can be interpreted as the parallel combination of the
dipole intrinsic impedance Zdip and the gap impedance Zgap [11, 15]. The former impedance is
assumed to be a fixed property of the nanoantenna geometry and surrounding environment,
and the latter can be engineered to a large extent by loading the gap with different materials.

Figure 6. Optical nanoantennas. RF dipole antenna (a) loaded with lumped circuit elements at its feeding gap, and
analogously, a plasmonic dipole nanoantenna (b) loaded with optical nanocircuits (adapted from Ref. [15), Figure 1).
The low inset shows the circuit model of antenna input impedance. (c) Tuning of nanoantenna resonance by ‘gap loading’
with different realistic materials (adapted from Ref. [15], Figure 3).
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Such as for a cylindrical gap with height of t, radius of a and excited by an incident electric field
parallel to its axis, the gap impedance is given by,

Zgap ¼ it
ωεε0πa2

: (11)

Thus, by filling the gap with different materials (or their proper series or parallel combination),
the impedance of the gap can be tailored to a large degree. As a result, one can tune the
frequency response (Figure 6c) or radiation pattern easily.

Figure 7. Meta-transmit-array used for full control of nanoscale optical transmission. (a) Basic nanocircuit building block
(left) and resulting meta-screen (right) with transverse inhomogeneous profiles of surface impedance. (b) Full-wave simula-
tion of meta-transmit-array for light deflection with high efficiency and minimized reflection (adapted from Ref. [16]).
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In addition, except for the above sub-wavelength grating and non-antenna, meta-surface
represents another important type [18], the planar counterparts of meta-materials that provide
the unprecedented control of the amplitude, phase or polarization of light waves at the sub-
wavelength (nano) scale. For example, these two-dimensional surfaces can alter the wave-front
of incident light for a widespread application in beam shaping [19–24], polarizers [25, 26] and
flat lenses [27–29]. As proposed in [16], the fundamental building blocks are paired plasmonic
or dielectric nanorods collectively working as an inductor–capacitor nanocircuit (Figure 7a,
left), whose impedance depends directly on the filling ratio of plasmonic and dielectric mate-
rials. By suitably alternating these nanocircuit blocks on the transverse direction, one can
synthesize a meta-surface with the required inhomogeneous impedance profile. The configu-
ration composed of a stack of three meta-surfaces (Figure 7a, right), can fully control the
nanoscale optical transmission, while simultaneously minimizing the reflection (impedance-
matching to free-space), allowing, for example light deflection with an almost ideal efficiency
as shown in Figure 7b.

3. Equivalent nanocircuit theory for multi-layer meta-material design

In this Section, the ‘design stack’ is moved upward, from the ‘physical layer’ of optical lumped
elements (pure nanoparticles, nanogratings, nanoantennas, etc.) to more complex functional
devices, including: (1) infrared third-order Butterworth filters; (2) metal-insulator-metal (MIM)
ultra-broadband absorbers; (3) simplified broadband super-flat perfect infrared absorbers only
composed of single transparent conductive oxides (TCOs). Among these design procedures for
multi-layer nanostructures in our research group, the suitability of the equivalent nanocircuit
theory is confirmed once more which in turn enriches and expands the application of equiva-
lent nanocircuit theory.

3.1. Infrared broadband third-order Butterworth filters

Frequency selective surfaces (FSSs) have been the subject of investigations by many
researchers for decades. An FSS is a periodic structure usually composed of an assembly of
identical elements arranged in one- or two-dimensional lattice. These structures are used in a
variety of important applications ranging from microwave systems and antennas to radar and
satellite communications. The simplest FSS device is a filter. By means of circuit elements (e.g.
resistors (R), inductors (L) and capacitors (C)) FSSs can be effectively and flexibly designed to
functionalize a low-pass, high-pass, band-pass or band-stop responses in the microwave or RF
domain [30, 31]. The great interests in FSS's application in higher frequency range to achieve
high-density and high-speed optical analogues [5, 10] have been pushed and the goals have
been synthesized as realistic nanostructures at optical frequency, thanks to the optical
nanocircuit theory which proves once more to be an essential design tool to construct optical
FSSs or filters.

Different from those basic ‘alphabets’ mentioned in the previous section (nanogratings,
nanoantennas, etc.), here, nanobricks are chosen as the building blocks. One reason is that they
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are widely used as the atoms of meta-material and plasmonic structure, and the second is that
the brick's planar profile makes us easily calculate the equivalent impedance.

As a demonstration, one layer of periodic nanosquare array based on indium-tin-oxide (ITO)
used for an infrared FSS filer is presented (Figure 8). The reason why ITOmaterial is chosen for
making up of FSS filter cells is just that, it possesses low electrical resistance and high trans-
mittance in the visible range and widely used as an electrode for displays [33]. Especially, in
the infrared spectral range, ITO material can demonstrate a metallic performance and this
makes it to become a counterpart of noble metal. In addition, in the practical calculations, the
permittivity ITO is usually modelled by the Drude dispersion relation.

When such a nanosquare array is illuminated vertically (along z-direction) by an optical signal
from the bottom side with electric field E polarized parallel to the x-direction, the optical
displacement current Jd ‘flows’ along both the unit cells and air gaps [7, 32], the nanosquare
array first acts as a ‘parallel’ combination of lumped elements R, L and C1, and then in series
with a capacitance C2, as shown in Figure 8b. Following the general capacitor impedance
formula Zc ¼ i=ðωCÞ with the capacitance C ¼ εa=b, and a, b being the element's two-dimen-
sions, the effective lumped impedance of the unit nanosquare cells can be written as,

Figure 8. Schematic diagrams of (a) periodic nanosquare array (as for its unit cell, the width and height, as well as the gap
distance between two adjacent unit cells are denoted as w, h and g), (b) equivalent lumped circuit elements and (c) whole
equivalent circuit used for designing single-layer FSS filter (adapted from Ref. [32], Figure 1).
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ZITO ¼ ZRkZL ¼ iw=ωhwεITO,
ZC1 ¼ iw=ωhgεair, ZC2 ¼ ig=ωhðwþ gÞεair (12)

Thus, the input impedance of a single layer is given by,

Z ¼ ZITOkZC1 þ ZC2 : (13)

Subsequently, the equivalent circuit model of this whole FSS system (Figure 8c), where
η ¼ ffiffiffiffiffiffiffiffi

μ=ε
p

is the intrinsic impedance of surrounding medium. Within the equivalent circuit
impedance theory [34], the reflectance and transmittance of the incident optical signal are
naturally obtained as,

S11 ¼ ðZkη� ηÞ=ðZkηþ ηÞ, S21 ¼ S11 þ 1,
R ¼ jS11j2, T ¼ jS21j2 ¼ j2Z=ð2Zþ ηÞj2: (14)

Obviously, in order to achieve different optical responses, the impedances of nanocircuit
elements can be changed, by tuning the structural size (w, h or g), the constituent material
property (εITO), or the illumination light wavelength (λ ¼ 2πc=ω) and then the property of
such a band-stop filter could be flexibly controlled. As a demonstration, samples from A to D
with different widths of 100, 200, and 300 nm, but with fixed gap of 100 nm and height of 150
nm for simplicity are chosen.

The transmittances of the FSS filters composed of samples from A to D, shown in Figure 9a, are
obtained through Eq. (14). In addition, one can employ a full-wave FDTD simulation to check
the validity of such an equivalent nanocircuit theoretical model, and the corresponding trans-
mittance spectra are shown in Figure 9b for comparison. The comparison result indicates that
they are consistent well with each other.

As investigated in Figure 9c, the band-stop behaviour of the FSS filters is dependent on their
geometric size. With the increment of w/g, the band-stop centre has a red-shift which can be
well interpreted by the optical circuit theory [15]: the larger the width of the nanosquare unit
cell, the bigger the inductor L induced between the two adjacent air gaps, hence leading to a
higher resonant wavelength. In contrast, with the increment of w/g, the band-stop depth
decreases and this behaviour is a result of the fact that the larger the width of nanosquare unit
cell the stronger the guidance of light. From the electric field distribution for one representative
sample at the resonance frequency, one can see that the unit cell structure works as an antenna
and the incident light is localized at the regions between two adjacent metal unit cells,
resulting in significant resonant enhancement of localized field and a guidance of most light
through the air gap [35, 36].

As for a more practical and wide application, a flatter and broader band-stop filtering response
curve with a fast roll-off would be much advantageous [37]. To gain this aim, as the general
FSS-based filter design scheme does [38, 39], a third-order Butterworth band-stop filter is
realized by cascading triple-layer of nanosquare unit cells with a specific separation distance
D between the consecutive layers (Figure 10a). The corresponding equivalent circuit is
modelled in Figure 10b. Then, the whole structure is separated into four regions along the
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propagation direction (Figure 10c). Finally, along the similar procedure, the transmittance T
after the third layer can be obtained step by step.

(1) As for the first layer, the theoretical S-parameters are

S11 ¼ Z1kη� η
Z1kηþ η

, S21 ¼ S11 þ 1, S22 ¼ S11, S12 ¼ S21: (15)

Here, the impedance of the surrounding medium above or between the neighbouring layers is
η and that of each layer is Zi (i = 1, 2, 3). As for the second or third layer, the S-parameters (S33,
S43, …) can be get by just replacing Z1 in Eq. (15) with Z2 or Z3.

(2) The reflected power PiR and transmitted power PiF from each layer are evaluated as follows,

P1R ¼ jS11j2P1F þ jS12j2P2R, P2F ¼ jS21j2P1F þ jS22j2P2R,

P2R ¼ jS33j2P2F þ jS34j2P3R, P3F ¼ jS43j2P2F þ jS44j2P3R,

P3R ¼ jS55j2P3F, P4F ¼ jS65j2P3F:

(16)

For simplicity, the absorption loss caused by the surrounding medium is assumed negligible.

Figure 9. (a) Theoretical and (b) numerical transmittance spectra based on equivalent circuit theory and FDTD simulation
for samples from A to D, respectively. (c) The resonance wavelength and transmittance dip as a function of w/g. (d) The
representative electric field distribution for sample B at resonance wavelength (adapted from Ref. [32], Figure 2).
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(3) The total transmittance after the third layer is then written as

T ¼ P4F=P1F ¼ jS21j2jS43j2jS65j2
1� jS11j2jS33j2 � jS33j2jS55j2 þ jS11j2jS33j4jS55j2 � jS11j2jS43j2jS55j2

: (17)

As for any specific third-order Butterworth filter with desired central band-stop frequency and
band-stop width, one can easily get the suitable choice of geometrical parameters for design.
For example, if the band-stop edge frequencies are ω1 and ω2, the central frequency can be
defined as ω0 ¼ ffiffiffiffiffiffiffiffiffiffiffi

ω1ω2
p

and band-stop width as ωb ¼ ðω2 � ω1Þ=ω0. The reactance slope
parameters of this circuit model in terms of low-pass prototype parameters G0, G1, …, Gnþ1

and cut-off frequency ωc are given as [34]

Zi

Z0
¼ G0

ωcGiωb
if n ¼ even;

Zi

Z0
¼ 1

ωcG0Giωb
, if n ¼ odd: (18)

Here, Gi is the normalized prototype element values and n is the order of the Butterworth filter,
that is the number of resonators. As for a third-order (n = odd) band-stop filter (G1 = 1, G2 = 2,
G3 = 1) with the height of nanosquare cells at each layer h1 ¼ 1=2h2 ¼ h3 fixed, the impedance
of each layer (Figure 10b) can be obtained as Z1 ¼ 2Z2 ¼ Z3 ¼ η=ðωcωbÞ.
As for this triple-layer third-order filter, if adopting parameters listed in Table 1, the theoretical
and numerical transmittance spectra can be directly obtained (Figure 11a) based on Eq. (17)
from an equivalent circuit theory and FDTD simulation, respectively. The comparison between

Figure 10. Schematic diagrams of (a) triple-layer FSS filter, (b) equivalent circuit and (c) S-parameters (adapted from Ref.
[32], Figure 3).
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single-layer and triple layer filters indicates that, for a triple-layer filter, its band-stop width
and depth both become larger, and moreover, its band-stop bottom is much flatter. In addition,
the transmittance is nearly zero, indicated by the electric field distribution in Figure 11b.

It is necessary to point out that the corresponding FDTD calculation results show a good
agreement with for single-layer case, but more obvious deviation from the equivalent circuit
theoretical calculation. The reason for deviation arises from the simple assumption that the
triple-layer of nanosquare array is independent of each other. If the layer-layer coupling is
considered the deviation maybe reduced. However, anyway, the proposed synthesis proce-
dure is confirmed helpful to design a Butterworth band-stop filter.

3.2. Infrared broadband multi-layer MIM absorbers

Meta-material absorbers are used broadly in thermal detectors [40], imaging [41], security
detection [42] and stealth devices [43]. In 2008, Landy et al. first proposed a thin perfect meta-
material absorber simultaneously exciting electric and magnetic resonances (MRs) to realize
the impedance match with the surrounding medium and thus eliminating any reflection and
perfectly absorbing the incident waves at microwave bands [44]. Since then, applications to
various wavelength regimes have been demonstrated widely by numerical simulations and
experiments [45, 46]. However, the application of these perfect absorbers is limited for their
narrowband and simple resonant behaviours.

i Gi Zi w/g (nm) hi (nm)

1 1 Z 120/60 150

2 2 Z/2 120/60 300

3 1 Z 120/60 150

Table 1. Element values for low-pass prototype circuit and geometrical parameters of third-order band-stop FSS filter.

Figure 11. (a) Theoretical and numerical transmittance spectra for single-layer (first-order) or triple-layer (third-order)
filter. (b) One representative electrical field distribution for a third-order filter at a wavelength of 2000 nm (adapted from
Ref. [32], Figure 4).
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The most widely used scheme [47–49] instead is to slow down the incident wave or totally
absorb them by a gradually changed pyramid-shaped metal-insulator-metal (MIM) topology
(Figure 12a). In fact, an absorber can also be thought as a filter, by operating the frequency
response of the absorptance with A = 1 – T – R. Furthermore, each layer of the multi-layer MIM
absorber projecting to the bottom plane is a nanosquare structure (Figure 12b), same as basic
building blocks for third-order Butterworth filter (Section 3.1). Thus, naturally, the equivalent
nanocircuit procedure can be directly transplanted to the design of MIM multi-layer absorber.

The first step is to evaluate the impedance Z (Figure 12c) of each layer, following the same
procedure in Section 3.1 which can be obtained as,

ZITO ¼ ZRkZL ¼ iw=ωhwεITO , ZC1 ¼ iw=ωhgεair,
ZC2 ¼ ig=ωhðwþ gÞεair, Z ¼ ZITOkZC1 þ ZC2 :

(19)

The second step is to cascade the impedance of each layer into a whole circuit, for example that
of a triple-layer structure. Each layer is separated by one quarter of central wavelength of the
incident light (Figure 12a). The corresponding equivalent circuit can bemodelled as in Figure 12b,
where η ¼ ffiffiffiffiffiffiffiffi

μ=ε
p

is the intrinsic impedance of SiO2 dielectric layers, and Zi (i = 1, 2, 3) is the
impedance of each NS layer. Within transmission line theory [34], Z(3) is the effective impedance

Figure 12. Schematic diagrams of (a) MIM absorber, (b) equivalent lumped circuit elements and (c) whole equivalent
circuit. Here, only single nanosquare patch layer is considered (adapted from Ref. [50], Figure 1).
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at the top interface of the third NS layer, given by Zð3Þ ¼ Z3kη: Similarly, for the interface at the
second or first layer, the effective impedances can be written as,

Zð2Þ ¼ Z2kðη2=Zð3ÞÞ , Zð1Þ ¼ Z1kðη2=Zð2ÞÞ (20)

Then, the reflectance of this pyramid triple layer structure is given by,

R ¼ Zð1Þ � η0
Zð1Þ þ η0

�����

�����
2

: (21)

Beyond the reflectance, one needs to calculate the transmittance through the bottom substrate.
As shown in Figure 13a, based on the three different NS layers, the whole structure is sepa-
rated into four independent regions from left to right. Then, the S-parameters (S11, S21, …) for
each layer are obtained as follows,

Figure 13. Schematic diagrams of (a) S-parameters used for theoretical calculation and (b) equivalent nanocircuit model
for the truncated pyramid triple-layer absorber (adapted from Ref. [50], Figure 3).
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S11 ¼ S22 ¼ Z1kη� η0
Z1kηþ η0

, S21 ¼ S12 ¼ S11 þ 1,

S33 ¼ S44 ¼ Z2kη� η
Z2kηþ η

, S43 ¼ S34 ¼ S33 þ 1,

S55 ¼ S66 ¼ Z3kη� η
Z3kηþ η

, S65 ¼ S56 ¼ S55 þ 1 :

(22)

For the convenience of calculation, the dielectric loss for light through SiO2 material is
neglected as long as the gap distance between two adjacent layers is large enough. Under this
simplification, the reflected power PiR and transmitted power PiF from each NS layer are
evaluated as follows,

P1R ¼ jS11j2P1F þ jS12j2P2R, P2F ¼ jS21j2P1F þ jS22j2P2R,
P2R ¼ jS33j2P2F þ jS34j2P3R, P3F ¼ jS43j2P2F þ jS44j2P3R,
P3R ¼ jS55j2P3F, P4F ¼ jS65j2P3F:

(23)
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Naturally, the absorptance A can be evaluated as,

A ¼ 1� R� T: (25)

The absorption (A), reflection (R) and transmission (T) spectra calculated by above equations
and corresponding FDTD simulations, shown in Figure 14a, show a good agreement between

Figure 14. (a) Comparison between theoretical results from equivalent nanocircuit theory and numerical calculations
from FDTD simulation. (b) Electric field distribution at a wavelength of 2500 nm. Each nanosquare S patch has a varying
width w of 300, 250 and 200 nm from bottom to top (adapted from Ref. [50], Figure 4).

Nanoplasmonics - Fundamentals and Applications236



S11 ¼ S22 ¼ Z1kη� η0
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Z2kηþ η
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(22)
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the two existing methods which further prove the feasibility of our equivalent circuit theory.
The replacement of single-layer absorber by a triple-layer makes the absorptance bandwidth to
become obviously wider and also the efficiency is significantly enhanced. The enhanced
electric field (Figure 14b) concentrates at both the lateral edges of NS and air gaps between
two adjacent unit cells that couples efficiently to the incident light and dissipate the energy
within the metals via Ohmic loss [51]. After the third layer, nearly no light can be transmitted
from the absorber.

3.3. Simplified broadband super-flat perfect absorber

In Section 3.2, a triple-layer MIM absorber design has been successfully demonstrated based
on the equivalent nanocircuit theory. The proposed synthesis circuit procedure is confirmed to
be feasible enough to provide us a way to predict the responses of such absorbers. It need to be
emphasized that, it is in principle possible to get a perfect absorber with a 100% absorption
efficiency just by adding more NS layers beyond three layers. However, with the increase of
NS layer number, the equation number contained in Eqs. (22) and (23) will be added. Corre-
spondingly, solving the multi-variable linear equations becomes more and more complicated
and also time consuming which would be a big problem.

Thus, in this section, an improved equivalent nanocircuit matrix algorithm emerges as the
times requires [52] which can predict the complex frequency response of multi-layer (with
arbitrary layer numbers) nanostructures easily, without solving the multi-variable linear equa-
tions. One can believe that it may provide inspiring advancements in future meta-material
designs.

The construction of this equivalent nanocircuit matrix algorithm derives from the design of a
simplified broadband super-flat perfect absorber made of single transparent conductive oxides
(TCOs) material [52]. In such an absorber design [53], in order to pursue a broadband flat
response, until now, no matter how many layers, the multi-layer MIM absorber or planar
multiplexed pattern absorber still cannot achieve broadband flat perfect absorption as one
expects. Furthermore, there has another challenge for these kinds of broadband absorber
design which is related to the fabrication process. It is hard to scale down to higher frequency
mainly because of the fabrication difficulty, including lithography and alignment between
neighbouring layers or resonators. Within this context, one should explore new paradigms for
broadband absorber design.

Fortunately, we note that the transparent conductive oxides (TCOs), such as Al:ZnO (AZO),
Ga:ZnO (GZO) and indium-tin-oxide (ITO), can play a fascinating role in the designing of
broadband perfect absorber for its unique transmission or conductive property in near-infra-
red (NIR) region [33, 53]. As shown in Figure 15a, periodic arrays of truncated pyramid
structure made of TCOs could work as a broadband absorber in NIR frequency, furthermore
such absorbers at broadband wavelengths have continuous flat responses with near-unit light
absorption. Comparing with the traditional multi-layer metal-insulator-metal (MIM) absorber,
TCOs absorbers using only one single material can greatly reduce the fabrication difficulty, one
do not need to consider the perfect alignment to match the relative position of each pattern in
different layers.
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The designed absorber unit consists of two TCOs elements (Figure 15): a truncated pyramid
shaped resonator and a ground plane. The material used for the two elements can be only
TCOs, i.e. materials for resonator and substrate are ITO. To establish the equivalent nanocircuit
model for this absorber, one can hypothetically cut the whole pattern into n pieces along k(z)-
direction (Figure 15b).

The first step is to extract the equivalent reactance of a single piece (same as those in Sections
3.1 and 3.2). The local impedances of ITO patch (ZITO), air gaps (Zc1, Zc2) and total effective
impedance (Zeff) can be calculated as,

ZITO ¼ ZRkZL ¼ i=ωhεITO,

ZC1 ¼ iw=ωhgεair, ZC2 ¼ ig=ωhðwþ gÞεair,
Zeff ¼ ZITOkZC1 þ ZC2 , Y ¼ 1=Zeff:

(26)

When taking the single piece into the transmission line (TL) model, it can be modelled as a
shunt admittance Y (=1/Zeff), and sandwiched between two semi-infinite transmission lines
with characteristic impedance Z0 (Figure 16a).

Figure 15. Schematic diagrams of (a) the super-flat absorber with atop span of ta = 0.1 μm, bottom span of tb = 1 μm, and
ground plane thickness of t = 0.2 μm. (b) Side view of unit cell with H = 1.6 μm and (c) corresponding equivalent lumped
circuit elements (adapted from Ref. [52], Figure 1).
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The second step is to connect each impedance into a complete TL circuit model. Series config-
uration of Zi alongside with parallel configurations Yi in layered stacked two-port networks, as
shown in Figure 16b. The added series configuration Zi is used to describe the conductive
property between the adjacent pieces. For a thin uniform piece (Pi) of thickness l, the imped-
ance Zi can be approximately evaluated as Zi ¼ 2ðiωlpμ0=wiÞ [54]. Note that in both scenarios,
the realistic circuit value varies with the width of each Pi. The ABCD-matrix [55] for Pi of a
lumped parallel electronic element combination with a series electronic element is

Ai Bi
Ci Di

� �
¼ 1 0

Yi 1

� �
1 Zi
0 1

� �
: (27)

For the whole structure with n pieces, it can be thought as an n-order filter along the transmis-
sion line, so the ABCD-matrix is expressed as,

A B
C D

� �
¼ A1 B1

C1 D1

� �
⋯ An Bn

Cn Dn

� �
, (28)

and the S matrix can be calculated as,

S11 S12
S21 S22

� �
¼

AZ0 þ B� ðCZ0 þDÞZ0

AZ0 þ Bþ ðCZ0 þDÞZ0

2Z0

AZ0 þ Bþ ðCZ0 þDÞZ0

2Z0

AZ0 þ Bþ ðCZ0 þDÞZ0

�AZ0 þ B� ðCZ0 �DÞZ0

AZ0 þ Bþ ðCZ0 þDÞZ0

2
6664

3
7775: (29)

Obviously, the transmission, reflection and absorption can be obtained from the S matrix as,

TðωÞ ¼ jS21ðωÞj2 , RðωÞ ¼ jS11ðωÞj2,
AðωÞ ¼ 1� TðωÞ � RðωÞ (30)

In optical metatronic circuit, in order to have a parallel element between the two ports, ideally
one needs to have a constant electric field across the nanoelement. Thus, each piece should be a
thin slab with sub-wavelength thickness in the z-direction. Considering the present design, for
a truncated pyramid structure with height H = 1.6 μm sketched in Figure 15, one can choose

Figure 16. Transmission-line models of the truncated pyramid structure with (a) only a single piece and (b) a stack of n
pieces (adapted from Ref. [52], Figure 2).
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the thickness as 100 nm (cut number n =16) to get accurate results, smaller than wavelength
(1–3 μm). By solving the transmission model in Figure 16b, the theoretical result is within a
wavelength range of 1–3 μm (Figure 17a). It indicates that the absorption bandwidth becomes
obviously wider and the efficiency is almost larger than 90%. The corresponding FDTD result
(Figure 17a) indicates the feasibility of such a rigorous solution of TL model to describe the
mechanism of this absorber. A good agreement between simulated and theoretical absorption
at the wavelength larger than 1.5 μm, and only a slight deviation at the top absorption
efficiency is observed. Furthermore, the simulation result shows that it has a flat response with
absorption near unit between 1.4 and 2.6 μm.

Note that there is a slight deviation at the top absorption efficiency between simulation and
theoretical prediction; we attribute this to the fact that there have deviations from extracted
equivalent parameters. We employ the same full-wave FDTD simulations, only change is the
structure from truncated pyramid to full pyramid, the truncated cone and the full cone,
respectively. The four absorption spectra are compared in Figure 17b. We can see that the
absorption bandwidth changes slightly indicating that the geometry dependence of the
absorption is relatively weak. The bandwidth decreasing from pyramid to cone shape is due
to the decrease of corresponding response area, when square changes to circle with the same
width (diameter). It should be pointed out here that each geometric parameters used in
Figure 15 are not optimal. If we take the height, top width and bottom width altogether into
account, much broader bandwidth could be expected.

Above all, under the guidance of nanocircuit theory, one can realize a broadband super-flat
perfect infrared absorber in a single TCO material for its nice transmission and conductive
properties. This simplified configuration without multi-layered design might releases the
fabrication and design difficulties and exhibits great potentials in the applications of infrared

Figure 17. (a) Comparison between theoretical result from equivalent nanocircuit theory and numerical calculation from
FDTD simulation. (b) Absorption curves under four different geometric structures. Truncated pyramid (ta = 0.1 μm, tb = 1
μm); pyramid (ta = 0 μm, tb = 1 μm); truncated cone (top diameter dt = 0.1 μm, bottom diameter db = 1 μm); cone (top
diameter dt = 0 μm, bottom diameter db = 1 μm), H = 1.6 μm and t = 0.2 μm for the four structures (adapted from Ref. [52],
Figures 4 and 5).
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stealth system. Furthermore, this proposed equivalent circuit matrix algorithm is confirmed to
be feasible enough to predict the complex frequency response of multi-layer nanostructures,
and it can relieve the calculation from solving the multi-variable linear equations that can be
easily extended to analyse other nanooptical devices.

4. Conclusions

In summary, thanks to the concept of metatronics, which gives us the possibility to transplant
traditional circuit operations into a high-frequency nanodevice design. The equivalent
nanocircuit (EN) theory is successfully confirmed to be feasible via the comparison with the
numerical results from the rigorous FDTD calculation. With the toolbox of EN theory, an
equivalent circuit matrix method can be used to conveniently predict the complicated fre-
quency response of a complicated meta-material structure. Although here, only three applica-
tion examples were demonstrated, it can be naturally and easily extended to analyse other
nanooptical devices. Anyway, the interests in combining optical guiding devices with classical
circuits is always high because the EN theory provides inspiring advances for designing more
complex circuit systems and other related applied fields, although the deviation between
results from EN theory and rigorous FDTD simulation indicates that the NE theory is still on
the way of further perfection.
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Abstract

In this chapter, nanoplasmonic waveguides filled with electro-optical materials are pro-
posed and discussed. Rigorous theoretical modelling is developed to describe the propa-
gation, generation and control of electromagnetic fields confined in these nanoscale
waveguides. Two configurations are studied thoroughly. First, a metal-insulator-metal
(MIM) nanoplasmonic waveguide filled with lithium niobate (i.e., LiNbO3) is considered
for compact terahertz (THz) generation. The waveguide is designed to generate Gaussian
THz waves by themeans of frequency down-conversion of two surface plasmon polariton
(i.e., SPP) modes. THz generation is shown to be viable over the entire range from 1 to 10
THz by properly designing the SPP wavelengths and waveguide dimensions. Future
applications of such nanoscale THz sources include nanocommunication systems and
body-centric networks. Secondly, an MIM nanoplasmonic waveguide filled with doped
LiNbO3 is considered. The interaction between two interfering SPP modes is studied. It is
shown that a strong symmetric SPP mode can be coupled to a weak antisymmetric SPP
mode by the means of photorefractive effect. Future advances include implementing
known photorefractive applications (such as interferometry and holography) in the
nanoplasmonic field. The work of this chapter highlights the potential of functioning
electro-optical materials in nanoplasmonic waveguides to achieve novel ultra-compact
and efficient devices.

Keywords: plasmonic waveguides, electro-optic material, lithium niobate, terahertz,
photorefractive effect
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1. Introduction

Nanoplasmonic waveguides offer unprecedented tight confinement of electromagnetic waves
in subwavelength structures. In principle, nanoplasmonic waveguides comprise several metal-
dielectric layers. The propagating light is coupled to the free electrons in the metal, which acts
like plasma at the optical frequency. It then follows that the propagating light can be strongly
confined even to 100 times smaller than its wavelength. Such tight confinement has the
potential to open a new world of scalability and integration. For instance, nanoplasmonic-
based devices can be utilized as matching interconnectors between traditional micro-photonics
and nanoelectronic devices [1–5]. This paves the way for the development of efficient, compat-
ible and ultrafast chips [6–8]. However, the achievable tight confinement in the nanoplasmonic
waveguides can be functioned to boost the propagating waves’ intensities. It then follows that
the nonlinear effects can be significantly enhanced, and thus, desired functionalities can be
achieved. To date, several advances in plasmonic technology have been reported. These
include all optical nanoplasmonic logic gates [9], electrically controlled plasmonic devices
[10], plasmonic amplification and lasing [11], efficient second harmonic generation using
plasmonic waveguides [12], silicon-on-insulator-compatible plasmonic devices [13], focus and
enhancement of terahertz (THz) radiation using plasmonic waveguides [14], efficient and
ultra-compact hybrid plasmonic devices [15], solitonic plasmonic waveguides [16] and mode
conversion in plasmonic waveguides [17], to mention a few examples.

In this chapter, nanoplasmonic waveguides filled with electro-optical materials are proposed
and discussed. Specifically, metal-insulator-metal (MIM) plasmonic waveguides filled with
lithium niobate (LiNbO3) are considered. The theoretical models that describe the nonlinear
interaction of the confined electromagnetic waves in nanoplasmonic waveguides are devel-
oped. Numerical evaluations based on experimentally reported parameters are provided. Two
different configurations are studied thoroughly. The first configuration is a MIM nano-
plasmonic waveguide designed for compact THz generation [18]. The optical pumps are
guided by means of surface plasmon polaritons (SPPs), whereas the generated THz waves are
designed to diffract and propagate outside the MIM waveguide. The design of this work
attains the following desired properties: first, the THz absorption is minimized. Secondly, the
proposed structure is compact and relevant for nanoapplications. Thirdly, the generation
efficiency is maximized by reducing losses rather than introducing resonant conditions (i.e.
phase matching), and thus, wide THz generation is achieved. We note that this proposal
introduces a new modality from the standpoint of applications. For instance, the proposed
MIM nanostructure can be immersed inside a target (such as a cell or a biological entity), and the
generated THz waves can interact with the (under-test) surrounding medium of the MIM
nanostructure, while the optical modes are tightly confined inside the MIM nanostructure.
Potential future applications include nanocommunication networks and body-centric systems.
The second configuration considered in this work includes MIM plasmonic waveguide filled
with doped LiNbO3 [19]. The main interest is to study the interaction of the interfering SPP
modes with the doping impurities. To model the interaction analytically, small intensity modu-
lation interference depth is considered and a perturbation approach is employed. The evolution
of the interferingmodes is obtained to quantify the interaction. On considering strong pump and
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weak signal scenario, it is found that the two SPP modes are coupled by means of the photo-
refractive effect. The modal gain is calculated to characterize the photorefractive effect. First, an
ideal case of lossless waveguides is considered, and the gain versus the waveguide length, the
doping concentration and the input amplitudes are characterized. Secondly, the modal losses are
taken into account. It is found that a weak antisymmetric mode can experience an effect gain up
to certain waveguide lengths in the presence of a strong symmetric mode, considering proper
doping concentration and input amplitudes. The coupling effect can be conceived either as an
amplification or mode-conversion process, promising novel future application.

The remaining part of this chapter is organized as follows. The propagation modes and the
dispersion relation of MIM plasmonic waveguides are introduced in Section 2. The nonlinear
and the electro-optical coefficients of the LiNbO3 are introduced in Section 3. THz generation in
nanoplasmonicwaveguides is discussed in Section 4. The photorefractive effect in nanoplasmonic
waveguides is discussed in Section 5. Finally, concluding remarks are presented in Section 6.

2. MIM Plasmonic waveguides

Consider an MIM plasmonic waveguide comprising two metallic layers sandwiching a
LiNbO3 of thickness a, as depicted in Figure 1. The waveguide is two dimensional and
independent of the y-axis.

The waveguide has two fundamental propagating SPP modes of symmetric and antisymmet-
ric transverse field distribution at specific frequency ω, classified according to the spatial

Figure 1. The MIM plasmonic waveguide filled with LiNbO3. The spatial distribution of electric field x component is
schematically displayed, in red, for both the symmetric and antisymmetric modes.
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distribution of the x� electric field component. The expression of the electric field associated

with the symmetric and antisymmetric modes, i.e. E
!
s and E

!
a, are given by [20]:

E
!

s ðx, z, tÞ ¼ AsðzÞ½vxðxÞ e!x þ vzðxÞ e!z�ejðβsz�ωtÞ þ c:c

E
!

aðx, z, tÞ ¼ AaðzÞ½DxðxÞ e!x þDzðxÞ e!z�ejðβaz�ωtÞ þ c:c
(1)

where As (and Aa) and βs (and βa ) are the complex amplitude and propagation constant of the

symmetric (and antisymmetric) propagating mode, respectively, j ¼ ffiffiffiffiffiffiffi�1
p

, c:c: is the complex
conjugate and DðzÞ and vðzÞ are the spatial distributions, given by [20].

νxðxÞ ¼
βs

ωε0εx
coshðkcsxÞ, νzðxÞ ¼

jkcs
ωε0εz

sinhðkcsxÞ,

DxðxÞ ¼
βa

ωε0εx
sinhðkcaxÞ, DzðxÞ ¼ jkca

ωε0εz
coshðkcaxÞ,

(2)

Here, � a
2 < z < a

2, εx,z is the LiNbO3 relative permittivity for x and z polarization, respectively,

and kcsðaÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εz
εx
β2sðaÞ � εzk20

q
is the core transverse decay factor for the symmetric (and antisym-

metric) SPP mode.

On applying the boundary conditions, the dispersion relation for the symmetric and antisym-
metric modes can be, respectively, given by the following [20]:

tanh
a
2
kcs

� �
¼ � εzkms

εmkcs
, tanh

a
2
kca

� �
¼ � εmkca

εzkma

, (3)

where kmsðaÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2sðaÞ � εmk20

q
is the transverse decay factor in the metal for symmetric (antisym-

metric) SPP mode, k0 ¼ 2π
λ is the propagation constant in the free space, and εm is the metal

permittivity.

One may rewrite the dispersion relation in the following form [18]:

kcs tanh kcs
a
2

� �
¼ � εz

εm

εx
εz

k2cs þ ðεx � εmÞk20
� �1

2

kca coth kca
a
2

� �
¼ � εz

εm

εx
εz

k2ca þ ðεx � εmÞk20
� �1

2

(4)

The dispersion form in Eq. (4) can be solved numerically for kc, for a known frequency ω and
slot thickness a. The propagation constant β can then be calculated by β2s,a ¼ εx

εz
k2cs,a þ εxk20.

3. LiNbO3 coefficients

LiNbO3 is chosen as the electro-optical material for this work. Consider the indices of the
LiNbO3 (1, 2, 3) along the axes (x, y, z ), respectively. Given that the MIM waveguide is
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independent of the y�axis, the propagating fields have x and z electric field components,
denoted by Ex and Ez. The nonlinear polarization induced in the LiNbO3 is given by the
following [21]:

PNLx ¼ 4d31EzEx, PNLy ¼ �2d22E2
x, PNLz ¼ 2d31E2

x þ 2d33E2
z , (5)

where PNLJ is the Jth nonlinear polarization component and d22 ¼ 3 pm=v, d31 ¼ 5 pm=v, and
d33 ¼ 33 pm=v are the nonlinear coefficients. Several phenomena are attributed to the nonlinear
polarization, including new frequency generation, frequency conversion and polarization rota-
tion, to mention a few. The evolution of the propagating fields is governed by the nonlinear wave
equation that involves the nonlinear polarization. An example of THz generation based on
inducednonlinear polarization inMIMnanoplasmonicwaveguide is discussed in the next section.

The electro-optic coefficients are related to the nonlinear coefficients by the following:

rlt ¼ � 4π
n2xn2z

dlt, (6)

where nx and nz are the principal refractive indices.

The effective permittivity of the LiNbO3 depends on the electric field components, by means of
electro-optic effect, through the following relation [21]:

1
εxeff

¼ 1
εx

þ ðr15 � r22ÞEx þ r13Ez

1
εzeff

¼ 1
εz

þ r15Ex þ r33Ez

(7)

where εeff is the effective permittivity of the LiNbO3 and ε is the intrinsic permittivity of the
LiNbO3.

On considering a small induced change in the permittivity, so that ðr15 � r22ÞEx þ r13Ex ≪ 1
εx

and r15Ex þ r33Ex ≪ 1
εz
, the effective permittivity can be approximated by the following [19]:

εxeff ¼ εx � ε2x½ðr15 � r22ÞEx þ r13Ez�,
εzeff ¼ εz þ ε2z ½r15Ex þ r33Ez�,

(8)

In Section 5, an example of photorefractive effect in MIM plasmonic waveguide based on the
electro-optic effect is discussed.

4. THz generation in nanoplasmonic waveguides

In this section, an MIM plasmonic waveguide filled with LiNbO3 and with two propagating
SPP modes is considered. The frequency difference between the two SPP modes is properly
designed for THz generation. Theoretical modelling and numerical evaluations are presented.
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4.1. Field expressions

As the symmetric mode is a fundamental mode of the MIM waveguides, two symmetric
modes with distinct frequencies ω1 and ω2 are considered for this work. It then follows that a
single mode at each specific frequency can be propagated given a proper waveguide thickness
a. The associated electric fields have x and z polarization components, given by the following:

Eziðx, z, tÞ ¼ AsiðzÞ vziðxÞ ejðβsiz�ωi tÞ e
!
z þ c:c:

Exiðx, z, tÞ ¼ AsiðzÞ vxiðxÞ ejðβsiz�ωi tÞ e
!

x þ c:c:
(9)

Here i∈ f1, 2g.
The THz wave is generated by means of difference-frequency generation of the two SPP modes
enabled by the LiNbO3 nonlinearity.

The MIM structure is designed to guide the SPP pumps, whereas the generated THz waves are
designed to diffract and propagate outside the MIM waveguide, as shown in Figure 2. The
thickness of the metallic layer is equal to d ¼ 5

km
. It then follows that 99% of the optical SPP

modes are confined inside the MIM waveguide, and thus one may conceive the metallic layers
to be of infinite thickness. However, because THz waves are of wavelengths much greater than
the MIM waveguide dimension, and given that THz waves cannot be guided as SPP modes
[22], the generated THz waves will diffract into the surrounding medium and evolve as a
Gaussian beam. The generated THz waves can be modelled as a transverse electromagnetic
(TEM) Gaussian beam, given by [23] and [24]:

ETHzðx, z, tÞ ¼ ATHzðzÞGðxÞejðβ3z�ω3tÞ e
!
x þ c:c, (10)

Figure 2. The MIM plasmonic waveguide for THz generation.
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where GðxÞ ¼ ð2=πÞ14ffiffiffiffiffiffiffiffiffiffiffi
W0γðzÞ

p exp � x2
γðzÞW0

2

� �
,ATHz is the complex amplitude, W0 is the beam spot at

z ¼ 0, γðzÞ ¼ 1þ jz=ZR, and ZR is the Ray Leigh rang given by W2
0π
λ .

4.2. Nonlinear polarization

The induced nonlinear polarization components are at the frequencies ω1, ω2, ω1 � ω2, and
ω1 þ ω2. Here, the frequency difference between the two optical frequencies ω1 and ω2 is
designed to lie in the THz range. It must be noted that this generated THz wave at ω1 � ω2

cannot be guided by the plasmonic MIM waveguide [22], as previously mentioned. The other
generated harmonic at ω1 þ ω2 lies in the optical frequency range, close to the second har-
monic frequency, and is guided as SPP mode [25]. It then follows that the wave at ω1 þ ω2

suffers from strong attenuation. Thus, the nonlinear polarization component at frequency
ω1 þ ω2 will be ignored in the following analysis. On the substitution of the fields of Eqs. (9)
and (10) into Eq. (5), the nonlinear polarization components can be obtained. The nonlinear
polarization components at ω1 are as follows:

PNLz ¼ 4d31As2ATHzGðxÞvz2ðxÞ ej½ðβs2þβTHzÞz�ω1t� e
!

z þ c:c:,

PNLx ¼ 4d33As2ATHzGðxÞvx2ðxÞ ej½ðβs2þβTHzÞz�ω1t� e
!
x þ c:c:,

(11)

the nonlinear polarization components at ω2 are

PNLz ¼ 4d31As1A�
THzG

�ðxÞvz1ðxÞ ej½ðβs1�βTHzÞz�ω2t� e
!

z þ c:c:,

PNLx ¼ 4d33As1A�
THzG

�ðxÞvx1ðxÞ ej½ðβs1�βTHzÞz�ω2t� e
!
x þ c:c:,

(12)

and the nonlinear polarization component at ωTHz ¼ ω1 � ω2 is

PNLx ¼ 4As1A�
s2½d31vz1v�z2 þ d33vx1v

�
x2 � · ej½ðβs1�βs2Þz�ðω1�ω2Þt� e

!
x þ c:c:, (13)

The z�component of the nonlinear polarization at ωTHz is not considered because the gener-
ated THz wave is a TEM Gaussian wave that propagates in the z� direction. Therefore,
the THz wave has a zero z�component electric field. In other words, the x�component of the
nonlinear polarization, i.e. PNLx , is the only source that contributes to the evolution of the
generated THz wave.

4.3. THz generation

The evolution of the generated THz wave and the SPP modes are governed by the nonlinear
wave equation, given by:

∇2E ¼ μ0ε
∂2E
∂t2

þ μ0
∂2PNL

∂t2
, (14)
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On the substitution of the fields of Eqs. (9) and (10) into Eq. (14), and using the nonlinear
polarization expressions of Eqs. (11–13), the corresponding slowly varying envelope approxi-
mation (SVEA) equations can be formed, given by the following [18]:

∂As1

∂z
¼ j

2 ω2
1

β1c
2 ATHzAs1 d31

〈vz1=G vz2〉
〈vz1=vz1〉

þ d33
〈vx1=G vx2〉
〈vx1=vx1〉

� �
ejðβs2þβTHz�βs1Þz, (15)

∂As2

∂z
¼ j

2 ω2
2

β2c
2 As1A�

THz d31
〈vz2G=vz1〉
〈vz2=vz2〉

þ d33
〈vx2G=vx1〉
〈vx

2
=vx2〉

 !
ejðβs1�βTHz�βs2Þz, (16)

∂ATHz

∂z
¼ j

2ω2
THz

c2
As1A�

2
d31〈vz2G=vz1〉 þ d33〈vx2G=vx1〉

βTHz � 1
2γYR

� �
〈G=G〉 þ 〈G=z2G〉

γ2W0
2YR

ejðβs1 � βs2 � βTHzÞz, (17)

where 〈φ=δ〉 ¼ ðþa
2

a
2

φ�ðζÞδðζÞ∂ζ:

The evolution of the THz and the SPP fields can be obtained by numerically solving the SVEA
Eqs. (15–17). However, various losses must first be precisely evaluated. These include SPP and
THz losses. The decay factor of the SPP linear losses can be calculated from the imaginary part
of the propagation constant, i.e. αLi ¼ Imfβig, by solving Eq. (4). These SPP linear losses can be
taken into account by incorporating the corresponding decay factor αLi in the SVEA Eqs. (15)
and (16). The SPP nonlinear losses are described by the decay factor αNL, given by αNL ¼ γNL:I

[26]. Here, γNL ¼ 2:7· 10�5 m=W is the nonlinear absorption coefficient of LiNbO3 crystal, and
I is the power of the SPP modes. Our investigations show that the nonlinear losses in this work
are much smaller than the linear losses, and can be ignored despite the large SPP intensities
because the waveguide lengths considered in this work are very small and lie in the micro-
meter range. However, the THz losses are also mainly linear, given the low generated intensi-
ties. The effective decay factor of the THz losses is given by the following:

αTHz ¼ αTHz LN

ða2

� a
2

GðxÞ∂xþ 2αTHz Metal

ðdþa
2

a
2

GðxÞ∂x

0
B@

1
CA
. ðþW

�W

GðxÞ∂x, (18)

where αTHzMetal is the metal THz absorption coefficient, αTHzLN is the LiNbO3 THz absorption

coefficient and W is the Gaussian beam spot given by W ¼ W0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

zR

� �2r
. To take the THz

losses into account, one must incorporate the effective THz decay factor of Eq. (18) into the
SVEA Eq. (17). Experimental values of metal and LiNbO3 absorption coefficients can be
found in the literature. For example, in [27] the absorption coefficient of gold is given by
αTHzMetal ¼ 6· 106 m�1, and in [28] the absorption coefficient of the LiNbO3 is given by
αTHzLN ¼ 2 · 104 m�1, both for the 4 THz frequency. It must be noted that the total THz losses
are minimized in this work, as can be inferred from Eq. (18). This is because the generated
THz waves diffract rapidly to propagate outside of the MIM plasmonic waveguide even for a
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The evolution of the THz and the SPP fields can be obtained by numerically solving the SVEA
Eqs. (15–17). However, various losses must first be precisely evaluated. These include SPP and
THz losses. The decay factor of the SPP linear losses can be calculated from the imaginary part
of the propagation constant, i.e. αLi ¼ Imfβig, by solving Eq. (4). These SPP linear losses can be
taken into account by incorporating the corresponding decay factor αLi in the SVEA Eqs. (15)
and (16). The SPP nonlinear losses are described by the decay factor αNL, given by αNL ¼ γNL:I

[26]. Here, γNL ¼ 2:7· 10�5 m=W is the nonlinear absorption coefficient of LiNbO3 crystal, and
I is the power of the SPP modes. Our investigations show that the nonlinear losses in this work
are much smaller than the linear losses, and can be ignored despite the large SPP intensities
because the waveguide lengths considered in this work are very small and lie in the micro-
meter range. However, the THz losses are also mainly linear, given the low generated intensi-
ties. The effective decay factor of the THz losses is given by the following:

αTHz ¼ αTHz LN

ða2

� a
2

GðxÞ∂xþ 2αTHz Metal

ðdþa
2

a
2

GðxÞ∂x

0
B@

1
CA
. ðþW

�W

GðxÞ∂x, (18)

where αTHzMetal is the metal THz absorption coefficient, αTHzLN is the LiNbO3 THz absorption

coefficient and W is the Gaussian beam spot given by W ¼ W0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

zR

� �2r
. To take the THz

losses into account, one must incorporate the effective THz decay factor of Eq. (18) into the
SVEA Eq. (17). Experimental values of metal and LiNbO3 absorption coefficients can be
found in the literature. For example, in [27] the absorption coefficient of gold is given by
αTHzMetal ¼ 6· 106 m�1, and in [28] the absorption coefficient of the LiNbO3 is given by
αTHzLN ¼ 2 · 104 m�1, both for the 4 THz frequency. It must be noted that the total THz losses
are minimized in this work, as can be inferred from Eq. (18). This is because the generated
THz waves diffract rapidly to propagate outside of the MIM plasmonic waveguide even for a
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few 10's of nanometers of propagation. For instance, considering a 4 THz wave, the beam
spot evolves from 120 nm (which is the slot thickness, i.e. a ) to approximately 10 μm by
propagating only 50 nanometers.

4.4. Numerical evaluations

In the following analysis, we consider gold for the two metallic layers, a slot thickness
of a ¼ 120 nm, a metal thickness of d ¼ 110 nm and As1ð0Þ ¼ As2ð0Þ ¼ 1 V=μm. In Figure 3, the
power of a 4 THz generated wave is shown versus the waveguide length. Here, λ1 ¼ 1550 nm

and λ2 ¼ 1582 nm. The power is calculated per unit width, defined by pi ¼ 1
2 ε0cnijAsij2

ðþ∞

�∞
viv�i ∂x

and pTHz ¼ 1
2 ε0cnTHzjATHzj2

ð∞
�∞

GG�∂x, where the SPP power is p1 þ p2.

As can be seen in Figure 3, the effective waveguide length is limited to 35 μm and most of the
SPP power is dissipated by losses.

The optics-to-THz conversion efficiency can be defined as η ¼ pTHzðLÞ
p1ð0Þþp2ð0Þ, where pTHzðLÞ is the

THz power per unit width, L is the MIMwaveguide length, and p1,2ð0Þ is the input SPP powers
per unit width.

In Figure 4, the conversion efficiency for a 4 THz generated wave is presented versus the input
SPP power. Here, we consider a waveguide length of L ¼ 35 μm, λ1 ¼ 1550 nm and

Figure 3. Power of the generated 4 THz wave, and SPPs power versus waveguide length.
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Figure 4. Conversion efficiency for a 4 THz wave versus total SPP input power. The two scenarios of phase matching and
phase mismatching are shown for comparison.

Figure 5. Power of the generated THz wave versus its frequency. Different slot thicknesses are considered. The optical
wavelength λ1 is fixed at the value λ1 ¼ 1550 nm. The waveguide length is L ¼ 35 μm.
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Figure 4. Conversion efficiency for a 4 THz wave versus total SPP input power. The two scenarios of phase matching and
phase mismatching are shown for comparison.

Figure 5. Power of the generated THz wave versus its frequency. Different slot thicknesses are considered. The optical
wavelength λ1 is fixed at the value λ1 ¼ 1550 nm. The waveguide length is L ¼ 35 μm.
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λ2 ¼ 1582 nm. Additionally, a hypothetical case of phase-matched generation is presented (by
setting β1 � β2 � βTHz ¼ 0) for comparison. As can be seen, the phase-matching enhancement is
maximally approximately 4 THz because the interaction is limited by losses. For instance, for
4 THz generation and λ1 ¼ 1550 nm, the beat length LB ðdefined by LB ¼ 2π

βs1�βs2�βTHZ
Þ is approx-

imately 42 μm, whereas the SPP propagation length ðdefined by LSPP ¼ ð2αÞ�1Þ is approxi-
mately 25 μm. Thus, it is intuitive to expect limited enhancement of phase-matched operation.

The frequency of the generated THz wave can be tuned by controlling the frequency difference
between the two SPP modes, i.e. f 1 � f 2. In Figure 5, the wavelength 1 is fixed at λ1 ¼ 1550 nm,
whereas wavelength 2 is tuned to generate different THz wave frequencies from 1 to 10 THz.
As can be seen from Figure 5, THz waves can be generated over the entire range from 1 to 10
THz simply by tuning the frequency ω2. Furthermore, different slot waveguide thicknesses are
considered in Figure 5. These include a ¼ 75, a ¼ 120 and a ¼ 185 nm. It can be seen that, for
the same SPP input, smaller slot thickness result in weaker generated THz waves. This is due
to higher losses for smaller slot thickness. Thus, as expected, more compact generation is
achieved at the cost of higher losses.

5. Photorefractive effect in nanoplasmonic waveguides

In this section, the LiNbO3 filling the MIM waveguide is doped with ND donor and NA

acceptor atom impurities. The interaction between two (symmetric and antisymmetric) inter-
fering SPP modes is studied.

5.1. Intensity expression

The electric fields of the two symmetric and antisymmetric propagating modes are described by

Eq. (1). The optical field intensity inside of the waveguide, I ¼ ðE!s þ E
!

aÞðE
!�
s þ E

!�
aÞ, can be formed

as follows:

Iðx, z, tÞ ¼ I0ðxÞ þ RefI1ðxÞejΔβzg (19)

where Δβ ¼ βa � βs, Ioðx, zÞ ¼ T1ðxÞjAaðzÞj2 þ T2ðxÞjAsðzÞj2, I1ðx, zÞ ¼ T3ðxÞ AaðzÞ A�
s ðzÞ,

T1ðxÞ ¼ DxðxÞ D�
xðxÞ þDzðxÞ D�

zðxÞ, T2ðxÞ ¼ vxðxÞ v�xðxÞ þ vzðxÞ v�zðxÞ, and T3ðxÞ ¼ 2DxðxÞ
vxðxÞ þ 2DzðxÞ vzðxÞ.
On adapting a strong pump and weak signal scenario, i.e. I1 ≪ I0, a perturbation approach can
be implemented to model the evolution of the propagating fields.

5.2. Band transport model

The interaction of the interfering SPPmodes with LiNbO3 impurities is governed by the standard
band transport model that encompasses the electron continuity equation, the current density
equation and the Poisson's equation, as in the following [29]:
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∂N
∂t

� ∂Ni
D

∂t
¼ 1

e
∇:ðJÞ, (20)

∂Ni
D

∂t
¼ ðND �Ni

DÞSI � γRNNi
D, (21)

∇:εEsc ¼ �eðN þNA �Ni
DÞ, (22)

where N is the free electron density, Ni
D is the ionized donor density, e is the electron charge,

J ¼ eNμESC þ kBTμ∇N þ κðND �Ni
DÞsIêz is the conduction current density, μ is the LiNbO3

electron mobility, kB is the Boltzmann constant, T is the temperature, κ is the photovoltaic
constant, ESC is the space charge electric field, and ε is the LiNbO3 permittivity. The three
coupled equations of the band transport model shown above can be solved analytically by
obeying a perturbation approach for a small depth intensity modulation limit i.e. I0 ≫ I1.
Towards solving these three coupled equations (20)–(22) for a continuous wave case, and
considering small intensity modulation, the electron density N and the ionized donor density
Ni

D can be written in the following form:

Ni
Dðx, zÞ ¼ Ni

D0ðxÞ þ Re
�
Ni

D1ðxÞ ejΔβz
�

Nðx, zÞ ¼ N0ðxÞ þ Re
�
N1ðxÞ ejΔβz

� (23)

where N0 and Ni
D0 are the averages of electron and ionized donor densities, and N1 and Ni

D1

are the modulation amplitudes of electron and ionized donor densities, respectively.

The space charge electric field ESC can be uniquely specified through Eq. (22) and the electro-
static condition, i.e. ∇·ESC ¼ 0.

Consequently, on substituting Eq. (23) into Eq. (22), and using the electrostatic condition, one
can obtain the following expression [19]:

ESCðx, zÞ ¼ cSC½N1 �Ni
D1�ejΔβz e

!
z þ cSC

jΔβ
∂½N1 �Ni

D1�
∂x

ejΔβz e
!

x þ c:c:, (24)

Where cSC ¼ �ejΔβ
ε0εxðkcsþkca Þ2þε0εzðjΔβÞ2

By substituting Eq. (23) into Eqs. (20) and (21), and considering a steady state so that the time

rates of the free electrons and the ionized donor densities are zeros (i.e. ∂N∂t ¼
∂Ni

D
∂t ¼ 0) [29], the

expressions for N0, Ni
D0, N1 and Ni

D1 can be obtained. First, by substituting Eq. (23) in Eqs. (20)

and (21), equating the average terms, and usingN0 þNA �Ni
D0 ¼ 0, one obtains the following:

N0 ¼
�ðNAγR þ SI0Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNAγR þ SI0Þ2 þ 4γRSI0ðND �NAÞ

q

2γR
, (25)

Ni
D0 ¼

ðNAγR � SI0Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNAγR þ SI0Þ2 þ 4γRSI0ðND �NAÞ

q

2γR
, (26)

Secondly, by substituting Eq. (23) into Eqs. (20) and (21) and equating the modulation terms
(i.e. those with eiΔβz ), one obtains:
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� ∂Ni
D
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¼ 1

e
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∂Ni
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where N is the free electron density, Ni
D is the ionized donor density, e is the electron charge,
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DÞsIêz is the conduction current density, μ is the LiNbO3

electron mobility, kB is the Boltzmann constant, T is the temperature, κ is the photovoltaic
constant, ESC is the space charge electric field, and ε is the LiNbO3 permittivity. The three
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considering small intensity modulation, the electron density N and the ionized donor density
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Ni
Dðx, zÞ ¼ Ni
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�
Ni

D1ðxÞ ejΔβz
�

Nðx, zÞ ¼ N0ðxÞ þ Re
�
N1ðxÞ ejΔβz

� (23)

where N0 and Ni
D0 are the averages of electron and ionized donor densities, and N1 and Ni

D1

are the modulation amplitudes of electron and ionized donor densities, respectively.

The space charge electric field ESC can be uniquely specified through Eq. (22) and the electro-
static condition, i.e. ∇·ESC ¼ 0.

Consequently, on substituting Eq. (23) into Eq. (22), and using the electrostatic condition, one
can obtain the following expression [19]:

ESCðx, zÞ ¼ cSC½N1 �Ni
D1�ejΔβz e

!
z þ cSC

jΔβ
∂½N1 �Ni

D1�
∂x

ejΔβz e
!

x þ c:c:, (24)

Where cSC ¼ �ejΔβ
ε0εxðkcsþkca Þ2þε0εzðjΔβÞ2

By substituting Eq. (23) into Eqs. (20) and (21), and considering a steady state so that the time

rates of the free electrons and the ionized donor densities are zeros (i.e. ∂N∂t ¼
∂Ni

D
∂t ¼ 0) [29], the

expressions for N0, Ni
D0, N1 and Ni

D1 can be obtained. First, by substituting Eq. (23) in Eqs. (20)

and (21), equating the average terms, and usingN0 þNA �Ni
D0 ¼ 0, one obtains the following:

N0 ¼
�ðNAγR þ SI0Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNAγR þ SI0Þ2 þ 4γRSI0ðND �NAÞ

q

2γR
, (25)

Ni
D0 ¼

ðNAγR � SI0Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNAγR þ SI0Þ2 þ 4γRSI0ðND �NAÞ

q

2γR
, (26)

Secondly, by substituting Eq. (23) into Eqs. (20) and (21) and equating the modulation terms
(i.e. those with eiΔβz ), one obtains:
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N1ðxÞ ¼ a1 b2 þ a2 b3
a3 b2 � a2 b1

I1ðxÞ, (27)

Ni
D1ðxÞ ¼ a1 b1 þ a3 b3

a2 b1 � a3 b2
I1ðxÞ, (28)

where a1 ¼ sðND �Ni
D0Þ, a2 ¼ N0γR þ SI0, a3 ¼ Ni

D0γR, b1 ¼ μ
�
ðkcs þ kcaÞ2 þ ðjΔβÞ2

�
·

kBT � e2N0

ε0εxðkcsþkca Þ2�ε0εzðjΔβÞ2
� �

, b2 ¼ �κsðjΔβÞ2 þ e2N0μ ðkcsþkca Þ2þðjΔβÞ2ð Þ
ε0εxðkcsþkca Þ2�ε0εzðjΔβÞ2 and b3 ¼ κsðND �Ni

D0ÞðjΔβÞ.

The spatial electric field ESC can be evaluated by performing the following three steps. First,
one must calculate the average electron and ionized donor densities, i.e. N0 and Ni

D0, using
Eqs. (25) and (26). Secondly, the modulation amplitudes of electron and ionized donor densi-
ties, i.e. N1 and Ni

D1, can be calculated using Eqs. (27) and (28). Finally, the ESC can be
evaluated by using Eq. (24). The spatial electric field modifies the effective permittivity of the
MIM waveguide, by means of electro-optic effect, causing the SPP modes to be coupled in a
phase-matched fashion, a phenomenon known as the photorefractive effect.

5.3. Photorefractive effect

The evolution of the SPP modes are governed by nonlinear wave equation, given by:

∇2 Ε
! � 1

ε0c
∂2 D

!

∂t2
¼ 0, (29)

where D
!
is the displacement current given by D

!¼ ε0εeff E
!
.

The effective permittivity can be obtained by substituting the spatial electric field, i.e. ESC, of
Eq. (24) into Eq. (8), yielding the following:

εxeff ¼ εx � ε1xe
jΔβ þ c:c,

εzeff ¼ εz � ε1ze
jΔβ þ c:c,

(30)

where ε1x ¼ ðεxÞ2 r13cscðN1 �Ni
D1Þ þ ðr15 � r22Þ csc

jΔβ
∂ðN1�Ni

D1Þ
∂x

� �
, and ε1z ¼ ðεzÞ2

�
r33cscðN1 �Ni

D1Þþ

r15 csc
jΔβ

∂ðN1�Ni
D1Þ

∂x

�

On the substitution of symmetric and antisymmetric mode expressions of Eq. (1) into Eq. (29)
and using Eq. (30), the fields equations (for slowly varying amplitudes) can be obtained, given
by the following [19]:

∂As

∂z
þ ðjωÞ2C1

�

j8c2βs
r33ε2z

kca
kcs

� r13ε2x
βa
βs

� �
jAaj2As ¼ 0 , (31)

∂Aa

∂z
þ ðjωÞ2C1

j8c2βa
r13ε2x

βs
βa

� r33ε2z
kcs
kca

� �
jAsj2Aa ¼ 0 , (32)

Where c1 ¼ �2eΔβ
ε0εxðkcsþkca Þ2þε0εzðjΔβÞ2

N1
I1
� Ni

D1
I1

� �
βaβs

ðωε0εxÞ2 �
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As can be seen in Eqs. (31) and (32), the two SPP modes are coupled in a phase-matched
fashion. The coupling is conducted by the spatial space charge electric field generated by the
interfering SPP modes in the doped LiNbO3. This is known as the photorefractive effect. The
photorefractive effect has been known since the early 1960s [30] in bulk materials and micro-
meter dielectric waveguides. In this work, the photorefractive effect is investigated in
nanoplasmonic waveguides. Numerical evaluations are presented in the following section.

5.4. Numerical evaluations

To illustrate the potential of the photorefractive effect in plasmonic waveguides, typical realistic
values are considered. Consider r13 ¼ 11 pm=V, r33 ¼ 34 pm=V, T ¼ 300K, μ ¼ 7:4·
10�5m2=ðV:sÞ, S ¼ 2:34 · 10�8m2=ðs:V2Þ, κ ¼ 1:5· 1011ðm=VÞ and γR ¼ 2:4· 10�13m3=s
[29, 31, 32]. In this work, the blue wavelength λ ¼ 458 nm is considered, given its known
functionality in photorefractive devices. The LiNbO3 permittivity is εz ¼ 5:177 and εx ¼ 5:624
at this wavelength. Also, the aluminium metal (i.e. Al) is chosen as the cladding material, that
has a permittivity of εm ¼ �29þ 7j at λ ¼ 458 nm.

First, the waveguide losses are ignored and the gain versus the doping concentration and the
input amplitudes is characterized. Different slot thicknesses are considered. Secondly, the modal
losses are taken into account, considering proper doping concentration and input amplitudes.

Our numerical investigations show that gain can be realized only for weak antisymmetric
mode (the signal) co-propagating with strong symmetric mode (the pump). This is because
the space charge electric field, that couples the two modes, has an antisymmetric transverse
distribution, as can be inferred from Eqs. (2), (19) and (24).

In Figure 6, the antisymmetric gain, defined by AaðLÞ=Aað0Þ, is displayed versus the waveguide
length L in (a), the doping concentration ND in (b), the inputs ratio Aað0Þ=Asð0Þ in (c) and
the input pump amplitude Asð0Þ in (d). The modal losses are ignored and three different
thicknesses (i.e. a ¼ 50 nm, a ¼ 70 nm and a ¼ 90 nm) are considered. In (a), jAað0Þj ¼ 0:001·
jAsð0Þj and ND ¼ 12· 1020m�3. In (b), the waveguide length L ¼ 84 μm, jAsð0Þj ¼ 1:935·
103ðV=mÞ, and jAað0Þj ¼ 0:001· jAsð0Þj. In (c), the waveguide length L ¼ 84 nm, ND ¼ 12·
1020m�3. In (d), the waveguide length L ¼ 84 nm, ND ¼ 12 · 1020m�3 and Aað0Þ=Asð0Þ ¼ 10�3.

As can be seen from the simulations in Figure 6, the photorefractive response, characterized by
the gain, is qualitatively the same for different waveguide thicknesses, given losses are
ignored. However, it can be seen from part (b) that the gain crucially depends on the doping
concentration; the stronger the effect, the larger the doping concentration. Furthermore, it can
be seen from part (c) that the gain does not dramatically depend on the input ratio, given that
the perturbation condition is satisfied, i.e. Að0Þa=Að0Þs ≤ 1. Finally, it can be seen from part (d)
that the gain is crucially depending on the pump input amplitude (i.e. the symmetric mode
input amplitude); the stronger the effect, the larger the input amplitude. These properties
characterize the photorefractive effect considering ignored losses. Same properties are
expected for fields propagating few micrometers of waveguide length. However, for larger
waveguide lengths, such as 10's or 100's of micro-meters, altered characteristics are expected,
given that losses are dominating for such waveguide length ranges [19].
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Losses can be taken into account by incorporating the effective decay factor, given by
αeffs,a ¼ Imfβs,ag, in Eqs. (31) and (32).

In Figure 7, the antisymmetric gain is presented against the waveguide length. Here, losses are
taken into account. Three different thicknesses of a ¼ 50 nm, a ¼ 70 nm and a ¼ 90 nm are con-
sidered with input pump amplitudes of 4:7· 103ðV=mÞ, 16:5· 103ðV=mÞ, and 18:4· 103ðV=mÞ
are presumed, respectively. The input pump amplitudes are chosen so that the maximum gain is
identical for the three thicknesses for the purpose of comparison. As can be seen in Figure 7, a
significant gain can be experienced despite losses with the maximum gain attainable at the same
waveguide length L ¼ 1:1 μm. However, a net gain is experienced up to different waveguide
lengths for different thicknesses. This is because the photorefractive effect dominates the interac-
tion for the first few micro-meters, whereas losses limit the interaction for larger waveguide
lengths, with greater antisymmetric losses for larger waveguide thicknesses.

Figure 6. The antisymmetric gain (a) versus waveguide length; (b) versus the doping concentration ND; (c) versus the

input ratio Aað0Þ
Asð0Þ; and (d) versus the input pump field amplitude Asð0Þ.
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Figure 8 depicts the results of Figure 7 in dB units. As can be seen, given the assumed
parameters, the maximum achieved gain can be 28:8 dB for the three different thicknesses. It
can also be seen that for different waveguide thicknesses, the photorefractive gain compensate
losses up to different waveguide lengths. For instance, the zero dB gain can be achieved at
waveguide lengths of L ¼ 41 μm, L ¼ 16:2 μm and L ¼ 10:6 μm for waveguide thicknesses of

Figure 7. The antisymmetric gain versus waveguide length, for three different LiNbO3 thicknesses, taking losses into
account.

Figure 8. The antisymmetric gain in dB versus waveguide length, taking losses into account.
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a ¼ 50 nm, a ¼ 70 nm and a ¼ 90 nm, respectively, for the same reason mentioned above
explained by having greater antisymmetric losses for larger waveguide thicknesses.

6. Conclusion

Nanoplasmonic waveguides filled with electro-optical material were proposed and discussed.
The aim of this work is to incorporate the unique properties of plasmonic waveguides, ultra-
compact structures and high internal intensities, with electro-optical material properties, thus
achieving novel functionalities. Two configurations were chosen and investigated. First, an
Au-LiNbO3-Au nanostructure waveguide is considered for THz generation by means of
difference-frequency generation of SPP modes. The SPP modes are designed to be totally
confined inside the waveguide, whereas the generated THz waves are concentric with the
SSP modes and contained mainly in the surrounding medium of the waveguide. Several
advantages are achieved through this design. First, THz losses are minimized. Secondly, an
off-resonance operation is conducted. Finally, a nanoscale and yet simple THz generation is
offered. The evolution of the THz wave and the SPP modes are evaluated and found to be
mainly limited by losses. Nevertheless, THz generation is shown to be viable over the entire
range from 1 to 10 THz by properly designing the SPP wavelengths and waveguide dimen-
sion. Possible future applications include nanocommunication systems and body-centric net-
works. Secondly, an AL-LiNbO3-AL nanostructure is considered with the LiNbO3 being doped
with donor and acceptor atom impurities. Two SPP modes with symmetric and antisymmetric
spatial distribution are considered. The interaction of the interfering SPP modes with the atom
impurities is modelled. It was found that the SPP modes are coupled by the means of the
photorefractive effect. A net gain was shown viable for weak antisymmetric mode co-propa-
gating with strong symmetric mode. The antisymmetric gain was studied against the doping
concentration and the input amplitudes. This work opens up new opportunities to apply
known photorefractive applications to nanoplasmonic devices. The two configurations
discussed in this chapter demonstrate the potential of utilizing electro-optical materials in
nanoplasmonic waveguides to achieve novel, efficient and ultra-compact devices.
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Abstract

An impedance matching analysis of two plasmonic nanocircuits connected to cylindrical 
nanoantennas is presented. In the first case, a bifilar optical transmission line (OTL) with 
finite length is connected between two nanodipoles, where one is illuminated by an opti-
cally focused Gaussian beam (receiving dipole) and the other radiates energy received 
from the OTL (emitting dipole). In the second case, the OTL is fed by a voltage source 
on one side and connected to a dipole‐loop composed antenna on the other side. These 
circuits are analysed electromagnetically by the linear method of moments (MoM) with 
equivalent surface impedance of conductors. Some results are compared using the finite 
element method. The results show the impedance matching characteristics of the circuits 
as a function of their geometries and the broadband response of the second circuit due 
the broadband dipole‐loop antenna.

Keywords: plasmonic circuits, cylindrical nanoantennas, impedance matching, 
broadband nanoantennas, method of moments (MoM)

1. Introduction

Nanophotonics is the study of optical systems in the nanometre scale [1]. A sub‐area of nano-
photonics is the nanoplasmonics, which analyses the interaction of optical fields with metal 
nanostructures [2]. With the development of nanoplasmonics, the concept of nanoantennas or 
optical antennas has emerged naturally as metal nanostructures that receive, transmit, local-
ize and enhances optical fields [3–6]. This definition is similar to conventional RF‐microwave 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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antennas, but the difference between these two regimes is that nanoantennas are not perfect 
conductors and we need to consider the finite conductivity of the metal. This characteristic 
leads to nanoantenna’s size smaller than the wavelength of the incident wave. In other words, 
nanoantennas are electrically small resonant structures that can manipulate optical fields in 
small regions beyond the diffraction limit of light. This property of wavelength scaling for 
optical antennas is discussed in [7–9].

The research studies in nanoantenna field have increased mainly due to the development in 
modern nanofabrication techniques, such as the colloidal lithography, that is a bottom‐up 
process, and the top‐down processes like focused‐ion beam (FIB) and electron‐beam lithog-
raphy (EBL) [10]. Some review papers on nanoantennas about theory, modelling, fabrication 
process and applications have been published [11–16].

The development in nanoantenna theory has also been increased due the important applica-
tions in different fields [17–28]. For example, the ability of metal nanoparticles to confine and 
enhance optical fields in nanometre regions is used in high‐resolution microscopy, where flu-
orescence emission from a single molecule can be strongly enhanced [17–22]. Also, this radia-
tion of a single emitter can be highly directed by nanoantenna arrays [23]. Other important 
applications are in nanobioimaging to analyse biological process [24], plasmonic photovoltaic 
cells [25], treatment of cancer in medicine [26], use of wireless at a nanoscale [27], plasmonic 
laser and optical data storage [28], and sub‐wavelength integrated optical circuit [29]. In this 
work, we focus on the last application.

Examples of nanoantennas connected to plasmonic waveguide are presented in [29–31]. In 
this work, we make an alternative analysis and extend the results by using a different optical 
antenna with broadband characteristics. In particular, we consider two plasmonic nanocir-
cuits connected to cylindrical nanoantennas. In the first circuit, a finite optical transmission 
line (OTL) is connected between two nanodipoles, where they are referred as receiving and 
emitting dipoles. In this circuit, the first dipole receives the energy from an optically focused 
Gaussian beam and delivers it to OTL, which connects to the second dipole to radiation. In 
the second circuit, the OTL is fed by a voltage source on one side and connected to a dipole‐
loop composed antenna on the other side. The analyses of these circuits are made by the 
linear method of moments (MoM) [32] with equivalent surface impedance of conductors [33]. 
We compare some results with the finite element method (FEM) [34]. The results show the 
impedance matching characteristics of the circuits as a function of their geometries, and the 
frequency response of the second circuit connected to the broadband dipole‐loop antenna.

2. Theoretical model

In this section we present the geometries of the two nanocircuits, the linear method of 
moments (MoM) model used in the theoretical analysis, the Lorentz‐Drude permittivity 
model and the equivalent surface impedance of the conductors, and the Gaussian beam used 
to feed the one circuit.
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modern nanofabrication techniques, such as the colloidal lithography, that is a bottom‐up 
process, and the top‐down processes like focused‐ion beam (FIB) and electron‐beam lithog-
raphy (EBL) [10]. Some review papers on nanoantennas about theory, modelling, fabrication 
process and applications have been published [11–16].

The development in nanoantenna theory has also been increased due the important applica-
tions in different fields [17–28]. For example, the ability of metal nanoparticles to confine and 
enhance optical fields in nanometre regions is used in high‐resolution microscopy, where flu-
orescence emission from a single molecule can be strongly enhanced [17–22]. Also, this radia-
tion of a single emitter can be highly directed by nanoantenna arrays [23]. Other important 
applications are in nanobioimaging to analyse biological process [24], plasmonic photovoltaic 
cells [25], treatment of cancer in medicine [26], use of wireless at a nanoscale [27], plasmonic 
laser and optical data storage [28], and sub‐wavelength integrated optical circuit [29]. In this 
work, we focus on the last application.

Examples of nanoantennas connected to plasmonic waveguide are presented in [29–31]. In 
this work, we make an alternative analysis and extend the results by using a different optical 
antenna with broadband characteristics. In particular, we consider two plasmonic nanocir-
cuits connected to cylindrical nanoantennas. In the first circuit, a finite optical transmission 
line (OTL) is connected between two nanodipoles, where they are referred as receiving and 
emitting dipoles. In this circuit, the first dipole receives the energy from an optically focused 
Gaussian beam and delivers it to OTL, which connects to the second dipole to radiation. In 
the second circuit, the OTL is fed by a voltage source on one side and connected to a dipole‐
loop composed antenna on the other side. The analyses of these circuits are made by the 
linear method of moments (MoM) [32] with equivalent surface impedance of conductors [33]. 
We compare some results with the finite element method (FEM) [34]. The results show the 
impedance matching characteristics of the circuits as a function of their geometries, and the 
frequency response of the second circuit connected to the broadband dipole‐loop antenna.

2. Theoretical model

In this section we present the geometries of the two nanocircuits, the linear method of 
moments (MoM) model used in the theoretical analysis, the Lorentz‐Drude permittivity 
model and the equivalent surface impedance of the conductors, and the Gaussian beam used 
to feed the one circuit.
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2.1. Nanocircuit geometries

The geometries of the analysed nanocircuits are presented in Figures 1 and 2. In the first case 
as given in Figure 1, the geometry is composed by an OTL, of length L and radius aL, and two 
nanodipoles. The receiving dipole 1 is illuminated by a Gaussian beam polarized along its 
axis, and the emitting dipole 2 radiates the energy received from the OTL. The arm length and 
radius of the dipoles 1 and 2 are h1 and ah1, and h2 and ah2, respectively.

In the second case as given in Figure 2, the circuit is composed by an OTL and one dipole‐
loop combined antenna. This circuit is fed on the left side by a voltage source of width d. The 
dipole is connected to OTL and the rectangular loop is above the circuit, where the OTL and 
dipole are on the plane z = 0 and the loop is on the plane z = de. The geometric parameters of 
the dipole‐loop antenna (Figure 2) are hd, ad, We, He, ae, dW and dH, where the last two define 
the position of the loop with respect to the dipole.

Figure 1. Left side: nanocircuit composed by OTL and two nanodipoles, where dipole 1 is illuminated by Gaussian beam 
and dipole 2 radiates energy of OTL. Right side: equivalent linear MoM model.

Figure 2. Left side: nanocircuit composed by OTL and one dipole‐loop combined nanoantenna, where OTL is fed by a 
voltage source. Right side: equivalent linear MoM model.
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In both circuits, the distance between the conductor’s axis of OTL is d, in this case the dis-
tance between their surfaces is D = d – 2aL. In these figures are also presented (right side) the 
equivalent linear MoM model used in the numerical analysis, which will be described in the 
next sections.

2.2. Method of moment model

There are different formulations of the linear approximation of MoM in the literature [32, 
35–37]. Here we use the model given in Ref. [33], where the linear currents are expanded with 
sinusoidal basis functions. A brief description of this method is presented below, where we 
consider the scattering problem of Figure 1 to explain the method.

In the scattering problem of Figure 1, the background medium is free‐space and the conduc-
tors are in gold. The electrical permittivity of the gold conductors are represented by the 
Lorentz‐Drude model ε1 = ε0εr1 [1], where

   ε  r1   =  ε  ∞   −   
 ω  p1  2  
 ______  ω   2  − jΓω   +   

 ω  p2  2  
 _________  ω  0  2  −  ω   2  + jγω    (1)

ε∞ = 8, ωp1 = 13.8 × 1015 s-1, Γ = 1.075 × 1014 s-1, ω0 = 2πc/λ0, λ0 = 450 nm, ωp2 = 45 × 1014 s-1, and 
γ = 9 × 1014 s-1. The losses of the metal are described by surface impedance Zs. This surface 
impedance can be obtained approximately by considering cylindrical waveguide with mode 
TM01 [33]:

   Z  s   =   
T  J  0  (Ta )

 ___________  2πajω  ε  1    J  1  (Ta )    (2)

where  T =  k  
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     , J0 and J1 are the Bessel functions of first kind of order zero and 

one, respectively, ω is the operating angular frequency, k0 is the propagation constant in air, μ0 
is the magnetic permeability of air and ε0 is the electrical permittivity of air.

The integral equation of the scattering problem is obtained by the boundary condition of 
tangential electric field at the surface’s conductors  (   E ¯¯    

s
   +    E ¯¯    

i
   ) ⋅    a ¯¯    l   =  Z  

s
   I , where     a ¯¯    l    is a unitary vector 

tangential to the surface of the metal,     E ¯¯    
s
    is the scattered electric field due to the induced linear 

current I on the conductor,     E ¯¯    
i
    the incident electric field of the Gaussian beam source, or of the 

voltage source in the case of Figure 2, and I is the induced longitudinal current in a given 
point of the nanocircuit. The scattered field is given by:

    E ¯¯    s  (  r ¯¯   ) =   1 ____ jω  ε  0  
    [   k  0  2    ∫ 

1
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where  g(R ) =  e   ‐j k  
0
  R  / 4πR  is the free‐space Green’s function, and  R =   |    r ̄   −    r ̄     ′  |     is the distance between 

source and observation points.

The numerical solution of the problem formulated by the boundary condition and Eqs. (1)–(3) 
is performed by linear MoM as follows. First, we discretize the linear circuit as shown in the 
right side of Figure 1, where NL, Nh1 and Nh2 are the number of straight segments in L, h1 and 
h2, respectively. In the Figure 1, we have NL = 7, Nh1 = Nh2 = 3. The discretization is uniform 
in L, h1 and h2, but the discretization length can be different, i.e. ΔLL = L/NL, Δh1 = h1/Nh1 and  
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The numerical solution of the problem formulated by the boundary condition and Eqs. (1)–(3) 
is performed by linear MoM as follows. First, we discretize the linear circuit as shown in the 
right side of Figure 1, where NL, Nh1 and Nh2 are the number of straight segments in L, h1 and 
h2, respectively. In the Figure 1, we have NL = 7, Nh1 = Nh2 = 3. The discretization is uniform 
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Δh2 = h2/Nh2. With this discretization, the total number of straight segments of the nanocircuit 
is Nt = 2Nh2+2NL+2Nh1. For the method stability, we use the convergence conditions Δh2 > 2ah2, 
Δh1 > 2ah1, and ΔLL > 2aL. Then the current in each segment is approximated by sinusoidal basis 
functions [33]. The expansion constants In are shown in Figure 1 where each constant defines 
one triangular sinusoidal current. To determine these constants, we use N = Nt -2 rectangular 
pulse test functions with unitary amplitude and perform the conventional testing procedure. 
The following linear system of equations is obtained

   V  m   =  Z  s    I  m    Δ  m   −  ∑ 
n=1

  
N
     Z  mn    I  n    (4)

where m = 1, 2, 3, …, N, Zmn is the mutual impedance between sinusoidal current elements m 
and n, Δm = [ΔLm+ΔLm+1]/2 [32], and Vm is the voltage induced in the segment m due the source 
field     E ¯¯    

i
   . The solution of Eq. (4) produces the current along the nanocircuit. With these results, 

it is possible to calculate near‐ and far‐field distributions and other parameters.

2.3. Gaussian beam source

In the case of nanocircuit 1 (Figure 1), the incident field is a Gaussian beam. This kind of wave 
is obtained by solving the scalar Helmholtz wave equation with the paraxial approximation 
[37]. The magnetic vector potential of a Gaussian beam polarized on the x‐axis and travelling 
in the +z direction is given by

   A ¯¯   =  u  0    √ 
__

   2 __ π       1 __ w   exp   (    
−  ρ   2 

 _  w   2    )   exp   [  − j  (    
 k  0    ρ   2 

 _ 2R   −φ )    ]    e   −j k  0  z     a ¯¯    x    (5)

where u0 = (2Pμ0/k0ω)1/2, P is the power of the beam, w is the beam radius (Figure 3), R is the 
curvature radius of the phase front and φ is the phase of the beam. The three principal param-
eters that define the beam are the power P, the radius of the beam waist w0 (Figure 3) and the 
operating wavelength λ. With the vector potential given in Eq. (5), the x-component of electric 
field Ex of the Gaussian beam can be obtained from the Maxwell equations [37].

The excitation beam used in Figure 1 is focused on the receiving dipole 1 with polarization 
along the dipole axis (x‐axis), the direction of propagation is +z, the beam axis is along the 
z‐axis, and the minimum waist (w0) is localized at z = 0, which is the plane of the nanocircuit. 
In all the analyses presented in this work for the nanocircuit 1 (Figure 1), we consider a fixed 
Gaussian beam with power, P = 10-12 W, wavelength, λ = 830 nm and beam waist, w0 = 340 
nm. We use these values for comparisons with the results given in Ref. [29], but the analysis 
presented here can be applied for beams with other parameters. The field distribution of this 
beam is shown in Figure 3, where the electric field amplitude abs(Ex) is presented on the xz 
and xy planes and the phase distribution angle of Ex is presented on the xz plane. The phase 
at xy plane is constant.

3. Analysis of first nanocircuit

In this section, we analyse the first nanocircuit of Figure 1. In this case, we fix the Gaussian 
beam source given in Figure 3 at λ = 830 nm, and analyse the impedance matching character-
istic in function of the geometrical parameters of the OTL and nanodipoles.
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3.1. Numerical example

Based on the theoretical model presented above, we developed a MoM code in Matlab 
to analyse the nanocircuit shown in Figure 1. In this sub‐section, we present an example 
of simulation of the nanocircuit shown in Figure 1 fed by the Gaussian beam depicted in 
Figure 3. Figure 4 shows the geometry and discretization parameters used in this simula-
tion and the result of the current distribution along the circuit. The near‐field distribution 
for this example is given in Figure 5. Note that we use the total length of dipole as H1 = 2h1+d 
and H2 = 2h2+d.

We observe in these results the stationary behaviour in the OTL, which is due to the mismatching 
in the impedances of nanodipole 2 and OTL. To make a quantitative measure of the impedance 
matching degree, we calculate approximately the voltage stationary wave ratio (VSWR) near 
nanodipole 2 as VSWR = Imax/Imin, where Imax and Imin are, respectively, the maximum and mini-
mum current magnitude nearest to dipole 2. With this parameter, we calculate the voltage reflec-
tion coefficient as |ΓV| = (VSWR‐1)/(VSWR+1). In this numerical example we obtained |ΓV| = 0.4.

Figure 3. Field distribution of Gaussian beam with P = 10-12 W, λ = 830 nm and beam waist w0 = 340 nm at xz and xy 
planes.
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3.2. Impedance matching analysis

This section presents a parametric analysis of the impedance matching of the nanocircuit for 
different values of h2, ah2, aL and D. In this analysis, we fixed the dimensions of the receiving 
dipole h1 = 173 nm, ah1 = 10 nm and the length of the OTL L = 1200 nm. Figure 6 presents the 
voltage reflection coefficient |ΓV| versus the total length of the emitting dipole H2 = 2h2 +d for 
different values of D = 10, 15 and 20 nm for the four cases (aL = 10 nm, ah2 = 10 nm), (aL = 10 nm, 
ah2 = 15 nm), (aL = 15 nm, ah2 = 15 nm), and (aL = 15 nm, ah2 = 20nm).

Analysing these curves we come to some conclusions. We note that the nanocircuits possess 
in general a smaller degree of input impedance matching (higher |ΓV|) when the gap of the 
OTL D is increased. The exceptions are the cases of Figures 6a and b in the range H2 < 400 nm, 
where we have a better matching for higher D.

Figure 4. Up: geometry and discretization of nanocircuit with H1 = 386 nm, H2 = 488 nm, L = 1200 nm, ah1 = 10 nm,  
aL = ah2= 15 nm, D = 10 nm, Nh1 = 8, Nh2 = 7, NL = 40, ΔLL = 30 nm, Δh1 = 21.6 nm, Δh2 = 32 nm and N = 108. Down: amplitude 
of linear current distribution along nanocircuit. The voltage reflection coefficient of this circuit is |ΓV| = 0.4.
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Figure 6. Voltage reflection versus H2 = 2h2+d for different values of D = 10, 15 and 20 nm. (a) aL = 10 nm and ah2 = 10 nm, 
(b) aL = 10 nm and ah2 = 15 nm, (c) aL = 15 nm and ah2 = 15 nm, and (d) aL = 15 nm and ah2 = 20 nm.

Figure 5. Normalized distribution of the electric field amplitude at plane z = 30 nm: (a) incident field of the Gaussian 
beam abs(Ex

i), (b) scattered field abs(Ex
s), and (c) total field abs(Ex).
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We also observe that in general the impedance matching is better when ah2 > aL. This means 
that the values of |ΓV| in Figure 6d are smaller than those of Figure 6c, and the values of |ΓV| 
in Figure 6b are smaller than those of Figure 6a. The latter comparison is only true in the 
range of H2 < 400 nm.

All these results show that we have many situations of good matching for different values 
of D, aL, ah2 and H2. Min(|ΓV|) occurs for larger H2, for examples in the cases D = 10 nm and 
H2 = 640 nm in Figure 6a, where |ΓV| ≈ 0.26, and D = 10 nm and H2 = 610 nm in Figure 6b, 
where |ΓV| ≈ 0.35. Other good results are for smaller H2, for example the case of D = 20 nm  
and H2 = 300 nm in Figure 6b, where |ΓV| ≈ 0.31.

One way to choose the best geometric parameters of the circuit is to consider the case with 
better impedance matching and efficiency simultaneously. The efficiency of the circuit 
depends mainly on the attenuation of the current along the OTL, i.e. depends on the loss 
constant α of the OTL. This parameter is constant for the principal mode that propagates 
on the OTL, and can be obtained approximately by the average inclination of the current 
versus distance along the OTL. In equation form we have α = ∆I/∆L, where ∆I is the variation 
of the average amplitude of the current in decibels (dB) along a given distance ∆L (nm) in 
the OTL. With this definition the unit of this parameter is dB/nm. In the numerical example 
presented in Figure 4 we have α ≈ 0.007393 dB/nm. This result is very close to α = 0.007296 
dB/nm obtained in Ref. [29] where the OTL is similar to our case shown in Figure 4 (aL = 15 
nm and D = 10 nm).

To understand better the behaviour of the impedance matching and efficiency characteristic 
of the results presented in Figure 6, we plot in Figures 7 and 8 the current distributions for dif-
ferent geometric parameters. Figure 7 shows the currents for two cases with same aL = 10 nm 
but different voltage reflection coefficients of |ΓV| = 0.31 and 0.67. In these results we observe 
a higher stationary wave for the case |ΓV| = 0.67 than for the case |ΓV| = 0.31. This shows 
that our approximate method to calculate |ΓV| provides a good measure of the degree of 
impedance matching. We also observe that the two cases present the same attenuation along 
the circuit (i.e. in both cases one has approximately the same loss constant α = 0.0111 dB/nm) 
because the OTL are constructed with the same radius of wires, aL = 10 nm.

Figure 8 presents the current distribution for two cases with good impedance matching  
|ΓV| = 0.26 and 0.36, but with different loss constant of α = 0.0119 and 0.0084 dB/nm, 
respectively. This difference is mainly due to the difference of the radius aL of the OTL. 
For lower values of aL the attenuation is higher in OTL and this result is similar to that 
observed in RF‐microwave regimes. This can be explained by the surface impedance 
model of Eq. (2), where smaller radius produces higher Zs and, consequently, higher loss 
in the conductors.

Another analysis of this circuit was done varying the dimensions of the receiving dipole 1 
and fixing the dimensions of dipole 2 [32]. We observed that the dimensions of dipole 1 can 
modify the impedance matching and efficiency characteristics of circuit. The results show 
that good impedance matching does not necessarily mean a good efficiency in the receiving 
dipole, i.e. higher input current amplitude in dipole 1. For example, Figure 9 presents the 
total electric field distribution at plane z = 30 nm of two opposite situations. We can see in this 
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figure the differences in the field intensity, showing higher values of the emitting dipole in 
the case when the dipole 1 operates in the first resonance (Figure 9a), i.e. this case presents 
better efficiency. However, the case of Figure 9b presents better impedance matching than the 
case of Figure 9a.

Figure 8. Current distributions of two nanocircuits with good voltage reflection coefficient (|ΓV| = 0.26 and 0.36) 
possessing different values of aL.

Figure 7. Current distributions of two circuits with the same values of aL = 10 nm possessing different voltage reflection 
coefficient (|ΓV| = 0.31 and 0.67).
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4. Analysis of second nanocircuit

This section presents the analysis of second nanocircuit of Figure 2, where a voltage source 
fed an OTL on the left side and the other side is connected to a dipole‐loop combined antenna. 
Due the broadband characteristic of this circuit, the analysis presents the spectral response 
of the circuit in the range of 100–400 THz for different values of the geometrical parameters 
(Figure 2). First, we analyse the isolated broadband dipole‐loop antenna, and then we con-
sider the OTL connected to this antenna.

4.1. Analysis of isolated dipole‐loop

In this section, we analyse the isolated dipole‐loop antenna and its spectral response. Note 
that this case without the OTL is obtained when L = 0 in the nanocircuit given in Figure 2. To 
demonstrate the broadband characteristic of this nanoantenna, we first make a comparison 
with the conventional isolated nanodipole as a specific example. The geometrical parameters 
used in this example are: hd = 200 nm, ad = 20 nm, dL = 20 nm, dW = 50 nm, dH = 20 nm, ae = 20 
nm, We = 2ae + 2ad + 2dW, He = 2hd + dL + 2ae + 2dH (Figure 2), Nh = 5, NHe = 13, NWe = 4, Nt = 46. 
Observe that the arm length of nanodipole is hd + ad = 220 nm (Figure 2).

The first result obtained is the input impedance (Zin = Rin + jXin) presented in Figure 10 for 
the case of isolated nanodipole (left) and dipole‐loop antenna (right). This result is compared 
with the simulation by Comsol software, which is based on FEM. We observe that the two 
methods produce values with good agreement for the used frequency range. For the isolated 
dipole case, the first resonant frequency for the MoM is 191.9 THz and for the Comsol it is 
187.7 THz, and the second resonant frequency for the MoM is 263.8 THz and for the Comsol 
it is 267.7 THz. In the case of dipole‐loop antenna, it can be seen that the electromagnetic cou-
pling between the dipole antenna and the loop antenna modifies the input impedance of the 
nanoantenna in comparison with the isolated dipole. It is further noted that the resonances 

Figure 9. Total (scattered and incident) electric near‐field distribution at plane z = 30 nm (a) receiving dipole at first 
resonance with H1 = 176.6 nm and ah1 = 20 nm (|ΓV| = 0.42). (b) Receiving dipole at second resonance with H1 = 637.7 nm 
and ah1 = 20 nm (|ΓV| = 0.21). In these simulations, we fixed the following parameters of OTL and emitting dipole: aL =15 
nm, ah2 = 20 nm, L = 1200 nm, and NL = 40.
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are moved to the lower frequencies. The first resonant frequency (Fλ/2) for the MoM is 185.1 
THz and for the Comsol is 174.4 THz and the second resonant frequency (Fλ) for the MoM is 
256.4 THz and for the Comsol is 254.7 THz.

Figure 11 shows the results of calculation of the radiation efficiency and the reflection coeffi-
cient obtained by MoM and Comsol for the isolated nanodipole (left) and dipole‐loop antenna. 
The reflection coefficient is given by Γ = |(Zin–Z0)/(Zin+Z0)|, where Zin is input  impedance 
of the nanoantenna and Z0 is the characteristic impedance of a given transmission line. The 
bandwidth is calculated by B = 200[(Fs–Fi)/(Fs+Fi)], where Fs is the upper frequency and Fi is 
the lower frequency at the level ‐10 dB of the reflection coefficient.

For the isolated nanodipole (Figure 11, left), the maximum radiation efficiency calculated 
by the MoM and the Comsol are ‐1.06 and ‐1.32 dB, respectively, occurring around the sec-
ond resonant frequency. However, the best input impedance matching point occurs around 

Figure 11. Radiation efficiency (er) and reflection coefficient (Γ) for nanodipole (left, Z0 = 60 Ω) and dipole‐loop antenna 
(right, Z0 = 90 Ω) as function of frequency, calculated by MoM and Comsol.

Figure 10. Input impedance of the isolated nanodipole (left) and dipole‐loop antenna (right). The dimensions are: hd = 
200 nm, ad = 20 nm, dL = 20 nm, dW = 50 nm, dH = 20 nm, ae = 20 nm.
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the first resonant frequency, using Z0 = 60 Ω. Therefore, the maximum efficiency and good 
impedance matching are found at different frequencies. This occurs because the characteristic 
impedance of an OTL is not necessarily matched to the input impedance of nanodipole with 
maximum efficiency [29]. The calculation of the reflection coefficient has been accomplished 
considering the connection of a line with Z0 = 60 Ω, and for this impedance the final value 
obtained by the MoM was B = 10.1% and by Comsol B = 11.2%. The results of Γ show that the 
isolated dipole has a narrow bandwidth.

For the dipole‐loop antenna (Figure 11, right), we can see that insertion of the loop besides 
modifying the input impedance also changes the reflection coefficient causing an increase of 
the bandwidth of the nanoantenna to 37.1% by MoM and 35.1% by Comsol. The increased 
bandwidth occurs because in the compound antenna occur an overlapping of different reso-
nances of loop and dipole, which produces a greater bandwidth. We can also observe that the 
resonance of the loop (near F ≅ 145 THz) and the resonance of the dipole (near F ≅ 184 THz). 
In the frequency range between 150 and 280 THz, the radiation efficiency remains almost 
constant reaching the maximum value of ‐1.276 dB by the Comsol simulation and ‐1.35 dB 
for the MoM simulation. Thus we have a broadband antenna with high efficiency and with a 
possibility to achieve good impedance matching with an OTL of 90 Ω.

Figure 12 shows the 3D far‐field gain radiation pattern for the isolated dipole and the dipole‐
loop nanoantenna. The frequencies to which these diagrams were calculated correspond the 
bandwidth central frequencies (Fc = (Fs + Fi)/2) of Figure 11. The shape of these diagrams 
is approximately the same as of a small RF‐microwave dipole. The maximum gain of the 
 isolated dipole equals 1 for Fc = 170.85 THz and the maximum gain of the composed antenna 
is equal to 1.4 for Fc = 194.97 THz.

Table 1 shows a parametric analysis of bandwidth of the composed nanoantenna for dW = 40, 50, 60 
and 70 nm, and dH = 10 and 20 nm, respectively, varying only the parameters dW and dH, and fixed 
parameters hd = 200 nm, ad = 20 nm, dL = 20 nm and ae = 20 nm. In this table are given the values 

Figure 12. 3D far‐field gain radiation pattern of the isolated dipole and composed antenna for the central frequencies 
194.97 and 170.85 THz, respectively.
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of the OTL impedance which maximize the bandwidth for each simulated. We can see from this 
parametric analysis that it is possible to optimize the bandwidth by adjusting the dimensions of 
the loop element. The best case obtained was for dH = 10 nm and dW = 70 nm, where B = 42%.

4.2. Analysis of dipole‐loop connected to OTL

In this section, we present the analysis of nanocircuit 2 of Figure 2. First, we present the varia-
tion of near‐ and far‐field distribution in function of frequency, then the voltage reflection 
coefficient versus frequency is presented and finally a parametric analysis is presented.

4.2.1. Near‐ and far‐field results

In this section, we present the variation of near and far‐field distribution for a given example 
of nanocircuit as a function of frequency.

Figure 13 shows the current distribution along the nanocircuit for the frequencies of 100, 
200 and 300 THz, for the following parameters: hd = 200 nm, L = 1200 nm, ad = aL = ae = 20 nm, 
 dL = 60 nm, d = dL – 2aL, de = 50 nm, dW = 50 nm, dH = 20 nm, Nh = 5, NWe = 4, NHe = 13, NL = 29 and 
Nt = 104. In the figure, the circle points identify the currents of each section of the nanocircuit. 
The points to the left of 1 and between 4 and 5 are the currents in the nanodipole, the ones 
between 1 and 2 and 3 and 4 are the currents of the OTL, those between 2 and 3 represent the 
current of the source, and finally those between 5 and 6, 6 and 7, 7 and 8 and to the right of 
8 are the currents of the loop. We can see that while the frequency increases the attenuation 
of the current in the OTL increases, showing that at optical frequencies the conduction losses 
are higher. The stationary pattern presented in the figure shows the mismatch of the imped-
ance of the optical transmission line and the nanodipole. The same oscillatory behaviour is 
observed in Figure 14, where the distribution of the normalized electric field near a parallel 
plane to the nanocircuit (for the same frequencies as in Figure 13) is shown. These fields were 
calculated for the plane z = 80 nm. It is evident that the energy transferred from the source to 
the nanodipole is reduced with the increasing frequency.

Figure 15 shows the 3D far‐field gain radiation diagram for this nanocircuit for F = 100, 200 
and 300 THz. The shape of these diagrams can be explained when we pose that the nanocircuit 
in Figure 2 acts as an array of two antennas spaced by the length L of the OTL, wherein the first 

dW

30 nm 40 nm 50 nm 60 nm 70 nm

dH 10 nm B = 35.4% B = 36.8% B = 38.3% B = 40% B = 42%

Z0 = 85 Ω Z0 = 105 Ω Z0 = 100 Ω Z0 = 115 Ω Z0 = 120 Ω

20 nm B = 33.2% B = 34.1% B = 35.1% B = 17.7% B = 17.5%

Z0 = 80 Ω Z0 = 85 Ω Z0 = 90 Ω Z0 = 80 Ω Z0 = 95 Ω

Table 1. Results of parametric analysis of the composed nanoantenna.
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Figure 13. Normalized current distribution along the nanocircuit for F = 100, 200 and 300 THz, with the parameters: hd 
= 200 nm, L = 1200 nm, ad = aL = ae = 20 nm, dL = 60 nm, de = 50 nm, dW = 50 nm, dH = 20 nm, Nhd = 5, NWe = 4, NHe = 13, NL = 
29 and Nt =104.

Figure 14. The electric field distribution in the plane z = 80 nm, F = 100 THz (top left), 200 THz (top right) and 300 THz 
(bottom), the parameters are: hd = 200 nm, L = 1200 nm, ad = aL = ae = 20 nm, dL = 60 nm, de = 50 nm, dW = 50 nm, dH = 20 nm, 
Nhd = 5, NWe = 4, NHe = 13, NL = 29 and Nt =104.
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one is the dipole‐loop antenna (right side of the circuit) and the second one is an equivalent 
dipole formed by the voltage source (left side of the circuit), that also radiates. Thus, the result-
ing radiation pattern of this arrangement is the product of the radiation pattern of one element 
and the array factor, leading to the shape drawn in Figure 15. Furthermore, it can be noted that 
when frequency is increased the resulting pattern has more side lobes. Another observation 
in these diagrams is that the radiation intensity is higher in the –z direction, because the loop 
element above the dipole acts as a reflector of waves in the downward direction.

4.2.2. Voltage reflection coefficient

To analyse the impedance matching of the OTL with the antenna, it is necessary to calculate 
the voltage reflection coefficient as was done previously in Section 3.1. The results of calcula-
tions for the nanocircuit presented in Figures 13 and 14 are shown in Figure 16 for |ΓV| as 
a function of frequency for the nanocircuit with the loop and without it. In the figure, the 
minimum points |ΓV| are highlighted. They are ‐7.6 and ‐13.5 dB, at F = 157.3 and 383.4 THz, 
respectively, for the case of the nanocircuit with the loop. This figure shows that the voltage 
reflection coefficient decreases with the addition of the loop into the optical nanocircuit near 
these frequencies (157.3 and 383.4 THz). Besides, this figure explains the stationary behaviour 
of the current and field shown in Figures 13 and 14.

For the frequencies corresponding to these minimum voltage reflection coefficients for the 
case of the nanocircuit with loop shown in Figure 16, the current distribution in Figure 17 and 
normalized electrical field distribution in the plane z = 80 nm in Figure 18 are given.

It can be observed in Figures 17 and 18 that with increasing of frequency the attenuation of the 
current and the electric field in the OTL increases due to conduction losses. It may be noted 
that for the frequency of 383.4 THz there is a significant drop at the standing wave rate in rela-
tion to the frequency of 157.3 THz, which presents a decrease in reflection losses on the line. 
On the other side, for the frequency 157.3 THz one has a higher level of current in OTL (higher 
transmission efficiency) than for the frequency 383.4 THz (Figure 17). This means, again, that 
a better impedance matching does not imply a higher transmission efficiency along the OTL.

Figure 15. 3D far‐field gain radiation pattern of the circuit for F = 100, 200 and 300 THz.
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Figure 16. Voltage reflection coefficient as a function of frequency, the parameters are hd = 200 nm, L = 1200 nm, ad = aL = 
ae = 20 nm, dL = 60 nm, de = 50 nm, dW = 50 nm, dH = 20 nm, Nhd = 5, NWe = 4, NHe = 13, NL = 29 and Nt = 104.

Figure 17. Current distribution for F = 157.3 and 383.4 THz, with |ΓV| = ‐7.6 and ‐13.5 dB, respectively.

Figure 18. Electric field distribution in plane z = 80 nm for frequencies F = 157.3 (left) and 383.4 (right) THz, for cases with 
the reflection coefficient |ΓV| = ‐7.6 and ‐13.53 dB, respectively.

Impedance Matching Analysis of Cylindrical Plasmonic Nanoantennas Fed by Optical Transmission Lines
http://dx.doi.org/10.5772/67414

283



Figure 19 shows the 3D far‐field gain radiation pattern for the nanocircuit for F = 157.3 and 
383.4 THz. We observe again that the circuit in Figure 2 works like an array of two dipoles 
spaced by the length L of the OTL. Also, the gain level of case 157.3 THz is higher than that for 
383.4 THz, which is in accordance with the current levels of Figure 17.

4.2.3. Parametric analysis

Finally, a parametric analysis of the voltage reflection coefficient is shown in Figure 20. For 
the simulations we fix the following parameters: the distance between the surfaces of the OTL 
(D = 20 nm), the length of the electric dipole (hd = 200 nm), the radii (aL = 20 nm, ad = 20 nm 
and ae = 20 nm) and the length of the OTL (L = 1200 nm), and vary the parameters dW (dW = 30, 
40 and 50 nm) and dH (dH = 10 and 20 nm), that consequently change the width (We + 2ae) and 
the length (He + 2ae) of the loop. In Figure 20, we show the results for the voltage reflection  
coefficient without the loop for comparison.

Figure 19. 3D far‐field gain radiation pattern of the circuit for F = 157.3 and 383.4 THz.

Figure 20. Voltage reflection coefficient (|ΓV|) with the loop near the dipole for different values of dW (30, 40 and 50 nm) 
with dH = 10 (left) and 20 (right) nm and also |ΓV| without the loop.
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Analysing these figures one comes to the following conclusions. In all simulated geometries of 
the circuit with the loop, there is an improvement in comparison with the circuit without the 
loop regarding impedance matching at some points as can be seen in the figures. The second 
conclusion is that, for smaller values of dW, the curves of the voltage reflection coefficient (|ΓV|) 
are shifted to the higher frequencies. This occurs because the impedance matching depends on 
the positions of the resonances of the nanoantenna, that are shifted to higher frequencies for 
smaller lengths of dW. In general, the best impedance matching is obtained for smaller values 
of dW. This behaviour can be explained by reduction of the reflection coefficient (|ΓV|) of the 
nanoantenna when dW decreases. But then, an increase on dH results in increased values of |ΓV|. 
This occurs because the reflection coefficient of nanoantenna increases with the increase on dH.

5. Conclusions

An impedance matching analysis of two plasmonic nanocircuits with nanoantennas was pre-
sented. The first circuit is composed by an OTL connected between two nanodipoles, where one 
nanodipole is illuminated by a Gaussian beam. In the second circuit, a voltage source fed an OTL 
that is connected to a dipole‐loop broadband nanoantenna. The linear MoM with finite surface 
impedance was used for numerical calculations, and some results were compared with FEM.

In the analysis of first circuit, we concluded that good impedance matching and transmission 
efficiency depends not only on the OTL and the emitting dipole, but also on the receiving 
dipole. In other words, the electromagnetic behaviour depends on the whole circuit. Also, we 
verified that good impedance matching does not imply on good transmission efficiency. An 
example of these opposite situations is presented in Figure 9.

In the second analysis, it was showed that a dipole‐loop combined nanoantenna connected to 
an OTL can increase the operating bandwidth and improve the degree of impedance match-
ing, when compared to the conventional isolated nanodipole. We obtained a best fractional 
bandwidth of 42%, for the dipole‐loop nanoantenna, and a minimum voltage reflection coef-
ficient of –25dB for this second nanocircuit.
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Abstract

In this chapter, novel designs of tapered-dipole nanoantennas are investigated for energy 
harvesting applications. A full systematic analysis for the proposed structure is presented 
where the harvesting efficiency, return loss, radiation pattern, and near-field enhance-
ment are calculated using a finite-element frequency domain solver. Simulation results 
show that the proposed nanoantennas can achieve a harvesting efficiency of 60% at a 
wavelength of 500 nm where the antenna input impedance is matched to that of fabri-
cated rectifying devices. Additionally, the cross-tapered nanoantenna offers a near-field 
enhancement factor of 252 V/m, which is relatively high compared to previously reported 
nanoantennas. The spatial and spectral resonance modes are investigated, and the sim-
ulation results indicate the ability of the cross geometry to be utilized in color-sorting 
applications. Moreover, the particle swarm optimization technique is adapted to config-
ure the proposed designs for maximum performance.

Keywords: nanoantenna, energy harvesting, plasmonics, finite-element frequency 
domain, particle swarm optimization, metal/insulator/metal diode, color-sorter

1. Introduction

The strong electromagnetic field enhancement of metallic plasmonic structures has encour-
aged the utilization of such devices in various applications. This enhancement is attributed to 
the plasmonic resonance that occurs at the near-field region of metals such as silver or gold. 
Plasmonic nanoantennas have gained the main interest, theoretically and experimentally, 
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among recent researchers in the fields of energy harvesting [1–4], bio-sensing [5], plasmonic 
nanosensors [6], and optical communications [7]. Similar to plasmonic devices, the high-field 
confinement of nanoantennas is directly related to the metal refractive index and the design 
geometry. Other major parameters of the nanoantenna performance are harvesting efficiency, 
which is the efficiency by which light energy is collected, and the antenna impedance that 
defines the coupling efficiency between the nanoantenna and other devices.

Due to the large worldwide demand on renewable energy, an intense research work has been 
directed toward benefiting from the solar energy as a free and clean source. In early 1970s, Bailey 
has proposed the concept of rectenna in the field of solar energy harvesting [8] where rectenna 
stands for a rectifying diode coupled with antenna. Nanoantenna is responsible for transform-
ing solar radiation into an alternating current (AC) electric field across the diode, which rectifies 
the signal to obtain direct current (DC) power. In recent years, rectennas design and fabrication 
techniques are getting more mature as this approach promises to offer highly efficient solar 
energy harvesting systems. Referring to the radiation spectrum of the sun, maximum irradi-
ance occurs at the visible wavelength range from 400 to 700 nm. Nonetheless, extending the 
utilization of rectenna systems to visible frequencies (PHz) resulted in several challenges. First, 
the challenge of scaling down antenna dimensions to sub-micrometer is becoming more realiz-
able with advanced technologies [1]. A second challenge is the existence of suitable rectifiers 
for these operation criteria. Metal\insulator\metal (MIM) diode topology is gaining interest as 
a candidate for high-frequency operation [9]. Additionally, the main factors contributing to the 
efficiency of nanorectenna systems are (1) harvesting efficiency and field confinement of the 
nanoantenna device; (2) the cut-off frequency of the diode and responsivity at zero voltage bias; 
and (3) impedance matching between the nanoantenna and the diode.

Vandenbosch and Ma [10, 11] reported an upper bound for total solar harvesting efficiency 
of 64%, over wavelength range 400–1200 nm, for a silver-dipole nanoantenna. This design 
offers a nominal input impedance of 250 Ω at resonance and harvesting efficiency of 26% at 
wavelength of 500 nm. Bowtie [12, 13] and Vivaldi [14] nanoantennas offered a low input 
impedance of about 100 Ω at resonance. However, authors study did not provide calcula-
tions for harvesting efficiency at visible light range. Other design topologies were proposed, 
such as spiral, log-periodic [15], flower-shaped dipole, and elliptic dipole nanoantenna [16]. 
While some of these designs offer higher efficiencies up to 90% at 500 nm wavelength, they 
suffer from very high design complexity and the lack of impedance analysis in the litera-
ture, especially over the visible light region. A tapered-dipole nanoantenna topology was first 
introduced in Ref. [17] where two structures were presented, two-arm and cross-arm dipole 
antennas with tapered end. The simulation results for these structures show high-field con-
finement in the antenna gap where the cross-dipole antenna exhibits the higher field enhance-
ment. However, this study was not intended for solar harvesting application, and thus, no 
further analysis for the harvesting efficiency or input impedance was presented [17]. A study 
of the field distribution around nanoantenna and current induced on the surface was also car-
ried out for the bowtie and spiral designs [12, 15] where simulation and experimental results 
showed high enhancement over the conventional dipole design [11]. However, these rectenna 
devices suffer from low coupling efficiency between nanoantenna and rectifier due to high 
impedance mismatch.
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Moreover, cross antenna design topology has been previously investigated several times due 
to its compatibility with special applications such as fluorescence-sensing [17], color-sort-
ing [18, 19], and high-harmonic generation [20]. These applications take advantage of cross 
antenna electromagnetic characteristics such as dual resonance, high-field confinement, and 
polarization control. The dual resonance characteristics of the cross antenna topology arise 
from the four-arm nature of the antenna and the interaction between the incident field with 
both x- and y-oriented arms. This phenomenon also enables the antenna to interact strongly 
with both polarization, horizontal and vertical. Additionally, cross nanoantennas have been 
previously reported to achieve higher field enhancement than the corresponding two-arm 
structure where Ying-Ying et al. [20] studied the field enhancement of a nanoellipsoid cross 
antenna which reached slightly below 200 enhancement factor. Another research work 
reported an enhancement factor of 320 for symmetric cross bowtie nanoantenna, on a fused 
silica substrate, operating as a color-sorter [19].

This chapter demonstrates two novel nanoantenna designs, which offer harvesting efficien-
cies up to 60% at wavelength λ of 500 nm with a field enhancement factor about 10 times 
greater than that of the conventional dipole design. This enhancement is attributed to high 
divergence of surface current over the nanoantenna surface as a result of the multiple thick-
ness grading introduced to the design. Moreover, both nanoantennas are configured to offer a 
high-coupling efficiency when connected to a rectifying device by matching the antenna input 
impedance with that of fabricated MIM diodes operating at THz frequencies. Additionally, 
the radiation patterns and near-field enhancement factor are presented, which show the high 
performance of the cross nanoantenna structure over the two-arm dipole design. Furthermore, 
the near-field intensity spectrum is investigated for both designs, which indicates that the 
cross-tapered-dipole nanoantenna can be utilized for dual-color sorting applications where 
it offers a normalized near-field enhancement factor of 252 V/m. All nanoantenna designs are 
optimized using particle swarm optimization algorithm [21] connected to an electromagnetic 
solver software.

2. Design consideration

This research work focuses on overcoming the drawbacks of previously studied nanoantenna 
designs such as low field confinement at the gap, small nominal input impedance, and low 
harvesting efficiency at visible light frequencies. Moreover, this study introduces a novel design 
that offers relatively high manufacture feasibility as will be discussed later. For an efficient oper-
ation of rectenna system, high-intensity field should exist at the surface of the MIM diode δs so 
that sufficient electrons can tunnel through the diode. Therefore, high-field confinement at the 
gap of the nanoantenna represents a major requirement in the nanoantenna design. According 
to electromagnetic theory, electric field tends to be accumulated at the metal tips of the antenna 
structure [12, 22]. Based on this phenomenon, the proposed design was constructed by inserting 
more steps of smaller dimensions into the conventional dipole design, as shown in Figure 1b, 
which increases the number of tips and consequently the electric field confinement by the nano-
antenna. This is directly related to the antenna efficiency where the harvested electric energy 
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is transformed to AC power at the antenna port. Figure 1 demonstrates the design parameters 
of the conventional dipole and the proposed tapered-dipole nanoantenna, which is considered 
a modified version of the conventional dipole where two more steps of smaller dimensions 
are inserted. Additionally, the cross structure of the same nanoantenna is investigated where 
the four arms of the antenna are placed in the x and y directions, horizontal and vertical ori-
entations, as shown in Figure 1c. Silver material is selected for all the nanoantennas studied in 
this work as it is reported to offer higher efficiency when compared to other metals [11]. The 
proposed design parameters are chosen using particle swarm optimization (PSO) technique 
[21] where efficiency, impedance, and/or field enhancement are optimized. The optimization 
process is carried out through an external link between the algorithm and the finite-element 
frequency domain (FEFD) solver [23]. The PSO technique will be discussed in the next section. 
Additionally, a minimum feature size of 5 nm is maintained in grading adjacent dipole steps to 
reduce design complexity.

The suggested designs can be fabricated using top-down methods such as electron-beam 
lithography (EBL) and focused ion beam (FIB) techniques [14]. The EBL is employed to define 
desired patterns down to the nanometer scale in resists. Therefore, it is normally combined 
with stripping (lift-off) or etching to obtain the desired patterns in the target materials. For 
a specific EBL technique, reported in Ref. [24], 4–8 nm patterning and lift-off were achieved 
for Au nanoparticles. On contrast to EBL, the FIB technique can define patterns down to 
the nanoscale without using masks [25]. Most widespread instruments of FIB use gallium 
ion source, which is capable of fabricating sub-5 nm holes [26]. Another technique of FIB 
is called Helium ion beam milling, which is inherently less damaging to the sample than 
Ga ions but ideal for structuring thin slabs of material with high precision [27]. The helium 
milling was reported to achieve 5–10 nm resolution in patterning a thin gold film using 
milling from sides to center [27]. These fabrication methods have been commonly used in 
manufacturing nanoantennas with highly controllable parameters. However, the fabrication 
of several nanoantenna structures (such as bowtie [13], spiral [15], elliptical, and flower [16]) 

Figure 1. The schematic design of (a) conventional dipole nanoantenna [10], (b) tapered dipole nanoantenna [3], and (c) 
cross-tapered dipole nanoantenna.
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suffers from the complexity of the lift-off process for ultra-small features and curvatures 
since resists are difficult to strip away. The proposed design offers high feasibility since it 
does not include sharp tips or curvature. Furthermore, tapered dipole and cross structures 
have a minimum feature size of 5 nm to be compatible with the techniques stated above and 
a large gap size to facilitate the fabrication process [14].

3. Particle swarm optimization

The relatively fast and accurate simulation of nanostructures operating at TeraHertz frequen-
cies has created a space for stochastic optimizers to participate in design process refinement 
for various engineering electromagnetic (EM) problems where a link between the optimiza-
tion algorithm and the EM solver is created. Particle swarm optimization (PSO) was previ-
ously introduced to the nanoantenna field [28] and has a great potential in the microwave 
antenna design recently by the authors [29, 30]. Kennedy and Eberhart were the first to intro-
duce the PSO concept [21]. Since its creation in 1995, PSO has been reported as one of the 
highly efficient optimizing technique for solving complicated optimization problems even 
when compared to other techniques like genetic algorithms (GAs) or differential evolution 
[31, 32]. The PSO technique is inspired by the behavior of birds or fish, looking for food, 
which shows social and cooperative approach. Furthermore, for a certain EM problem, the 
solution is defined by N dimensions, which correspond to the design parameters to be opti-
mized. The optimization algorithm employs the swarm intelligence to search for the opti-
mum solution at which single or multiple performance-based parameters are maximized; 
in some cases, minimum value is required. These parameters are calculated by the external 
EM solver, which acts as fitness function evaluator; then, values are sent back to the PSO 
algorithm for processing.

The PSO algorithm consists of the initialization for a population (swarm) of candidate 
solutions called particles. The algorithm spreads these particles in the search domain, 
which resembles the solution space, with a prespecified velocity to find the optimal solu-
tion. Each particle possesses a memory, which is used to keep track of its previous best 
position. Two positions are defined after each iteration, which is the personal best posi-
tion (Pbest) and the global best position (Gbest) of the whole swarm. The next step is to 
update the positions and velocities of the swarm particles, which represent the core of 
all stochastic optimization algorithms. The Gbest swarm topology [30] is utilized where 
Pbest is updated based on the latest fitness function value, and Gbest is obtained by shar-
ing all known Pbest locations with the rest of the swarm and choose the location which 
corresponds to optimum value of the fitness function. The flow chart of the adopted PSO 
algorithm is shown in Figure 2.

At the nth iteration, the particle velocities and positions are updated by:

   v  n   = ω *  v  n−1   +  c  1   *  r  1   *  ( Pbset  n−1   −  x  n−1  )  +  c  2    *  r  2   *  ( Gbset  n−1   −  x  n−1  )   (1)

   X  n   =  X  n−1   +  v  n    (2)
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where r1 and r2 represent random numbers between 0.0 and 1.0. These random elements are 
introduced into the optimizer to simulate the slight unpredictable component of natural swarm 
behavior. Further, ω is the inertial weight, which keeps each particle in its current trajectory.

4. Simulation methodology

The proposed nanoantenna designs are analyzed using FEFD method via Comsol Multiphysics 
software [23] where the harvesting efficiency, return loss, and input impedance are calculated 
at a wavelength of 500 nm. The constructed model uses a fine mesh with a minimum and 
maximum element sizes of 1 and 10 nm, respectively, to resolve the skin depth of silver (3 nm 

Figure 2. The flowchart of the PSO algorithm.
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at 500 nm wavelength). The studied nanoantennas have a fixed thickness T of 40 nm, indicated 
in Figure 1, and are surrounded by free space everywhere as in Refs. [10, 33]. The boundary 
conditions are set to perfect matched layer (PML), and the permittivity of silver introduced in 
the model is taken from Johnson and Christy [34]. According to the reciprocity theorem, the 
efficiency of an antenna in the transmission mode ηrad is equal to the efficiency in receiving 
mode. The radiation efficiency of an antenna is calculated as [10]:

   η  rad   =   
 P  rad  

 ___  P  in  
   =   

 P  rad  
 _______  P  rad   +  P  loss  

    (3)

where Prad  is the total radiated power, Pin is the power input at the antenna port, and Ploss rep-
resents the power dissipated in the nanoantenna material. Table 1 shows the equations used to 
calculate Prad and Ploss where Ssc is the scattered intensity pointing vector, J is the antenna sur-
face current, and Qrl together with Qml represent the resistive losses and magnetic losses, 
respectively.

5. Results and discussion

5.1. Harvesting efficiency analysis

In this analysis, the dipole nanoantenna is excited at its gap by a voltage imposed between the 
two conducting arms of the dipole and thus corresponds to Thevenin equivalent circuit. This 
approach, also known as gap excitation, is previously reported to result in antenna impedance 
very similar to that calculated using conventional feeding line excitation [21]. A nominal diode 
impedance of 500 Ω was chosen, which corresponds to the fabricated MIM diode reported in Ref. 
[9]. This diode impedance acts as the Thevenin impedance of the source feeding the nanoantenna 
at the gap. Additionally, this analysis is carried out at λ of 500 nm where the maximum irradiance 
of the sun occurs. Further, to simulate the cross nanoantenna, the y-oriented and the x-oriented 
dipoles are shifted away from each other vertically, in z-direction, for a few nanometers so that 
ports could be defined in the FEFD solver. This method has been previously reported not to affect 
the harvesting efficiency calculations [36].

Tapered-dipole and cross nanoantennas are optimized to have resonance at λ = 500 nm with 
an input impedance of 500 Ω to match the diode impedance introduced to the model. The 
optimization process follows the PSO algorithm to maximize the specific fitness function 
defined by:

Prad = ∯Ssc ds   P  
loss

   =   ∭ 
antenna volume

    Q dV 

  S  sc   =   1 __ 2   Re (E ×  H   * )  
Q = Qrl + Qml

  Q  rl   =   1 __ 2   Re (J .  E   * )    Q  ml   =   1 __ 2   Re (jωB .  H   * )  

Table 1. Radiated power and power loss equations extracted from the simulated electric and magnetic fields [23, 35].
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   f =  c  1   ×  η  rad   +  c  2   ×  |    S  11   |     (4)

where S11 represents a measure of the reflected power at the antenna port, which is directly 
related to the antenna impedance. The S11 is calculated in dB and has typical values of sev-
eral decades in negative. Further, ηrad is the ratio presented in Eq. (3) and it is less than unity 
in magnitude. Additionally, c1 and c2 are constants that are chosen as weighting factors to 
compensate the magnitude variation between S11 and ηrad so that both parameters have the 
same influence on the fitness function. Consequently, the optimization process is not carried 
away by a single parameter value. These constants are chosen through an iterative process 
where the optimization algorithm is executed repeatedly then c1 and c2 values are adjusted 
after each iteration in order to optimize both S11 and ηrad fairly using the PSO algorithm. In 
both cases of nanoantennas, the optimizer works through a seven − dimensional solution space 
which resembles the structure metrics (L1, W1, L2, W2, L3, W3, G). Regarding the optimization of 
tapered-dipole nanoantenna design, the PSO algorithm converged to maximum value of fit-
ness function in about 100 iterations. This is illustrated in Figure 3 along with the correspond-
ing values of S11 and ηrad at four points, which show the effectiveness of applying PSO technique 
in nanoantenna design problems.

For each candidate design, some constraints must be present in order to pass the values to the 
FEFD solver. These constraints are described as:

  1.  W  i+1   >  W  i    (5)

  2.  W  i+1  −  W  i   > 5 nm  (6)

  3.   ∑    n    L  i   ×  W  i   ≤ const, n = 1, 2, 3  (7)
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Figure 3. Fitness function (Eq. (4)) values for tapered dipole [3] and cross nanoantenna versus number of iterations of the 
PSO algorithm. The corresponding values of S11 and ηrad are demonstrated for four points.
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where the first constraint ensures that the confinement occurs at the gap, while the second is 
introduced to increase design feasibility and reduces manufacture cost. Furthermore, third 
condition provides that optimized designs do not have exaggerated overall volume where 
the constant value in the equation represents a measure of the volume of the conventional 
dipole design in Ref. [10]. The final constraint is only applied in the cross-dipole optimization 
to prevent adjacent antenna arms from overlapping, which will result in a mathematical error 
in the FEFD solver.

The optimized nanoantenna dimensions, introduced to the FEFD analyzer, are given in 
Table 2 along with the dimensions of the dipole reported in Ref. [10]. The proposed designs 
show high enhancement over the conventional dipole design, whereas tapered-dipole 
design achieves ηrad = 55.3 % and S11 = − 28.1 dB while the cross-dipole design offers ηrad = 60 % 
and S11 = − 21.1 dB at the same wavelength. On the other hand, the conventional dipole [4] 
design offers ηrad = 26 % and a near-zero value of return loss at λ = 500 nm. This is clearly 
illustrated in Figures 4 and 5 where the harvesting efficiency and return loss of the tapered-
dipole designs are put in comparison with that of the conventional dipole. This enhance-
ment is the result of the multiple tips created in the nanoantenna design, which increases 
the field accumulation around the antenna structure. On the other hand, the cross-tapered 
nanoantenna shows a slight increase in the harvesting efficiency, 5% increase. That is due 
to the increase in the metallic losses of the proposed cross antenna, electric and magnetic, 
since its volume is almost double that of the two-arm dipole antenna. Additionally, Figure 6 
shows the far-field radiation pattern for both structures, and it is shown from Figure 6 that 
cross-dipole nanoantenna obtains a higher gain and a directivity in both x and y directions. 
This specific characteristic of the cross antenna design can be utilized in optical wireless 
communication [7].

Additionally, total harvesting efficiency calculations are performed for the proposed nanoantenna 
designs to obtain a measure of the ultimate optical efficiency over the total wavelength range of 
the sun irradiance. The total harvesting efficiency can be defined as [10]:

   η  total   =   
 ∫ 0  

∞    P (λ, T)  ×  η  rad   (λ)  dλ
  _____________________   ∫ 0  

∞    P (λ, T)  dλ    (9)

Antenna parameters Conventional dipole (nm) Tapered dipole (nm) Cross-tapered dipole (nm)

T 40 40 40

G 10 49.8 38

L1 250 5 7.5

W1 40 13.4 11.5

L2 – 70 100

W2 – 19.5 17

L3 – 103.5 104.4

W3 – 51 59.6

Table 2. Deign dimensions for the proposed nanoantennas and the conventional dipole [10] for harvesting efficiency 
analysis.
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where λ is the wavelength, T is the absolute temperature of the black body (in K), and P is the 
Planck’s law for black body radiation defined in [10]. The total harvesting efficiency values 
for conventional dipole, tapered-dipole, and cross-tapered-dipole nanoantennas are equal to 
64.1, 79.2, and 69.4%, respectively. It is worth noting that the aim of our study is to improve 
the nanoantenna operation at single wavelength (λ = 500 nm) where the input impedance and 

Figure 4. Harvesting efficiency versus wavelength for the conventional dipole [10], tapered dipole [3], and cross-tapered 
dipole nanoantennas.

Figure 5. Wavelength dependent return loss at the nanoantenna port for conventional dipole [10], tapered dipole [3], and 
cross-tapered dipole nanoantennas.
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field confinement are optimized. However, calculating the total harvesting efficiency for the 
proposed design ensures a highly efficient operation at other wavelengths.

To obtain the electric field profile of the studied nanoantenna designs, the whole structure 
is illuminated by a normally incident plane wave. The incident electric field has an inten-
sity of 1 V/m and a linear polarization where, for the conventional and tapered dipole, the 
polarization is parallel to the antenna axis (x-axis). As for the cross-tapered-dipole nanoan-
tenna, two polarization settings are studied, x- and y-polarization. The nanoantenna design 
dimensions are listed in Table 2 as in the previous analysis. However, the gap size is held 
constant during this investigation at 10 nm for all design topologies due to its major effect 
on the field confinement through the gap. Figure 7 illustrates the electric field profile for 
conventional dipole and tapered-dipole nanoantennas at λ = 500 nm. Additionally, the field 
profiles of the cross antenna structure are demonstrated in Figure 8a and b, which resemble 
x-polarized and y-polarized illuminations, respectively. As demonstrated in these figures, 
the electric field is accumulated with high intensity around the tips of the three nanoan-
tennas, where a high divergence of surface current occurs [12], while the cross nanoan-
tenna topology produces the maximum field confinement in the gap. To have a measure 
for this improvement, the electric field enhancement factor is calculated for the three nano-
antenna structures where this factor corresponds to the maximum normalized electric field 
within a plane that cuts through the center of the antenna thickness [19]. As a result, the 
enhancement factors for the conventional dipole, tapered-dipole, and the cross-tapered-
dipole nanoantennas are 12.7, 33, and 114 V/m, respectively. This high near-field intensity 
of the cross geometry is attributed to the field coupling between the four arms of the cross 
antenna structure which results in higher field confinement in the antenna gap. Another 
major advantage of the cross antenna structure is that it can interact efficiently with all 
types of polarization [19], as shown in Figure 8. On the contrary, two-arm dipole structures 
only allow for interaction with single orientation of the electric field polarization, which is 
parallel to the antenna axis.

Figure 6. Far-field radiation pattern for (a) tapered dipole nanoantenna and (b) cross-tapered dipole nanoantenna.
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5.2. Near-field intensity spectrum analysis

In this study, the near-field intensity enhancement is investigated for the two-arm and 
 cross-tapered-dipole nanoantennas over the range of visible wavelengths from 400 to 
700 nm. The constructed model for the two antenna structures follows the same FEFD tech-
nique, meshing sizes, and boundary conditions. However, both structures are illuminated 

Figure 7. Electric field profile for the (a) conventional tapered dipole [10] and (b) the tapered dipole design [3].

Figure 8. Electric field profile for the cross-tapered dipole nanoantenna for incident wave with polarization in (a) 
x-direction and (b) y-direction.
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with an x-polarized electric field with amplitude of 1 V/m [19], and the permittivity of sil-
ver material is extracted from Ref. [37]. The tapered dipole and the cross-tapered dipole 
nanoantennas are optimized to achieve maximum near-field intensity over the visible light 
spectrum. Therefore, the optimization algorithm's fitness function is changed to equal to 
the field enhancement factor defined in the previous section. The optimized dimensions 
of the two-arm and cross-tapered dipole are listed in Table 3. It can be concluded from 
the optimization results, stated in Table 3, that maximum field enhancement occurs at the 
lowest values of the antenna gap. This inverse proportionality was previously reported in 
several studies where it was attributed to the increase of electromagnetic coupling between 
the metallic antenna elements as the gap size decreases [12, 19]. At this point, it is essential 
to notice that the optimization algorithm, in the previous section, was targeting an input 
impedance of 500 Ω for the two optimized nanoantenna structures in order to minimize the 
coupling losses for further integration with a rectifying diode. Therefore, the sizes of the 
antennas' gap reached values that are relatively large when compared to the gap sizes for 
maximum near-field intensity. This can be explained in the context of the effect of the gap 
size on the antenna input impedance where it was reported that the radiation resistance 
is directly proportional to the total electrical length of the antenna, which Is a function of 
total length, diameter, and gap size [37, 38]. Moreover, this study explores the utilization of 
the proposed nanoantenna structure to other field of applications, such as color-sorter and 
fluorescence-sensing [17–19].

When a dipole nanoantenna is illuminated with linearly polarized electric field, parallel to its 
axis, a primary plasmonic resonance occurs in the metallic nanoantenna, which is known as 
dipole mode [39, 40]. This dipole mode corresponds to a peak value of the near-field inten-
sity at the resonance wavelength. Figure 9a shows the normalized near-field intensities for the 
optimized two-arm–tapered dipole, listed in Table 2, which indicates a maximum intensity of 
51 V/m at a wavelength of 505 nm. Additionally, the field intensity distribution at the resonance 
wavelength, 505 nm, is presented in Figure 9b, which encounters a very strong electric field at 
the antenna gap and lower intensity at the edges of the nanoantenna outside stubs. The case 
is different when investigating the near-field intensity for the cross-tapered-dipole structure. 
Although a primary dipole plasmonic mode is excited, as in the two-arm dipole, another higher 
order mode exists at a second resonance wavelength [19]. This can be clearly illustrated by the 

Antenna parameters Tapered dipole (nm) Cross-tapered dipole (nm)

T 40 40

G 5.3 18

L1 31.3 27.6

W1 5 17

L2 100 94.5

W2 15 31.8

L3 91 92.7

W3 60 50

Table 3. Deign dimensions for the proposed nanoantenna and the conventional dipole [10] for near-field spectrum 
analysis.
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near-field intensity spectrum shown in Figure 10. It is evident from Figure 10 that an intensity 
peak exists at the primary resonance wavelength of 530 nm, which resembles the dipolar mode, 
and a weaker blue-shifted shoulder is also present at a wavelength of 425 nm. This can be 
attributed to the split of the individual dipole mode into two discrete modes, which breaks the 
single-intensity peak into two distinct resonant peaks [40]. The values of the near-field intensity 
at the first and second resonance frequencies are 86 and 252 V/m, respectively, which is higher 
than that of the previously reported nanoantenna in the visible light region [20]. Moreover, the 
dual resonance characteristic of the cross nanoantenna structure allows it to be employed in 
fluorescence-sensing applications where the nanoantenna can be optimized to have two reso-
nance wavelengths that correspond to the pump and emission wavelengths at shorter and lon-
ger wavelengths, respectively [17]. Consequently, a fluorescent molecule, that is coupled with 
the cross nanoantenna, is expected to have an enhanced emission [17].

Figure 9. (a) Near-field intensity spectrum and (b) electric field profile for the optimized tapered dipole nanoantenna.

Figure 10. Near-field intensity spectrum for cross-tapered dipole nanoantenna.
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Furthermore, a study of the spatial aspect of the two resonance modes of the cross nanoantenna 
is carried out where the field profiles associated with the two resonance wavelengths are plot-
ted in Figure 11. It may be seen from Figure 11 that the two resonant modes have totally dif-
ferent spatial field distributions. This can be explained through the interaction of the incident 
electric field with the x-oriented and y-oriented arms of the cross-tapered dipole nanoantenna. 
Figure 11a indicates that the shorter wavelength mode results from the interaction between 
the incident field and the y-oriented dipole of the cross antenna where the longer resonance 
wavelength originates from the x-oriented dipole, which is parallel to the polarization axis of 
the incident wave, Figure 11b. As a result, the proposed cross-tapered-dipole nanoantenna can 
be classified as a color-sorter device [19]. This class of devices is designed to control the spatial 
distribution of light's different wavelengths at the nanoscale. Therefore, nano-color-sorters are 
used to filter and steer specific spectral components of light which can be used in various appli-
cations such as ultrafast wavelength-selective photo-detection and surface-enhanced Raman 
spectroscopy [18]. For the specific cross-antenna dimensions, studied here, the tapered-dipole 
cross nanoantenna can be used to filter 425 and 530 nm wavelengths, which corresponds to 
violet and green colors. Moreover, the proposed nanoantenna can be optimized to filter almost 
any two wavelengths as it possesses many degrees of freedom, corresponding to the widths 
and lengths of each dipole step. Additionally, color-sorter device performance can be enhanced 
through the introduction of asymmetry into the nanoantenna design [19, 20, 41].

5.3. Fabrication tolerance for tapered dipole nanoantenna

While modern techniques are available for fabricating nanoantenna devices, fabrication pro-
cesses at nanoscale always convey some perturbation. Therefore, a study of the fabrication 
tolerance is performed for tapered-dipole nanoantenna structure. This study is directed to 
calculate the sensitivity of the nanoantenna performance while introducing minor changes to 
the structure dimensions (L1, W1, L2, W2, L3, W3). It is worth noting that the tolerance of a spe-
cific parameter is studied while other parameters of the design are held constant at their opti-
mum values (L1 = 103.5 nm, W1 = 51 nm, L2 = 70 nm, W2 = 19.5 nm, L3 = 5 nm, W3 = 13.4 nm). 

Figure 11. Electric field profile for the cross-tapered dipole nanoantenna at wavelengths of (a) 425 nm and (b) 530 nm.
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Figures 12 and 13 show the variation of the harvesting efficiency and the resonance imped-
ance with the studied parameters W1 and L1, respectively. Additionally, the summary of the 
tolerance study is listed in Table 4. It is evident from Figures 12 and 13 and Table 4 that 
the proposed design has a tolerance of ±5% at which the harvesting efficiency is still higher 
than 53.8% with a maximum deviation of ±58 Ω from the optimum input impedance of the 
nanoantenna. Additionally, a maximum wavelength resonance shift of 10 nm is obtained 
within the tolerance of ±5% of the studied parameters. Therefore, it is evident from the 
above results that the proposed nanoantenna design bears high robustness for fabrication 
imperfection.

Figure 12. Values of harvesting efficiency and resonance impedance with 5% variation of W1 parameter.

Figure 13. Values of harvesting efficiency and resonance impedance with 5% variation of L1 parameter.
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6. Conclusion

In this chapter, a full study for novel-tapered nanoantenna designs have been implemented 
where antenna input impedance, return loss, harvesting efficiency, and field confinement 
were calculated using FEFD method. The simulation results show that the tapered design can 
achieve a harvesting efficiency of 60% at wavelength of 500 nm, which is higher than that of 
conventional dipole counterpart by 34%. Further, the antenna input impedance is tuned to 
match the impedance of fabricated diodes. Additionally, the cross-tapered-dipole nanoan-
tenna achieved a near-field intensity enhancement of 252 V/m which is higher than previously 
reported symmetric cross nanoantenna. The spatial and spectral distinction of the resonance 
modes in the cross structure allows the cross-tapered-dipole to be utilized in color-sorting 
and fluorescence-sensing applications. Finally, the fabrication tolerance study shows that the 
proposed nanoantennas bear high robustness for fabrication imperfection.

Author details

Youssef Mamdouh El-Toukhy1,2, Mohamed Farhat Othman Hameed1,2, Mohamed Hussein1,3 
and Salah Sabry Ahmed Obayya1,2*

*Address all correspondence to: sobayya@zewailcity.edu.eg

1 Centre for Photonics and Smart Materials, Zewail City of Science and Technology, Giza, 
Egypt

2 Faculty of Engineering, Mansoura University, Mansoura, Egypt

3 Department of Physics, Faculty of Science, Ain Shams University, Cairo, Egypt

References

[1] D. K. Kotter, S. D. Novack, W. D. Slafer, and P. J. Pinhero, "Theory and manufactur-
ing processes of solar nanoantenna electromagnetic collectors," Journal of Solar Energy 
Engineering, vol. 132, pp. 011014-011014, 2010.

Parameter Tolerance Harvesting efficiency Impedance

L1 103.5 nm ± 5% Higher than 53.9% 500 Ω ± 54 Ω

W1 51 nm ± 5% Higher than 53.8% 500 Ω ± 58 Ω

L2 70 nm ± 5% Higher than 55.2% 500 Ω ± 35 Ω

W2 19.5 nm ± 5% Higher than 55.25% 500 Ω ± 31 Ω

L3 5 nm ± 5% Higher than 55.45% 500 Ω ± 30 Ω

W3 13.4 nm ± 5% Higher than 55.5% 500 Ω ± 27 Ω

Table 4. Fabrication tolerance for tapered dipole design parameters [3] at λ = 500 nm.

Tapered Plasmonic Nanoantennas for Energy Harvesting Applications
http://dx.doi.org/10.5772/67418

305



[2] S. Obayya, N. Areed, M. F. O. Hameed, and M. Hussein, "Optical nano-antennas for 
energy harvesting," Innovative Materials and Systems for Energy Harvesting Applications, 
IGI, Italy, p. 26, 2015.

[3] Y. M. El-Toukhy, M. Hussein, M. F. O. Hameed, A. M. Heikal, M. M. Abd-Elrazzak, and 
S. S. A. Obayya, "Optimized tapered dipole nanoantenna as efficient energy harvester," 
Optics Express, vol. 24, pp. A1107-A1122, 2016.

[4] M. Hussein, N. F. F. Areed, M. F. O. Hameed, and S. S. A. Obayya, "Modified ellipti-
cal nanoantenna for energy harvesting applications," in 2016 IEEE/ACES International 
Conference on Wireless Information Technology and Systems (ICWITS) and Applied 
Computational Electromagnetics (ACES), 2016, pp. 1-2.

[5] F. B. Zarrabi, M. Naser-Moghadasi, S. Heydari, M. Maleki, and A. S. Arezomand, 
"Cross-slot nano-antenna with graphene coat for bio-sensing application," Optics 
Communications, vol. 371, pp. 34-39, 2016.

[6] N. Verellen, P. Van Dorpe, C. Huang, K. Lodewijks, G. A. E. Vandenbosch, L. Lagae, et 
al., "Plasmon line shaping using nanocrosses for high sensitivity localized surface plas-
mon resonance sensing," Nano Letters, vol. 11, pp. 391-397, 2011.

[7] A. M. Ghanim, M. Hussein, M. F. O. Hameed, A. Yahia, and S. S. A. Obayya, "Highly 
directive hybrid Yagi-Uda nanoantenna for radiation emission enhancement," IEEE 
Photonics Journal, vol. 8, pp. 1-12, 2016.

[8] R. L. Bailey, "A proposed new concept for a solar-energy converter," Journal of Engineering 
for Power, vol. 94, pp. 73-77, 1972.

[9] S. Grover and G. Moddel, "Applicability of metal/insulator/metal (MIM) diodes to solar 
rectennas," IEEE Journal of Photovoltaics, vol. 1, pp. 78-83, 2011.

[10] G. A. E. Vandenbosch and Z. Ma, "Upper bounds for the solar energy harvesting effi-
ciency of nano-antennas," Nano Energy, vol. 1, pp. 494-502, 2012.

[11] Z. Ma and G. A. E. Vandenbosch, "Optimal solar energy harvesting efficiency of nano-
rectenna systems," Solar Energy, vol. 88, pp. 163-174, 2013.

[12] M. N. Gadalla, M. Abdel-Rahman, and A. Shamim, "Design, optimization and fabri-
cation of a 28.3 THz nano-rectenna for infrared detection and rectification," Scientific 
Reports, vol. 4, p. 4270, 03/06/online 2014.

[13] H. Fischer and O. J. F. Martin, "Engineering the optical response of plasmonic nanoan-
tennas," Optics Express, vol. 16, pp. 9144-9154, 2008.

[14] Z. Iluz and A. Boag, "Dual-Vivaldi wideband nanoantenna with high radiation efficiency 
over the infrared frequency band," Optics Letters, vol. 36, pp. 2773-2775, 2011.

[15] E. Briones, J. Alda, and F. J. González, "Conversion efficiency of broad-band rectennas 
for solar energy harvesting applications," Optics Express, vol. 21, pp. A412-A418, 2013.

[16] M. Hussein, N. F. Fahmy Areed, M. F. O. Hameed, and S. S. Obayya, "Design of flower-
shaped dipole nano-antenna for energy harvesting," Optoelectronics IET, vol. 8, pp. 167-
173, 2014.

Nanoplasmonics - Fundamentals and Applications306



[2] S. Obayya, N. Areed, M. F. O. Hameed, and M. Hussein, "Optical nano-antennas for 
energy harvesting," Innovative Materials and Systems for Energy Harvesting Applications, 
IGI, Italy, p. 26, 2015.

[3] Y. M. El-Toukhy, M. Hussein, M. F. O. Hameed, A. M. Heikal, M. M. Abd-Elrazzak, and 
S. S. A. Obayya, "Optimized tapered dipole nanoantenna as efficient energy harvester," 
Optics Express, vol. 24, pp. A1107-A1122, 2016.

[4] M. Hussein, N. F. F. Areed, M. F. O. Hameed, and S. S. A. Obayya, "Modified ellipti-
cal nanoantenna for energy harvesting applications," in 2016 IEEE/ACES International 
Conference on Wireless Information Technology and Systems (ICWITS) and Applied 
Computational Electromagnetics (ACES), 2016, pp. 1-2.

[5] F. B. Zarrabi, M. Naser-Moghadasi, S. Heydari, M. Maleki, and A. S. Arezomand, 
"Cross-slot nano-antenna with graphene coat for bio-sensing application," Optics 
Communications, vol. 371, pp. 34-39, 2016.

[6] N. Verellen, P. Van Dorpe, C. Huang, K. Lodewijks, G. A. E. Vandenbosch, L. Lagae, et 
al., "Plasmon line shaping using nanocrosses for high sensitivity localized surface plas-
mon resonance sensing," Nano Letters, vol. 11, pp. 391-397, 2011.

[7] A. M. Ghanim, M. Hussein, M. F. O. Hameed, A. Yahia, and S. S. A. Obayya, "Highly 
directive hybrid Yagi-Uda nanoantenna for radiation emission enhancement," IEEE 
Photonics Journal, vol. 8, pp. 1-12, 2016.

[8] R. L. Bailey, "A proposed new concept for a solar-energy converter," Journal of Engineering 
for Power, vol. 94, pp. 73-77, 1972.

[9] S. Grover and G. Moddel, "Applicability of metal/insulator/metal (MIM) diodes to solar 
rectennas," IEEE Journal of Photovoltaics, vol. 1, pp. 78-83, 2011.

[10] G. A. E. Vandenbosch and Z. Ma, "Upper bounds for the solar energy harvesting effi-
ciency of nano-antennas," Nano Energy, vol. 1, pp. 494-502, 2012.

[11] Z. Ma and G. A. E. Vandenbosch, "Optimal solar energy harvesting efficiency of nano-
rectenna systems," Solar Energy, vol. 88, pp. 163-174, 2013.

[12] M. N. Gadalla, M. Abdel-Rahman, and A. Shamim, "Design, optimization and fabri-
cation of a 28.3 THz nano-rectenna for infrared detection and rectification," Scientific 
Reports, vol. 4, p. 4270, 03/06/online 2014.

[13] H. Fischer and O. J. F. Martin, "Engineering the optical response of plasmonic nanoan-
tennas," Optics Express, vol. 16, pp. 9144-9154, 2008.

[14] Z. Iluz and A. Boag, "Dual-Vivaldi wideband nanoantenna with high radiation efficiency 
over the infrared frequency band," Optics Letters, vol. 36, pp. 2773-2775, 2011.

[15] E. Briones, J. Alda, and F. J. González, "Conversion efficiency of broad-band rectennas 
for solar energy harvesting applications," Optics Express, vol. 21, pp. A412-A418, 2013.

[16] M. Hussein, N. F. Fahmy Areed, M. F. O. Hameed, and S. S. Obayya, "Design of flower-
shaped dipole nano-antenna for energy harvesting," Optoelectronics IET, vol. 8, pp. 167-
173, 2014.

Nanoplasmonics - Fundamentals and Applications306

[17] J. L. Stokes, Y. Yu, Z. H. Yuan, J. R. Pugh, M. Lopez-Garcia, N. Ahmad, et al., "Analysis 
and design of a cross dipole nanoantenna for fluorescence-sensing applications," Journal 
of the Optical Society of America B, vol. 31, pp. 302-310, 2014.

[18] E. Segal, A. Weissman, D. Gachet, and A. Salomon, "Hybridization between nanocavities 
for a polarimetric color sorter at the sub-micron scale," Nanoscale, vol. 8, pp. 15296-15302, 
2016.

[19] Z. Zhang, A. Weber-Bargioni, S. W. Wu, S. Dhuey, S. Cabrini, and P. J. Schuck, 
"Manipulating nanoscale light fields with the asymmetric Bowtie nano-colorsorter," 
Nano Letters, vol. 9, pp. 4505-4509, 2009.

[20] Y. Ying-Ying, L. Qian-Guang, Y. Hai-Juan, and L. Xue-Chun, "The generation of MHz 
isolated XUV attosecond pulses by plasmonic enhancement in a tailored symmetric Ag 
cross nanoantenna with a few-cycle laser," Laser Physics, vol. 23, p. 045301, 2013.

[21] J. Kennedy and R. Eberhart, "Particle swarm optimization," in IEEE International 
Conference on Neural Networks, 1995. Proceedings, 1995, pp. 1942-1948, vol. 4.

[22] F. F. K. Hussain, A. M. Heikal, M. F. O. Hameed, J. El-Azab, W. S. Abdelaziz, and S. S. 
A. Obayya, "Dispersion characteristics of asymmetric channel plasmon polariton wave-
guides," IEEE Journal of Quantum Electronics, vol. 50, pp. 474-482, 2014.

[23] C. Multiphysics®, 5.1, Ed., COMSOL AB, Stockholm, Sweden, 2016.

[24] W. Hu, K. Sarveswaran, M. Lieberman, and G. H. Bernstein, "Sub-10 nm electron beam 
lithography using cold development of poly(methylmethacrylate)," Journal of Vacuum 
Science & Technology B, vol. 22, pp. 1711-1716, 2004.

[25] J.-T. Lv, Y. Yan, W.-K. Zhang, Y.-H. Liu, Z.-Y. Jiang, and G.-Y. Si, "Plasmonic nanoanten-
nae fabricated by focused Ion beam milling," International Journal of Precision Engineering 
and Manufacturing, vol. 16, pp. 851-855, 2015.

[26] L. Chih Jen, A. Thomas, and B. Alexey, "Fabrication of symmetric sub-5 nm nanopores 
using focused ion and electron beams," Nanotechnology, vol. 17, p. 3264, 2006.

[27] P. F. A. Alkemade and E. van Veldhoven, "Deposition, milling, and etching with a 
focused helium ion beam," in Nanofabrication: Techniques and Principles, M. Stepanova 
and S. Dew, Eds., Vienna: Springer Vienna, 2012, pp. 275-300.

[28] Y. M. El-Toukhy, A. M. Heikal, M. F. O. Hameed, M. M. Abd-Elrazzak, and S. S. A. 
Obayya, "Optimization of nanoantenna for solar energy harvesting based on particle 
swarm technique," in 2016 IEEE/ACES International Conference on Wireless Information 
Technology and Systems (ICWITS) and Applied Computational Electromagnetics (ACES), 
2016, pp. 1-2.

[29] N. Jin and Y. Rahmat-Samii, "Particle swarm optimization for antenna designs in engi-
neering electromagnetics," Journal of Artificial Evolution and Applications, vol. 2008, 2008.

[30] S. Xu, Y. Rahmat-Samii, and D. Gies, "Shaped-reflector antenna designs using particle 
swarm optimization: An example of a direct-broadcast satellite antenna," Microwave and 
Optical Technology Letters, vol. 48, pp. 1341-1347, 2006.

Tapered Plasmonic Nanoantennas for Energy Harvesting Applications
http://dx.doi.org/10.5772/67418

307



[31] P. J. Angeline, “Evolutionary optimization versus particle swarm optimization: philoso-
phy and performance differences," presented at the Proceedings of the 7th International 
Conference on Evolutionary Programming VII, 1998.

[32] J. Vesterstrom and R. Thomsen, "A comparative study of differential evolution, particle 
swarm optimization, and evolutionary algorithms on numerical benchmark problems," 
in Proceedings of the 2004 Congress on Evolutionary Computation (IEEE Cat. No.04TH8753), 
2004, pp. 1980-1987, vol. 2.

[33] E. A. Soliman, M. O. Sallam, and G. A. E. Vandenbosch, "Plasmonic grid array of gold 
nanorods for point-to-point optical communications," Journal of Lightwave Technology, 
vol. 32, pp. 4898-4904, 2014.

[34] P. B. Johnson and R. W. Christy, "Optical constants of noble metals," Physical Review B, 
vol. 6, p. 4370, 1972.

[35] A. a. E. Alù, Nader, "Input impedance, nanocircuit loading, and radiation tuning of opti-
cal nanoantennas," Physical Review Letters, vol. 101, p. 4, Jul 2008.

[36] C. Y. Chin and C. F. Jou, "A slim horizontally polarized omnidirectional antenna based 
on turnstile slot dipole,," Progress in Electromagnetics Research C, vol. 50, pp. 75-85, 2014.

[37] E. D. Palik, Handbook of Optical Constants of Solids. Orlando: Academic Press, 1985.

[38] J.-J. Greffet and F. Marquier, “Impedance of a nanoantenna and a quantum emitter," in 
Frontiers in Optics 2011/Laser Science XXVII, San Jose, California, 2011, p. LWG4.

[39] G. W. Bryant, F. J. García de Abajo, and J. Aizpurua, "Mapping the plasmon resonances 
of metallic nanoantennas," Nano Letters, vol. 8, pp. 631-636, 2008.

[40] X. Ren, W. E. I. Sha, and W. C. H. Choy, "Tuning optical responses of metallic dipole 
nanoantenna using graphene," Optics Express, vol. 21, pp. 31824-31829, 2013.

[41] J. Chen and Z. Zhang, "Bowtie nanoantennas with symmetry breaking," Journal of 
Nanophotonics, vol. 9, pp. 093798-093798, 2014.

Nanoplasmonics - Fundamentals and Applications308



[31] P. J. Angeline, “Evolutionary optimization versus particle swarm optimization: philoso-
phy and performance differences," presented at the Proceedings of the 7th International 
Conference on Evolutionary Programming VII, 1998.

[32] J. Vesterstrom and R. Thomsen, "A comparative study of differential evolution, particle 
swarm optimization, and evolutionary algorithms on numerical benchmark problems," 
in Proceedings of the 2004 Congress on Evolutionary Computation (IEEE Cat. No.04TH8753), 
2004, pp. 1980-1987, vol. 2.

[33] E. A. Soliman, M. O. Sallam, and G. A. E. Vandenbosch, "Plasmonic grid array of gold 
nanorods for point-to-point optical communications," Journal of Lightwave Technology, 
vol. 32, pp. 4898-4904, 2014.

[34] P. B. Johnson and R. W. Christy, "Optical constants of noble metals," Physical Review B, 
vol. 6, p. 4370, 1972.

[35] A. a. E. Alù, Nader, "Input impedance, nanocircuit loading, and radiation tuning of opti-
cal nanoantennas," Physical Review Letters, vol. 101, p. 4, Jul 2008.

[36] C. Y. Chin and C. F. Jou, "A slim horizontally polarized omnidirectional antenna based 
on turnstile slot dipole,," Progress in Electromagnetics Research C, vol. 50, pp. 75-85, 2014.

[37] E. D. Palik, Handbook of Optical Constants of Solids. Orlando: Academic Press, 1985.

[38] J.-J. Greffet and F. Marquier, “Impedance of a nanoantenna and a quantum emitter," in 
Frontiers in Optics 2011/Laser Science XXVII, San Jose, California, 2011, p. LWG4.

[39] G. W. Bryant, F. J. García de Abajo, and J. Aizpurua, "Mapping the plasmon resonances 
of metallic nanoantennas," Nano Letters, vol. 8, pp. 631-636, 2008.

[40] X. Ren, W. E. I. Sha, and W. C. H. Choy, "Tuning optical responses of metallic dipole 
nanoantenna using graphene," Optics Express, vol. 21, pp. 31824-31829, 2013.

[41] J. Chen and Z. Zhang, "Bowtie nanoantennas with symmetry breaking," Journal of 
Nanophotonics, vol. 9, pp. 093798-093798, 2014.

Nanoplasmonics - Fundamentals and Applications308

Section 4

Applications to Biology and Chemistry





Chapter 14

Plasmonics Devoted to Photocatalytic Applications in

Liquid, Gas, and Biological Environments

Carlos J. Bueno-Alejo, Adriana Arca-Ramos and

Jose L. Hueso

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68812

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.68812

Plasmonics Devoted to Photocatalytic Applications in 
Liquid, Gas, and Biological Environments

Carlos J. Bueno-Alejo, Adriana Arca-Ramos 
and Jose L. Hueso

Additional information is available at the end of the chapter

Abstract

Plasmonic nanomaterials have emerged in the last years as a very interesting option for 
many photocatalytic processes. Their localized surface plasmon resonance (LSPR) brings 
in some unique properties that overcome some of the drawbacks associated with tradi-
tional photocatalysis based on semiconductors. Even when in its infancy, many advances 
have been made in the field, mainly related to the synthesis of new structures with the 
capabilities of light absorption in the whole solar spectrum. A great number of reactions 
have been attempted using nanoplasmonic materials. In this chapter, we present the most 
recent advances made in the field of plasmonic photocatalysis comprising an introduc-
tory section to define the main types of plasmonic nanomaterials available, including 
the most recently labeled alternatives. Following with the major areas of catalytic appli-
cation, a second section of the chapter has been devoted to liquid-phase reactions for 
the treatment of pollutants and a selection of organic reactions to render added-value 
to chemicals under mild conditions. The third part of the chapter addresses two specific 
applications of nanoplasmonic photocatalysts in gas-phase reactions involving the reme-
diation of volatile organic compounds and the transformation of carbon dioxide into 
valuable energy-related chemicals. Finally, a fourth section of the chapter introduces the 
most recent applications of plasmonics in biochemical processes involving the regulation 
of cofactor molecules and their mimetic behavior as potential enzyme-like surrogates.

Keywords: surface plasmon, photocatalysis, NIR, pollutants, energy, VOCs, CO2, 
semiconductor, mimetic enzymes
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1. Introduction

Solar energy harvesting has become an important matter nowadays.The use of solar light 
as energy source is a cleaner and even a more economic way to provide energy to pro-
cesses. In this sense, conventional photocatalysis, as it makes use of mainly semiconductors 
as  catalyst, is not the most efficient way to harvest the light coming from the sun, since it 
only contains 5% of UV light, which is the kind of radiation necessary to excite those cata-
lysts [1]. In the quest of new materials that could help to improve the efficiency of tradi-
tional photocatalyst, plasmonic nanomaterials have attracted much attention lately among 
the scientific community. This is so because this new family of materials offers/exhibits sev-
eral advantages over their bulk counterparts that can be useful in very different fields like 
sensors,  biomedicine, photocatalysis, etc [2]. Besides their size, what makes these materials 
so interesting is their characteristic localized surface plasmon resonance band (LSPR). This 
LSPR can be defined as the collective coherent oscillation of free charges on the surface of the 
nanoparticle when they are in resonance with the incident light. This resonance generates 
an enhancement in the electric field on the surface of the nanomaterials that may affect mol-
ecules or materials surrounding it. The LSPR can be very useful for photocatalysis in many 
different aspects depending mostly on the type of plasmonic material used. We have tenta-
tively classified them into three main categories: (1) Pure plasmonic materials; (2) Hybrid 
plasmonic materials and (3) Alternative plasmonic materials.

1.1. Pure plasmonic materials

The photocatalysts belonging to this group are only composed by unsupported plasmonic 
metals and those supported on photocatalytic insulators allowing all the chemistry to happen 
on the metal nanomaterial. In this case, after excitation of the plasmon band, a high density of 
charge carriers are generated on the surface of the nanoparticle that can undergo reduction or 
oxidation reactions with the molecules adsorbed on their surfaces [3].

This mechanism is generally referred to as direct charge transfer since the carrier is directly 
transferred from higher energy levels in the metal to the lower unoccupied molecular orbital 
of the adsorbate initiating the chemical reaction (Figure 1). Another property of the plasmonic 
nanoparticles is the generation of heat on their vicinity. Following the excitation, the charges 
generated can suffer radiative or nonradiative relaxation. The former will be discussed later in 
this section. The nonradiative relaxation is mainly related with electron-electron and electron-
phonon interactions, which give rise to the generation of heat, very localized in the surface of 
the nanoparticle. This heat can be transferred to the surrounding media, helping in thermally 
activated reactions. The temperature reached on the surface of the metal is dependent on 
the nature of the metal itself. For gold, it has been estimated to be as high as 500–700°C [4] 
and for silver, is expected to be much higher since the absorption cross section of the latter is 
around 10 times higher than for gold. An example of photocatalytic reaction performed by 
gold plasmonic nanoparticle (AuNP) is given by Hallet-Tapley et al., using them for the selec-
tive oxidation of alcohols [5]. They used green laser and LED in order to excite the plasmon 

Nanoplasmonics - Fundamentals and Applications312



1. Introduction

Solar energy harvesting has become an important matter nowadays.The use of solar light 
as energy source is a cleaner and even a more economic way to provide energy to pro-
cesses. In this sense, conventional photocatalysis, as it makes use of mainly semiconductors 
as  catalyst, is not the most efficient way to harvest the light coming from the sun, since it 
only contains 5% of UV light, which is the kind of radiation necessary to excite those cata-
lysts [1]. In the quest of new materials that could help to improve the efficiency of tradi-
tional photocatalyst, plasmonic nanomaterials have attracted much attention lately among 
the scientific community. This is so because this new family of materials offers/exhibits sev-
eral advantages over their bulk counterparts that can be useful in very different fields like 
sensors,  biomedicine, photocatalysis, etc [2]. Besides their size, what makes these materials 
so interesting is their characteristic localized surface plasmon resonance band (LSPR). This 
LSPR can be defined as the collective coherent oscillation of free charges on the surface of the 
nanoparticle when they are in resonance with the incident light. This resonance generates 
an enhancement in the electric field on the surface of the nanomaterials that may affect mol-
ecules or materials surrounding it. The LSPR can be very useful for photocatalysis in many 
different aspects depending mostly on the type of plasmonic material used. We have tenta-
tively classified them into three main categories: (1) Pure plasmonic materials; (2) Hybrid 
plasmonic materials and (3) Alternative plasmonic materials.

1.1. Pure plasmonic materials

The photocatalysts belonging to this group are only composed by unsupported plasmonic 
metals and those supported on photocatalytic insulators allowing all the chemistry to happen 
on the metal nanomaterial. In this case, after excitation of the plasmon band, a high density of 
charge carriers are generated on the surface of the nanoparticle that can undergo reduction or 
oxidation reactions with the molecules adsorbed on their surfaces [3].

This mechanism is generally referred to as direct charge transfer since the carrier is directly 
transferred from higher energy levels in the metal to the lower unoccupied molecular orbital 
of the adsorbate initiating the chemical reaction (Figure 1). Another property of the plasmonic 
nanoparticles is the generation of heat on their vicinity. Following the excitation, the charges 
generated can suffer radiative or nonradiative relaxation. The former will be discussed later in 
this section. The nonradiative relaxation is mainly related with electron-electron and electron-
phonon interactions, which give rise to the generation of heat, very localized in the surface of 
the nanoparticle. This heat can be transferred to the surrounding media, helping in thermally 
activated reactions. The temperature reached on the surface of the metal is dependent on 
the nature of the metal itself. For gold, it has been estimated to be as high as 500–700°C [4] 
and for silver, is expected to be much higher since the absorption cross section of the latter is 
around 10 times higher than for gold. An example of photocatalytic reaction performed by 
gold plasmonic nanoparticle (AuNP) is given by Hallet-Tapley et al., using them for the selec-
tive oxidation of alcohols [5]. They used green laser and LED in order to excite the plasmon 

Nanoplasmonics - Fundamentals and Applications312

band of the AuNP and oxidize selectively the alcohol molecules surrounding the AuNP. In 
their work, the authors proposed two possible mechanisms for the reaction, one involving a 
single electron transfer from gold to H2O2 providing the radicals that initiate a chain reaction, 
and the other implicating the generation of heat as the cause for the breaking of the peroxide 
bond. Another interesting example is the use of nanorattles composed of a gold nanosphere 
inside and a nanoshell of gold/silver [6]. In this case, the authors claim that the better perfor-
mance of this structure comes from the formation of electromagnetic hot spots in the interface 
of the two different materials. These hot spots create a higher density of reactive oxygen 
species responsible for the oxidation reaction. In order to expand the absorption of light to 
the visible and even the IR part of the spectrum, many researchers have tried to synthesize 
anisotropic nanoparticles. One of these examples is the synthesis of hexagonal Pd nanoplates 
for their use in the Suzuki coupling reaction. Trinh et al. [7] were able to obtain plasmonic Pd 
nanoparticles with their plasmon band located along the visible and the near IR according to 
their aspect ratio. They used this LSPR to generate hot electrons with the energy to perform 
the Suzuki reaction on the surface of the catalyst.

In this group, we can also include nanomaterials consisting of metal nanoparticles supported 
on photochemical insulators. The latter means that since the bandgap of the material is  too 
high, it cannot be excited in the visible or near UV part of the spectrum. Metal oxides like 
ZrO2, Al2O3, or SiO2 with bandgap energies above 5–6 eV are representative of this group. Liu 
et al. [8] performed a selective reduction of nitrocompounds to the azoxy derivatives using 
Ag-Cu alloy nanoparticles supported on ZrO2. They demonstrated that by irradiating in the 

Figure 1. Typical mechanism of pure plasmonic materials. Reprinted with permission from Ref. [3]. Copyright (2014) 
American Chemical Society.
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visible region, they could control the selectivity of the reaction only with the composition of 
alloy with no influence from the support.

1.2. Hybrid plasmonic materials

Semiconductors photocatalysts have dominated the field since Fujishima and Honda used 
TiO2 to do water splitting with UV light in 1972 [9]. Despite the convenient properties of 
this semiconductor for photocatalysis, it also has some drawbacks in order to use them in 
real photocatalytic applications like low photon efficiency, high charge carriers recombina-
tion rate and a high bandgap (3.2 eV), that means it can only be excited with UV light. To 
overcome these problems, great efforts have been devoted in the past years to develop a 
new family of photocatalysts consisting of supporting metal plasmonic nanoparticles on the 
surface of semiconductors. The metal nanoparticle brings in some properties that comple-
ment and fix some of the downsides previously mentioned for the semiconductors (Figure 2). 
First, they enhance the absorption of light bythe material. They do this in different ways. 
The plasmon bands of the metal nanoparticles are usually in the visible region, expanding 
the absorption of the hybrid material to the visible or even near IR. Also, the huge absorp-
tion extinction coefficient of plasmonic materials allows them to absorb most of the light 
incoming to the hybrid, therefore, keeping most of the photon absorbed on the surface of the 
material, avoiding in a high extent the recombination of carriers that usually takes place in 
the semiconductor. Another feature of these materials that aids the absorption of light is the 
scattering. Plasmonic nanoparticles can scatter part of the light that are not able to absorb, 
thereby allowing its reemission and potential absorption by other nanoparticles allocated on 
its vicinity and increasing the pathway of light absorbed by the material. Another character-
istic of these materials is the formation of what is called Schottky barrier between the metal 
and the semiconductor. In that interface, an electric field is built in that separates the charge 
carriers formed in or close to the barrier, avoiding in that way of the recombination of electron 
and holes, and therefore increasing the lifetime of those carriers, so they can react with other 
molecules adsorbed on the surface.

Figure 2. Different plasmonic effects in hybrid plasmonic structures. Different colors and shapes are used to identify 
each of them: absorption (red oval), structural (orange square), nonradiative (yellow hexagon) and radiative (green 
trapezium).
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Besides absorption, plasmonic materials contribute to improve the photocatalytic perfor-
mance of semiconductors through other mechanisms. After absorption of light, the excited 
electrons reach high-energy levels, so they can overcome the Schottky barrier formed between 
the metal and the semiconductor, and can be transferred from the nanoparticle to the semi-
conductor and start the photocatalytic process. This electron transfer means that a material 
that was only viable before for use with UV light due to its high bandgap, now can be used 
in almost any wavelength, because the shape and size of these metal nanoparticles can be 
tailored to have the plasmon band in the visible or even in the IR region of the spectrum. 
This is a very important feature when we think about the use of these materials under solar 
light illumination, since the excitation area can be expanded to the other 95% of the solar 
spectrum. Other mechanism by which plasmonic materials can enhance the photocatalytic 
performance of semiconductors is by the generation of an intensive local electric field that 
can promote/enhance the generation of more charge carriers on the surface of the semicon-
ductors. Because of this electric field, plasmonic nanoparticles can also generate charge car-
riers without any contact with the support, which is beneficial when the contact between the 
metal and the semiconductor is not well enough to form a Schottky barrier, or when a layer 
of other material is needed to support the nanoparticles. It has also been probed that this 
electric field may help to polarize nonpolar molecules surrounding the metal nanoparticles 
and increase their adsorption to the surface of the semiconductor. Finally, another important 
feature of the plasmonic materials that enhances the photocatalytic response of these hybrid 
systems is the generation of heat on the vicinity of the nanoparticles. The high temperature 
generated in highly localized points can improve the reactions rate and the mass transfer in 
the reaction system.

Due to these properties, plasmonic hybrid materials are certainly a very interesting option to 
make some industrial processes environmentally and economically attractive.

1.3. Alternative plasmonic materials

Until very recently, nonmetal materials considered were not able to hold a LSPR due to 
the low free charge carrier concentration on their surface. However, lately many studies 
have probed that a whole variety of materials can be tuned to increase the free carrier 
concentration, and therefore be able to behave as plasmonic materials in the visible and 
IR regions [10]. Usually, doping the structure of metal oxides or adding oxygen vacancies 
increase the concentration of free electron within the metal oxide, and is a good way to get 
a plasmonic material. Examples of this are oxides of aluminum, zinc, cadmium, or tung-
sten, which after doping with different element acquire plasmonic characteristics in the 
visible or IR region due to the increase of the electron concentration [11]. Creating oxygen 
vacancies is also  possible to get an analogous effect. For instance, tungsten oxide renders 
a plasmonic behavior in the IR, allowing their use in photocatalytic applications after the 
induced generation of oxygen vacancies [12]. A different circumstance happens with chal-
cogenides like CuS, in which the reduction of the Cu percentage creates an increase of the 
hole concentration, which results in a wide plasmon band in the IR region (Figure 3) [13]. 
All these materials are suitable to act as plasmonic photocatalysts with any of the mecha-
nisms mentioned before.
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2. Nanoplasmonic photocatalysis in liquid phase

2.1. Plasmonic-driven photocatalytic degradation of aqueous contaminants

Heterogeneous photocatalysis has been demonstrated as an economical and effective 
technology to remove organic pollutants from aqueous environments [14, 15]. In recent 
years, the LSPR effect of plasmonic materials has been applied to boost the photocatalytic 
performance of chemical transformations under visible light irradiation. A vast number 
of studies have focused on the preparation of plasmonic nanostructures and further appli-
cation for the removal of pollutants from aqueous media. As there are some previous 
reviews reporting the use of plasmonic materials for pollutant removal [16–18], in this 
section we only show some recent applications on this topic, aiming at illustrating various 
types of plasmonic photocatalysts as well as target contaminants. These are summarized 
in Table 1.

Among the target pollutants, dyes such as rhodamine B (RhB), methylene blue (MB), or 
methyl orange (MO) are the most studied ones due to the ease of monitoring their removal. 
Nevertheless, in dye compounds the effect of photosensitization could produce extra electrons 
and accelerate the photocatalytic process. For this reason, the photoremediation of colorless 
target contaminants represents a more interesting case study [19]. For instance, the photocata-
lytic removal of other organic pollutants such as phenolic compounds, including bisphenol 
A, nitrophenol, and chlorophenols, antibiotics such as tetracycline or ciprofloxacine, organic 
solvent as trichloroethylene or even chlorinated paraffins have also been reported and sum-
marized in Table 1. In addition to organic pollutants, this technology has been successfully 
applied for the treatment of hazardous inorganic compounds, such as the reduction of carci-
nogenic Cr (VI), from K2Cr2O7 to Cr (III) [20].

Figure 3. Schematic diagram (not to scale) to illustrate the energy level alignment and photocharge carrier dissociation at 
the CuS-RGO interface. Reprinted with permission from Ref. [13]. Copyright (2012) American Chemical Society.
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Catalyst Pollutant Irradiation Performance Refs.

Ag@g-C3N4@BiVO4 TC 300 W Xe lamp, λ > 350 nm, 
λ > 420 nm or λ > 760 nm

Removal of 90.8% (λ > 350 nm), 
82.7% (λ > 420 nm), and 12.6 % 
(λ > 760 nm) in 60 min

[27]

Ag2SO3/AgBr
GO/Ag2SO3/AgBr

MO, RhB, MB 500 W Xe lamp, λ > 420 nm, 
100 mW/cm2

99.9% removal of MO in 9 min, 
almost complete removal of RhB 
and MB in 20 min

[28]

Ag/AgCl-Bi2WO6@ 
Fe3O4@SiO2

RhB, Phenol 300 W halogen tungsten 
projector lamp, λ > 410 nm

100% RhB removal in 90 min ~70% 
Phenol removal in 300 min

[19]

Pd/PdCl2-Bi2MoO6 Phenol 300 W halogen tungsten 
projector lamp, λ > 410 nm

22.2% removal in 30 min and 
almost 100% removal in 300 min

[26]

g-C3N4@Bi@Bi2WO6 2,4-DCP, MO, 
RhB

300 W Xe lamp, λ > 400 nm ~70% removal of MO and 
2,4-DCP, and almost complete 
removal of RhB in 120 min

[22]

Ag@AgCl/TP RhB, X-3B, CIP, 
phenol

300 W Xe lamp, λ > 400 nm Complete removal of RhB in 8 min 
and of X-3B in 12 min, 48% CIP 
removal and 51% phenol removal 
in 3 h

[29]

Au-Fe-doped 
Bi4Ti3O12 (BTO) 
nanosheets

Phenol, BPA 400 W halogen lamp, VIS 
light

BPA removal of 72%, 87%, 99% 
on pure BTO, 2%Fe/BTO and 
Au-2%Fe/BTO, respectively, in 
50 min
Phenol removal of 37, 54, and 64% 
on BTO, 2% Fe/BTO, and Au-2% 
Fe/BTO, respectively, in 80 min

[30]

Bi/Bi2WO6 RhB, 4-CP 300 W Xe lamp, λ > 400 nm, 
200 mW/cm2

93.0% removal of RhB in 25 min, 
54.4% removal of 4-CP in 120 min

[23]

TiO2/SiO2/Au 
(bipyramid-like gold 
nanoparticles)

FA LED lamp (400–800 nm), 
156 mW/cm2 for tests in VIS 
region, high-pressure Hg 
lamp for tests in UVA + VIS 
region

With UVA + VIS irradiation, 58% 
removal in 1 h
No photocatalytic activity under 
VIS irradiation alone

[31]

Au/BiOCl@ 
mesoporous SiO2

FAD, RhB 350 W Xe lamp, λ > 420 nm For FAD removal, the CO2 
evolution is ca. 49-fold higher 
than that of N-TiO2 NPs (used as 
standard VIS light photocatalyst) 
~100% removal of RhB in 1 h

[32]

RGO/CoFe2O4/Ag Short chain 
chlorinated 
paraffins

500 W Xe lamp, λ > 400 nm, 
60 mW/cm2

91.9% removal in 12 h [33]

Ag/Ag2CO3-RGO MO Phenol 350 W Xe lamp, λ > 420 nm 
40 mW/cm2

93% MO removal in 15 min, 93% 
phenol removal in 30 min

[34]

Pt–BiOBr 
heterostructures

PNP, TBBPA 300 W Xe lamp 
Simulated sunlight (320–680 
nm) or VIS light (400–680 
nm),
150 mW/cm2

For PNP: Complete removal in 
30 min with simulated sunlight 
and 99% removal in 1.5 h with 
VIS light
For TBBPA: 100% removal in 
5 min with simulated sunlight and 
98% removal with VIS light

[35]
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Although most of plasmonic photocatalysts devoted to pollutants removal have been based 
on hybrid structures containing noble metals such as Au and Ag, supported on semiconduc-
tors (mostly TiO2 or ZnO), novel plasmonic materials and structures are currently under 
development [21]. For instance, low-cost bismuth (Bi) has been reported to be an alternative to 
noble metals due to their direct plasmonic photocatalytic ability [22] which makes it a prom-
ising cocatalyst to enhance the efficiency of multiple photocatalysts, as reported in various 
recent studies [22–24]. Plasmonic semiconductor Cu2−xSe deposited on the surface of graphitic 
carbon nitride (g-C3N4) was also proposed as visible light photocatalysts for dye removal [25]. 
Recently, Meng and Zhang [26] developed and investigated for the first time a Pd-doped 
Bi2MoO6 photocatatalyst (Pd/PdCl2-Bi2MoO6) which exhibited an enhanced efficiency for phe-
nol removal due to the reduction of electron-hole recombination rate, the SPR of Pd nanopar-
ticles, and the generation of the strong oxidizing agent Cl0 from Cl− on the surface of Bi2MoO6.

2.2. Organic synthesis

The application of heterogeneous photocatalysis in organic synthesis constitutes a more chal-
lenging issue than the degradation of organic contaminants [37] and much effort is being 
devoted in this field, as recently reviewed elsewhere [37–40]. The use of plasmonic nanoma-
terials as visible light-driven photocatalysts constitutes an interesting and appealing alterna-
tive to carry out a wide variety of chemical reactions to generate fine chemicals of industrial 

Catalyst Pollutant Irradiation Performance Refs.

Cu2−xSe–g-C3N4 MB 500 W Xe lamp, Λ > 420 nm >95% removal in 2 h [25]

Bi/I−codecorated 
BiOIO3

Phenol, 2,4-
DCP, BPA, 
RhB, TC

500 W Xe lamp
VIS light (λ ≥ 420 nm) or 
simulated sunlight

With λ ≥ 420 nm: 76.8% RhB 
removal in 4 h and >40% BPA 
removal in 5 h
With simulated sunlight: 55% 
TC removal in 2h, 60% 2,4-DCP 
removal in 2 h, >90% phenol 
removal in 3 h

[24]

AgCl:Ag hollow 
nanocrystals

Reduction of 
Cr (VI) to Cr 
(III)

500 W Xe lamp, λ ≥ 420 nm 100% of Cr (VI) photoreduced 
in 10 min (only 44.7% and 16.5% 
of Cr (VI) was reduced over 
AgCl-normal and commercial P25, 
respectively

[20]

SiO2-Au seeded 
nanoparticles

MO, TCE Green laser λ= 532 nm For MO, 61% removal by SiO2-Au 
seeded NPs and 29% removal 
by bare Au seeds after 1 h laser 
irradiation at 2 W
For TCE, 50% removal after 1 h 
laser exposure at 2 W

[36]

BPA: Bisphenol A; CIP: ciprofloxacin; 4-CP: 4-Chlorophenol; 2,4-DCP: 2,4-Dichlorophenol; FA: Formic acid; FAD: 
Formaldehyde; GO: Graphene oxide; MB: methylene blue; MO: Methyl orange, PNP: P-nitrophenol; RGO: reduced 
graphene oxide; RhB: rhodamine B, TBBPA: tetrabromobisphenol-A; TC: tetracycline; TCE: Tricholoroethylene, TP: 
titanium phosphate nanoplates; X-3B: reactive brilliant red.

Table 1. Recent studies on the utilization of plasmon-assisted photocatalysts for removal of aqueous contaminants.
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 interest while working under mild conditions [41]. This chapter section overviews some 
examples of representative reactions with both industrial and fundamental interests.

2.2.1. Oxidation reactions

The selective oxidation of alcohols to their corresponding carbonyl counterparts is one type 
of mostly studied plasmon-assisted photocatalyzed reactions [16]. For instance, Au/CeO2 was 
applied for the selective oxidation of benzyl alcohols to corresponding benzaldehydes in 
aqueous suspensions under irradiation by visible light from a green LED [42]. Hallet-Tapley 
et al. [43] also demonstrated the ability of Au supported on hydrotalcite, ZnO, or Al2O3 to 
selectively oxidize sec-phenethyl to acetophenone and benzyl alcohol to benzaldehyde, in 
presence of H2O2 using 530 nm LED as the photoexcitation source (Figure 4A). Yu et al. [44] 
and more recently, Chen et al. [45] supported gold catalysts for the selective aerobic oxidation 
of benzyl alcohol to benzaldehyde driven by visible light. Plasmonic photocatalysis has also 
been applied to amide production via tandem oxidation/amidation processes catalyzed by 
Au/SiO2 under 532 nm laser irradiation [46].

Esterification is one of the fundamental reactions in organic synthesis, as its products are 
widely used as precursors and intermediates for the production of fine chemicals, fragrances, 
natural products, or polymers [38]. Traditionally, esters are synthesized by the reaction of 
activated acid derivatives with alcohols, in multi-step reaction processes that yield high 
amounts of undesirable byproducts. In addition, these usually require harsh conditions of 
temperature, pressure, and pH [38, 47]. Xiao et al. [47] reported a one-pot process for the 
direct oxidative esterification of aliphatic alcohols under mild conditions, using gold-pal-
ladium alloy nanoparticles (Au-Pd alloy NPs) on a phosphate-modified hydrotalcite as a 
recyclable photocatalyst (Figure 4B). It was found that the intensity and wavelength of the 
irradiated light could remarkably change the reactivity. The explanation was that higher irra-
diance provides more light excited energetic electrons, resulting in a stronger electromagnetic 
field in the vicinity of the NPs (LSPR field enhancement effect). On the other hand, photons 
with a shorter wavelength (<550 nm) are able to excite metal electrons to higher energy lev-
els, and these electrons have more chances to transfer to the antibonding orbitals and induce 
reaction. Wavelength effect is more important at low temperatures, when the excited electron 
transfer effect dominates the photocatalytic activity, and the thermal and photothermal effect 
contributes much less [47].

Likewise, Zhang et al. [48] reported the visible light driven esterification from aldehydes and 
alcohols using supported Au nanoparticles (Au/Al2O3) at ambient temperatures. From the 
results at different wavelength ranges, it is concluded that gold plays an active role in harvest-
ing visible light and that the LSPR effect plays a critical role in enhancing the reaction activity 
in the catalyzed processes.

2.2.2. Reduction reactions

Chemical reduction reactions constitute another interesting route for the synthesis of fine 
chemicals, and plasmonic materials have also been utilized in several photocatalytic reduction 
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processes. For instance, plasmonic gold nanoparticles (Au NPs) were successfully applied as 
catalyst to perform the reduction of resazurin to resorufin [49] via laser drop (532 nm) or LED 
(530 nm) plasmon excitation. The use of Au NPs supported on different materials was also 
investigated for the selective reduction of organic compounds under visible light (or simu-
lated sunlight) [50]. Au/CeO2catalysts were found to be efficient in the reduction of nitroaro-
matics to azocompounds, hydrogenation of azobenzene to hydroazobenzene, reduction of 
ketones to alcohols, and deoxygenation of epoxides to alkenes. The SPR effect of Au NPs was 
reported to play a key role in assisting activation of N=O bonds, so that the main product 
in the reduction of nitrobenzene under visible irradiation was different from that obtained 
under UV irradiation [50].

It has also been reported that Cu/graphene catalyst exhibits high activity for the reduc-
tive coupling of nitroaromatics to aromatic azocompounds under solar irradiation [51]. 
The product selectivity changed significantly with temperature, and conversion was 
found light intensity dependent. The light absorbed by Cu nanoparticles was the major 
 driving force of the reaction as the highest conversion in the visible light range was in the 
range 530–600 nm, where the Cu nanoparticles strongly absorb the light due to the LSPR 
effect [52].

Another representative example is referred to the reduction of styrene in the presence of 
hydrogen to yield ethylbenzene. This chemical reduction was successfully achieved in the 
presence of Ag–Pd nanocages under visible light irradiation. In these photocatalysts, Pd pro-
vides active sites for hydrogenation reactions, whereas Ag offers plasmonic properties to con-
vert light into heat [53].

2.2.3. Cross-coupling reactions

Plasmonic materials have also been investigated as photocatalysts for cross-coupling reac-
tions, which have been accepted as convenient one-step methods to render complex mol-
ecules of interest for the synthesis of natural and advanced materials, bioactive products, 
agrochemicals, or medicines [38]. Au-Pd nanostructures consisting of Au nanocrystal cores 
and tightly bonded Pd nanoparticles could harvest visible to near-infrared (NIR) light for 
Suzuki coupling of iodobenzene or bromobenzenes and aromatic boronic acids to biphenyls 
under solar radiation, and also under 809 nm laser irradiation [54].

In a study by Xiao et al. [3], five different cross-coupling reactions, namely the Sonogashira, 
Stille, Hiyama and Ullmann C-C couplings, and the Buchwald-Hartwig amination (C-N 
cross-coupling) were investigated to demonstrate the possibility of applying Au-Pd alloy NP 
photocatalyst to enhance the intrinsic catalytic activity of Pd sites under visible light irradia-
tion and at low temperatures (Figure 4C). The results suggest that electrons of alloy NP are 
excited under light irradiation and are then transferred from the nanoparticle surface to the 
reactant molecules adsorbed on the nanoparticle surface, weakening the chemical bonds of 
the molecules and facilitating the reactions. Increasing the light intensity accelerates the reac-
tion rate due to increased population of photoexcited electrons. The irradiation wavelength 
also affected the reaction rates, and ultraviolet irradiation was required to drive some reac-
tions with certain substrates.
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Hu et al. [55] developed a novel and efficient approach to synthesize interfaced dimers 
made of Au NPs and bimetallic nanoshells, such as Au/Ag, Pt/Ag, or Pd/Ag. The Au NP-Pd/
Ag bimetallic nanoshells were then used for catalyzing Suzuki coupling reactions between 
phenylboronic acid and iodobenzene at 80°C, yielding biphenyl. After 45 min in the dark, 
the conversion of reactants was 95%. Under visible light illumination, the reaction was sig-
nificantly accelerated, 95% conversion in only 15 min. The increase in the reaction rate under 
illumination was attributed to the strong SPRs in the Au NPs, which enabled absorption of 
visible light in the dimers, leading to an enhancement in catalytic performance.

Cui et al. [56] synthesized Cu7S4@Pd heteronanostructures and probed their photocatalytic 
potential for Suzuki coupling reaction, hydrogenation of nitrobenzene, and oxidation of ben-
zyl alcohol in the NIR range, respectively. As the Cu7S4@Pd LSPR peak position was close to 
1500 nm, a 1500 nm diode laser was used as illumination source for the photocatalytic reac-
tions. Additionally, irradiation at 808 and 980 nm were also evaluated. The highest conver-
sions rates were obtained for 1500 nm irradiation due to LSPR enhancement in this region. To 
evaluate the pragmatic feasibility of the photocatalyst, the catalytic reactions were evaluated 
under real sunlight irradiation (~40 mW/cm2) as well, and high conversion rates were attained 
(Figure 4D).

In a study by Trinh et al. [7], plasmonic Pd hexagonal nanoplates, with tunable longitudinal 
LSPR were synthesized and applied to catalyze Suzuki coupling reaction. The catalytic activ-
ity of the Pd nanoplates was 2.5 and 2.7 times higher than that of nonplasmonic Pd nanooc-
tahedral and Pd nanocubes, respectively, upon illumination at wavelengths in the range 
300–1000 nm. These results, along with theoretical studies, revealed that Pd hexagonal nano-
plates are able to harvest visible to NIR light, and that the increase in the catalytic activity on 
Pd nanoplates is primarily a result of the plasmonic photocatalytic effect of plasmon-induced 
hot electrons. Recently, it has been revealed that metal oxide nanostructures, such as WO3−x, 
MoO3−x, and TiO2−x, can exhibit LSPR in the visible and NIR region due to abundant oxygen 
vacancies or heavy doping [57, 58]. Lou et al. [57] demonstrated that the plasmon excitation of 
WO3−x nanowires by long wavelength irradiation can enhance main product yield and selec-
tivity in Suzuki coupling reactions catalyzed by the attached Pd nanoparticles.

2.3. Disinfection

While TiO2 photocatalytic inactivation of bacteria and viruses has been known for decades 
[59], the number of studies using plasmonic materials for water disinfection is still rather 
limited.

Silver halides (Ag/AgX where X = Cl, Br, I) supported on TiO2 or carbon materials have 
been the most studied photocatalysts for antimicrobial applications. Tian et al. [60] pre-
pared a AgCl@Ag@TiO2 sandwich-structured photocatalyst and evaluated its bactericidal 
activities in terms of the inactivation of Gram-negative bacteria Escherichia coli K12 (E. coli 
K12) under visible light irradiation. In the absence of irradiation, the catalyst exhibited a 
negligible killing response, whereas visible light irradiation in absence of photocatalyst 
only achieved the inactivation of 6% E. coli colonies in 30 min. In contrast, when AgCl@
Ag@TiO2 was used, nearly 77% of E. coli K12 population was inactivated after 6 min under 
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Figure 4. (A) Proposed mechanism for the plasmon-mediated oxidation of sec-phenethyl (R = CH3) and benzyl (R = H) 
alcohols in the presence of supported AuNP. Reprinted with permission from Ref. [43]. Copyright (2013) American 
Chemical Society. (B) Direct oxidative esterification of aliphatic alcohol (1-octanol as example). Adapted with permission 
from Ref. [47]. Copyright (2015) American Chemical Society. (C) Scheme of cross-coupling reactions catalyzed by Au-Pd 
alloy NPs under visible light irradiation. Adapted with permission from Ref. [3]. Copyright (2014) American Chemical 
Society. (D) Schematic representation of plasmon enhanced Suzuki coupling reaction, oxidation of benzyl alcohol 
and hydrogenation of nitrobenzene, over Cu7S4@Pd heteronanostructures. Reprinted with permission from Ref. [56]. 
Copyright (2015) American Chemical Society.
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visible light irradiation,  reaching total inactivation at 15 min. Under visible light irradia-
tion, Ag NPs produce electrons and holes, which can be separated by the SPR-induced 
local electromagnetic field. Due to the suitable conduction band and valence band energy 
levels of AgCl and TiO2, the photo-generated electrons transfer to TiO2 while holes transfer 
to AgCl. The electrons are trapped by adsorbed O2 to form •O2

−, while the holes combine 
with OH−/or Cl− ions to form •OH/or Cl0 radicals. All of •O2

−, •OH, and Cl0 radicals are 
reactive species responsible for the inactivation of bacteria. Simultaneously, Shi et al. [61] 
studied the photocatalytic inactivation of E. coli by Ag/AgX-CNTs under visible light. The 
Ag/AgBr-CNTs exhibited an excellent photocatalytic disinfection performance, achieving 
the complete inactivation of 1.5 × 107 cfu/mL of E. coli within 40 min. This was attributed to 
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− and H2O2.

   O  2    + e   -   →   •   O  2        -   (1)

       •   O  2        -   + H  2  O  →   •   OOH + OH   -   (2)

   2   •  OOH →  O  2    + H  2   O  2    (3)

These species, along with •OH produced from holes in the surface of AgBr, are involved in the 
photocatalytic bacterial inactivation process.
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−, •OH to induce damage of microbial metabolism processes, destroy 
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this regard, Sarkar et al. [63] developed a plasmonic photocatalyst derived from functional-
ized amylopectin and in situ incorporated TiO2 and AuNPs (g-AP-pAA/TiO2-Au), and dem-
onstrated its antimicrobial activity in the presence of both UV, and especially, visible light 
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Li et al. [64] developed a nonnoble metal plasmonic photocatalyst consisting of a TiN/TiO2 
composite and evaluated its performance for the photocatalytic disinfection of E. coli in a buf-
fer solution under visible light illumination. In the absence of photocatalyst or visible light, 

Plasmonics Devoted to Photocatalytic Applications in Liquid, Gas, and Biological Environments
http://dx.doi.org/10.5772/intechopen.68812

323



Figure 5. Field emission scanning electron microscopes images of E. coli (a) in absence of light source; (b) in presence of 
UV light; (c) in presence of g-AP-pAA/TiO2 along with UV light; and (d) in presence of g-AP-pAA/TiO2-Au along with 
visible light. Reprinted with permission from Ref. [63]. Copyright (2016) American Chemical Society.

the survival ratio of E. coli population showed no obvious change. In the presence of TiN/TiO2 
photocatalyst under illumination (λ > 400 nm), the survival ratio of E. coli colonies dropped 
continuously upon increasing irradiation times. According to the proposed  mechanism, TiN 
nanostructures constitute the plasmonic component in the composite to harvest visible light 
and generate hot electrons by the LSPR effect. These hot electrons, once they were excited 
above the Fermi energy level of TiN, could be injected quickly into the conduction band 
of TiO2, to react with O2 yielding •O2

− and subsequently •OH, which are able to disinfect 
microorganisms.

3. Nanoplasmonic photocatalysis in gas-phase reactions

Besides their use in aqueous media photocatalysis, plasmonic nanomaterials have been lately 
investigated for their use in gas-phase reactions. Due to the broad range of reactions in gas 
phase currently under study, in this section we will focus on two big groups of them: degra-
dation of volatile organic compounds (VOCs) and chemical to energy conversion.

3.1. Photo-degradation of volatile organic compounds

Air pollution is of great concern nowadays due to the damage that a long exposure can do 
to human health. Indoor and outdoor environments are suitable to suffer from high con-
centration of VOCs due to human activity, so currently it is considered urgent to address 
this problem in a more efficient way. Currently, the methods used to eliminate VOCs vary 
from physical methods like filtration or adsorption, to chemical ones like UV irradiation or 
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ozone treatment [65]. The latter, being efficient for the purpose of eliminating the hazardous 
 materials from air, is also harmful to human health, so there is a need for new methods to 
eliminate VOCs from air. In this case, the use of plasmonic materials seems to be a logical step 
forward, not only in order to avoid exposure to dangerous atmospheres, but also because of 
the possibility of using solar energy instead of other expensive and unsafe source of energy. 
While the examples of photocatalysis for VOCs elimination are growing lately, the ones using 
plasmonic materials, even when growing every year, are still far from conventional semicon-
ductors ones. One of the first examples in using plasmonic materials for VOCs remediation 
comes from Chen et al. [66]. They used Au NPs supported in different metal oxides to get the 
total oxidation of formaldehyde with visible light. In this case, the authors wanted to use a 
pure plasmonic material, so they attached the Au NPs to oxide supports like ZrO2 or SiO2, 
both with high band gap (5 and 9 eV, respectively) in order to avoid excitation of the sup-
port from the visible light source. The mechanism proposed involves two of the features of 
plasmonic materials mentioned above. In one hand, irradiating the Au NPs on their plasmon 
band will increase the temperature locally high enough to perform the VOCs oxidation in 
high extent. Besides the temperature effect, the high electric field generated on the surface of 
the nanoparticles would activate polar molecules as formaldehyde present on the surface of 
Au NPs, aiding to the total oxidation of the compound. Another example of decomposition of 
VOCs using plasmonic materials is the isopropanol oxidation performed by Dinh et al. [67]. 
In this case, the structure of the catalyst is a key for its performance. It consists of Au/TiO2 
nanostructured photocatalyst that is constructed by the three-dimensional ordered assembly 
of thin-shell Au/TiO2 hollow nanospheres. Due to that composition, it can be considered a 
hybrid plasmonic structure with some special qualities. The authors claim that the photonic 
structure of the catalyst enhances the absorption of the plasmonic AuNP by the multiple 
scattering and the slow photon effect characteristic of these architectures. This enhancement 
absorption of the plasmon band provides an activity several times higher than the normal 
Au/TiO2 structure.

The last example for VOCs oxidation using plasmonic materials comes from Sellappan et al. 
[68]. They combine gold and silver nanoparticles with TiO2 with different configurations in 
order to evaluate the electron transfer after light excitation. They evaluate the photocatalysis 
of the degradation of methanol and ethylene under different conditions. One of those condi-
tions is the physical contact between the metal and the semiconductor. When the nanoparticles 
are in contact with TiO2, a Schottky barrier is formed, which enhances the charge separation 
under UV light illumination. When the metals are not in contact with the support, they also 
observe an enhancement in the activity of the photocatalyst that they assign to a near and far 
field effect of the plasmonic nanomaterial. This is so because, even when they are separated, 
the distance is short enough from the support to feel the high electric field generated on the 
metal nanoparticle.

3.2. Plasmonic-driven chemical to energy conversion processes

Global warming is nowadays one of the biggest problems to be addressed in our society. The 
vast amount of fossil fuel consumed during the last decades has broken the natural balance 
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of CO2 emission and uptake, leading to high concentrations of this gas in the atmosphere and 
in the oceans, and provoking a sharp climate change. Besides, due to this enormous grow-
ing in fossil fuel consumption, the society is exhausting their reserves at a very high rate 
 creating an urgent need for alternative sources of energy. With this in mind, photocatalysis 
has emerged as a promising tool to kill two birds with one stone. On one hand, it can help to 
reduce the CO2 emitted to the atmosphere and also in that process give products that could 
be able to store energy. As a first example of this, in 1979 Inoue et al. [69] attained for the 
first time the reduction of CO2 with light using several semiconductors as photocatalysts. 
Even when the reaction was performed in liquid phase, we consider appropriate to mention 
it here since it was the first attempt that obtained valuable products after the reduction of CO2 

using light as energy source. Since that first work, many attempts have been made in order 
to synthesize photocatalysts to reduce CO2 to different interesting products. Most of those 
catalysts are semiconductors like TiO2 or ZnO which, while they possess many interesting 
properties to be used as photocatalysts, they also have some drawbacks that limit their use 
on large scale applications, as low photon absorption efficiency, high charge carrier recom-
bination rate or being restricted to the UV region of the spectra. In order to overcome these 
downsides, in recent years the scientific community have paid attention to plasmonic materi-
als as an attractive tool to be used for the reduction of CO2. Liu et al. [70] first reported the 
use of plasmonic gold catalyst for the dry reforming of CO2 with methane to obtain syngas. 
This reaction usually requires high temperatures (800–1000°C) and is of great interest since 
it would transform two greenhouse gases into molecules suitable for energy storage like CO 
and H2. They prepared a catalyst consisted of Rh and Au supported on SBA-15 in order to 
use the good properties of Rh for this reaction and the plasmon band of Au to activate the 
reactants. They claim that the high electric field generated on the AuNP induces polarization 
on the CO2 and the CH4 molecules activating them, and enhances the conversion to syngas. 
Another interesting reaction involving the consumption of CO2 is the reverse water gas shift 
reaction (RWGS). Upadhye et al. [71] probed that using AuNP supported over TiO2 and CeO2, 
they could enhance the yield of the reaction illuminating with visible light from 30 to 1300%. 
According to them, the LSPR of the catalyst changed the intrinsic kinetics of the reaction on 
the surface of the catalyst by increasing the rate constant of either the carboxyl decomposition 
or the hydroxyl hydrogenation, two of the key steps in this reaction. They attributed the rate 
enhancement either to the generation of hot electrons or the polarization effect of the high 
electric field generated by the plasmonic nanoparticles on the adsorbates. Not only conven-
tional semiconductor materials have been used to support plasmonic nanoparticles, lately 
several authors have used graphene and derivative as active supports for photocatalysis. This 
is the case of Shown et al. [72] that evaluated the activity of Cu NPs supported on graphene 
oxide (GO) for the reduction of CO2 (Figure 6). In their work, they prepared the catalyst with 
different Cu loading and evaluated the photoreduction using visible light, and compared the 
results with GO alone and with TiO2 P25. The authors found an increase in the products yield 
for the CuGO hybrid material by 60 times with respect to the GO, and 240 times with respect 
to the P25, obtaining methanol and acetaldehyde as the main products. They attributed the 
enhancement to a modification in the work function of the GO by the Cu NPs that improved 
the charge separation.
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Finally, some additional examples where CO2 has been successfully hydrogenated to yield 
methane in the presence of nanoplasmonic photocatalysts are briefly described below and 
summarized in Table 2. Methane has gained an increasing interest, given its abundance 
and its extended use as fuel in fertilizers or as intermediate in the petrochemical industry 
[73]. Most of the studies report the combination of titania or P25 semiconductor supports 
with noble-metal-based cocatalysts, which are able to expand the band gap toward the 
visible range through their surface plasmon band [74], act as charge reservoirs, and also 
as active and selective catalytic centers [74–81]. In this regard, the presence of Pd or Pt 
strongly enhances the selectivity toward methane in comparison with the preferential 
pathway toward CO observed in TiO2, being of paramount importance for the proper 
formation of organic intermediates. As a major drawback, progressive deactivation was 
observed upon oxidation of Pd into PdO domains [79]. Furthermore, the effective forma-
tion of Au-Cu alloys was also found extremely active, thereby outperforming the photo-

Figure 6. (a) UPS-determined work functions of GO and Cu/GO hybrids and (b) band-edge positions of pristine GO 
and Cu/GO hybrids as compared with CO2/CH3OH and CO2/CH3CHO formation potential. (c) Schematic photocatalytic 
reaction mechanism. Reprinted with permission from Ref. [72]. Copyright (2015) American Chemical Society.
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catalytic conversions of their respective single metal counterparts, while expanding their 
response in the visible range as nicely demonstrated by transient absorption spectroscopy 
studies [74].

Other relevant studies additionally dealt with the use of catalytic monoliths [75], fluidized-
bed reactors combined with LEDs [77] or included the use of novel semiconductor supports 
based on carbon nitride or reduced graphene oxide that provided additional sites for the 
accommodation of CO2 and the active cocatalysts [76, 82]. Finally, Zhang et al. synthesized 
a hybrid material consisted of Rh nanocubes supported on Al2O3 and used for the selective 
hydrogenation of CO2 to CH4, avoiding almost completely the competitive production of CO 
(see Figure 7). The authors used UV and blue light coming from LED irradiators in order to 
excite the plasmon band of the metal nanoparticles and generate high-energy electrons that 
are transferred to the adsorbates [81].

Catalyst Reductant Cocatalyst Remarks Refs.

Au, In/TiO2 H2 Au, In Irradiation with UV lamp 
(200 W; 150 mW/ cm2)
Use of monolithic reactors

[75]

Pd/TiO2 H2O Pd Irradiation with UV-LED 
arrays (40 pieces) (365 nm)
Fluidized bed reactors + T 
= 140°C

[77]

Pd/TiO2 H2O Pd Irradiation at λ > 310 nm
Formation of organic 
adsorbates is critical

[79]

Core-shell
Pt/TiO2
PtCu/TiO2

H2O Cu, Pt Light source 780 > λ > 320 
nm
Strong influence of 
cocatalysts on selectivities

[80]

Au,Cu/P25 H2O Au, Cu, Au-Cu alloys λ= 355 and 532 nm
Performance of transient 
absorption experiments

[74]

Ternary composition 
Metal + RGO + TiO2

H2O Pt, Pd, Ag, Au Visible light irradiation 
(energy daylight bulb, 15 W)
Pt-doped showed best 
activity

[76]

Ag(AgCl)− Carbon 
Nitride

H2O - In situ generation of Ag 
plasmonic domains
400 < λ < 650 nm
30 fold enhancement with 
P25

[82]

Rh cubes/Al2O3
Au/Al2O3

H2 – Irradiation with UV, blue 
and white LEDs
Comparison with thermal 
reaction

[81]

Table 2. Summary of selected photocatalysts for conversion of CO2 into CH4.
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4. Plasmonics in biocatalytic processes

4.1. Photobiocatalysis

A promising field for the use of nanoplasmonics currently under development is the photo-
biocatalysis. In this relatively novel area, the main goal is obtaining photocatalysts inspired 
in natural photosynthetic centers. A brief overview of the current state of the art in this field 
devoted to regular semiconductors has been recently published elsewhere [83].More recent 
studies involving the use of plasmonic materials have been reported by Sanchez-Iglesias et 
al. Their studies focused on the evaluation of multiple gold-shaped plasmonic nanostructures 
(see Figure 8) and their effect on the effective photoregeneration of nicotinamide adenine 
dinucleotide (NADH) molecules. These latter molecules are extremely important in natu-
ral biochemical routes as mediating cofactors in many enzymes [84, 85]. Moreover, cofactor 
molecules are necessary, for instance, in the photosynthesis process as light harvesters and 
intervening in the reduction-oxidation balances involved in respiration [86]. The major draw-
backs associated with cofactor molecules have arisen from the limited success achieved in 
the past year attempting their regeneration (reduction) via nonenzymatic pathways. Organic 
dyes, semiconductors, or polymers have been previously used as photocatalysts to regener-
ate NADH cofactors, but these molecules intrinsically possess a poor quenching ability to 
accept electrons. Therefore, the need for implementing an electron relays acting as mediator 

Figure 7. Representative example of recently developed plasmonic catalysts for the CO2 hydrogenation into methane: 
Reaction mechanism on Rh nanocube comparing the preferential activation of CO in the thermocatalytic process in 
contrast to the methane pathway favored under photocatalytic conditions. Adapted with permission from Ref. [81]. 
Copyright (2017) Nature Publishing Group.
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has been suggested to overcome this limitation. Up to date, the choice of suitable mediators 
has been rather scarce and limited to a few examples of Rh-based organometallic complexes. 
The use of gold plasmonic nanostructures represents a more straightforward and affordable 
alternative.

The first successful example of plasmonic cofactor photoregenerator was reported for gold 
nanorods coated with Pt domains on their tips (Figure 8B), thereby representing a previ-
ously defined plasmonic photocatalyst containing a heterojunction that combines a plasmonic 
structure (Au NRs) and a catalytic active site (Pt) to successfully carry out the regeneration 
(reduction) of NADH cofactor molecules [85]. A subsequent study carried out by the same 
authors determined an even more remarkable photo-response of gold nanostars with epi-
taxially grown Pt domains that was associated to the major light harvesting capacity of the 
star-shaped plasmonic structures (see Figure 8A) [84, 85]. The potential combination of these 
plasmonic heterojunctions with other semiconductors represents a very promising alternative 
to obtain suitable mediators that can help to modulate multiple biochemical processes via 
light-induced inputs.

4.2. Artificial enzymes

Another niche of great biotechnological interest for the potential application of nanoplas-
monics is related with the search for novel artificial enzymes [86]. Natural enzymes are well-
known biocatalysts that regulate every biochemical processes involving living organisms. 
Recently, an emerging research subfield has emerged to find novel nanomaterials that can 
mimic the role of natural enzymes as highly active, and specific catalysts without incurring in 

Figure 8. STEM-EDX analysis of Pt-decorated gold nanoplasmonics with different shapes and corresponding 3D models 
used for photoregeneration of NADH cofactor molecules: (A) stars; (B) nanorods; and (C) nanocubes. Adapted from 
Refs. [84, 85] with permission of The Royal Society of Chemistry.
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their intrinsic limitations, such as limited stability by denaturalization, strong sensibility on 
variations of their optimal environment, difficulties for effective retrieval and reuse, and high 
costs derived from the multiple synthesis and purification steps implied in their preparation. 
In order to circumvent these major drawbacks, the search for stable and affordable alterna-
tives has brought the spotlight on the development of artificial systems based on inorganic/
organic nanomaterials.

In this regard, it is worth mentioning that Prof. Santamaria’s group recently developed and 
tested one of the first NIR-activated enzyme-like plasmonic photocatalysts used as a glucose-
oxidase surrogate (Figure 9) [87]. Glucose-oxidase biomimetic systems hold a huge potential for 
biomass conversion, selective detection of glucose in blood at trace levels, and control/monitor-
ing of internal metabolism in cells. Previous candidates based on photocatalytic semiconductors 
such as TiO2 or ZnO rendered promising photoconversion of glucose [88, 89], but the com-
bination of plasmonic gold nanorods cores holding excellent NIR absorption capabilites with 
an outer titania nanoshell proposed by Ortega-Liebana et al. provided not only an extended 
response toward the whole visible-NIR range, but also additional thermal stability and photoac-
tivity toward the effective and preferential oxidation of glucose into gluconic acid and hydrogen 
peroxide (Figure 9). In addition, the activity of these core-shell nanostructures was maintained 
in a wide pH range and was effective at near room temperature. The authors claimed that the 
minimal thickness of the TiO2 shell ensured the formation of an effective Schottky barrier at the 
interface between Au and TiO2. It was also remarkable to find out that the uncoated Au NRs 
exhibited negligible photo-response toward the glucose oxidation, thereby corroborating the 
need of the semiconductor titania shell fraction to promote the generation of active radicals and 
the selective oxidation of the sugar molecules [87].

Figure 9. (Left) Schematic plot displaying the glucose-oxidase mimetic action of the titania-coated gold nanorods 
plasmonic photocatalyst under NIR irradiation; (Right) Colorimetric detection of the glucose when selectively converted 
into gluconic acid via the formation of a Fe-hydroxamate complex. Uncoated Au-NRs exhibit negligible photooxidation 
properties in comparison with the coated ones. Photocatalytic experiments were carried out with an 808 nm laser. 
Partially reprinted with permission from Ref. [87].
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5. Conclusions

Plasmonic-based nanomaterials hold a very promising future as potential alternatives for the 
fabrication of next generation photocatalysts and processes where the wavelength irradia-
tion range is expanded toward the visible and near-infrared windows, thereby maximizing 
the use of the solar irradiation. A wide variety of fields of action can be foreseen including 
those described in the present chapter and some additional options including the generation 
of biofuels from water or biomass, photoelectrocatalysis, solar cells, or photovoltaics. The 
use of these types of catalysts for light-triggered therapy treatments and the specific target-
ing for cell-mechanisms can also be envisioned as another promising area of expansion. In 
conclusion, the use of plasmonics is likely going to emerge with abundant and interesting 
breakthroughs in the next future.
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Abstract

Plasmonic nanostructures have attracted considerable interest in biomarker sensing with 
the goal of rapid diagnostics and personalized nanomedicine. Surface‐enhanced Raman 
scattering (SERS) is a versatile technique for the characterization of the plasmonic effect 
of the metallic nanostructures as well as a sensitive read‐out approach for biomarkers 
detection. In this contribution, we will give a review on the key optical properties of 
plasmonic nanostructures as SERS substrate for protein biomarkers detection. As a con‐
sequence, two approaches, label‐free and SERS labels will be discussed in details for pro‐
tein biomarkers sensing by using the plasmonic nanostructures as the substrate.

Keywords: plasmonic nanostructures, surface‐enhanced Raman scattering (SERS), 
protein biomarker, label‐free, SERS labels, sensing

1. Introduction

In order to understand the fundamental of plasmonic nanostructures and the related appli‐
cation, it is important to start with “plasmon”, which was first named by Pines in the 1950s 
[1, 2]. As the valence electron collective oscillations resemble closely the electronic plasma 
oscillations observed in gaseous discharges, the term “plasmon” was thus used to describe the 
quantum of elementary excitation associated with this high‐frequency collective motion [2]. 
Based on the definition, plasmon is very similar as photon, which is the quantum particle rep‐
resenting the elementary excitations, or modes, of the free electromagnetic field oscillations. 
To be simple, plasmon can be described in the classical picture as an oscillation of free elec‐
tron density against the fixed positive ions in a metal [3, 4]. To visualize a plasma  oscillation, 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



imagine a cube of metal is placed in an external electric field pointing to the right. Electrons 
will then move to the left side (uncovering positive ions on the right side) until they cancel 
the field inside the metal [5]. When the electric field is switched off, and the electrons move to 
the right, repelled by each other and attracted to the positive ions left bare on the right side. 
They oscillate back and forth at the plasma frequency until the energy is lost in some kind of 
resistance or damping [6–10]. Plasmons are a quantization of this kind of oscillation, which 
plays a large role in the optical properties of metals. Light of frequency below the plasma 
frequency is reflected, because the electrons in the metal screen the electric field of the light. 
Light of frequency above the plasma frequency is transmitted, because the electrons cannot 
respond fast enough to screen it [5]. In most metals, the plasma frequency is in the ultraviolet, 
making them shiny (reflective) in the visible range [8–11]. Some metals such as copper and 
gold having electronic interband transitions in the visible range, whereby specific light ener‐
gies (colors) are absorbed, yield distinct colors.

Surface plasmons are those plasmons that are confined to surfaces and that interact strongly 
with light resulting in a polariton. They occur at the interface of a vacuum or material with 
a positive dielectric constant and a negative dielectric constant (usually a metal or doped 
dielectric) [5]. Plasmonics is related to the localization, guiding and manipulation of electro‐
magnetic waves beyond the diffraction limit and down to the nanometer‐length scale [12, 13]. 
The key component of plasmonics is a metal, which can support surface plasmon polariton 
(electromagnetic waves coupled to the collective oscillations of free electrons in the metal, 
plasmon coupled with photons). There are two types of surface plasmon resonances (SPRs) 
that can be generated [12, 13]. The first one is the surface plasmon polariton (SPP), which is 
generated when light becomes trapped at a metal‐dielectric interface. The second one is the 
localized surface plasmon resonance (LSPR), which happened when a surface plasmon is 
confined to a particle of size comparable to the wavelength of light, that is, a nanoparticle, the 
particle’s free electrons participate in the collective oscillation. For the full detailed descrip‐
tion of the fundamentals of plasmon and plasmonic effect, several excellent reviews are rec‐
ommended [13–19].

Plasmonic nanostructures are thus the metallic nanostructures on which the electromagnetic 
field was generated by exciting the oscillation of surface plasmon in the metal‐light dielectric 
interface. The study on the plasmonic nanostructures has attracted more and more interest 
in the research areas from the fundamentals to applications in a variety of scientific disci‐
plines. In this chapter, we will focus on the plasmonic nanostructures as the surface‐enhanced 
Raman scattering (SERS) substrate for protein biomarkers detection.

SERS was first discovered in the 1970s [20, 21] on electrochemical roughed silver electrode 
and dramatically developed with the advancement of nanotechnology. Currently, two basic 
principles that contribute the SERS effect are accepted, which are the chemical effect (CM) e.g., 
charge‐transfer and the electromagnetic effect (EM) [22–28]. Basically, CM is the interaction of 
the adsorbate molecules and the metal surface, mostly from the first layer of the charge‐trans‐
fer resonance between molecules and the metal [22–24]. Whereas EM mechanism is based 
on the interaction of the transition moment of an adsorbed molecule with the electric field 
of a surface plasmon induced by the incoming light at the metal, as discussed above [25–28]. 
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Thus, SERS has been utilized in different areas including the catalysis, energy, and biology, 
and, in particular, in biomedical application. For instance, SERS has been used to monitor the 
catalytic reaction, image the live cell and tumor, monitor the nanoparticle distribution in live 
body, and so on [29–31]. Several excellent reviews have been published on SERS including 
the basic principle of SERS, SERS nanoparticles, SERS labels as well as SERS applications in 
biomedicine [32–37]. In this chapter, we will mostly focus on the optical properties (plasmonic 
effect) of the metallic nanostructures for SERS, with the highlight on the application of plas‐
monic nanostructures for protein detection by using SERS as a read‐out technology.

2. Plasmonic nanostructures

In this section, optical property of plasmonic nanostructures (surface plasmon resonance) 
will be discussed in terms of the SERS‐activity. Plenty of methods have been reported for the 
synthesis of plasmonic nanostructures including the wet‐chemistry (seed‐mediated growth), 
template nanoscale lithography, thin‐film, and the template approach. Here in this chap‐
ter, we will mainly focus on the synthesis and characterization of plasmonic nanostructures 
that are widely used for SERS study. Based on the shape or geometry of the nanostructures, 
we will give a brief overview for the quasi‐spherical metallic nanostructures, anisotropic 
nanoparticles/structures as well as the plasmonic nanoassemblies with the highlight on the 
plasmonic effect for SERS activity. As Mirkin et al. have discussed in details of the template 
techniques for assembly of plasmonic nanostructures [13], we will not include this technique 
in this chapter.

2.1. Quasi‐spherical metallic nanoparticles

As gold and silver nanostructures show the most significant SERS effect due to the surface 
plasmon resonance generated on gold and silver surface (EM enhancement mechanism), 
other metals such as copper and the transit metal also show the SERS effect; however, the 
impact factor is very low, which depends on several factors, including the size and geometry 
of nanoparticles as well as the laser excitations. Numerous protocols are available for the 
synthesis of metallic spheres [38–41]. The simplest and most common approach is the reduc‐
tion of metal salts with a variety of reducing and capping agents. To improve the stability and 
the enhancement of plasmonic nanoparticles, the combination of the alloy metal is an option. 
Thus, gold/silver nanoshells are designed and synthesized as the composite metallic nano‐
structures [42, 43] that show higher SERS effect compared to single metal. More importantly, 
by tuning the shell thickness, the LSPR of gold/silver nanoshells can be tuned (Figure 1b). In 
regard to the enhancement factor (EF) on the metallic sphere nanoparticles for SERS, it has 
been reported that individual spherical nanoparticles generate very low EF for SERS based on 
the EM calculation [34, 44]. Single molecule detection [25, 27] was reported on silver nanopar‐
ticles with the enhancement factor (EF) around 1012–1014, which is due to the strong surface 
plasmon coupling effect (called “hot‐spot”). In order to get high order of EF, well‐defined 
plasmonic nanostructures with multiple “hot‐spots” are required, which will be discussed in 
the following session.
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2.2. Anisotropic nanoparticles

As it is hard to obtain the SERS signal in the individual metallic nanospheres, anisotropic 
nanoparticles such as rods, stars, cubes, prisms, and nanoplates became very important SERS 
substrates (Figure 2a), which exhibit significantly higher electromagnetic field enhancements 
at sharp edges (“lighting rod effect” or “plasmonic antenna effect”), making them attractive 
for use as plasmonic enhancers in SERS [45–49]. For the synthesis of anisotropic nanoparticles, 
the most widely employed approach is seed‐mediated growth, which involves seed‐forma‐
tion and growth. Typical example is the synthesis of gold nanorods (Figure 2a), which starts 
with the quasi‐spherical ∼4 nm gold seeds and subsequent reduction of more metal salt with 

Figure 2. Typical electronmicrographs of anisotropic nanostructures for efficient SERS. Nanorods (a), nanoflowers (b), 
nanoplates (c), nanoprisms (d), nanocubes (e), and nanostars (f). (cited from Ref. [33] with permission from the Royal 
Society of Chemistry).

Figure 1. TEM image of gold/silver nanoshell (a) and the tunable LSPR of gold/silver nanoshells with the shell thickness 
(b) (cited from Ref. [33] with permission from the Royal Society of Chemistry).
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a weak reducing agent such as ascorbic acid in the presence of structure‐directing additives 
e.g., CTAB (cetyltrimethylammonium bromide), leading to the formation of gold nanorods. 
The aspect ratio can be controlled by the relative concentrations of the reagents. By tuning the 
aspect ratio of the gold nanorods, their localized surface plasmon resonance (LSPR) can be 
tuned, which is an important aspect for the application of gold nanorods in SERS as well as 
phototherapy.

2.3. Plasmonic nanoassemblies

In order to generate the hot‐spots for the SERS enhancement, plasmonic clusters including the 
dimers, trimers, and high orders nanoaggregates have been prepared. As it is very important 
to understand the relationship between nanoparticle structure and the SERS activity, Van 
Duyne et al. have reported the SERS EF with the different nanostructures (mainly dimers 
and trimers) [50]. As indicated in Figure 3, individual trimers have been encapsulated with 
silica‐shell to avoid the interference from the environment as well as ensure the contribution 
solely from the individual nanoparticles. It was demonstrated that the creation of hot spots, 
where two nanoparticles are in sub‐nanometer proximity or have coalesced to form crevices, 
is the paramount to achieving maximum SERS EF. Specifically, L‐shaped trimer nanoantenna 
comprised of three Au cores showed the EF of 108–1010 (Figure 3a) and the dark‐field Rayleigh 
scattering spectrum of the L‐shaped trimer contains three peaks (Figure 3b), corresponding 
to dipolar and multipolar LSPRs [50]. Single‐particle SERS obtained from the trimer nanoan‐
tenna showed distinct peaks from the Raman molecule (PCEPE), which are correlated with 
the density functional theory (DFT) calculations (Figure 3c–e).

Figure 3. L‐shape trimer nanoantenna (a), LSPR spectrum of the trimer obtained by dark‐field Raleigh scattering 
microscopy (b), SERS spectrum of the Raman molecule (PCEPE) (c), normal Raman spectrum of PCEPE (d), and Raman 
spectrum of PECEP calculated using DFT (e). (Reproduced with permission cited from Ref. [50]).
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Plasmonic nanostructures with multiple hot‐spots have been reported with the satel‐
lite nanostructures by using either gold sphere or gold nanorods as the core [51–53]. To 
obtain the high orders of nanoassemblies, the linker is the key to connect the nanoparticles. 
Chemicals with dual/multifunctional groups are often used such as cystamine and dithiol‐
polymer. As silica surface is versatile, the functionalization of silica surface followed by the 
assembly of small nanoparticles is a very useful strategy. More importantly, the distance 
between the satellite nanoparticles with the core nanoparticles can be controlled by the 
silica‐thickness. As reported by Gellner et al. [51], gold nanoparticles with the diameter of 
80 nm were incubated with Raman reporters and encapsulated with a very thin silica shell. 
The ultrathin glass shell was then functionalized with a binary mixture of silanes including 
an aminosilane, which can adsorb the negatively charged gold nanospheres to form the 
3D structures. Correlated HR‐SEM/dark‐field/LSPR/SERS experiments on individual 3D 
SERS‐active superstructures together with finite element method (FEM) calculations con‐
firmed the plasmonic coupling between the core and the satellite particles, with hot‐spots 
occurring between core and satellites as well as between satellites [51].

3. Label‐free protein biomarkers detection

SERS is a powerful vibrational spectroscopy, which can provide rich molecular information 
for the target, making it very useful for direct protein detection. The fingerprint information 
extracted from the SERS spectra of proteins can be used directly to identifying the protein 
confirmation, the structure as well as the component of the target protein [54–56]. Label‐free 
SERS detection for protein originates from the chromophores such as hemoglobin, myoglo‐
bin, and cytochrome c, which showed strong SERS signals with good reproducibility due to 
the Raman resonance (RR) effect of the chromophore center of the proteins [57, 58]. The infor‐
mation related to the conformation and orientation of proteins as well as the charge‐transfer 
processes between protein and surface can be obtained. As reported by Feng and Tachikawa 
[59], to determine the factors that contribute to the difference of SER(R)S signals and RR sig‐
nal of metmyoglobin, they designed a Raman flow system and found that both the degree of 
protein‐nanoparticles interaction and the laser irradiation contribute to the structural changes 
(Figure 4).

As the majority of proteins have no chromophore, the detection of proteins become much 
harder since the SERS signal from the native protein is very weak and most of the signals 
are generated from the amino acid residues and amide backbones, which are very similar 
for most of the proteins [60, 61]. Therefore, the key to get robust and sensitive label‐free pro‐
tein detection is the SERS substrate, which should have the high SERS‐activity as well as 
proper preparation of the reproducible surface. Gold and silver nanocolloids are the widely 
used plasmonic nanoparticles for the label‐free SERS detection [62–64]. As the gold and silver 
nanoparticles have relatively lower SERS enhancement effect, the procedure that could induce 
the aggregation, thus generate “hot‐spot” nanostructures is required. Typically, the addition 
of aggregation agent such as salt is the simplest and easiest approach for the aggregation. 
As displayed in Figure 5, Han et al. utilized sulfate as an aggregation agent to induce strong 

Nanoplasmonics - Fundamentals and Applications346



Plasmonic nanostructures with multiple hot‐spots have been reported with the satel‐
lite nanostructures by using either gold sphere or gold nanorods as the core [51–53]. To 
obtain the high orders of nanoassemblies, the linker is the key to connect the nanoparticles. 
Chemicals with dual/multifunctional groups are often used such as cystamine and dithiol‐
polymer. As silica surface is versatile, the functionalization of silica surface followed by the 
assembly of small nanoparticles is a very useful strategy. More importantly, the distance 
between the satellite nanoparticles with the core nanoparticles can be controlled by the 
silica‐thickness. As reported by Gellner et al. [51], gold nanoparticles with the diameter of 
80 nm were incubated with Raman reporters and encapsulated with a very thin silica shell. 
The ultrathin glass shell was then functionalized with a binary mixture of silanes including 
an aminosilane, which can adsorb the negatively charged gold nanospheres to form the 
3D structures. Correlated HR‐SEM/dark‐field/LSPR/SERS experiments on individual 3D 
SERS‐active superstructures together with finite element method (FEM) calculations con‐
firmed the plasmonic coupling between the core and the satellite particles, with hot‐spots 
occurring between core and satellites as well as between satellites [51].

3. Label‐free protein biomarkers detection

SERS is a powerful vibrational spectroscopy, which can provide rich molecular information 
for the target, making it very useful for direct protein detection. The fingerprint information 
extracted from the SERS spectra of proteins can be used directly to identifying the protein 
confirmation, the structure as well as the component of the target protein [54–56]. Label‐free 
SERS detection for protein originates from the chromophores such as hemoglobin, myoglo‐
bin, and cytochrome c, which showed strong SERS signals with good reproducibility due to 
the Raman resonance (RR) effect of the chromophore center of the proteins [57, 58]. The infor‐
mation related to the conformation and orientation of proteins as well as the charge‐transfer 
processes between protein and surface can be obtained. As reported by Feng and Tachikawa 
[59], to determine the factors that contribute to the difference of SER(R)S signals and RR sig‐
nal of metmyoglobin, they designed a Raman flow system and found that both the degree of 
protein‐nanoparticles interaction and the laser irradiation contribute to the structural changes 
(Figure 4).

As the majority of proteins have no chromophore, the detection of proteins become much 
harder since the SERS signal from the native protein is very weak and most of the signals 
are generated from the amino acid residues and amide backbones, which are very similar 
for most of the proteins [60, 61]. Therefore, the key to get robust and sensitive label‐free pro‐
tein detection is the SERS substrate, which should have the high SERS‐activity as well as 
proper preparation of the reproducible surface. Gold and silver nanocolloids are the widely 
used plasmonic nanoparticles for the label‐free SERS detection [62–64]. As the gold and silver 
nanoparticles have relatively lower SERS enhancement effect, the procedure that could induce 
the aggregation, thus generate “hot‐spot” nanostructures is required. Typically, the addition 
of aggregation agent such as salt is the simplest and easiest approach for the aggregation. 
As displayed in Figure 5, Han et al. utilized sulfate as an aggregation agent to induce strong 

Nanoplasmonics - Fundamentals and Applications346

SERS signal due to the weak binding of SO4
2– on silver surface, making it easier for protein 

binding [65]. With this scheme, proteins including lysozyme, ribonuclease B, avidin, catalase, 
and hemoglobin have been detected and analyzed [65]. As SERS signal from the protein can 
provide useful information in terms of the structure, constituents, conformation as well as 
the potential interaction of the protein with the surface, in recent years, several groups have 
put great effort to improve the method of SERS‐based label free identification of proteins. 
For instance, Zhao et al. have conducted serious study on the label‐free protein detection by 
controlling the plasmonic nanoparticles and optimizing the purification procedures of the 
proteins [62–65]. A typical example is the Western‐blot SERS, which was based on the silver 
staining of the membrane after the protein separation with the gel electrophoresis, which will 
purify and separate the proteins on the surface, making the detection more simple and easy.

Furthermore, Ren et al. have proposed a facile method to enable reliable label‐free SERS detection 
of the native structures of a wider range of proteins by using the iodide‐modified silver colloids 
as illustrated in Figure 6 [66]. The colloidal state of Ag NPs will help to keep the native struc‐
tures of proteins and promote the photostability of samples. The iodide modification affords a 
one‐atom‐thick monolayer on the surface without producing interfering signal. Therefore, they 
demonstrated that the iodide‐modified silver colloids could not only clean the surface but also 
avoid the strong chemical interaction between the metal surface and the proteins, and reduce 
the possibility of denaturation, thus make the detection reliable and reproducible.

Figure 5. Scheme for aggregating nanoparticles for directly label‐free SERS detection of proteins. (Reproduced with 
permission cited from Ref. [65]).

Figure 4. Raman‐flow system for label‐free protein detection (a) and the interaction of the protein with a silver 
nanoparticle monitored by SERS (b). (Reproduced with permission cited from Ref. [59]).
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Recently, label‐free SERS has been attempted for the serum protein detection, aiming for the 
cancer diagnosis. By inducing the aggregation of silver nanoparticles for high‐quality SERS 
spectra, colorectal cancer has been identified based on the principal component analysis com‐
bined with linear discriminant analysis. [67–69]

4. SERS Labels for protein biomarkers sensing

Compared to label‐free SERS approach, SERS labels have attracted significant attention for 
protein detection because of its high sensitivity comparable to fluorescence. The high sensitiv‐
ity is most due to the strong plasmonic effect of the SERS substrates, which could be AuNPs, 
AgNPs, anisotropic nanoparticles (gold nanorods), nanoshells, plasmonic nanoassemblies, as 
discussed in the early session of this chapter. More importantly, SERS labels have demon‐
strated their unique optical properties and potential for simultaneous and multiplexed detec‐
tion [33–37] owing to the advantages of SERS labels over fluorescent label including (i) the 
multiplexing capability for simultaneous target protein detection due to the narrow width of 
the vibrational Raman bands, (ii) quantification using the SERS fingerprint of the correspond‐
ing labels, (iii) the need for only a single laser excitation wavelength, and (iv) high photostabil‐
ity. In this section, the sensor platform using SERS labels for protein biomarker sensing will be 
discussed from the conventional sandwich immunoassay, dot‐blot semi‐sandwich immuno‐
assay, and protein microarray to microfluidic protein assay, with the highlights on our recent 
works for the detection of breast cancer biomarker [70–73], pathogen antigens [74], cytokines 
[75, 76], and related works.

SERS sandwich immunoassay is a conventional sensor platform for the protein biomarker 
detection with SERS labels. Porter et al. have reported a serial of works on SERS immunoas‐
say for various protein biomarkers detection [77–82]. The SERS labels were named as ERLs 
(external reporter label). Typically, ERLs were composed of metallic nanoparticles (e.g., widely 

Figure 6. Label‐free SERS for native protein detection on iodide‐modified silver nanoparticles. (Reproduced with 
permission cited from Ref. [66]).
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used gold nanoparticles duo to the distinguished plasmonic effects) and Raman reporters (dyes 
or the small molecule) to indicate the presence of the target. As indicated in Figure 7a, detec‐
tion antibodies were immobilized on the plasmonic nanoparticles by either electrostatic force 
or the covalent binding through the links such as DSP (dithiobis (succinimidyl propionate)) 
[79] and carboxyl‐PEG‐SH (poly (ethylene glycol) 2‐mercaptoethyl ether acetic acid) [30]. To 
fabricate the sandwich SERS platform, the substrate could be the glass or gold film (Figure 7b). 
Additional studies have shown the higher sensitivity with gold film as the substrate because 
of the plasmonic coupling effect between the gold film (SPP—surface plasmon polarition) and 
the SERS labels (LSP—localized surface plasmon) [81, 82]. Followed by the capture of the target 
antigen or probes by the antibody on the surface, ERLs are bound on the surface for the signal to 
indicate the presence of the target proteins. With the similar platform design, plenty of proteins 
have been detected with few from the clinic important biomarkers [78–83].

Microassay is the platform that could detect proteins with high throughput by SERS labels 
using different dyes as the Raman reporters. As a typical example indicated in Figure 8, mul‐
tiple protein targets have been immobilized on the surface, followed by the probe with the 
dye labeled SERS nanoparticles [83]. Upon the laser excitation, SERS signals from the dye 
will indicate the presence of the target proteins. Microfluidic assay is another platform with 
high‐throughput properties for protein detection as the design for the channels can separate 
each of the individual proteins with different channels as well as enhance the reaction by 
controlling the flow conditions [74].

Although it is a high throughput, the requirement for the professional training, long‐time 
incubation as well as the labor intensive procedures has hindered the application of the plat‐
form in the clinic setting. To improve the efficiency of the platform, a dot‐bot assay was thus 
developed, which is targeting on the rapid and sensitive and simultaneous multiple protein 

Figure 7. Schematic illustration of SERS ERLS (a) and typical SERS sandwich immunoassay for protein biomarkers 
detection (b). (Reproduced with permission cited from Ref. [35]).
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detections with a simplified procedure [75]. As displayed in Figure 9, duplex cytokines (inter‐
leuckin‐6 and interleuckin‐8; IL‐6 and IL‐8) were detected simultaneously on the dot‐blot 
assay with femtogram (fg) sensitivity, which was achieved by using the rational designed Au/
Ag nanoshells as the plasmonic substrate (Figure 9). As specificity is a key issue for this study 
because it is hard to test the real samples without purification. Therefore, much more works 
were reported in this area, the limitations in the long incubation time and the labor‐intensive 
procedures with this platform have become a big obstacle toward the application in real, in 
particular, for the point‐of‐care diagnosis.

Figure 9. Scheme of the direct SERS dot‐blot immunoassay platform for duplex cytokine detection (a), schematic 
illustration of hydrophilically stabilized Au ‐Ag nanoshells with Ra‐MEG‐OH/TEG‐COOH (b). (cited from Ref. [75] with 
permission from the Royal Society of Chemistry).

Figure 8. Dye labeled SERS nanoparticles (a) and protein array (b) for high throughput proteins detection by SERS. 
(Reproduced with permission cited from Ref. [83]).

Nanoplasmonics - Fundamentals and Applications350



detections with a simplified procedure [75]. As displayed in Figure 9, duplex cytokines (inter‐
leuckin‐6 and interleuckin‐8; IL‐6 and IL‐8) were detected simultaneously on the dot‐blot 
assay with femtogram (fg) sensitivity, which was achieved by using the rational designed Au/
Ag nanoshells as the plasmonic substrate (Figure 9). As specificity is a key issue for this study 
because it is hard to test the real samples without purification. Therefore, much more works 
were reported in this area, the limitations in the long incubation time and the labor‐intensive 
procedures with this platform have become a big obstacle toward the application in real, in 
particular, for the point‐of‐care diagnosis.

Figure 9. Scheme of the direct SERS dot‐blot immunoassay platform for duplex cytokine detection (a), schematic 
illustration of hydrophilically stabilized Au ‐Ag nanoshells with Ra‐MEG‐OH/TEG‐COOH (b). (cited from Ref. [75] with 
permission from the Royal Society of Chemistry).

Figure 8. Dye labeled SERS nanoparticles (a) and protein array (b) for high throughput proteins detection by SERS. 
(Reproduced with permission cited from Ref. [83]).

Nanoplasmonics - Fundamentals and Applications350

To minimize the assay time and enable the rapid detection, several strategies have been 
employed [80, 84]. For instance, Driskell et al. prepared an approach to increase the flux of 
antigen and SERS particles to the solid‐phase surface by using a rotated capture substrate. 
As illustrated in Figure 10a, by controlling the rotating rate for the capture substrate, the 
reaction kinetics can be improved quickly [80]. Instead of gold nanoparticles, gold nanorods 
were used as plasmonic nanostructures for ERLs to improve the sensitivity. The assay time 
was reduced from 24 hours to 25 minutes, however, in a 10‐fold loss of sensitivity compared 
to the conventional SERS sandwich immunoassay. Further, to improve the simplicity of the 
assay, the syringe pump SERS immunoassay platform (Figure 10b) was developed to over‐
come diffusion‐limited binding kinetics that often impedes rapid analysis in conventional 
SERS immunoassay. The assay time was reduced from 24 hours to 10 minutes with a 10‐fold 
improvement in detection limit [84].

Despite these attempts being successful in reducing assay times, nonspecific adsorption of 
nontarget molecules still remains the biggest challenge in immunoassay for protein detec‐
tion. To circumvent this problem, our group recently proposed an innovative platform that 
utilizes nanoscaled alternative current electrohydrodynamic (ac‐EHD)‐induced surface shear 
forces to enhance the capture efficiency as well as significantly reduce the nonspecific binding 
of the molecules on the surface (Figure 11a). Meanwhile, to improve the sensitivity, rational 
designed silica‐coated gold/silver nanoshells have been employed as the SERS labels. It was 
found that the detection limit can go down to 1 fg/mL. Further, to improve the design of the 
channel (Figure 11b), simultaneous detection of four biomarkers was achieved both from the 
serum and patient samples.

Due to the great advantages of SERS in the sensitivity, multiplexed capability with only one 
single laser excitation, and photostability, it is expected that SERS labels will have more appli‐
cations in the point‐of‐care diagnosis platforms for protein biomarkers detection by using the 
rationally designed plasmonic nanostructures.

Figure 10. Two typical platforms of rotating capture substrate (a) and syringe pump (b) to enhance the assay time  
(Reproduced with permission cited from Refs. [80, 84]).
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5. Conclusions and perspectives

Plasmonic nanostructures with various size and shapes have been utilized in different areas 
including the catalysis, energy, and biomedicine. In this chapter, the fundamentals of plas‐
monic effect as well as the plasmonic nanostructures have been reviewed. Surface‐enhanced 
Raman scattering (SERS) is an optical phenomena happened on the plasmonic nanostruc‐
tures and have shown distinguished properties for protein biomarkers detection. With two 
typical approaches (label‐free and SERS label) developed, SERS with plasmonic nanostruc‐
tures has shown great potentials for proteins detection further to understand the biological 
system that protein involved. Meanwhile, although SERS detection for the protein biomark‐
ers has been reported since 1990s, the application of this technology toward the real clinical 
sample is limited due to the rich information on the Raman peaks from the proteins, which 
have similar chemical bonds, thus making it very hard to be identified quickly and easily. 
Thanks to the development of the approach for the statistical analysis, label‐free SERS detec‐
tion for proteins has become feasible for clinical samples. On the contrast, SERS labels with 
the well‐designed plasmonic nanoparticles show great potential for sensitive, reproducible, 
and simultaneous multiplexed detection for critical protein biomarkers. By combining the 
label‐free SERS with SERS labels approach, we expect that SERS combined with the rational 
designed plasmonic nanostructures will greatly enhance the research and application in this 
field.
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Figure 11. Scheme of the microfluidic device platform for protein biomarker sensing by using ac‐EHD to enhance 
the assay time and minimum the nonspecific binding by applying a potential on the unsymmetry electrode pair. 
Dual functional Au/Ag nanoshells were used as SERS nanotags for breast cancer biomarker, HER2 detection (a) and 
simultaneously detecting four biomarkers in a five‐channel device (b). (Reproduced with permission cited from Refs. 
[70, 71]).
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Abstract

Monitoring changes of the protein contents and other macromolecules inside a living 
single cell during the key cellular processes such as cell differentiation, division, and 
apoptosis is a challenge for researchers. Raman spectroscopy is a powerful analytical 
technique for several biomedical applications that is rapid, reagent-free, and non-destruc-
tive while limited application with its weak signal. Surface-enhanced Raman scattering 
(SERS) technique is widely used to enhance the Raman signal (109-15 fold) by using sur-
face Plasmon resonance of noble metal nanostructures (e.g. silver, gold, copper). SERS is 
a non-destructive spectroscopic method applied for biomedical samples. In this chapter, 
we will discuss the principles and fundamentals of SERS technique, theories and dif-
ferent strategies to obtain SERS signals such as immobilization of metal colloids on a 
substrate. Also, we show the SERS applications including the identification and discrimi-
nation of different types of cells (healthy and nonhealthy cells, e.g., cancer cells), and the 
interaction of cells with different drugs will also be discussed on monolayer bulk cells 
as well as on single-cell basis and for stem cell differentiation. In addition, we show the 
coupling of SERS with electrochemical techniques (EC-SERS) as  spectroelectrochemical 
technique and its applications in biology, bioanalytical, and life science.

Keywords: SERS, single cell, nanoparticles, spectroelectrochemical, microfluidics

1. Introduction

1.1. Brief overview of Raman spectroscopy

The fundamental principle of Raman spectroscopic technique is based on the inelastic scat-
tering of photons from the targeting molecules in the sample activated by the laser source 
as shown in Figure 1. Hence, the chemical composition of the complicated subjects could be 
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 thoroughly studied by analysis of each peak from their corresponding Raman spectra, which 
is not available with other optical, biological, or electrical methods [1]. Therefore, numerous 
studies have been reported for application of Raman spectroscopy as a powerful analytical 
technique that enables a rapid, reagent-free, and nondestructive technique for cell analysis 
including the examination of cell populations in suspension [2, 3], single fixed cells [4], dried 
cells [5], cytospun cells [6], and living and dead cells [7–13]. Furthermore, Raman spectros-
copy was reported as a candidate for monitoring the effects of different anticancer drugs on 
cell viability, due to the fact that different toxic agents or drugs will cause different effects 
on living cells and further induce changes in biochemical composition, which can readily be 
detected by Raman spectra without invasive procedures. However, the application of tradi-
tional Raman spectroscopy to cell-based analysis is challenged due to its weak and unstable 
signal.

1.2. Limitations of Raman spectroscopy

For the traditional Raman spectroscopy studies, it is well known that a typical Raman sample 
will produce one Raman scattered photon from 106 to 108 excitation photons [14]. Thus, strong 
intense light sources and efficient collection of Raman photons are required in order for an 
adequate number of Raman photons to be detected. Nevertheless, the number of Raman pho-
tons produced is usually small enough for measurements to be shot-noise limited, so the 
signal-to-noise ratio increases with the square root of the number of Raman photons detected. 
The weak Raman intensity causes limits to the sensitivity, and as a result, the biomedical 
applications of Raman spectroscopy. The Raman intensity depends directly on the intensity 
of the excitation source and inversely proportional to the fourth power of the excitation wave-
length as shown in Eqs. (1) and (2), respectively,

  I α   I  0    (1)

  I α 1 /  λ   4   (2)

Excitation light elastically scattered (no wavelength change) from the sample is orders of 
magnitude more intense than the Raman signal and must be severely attenuated. However, 
in case of sample fluoresces, the fluorescence intensity can easily overwhelm the Raman spec-
trum. On the other hand, the weak Raman signal could be easily overcome by decreasing 
the excitation wavelength. But unfortunately, the decreasing of the excitation wavelength 
increases the probability that intense fluorescence from the sample will obscure the Raman 
spectrum. Moreover, most biological molecules have small Raman scattering cross section, 
which results in very weak signals, possibility of sample photolytic damage, and the strong 
fluorescence background from cells and tissues. These limitations of sample damage and 
strong florescence background can be avoided by shifting the excitation laser wavelength 
from UV-visible (UV-Vis) to near-infrared (NIR) region. Therefore, Raman measurements are 
often made in the NIR spectral region despite the loss in sensitivity in order to avoid fluores-
cence because most fluorescence that does occur is outside the spectral region of the Raman 
spectrum. NIR laser gives very weak signal but it is fluorescence free and can penetrate much 
deeper into the sample. Based on all of the above, the major disadvantage of Raman is that, 
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Figure 1. Interactions between photons and molecules. (a) Schematic diagram of various interactions of a molecule with 
monochromatic light. (b) Molecular energy diagram comparing Rayleigh scattering and Raman scattering (Stokes and 
anti-Stokes).
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relative to UV-Vis methods, the sensitivity is poor and therefore high concentrations, long 
data acquisition times, or the use of specialist surface or other enhancement techniques are 
required. Several techniques have been reported for enhancing the Raman signals including 
surface-enhanced Raman scattering (SERS), surface-enhanced resonance Raman scattering 
(SERRS), and tip-enhanced Raman scattering (TERS). In the following sections, we focus on 
SERS technique including the mechanism of SERS, the applications of SERS, and its integra-
tion with other techniques.

2. Brief overview of the surface-enhanced Raman spectroscopy (SERS) 
phenomenon

The specificity of Raman scattering makes it a powerful molecular identification technique, but 
the signals are too weak for sensitive quantitative analysis especially in the biological fields. 
In 1974, surface-enhanced Raman spectroscopy (SERS) was observed on pyridines adsorbed 
on an Ag electrode roughed by oxidation-reduction cycles [15]. But they attribute the signal 
enhancement to the large surface area of the electrode. In 1977, it was first reported that the 
intensity of Raman scattering for a molecule may be dramatically increased when the mol-
ecule is placed in very close proximity to a colloidal metal NPs or roughened macroscale metal 
object with surface variation on the 10–100-nm scale. The enhanced re-radiated dipolar fields 
excite the adsorbate, and, if the resulting molecular radiation remains at or near resonance 
with the enhancing object, the scattered radiation will again be enhanced. Practically, SERS is 
a Raman spectroscopic technique that provides greatly enhanced Raman signal from analyte 
molecules that have been brought into close proximity to certain specially prepared metal sur-
faces (Ag, Cu, or Au), which is observed on micro- or nano-rough surfaces or in solution next 
to a nanoparticle with a diameter much smaller than the wavelength of the excitation light. 
When the incident light hits the surface or the particle, a surface plasmon mode is excited 
which locally enhances the electromagnetic energy in the vicinity of the target molecule, sig-
nificantly enhancing the intensity of the inelastically scattered light and experiences a dramatic 
increase in the incident electromagnetic field, resulting in high Raman intensities comparable 
to fluorescence.

Therefore, SERS phenomenon offers an exciting opportunity to overcome the critical disad-
vantages of this normal Raman spectroscopy. Using the SERS technique, the Raman signal is 
enhanced by the structured metal surface and can be detected effectively by low laser power 
with short signal acquisition time available for biological applications [16].

Jeanmaire and Vanduyne [17] recognized that the large intensity is due to the electromagnetic 
field effect, while Albrecht and Creighton [18] proposed a charge-transfer effect (chemical 
enhancement (CE)). Recently, the enhancement factors in SERS can be as high as 109–1015, 
which allows the technique to be sensitive enough to detect single molecules [19, 20]. Under 
these conditions, Raman scattering can exceed the sensitivity of fluorescence, and it has gener-
ated tremendous interest in the nanomaterials, spectroscopy, and analytical chemistry com-
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munities [21, 22]. Electromagnetic field enhancement (EFE) “field enhancement” has been 
reported as one of the major SERS enhancement mechanisms. Field enhancement occurred 
at the surface of metallic NPs as a consequence of the interaction between laser radiation and 
electrons on the metal surface for the activation of surface plasmons or collective oscillations 
of metal electrons. Aggregation of metallic NPs has been reported to generate very intense 
and enhanced Raman signals at the junction between two NPs, which are normally called 
‘hot spots’ [23]. For this reason, a great deal of attention has been focused on the synthesis of 
shape-controlled SERS structures with different morphologies.

2.1. Mechanisms of surface enhancement Raman spectroscopy (SERS)

The mechanism of the surface enhancement effect is not totally elucidated yet; however, the 
SERS mechanisms were reported in the literatures to arise from two major enhancement mech-
anisms (electromagnetic field enhancement and chemical enhancement) [24, 25]. Before we dis-
cuss the enhancement theories, it is important to understand the nature of the roughened metal 
surface. Ag surfaces “or any other metals” are covered with electrons cloud that arise from the 
conduction electrons held in the lattice by the presence of positive charge from the Ag metal 
centers. At the surface, the positive charge is only on the metal side of the electrons. Therefore, 
the electron density extends a considerable distance from the surface and there is freedom of 
movement in a lateral direction along it. When a light beam interacts with these electrons, they 
begin to oscillate as a collective group across the surface. These oscillations are known as sur-
face plasmons. Surface plasmons from small uniform particles or from surfaces which have a 
single periodic roughness feature have a resonance frequency at which they absorb and scatter 
light most efficiently. The frequency varies with the metal and the nature of the surface. The 
oscillation frequency of both Ag and Au is usually in the visible region and therefore, those 
metals are suitable to use with the visible and NIR laser systems for Raman scattering.

2.1.1. Electromagnetic enhancement

Electromagnetic field enhancement (EFE) “field enhancement” has been reported to play a 
major role of most of the observed features of SERS. EFE occurred at the surface of metal-
lic nanostructures as a consequence of the interaction between laser radiation and electrons 
on the metal surface for the activation of surface plasmons or collective oscillations of metal 
electrons (Figure 2) [25, 26]. That scattered light is characterized by an electromagnetic field 
intensity that is extremely strong at certain portions of space near the metal nanostructures 
surface. A molecule present in that space is excited by an enhanced field and produces more 
intense Raman-scattered light than molecules outside that space. In addition, the sizes of the 
SERS agents are generally quite small compared to the wavelength of the excitation source. 
The small size of the particles allows the excitation of the metal particle’s surface plasmon to 
be localized. The resultant electromagnetic energy density on the particle is the source of the 
EFE, the primary contributor to SERS. The nanostructures size and shape changes the electric 
field density on the nanostructures surface, which in turn changes the oscillation frequency of 
the electrons.
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On the other hand, on a smooth metal surface, surface plasmons exist as waves of electrons 
bound to the metal surface and are capable of moving only in a direction parallel to the sur-
face, while on a roughened metal surface, the plasmons are no longer confined and the result-
ing electric field can radiate both in a parallel and in a perpendicular direction to the surface. 
Since, to get scattering, there needs to be an oscillation perpendicular to the surface plane, this 
is achieved by roughening the surface. This locates the plasmon in the valleys of the rough-
ened metal surface and scattering is caused as the plasmons move up to the peaks. Hence, 
when an incident photon falls on the roughened surface, excitation of the plasmon resonance 
of the metal may occur and this allows scattering. Additionally, due to the difference in dielec-
tric constants between the roughened surface and the surrounding media, a concentration of 
electric field density occurs at sharp points on the surface [24, 27].

2.1.2. Charge-transfer mechanism

Charge enhancement or chemical enhancement (CE) is the second mechanism of SERS, affects 
the latter. The chemical mechanism is much less well understood, but is often attributed to a 
charge-transfer intermediate state which takes place at the strong electron coupling between 
the metal NP and its adsorbate [28, 29]. The higher SERS enhancement of molecules is directly 
adsorbed to a metal relative to SERS of molecules that lie on top of a monolayer of molecules 
attached to a metal which cannot be explained by protest invoking the distance dependence of 
EFE. Also, SERS enhancement depends substantially on the chemical structure of the adsor-
bate, which cannot be accounted by EFE.

Basically, the charge enhancement results when molecules chemisorb directly on the 
roughened surface, forming an adsorbate-metal complex. As a consequence, the molecular 
orbitals of the adsorbate are broadened by an interaction with the conduction bands of the 

Figure 2. Electromagnetic field enhancement. Surface plasmon resonance (SPR) occurs when the oscillation of the 
incident light electromagnetic field induces the collective oscillation of the conduction electrons of a metal nanoparticle 
as the wave front of the light passes; the NP electron cloud is polarized to one side and oscillates in resonance with the 
light frequency.
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metal surface. This results in a ready transfer of electrons and excitation from the metal 
to the adsorbate and vice versa. Thus, charge transfer between metal nanostructures and 
adsorbate can produce adsorbate electron excitation under conditions that would not occur 
if the adsorbates were free in solution. Relaxation of the excited electron to its ground state 
generates light emission (resonance Raman scattering). The excited electrons and holes in 
the metal nanostructures generated by surface plasmon resonance (SPR) can couple with 
the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital 
(HOMO) of the adsorbate as shown in Figure 3 [30, 31]. As a consequence, the SERS spec-
tra of chemisorbed molecules are significantly different from the Raman spectrum of the 
free species. The CE mechanism is restricted by the nature of molecules directly adsorbed 
on the metal, as opposed to the EFE, which extends a certain distance beyond the surface. 
Thus, it is effectively operated only on the first layer of adsorbates. There have been many 
experimental demonstrations confirming that both mechanisms play key roles in SERS 
effects [32, 33]; however, it is generally believed that electromagnetic enhancement may 
play a greater part than chemical enhancement [34–36]. In this context, the main analytical 
advantages of SERS in comparison with other optical detection methods are the inherent 
molecular specificity which can be obtained [25, 37], the relatively large sensitivity, and the 
sharpness of the spectral signals, which can be as little as 1-nm full width at half maximum 
[38]. This latter advantage is to be compared to conventional fluorescent labels which aver-
age about 75 nm [39] or quantum dots which average about 30 nm [40]. The relative sharp-
ness of the spectral SERS signal can facilitate multiplexing since multi-label readouts can be 
carried out at single excitation wavelength [41] without being limited by spectral overlap.

Figure 3. Chemical enhancement in SERS. Schematic diagram of relative energies of excited electron-hole pairs generated 
via surface plasmon resonance in the metal nanoparticle relative to the HOMO and LUMO of the chemisorbed molecule 
(adsorbate). EF, Fermi level (highest energy state occupied by an electron at 0 K).
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2.2. Overview of traditional and advanced SERS implementations

Broadly speaking, there are two ways to carry out the SERS detection reaction:

i. homogeneously, where the target becomes bound or absorbs onto the solution phase 
 metallic NPs which act as Raman enhancers;

ii. heterogeneously, where the solution phase targets interact with the surface-phase SERS 
active sites.

The former of these has the same advantages as all homogeneous reactions (i.e., faster reac-
tion rate and relative ease of implementation) as well as enhanced uniformity and repeat-
ability of the SERS enhancement since the NPs can be synthesized with high uniformity. 
Examples of such systems include the use of metal nanoshells [42] and nanorods [43] spheri-
cal NPs, nanospheres, nanorods, or nanostars [44, 45] as SERS-active substrates. However, 
this homogeneous approach is disadvantaged because the Raman enhancers are dispersed in 
solution, thus the detection sensitivity is relatively low. Over the recent decades, many types 
of SERS-active surfaces have been demonstrated including electrochemically roughened 
electrodes [46], vapor-deposited metal island films [47], periodically aligned nanoparticles 
[48, 49], and lithography-produced nanostructures [50]. While these surface-phase systems 
can have fundamentally greater sensitivity than homogeneous ones (essentially concentrat-
ing the detection zone from 3D to 2D), the analysis time can be longer (since the molecules 
must diffuse to the analysis site), the chip fabrication is more complicated (since nanoscopic 
features must be patterned), and in some cases, it is difficult to obtain regular and  repeatable 
SERS enhancement. If the enhancement is not consistent, then specific detection is still  possible 
but reliable quantification is not.

2.3. Advantages of SERS method

SERS phenomenon offers an exciting opportunity to overcome the critical disadvantages of the 
normal Raman spectroscopy. Therefore, relatively lower laser intensity, longer wavelengths, 
and rapid signal acquisition times will be possible with SERS. For these reasons, NIR-SERS 
is becoming a useful tool for biological applications [16]. The importance of SERS is that the 
surface selectivity and sensitivity extend Raman utility to a wide variety of interfacial systems 
previously inaccessible to Raman. In addition, unlike other vibrational spectroscopies, SERS 
can be conducted under ambient conditions and has a broad wavenumber range. Moreover, 
SERS has two main advantages over fluorescence. One is its high sensitivity in comparison 
to fluorescence by two or three times [51, 52]. The other advantage is the multiplex detection 
capability due to its molecularly narrow-band spectra.

2.4. SERS-active substrates

Fabrication of SERS-active substrates was found to have a number of problems, including 
poor signal enhancement, uniformity, or reproducibility. Therefore, an advanced method 
for fabrication of the SERS-active surface is still required for more effective enhancement of 
Raman signals. Generally, there are two strategies to obtain the SERS signals.
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First, the “average SERS” enhanced spectra [53], which were obtained from an ensemble of 
colloidal particles and aggregates, giving a relatively low signal, especially before aggrega-
tion. Recently, several reports described the uses of colloidal metallic (Au or Ag) NPs or 
nanorods to perform SERS on living cells [54–57]. The SERS signal was generated based on 
the direct NPs diffusion inside cells (pinocytosis process) or depend on the interaction of 
the antibody conjugate NPs with the protein on the cell membrane. However, it was found 
that the localization of colloidal particles inside a living cell is difficult to control, and also 
causes non-homogeneous particles aggregation that dramatically changes the efficiency of 
Raman signal enhancement from one point to another within the cell surface. Although 
the antibody-conjugated metal particles have been tried as SERS-active agents to overcome 
these limitations, however, the antibody was reported to cause unwanted SERS signals that 
hardly are distinguishable from the Raman signals originating from target molecules inside 
the cell [58]. Moreover, during the NPs preparing some surfactants such as cetyltrimethyl-
ammonium bromide (CTAB) or polyvinylpyrrolidone (PVP) were used [59, 60]. The exis-
tence of these species on the metal NPs surfaces will provide less active sites and the SERS 
signal generated by these species may severely interfere with the SERS signals of target 
molecules. Also, SERS-based investigation of a cell nucleus is challenged due to the exis-
tence of several cellular barriers that limit the delivery of SERS-active colloidal NPs to the 
cell nucleus [61]. Moreover, Au NP-targeting of cancer cell nuclei affected cellular function 
causing cytokinesis arrest, DNA damage, and programmed cell death, which led to failed 
cell division, thereby resulting in apoptosis [62].

Second, SERS intensities obtained from Ag or Au nanostructures sustain a “hot spot” (large 
enhancement factors), which permits the detection of a few molecules with fluctuating 
spectral characteristics [63, 64]. The existence of a particular hot spot (from 1 nm to several 
hundred nm) can lead to particularly large enhancements of Raman scattering (1014 times) 
because the Raman scattering rate is proportional to |E(ω)|2|E(ωʹ)|2 at the location of the 
molecule, where E(ω) is the electric field component at the frequency of the incident radia-
tion, and E(ωʹ) is the component at the scattered frequency. A SERS-active surface that used 
a non-uniform distribution of Au NPs on an APTMS (3-aminopropyltrimethoxysilane)-
functionalized ITO substrate was reported [65]; however, any small variation in the local 
arrangement of nanostructures (patterns/shapes) used as SERS-active substrates leads 
to critical changes of SERS signals due to the high sensitivity of the hot spots. Also, the 
organic linkers (e.g., APTMS) reduce the enhancing effects and interfere with the SERS 
signals of target molecules [53, 58]. Therefore, a geometrically well-organized and clean 
SERS-active substrate that allows control of both nanostructures size and shape is highly 
desirable [66].

2.5. Applications of SERS

SERS is one of a very few methods that can give effective, molecularly specific information 
about an adsorbate on a metal surface, in situ and in aqueous solutions. In early 1980s, 
SERS was observed on small and large biomolecules such as DNA and protein. Presently, 
many researchers have continued to demonstrate the great potential of SERS applications 
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in the fields of biochemistry, biophysics, and molecular biology. In early 1990s, SERS was 
performed using metallic NPs on living cells [57, 67]. However, on the cell monolayer, 
different spectra are obtained on different spots. These distinct spectra could be reflecting 
the inhomogeneity of the cell composition, but also the NPs aggregated inside cells, which 
might be results in the signal difference due to different degrees of aggregation. Thus, if 
SERS is to be used as a detection technique, a careful consideration of the chemistry of the 
surface and the physics of surface enhancement is required, but with care and by using 
the technique within its limitations, good quantitative measurements can be obtained. In 
the following section, we represent some applications of SERS technique for single-cell 
analysis.

3. SERS cell-based detection

Living- or whole-cell Raman spectroscopy can serve as the basis for reliable identification of 
molecular events inside intact cells [68]. Breuzard et al. performed living-cell studies using 
SERS spectroscopy and proposed that it could be an effective method in studying the process 
of the anticancer drug mitoxantrone (MTX) absorption into the plasma membrane of living 
cells [69].

Shamsaie et al. demonstrated a cellular SERS probe that they called intracellular-grown 
Au NPs (IGAuNs) using NPs that grow inside MCF10 epithelial cells [70]. Since large 
nanoparticles are not able to pass through the nuclear membrane pores, they cannot reach 
the cytoplasm or the nucleus. They also show poor ‘controllability’ when inserted inside 
the cell [70, 71]. The presented IGAuNs, however, can be precisely controlled to overcome 
some of the inherent drawbacks, and act as a potential SERS substrate to understand intra-
cellular events.

In addition, the treated cells show strong Raman signals compared with weak and noisy 
Raman. However, they have proposed that the cells will still live after treatment with salt 
solution in phosphate buffer saline (PBS) buffer without media for a long time (1 week). In 
our previous work, we have demonstrated the formation of different metallic NPs (Au and 
Ag) intracellular and extracellular condition of different human living-cell lines (cancer and 
normal cells) through the reduction of ions. In addition, we examined effects of these metal 
ions (auric chloride or silver nitrate) on cell viability as well as on cell morphology in differ-
ent living-cell lines. Our results demonstrated that the treatment of different cell lines with 
metal ions resulted in the cell fixation and the cells could not still live after treatment. The 
formation of metal NPs inside the cellʹs nucleus as well as larger particles of different sizes 
and shapes in the incubation solution was demonstrated using AFM, TEM, EDX, SEM, and 
UV-Vis absorption techniques. Figures 4 and 5 show the growth of Au NPs inside and outside 
the cells, respectively. This approach was shown to exhibit good potential for SERS detection 
in comparing with standard Raman spectrum (Figure 6) [72].
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might be results in the signal difference due to different degrees of aggregation. Thus, if 
SERS is to be used as a detection technique, a careful consideration of the chemistry of the 
surface and the physics of surface enhancement is required, but with care and by using 
the technique within its limitations, good quantitative measurements can be obtained. In 
the following section, we represent some applications of SERS technique for single-cell 
analysis.

3. SERS cell-based detection

Living- or whole-cell Raman spectroscopy can serve as the basis for reliable identification of 
molecular events inside intact cells [68]. Breuzard et al. performed living-cell studies using 
SERS spectroscopy and proposed that it could be an effective method in studying the process 
of the anticancer drug mitoxantrone (MTX) absorption into the plasma membrane of living 
cells [69].

Shamsaie et al. demonstrated a cellular SERS probe that they called intracellular-grown 
Au NPs (IGAuNs) using NPs that grow inside MCF10 epithelial cells [70]. Since large 
nanoparticles are not able to pass through the nuclear membrane pores, they cannot reach 
the cytoplasm or the nucleus. They also show poor ‘controllability’ when inserted inside 
the cell [70, 71]. The presented IGAuNs, however, can be precisely controlled to overcome 
some of the inherent drawbacks, and act as a potential SERS substrate to understand intra-
cellular events.

In addition, the treated cells show strong Raman signals compared with weak and noisy 
Raman. However, they have proposed that the cells will still live after treatment with salt 
solution in phosphate buffer saline (PBS) buffer without media for a long time (1 week). In 
our previous work, we have demonstrated the formation of different metallic NPs (Au and 
Ag) intracellular and extracellular condition of different human living-cell lines (cancer and 
normal cells) through the reduction of ions. In addition, we examined effects of these metal 
ions (auric chloride or silver nitrate) on cell viability as well as on cell morphology in differ-
ent living-cell lines. Our results demonstrated that the treatment of different cell lines with 
metal ions resulted in the cell fixation and the cells could not still live after treatment. The 
formation of metal NPs inside the cellʹs nucleus as well as larger particles of different sizes 
and shapes in the incubation solution was demonstrated using AFM, TEM, EDX, SEM, and 
UV-Vis absorption techniques. Figures 4 and 5 show the growth of Au NPs inside and outside 
the cells, respectively. This approach was shown to exhibit good potential for SERS detection 
in comparing with standard Raman spectrum (Figure 6) [72].
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Figure 4. TEM images of negatively stained thin sections from treated HeLa cells (a–c), treated MCF-7 cells 
(d–f) and treated HEK293T cells (g–i) with 1 mM of auric chloride solution for 4 days. The arrows indicated the 
spread of black dots across the cellʹs nucleus and cytoplasm, respectively, that correspond to gold nanoparticles 
which are 10–20 nm in diameter (c, f, and i). Figure reproduced with permission from Ref. [72], © John Wiley 
and Sons.
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Figure 5. SEM images of selected gold particles formed in the incubation solution with HeLa cells after incubation with 
gold chloride solution for 4 days (a, b), 8 days (c, d), 14 days (e, f), 21 days (g, h), and 28 days (i, j). Figure reproduced 
with permission from Ref. [72], © John Wiley and Sons.

Figure 6. Raman spectrum of (a) control HEK293T cells and (b) HEK293T cells that were incubated with auric chloride 
for 4 days. Figure reproduced with permission from Ref. [72], © John Wiley and Sons.
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4. Single molecule analysis using SERS

Single-cell technologies, such as the classical fluorescence-activated cell sorting (FACS) 
analysis [73] as well as Raman spectra profiling, can detect population diversity by observ-
ing distinct phenotypic parameters. Raman spectroscopy is an especially powerful analyti-
cal technique and has already been used in several studies on single cells [74]. A single-cell 
Raman spectrum usually contains many Raman shifts, which provide rich information of 
the cell components including nucleic acids, proteins, carbohydrates, and lipids, reflecting 
cellular genotypes, phenotypes, and physiological states [75]. Therefore, a Raman spectrum 
could serve as a molecular fingerprint of a single cell, enabling the distinction of various cells, 
including those from bacteria and animals, without prior knowledge of the cells [76].

The extremely large SERS cross sections (roughly the 1014-fold enhancement discussed earlier) 
for near-infrared excitation of molecules attached to colloidal Ag or Au clusters [25, 77–79] 
make it possible to use SERS to provide molecularly specific information on a very small 
number of molecules. Near-infrared (NIR) excitation also offers the advantage of decreasing 
the fluorescence background which interferes with traditional single-molecule Raman detec-
tion [25]. This has made SERS of great practical interest to both the nanomaterials and the 
single-molecule spectroscopy communities [37].

4.1. SERS-based single-cell sensing

Jiang et al. have reported on developing a new SERS strategy for apoptosis detection with 
ultrahigh sensitivity, using silver nanoparticle (Ag NPs)-decorated silicon wafer (Ag NPs/Si), 
as an active and reproducible SERS in vitro platform as shown in Figure 7 [80]. Significantly, 
representative Raman peaks of DNA distributed in cells could be greatly amplified and sen-
sitively detected by the Ag NPs/Si due to SERS ultrahigh sensitivity. As a result, a whole 
process of apoptosis is readily analyzed at the single-cell level via recording SERS intensities 
of DNA distributed in the apoptotic cells. The results suggest new opportunities for novel 
SERS-based in vitro bio-applications, as well as provide powerful strategies for ultrasensitive 
apoptosis detection. Remarkably, single-cell detection of different apoptotic cells is readily 
realized using the Ag NPs/Si of high SERS sensitivity and excellent reproducibility (Figure 8). 
In addition, the detection process is label-free, that is, DNA-intrinsic SERS spectra are directly 
employed for apoptosis detection, which is free of additional chemical or biological reagents 
as external signal indicator. Consequently, this SERS method may serve as a potentially prac-
tical tool for ultrasensitive detection of apoptotic cells, complementing the state-of-the-art 
strategies for apoptosis detection (Figure 9). While better understanding of Ag NPs/Si in vitro 
behavior and the diameter effect of Ag NPs on detection sensitivity require further investi-
gation, the present findings may open new opportunities for SERS-based in vitro-sensing 
applications.

Kang et al. [81] reported the application of small spherical gold nanoparticles with highly nar-
row intra-nanogap structures to achieve high-speed and high-resolution live-cell Raman images. 
They have used a specific spacer sequence of oligonucleotides (T10) on the core DNA-modified 
Au NP to create gold nanoparticles with very narrow intra-nanogap (Au-NNP) structures, 
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then they have loaded three different Raman-active molecules inside the narrow intra-nanogap 
including 4,4ʹ-dipyridyl (44DP), methylene blue (MB), and 4,4ʹ-azobis (pyridine) (AB) for tar-
geting the mitochondria, cytoplasm, and nucleus, respectively as shown in Figures 10 and 11, 
which lead to obtain high-resolution single-cell image within 30 s without inducing significant 
cell damage. Using oligonucleotide thiolated DNA (3ʹ-(CH2)3-spacer sequence (A10, G10, C10, 
or T10)-PEG9-AAACTCTTTGCGCAC-5NA results in the formation of intra-nanogap structure 
of 1.2 nm in thickness. The high-resolution Raman image showed the distributions of Au NPs 
for their targeted sites such as cytoplasm, mitochondria, or nucleus as shown in Figure 12.

Figure 7. SEM (a) and AFM (b) images of the prepared Ag NPs/Si. The AFM image was collected from an area of 5.0 × 
5.0 μm2. (c) Raman spectra of R6G (100 μM) dispersed on the surface of a pure silicon wafer or Ag NPs/Si substrate. (d) 
Raman mapping spectra and corresponding mapping image (inset) of R6G dispersed on the surface of Ag NPs/Si. Insert 
denotes Raman intensities of the 1364 cm−1 peak. (λexcitation = 633 nm, acquisition time = 1 s, hole = 200 μm, slit =100 μm, 
grating = 600 g/mm). Reprinted with permission from Ref. [80]. © 2013 American Chemical Society.
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The high-speed Raman-based live-cell imaging allowed monitoring rapidly changing cell 
morphologies during cell death induced by the addition of highly toxic KCN solution to 
HSC-3 cell (Figure 13), then the single cell was imaged repeatedly at every 2.5 min with a 
200 μW of laser power and 10-ms exposure per pixel (50 × 50 pixel). The overlaid images of 
bright field and Raman image at t = 0 showed typical distributions of 44DP-coded Au-NNPs in 
the mitochondria as shown in Figure 13A. After 2.5 min of addition, it showed some changes 
in Raman signal distributions in the cell. After 5 min, the cell morphologies were significantly 
changed and the changes of Raman signal distributions were also observed (Figure 13B). 
Eventually, it was completely changed into a circular cell structure, indicative of cell death 
(necrosis). In the case of 10 μL of KCN solution (1.0 M) addition, it also showed the changes of 
cell morphologies and Raman signal distributions with time. These results demonstrated that 
the use of SERS-active nanoparticle can greatly improve the current temporal resolution and 

Figure 8. High-resolution Raman mapping images of the A549 cells treated with (a−f) or without (g−l) 150 μM Triton 
X-100 for 0, 6, 12, 24, 48, and 72 h. Insets are the corresponding Raman bright-field images. Scale bar: 2 μm. Reprinted 
with permission from Ref. [80]. © 2013 American Chemical Society.
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image quality of Raman-based cell images enough to obtain the detailed cell dynamics and/
or the responses of cells to potential drug molecules. It is expected that the synthetic methods 
for Au-NNP would be a useful concept for the future design of SERS-active nanostructures 
and the high-resolution live-cell Raman-imaging method within half a minute can open new 
opportunities for Raman-based high-throughput and high-content drug-screening platforms.

Cooper and his coworkers [82] have reported on developing a simple microfluidic cell array to 
mechanically trap a living single cell (Figure 14) and it application as a real-time mapping of 
live cell, also to unequivocally distinguish between differently labeled intracellular nanopar-
ticle SERS probe types from within a mixed population of cell types and also demonstrate 
the ability to distinguish different types of intracellular nanoparticle probes from within a 

Figure 9. (a−f) Raman mapping images of the A549 cells treated with 150 μM Triton X-100 for 0, 6, 12, 24, 48, and 72 h. 
(g−l) Five representative Raman spectra of DNA distributed in the cell are randomly selected from the corresponding 
mapping images, as indicated by white arrows. Reprinted with permission from Ref. [80]. © 2013 American Chemical 
Society.
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single cell. These microfluidic devices were prepared from masters produced using soft litho-
graphic techniques, and cast in polydimethylsiloxane (PDMS). Then, they have demonstrated 
the ability of SERS spectroscopy to detect nanoparticle probes within individual living cells, 
the ability to monitor an individual trapped cell containing SERS-active nanoparticles over 
a period of several hours, the ability to distinguish between differently labeled intracellular 
nanoparticle probe types from within a mixture of differently labeled cell populations, as 
well as the ability to distinguish between more than one nanoparticle species from within 
an individual cell containing a mixture of probes. To achieve the reliable SERS mapping of a 
single cell, they have labeled the cells after harvesting by using a colloid solution of silver NPs 
in 10 mM of either 4-mercaptobenzoic acid or 2-mercaptopyridine in ethanol and incubating 
the cells for 12 h to allow passive uptake of the colloid by the cells. Then, cell culture solu-
tions were loaded into the PDMS chips using gas-tight Hamilton syringes controlled using 

Figure 10. (A) Synthetic scheme of Raman-dye (44DP)-coded Au-NNPs using DNA-AuNPs as a core particle (four 
different kinds of spacer sequences such as adenine (A10), guanine (G10), cytosine (C10), and thymine (T10) in the 
thiolated DNA (3ʹ-(CH2)3-spacer sequence-PEG9-AAACTCTTTGCGCAC-5ʹ) were investigated). 4,4ʹ-dipyridyl (44DP) 
molecules were loaded on the surface of DNA-AuNP via electrostatic interactions, and then the Au shell was formed. (B) 
The solution color and HR-TEM image of 44DP-coded Au-NNPs prepared from A10-spacer DNA-AuNP (1), G10-spacer 
DNA-AuNP (2), C10-spacer DNA-AuNP (3), and T10-spacer DNA-AuNP (4). (C-D) Raman spectra of 44DP-coded 
Au-NNP solution prepared from four different spacer DNA with an excitation of 633 nm (C) and 785 nm (D). (Each 
spectrum was obtained using conditions (0.5 nM particle concentration, 1.0 s exposure time).) Reprinted with permission 
from Ref. [81]. © 2015 American Chemical Society.
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Figure 11. (A) Scheme for the PEGylation and peptide modifications on the Raman dye-coded Au-NNPs (MB-coded 
Au-NNP was modified with mPEG thiol and RGD peptide (RGDRGDRGDRGDPGC) so that targeting to cytoplasm, 
44DP-coded Au-NNP was modified with mPEG thiol, RGD peptide, and MLS peptide (MLALLGWWWFFSRKKC) so that 
targeting to mitochondria, and AB-coded Au-NNP was modified with mPEG thiol, and RGD peptide and NLS peptide 
(CGGGPKKKRKVGG). (B–D) Representative Raman spectra of MB-coded Au-NNPs (B), 44DP-coded Au-NNPs (C), and 
AB-coded Au-NNPs (D) obtained from 0.5 nM particle concentration with an incident laser power of 4.0 mW and 10 ms 
exposure time per spectra. Reprinted with permission from Ref. [81]. © 2015 American Chemical Society.

Figure 12. Time-dependent live-cell Raman images (50 × 50 pixel) after incubating with subcellular-targeting NNPs. 
(A) Representative Raman spectra obtained from inside cells incubated with MB-coded NNPs for cytoplasm targeting, 
bright-field image (t = 0), and bright-field images overlaid with Raman images (t = 3, 6, 12 h) (4.0 mW laser power, 
100 ms exposure time per pixel). (B) Representative Raman spectra from cell incubated with 44DP-coded NNPs for 
mitochondria targeting, bright-field image (t = 0), and bright-field images overlaid with Raman images (t = 3, 6, 12 h) (200 
μW laser power, 10 ms exposure time per pixel). (C) Representative Raman spectra from cell incubated with AB-coded 
NNPs for nucleus targeting, bright-field image (t = 0), and bright-field images overlaid with Raman images (t = 3, 6, 12 
h) (200 μW laser power, 10 ms exposure time per pixel). Reprinted with permission from Ref. [81]. © 2015 American 
Chemical Society.
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microsyringe pumps. SERS mapping of a single cell containing labeled nanoparticles was 
obtained by monitoring the SERS measurement of a single cell trapped within a microfluidic 
device as shown in Figure 15. These results demonstrate the capability of the developed chip 
to observe the dynamic cellular processes (such as cell division and intracellular nanoparticle 
redistribution and movement) in real time. This work illustrates the development of the basic 
technology required to facilitate the analysis of live cells using SERS.

4.2. SERS/flow cytometer for single-cell analysis

In the last years, several groups have shown different approaches to enhance Raman signals 
or more in general luminescent outputs like those working within the field of colloidal pho-
tonics where quantum dots are used for such a purpose [83, 84].

In 2012, Nolan and his group [85] have reported on developing NPs SERS tags as well as 
Raman flow cytometers for multiparameter single-cell analysis of suspension or adherent 
cells. SERS tags are based on plasmonically active Au nanorods whose plasmon resonance 
can be tuned to give optimal SERS signals at a desired excitation wavelength (Figure 16). 
Raman resonant compounds are adsorbed on the NPs to confer a unique spectral fingerprint 
on each SERS tag, which are then encapsulated in a polymer coating for conjugation to anti-
bodies or other targeting molecules. Raman flow cytometry employs a high-resolution spec-
tral flow cytometer capable of measuring the complete SERS spectra, as well as conventional 
flow cytometry measurements, from thousands of individual cells per minute (Figure 17). 
Automated spectral unmixing algorithms extract the contributions of each SERS tag from 
each cell to generate high-content, multiparameter single-cell population data. SERS-based 
cytometry is a powerful complement to conventional fluorescence-based cytometry. The nar-
row spectral features of the SERS signal enable more distinct probes to be measured in a 
smaller region of the optical spectrum with a single laser and detector, allowing for higher 
levels of multiplexing and multiparameter analysis.

Figure 13. (A) Time-dependent Raman images overlaid with bright-field image after additions of 100 μL of potassium 
cyanide solution (1.0 M) into HSC-3 cell. (B) Representative Raman spectra obtained from inside cells at designated time 
points (0, 2.5, 5.0, and 7.5 min). Imaged at every 2.5 min after additions of KCN with an analysis conditions (50 × 50 pixel, 
200 μW laser power density, 10 ms/pixel, 27.5 s (total imaging time)). Reprinted with permission from Ref. [81]. © 2015 
American Chemical Society.
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They have illustrated the detection of four different SERS tags on a single particle. For either 
flow or image cytometry, it is feasible to consider integrating fluorescence detection with 
SERS detection. For example, in a multi-laser system, violet and blue excitation could be used 
to excite a number of popular fluorescent dyes, while red or NIR excitation could be used to 
excite a set of SERS tags. Such a multimodal cytometry approach would combine the versatil-
ity of fluorescence probes with the multiplexing capability of SERS probes.

Figure 14. Schematic diagrams of a single PDMS cell trap (A), the trapping array (B), and layout of the microfluidic 
device (C) with the cell-trapping array represented as a black triangle with white dots. (D) Scanning electron microscope 
image of 18 × 18 × 10 mm PDMS cell traps on a device. Reprinted with permission from Ref. [82]. © The Royal Society 
of Chemistry.
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SERS tags were used as tags for antibodies in cell surface receptor staining as well. They have 
conjugated anti-CD4 and anti-CD8 antibodies to two different carboxylated SERS tags and 
used these to stain SupT1 cell line that expressed both receptors. Then, the stained cells and 
the appropriate reference controls were analyzed using a SERS spectral flow cytometer and 
spectral unmixing performed. Figure 18A and B shows the light-scatter gating, individual 
cell and average spectra, and single parameter SERS intensity histograms for singly stained 
beads. In addition, Figure 18C showed data from cells stained with both SERS tags, illustrat-
ing the ability of SERS flow cytometry hardware and software to measure the amount of 
SERS-tagged antibody to cell surface receptors.

Recently, Perozziello et al. have reported a Raman/flow cytometer system that consists of a 
microfluidic device; this device is composed by two calcium fluoride slides among which a 
photosensitive resist is placed [86]. The device consists of five through-channels integrating 
a microfluidic trap that was fabricated by using photolithography (Figure 19). The trap is 
realized by means of a simple volumetric constriction of the channels. Flowing cells in the 
microchannel was blocked at each trap where Raman spectroscopy was performed on each 
individual cell “since the cells can flow one-by-one” that allow single-cell Raman analysis. 
These allow a label-free analysis, providing information about the biochemical content of 
membrane and cytoplasm of each cell. Furthermore, in order to measure SERS signals from 
single cell and to minimize the acquisition time, the device integrates a microfluidic trap with 
nested plasmonic nanodimers [87–91] that takes advantages of the basic principles of Raman 

Figure 15. SERS maps of individual CHO cells containing differently labeled Ag nanoparticles. Top left: bright-field 
image of a CHO cell trapped in the device. The cell is roughly spherical and approximately 15 μm in diameter. Top right: 
a cell containing 4-MBA-coated Ag NPs. Bottom left: a cell containing 2-MPy-coated Ag nanoparticles. Bottom right: a 
cell containing both 4-MBA- and 2-MPy-coated Ag nanoparticles. SERS maps were constructed using reporter regions at 
1050–1090 and 1560–1590 cm−1 to assign 4-MBA (shown in pink) and regions at 1090–1130 and 1525–1555 cm−1 to assign 
2-MPy (shown in cyan). The broken green line shows the approximate extent of the cell in each case, which cannot 
itself be visualized directly during Raman imaging. Reprinted with permission from Ref. [82]. © The Royal Society of 
Chemistry.
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Figure 16. Schematic of nanoparticle-based SERS tags and their characteristic spectra. (A) SERS tags are typically 
composed of a plasmonic nanoparticle, Raman tag, surface coating, and targeting entity. (B) The SERS tag excitation is 
determined largely by the plasmon resonance wavelength of the plasmonic nanoparticle, which can be tuned by altering 
the composition, size, and shape of the nanoparticle. (C) Gold nanorods of 25–50 nm have a plasmon resonance in the 
red light (630 nm). (D) The Raman tag is adsorbed to the nanoparticle surface and gives each SERS tag its characteristic 
SERS spectrum. Reprinted with permission from Ref. [85]. © 2012 Elsevier Inc.
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spectroscopy as well as the advantages of flow cytometry technique. These devices are based 
on the amplification of the electromagnetic field due to the polarization of the local electric 
field and resonance effects between the gap of the nanodimers. In this way, it is possible to 
obtain a field localization that depends on the size of the gap (approximately 5–10 nm). In 
particular, the plasmonic nanodevice allows an enhanced Raman scattering that increases the 
sensitivity and the spectroscopic information regarding both the cellular membrane and the 
cytoplasm of each cell.

Experiments were performed by using three different cell lines [red blood cells (RBCs), periph-
eral blood lymphocytes (PBL), and K562 tumor cells from leukemia] by using the microfluidic 
device integrating the nanodimers as well as at a flat surface without nanodimers.

The flow rate was set at 5 μL/min so that the cells can proceed very slowly and can be stopped 
in correspondence of the trap. Figure 20 demonstrated that the cells appear under the micro-
scope and they flow one by one due to the well-defined size of the channel that constrains 
them and avoid the agglomeration. This is a suitable result, ideal for the fabricated device 
aiming continuous analysis of a single cell. Based on the obtained results, Perozziello et al. 

Figure 17. Schematic of a Raman flow cytometer. Excitation is provided by a solid-state laser (660 nm, 400 mW) and 
forward-angle light scatter is collected on a photodiode. A 90° light scatter is collected from one side of the flow cell via 
an optical fiber and detected with a photomultiplier tube (PMT). SERS signals are collected from the opposite side of 
the flow cell into and optical fiber and delivered to an imaging spectrograph coupled to a CCD detector. Particles in the 
probe volume are detected by forward and side scatter, which trigger the acquisition of individual particle spectra by the 
CCD. Reprinted with permission from Ref. [85]. © 2012 Elsevier Inc.
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reported that the use of nanodimers results in reducing the laser power until 10% (10 mW) 
of the maximum power of laser to obtain an enhanced spectrum on nanodimers, while they 
need to use the full laser power (100%, 100 mW) to record Raman spectrum at the flat surface, 

Figure 18. Cell surface immunostaining with antibody-coupled SERS tags. A cultured cell line (SupT1) was stained with 
(A) and anti-CD4 SERS tag, (B) and anti-CD8 SERS tag, or (C) both, and analyzed by Raman flow cytometry. Light scatter 
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Figure 19. Assembled microfluidic device. Reprinted with permission from Ref. [86]. © 2015 Optical Society of America.
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which is a very important point to consider when dealing with living biological samples since 
a high laser power can affect the viability of the cells.

Figure 21 showed the SERS measurements for RBCs in comparing with Raman measurements 
taken on a flat surface. The SERS spectrum shows not only a higher signal, compared to standard 
Raman, but above all the curve exhibits a richer peak profile due to plasmon enhancement of bio-
molecular vibrations occurring at the dimers locations. Furthermore, Figure 22 shows the SERS 
spectra from RBC (red curve), PBL (black curve), and K562 (blue curve). The main peaks of all the 
three cell lines are correctly found in the Raman measurements. RBCs demonstrated the typical 
Raman peaks of phenylalanine at 1005 cm−1, the deformation of the Cm-H bond at 1225 cm−1, the 
half- and quarter-ring stretching of pyrimidine, respectively, at 1377 and 1397 cm−1, and finally 
several peaks of the multi-structured band between 1540 and 1630 cm−1. The relative intensities 
of the Raman peaks at 1565 cm−1 peak (CβCβ stretching), 1582 cm−1 (CαCm asymmetric stretch-
ing), and 1621 cm−1 (Ca = Cb stretching) confirmed that the RBCs are in an oxygenated state [86].

Raman signature collected on PBL cells shows characteristic peaks due to deoxyribose vibra-
tions, at 980 and 1448 cm−1, to phospholipid C-C stretching at 1067 cm−1, and Amide I vibration 
from proteins secondary structure at 1665 cm−1 [92]. The 1448 cm−1 peak is a broad one since it is 
the overlapping of deoxyribose signature with C-H deformation from proteins. Finally, Raman 
signals coming from K562 cells show a very good agreement with the reported data from the 
literature [93, 94]. The SERS spectrum of the phenylalanine ring mode at 1003 cm−1 is observed, 
the PO2- backbone vibration arises at 1095 cm−1, Amide III vibrations from proteins are located 
at 1203 and 1303 cm−1 where the former one (1203 cm−1) overlaps with DNA bases signal, 

Figure 20. Sequence of the cell analysis mechanism: (1) the cell approaches the trap followed by other cells (t = 0 s); (2) 
the cell is trapped and the flow is stopped (t = 2 s), in this phase Raman measurements can be performed on the cell (t = 
4 s); (3) the increasing pressure due to clogged channel deforms the cell forcing it through the trap (t = 6 s); (4) the cell is 
released continuing to move over the trap while other cells are approaching the trap aligning themselves to it (t = 8 s). 
Reprinted with permission from Ref. [86]. © 2015 Optical Society of America.
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Figure 22. Raman spectra collected in three different experiments with different cell lines, in the proximity of the 
microfluidic traps. From top to bottom, the average spectra of red blood cells (RBC), peripheral blood lymphocytes 
(PBL), and leukemia cells (K562) are reported. See the text for assignment of the main peaks. Reprinted with permission 
from Ref. [86]. © 2015 Optical Society of America.

Figure 21. Raman spectra collected from red blood cells (RBC) on nanodimers (the used power for the enhanced Raman 
measurements is 10% of the total) and on a flat substrate (the used power for the standard Raman measurements is 
100% of the total). The spectrum recorder on nanodimers exhibits a higher signal and is more resolved. Reprinted with 
permission from Ref. [86]. © 2015 Optical Society of America.
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C-H bending and deformation are, respectively, found at 1261 and 1448 cm−1, small DNA signal 
is also observed at 1578 cm−1, and finally the Amide I strong vibration from proteins is located at 
1658 cm−1. Compared to PBL, the Amide I shift toward lower frequencies (from 1665 to 1658 cm−1) 
that could be due to a larger presence of alpha helix structure of proteins. This is also supported 
by the small peak observed at 935 cm−1 (alpha helix C-C skeletal mode) for the K562 curve.

4.3. SERS-LSV spectroelectrochemical method for single-cell analysis

In our previous work [95], we have reported on the fabrication of Au nanodot array-modified 
ITO substrate and its application as cell culture system, SERS-active surface, and a working 
electrode. Moreover, we have designed a new spectroelectrochemical cell chip that combined 
the SERS and voltammetric methods for monitoring redox properties of single living cell. In 
this study, we have used PC12 cell line as an experimental modal. In order to evaluate the spec-
troelectrochemical assay at the single PC12 cell level (Figure 23), 12 Au microelectrode arrays 
were patterned on a 10 × 10-mm glass substrate that provided six microgaps of about 7 μm in 
width between each couple of microelectrode. In order to enhance the Raman signals from the 
single cell, we have fabricated polystyrene-assisted hexagonal array of Au nanodots inside the 
gap between each pair of Au microelectrodes. Then, we immobilized the single cells over the 
microgaps by using a polydimethylsiloxane (PDMS) microchannel (200 mm in width) that was 
attached. The cells were then transferred onto the chip with a new culture medium through 
the microchannel inlet. A sterile cell chamber with dimensions of 8 × 8 mm was developed to 
measure the Raman spectra of living single cells under physiological conditions (Figure 24).

Figure 23. Schematic diagram of the immobilization of a single cell on the microgap between pairs of Au microelectrodes. 
Reprinted with permission from Ref. [95]. © 2015 Elsevier.
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SERS-linear sweep voltammetry (LSV) technique was developed, in which LSV was used to 
investigate the redox behavior of neural cells (PC12), while the NIR laser source was simulta-
neously focused on the target cell for SERS analysis of the biochemical composition changes 
of living single PC12 cells during the redox processes.

Figure 25a showed the CV of the Au microelectrodes in PBS buffer solution and no redox peaks 
were observed. Interestingly, an irreversible oxidation process showing an anodic peak only 
was observed from a single PC12 cell, which was significantly distinguished with bulk PC12 
cells normally showing quasi-reversible redox process. This result may be related to the low 
concentration of electro-active species and a lack of cell-cell interactions. The CV behavior of 
single PC12 cell immobilized on microgap between the pair of Au microelectrode containing 
hexagonal Au nanodots array showed sharp anodic peak at about 0.4 V (Figure 25c). This was 
significantly different from the cell on bare Au microelectrode that showed broad anodic peak 
(Figure 25b). These results indicated that Au nanodots array is very effective for the enhance-
ment of the electron transfer rate. Figure 25d showed the LSV oxidation behavior of single 
PC12 cell within a potential range from −0.2 to +0.8 V, which contained anodic peak at about 

Figure 24. Fabrication of the nanodot array inside the microgap as cell-based chip for single-cell studies: (a) SEM 
image of the microgap between the pair of Au microelectrodes; (b and c) SEM images of Au nanodots array inside the 
microgap between the pair of Au microelectrodes; and (d) AFM image of PC12 cell on the microgap between the pair Au 
microelectrodes. Reprinted with permission from Ref. [95]. © 2015 Elsevier.
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+0.4 V. Moreover, many peaks in the SERS spectrum were changed relative to the control PC12 
single cell (Figure 25f). The SERS spectra changes including a decrease in the intensity of SERS 
peaks at 720 cm−1 (adenine), 760 (Trp), 905 (prot. ring str.), 1001 (Phe), 1060 (str. PO2- and str. 
COC), 1093 (lipids: str. C═C, deoxyribose: C═O, C═C str. and str. PO2-),1125 (prot. str. CN), 
1175 (prot. Tyr str. CN and CC), 1270 (T, A and amide III), 1310 (A), 1360 (prot. CH2), 1390 
(T, A and G), and 1690 cm−1 (amide I and C═C). Additionally, the Raman peaks at 1625 cm−1 
(C═C, Tyr and Trp), which was observed in control PC12 cells, disappeared. Also, peaks at 
854 cm−1 (prot. Ring br. Tyr), 940 (proteins: a-helix, and deoxy and C-O-C), and 1560 cm−1 (pro-
teins: amide II and Trp; C═C and/or C═O stretch of o-quinone group) shifted to 866, 952, and 
1545 cm−1, respectively. New Raman peaks were observed during the application of the oxida-
tion voltage, including Raman peaks at 1330 (G), s1450 (deoxyribose), 1426, 1502, and 1595 cm−1 
(A and G). In addition, no cathodic peak was observed when PC12 cells were subjected to 
reduction potential within a potential range from +0.8 to −0.2 V (Figure 25e). However, the 
Raman spectrum during the reduction process was different than the Raman spectrum of the 
control PC12 or PC12 cells in the oxidation state (Figure 25f). These changes in Raman spectra 
included an increase in the Raman peaks intensities at 905 (prot. ring str. CC), 1001 (Phe), 1060 
(PO2- str. and C═O, C═C str.), 1093 (lipids, chain C═C str. deoxyribose: C═O, C═C str. phos-
phate: str. PO2_), 1125 (C-N str.), 1175 (C-H bend Tyr), 1270 (T, A and amide III), 1310 (A), 1360 
(A, G, and prot. CH2 def), and 1390 cm−1 (T, A and G). Also, the Raman peak at 1560 cm−1 (C═C 
and/or C═O stretch of o-quinone group) shifted to 1575 cm−1. Furthermore, new Raman peaks 
at 1230 (T, A, and amide III), 1426 (G, A and CH def), and 1502 cm−1 (G and A) were observed. 
Moreover, the Raman peaks at 1330 (G), 1595 (A and G), 1625 (C═C Tyr and Trp), and 1720 cm−1 
(amide I and C═O ester) disappeared, which could be related to a reduction of these functional 
groups. This study demonstrated that the changes in the Raman spectra signals of single PC12 

Figure 25. (a) CV background of microelectrode. (b) CV of single PC12 cell on the microgap between the pair of Au 
microelectrodes. (c) CV of a single PC12 cell on the microgap between the pair of Au microelectrodes containing the Au 
nanodots array. (d) LSV oxidation of a single PC12 cell on the microgap between the pair of Au microelectrodes. (e) LSV 
reduction of a single PC12 cell on the microgap between two Au microelectrodes. (f) SERS spectra of PC12 cells control 
(top) during reduction (middle) and oxidation (bottom). Reprinted with permission from Ref. [95]. © 2015 Elsevier.
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cells during oxidation and/or reduction processes were more complicated than the changes of 
bulk PC12 cells. This may be due to the direct effect of voltage on the target cell [95].

5. Conclusions

Over the last couple of decades, many techniques have been used for the design and fabrication 
of homogeneous nanostructure-modified substrates for developing new SERS-active substrates 
that we reported and their application as a strong analytical tool for the analysis of both bulk 
and single cell. In this chapter, we have reviewed the origin of Raman spectroscopy and its limi-
tations, advantages of SERS technique, and different mechanism theories for SERS phenomena. 
In addition to the uses of SERS technique, we have also studied the chemical composition of 
different cell components and differentiation between different cell lines, live and dead cells 
and to monitor the effects of drugs on different cell lines. Furthermore, we have showed the 
capability of SERS to combine with different techniques, for example, combining between SERS 
and electrochemical techniques as spectroelectrochemical tool to analyze the intracellular and 
extracellular state of single cell that allowed us to follow the mechanism of oxidation and reduc-
tion systematically as a function of electrode potential. Moreover, this technique may be used to 
monitor the biochemical changes during cell electrofusion and the electrical stimulation of dif-
ferentiated neural cells. Also, we have reviewed the combination of SERS with flow cytometry 
measurements to analyze different single-cell lines including the uses of microfluidic system 
enabling easy and potential way for controlling a fast analysis cell-by-cell diagnostic tool with 
an amount of information that other optical techniques are lacking. Thus, this cutting-edge 
technology that combined the SERS and electrochemical and/or flow cytometry methods could 
be utilized as a noninvasive and nondestructive tool at various kinds of cellular researches.
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Abstract

It is well known that optical fiber sensors have attracted the attention of scientific com-
munity due to its intrinsic advantages, such as lightweight, small size, portability, remote 
sensing, immunity to electromagnetic interferences and the possibility of multiplexing 
several signals. This field has shown a dramatic growth thanks to the creation of sensitive 
thin films onto diverse optical fiber configurations. In this sense, a wide range of opti-
cal fiber devices have been successfully fabricated for monitoring biological, chemical, 
medical or physical parameters. In addition, the use of nanoparticles into the sensitive 
thin films has resulted in an enhancement in the response time, robustness or sensitiv-
ity in the optical devices, which is associated to the inherent properties of nanoparticles 
(high surface area ratio or porosity). Among all of them, the metallic nanoparticles are of 
great interest for sensing applications due to the presence of strong absorption bands in 
the visible and near-infrared regions, due to their localized surface plasmon resonances 
(LSPR). These optical resonances are due to the coupling of certain modes of the incident 
light to the collective oscillation of the conduction electrons of the metallic nanoparticles. 
The LSPR extinction bands are very useful for sensing applications as far as they can be 
affected by refractive index variations of the surrounding medium of the nanoparticles, 
and therefore, it is possible to create optical sensors with outstanding properties such as 
high sensitivity and optical self-reference. In this chapter, the attractive optical properties 
of metal nanostructures and their implementation into different optical fiber configura-
tion for sensing or biosensing applications will be studied.

Keywords: LSPR, optical fiber, sensing applications
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1. Introduction

In this highly technological era in which we live, we are involved in a virtuous circle in which 
new machines, systems and devices are continuously created. This technological evolution has 
produced an evident improvement in our lifestyle, making our lives easier and more comfort-
able, and also contributing to the wealth distribution in the world. For a high number of those 
new systems, devices and new applications, sensors play a key role as far as they provide the 
link between the real-world and the technological devices. Sensors are much more effective 
than our five senses, and they can provide information not only about taste, smell or touch, but 
also about the presence of explosives [1], certain bacteria, viruses and biological markers [2, 3], 
magnetic fields, radiation, traces of pollutants [4] and many other applications. Consequently, 
there is a continuous effort in the research of new sensing devices that allow us to get informa-
tion of our environment and consequently use this information to improve the existing devices 
or even the discovery of new applications. There has been a dramatic evolution starting from 
the classic analog sensors used for decades and decades to the current electronic smart sensors 
and other advanced sensing devices such as optical fiber sensors (Figure 1).

The very first optical sensors were simple, mostly based on physical alterations of the natural 
waveguide structure of a regular optical fiber. The irruption of more advanced optical structures, 
such as fiber Bragg-gratings (FBGs), long-period gratings (LPGs), photonic crystal fibers (PCFs) 
and D-shape fibers opened the door to a new generation of optical fiber sensors based on inter-
ferometry, optical resonances, etc. Moreover, the combination of those families of optical fiber 
structures with coatings has made possible the apparition of more advanced optical fiber sensors.

As the sensitive coatings have been engineered, they have become more controllable and 
complex, and new materials have been incorporated to these devices, such as nanoparticles, 

Figure 1. Number of published articles in international research journals with the words “Optical,” “Fiber” and “Sensor” 
in their title, abstract or keywords (source: Scopus database).
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fluorescent dyes, proteins, antibodies and aptamers. Additionally, the control of the structure 
of the coatings at the nanoscale level allows the ability to tailor at the molecular level of the 
composition and structure of the sensitive coatings. These nanoscaled materials have a special 
attraction because there are new phenomena observed when the matter is downscaled to this 
level. This is the case of the outstanding luminescence properties observed in semiconduc-
tor chalcogenide nanoparticles (e.g., CdTe, CdS) due to the exciton quantum confinement 
that has been widely used for sensor application [5]. Among these nanostructured materials, 
metallic nanoparticles have also been widely used because they show a very special optical 
resonance phenomenon known as localized surface plasmon resonance (LSPR). When light 
is propagated through a medium that contains certain metallic nanoparticles, the electrical 
field oscillation induced by light affects to the free electrons in the nanoparticles. There is a 
resonance condition in which the energy present in the electromagnetic wave is coupled to 
the electrons in the nanoparticle inducing their collective oscillation. Consequently, metallic 
nanoparticle dispersions show vivid and intense colors in the visible region of the electromag-
netic spectrum. This resonance condition can be affected significantly by the composition of 
the metallic nanoparticles, by their shape and by the alteration of the effective refractive index 
of the medium surrounding the nanoparticle, typically in a radius of a few nanometers [6]. As 
a consequence, there has been a great research effort in the development of sensitive function-
alization of noble metal nanoparticles in order to get improved sensing devices. The inten-
sity and the wavelength position of LSPR attenuation bands may be affected by very small 
variations of the surrounding medium, and this can be used for the development of highly 
sensitive devices, talking even about single-molecule detection limits. LSPR has also been 
combined with complementary molecular identification techniques such as surface-enhanced 
Raman spectroscopy (SERS) [7].

Some authors have proposed different approaches using the LSPR of noble metallic nanopar-
ticles in the research of new optical fiber sensors. Such optical fiber sensors combine the LSPR 
technology with the classical advantages of optical fiber sensors, such as lightweight devices, 
electromagnetic immunity, biocompatibility and remote sensing. Thus, taking the advantages 
of the LSPR resonances, it is possible to create a new generation of optical fiber sensors.

In this chapter, we will present a thorough review of the state of the art of LPSR-based optical 
fiber sensors. Firstly, the most used synthesis techniques of metallic nanoparticles and their 
possible immobilization approaches into different thin films are presented. Afterward, it will 
be presented the main applications for sensing physical parameters (refractive index, humid-
ity, etc.), chemical parameters (pH, heavy metal ions, volatile and harmful compounds) and 
biological parameters (blood sugar, proteins, antigens and antibodies, etc.).

2. Introduction to the synthesis of metal nanoparticles

One of the most explored characteristics of the noble metal nanoparticles (essentially silver, 
gold or copper) is the localized surface plasmon resonance (LSPR), which is the frequency at 
which conduction electrons collectively oscillate in response to the alternating electric field 
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of an incident electromagnetic radiation. As a result, an intense absorption band in the vis-
ible region with a specific coloration of the resultant nanoparticles is obtained [8, 9]. A rel-
evant aspect in the synthesis of metal nanoparticles is that their optical properties present a 
great dependence with the resultant morphology. A good monitoring of the evolution of the 
LSPR wavelength position and the corresponding color formation makes possible to obtain 
nanoparticles with a desirable shape and size [10–12]. A fine control of several parameters 
(shape, size, surface functionalization or interparticle distance) is a challenging goal, and a 
large number of reports have been published with the aim to synthesize metal nanoparticles 
with a desired morphology, mainly for plasmonic or sensing applications [13–17].

Among all the synthetic methodologies, one of the most frequently used methods is based 
on the chemical reduction in metallic salts (mainly AgNO3 or HAuCl4⋅3H2O) by using a 
reducing agent, which is responsible for reducing the cationic metallic salts to produce 
the respective metal nanoparticles. In addition, an adequate protective agent is also used 
because it plays a dual role of preventing the agglomeration and maintaining the unaltered 
aggregation state of the metal nanoparticles. In this sense, Rivero et al. [18] presented a 
multicolor silver map with a long-term stability by means of a fine control of the molar 
ratio between both protective agent (polyacrylate, PAA) and reducing agent (dimethyl-
aminoborane, DMAB), enabling a wide range of colors (yellow, orange, red, violet, blue, 
green, brown) and tunable shape and size. Figure 2a shows a multicolor silver map, which is 
formed by 56 different combinations of protective agent concentration and reducing/loading 
agent ratio. Figure 2b depicts the evolution of the LSPR absorption bands as a function of 
variable DMAB molar concentration.

Figure 2. (a) Photograph of multicolor silver map obtained as function of variable protective (PAA) and reducing (DMAB) 
agents; (b) UV-vis spectra of silver solutions at a constant DMAB concentration. They are prepared with different DMAB 
molar concentrations at a constant PAA concentration of 25 mM (fifth line of the multicolor silver map of Figure 1a). 
Reprinted with permission from Ref. [18]. Copyright (2013) Springer.
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3. Immobilization techniques of metal nanoparticles

First of all, a good immobilization of the metallic nanoparticles onto the optical fiber is neces-
sary because this aspect is the most relevant key point for a further sensing application. The 
most used techniques for an adequate immobilization of the resultant metal nanoparticles 
are the layer-by-layer (LbL) assembly, sol-gel process or silanization process. All these pro-
cesses offer a wide range of advantages, such as high versatility, easiness of implementa-
tion and simplicity. In addition, these techniques can easily incorporate metal nanoparticles 
in the resultant structure. However, it is necessary to remark that it can be found in the 
bibliography other alternative methods such as chemisorption, photodeposition or in situ 
synthesis of metal nanoparticles onto optical fiber, which can be also used for LSPR-sensing 
technology.

3.1. The sol-gel process

The sol-gel process is a synthetic route for preparing inorganic or hybrid inorganic-organic 
materials with a high purity through chemical reactions (known as hydrolysis, condensa-
tion and polycondensation) from a specific metal alkoxide [19–22]. All the chemical reactions 
follow the same evolution from a sol, a colloidal suspension of solid particles in a liquid, to 
produce a gel, a substance that contains a continuous solid skeleton enclosing a continuous 
liquid phase. A remarkable aspect is that the sol-gel process is a simple wet synthetic route, 
which can be easily used for loading other chemical agents. In this sense, metallic ions (prec-
edent from metal inorganic salts) can be reduced in a later step to metal nanoparticles or 
well nanoparticles with a desired morphology can be perfectly introduced into the inorganic 
matrix during the polycondensation stage [23–25]. In addition, an important benefit is that 
sol-gel reactions do not employ extreme reaction conditions because the reactions take place 
at room or low temperature and require only moderate temperature to cure the gel.

Finally, once the sol-gel precursor is prepared and aged for a specific period of time, the 
substrate (i.e., optical fiber) is immersed into it using the dip-coating technique. After a fixed 
period of time, it is pulled out from the gel by using a determined extracting speed. Then, the 
substrate is dried during a fixed time and some additional processing steps can be included 
such as a heat treatment at controlled conditions of temperature and pressure. These steps can 
be repeated until the coating has acquired the desired thickness. In Figure 3, a summary of 
all the steps involved in the sol-gel technology (hydrolysis, condensation, polycondensation) 
(Figure 3a) and the critical parameters involved in the dip-coating technique (Figure 3b) are 
presented, respectively.

3.2. The layer-by-layer (LbL) assembly

Other deposition technique for immobilizing the metallic nanoparticles into thin films is the 
layer-by-layer (LbL) assembly, being one of the most used methods in the nanoscale level 
for its simplicity and versatility in comparison with other techniques [26]. In addition, other 
important advantage is the easiness for scaling-up with a precise control of the resultant 

Localized Surface Plasmon Resonance for Optical Fiber-Sensing Applications
http://dx.doi.org/10.5772/67544

403



thickness. The basis of this method is the electrostatic attraction between aqueous polyelec-
trolyte solutions of opposite charge, known as polycation (positive charge) and polyanion 
(negative charge), respectively. It is important to note that both polycations and polyanions 
overlap each other at the molecular level, and this produces a homogeneous optical material 
[27]. One of the main advantages of using polyelectrolytes is that their linear charge density 
can be varied over a wide range by simple adjustments of the pH or ionization degree of the 
dipping polyelectrolyte solutions [28, 29].

Other important advantage is that these polyelectrolytes can be used as protective agents of 
the metal nanoparticles. The encapsulating agent plays an important role for the synthesis 
of nanoparticles with a specific morphology because it limits the growth of the particles, 
directs their shape and provides colloidal stability [18]. Due to this, several works have been 
focused on the fabrication of thin films based on the incorporation of different shaped gold 
and silver nanoparticles using several types of polyelectrolytes [30–32]. A novel approach 
known as layer-by-layer embedding (LbL-E) deposition technique is based on a successive 
incorporation of metal nanoparticles with a well-defined morphology into LbL films, as it 
can be appreciated in Figure 4. More details about this deposition technique can be found 
in Refs. [31, 32].

Alternatively, other approach for incorporating metallic nanoparticles into LbL thin films is 
based on in situ chemical reduction from metal ions to metal nanoparticles. In order to per-
form this synthetic route, it is necessary to obtain a source of metal ions known as loading 

Figure 3. (a) Schematic representation of the different steps involved in the sol-gel process; (b) parameters to control in 
the dip-coating deposition technique.
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solution and a reducing solution, which is used for the chemical reduction of the metal ions. 
In this sense, once the metal ions have been successfully immobilized in the resultant LbL 
film, a further chemical reduction in the metal ions to zerovalent metal nanoparticles is per-
formed when LbL films are immersed in a specific reducing solution. This approach based on 
in situ chemical reduction of the metal ions to nanoparticles into a previously host matrices 
used as a template can be called in situ synthesis (ISS) process. According to this, several 
articles can be found in the references using different loading/reducing agents as well as weak 
or strong polyelectrolytes in the resultant LbL films, respectively [33, 34].

3.3. Alternative methods for the immobilization of the metal nanoparticles

Other alternative methods for the immobilization of the nanoparticles consist of a previous 
pretreatment of the unclad surface of the optical fiber and a further silanization process to 
immobilize the metallic nanoparticles. For this purpose, firstly, the substrate is immersed in 
a piranha solution (H2O2:H2SO4; 30%:70%) for a specific period of time between 30 min and 
1 h. This step is of great importance because the glass of the fiber is hydrolyzed, making 
possible the creation of additional SiOH sites in the outer surface of the fiber. However, this 
solution is extremely dangerous and must be manipulated with extreme precaution. Then, 
the optical fiber is rigorously rinsed in ultrapure water and placed in an oven at 100°C for 1 
h in order to stabilize the new SiOH sites onto the surface of the optical fiber, being the key 
point for a further chemical binding. According to this, the optical fiber is immersed in a spe-
cific ORMOSIL (organically modified silicate) solution, being the most used aminosilane as 

Figure 4. (a) Synthesis of silver nanoparticles with variable colors and their incorporation into polymeric thin films using 
LbL-E deposition technique; (b) TEM image of the AgNPs with a spherical shape (orange coloration), hexagonal shape 
(green coloration) and rod shape (violet coloration). Reprinted with permission from Refs. [32, 33]. Copyright (2013) 
Springer.
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well as  mercaptosilane solution. These ORMOSILS are used to create a self-assembled layer 
onto the optical fiber surface, which is used to attach the metal nanoparticles with a desired 
shape by specific functional groups such mercapto (–SH) or amine (–NH2) of the correspond-
ing ORMOSIL. Once the nanoparticles have been successfully incubated and immobilized 
onto the fiber surface, the optical fibers are washed with ultrapure water to remove unbound 
nanoparticles.

An example of the optical fiber structure after immobilizing a specific type of nanoparticles 
such as gold nanorods (GNRs) can be appreciated in Figure 5. It can be appreciated as a thin 
silver layer is coated onto the end surface of fiber with the aim to make a reflective optical 
fiber sensor probe. Then, the silanization process is performed for a further attachment of 
the GNRs onto optical fiber core. Finally, the UV-vis spectrum of the GNRs shows two well-
distinguished absorption bands related to the transversal plasmon resonance (530 nm) and 
longitudinal plasmon resonance (around 720 nm), respectively.

4. Applications of the LSPR-based optical fiber sensors

In this section, once metal nanoparticles with a desired morphology have been success-
fully immobilized onto the optical fiber surface, potential applications of the plasmonic 
properties inherent to the nanoparticles are studied, specifically for sensing applications 
in the industry or biosensing applications in the field of clinical diagnosis or medicine. For 
all these purposes, the implementation of LSPR-based optical fiber sensors has attracted 
greater attention for all these potential applications. In the first subsection, optical fiber 
sensors for the detection of physical parameters such as relative humidity and refractive 
index are presented. In a second subsection, the design of optical fiber sensors is presented 
for the detection of wide variety of chemical parameters (i.e., pH, hydrogen peroxide, 
gases or heavy metals). Finally, optical fiber biosensors are presented for the detection of 
biochemical parameters (i.e., glucose, antigens, IgG) in the third subsection by using the 
LSPR technology.

Figure 5. A schematic representation of the structure of LSPR-based optical fiber sensor after immobilization of GNRs 
using a silanization process.
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4.1. Detection of physical parameters

4.1.1. Optical fiber refractometers

Refractometers are extensively used in fields as diverse as chemistry, biochemistry, food 
preservation, beverage industry or medicine to measure the surrounding medium refractive 
index (SMRI). In addition, they can be also combined with sensing coatings whose refractive 
index depends on the specific parameter under study [35, 36]. It is important to remark that 
different optical geometries have been studied with the aim to increase the sensitivity of the 
devices. However, optical fiber-based refractive index sensors are highly preferred for several 
applications where in situ and real-time monitoring is a key point. Due to this, recent works 
have demonstrated that the combination of nanodeposition techniques with optical fiber sen-
sors is becoming a hot topic in the fabrication of thin-film-coated devices for measuring the 
refractive index.

As it was commented in Section 2, among all the deposition techniques at nanoscale level, 
one of the most used is the layer-by-layer assembly because it has the additional advantage 
of incorporating metal nanoparticles for plasmonic applications. In this sense, several articles 
related to both LbL assembly and metallic nanoparticles can be found in the references for 
measuring the refractive index [37–40]. According to this, Gouvêa et al. [37] have performed a 
dual growth kinetic study with the aim to evaluate the optimal deposition time as well as the 
optimal number of bilayers to fabricate a fiber optic reflection-based localized surface plas-
mon resonance sensor using LbL technique composed of PAMAM dendrimer/gold nanopar-
ticles. Other interesting studies for the fabrication of optical fiber refractometers based on the 
successive incorporation of gold nanoparticles into LbL coatings are presented in Refs. [38, 
39]. These works are based on the apparition of multiple absorption bands in the visible as 
a function of the thickness coating by using the LbL-E deposition technique, showing differ-
ent sensitivity when the devices are exposed to variations of the refractive index from 1.33 to 
1.42. In addition, as observed in Ref. [40], the utilization of both layer-by-layer polylectrolyte 
and metal nanoparticles within the polymeric composite films makes also possible to obtain 
a very high refractive index overlay with a significant sensitivity enhancement over ambi-
ent refractive index change, showing potential applications as biosensors. However, other 
alternative methods can be found in the references in order to immobilize the nanoparticles 
[41–52]. As an example, photodeposition technique has been used to immobilize AgNPs on 
the optical fiber end [41]. This LSPR-based optical fiber sensor has been exposed to different 
values of refractive index such as air (n = 1), deionized water (n = 1.33), ethanol (n = 1.36) and 
clove oil (n = 1.5). The experimental results indicate that there is change in the LSPR peak 
wavelength position when the refractive index is continuously increased (see Figure 6). In 
addition, a linear curve can be fitted according to the experimental data, showing a sensor 
sensitivity of 67.6 nm/RIU.

Other interesting work based on the incorporation of silver nanoparticles for the design of 
reflective LSPR-based optical fiber biosensors is presented in Ref. [42]. In this work, the syn-
thesized AgNPs showed mostly a spherical shape with the peak located near 405 nm and with 
a particle diameter around 30 nm (see Figure 7). In addition, two parameters such as length of 
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sensing area and coating time have been optimized with the aim to enhance the sensitivity of 
the LSPR optical sensor. The sensitivity of the sensor probe to reflective indices was 387 nm/
RIU, and the total peak wavelength shift was approximately of 30 nm for a RI ranges from 1.33 
to 1.40, as it can be observed in Figure 8.

Other characteristic example is presented in Ref. [43], where gold nanoparticles with a spe-
cific shape (nanoflower) have been successfully immobilized onto U-bent plastic optical fiber 
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Figure 7. (A) Schematic of the experimental setup used in this study; (B) an SEM image of AgNPs after being immobilized 
on optical fiber; (C) absorption spectra of AgNPs solutions; (D) histogram showing the corresponding particle size 
distribution of AgNPs. Reprinted with permission [42].
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between the amine groups on the fiber surface and negatively charged gold nanoparticles. 
The resulting LSPR peak wavelength position was located at 560 nm. An important consider-
ation is that the sensitivity was found to be maximal when the bend diameter of the probe var-
ies from 2 to 3 times the fiber diameter. The probes show sensitivity of 17.55 (ΔA560nm/ΔRIU) 
in the visible region to refractive index changes from 1.33 to 1.47. Other approach based on a 
novel U-bent fiber optic probe is presented in Ref. [44]. In this work, U-bent probes with radii 
0.5 and 0.75 mm have been coated with gold nanoparticles and tested with sucrose solution 
of variable RI with the aim to obtain information about the sensitivity and resolution. As a 
result, the best results were obtained for a bend radius of 0.75 mm with a sensitivity of 35 
(ΔA540nm/ΔRIU).

It is worth noting an interesting work of Cennamo et al. [45] using also a partially polished 
plastic optical fiber (POF). In this work, five-branched gold nanostars were synthesized with 
the peculiarity of showing three different localized surface plasmon resonances (known as 
LSPR1, LSPR2 and LSPR3). The strongest LSPRs (LSPR2 and LSPR3, respectively) fall in 
two well-separated spectral ranges. The first one (LSPR2) is located in the spectral range of 
600–900 nm, whereas the second one (LSPR3) is located in the spectral range of 1100–1600 
nm. However, due to the extremely strong attenuation of the employed POF in the infrared 
region, only the LSPR2 has been used for the RI measurements. The corresponding sensitivity 
is of 84 nm/RIU when the RI is ranging from 1.333 to 1.371, as it can be observed in Figure 9.

An interesting work is presented in Ref. [46], where a theoretical study is evaluated for the 
design of optical fiber sensors by using four different types of nanoparticles, such as ITO, Au, 
Ag and Cu. In this study, it has been assumed that all nanoparticles showed a spherical shape. 
The results have indicated that the sensitivity of LSPR-based fiber optic sensor increased with 
the increase in the thickness layer for all four materials. In addition, the simulation with ITO 
nanoparticles layer showed the better sensitivity in comparison with the other three materials.

A novel work for refractive index sensing is presented in Ref. [47]. In this work, a hetero-core 
structured fiber composed of a small section of single-mode fiber inserted in a multimode 
fiber is coated with gold nanoparticles using a simple, fast and low-cost method. The resultant 
sensor shows a sensitivity of 765 nm/RIU over a refractive index range of 1.333–1.365, and 
the points are fit to a linear plot with a square correlation coefficient value of 0.99, showing a 

Figure 8. (A) The reflective spectra of the AgNP-based sensors of sucrose solutions with different concentrations; (B) 
changes in the LSPR wavelength shift to the refractive indices; (C) changes in the LSPR reflectivity shift to the refractive 
indices. Reprinted with permission [42].
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resolution of 6.6 × 10−4. It has to be mentioned that the sensor shows a high sensitivity, but it is 
necessary to obtain a better control over several parameters such as nanoparticle size, homo-
geneous distribution or even the cluster formation.

Interesting works with surprising results can be found in Refs. [48–52] using gold nanopar-
ticles with different shapes. A study about the influence of the AuNPs size on the corre-
sponding LSPR sensor sensitivity is evaluated in Ref. [48]. The main conclusion is that an 
increase in the sensitivity for the devices is obtained when the particle size is gradually 
increased. In this study, four different gold sizes (13, 20, 40 and 60 nm) have been investi-
gated, and higher values in the resultant sensitivity have been observed (154 ± 14, 266 ± 27, 
418 ± 44 and 571 ± 68 nm/RIU, respectively). A similar approach is presented in Ref. [49], 
although, in this work, the LSPR-based optical fiber sensitivity is evaluated using four 
types of gold nanorods (GNR) with different aspect ratios. The UV-vis spectra of the GNR 
solution reveal that by increasing the aspect ratio, a redshift of the longitudinal plasmon 
wavelength is appreciated. A first conclusion is that the transverse plasmon resonance 
(shorter wavelength location) only shows an increase in absorbance without wavelength 
shift when the refractive index is increased. However, the longitudinal plasmon resonance 
(longer wavelength location) shows both an increase in absorbance and wavelength red-
shift for higher values of refractive index. And a second conclusion is that by increasing 

Figure 9. (a) UV-vis-NIR absorption spectrum of the five-branched gold nanostars with TEM image of the sample; (b) 
LSPR2 transmission spectra for different refractive indices of the aqueous solution medium. Reprinted with permission 
from Ref. [45].
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the aspect ratio (2.6, 3.1, 3.7 and 4.3) of the GNR, an increase in the resulting sensitivity 
of the LSPR sensors has been also obtained from 269, 401, 506 and 766 nm/RIU, respec-
tively. Similar results about the different sensitivities of both transverse and longitudinal 
plasmon resonances are found in Ref. [50], being the longitudinal plasmon resonance very 
sensitive to RI changes in comparison with transverse plasmon resonance. In this work, 
the aspect ratio of the GNRs synthesized is approximately 3.5 and there is a total wave-
length shift of 70 nm when the RI is varied from 1.333 to 1.423, showing a sensitivity of 
778 nm/RIU.

Other interesting work based on the immobilization of GNR with a specific aspect ratio of 3 
shows a sensitivity of 468 nm/RIU when the sensor is exposed to RI ranges from 1.33 to 1.3749 
[51]. In this work, a redshift of the longitudinal plasmon resonance from the lowest to the 
highest RI value is also observed, and when the RI value is decreased, it is reversed with the 
corresponding blueshift.

Finally, a novel LSPR-based optical fiber sensor with a considerable improvement in the sen-
sitivity for RI measurements is presented in Ref. [52]. In this work, the use of hollow gold 
nanoparticles has attracted the attention due to the stronger plasmonic effect in comparison 
with the use of solid gold nanoparticles. A main conclusion is that by increasing the resultant 
degree of hollowness of the gold structures, the sensitivity has been increased from 784 to 
1933 nm/RIU, respectively.

In order to have a better understanding of the different LSPR-based optical fiber sensors used 
as refractometer as well as the type and shape of the corresponding nanoparticles immobi-
lized in the optical fiber with their corresponding sensitivity, a summary is shown in Table 1.

Type of nanoparticles Refractive index range Sensitivity

Silver nanoparticles From 1 to 1.5 67.6 nm/RIU [41]

Silver nanoparticles (spherical shape) From 1.33 to 1.40 387 nm/RIU [42]

Gold nanoparticles (nanoflower 
shape)

From 1.33 to 1.47 17.55 (ΔA560nm/ΔRIU) [43]

Gold nanoparticles From 1.33 to 1.40 35 (ΔA540nm/ΔRIU) [44]

Gold nanoparticles (nanostar shape) From 1.333 to 1.371 84 nm/RIU [45]

Gold nanoparticles From 1.333 to 1.365 765 nm/RIU [47]

Gold nanoparticles From 1.333 to 1.424 571 nm/RIU [48]

Gold nanorods From 1.34 to 1.41 766 nm/RIU [49]

Gold nanorods From 1.333 to 1.423 778 nm/RIU [50]

Gold nanorods From 1.33 to 1.3749 468 nm/RIU [51]

Hollow gold nanoparticles From 1.333 to 1.407 1933 nm/RIU [52]

Table 1. Summary of the different types of nanoparticles used for the fabrication of LSPR-based optical fiber sensor with 
their corresponding sensitivities to refractive index changes.
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4.1.2. Optical fiber humidity sensors

Nowadays, the design of optimal relative humidity (RH)-sensing devices is a big concern 
among scientific sensor community. This kind of devices has a great interest in a wide range 
of different fields, such as food quality preservation, gas purification, medical facilities or 
air-conditioning regulation. Due to this high number of applications in general industry, the 
development of sensing devices for monitoring RH has been increasing in industrial process-
ing and environmental control [53].

As previously commented, one of the most used techniques at nanoscale level in order to 
obtain self-ordered nanostructures with a precise thickness control is the layer-by-layer 
assembly. One advantage of using this deposition process is the ability to place different 
kinds of nanoparticles throughout the multilayer polymeric films. The incorporation of silver 
nanoparticles inside LbL polymeric coating contributes to enhance the lifetime of the devices 
in high RH environments. In such RH conditions, the biocide behavior of AgNPs prevents the 
adverse bactericidal apparition, which could damage the sensitive coating [54–56].

In this sense, several articles have been very recently published based on the combination of 
AgNPs-loaded polymeric thin films with optical fiber devices to monitor relative humidity 
changes [57–59]. In initial studies of this research group, the changes in the RH ranging from 
20 to 70% have been detected by a shift of the corresponding LSPR wavelength position [57, 
58]. This aspect can be clearly observed in Figure 10 where an optical fiber sensor consist-
ing of a thickness of 15 bilayers of PAH/PAA-AgNPs using the LbL-E deposition technique 
has been fabricated (Figure 10b), being possible to appreciate only a LSPR absorption band 
(around 440 nm) which it is attributed to the natural optical resonance (LSPR) of the AgNPs 
with mostly a spherical shape. In addition, a change in the intensity of the LSPR absorption 
band is observed as RH is varied with a linear response (inset Figure 10b). However, when 
the thickness coating is increased up to 25 bilayers, new absorption bands known as lossy-
mode resonance (LMR) [60, 61] are appreciated in the visible region. Rivero et al. [59] were 
the first research group in reporting optical fiber sensors based on both localized surface plas-
mon resonance (LSPR) and lossy-mode resonance (LMR) for monitoring humidity changes. 
The experimental results indicate that the use of AgNPs makes possible the alteration of the 
refractive index of the polymeric overlay, allowing an improvement of the sensitivity to RH, 
and also improving the visibility of the LMR band with a smaller thickness in comparison 
with a polymeric overlay without metallic nanoparticles [62]. In addition, there is an impor-
tant difference in sensitivity related to both absorption peaks for humidity changes because 
LSPR band only shows a variation of 3 nm, while LMR band shows a considerable shift of 50 
nm when the device is tested between 20 and 70% RH (see Figure 10c). Due to this high differ-
ence in sensitivity of the LMR band, the response time of the device has been also evaluated 
by exposing to quick RH changes (Figure 10d).

A similar work for monitoring quick RH changes such as human breathing is also presented 
in Ref. [63]. However, this work shows two significant differences in comparison with Ref. 
[59]. Firstly, the fabrication process is different because it is based on in situ synthesis (ISS) 
process of AgNPs inside a polymeric coating instead of using the LbL-E deposition technique. 
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And secondly, the incorporation of AgNPs affects the refractive index of the overlay promot-
ing the observation of a resonant attenuation band (LMR) in the infrared region (NIR). These 
results reveal that the combination of nanotechnology and biomedical science makes enable 
their use in practical RH monitoring applications or even it can lead to monitor high humidity 
changes such as human breathing due to the fast response time in the maximum sensitivity 
region.

4.2. Detection of chemical parameters

4.2.1. Optical fiber pH sensors

The polymeric structure presented in the LbL assembly (PAH/PAA) is not only sensitive to 
RH changes. In addition, if the specific nanocoating is dipped into liquid solutions, its thick-
ness can be tuned by the external medium pH. This effect has been named “swelling/deswell-
ing phenomenon” [64, 65]. As a consequence of this variation, the effective refractive index 
of the structure will change, producing a shift of the attenuation bands. In this sense, opti-
cal fiber resonance-based pH sensors using gold nanoparticles into polymeric layer-by-layer 
coatings have reported [66, 67]. These works are based on the design and fabrication of dual 
LSPR-LMR optical fiber pH sensors, using the LSPR band as a reference signal, and the LMR 
band is used as a sensing signal due to the great difference in their sensitivities to pH of 

Figure 10. (a) Experimental setup used to obtain and characterize the absorption bands in the visible region; (b) UV-vis 
spectra when LbL-E of the silver nanoparticles is performed. The main absorption band is the LSPR corresponding to 
the AgNPs incorporated into the thin film. The curves plotted are 1, 3, 6, 9, 12 and 15 bilayers. (b) Spectral response of the 
device to RH ranges from 20 to 70% RH at a constant temperature of 25°C; (c) dynamic response of a 25 bilayers PAH/
PAA-AgNPs device. The wavelength shift of both LSPR and LMR is monitored simultaneously to RH cycles from 20 to 
70% RH at 25°C. (d) Response time of the device to several consecutive human breathing cycles (rise and fall). Reprinted 
with permission from Ref. [59] Elsevier (2012).
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the surrounding medium. In addition, although previous works have been demonstrated the 
possibility of combining both phenomena in the same device by using AgNPs [59], the use of 
metallic gold nanoparticles (AuNPs) presents several additional advantages such as a great 
biocompatibility, nonreactivity, chemical stability and easiness to a further functionalization. 
In Figure 11, it can be clearly observed that the AuNPs have been successfully incorporated 
into the coatings by using LbL-E deposition technique because when the number of bilayers is 
increased, the resultant color of the films is changed from transparent to purple (inset Figure 
11a). Once the nanocoating based on AuNPs is performed onto the optical fiber core by using 
LbL-E deposition technique, and the two optical phenomena (LSPR and LMR, respectively) 
are appreciated to a desired thickness coating, the spectral response of the device is measured 
at different pH values ranging from 4.0 to 6.0 (see Figure 11b) where it can be clearly observed 
the great difference in sensitivity of both absorption bands to these pH changes.

Other interesting approach based on the swelling/deswelling phenomenon related to a poly-
meric matrix is presented by Muri and Hjelme [68] for pH-sensing applications. In this work, 
a pH optical fiber sensor is fabricated based on LSPR sensing in a poly(acrylamide-co-acrylic 
acid) hydrogel embedding gold nanoparticles (GNP). As an interesting result, the LSPR 
absorption band is mainly shifted by two different processes. The first one is associated with 
an increase in the gold nanoparticles density in hydrogel when the pH solution is decreased, 
and as a result, the neighboring distances between GNP are decreased that can induce elec-
tromagnetic interactions between the localized modes, giving a LSPR redshift. The second 
one is associated with the density of the polymer matrix of the resultant hydrogel that is also 
increased when the pH solution is gradually decreased. In this case, a change in the refractive 
index around the AuNPs makes possible a shift of the LSPR absorption band.

4.2.2. Optical fiber sensors for detection of heavy metals

The detection and quantification of heavy metals is a hot topic in a large number of industrial, 
environmental and medical applications. In addition, it has been demonstrated that elevated 

Figure 11. (a) UV-vis spectra of the nanostructured coating obtained by layer-by-layer embedding (LbL-E) deposition 
technique for different number of bilayers and a photograph of the resultant nanocoatings; (b) maximum wavelength 
variation of both LSPR and LMR absorption bands. The wavelength shift is monitored simultaneously at different pH 
values such as pH 4.0, pH 4.5, pH 5.0, pH 5.5 and pH 6.0, respectively. Reprinted with permission from Ref. [66]. 
Copyright (2016) Springer.
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levels of heavy metals (lead, cadmium, mercury) in the human body can cause neurological 
disorders, such as birth defects, mental retardation or even death. Due to this, a great and 
precise control over these heavy metals is necessary for human safety o for environmental 
concern. For all these reasons, the development of optical fiber sensors for the detection of 
heavy metals can be a great alternative due to the possibility of real-time monitoring with a 
high degree of precision and a fast response.

An interesting study based on a fiber optic sensor for the detection of atmospheric elemental 
mercury can be found in Ref. [69] by using gold nanorods. In this work, the mercury readily 
is adsorbed on the gold nanorods and as a result, a shift related to the longitudinal plasmon 
resonance is appreciated. In addition, the experimental results indicate that a linear shift is 
obtained, which is directly proportional to the mercury concentration. The resultant optical 
fiber sensor can directly measure concentrations down to 1.0 μg/m3.

Other promising works can be also found in the references for the detection of other different 
heavy metals by using LSPR-based fiber optical technology. As a characteristic example, Lin 
and Chung [70] have proposed a novel fiber optic biosensor to determine the heavy metal 
cadmium ion concentration. For this purpose, firstly, the preparation of gold nanoparticles 
and a further immobilization onto optical fiber is performed. And secondly, specific chelat-
ing agents known as phytochelatines (PCs) are immobilized onto gold nanoparticle-modified 
optical fiber. These agents play an important role because they are capable of chelating cad-
mium ions by thiolate coordination for a further sensing application. The experimental data 
indicate that the optical fiber sensor shows a maximal 9% change of absorbability for detecting 
1–8 ppb of cadmium ions concentration. The resultant sensitivity is of 1.24 ppb with a limit of 
detection (LOD) of 0.16 ppb. In addition, an important consideration is that after successive 
cycles of deactivation and reactivation up to nine, the biosensor presents a good recovery rate 
with 85% original activity. In addition, one of the main characteristics of the sensor is that 
it can be recalibrated after storage in d-(+)-trehalose dehydrate solution. This same solution 
has been also used to recalibrate a biosensor for detecting lead ions [71]. However, the main 
 difference with the previous work [70] is that a monoclonal antibody has been immobilized 
onto gold nanoparticle-modified optical fiber. A schematic representation of the functional-
ization of the optical fiber with the monoclonal antibody is presented in Figure 12.

As seen in this scheme, firstly, gold nanoparticles are immobilized onto optical fiber by using 
a silanization process with 3-(mercaptopropyl)-trimethoxysilane (MPTMS) in toluene. Then, 
by using a self-assembling technique, a bioactive layer composed of monoclonal antibody is 
immobilized by covalent coupling onto gold nanoparticle surface. For this purpose, a self-
assembled layer of cystamine is initially performed to form amine functional groups onto 
gold nanoparticle surface. Then, the amine groups of cystamine can couple with the acti-
vated succimide esters (obtained from reaction between antibody and EDC/NHS), and as a 
result, the resultant antibodies are perfectly immobilized onto optical fiber surface. In addi-
tion, prior to detection process, the lead ions are treated with excess of chelators (i.e., EDTA) 
to form Pb-chelate complexes, Pb(II)-EDTA. Then, the monoclonal antibody can exclusively 
bind with this complex, causing a change in light attenuation. The experimental results indi-
cate that the sensor shows a maximal 12% change of absorbability for detecting 10–100 ppb of 
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Pb(II)-EDTA complex concentration with a limit of detection (LOD) of 0.27 ppb. In addition, 
a very promising result is that the monoclonal antibody has a higher affinity to Pb(II)-EDTA 
in comparison with other chelate complexes such as Cu(II)-EDTA, Ni(II)-EDTA or Mg(II)-
EDTA. The absorbability of these three chelate complexes is smaller (only 3% change) in 
comparison with Pb(II)-EDTA complex (12.2%). These experimental results can be appreci-
ated in Figure 13.

4.2.3. Optical fiber sensors for detection of other chemical compounds

In this subsection, the use of LSPR-based optical fiber sensors is analyzed for the detection 
of different types of analytes of interest in fields as diverse as medicine, engineering, storage 
and food/drink industry. One of these analytes that is causing a great interest in the medi-
cal and clinical science is the hydrogen peroxide because it is a well-known reactive oxy-
gen species (ROS) [72–74]. An excessive accumulation of this analyte in the body can trigger 

Figure 13. (a) An example of serial Pb(II)-EDTA complex response signal in the range of 10–100 ppb by two sensors with 
and without monoclonal antibody coating; (b) comparison of the responses between different metal-chelate complexes 
through the monoclonal antibody-functionalized LSPR sensor. Reprinted with permission from Ref. [71].

Figure 12. The chemical reactions scheme carried out for covalent binding of monoclonal antibody to the fiber-based 
LSPR sensor. Reprinted with permission from Ref. [71].
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of different types of analytes of interest in fields as diverse as medicine, engineering, storage 
and food/drink industry. One of these analytes that is causing a great interest in the medi-
cal and clinical science is the hydrogen peroxide because it is a well-known reactive oxy-
gen species (ROS) [72–74]. An excessive accumulation of this analyte in the body can trigger 

Figure 13. (a) An example of serial Pb(II)-EDTA complex response signal in the range of 10–100 ppb by two sensors with 
and without monoclonal antibody coating; (b) comparison of the responses between different metal-chelate complexes 
through the monoclonal antibody-functionalized LSPR sensor. Reprinted with permission from Ref. [71].

Figure 12. The chemical reactions scheme carried out for covalent binding of monoclonal antibody to the fiber-based 
LSPR sensor. Reprinted with permission from Ref. [71].
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some  diseases because the hydrogen peroxide is responsible for causing tissue damage and 
DNA fragmentation. There is a wide variety of techniques for its detection (spectrometry, 
fluorescence), although the use LSPR optical fiber sensors has the additional advantages of 
cost-effective, fast response and high sensitivity. An interesting approach is presented in Ref. 
[75] where a fiber optic sensor using the combined phenomena of both surface plasmon reso-
nance (SPR) and localized surface plasmon resonance (LSPR) is fabricated for the detection of 
hydrogen peroxide. In this work, firstly, a silver layer is deposited onto an optical fiber core, 
and secondly, silver nanoparticles, which are embedded in a polymeric matrix of polyvinyl 
alcohol (PVA), are deposited over the silver-coated core of the optical fiber. The experimental 
results indicate that there is a redshift in the resonance wavelength when the hydrogen perox-
ide concentration is increased from 10−8 to 10−1 M. The resultant shift due to this combination 
(SPR + LSPR) is 29.401 nm, being this value higher in comparison with only SPR configuration 
(8.503 nm). Other approach based on this combined phenomena of SPR and LSPR can also be 
found in the references for the detection ascorbic acid [76].

Other interesting works based on the immobilization of metallic nanoparticles in a specific 
inorganic matrix are presented by using the sol-gel technology for sensing applications. As 
an example, sol-gel synthesis of palladium-doped silica nanocomposite (30 nm in diameter) 
has been successfully synthesized and incorporated onto fiber for hydrogen gas sensing [77]. 
The results indicate that the sensor shows response to the hydrogen gas (1% H2 mixed with 
N2 gas) and this response is reversible. Other approach based on the sol-gel technology for 
the detection of a harmful and corrosive analyte such as hydrofluoric acid (HF) is presented 
in Ref. [78]. For this purpose, a novel SiO2 sol-gel-coating LSPR reflective sensor has been fab-
ricated using gold nanoparticle-modified optical fibers. The results indicate that the sensors 
can detect HF solutions in the range from 1 to 5%. However, higher concentrations of HF are 
not possible to detect due to a quick erosion of the sensing area.

An interesting work for gasoline detection is presented in Ref. [79]. Gasoline is a fuel with 
a high volatile nature and a high degree of inflammability, which is necessary an adequate 
control over its storage. In this work, a comparative study about the difference in sensitivity of 
two different LSPR-based optical fiber sensors is presented for the detection of gasoline vapor 
concentration. The main difference in both sensors is that the first one is composed of only sil-
ver nanoparticles, whereas the second one is composed of only gold nanoparticles and both of 
them have been deposited on the decladed U-bent portion of a multimode fiber. The interaction 
between the sensing area and gasoline vapors at different concentrations has been monitored 
in a closed chamber. Finally, the experimental data indicate that the LSPR-based optical fiber 
based on AgNPs shows a better sensitivity than LSPR-based optical fiber based on AuNPs.

Finally, a novel work about the detection of sucrose content in fruit juices packaging industry 
is presented in Ref. [80] using a silicon nitride-coated LSPR-based fiber optic probe. This sili-
con nitride coating plays an important role because it is used to provide a protective layer on 
the device with the corresponding improvement in long-term stability for continuous opera-
tions. The results have demonstrated that there is 1.24 times RI sensitivity enhancement in 
case of metal nanoparticles (AuNPs) covered with silicon nitride film in comparison with only 
AuNPs-coated fiber optic probe.
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4.3. Detection of biological parameters

In this section, optical fiber LSPR biosensors to perform qualitative and quantitative in real-
time biomolecular sensing are presented. Several works are focused on the development of 
label-free biosensors because it is possible to monitor, with a high sensitivity and precision, 
the interaction between antibodies and their antigens in a wide number of sensing appli-
cations. As characteristic examples, biosensors for dengue diagnosis or for the detection of 
blood glucose are commented. In addition, the detection of the biotin-streptavidin bioconju-
gate pair or the IgG-anti-IgG bioreceptor-analyte pair is also analyzed for promising methods 
in applications as portable immunosensors.

One of the most known tropical diseases is the dengue, which can cause severe human health 
problems, and due to this, an early detection with an adequate therapy is one of the key fac-
tors for the human survival. For this purpose, the design and development of fiber optic sen-
sors with AuNPs for dengue immunoassay can be found in Refs. [81, 82]. Different steps have 
been performed in order to immobilize a specific antibody (dengue anti-NS1) onto AuNPs 
deposited on the end surface of fiber [82]. Once a good immobilization of the sensing element 
onto AuNPs is obtained, a specular reflection LSPR optical fiber is performed for the detec-
tion of dengue NS1 antigen. The results indicate that the sensor is able to detect dengue NS1 
antigen at different concentrations with a limit of detection of 1.54 nM.

Other approaches based on the same sensing mechanism by immobilization of metallic gold 
nanoparticles at the distal end of a multimode fiber can be found in Refs. [83–85]. As a char-
acteristic example, the surface of gold nanorods has been functionalized with human IgG in 
order to create a biosensor to detect anti-human IgG [83]. The longitudinal peak has been 
used as sensing signal because a dependent shift was observed as a function of anti-human 
IgG concentration, being the limit of detection 3 nM. An improvement of the limit of detec-
tion for this same anti-human IgG is presented in Ref. [84]. In this work, a comparative study 
about the immobilization of two different types of gold nanoparticles such as nanospheres 
and nanorods onto an unclad surface of an optical fiber sensor and a further implementation 
as biosensors is evaluated. The results indicate that both biosensors present the same detec-
tion limit of 1.6 nM for the detection of anti-human IgG.

An interesting work for the detection of the biotin-streptavidin bioconjugate pair is presented 
in Ref. [85] using a reflective LSPR optical fiber. In this work, the layer-by-layer assembly (also 
known as ionic self-assembled multilayers, ISAM) has been used for obtaining a nanomet-
ric thickness composite, which is composed of gold nanoparticles and polyelectrolytes (see 
Figure 14). Finally, the experimental results have shown a wavelength shift as a function of the 
streptavidin concentration (see Figure 15), being the corresponding sensitivity of 800 pg/mm2.

Other work based on the immobilization of silver nanoparticles instead of gold nanoparticles 
for the design of a reflective LSPR optical fiber biosensor is presented in Ref. [42]. An interest-
ing result is that the resulting sensor shows a very high stability because a small fluctuation in 
resonance wavelength has been detected in a period of time of 18 days when the sensor was 
immersed in two different solutions such as ethanol and water (Figure 16a). In addition, the 
interaction between human IgG and rabbit anti-human IgG has been used as an analytical 
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model in order to evaluate the antigen-antibody interaction. The results indicate that a gradual 
shift of LSPR peak has been observed with an increase in the functionalized time (Figure 16c).

Other novel works based on the immobilization of bioreceptors during analyte binding onto 
the surface of gold nanoparticles can be also found in Refs. [44, 86–88]. These works are based 
on the absorbance or wavelength changes related to the gold nanoparticles using IgG-anti-IgG 

Figure 14. (a) photograph of gold metallic color in the portion of the fiber coated by ISAM; (b) cross section of the optical 
fiber in order to appreciate the nanometric thickness of the coating. Reprinted with permission from Ref. [85].

Figure 15. (a) Normalized reflection spectra measured in air as a function of the concentration of streptavidin solution 
using the same fiber optic probe; (b) wavelength shift as a function of concentration of streptavidin. Reprinted with 
permission from Ref. [85].

Figure 16. (a) LSPR wavelength monitoring of the AgNP-based sensor subjected in solutions with different refractive 
indices for a period of 18 days; (b) shifts of the LSPR spectra after different stages of surface modification relative to 
unmodified AgNP sensor probe; (c) LSPR peak wavelength changes during the process of anti-human IgG immobilization 
over a period of 35 min. Reprinted with permission from Ref. [42].
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(bioreceptor-analyte pair) onto different optical fiber configurations. An approach is based on 
the design of novel U-bent optical fibers, which are able to detect a concentration of analyte of 
0.8 nM (anti IgG) [44]. Other interesting work is presented in Ref. [86] where the optical fiber 
has been also bent in the form of a U-shaped probe for the detection of blood glucose. In addi-
tion, an interesting aspect is that the sensitivity of proposed biosensor has been evaluated as 
a function of the bending radius of the optical fiber.

Using this same configuration of U-bend fiber optic is presented in Ref. [87], although the 
resultant immobilization of the gold nanoparticles and IgG is performed in a multilayer struc-
ture using the layer-by-layer assembly. In this work, an exhaustive study about the plasmon 
penetration depth as a function of the resulting size of the AuNPs (18, 36 and 45 nm, respec-
tively) is presented for the design of LSPR-based fiber optic biosensors. Other interesting 
work can be found in Ref. [88] where a tapered optical fiber sensor has been fabricated for 
monitoring anti-DNP antibody with a LOD of 4.8 pM.

Other optical fiber biosensor based on the layer-by-layer technique is also found in Ref. [89]. In 
this work, a gold nanoparticle-assembled film is used as a sensing layer, which has been built 
onto a trilayer polyelectrolyte structure-modified sidewall of an unclad optical fiber. The three 
consecutive polyelectrolytes used to form the trilayer structure are, firstly, a strong cationic 
polyelectrolyte (PDDA), secondly, a strong anionic polyelectrolyte (PSS) and, thirdly, a weak 
polyelectrolyte (PAH). After that, citrate-stabilized AuNPs have used to immobilize onto the 
outmost PAH layer. This multilayer structure is clearly appreciated in Figure 17. An important 
consideration of this sensing layer method is that a very time-saving compared is obtained in 
comparison with the assembly of AuNPs through silane-coupling process (silanization).

Once the gold nanoparticles have been successfully immobilized onto optical fiber surface, the 
LSPR optical fiber is modified by rabbit IgG in order to detect goat anti-rabbit IgG. In Figure 18, 
the dynamic process of goat anti-rabbit IgG adsorption is appreciated. In addition, first of all, it 
is necessary to remark that both rabbit IgG and goat anti-rabbit IgG cause a remarkable increase 
in the peak intensity. In addition, the experimental results also indicate that there is a gradual 
increase in the peak intensity when the goat anti-rabbit IgG concentration is increased. The 
 lowest concentration that it can be detected for this biosensor is 11.1 ng/mL. Finally, this biosen-
sor fabricated for this method shows potential application as a portable immunosensor.

Figure 17. The experimental setup of the optical fiber LSPR sensor. Reprinted with permission from Ref. [89].
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In a novel work [90], the detection limits of protein optical fiber biosensors coated with gold 
nanoparticles have been considerably improved. In this sense, a comparative study has been 
performed between a reference sensor without AuNPs and sensors composed of gold nano-
cages (AuNC) and nanospheres (AuNS), respectively. All the nanoparticles have been immo-
bilized onto the fiber and the resulting sensor operated in a reflection mode. In this work, 
the sensor composed of AuNC showed a lower LOD and sensitivity than the sensor com-
posed of AuNS. In addition, the LOD related to sensors composed of gold nanoparticles was 
three orders of magnitude greater than the reference sensor, showing the enhancement of the 
device due to the use of metal nanoparticles.

Finally, other promising biosensor of great and relevant interest is presented in Ref. [91]. In 
this work, a localized surface plasmon resonance (LSPR)-coupled fiber optic (FO) nanoprobe 
based on a gold nanodisk array at the fiber end facet is reported. This biosensor is capable 
of detecting a cancer protein biomarker, known as free prostate-specific antigen (f-PSA). The 
experimental data have demonstrated that the lowest limit of detection (LOD) was at 100 fg/
mL (around 3 fM), showing an excellent specificity and selectivity in the resulting detection.

5. Conclusions

In this chapter, a review of the current state of the art of the LSPR-based optical fiber sensors 
is presented. LSPR has demonstrated to be a powerful tool for the development of high sensi-
tivity optical sensors, and its combination with optical fibers has provided advanced sensors 
in many applications.

Figure 18. The LSPR biosensing of different concentrations of goat anti-rabbit IgG (0.11–100 μg/mL). Reprinted with 
permission from Ref. [89].
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A large amount of research works reported the study about the synthesis and optical-sens-
ing properties of immobilized metallic nanoparticles (typically gold or silver) as well as the 
influence of their composition, size, shape (spherical, nanorods, nanostars, nanoflowers, 
nanocages, etc.) or even solid or hollow core structure. Some authors have developed sen-
sors based on thin-film-embedded metallic nanoparticles by means of layer-by-layer (LbL) 
and sol-gel techniques, whereas other authors have reported direct covalent binding of the 
nanoparticles to the optical fibers, using mostly silane-coupling processes.

Moreover, different optical configurations of the optical fiber sensors have been observed 
such as U-bent, transmission, reflection and optical fiber gratings. In each configuration, the 
metal nanoparticles have been immobilized over the optical fiber-sensitive region to detect 
the desired physical, chemical or biological parameters.

In summary, optical fibers provide a very powerful platform for optical sensing making pos-
sible the development of easy and robust optical measurements, remote sensing and light-
weight devices. The use of LSPR in such optical fiber sensors enables to get fast and reliable 
measurements and very high-sensitivity devices with outstanding limit of detection (LOD) in 
the concentration range from nM to fM.
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Abstract

Nanoconstruction of metals is a significant challenge for the future manufacturing of plas-
monic devices. Such a technology requires the development of ultra‐fast, high‐throughput 
and low cost fabrication schemes. Laser processing can be considered as such and can 
potentially represent an unrivalled tool towards the anticipated arrival of modules based 
in metallic nanostructures, with an extra advantage: the ease of scalability. Specifically, 
laser nanostructuring of either thin metal films or ceramic/metal multilayers and compos-
ites can result on surface or subsurface plasmonic patterns, respectively, with many poten-
tial applications. In this chapter, the photo‐thermal processes involved in surface and 
subsurface nanostructuring are discussed and processes to develop functional plasmonic 
nanostructures with pre‐determined morphology are demonstrated. For the subsurface 
plasmonic conformations, the temperature gradients that are developed spatially across 
the metal/dielectric structure during the laser processing can be utilized. For the surface 
plasmonic nanoassembling, the ability to tune the laser's wavelength to either match the 
absorption spectral profile of the metal or to be resonant with the plasma oscillation fre-
quency can be utilised, i.e. different optical absorption mechanisms that are size‐selective 
can be probed. Both processes can serve as a platform for stimulating further progress 
towards the engineering of large‐scale plasmonic devices.
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1. Introduction

Plasmonic nanoparticles have become an increasingly common research area as well as becom-
ing a key component in many important applications, such as solar energy harvesting [1–6], 
chemical sensing via surface‐enhanced spectroscopies [7, 8–14], cancer treatment [15, 16] and 
optical encoding of information [17–20] to name a few. The main reason behind their adapt-
ability, to these and other prominent applications, is their unique optical properties that allow 
for the manipulation of light below the diffraction limit. Among metals, Au and Ag are consid-
ered more suitable for plasmonic nanoparticles (PNPs) due to their stability when formed into 
nanoparticles and their strong LSPR absorption bands in the visible region of the spectrum 
[21, 22]. Under irradiation, the free electrons in a PNP are driven by the alternating electric 
field and collectively oscillate at a resonant frequency in a phenomenon known as localized 
surface plasmon resonance (LSPR) [23–27]. The LSPR phenomenon induced in PNPs depends 
strongly on their composition, size, shape, geometrical distribution and on the refractive index 
of the employed dielectric environment [28–30]. To this end, efforts are undertaken in order to 
control these structural parameters depending on the growth conditions [22, 31–34].

A critical parameter in delivering practical plasmonic devices is the material preparation 
methods, which should allow the production of nanostructures with tunable plasmonic 
properties. So far, nanomaterials and nanodevice manufacturing have traditionally followed 
two distinct routes: (a) the top‐down approach, where a process starts from a uniform mate-
rial and subsequently finer and finer tools are employed to create smaller structures, like 
lithographic processes [35–37] and/or ion beam nanofabrication [38] and (b) the bottom‐up 
approach, where smaller components of atomic or molecular dimensions self‐assemble 
together, according to a natural physical principle or an externally applied driving force, to 
give rise to larger and more organized systems, like atomic layer deposition [39], cold weld-
ing [40], flash thermal annealing [41, 42], pattern transfer [43] and template stripping [44–46]. 
Practically, the top‐down approach offers unequalled control and reproducibility down to a 
few nanometres in feature size but at high cost for large area manufacturing, while the bot-
tom‐up route applies for macroscopic scale nanopatterning albeit without the fine feature and 
reproducibility control.

The use of laser radiation can be viewed as an intermediate route for nanotechnology manu-
facturing. Light‐matter interactions offer precise energy delivery and control over the physi-
cochemical processes in the nanoworld. Amongst the methodologies followed for creating 
nanoparticle arrangements and/or nanocomposite thin films, laser annealing (LA) has been 
proven to be simple and versatile, providing freedom of design, fast processing, compatibility 
with large‐scale manufacturing and allowing for the use of inexpensive flexible substrates 
[17, 19, 47], due to the ultra‐fast and macroscopically cold process. For example, LA of a thin 
metal film results into nanoparticle arrangements on top of a substrate [11, 13, 14, 47–54], 
while embedded nanoparticles in a dielectric matrix can be fabricated in large scale through 
the LA of a stack of alternating ultrathin layers of a metal and a dielectric [17, 18].

One of the key design issues in LA is the spatial distribution of the energy delivery (from the 
laser pulse) and the precise temporal temperature profile emerged in the structure (caused by 
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this energy). Understanding the dependence of the temperature profile on the nanoparticle/
substrate geometries can provide valuable insights in order to be able to design the appropri-
ate LA process and get custom‐made plasmonic devices. In the systems of interest, several 
effects such as material absorption, plasmon resonances and interference contribute to how 
the absorption is distributed, while the material thermal properties and the laser pulse profile 
determine the temperature transients developed. Here, the investigations required to extract 
the underline physical understanding of all these photothermal processes, involved in surface 
and sub‐surface laser nanostructuring, are summarised.

2. UV laser annealing experimental set‐up

A typical laser processing apparatus, such as the one used for the experimental part of the 
work that will be presented later, is shown in Figure 1. It comprises three main components: 
(i) the two laser sources, (ii) the laser beam delivery system and (iii) the sample manipula-
tion stage.

(i) The two laser sources are an excimer laser (LAMBDA PHYSIK LPX 305i) which is capable 
of providing unpolarized light pulses of 25 ns in duration and up to 1200 mJ/pulse at 248nm 
(KrF) and an excimer laser (LAMBDA PHYSIK LPX 205i) capable of providing unpolarized 

Figure 1. (a) Digital photo of the laser annealing system at Nottingham Trent University, (b) schematic representation of 
the beam delivery path and (c) snapshots of the laser spot at different positions of the beam path.
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light pulses of 20 ns up to 700 mJ/pulse at 193 nm (ArF). The raw beam, in both cases, is 
approximately 30 × 15 mm2 with a Gaussian‐like profile on the long axis and an almost top‐hat 
profile on the short axis.

(ii) The beam delivery system is composed of a variable attenuator, a beam homogeniser and 
a mask‐projection system. The variable attenuator employs a partially reflective first plate 
(angled at various positions) reflecting part of the laser beam and a second plate that com-
pensates for the parallel displacement of the beam caused by the first plate. The attenuator 
has a variable throughput from 10% up to 90% of the original beam. The beam homogenizer 
(Exitech Ltd., type EX‐HS‐700D) employs two lens arrays and a condenser lens. The con-
denser lens provides a laser spot of pre‐determined size (13 × 13 mm2) at a certain distance 
with top‐hat profiles on both axes (better than 2% uniformity). This homogenized beam coin-
cides with a mask which is projected onto the sample via a combination of a field and projec-
tion lenses.

(iii) Finally, an X‐Y‐Z stage is in place in order to manipulate the sample and laser process dif-
ferent areas on it. The translational stage is operated via a controller with specialised software 
also being capable of externally triggering the laser. Thus, the whole operation is becoming 
fully automated. An appropriate mask and a ×5 objective lens set the laser spot delivered onto 
the samples to be a 2.5 × 2.5 mm2 square spot.

The system has been designed in a way to be versatile and flexible, allowing for an extended 
degree of freedom of operation, thus providing the user with a wide spectrum of experimen-
tal parameters to vary from. These parameters are shown in Figure 2.

1. Fluence (mJ/cm2): The fluence of the laser, i.e. the energy density delivered to the sample, 
is adjusted by the variable attenuator. The maximum fluence may also vary depending on 
the size of the mask and the objective lens used to project the laser spot onto the sample's 
surface and of course from the excimer laser source: KrF laser is capable of providing a 
raw beam of 1200 mJ/pulse, whereas the ArF is capable of providing a raw beam of 700 
mJ/pulse. Regarding the spot size, this is defined by the appropriate masks, on the mask 
station and the combination of field and projection lenses.

Figure 2. The nine experimental parameters of laser annealing system.
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2. Wavelength (nm): The KrF laser emits light at 248 nm, while the ArF emits light deeper 
in the UV spectral range; at 193 nm. At this deep UV wavelength, most of the energy is 
absorbed by O2 molecules in the air, which are then turned into ozone. To avoid the en-
ergy losses and thus the minimisation of the energy throughout the process in addition to 
avoiding health hazards due to the toxicity of ozone, the beam delivery path of the ArF 
laser is enclosed in sealed tubes, to allow for N2 flow during the laser process.

3. Pulse duration (ns): Both excimer lasers are ultra‐short pulsed UV lasers. The KrF has a 
pulse width of 25 ns, while the ArF has a pulse width of 20 ns.

4. Number of pulses: The applied number of pulses to the sample.

5. Repetition rate (Hz): The repetition rate is externally controlled and may vary from 1 to 50 
Hz for both laser sources.

6. Polarization: While an excimer laser is usually producing completely randomly polarized 
light an optical filter that passes light of a specific polarization (polariser) may be used 
to block waves of other polarizations and convert a beam of light of undefined or mixed 
polarization into a beam with well‐defined polarization state.

7. Environment temperature: The home‐built system has the capability to have the sam-
ple sitting at −196°C (liquid nitrogen) or heated at elevated temperatures during the LA 
process.

8. Environment composition: The pressure cell, where the sample sits (shown in Figure 1), 
is supplied by a series of gases through appropriate pipelines connected to the cell. These 
gases are Ar, Ar:H2, Ar:H2S, N2, and O2. Depending on the application, the LA experiment 
may need to be conducted in an inert atmosphere (e.g., avoiding any oxidation occurring 
during the LA in air) or in a reacting atmosphere, where doping of the processed sample 
is seen necessary.

9. Pressure: In certain cases, low vacuum or high pressure application during LA (of any gas-
eous environment) is considered advantageous to avoid detrimental effects of ablation [17].

3. Sub‐surface nanostructuring

3.1. Pulsed laser deposited nanocomposite AlN:Ag films

A robust nanoconstruction consisting of a narrow size distribution of PNPs embedded into a 
ceramic dielectric matrix emerges as the ideal configuration for applications such as authen-
tication patterns and optical recording media specified for extreme conditions. To this end, 
AlN is an excellent candidate as a host matrix for PNPs due to its optical transparency, 
chemical inactivity, refractory character and high hardness. Ag is a characteristic example 
of noble metal that exhibits the strongest LSPR when formed into nanoparticles. However, 
silver's high diffusivity on one hand and the high melting point of AlN on the other hand 
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makes the fabrication of AlN:Ag(PNPs) nanocomposites an unfeasible task: Ag is either out-
diffused to the surface (upon thermal treatment) or is atomically dissolved into AlN dur-
ing growth [55]. Such obstacles prevented the extended use of AlN in plasmonics. Herein, 
strategies for the successful growth of AlN:Ag(PNPs) films by LA‐based micropatterning 
are discussed.

3.1.1. Growth and processing of materials

AlN:Ag nanocomposite films (70–100 nm thick) were grown on n‐type c‐Si(100) wafers via 
pulsed laser deposition (PLD) in an in‐house‐built high‐vacuum system (Pb < 5 × 10−8 mbar) 
using the third harmonic of a Nd:YAG laser (6 ns pulse duration, fluence 30 J/cm2 at 10 Hz 
repetition rate). More details on sample preparation can be found elsewhere [19, 20]. The 
resulting nanocomposite films consisted of an amorphous AlN matrix with embedded pure Ag 
nanospheres, as displayed in the transmission electron microscopy (TEM) image in the inset of 
Figure 3. The embedded nanospheres exhibited LSPR, spectrally located at around 420 nm [20].

Figure 3. Optical reflectivity of AlN:Ag: as grown film. Inset depicts a cross section TEM image of the sample.
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3.1.2. Laser processing

3.1.2.1. The effect of number of pulses

AlN:Ag films were processed with 1, 2 or 5 pulses at 200 mJ/cm2 and 400 mJ/cm2, i.e. just above 
the annealing threshold and just below the ablation threshold at 193 and 248 nm laser wave-
lengths. The pulse repetition rate in any case was 1 Hz, eliminating any possibility for transient 
thermal phenomena and thus allowing for each successive pulse to interact with a perfectly 
relaxed AlN:Ag film at room temperature. The optical reflectivity spectra are presented in 
Figure 4. In the case of the 193 nm wavelength at low fluence (200 mJ/cm2) (Figure 4a), each 
successive pulse leads to a cumulative LSPR enhancement, in terms of the integral strength of 
the LSPR band, indicating that Ag diffusion results in shape and size improvement of the plas-
monic nanoparticles; the Si substrate's E1 critical point at around 350 nm [56] is also gradually 
emerging with the number of pulses due to the film's transparency, because of the crystalliza-
tion of AlN as we will discuss in more detail in the following paragraphs. On the contrary, at 
high fluence (400 mJ/cm2) (Figure 4b), the evolution of the reflectivity spectra with the number 
of laser pulses exhibits severe changes. The effect of one pulse at 400 mJ/cm2 to the plasmonic 
response is more pronounced compared to that of five pulses at 200 mJ/cm2, indicating that 
the structural modifications taking place during the 193 nm LA process are better associated 
with the laser fluence than with the total laser energy delivered. This will be further examined 
in the next section where the effect of laser fluence is discussed. For two applied pulses, the 
LSPR band is substantially broader indicating an exceptionally broad size distribution of Ag 
nanoparticles that can only be explained by means of Ag outdiffusion. Finally, for five pulses 
the reflectivity spectrum is characteristic of a homogeneous Ag layer on top of the AlN:Ag film 
indicating that none of the remaining Ag is in the nanoparticle form.

3.1.2.2. The effect of laser wavelength

A major factor affecting the LA process is the laser wavelength, due to the different absorption 
coefficient of the amorphous AlN matrix and Ag. In the case of LA of AlN:Ag, using the 248 nm 
wavelength and fluence of 400 mJ/cm2, the picture is quite more complex. At the first laser pulse 
(Figure 4c, red solid line), the pre‐existing LSPR band is eliminated, possibly by dissolving of 
overheated, unstable Ag PNPs, whose constituent Ag atoms do not have the required diffusion 
time to reform into bigger Ag particles. Bigger particles, however, are observed after the second 
pulse resulting in intense LSPR peak (Figure 4c, green solid line). The lower photon energy at 
248 nm and the fact that the pulse duration is shorter than the time required for Ostwald ripen-
ing in a cold environment [57, 58] (the process is indeed relatively cold because the 248 nm beam 
is not absorbed by the AlN matrix due to its high fundamental gap) allows for the Ostwald 
ripening process to take place in two steps: dissolution of particles for the first pulse and reform-
ing of bigger particles close to the surface for the second pulse. Finally, the optical reflectivity 
spectrum for five pulses (Figure 4c, blue solid line) exhibits a broad LSPR band, resembling the 
broadening of the LSPR band for two applied pulses at 193 nm (Figure 4b, green solid line), but 
blue‐shifted compared to the band for two pulses of 193 nm indicating a surrounding medium 
that is less optically dense than AlN (e.g. outdiffused Ag nanoparticles in air) [20].
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Cross‐sectional TEM images of the as‐grown AlN:Ag and laser‐treated areas (Figure 4d–f) reveal 
significant structural modifications for both wavelengths. The untreated films (Figure 4d) give 
no trace of crystalline AlN [59]. LA at 193 nm (Figure 4e) leads to agglomeration of Ag nanopar-
ticles and formation of larger nanoparticles close to the surface of the film. This enlargement 
of Ag nanoparticles can be described as an Ostwald ripening phenomenon. Another important 
aspect of the 193 nm LA process is the partial crystallization of AlN into the wurtzite structure 
(w‐AlN) around the enlarged nanoparticles (Figure 4e). Similar results occur after the 248 nm 
LA treatment (Figure 4f), although to a lesser extent due to the lower delivered photon energy, 
which is below the AlN's fundamental gap (6.2 eV). As a result, the laser beam interacts solely 
with the Ag nanoparticles. Consequently, the delivered energy to the substrate is higher than 
in the case of 193 nm LA, and thus the AlN/Si interface is significantly damaged. By the same 
token, the crystallization of the matrix is less likely to occur due to the lower effective tempera-
ture rise during the LA process.

To get an insight into the light absorption dynamics inside the film during LA, finite‐differ-
ence time‐domain (FDTD) simulations of a 60 nm thick nanostructured AlN:Ag film were 

Figure 4. Optical reflectivity spectra for 1, 2 and 5 successive pulses for laser annealing using: (a) 193 nm wavelength, 200 
mJ/cm2 fluence, (b) 193 nm wavelength, 400 mJ/cm2 fluence and (c) 248 nm wavelength, 400 mJ/cm2 fluence. In all cases 
the black solid line, represents the as deposited film's optical response, which is shown for comparison. Cross‐section 
TEM images of AlN:Ag/Si: (d) as‐grown, (e) laser annealed with one pulse of 193 nm/400 mJ/cm2 and (f) laser annealed 
with two pulses of 248 nm/400 mJ/cm2.
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performed, where Ag consists of 3 nm diameter inclusions at 15% volume filling ratio ran-
domly distributed inside the AlN matrix [20]. Laser light, for both wavelengths (193 nm and/
or 248 nm), is normally incident on the AlN:Ag film. Partially, it is absorbed by the film; 
partially, it is reflected and the rest is absorbed by the Si substrate. Figure 5a presents the 
absorption percentage per nm of length for the two wavelengths, where several configura-
tions of randomly distributed Ag nanoparticles were averaged. The difference in the total film 
absorption, between the 193 and the 248 nm wavelengths, is small, with the 193 nm illumina-
tion being slightly more absorbed. The different standing wave patterns within the 60 nm film 
are also evident. Of great significance is the distribution of the absorbed light power among 
the different materials (Figure 5b). Considering that the Ag PNPs are dispersed at only 15% 
by volume, it is evident that they are the stronger absorbers in both cases. However, there is 
a significant deviation between the two annealing wavelengths: for 193 nm, a much more bal-
anced absorption between AlN and Ag occurs, with minimal light energy reaching the Si sub-
strate. In contrast, for 248 nm, most of the absorption occurs within the Ag inclusions, while at 
the same time, more light energy finds its way to the Si substrate causing significant damage. 
The absorption distribution maps for these two cases are shown in Figure 5c, considering a 
slice of one of the different randomized configurations. The fact that Ag nanoparticles act as 
absorption centres explains why AlN crystallization occurs only within a few nanometres from 
the nanoparticles surface. In addition, the more balanced absorption distribution in the film, as 
well as the minimal absorption by the Si substrate, qualitatively explains the superior annealing 
performance at 193 nm.

Figures 5d and 5e displays the cumulative absorption in each different material as a function 
of Ag particle size for the two annealing wavelengths. Ordered Ag NP arrays are considered 
here only for simplicity. Evidently, the 193 nm laser exhibits superior performance: unfluc-

Figure 5. (a) Absorption distribution for a 60 nm thick AlN:Ag(15%vol)/Si film. (b) Absorption percentages for each 
constituent material within the AlN:Ag/Si structure. (c) Colour coded absorption distribution maps. (d) Absorption 
percentage within each material as a function of nanoparticle size, for 193 nm laser annealing wavelength and (e) Absorption 
percentage within each material as a function of nanoparticle size, for 248 nm laser annealing wavelength. The semi‐open 
circles at 20 nm correspond to the nanoparticles having a non‐absorbing 2.5 nm crystalline AlN (n = 2.1) layer around them.
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tuating performance for all particle sizes, more balanced absorption between matrix and 
inclusions, slightly stronger overall film absorption and less substrate absorption. Semi‐open 
circles at 20 nm correspond to the nanoparticles having a non‐absorbing 2.5 nm crystalline 
AlN (n = 2.1) shell. This results in a small decrease in the matrix absorption due to the higher 
fundamental energy gap of w‐AlN. The effect of shell creation thus is towards the direction of 
limiting the film's overall absorption, although it does not seem to be large enough to qualify 
as a self‐limiting factor for the annealing process.

3.1.2.3. The effect of laser fluence

The data presented in Figure 5 demonstrate that the laser fluence is an essential parameter 
for the LA process. The optical reflectivity spectra of the laser annealed AlN:Ag vs. the laser 
fluence for both processing wavelengths and the corresponding quantitative results are pre-
sented in Figure 6. Increasing the fluence of the 193 nm wavelength, from 200 to 400 mJ/cm2, 
induces a spectral shift concomitantly with a significant enhancement of plasmon resonance. 
Both effects are respectively associated with changes of the matrix's refractive index and the 
Ag nanoparticles size. The laser fluence decreased the bandwidth (full width at half maxi-
mum of the fitted LSPR band), indicating a narrower size distribution of Ag nanoparticles due 
to the matrix crystallization, as well as to Ag particle enlargement causing weaker electronic 
confinement. Eventually, at higher fluence (e.g. 600 mJ/cm2), the reflectivity spectrum reveals 
the Si features, indicating that this fluence exceeds the ablation threshold.

On the other hand, for LA using two pulses at 248 nm, the picture is quite different (Figure 6b). 
At 300 mJ/cm2, the reflectivity spectrum is similar to the one pulse at 248 nm and 400 mJ/cm2 
(Figure 4c), which is characterized by the absence of LSPR, indicating that the provided energy 
is not enough to cause ripening of Ag and only dissolution is observed. For fluences exceed-
ing 400 mJ/cm2, a consistent LSPR blue shift is observed due to only a possible reduction of 
the refractive index of the surrounding medium, supporting the Ag outdiffusion to the free 
surface and the formation of Ag nanoparticles surrounded by air.

3.1.3. Application in optical encoding of information

The combination of structural modifications and the variation of AlN:Ag plasmonic response, 
introduced by LA, produces strong reflectivity contrast, which has been exploited to encode 
spectrally sensitive patterns [19, 20]. Patterns such as ‘ALN:AG’, ‘ALN’, and ‘AL’ have been 
produced by LA onto films of AlN:Ag, AlN and Al, respectively, deposited either on Si or 
sapphire substrates, using either the 193 nm or the 248 nm beam, and their response (in trans-
mittance and reflectance) to different light colours was investigated using optical microscopy 
[19, 20]. The reflectivity contrast ΔR(=RLA−Runtreated) between treated and untreated areas of an 
AlN:Ag sample demonstrates the level of contrast the human eye can resolve; the spectral 
variations of such ΔR contrasts for 193 and 248 nm LA are presented in Figure 7b for all cases 
of laser treated AlN:Ag deposited on opaque Si substrates. Depending on the processing 
wavelength and LA conditions exceptional flexibility in selecting the required encoding ΔR 
contrast over the whole visible spectral range can exist. In particular, the spectral selectivity 
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is greater when large variations of ΔR are manifested in the visible spectrum. For example, 
for LA using one pulse of 400 mJ/cm2 of 193 nm (Figure 7b, solid blue line), the ΔR ranges 
from 5% for red (650 nm) to 35% for blue (475 nm) providing very high spectral selectivity. 
These conditions are ideal for spectrally sensitive overt encoding. On the contrary, covert 
encoding requires more subtle spectral contrast ΔR in order for the pattern to be invisible under 
white light illumination and be revealed only under specific coloured illumination near the 
LSPR region. This can be done by, e.g., LA using two pulses of 500 mJ/cm2 of 248 nm (Figure 7b, 
dashed magenta line).

The potential of plasmonic encoding has been better demonstrated by optical microscopy 
images, where the sample is illuminated by different coloured light (blue/468 nm, green/532 
nm, red/655 nm) [20]. For this demonstration, AlN:Ag, AlN and Al films were grown on sap-
phire substrates in order to evaluate both the reflection and transmission reading [20]; the rel-
evant optical microscopy images are presented in Figure 8. Images A1‐D1 demonstrate covert 
encoding in transmission reading, facilitated by LA of an AlN:Ag film at 248 nm. The pattern, 
with a pixel size of 60 μm, is almost invisible under white light illumination (A1) and is fully 
uncovered only under blue illumination (D1) where the LSPR is manifested. Images A2‐D2 

Figure 6. Optical reflectivity spectra with respect to laser fluence for LA at (a) 1 pulse at 193 nm and (b) 2 pulses at 
248 nm.
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and A3‐D3 correspond to overt encoding in both transmission and reflection reading, realized 
by LA at 193 nm. The spectral sensitivity of the plasmonic patterns (A1‐D1, A2‐D2, A3‐D3) 
contrasts the behaviour of patterns encoded by laser ablation in AlN (images A4‐D4) and in 
Al (images A5‐D5), which do exhibit similar contrasts for all colours, mostly due to scattering 
of light at the pixel edges. In addition to photosensitivity, AlN:Ag(PNPs) films have a unique 
combination of assets such as being harder than steel [20], chemically resistant against organic 
solvents [19, 20], almost having pitchless surface [19, 20] and are resistant to temperatures up 
to 600°C [20, 60].

Figure 8. Optical microscopy images of AlN:Ag, AlN, Al on sapphire using A. white, B. red, C. Green and D. blue illumination, 
in transmission (1, 2) or reflection (3–5) mode on sapphire for 248 nm (1), and 193 nm (2–5) laser annealing, respectively [20].

Figure 7. (a) Emission spectra of the three red‐green‐blue (RGB) light sources used for optical microscopy observations. 
(b) Spectral reflectivity contrasts (ΔR) for laser annealing of AlN:Ag on Si (opaque substrate) at 193 and 248 nm (purple 
and magenta lines, respectively) for various number of pulses and fluences demonstrating the flexibility in selecting the 
required encoding contrast.
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3.2. Magnetron sputtered AlN/Ag multilayer thin films

In this section, an alternative pathway is demonstrated, namely, starting from non‐plasmonic 
metal/dielectric multilayers, which are then transformed into plasmonic templates by single‐shot 
UV LA leading to a subsurface nanoconstruction involving plasmonic Ag nanoparticles embed-
ded in a hard and inert dielectric matrix. The subsurface encapsulation of Ag nanoparticles pro-
vides durability and long‐term stability. The morphology of the final composite film depends 
primarily on the nanocrystalline character of the dielectric host and its thermal conductivity. The 
emergence of LSPR and its adjustability, depending on the applied fluence, is demonstrated.

3.2.1. Growth and processing of materials

Multilayers consisting of alternate thin layers of AlN and Ag were fabricated in an in‐house 
built high vacuum system (base pressure 2 × 10−6 Pa) employing the reactive magnetron sputter-
ing technique. The AlN crystal structure was varied in the two sets of AlN/Ag by applying two 
different power values to the Al target, 100 and 15 W. This variation lead to different categories 
of sputtered AlN [46]: at 100 W high crystalline wurtzite AlN (w‐AlN) was obtained while at 15 
W an amorphous AlN (a‐AlN) was obtained. The produced samples were subjected to LA with 
an excimer ArF source. The effect of a single‐pulse LA step onto the structural and optical prop-
erties was investigated as a function of fluence (400–700 mJ/cm2) in an ambient atmosphere.

3.2.2. Laser processing

The heating dynamics involved in the multilayer structures during UV LA can be simulated/
predicted performing optical and heat transport calculations. UV light propagation was 
solved via the FDTD method [61, 62], and a detailed map of the absorption profile in the 
multilayer and the substrate was obtained. The model system consists of a stratified multi-
layer structure of alternative dielectric (AlN) and metal layers (Ag) on a Si substrate, capped 
by AlN. The optical response of such a multilayer show high UV absorption (Figure 9a) due 
to silver's inter‐band transitions at this spectral range. Under the proper experimental condi-
tions, this high UV absorption was utilized to locally melt the structure. Due to the immiscibil-
ity of Ag with AlN, Ag diffusion will drive its transformation into a plasmonic nanocomposite 
with metallic PNPs embedded in a dielectric matrix (Figure 9b). The morphology of the nano-
composite and its optical response can be tuned by choosing materials and LA parameters 
such as: the nanocrystaline character of the dielectric which is strongly related to its thermal 
conductivity, the metal volume ratio and the total thickness of the multilayer.

The spatial absorption profile is convoluted with the temporal pulse profile (shown in Figure 11b, 
inset) and solved in the 1D heat transport equation [63]:

  c  (  z )   ρ  (  z )    ∂  T   T  (  z, t )    =  ∂  z    [  k  (  z )    ∂  z   T  (  z, t )    ]    + Q(z, t )  (1)

where   ∂  
T
  ,    ∂  

z
    denote partial derivatives with respect to time (t) and distance (z) from the top 

surface, respectively, and  Q  (  z, t )    = α(z ) φ(t )  is the laser heating source term defined by the prod-
uct of the absorption spatial profile α(z) and the laser pulse temporal profile φ(t), with the 
total laser fluence given by:
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c, ρ and k are the specific heat capacity, the mass density and the thermal conductivity, respectively. 
These three terms have a spatial dependence due to the interchange of different materials. Eq. (1) is 
time‐integrated numerically (by a 4th order Runge‐Kutta scheme) in order to calculate the explicit 
temperature transient. To do that, we assume that: (i) electronic and lattice temperatures are in 
equilibrium, (ii) radiation and convection losses are negligible, (iii) material properties (absorption, 
heat capacity, mass density and thermal conductivity) remain constant during heating.

Relevant recent experiments of a single UV laser annealing (LA) on a ceramic/metal (in par-
ticular AlN/Ag) multilayer film are discussed [17]. This LA step is capable of driving the sub-
surface modification of the metallic multilayers resulting into LSPR behaviour from PNPs that 
are formed and dispersed in a depth of several nanometre away from the surface. TEM obser-
vations from the as‐deposited samples (Figure 10a and b) verified their multilayer character. 

Figure 10. TEM cross sectional images of: (a) the as‐deposited multilayer structure of w‐AlN/Ag, (b) the same after LA, 
and (c) the as‐deposited multilayer structure of a‐AlN/Ag and (d) the same after LA. LA fluence for all relevant samples 
in this figure was set at 600 mJ/cm2.

Figure 9. (a) Spectral absorption of a stratified metal (Ag) dielectric (AlN) structure illustrated in (b) for two metal volume 
ratios 33 and 66%. The high UV absorption can be utilized for the further modification of the nanocomposite. (b) Schematic 
illustration of the laser treatment of the multilayer structure. Under UV laser radiation, the absorbed energy is converted 
into heat, which is diffused by thermal conduction into the Si substrate. The result of the laser treatment is to totally 
transform the multilayer structure into a nanocomposite of embedded plasmonic metallic NPs inside a dielectric matrix.
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After LA treatment, the upper part of the multilayer was highly affected. The multilayer struc-
ture is destroyed and the enlarged NPs are fairly homogenously distributed inside the AlN 
matrix, retaining a high density in the case of a‐AlN. On the contrary, in the case of w‐AlN 
only, the top of the laser treated part of the sample is affected and is generally depleted of Ag, 
indicating a higher diffusivity of Ag in w‐AlN compared to a‐AlN. The w‐AlN/Ag presents 
a destruction of periodicity affecting only the top six Ag layers, while two more layers were 
partially destroyed. The sample thickness that retained a stratified arrangement is indicated 
by a dashed line in the inset of Figure 10b, which depicts the contrast intensity profile along 
the film thickness. In the case of a‐AlN/Ag, this structural re‐arrangement is more extensive as 
shown in Figure 10d, and it affected the top 10 Ag layers, while again 2 additional layers were 
partially affected.

The above considerations make AlN's thermal conductivity a crucial parameter in the 
LA process. kAlN is sensitive to the deposition method and conditions and can show large 
variations ranging from about 10 W/mK for amorphous AlN [64] to 285 W/mK for single 
crystal [65]. To explore its effect, the temperature transient is plotted (at the top of the mul-
tilayer) for several different values of the AlN thermal conductivity. A significant difference 
depending on kAlN is found for the peak temperature rise when the laser pulse is on, but it 
quickly diminishes afterwards. The most important effect of kAlN is shown in the spatial dis-
tribution of the peak temperature rise plotted in Figure 11(c). In particular, for high values 
of kAlN, the temperature profile is almost constant across the multilayer, even though most 
of the laser fluence is absorbed within the first 100 nm, as shown in Figure 11(a), where 

Figure 11. (a) UV laser (193 nm) absorption profile in our model structure (21 5nmAg/10nmAlN bilayers on Si), 
(b) normalised temperature transient at the top of the multilayer for various values of kAlN. The inset shows the pulse 
profile of the excimer laser, (c) the normalized peak‐temperature spatial distribution for the corresponding cases of 
(b). Large gradients across the film are obtained for low values of kAlN, (d) peak transient temperature distribution 
as a function of distance from the film's top surface, at different incident laser fluence assuming a nonlinear thermal 
conductivity for the multilayer structure (w‐AlN and Ag). Solid lines are for the linear case (zero fluence limit) for w‐AlN 
(k = 285 W/mK) and for an ultra‐low conductance a‐AlN (k = 10 W/mK), both for a linear Ag thermal conductivity of 429 
W/mK. Broken lines are for nonlinear w‐AlN and Ag for different laser fluence. In the inset we plot the experimental 
temperature dependent thermal conductivities of Ag [50] and w‐AlN [48] assumed in this work.
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the spatial absorption profile within the multilayer is plotted. One can note that for low 
values of kAlN, a significant temperature gradient is developed across the multilayer. Higher 
temperatures close to the surface and lower close to the substrate will result into different 
annealed structures, explaining our experimental results. It should be stressed here that 
up to now only the linear heat transport regime is studied in order to get insight into the 
temperature transients and gradients that can be developed and have not considered the 
thermodynamics of phase changes, e.g. melting and resolidification. Regarding radiation 
and convection losses from the top surface, a simple estimate suffices to show that they are 
of no consequence [20].

4. Surface nanostructuring

Plasmonic templates can be fabricated by LA of a thin metal film on a substrate, resulting 
into nanoparticle arrangements with many plasmonic applications as mentioned in Section 
1 [11, 13, 14, 17, 19, 47–54]. The enabling property of these templates is the coherent surface 
plasmon oscillations excited by the incident light at specific frequencies, with high selectivity 
on the metal nanostructure size and shape. But a selective plasmon excitation is necessarily 
accompanied by selective light absorption, and thus by selective heating of the nanostructure. 
It is natural thus to allow this core property of the target application, to become itself one of 
the drivers in a multi‐pulse laser induced self‐assembly process. Besides heating, selective 
cooling is also an integral part of restructuring. But as the cooling rate depends on the geo-
metric features of the nanostructure, a second driver for the self‐assembly process is intro-
duced. The available light absorption mechanisms in the case of nanostructured noble metals 
such as Ag, Au and Cu, can be generally split into (a) inter‐band absorption from the metal's 
internal d‐electrons, which is typically enabled at UV frequencies and in general is not size‐
dependent, and (b) resonant intra‐band absorption, from the conduction electrons due to 
excitation of localized surface plasmon resonances (LSPR), which is strongly size and shape‐
selective. As an example, the overall absorption profile of an Ag nanoparticle (hemispherical 
shape) with diameter of 40 nm on top of a Si substrate is plotted in Figure 12, showing the 
spectral domains of the two absorption mechanisms. Utilization of these absorption modes 
combined with the size selectivity of cooling (∼nanostructure surface/volume ratio) consti-
tutes a toolbox for controlling the self‐assembly of nanoparticles.

If after some laser treatment of a thin silver film on a Si substrate, Ag NPs with specific 
diameters have been formed, what will be the effect of a new incoming laser pulse? For this 
consideration, computer simulations can help explore the potential use of the various modes 
presented above. For computational simplicity a hexagonal lattice of Ag‐hemispheres (40 
nm in diameter) on a Si substrate with separation aspect ratios a/d = 1.2 (periodicity/diam-
eter) have been assumed. First of all, Figure 13a shows the absorption per nm at different 
depths for this structure. The different modes relating to inter‐band and intra‐band absorp-
tions in the nanoparticle, as well as the absorption in the substrate, are clearly shown. The 
absorption spatial distribution is then time‐integrated with the appropriate laser temporal 
profile for each wavelength, depicted in Figure 13c. The experimentally acquired laser pulse 
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temporal profile from an excimer source was used for the 150–180nm range whereas the 
pulse temporal profile of a Nd:YAG source was used for the 300–900 nm range in a numeri-
cal solution of the numerically 1D heat diffusion equation presented in Eq. (1). Thus, we 
get the temperature transient profile at every point in the structure in degrees/mJ of laser 
fluence. In Figure 13d, the temperature transients for the two primary wavelengths used in 
recent experimental studies are presented. This way the mapping of the maximum tempera-
ture rise as a function of particle size, laser wavelength and laser fluence can be constructed. 
Bear in mind that the temperature transient follows the actual pulse temporal shape, but a 
significant transient tail also persists for longer times. The above discussion indicates that 
the processes discussed here are power and fluence dependent respectively, making the 
explicit time‐dependent simulations essential. For a given laser fluence, direct information 
regarding particle heating can be extracted, and the probability of a nanoparticle melting or 
not can be assessed.

The global picture can then be revealed by considering how nanoparticle arrays of differ-
ent sizes of nanoparticles behave to different wavelength illuminations. This is plotted in 
Figure 13e, showing the peak transient temperature, per unit of laser fluence, developed in 
the nanoparticle as a function of both the wavelength and the nanoparticle size. The dipole 
contribution is weaker than the contributions at shorter wavelengths (quadrupole LSPR and 
Si inter‐band absorption), however, within a specific annealing plan one can always irradiate 
at one single wavelength, thus the strength of each band is of no importance other than defin-
ing the fluence that each laser wavelength should be used. Upon melting and resolidification, 
a random distribution of sizes will emerge. However, repeated laser pulses at a particular 
wavelength will lead to the melting of one particular size group and thus to its eventual 
extinction. The main concept behind this approach is, thus, repeated laser treatment, target-
ing different size groups with different laser wavelengths, driving the final size distribution 
towards a predetermined one. This process has been termed as ‘modification of nanopar-
ticles arrays by laser‐induced self‐assembly’ (MONA‐LISA) [47] and has been experimentally 
demonstrated.

Figure 12. Simulated absorption spectrum of a 40 nm diameter Ag nanoparticle on top of a Si substrate. Inter‐band 
absorption dominates the red shaded region, while LSPR driven absorption is dominating the green shaded regions (at 
∼350 nm the quadrupole 428 and ∼580 nm the dipole contributions, respectively).
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As a first step, a single shot UV LA process was utilised, to initialize nanoparticle formation 
from a semi‐continuous metal thin film, by laser induced self‐assembly (LISA). This resulted 
into the restructuring of the Ag thin film into nanoparticle arrangements in macroscopic scales 
(several mm2). The LISA process with a UV laser (248 nm) is strongly fluence‐dependent as 
demonstrated by the SEM images of Figure 14a. The Ag NP size distributions are generally 

Figure 13. (a) Vertical absorption (% per nm) profile for the 40 nm diameter Ag nanoparticle. Indicated with the two 
dashed lines are the two primary wavelengths used (248 and 532 nm). (b) Absorption percentage per nm profile in the 
model structure for the two wavelengths used. (c) Temporal profile of the two different laser sources. (d) Corresponding 
temperature transients developed in the Ag NP (normalized to the laser fluence). (e) Global map showing the peak 
temperature developed in an Ag NP on top of Si versus wavelength and NP size.
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bimodal, consisting of one set of coarse and one set of fine NPs. Increasing the laser fluence from 
350 to 800 mJ/cm2 resulted into a decreasing difference between the two NP sets, as shown by 
the quantified SEM images (Figure 14c, purple, cyan, yellow and red lines). The modification 
of NP assemblies by multiple laser pulses (MONA‐LISA process) involves the utilization of the 
selective optical absorption and the heat dissipation, as presented in the theoretical approach 
above. For this consideration, the initial assemblies of NPs were subjected to a series of UV and/
or VIS LA steps.

The case of UV MONA‐LISA is first considered, i.e. processing by multiple UV (248 nm) 
laser pulses, and the effect of inter‐band absorption is correlated with the size‐selective 
heat dissipation. Figure 14b shows the optical reflectivity spectra of a 10 nm Ag film 
recorded after UV MONA‐LISA applying 10 successive UV laser pulses at various fluences 
(magenta, blue, green and orange lines for 350, 500, 650 and 800 mJ/cm2, respectively). 
Comparing these spectra with those from the previous LISA processing revealed that 
the consecutive pulses transform the two reflectivity peaks into one, indicating a gradual 
transformation of the bimodal distributions into unimodal ones. This was also confirmed 
by the corresponding SEM images and the size distribution histograms in Figure 14a and c 
(magenta, blue, green and orange bars), respectively. The reshaping of the particles is pre-

Figure 14. (a) SEM images of samples processed with LISA (1 pulse, 248 nm LA) and UV MONA‐LISA (10 pulses, 248 
nm) under various applied fluences. (b) The effect of LISA and UV MONA‐LISA on the optical reflectivity spectra 
of a 10 nm Ag thin film under various applied fluences. (c) Surface coverage of the nanoparticles in relation to the 
particle diameter for all the cases of (a). (d) Critical nanoparticle diameter (the diameter value under which every 
particle remains practically cold during the UV LA process, hence these particles cannot be further manipulated 
upon irradiation) as a function of applied laser fluence. Inset depicts a portrait of Da Vinci's Mona Lisa: a microscopic 
pattern engraved on silicon wafer in a single pixel processing using series of photolithographic masks. (e) A digital 
photo of a grid of LISA / UV MONA‐LISA spots of varying fluence (x‐axis) and number of pulses (y‐axis) produced 
on a 10 nm Ag thin film.
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dominantly due to the disappearance of the larger particles. The physics behind that obser-
vation is based on the stronger heating of the larger NPs and faster heat dissipation from 
the finer NPs due to their higher effective surface (surface to volume ratio). As a result, the 
finer nanoparticles remain cold during UV MONA‐LISA. To quantify this, photothermal 
calculations [47] were employed, in order to determine the equitemperature contour lines 
vs. nanoparticle diameter, from which the critical size under which the particles remain 
practically cold during the UV MONA‐LISA. Considering the bulk Ag melting point of 
960°C, the calculated values of the critical diameter vs. the laser fluence (248 nm) are dis-
played in Figure 14d. We remark that the critical diameter is highly dependent on the 
thermal conductivity of the substrate; less thermally conductive substrate would hinder 
heat dissipation. The UV MONA‐LISA process is thus based on the ability of the larger par-
ticles to raise their temperature above their melting point, and consequently re‐solidifying 
forming smaller particles with a stochastic size distribution, while the smaller ones remain 
below the melting threshold and therefore remain practically unaffected. As a result, suc-
cessive pulses suppress the population of the coarse particles, gradually transforming 
them to finer particles via stochastic size redistribution. The wide range of size distribu-
tions achieved by LISA and UV MONA‐LISA results in a vast colour palette of plasmonic 
responses as those presented in Figure 14e (real visual appearance of the Ag nanoparticle 
assemblies). Combining LISA and MONA‐LISA process with projection masks enables the 
production of multicolour images of high spatial resolution and colour contrast. Such an 
example is presented in the inset of Figure 14d, depicting the portrait of Da‐Vinci's famous 
‘Mona Lisa’.

The implementation of MONA‐LISA employing exclusively UV pulses has the inherent lim-
itation of the UV absorption being rather insensitive to nanoparticle size, and as a result, the 
size selectivity of the process is based exclusively on the size selectivity of the heat dissipa-
tion. Thus, only the large particles are affected by the successive laser pulses. Finer particles 
can be further manipulated by exploiting their selective optical absorption via LSPR using 
a visible wavelength, resulting in larger optical absorption and hence higher temperature 
rise, as predicted by the computational results presented in Figure 13. The optimal condition 
of narrowing the LSPR bandwidth at 532 nm was achieved by applying 500 pulses at 125 
mJ/ cm2, which shows that the VIS MONA‐LISA is slower compared to the UV MONA‐LISA 
that reached at steady state at 10 pulses. This is well expected considering the computational 
results of Figure 13, where a lower temperature rise is evident at visible wavelengths com-
pared to UV processing.

Exploring the VIS MONA‐LISA one can start from a UV MONA‐LISA process (248 nm, 2 
pulses at 350 mJ/cm2) which demonstrates a double reflectance peak (due to bimodal nano-
structuring) notably with no particular response close to 532 nm, as shown in Figure 15a 
(black line). Applying, VIS MONA‐LISA to this area, with 500 pulses (i), 2000 pulses (ii) and 
4000 pulses (iii) results in gradually re‐adjusting the bimodal distribution to one with a peak 
very close to the laser processing wavelength (532 nm). The corresponding SEM images are 
shown in Ref. [47]. Analysis of these SEM images results in the histograms of Figure 15b. It is 
noteworthy that the VIS MONA‐LISA probes particularly the finer Ag nanoparticles (<20 nm) 
confirming the computational analysis presented in Figure 13.
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Exploring the VIS MONA‐LISA one can start from a UV MONA‐LISA process (248 nm, 2 
pulses at 350 mJ/cm2) which demonstrates a double reflectance peak (due to bimodal nano-
structuring) notably with no particular response close to 532 nm, as shown in Figure 15a 
(black line). Applying, VIS MONA‐LISA to this area, with 500 pulses (i), 2000 pulses (ii) and 
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5. Conclusions

Functional plasmonic templates can be fabricated by LA. In particular, two distinct cases have 
been discussed: laser nanostructuring of either ceramic/metal multilayers and composites or 
ultra‐thin metal films results on sub‐surface or surface plasmonic patterns, respectively, with 
many potential applications.

Theoretical investigations have highlighted the underline physics of laser‐induced sub‐surface 
and surface plasmonic nanostructuring: the absorption profile of the film and the temperature 
spatial distribution strongly depend on the structure parameters such as the metal volume 
ratio, the total thickness of the film and the thermal conductivity of the dielectric. By properly 
designing these parameters, combined with tuning the LA conditions (wavelength, number 
of pulses and fluence) one can arrive at plasmonic templates with predetermined morphol-
ogy and optical response. The latter was demonstrated in experiments in which either AlN:Ag 
nanocomposites or multilayers of alternative AlN/Ag layers were subjected in UV LA leading 
to a sub‐surface formation of PNPs sealed in an AlN matrix with a localized surface plasmon 
resonance response.

An extensive experimental and theoretical investigation has highlighted the photothermal 
processes involved in laser‐induced surface plasmonic nanostructuring. Specifically, tem-
plates consisting of hemi‐spherical Ag PNPs on Si substrate, with different arrangements 
and sizes, for both UV and optical irradiation have been explored. Different absorption 
mechanisms, which are size selective and enable geometric specificity, have been identified: 
(a) inter‐band absorption taking place at the UV zone, probing the metal's internal d‐elec-
trons and (b) intra‐band absorption taking place at the near‐UV, and visible zone, probing 
the metal's free electrons at the specific spectral position of LSPR. In particular, by sequen-
tially tuning the laser wavelength into resonance with different physical absorptions, we 
can selectively target the melting and re‐solidification of different particle size groups. This 
process was termed: “modification of nanoparticle arrays by laser‐induced self‐assembly” 
(MONA‐LISA).

Figure 15. (a) Optical reflectivity spectra of LISA (2 pulse, 248 nm at 350 mJ/cm2 ‐ black line), used as a template for the 
subsequent Visible MONA‐LISA (500 pulses (red line), 2000 pulses (blue line) and 4000 pulses (magenta line), 532 nm 
at 125 mJ/cm2). The green dashed line sets the 532 nm mark. (b) Surface coverage of the nanoparticles in relation to the 
particle diameter for each laser treatment of (a).
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Abstract

The author has been engaged in the development of a novel optical fiber probe using 
scanning near-field optical microscope (SNOM) with an efficient, plasmonic and asym-
metric Metal-Insulator-Metal (MIM) structure at the probe tip. As a metallic layer, tita-
nium nitride (TiN), one of the alternative plasmonic materials, is selected. A pulsed laser 
deposition (PLD) is used to fabricate the film by high-power Nd:YAG laser. The PLDed 
films have been analyzed by X-ray diffractometer (XRD), UV-Vis/NIR spectrophotom-
eter, scanning electron microscope (SEM), and X-ray photoelectron spectroscopy (XPS). 
Though most of previous PLD studies of TiN film used a titanium target with reactive 
gases, the study presented in this chapter has significant features of (1) a hot pressed tar-
get of crystalline TiN powder and (2) third harmonic of injection-seeded Nd:YAG laser 
which have temporally smoothed Gaussian with a constant pulse energy. The very first 
PLD process has succeeded to fabricate flat and dense films of a few hundred nanome-
ters. The TiN film, which lustered like gold, indicated two peaks at 36.7° (111) and 42.6° 
(200) in XRD patterns that correspond to crystal structure of TiN. An elementary analysis 
of the TiN film has carried out using XPS, and appropriate spectra with chemical shifts 
were observed.

Keywords: alternative plasmonic material, titanium nitride (TiN), plasmonic thin film, 
pulsed laser deposition (PLD), crystalline thin film, third harmonic of pulsed Nd:YAG 
laser, X-ray diffractometer (XRD), electromagnetic FEM simulation, X-ray photoelectron 
spectroscopy (XPS)
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1. Introduction

In the 1980s, basic and applied research regarding surface plasmon, which is a compres-
sion wave excited at boundary between metallic and insulating thin films and propa-
gates along the boundary, was started. Propagation characteristics of the wave depend on 
combined complex dielectric constant of the two media, which form the boundary. The 
surface plasmon, which is locally excited at the medium surface, has been widely used 
in (1) a highly sensitive detection mechanism for an infinitesimal amount of element or 
molecule, (2) formation of highly intense point light source at the apex of scanning probe 
used in scanning near-field optical microscopes (SNOMs), and (3) localized intense fields 
at the surface of single tiny metallic particle as a highly sensitive detector or a strong 
illuminator.

(1) Surface plasmon resonance caused by the total internal reflection inside of a transpar-
ent insulator covered with metallic thin layer and (2) surface plasmon polarities excited 
in subwavelength structure consisting metallic and insulating thin films need appropri-
ate materials including free electrons which might be oscillated by external electromag-
netic of light. And response of the electrons to the light field must show negative real 
component in complex dielectric constant. As a result, noble metals, i.e., gold (Au) and 
silver (Ag), have been widely used for plasmonic research. A silver thin film is known 
as the best plasmonic material in the visible region but transubstantiates easily. Also 
silver is soft and does not have excellent adhesive power to the glass surface. Gold thin 
film is chemically stable and soft and does not have negative real component of complex 
dielectric constant in the whole visible region. Surface plasmon and surface plasmon 
polariton have potentialities of the development in extremely localized and long-range 
propagation transmission medium for near future-interconnection system between the 
integrated electronic circuit and the optical communication circuit. In the actual elec-
tronic circuits in Ultra Large-Scale Integration (ULSIs), there is no device and waveguide 
based on silver but few tens of nanometer copper wirings only. But in CMOS devices, 
there are TiN thin layers as a copper diffusion barrier, and this film may act as excitation 
source and waveguide of plasmon or plasmon polariton waves when it has good crystal-
linity. TiN film is convenient for future optoelectronic circuits because of its compatibil-
ity with device fabrication process [1–11].

Titanium nitride (TiN) is one of the multirole compounds used in many technological 
areas. The application of TiN, which belongs to the early transition metal nitrides, is origi-
nated from their decent properties. Namely, they have high electrical and thermal con-
ductivities, which are comparable to metals. Additionally, they are very hard with high 
melting points. Due to its good corrosion and wear resistances, TiN is used as a protec-
tive coating on industrial tools worked in inhospitable environment. With TiN coatings 
of about 2–10 μm thicknesses tool life is increased several fold generally. TiN also has 
important tasks in the semiconductor industry. It is used as a diffusion barrier layer in 
contact structures, both to prevent Cu and to provide an adhesive layer between dielectric 

Nanoplasmonics - Fundamentals and Applications462



1. Introduction

In the 1980s, basic and applied research regarding surface plasmon, which is a compres-
sion wave excited at boundary between metallic and insulating thin films and propa-
gates along the boundary, was started. Propagation characteristics of the wave depend on 
combined complex dielectric constant of the two media, which form the boundary. The 
surface plasmon, which is locally excited at the medium surface, has been widely used 
in (1) a highly sensitive detection mechanism for an infinitesimal amount of element or 
molecule, (2) formation of highly intense point light source at the apex of scanning probe 
used in scanning near-field optical microscopes (SNOMs), and (3) localized intense fields 
at the surface of single tiny metallic particle as a highly sensitive detector or a strong 
illuminator.

(1) Surface plasmon resonance caused by the total internal reflection inside of a transpar-
ent insulator covered with metallic thin layer and (2) surface plasmon polarities excited 
in subwavelength structure consisting metallic and insulating thin films need appropri-
ate materials including free electrons which might be oscillated by external electromag-
netic of light. And response of the electrons to the light field must show negative real 
component in complex dielectric constant. As a result, noble metals, i.e., gold (Au) and 
silver (Ag), have been widely used for plasmonic research. A silver thin film is known 
as the best plasmonic material in the visible region but transubstantiates easily. Also 
silver is soft and does not have excellent adhesive power to the glass surface. Gold thin 
film is chemically stable and soft and does not have negative real component of complex 
dielectric constant in the whole visible region. Surface plasmon and surface plasmon 
polariton have potentialities of the development in extremely localized and long-range 
propagation transmission medium for near future-interconnection system between the 
integrated electronic circuit and the optical communication circuit. In the actual elec-
tronic circuits in Ultra Large-Scale Integration (ULSIs), there is no device and waveguide 
based on silver but few tens of nanometer copper wirings only. But in CMOS devices, 
there are TiN thin layers as a copper diffusion barrier, and this film may act as excitation 
source and waveguide of plasmon or plasmon polariton waves when it has good crystal-
linity. TiN film is convenient for future optoelectronic circuits because of its compatibil-
ity with device fabrication process [1–11].

Titanium nitride (TiN) is one of the multirole compounds used in many technological 
areas. The application of TiN, which belongs to the early transition metal nitrides, is origi-
nated from their decent properties. Namely, they have high electrical and thermal con-
ductivities, which are comparable to metals. Additionally, they are very hard with high 
melting points. Due to its good corrosion and wear resistances, TiN is used as a protec-
tive coating on industrial tools worked in inhospitable environment. With TiN coatings 
of about 2–10 μm thicknesses tool life is increased several fold generally. TiN also has 
important tasks in the semiconductor industry. It is used as a diffusion barrier layer in 
contact structures, both to prevent Cu and to provide an adhesive layer between dielectric 

Nanoplasmonics - Fundamentals and Applications462

material and Cu. Even though TiN is stable over a broad composition range, its structure 
and properties depend critically on its actual composition. Electrical resistivity of TiN 
depends strongly on its stoichiometry and morphology. The presence of oxygen and/or 
carbon in TiN takes on low hardness and high resistivity. One of the effective compounds 
is titanium oxynitride (TiON).

In recent research on alternative novel plasmonic materials, silicon, germanium, group III–V 
nitride semiconductors, arsenides, phosphides, and transparent conducive films are exam-
ined energetically. Transition metal nitrides, i.e., TiN, TaN, ZrN, HfN, attract increasing atten-
tion because of their golden luster, metallic properties in the Vis-NIR region, characteristics as 
nonstoichiometric and interstitial compound, and high free carrier densities.

As a result, the optical properties will be controlled by altering the composition of them. 
These materials are used as a diffusion barrier in damascene interconnect structure and gate 
metal in p-type/n-type transistor devices. In this work, I have been interested in TiN lately. 
One of the latest review papers described that this film has been formed widely and inten-
sively by various techniques such as magnetron sputtering, cathode arc discharge, chemical 
vapor deposition, atomic layer deposition, pulsed laser deposition, ion beam-assisted deposi-
tion, high power impulse magnetron sputtering, etc. Achievements of the predecessors gave 
us various resultant TiN films with many different characteristics, which were quite sensitive 
to the experimental conditions.

Origin of the studies in disarray may connect closely with chemical composition of the 
films such as TixN or TiNx (x ≠ 1). Also, when the chemical composition is nearly TiNx 
(x ~ 1), its crystallinity was not enough or crystal grain size was very small. As a result, 
without taking our eyes off of plasmonics with TiN film, creation of extreme flat TiN film 
with high crystallinity has been a long-time consuming. Previous studies usually made a 
reaction field, which contains both Ti and N atoms, and the field was excited by a certain 
type of electrical discharge or laser-produced plasma. The resultant TiN film was depos-
ited slowly [12–17].

In this study, pulsed laser deposition (PLD) by irradiation of ultraviolet laser pulses has 
been adopted into the thin-film formation. The reason is because (1) it is a clean process 
composed of pure solid target, clean substrate, and dense ultraviolet photons only, (2) it 
may be possible to form a film having a similar chemical composition, and (3) the depos-
ited film thickness can be controlled with laser pulse number basically. In contrast to 
predecessors in thin film generation of TiN, PLD procedure in this experiment uses a hot 
pressed target of TiN crystal powder to create a highly crystalline TiN thin film, which is 
never formed [18–23].

Purposes of this study are (1) clarification of TiN film formation by PLD with the hot pressed 
TiN target, (2) promising samples culled from the PLD process will be used for basic experi-
ments of surface plasmon resonance excitation, (3) metal-insulator-metal structure will be 
formed with the TiN film and the AlN film, which will be also deposited by the PLD method, 
and surface plasmon polarities will be excited in the multilayered structure.

Fabrication of Plasmonic Crystalline Thin Film of Titanium Nitride (TiN) by Pulsed Laser Deposition...
http://dx.doi.org/10.5772/67765

463



2. First experience with commercial TiN films and instruments for 
fabrication and analyses of PLDed TiN thin film

At the beginning, since the author has no experience in generating and treating TiN film, 
several types of TiN samples for comparison were provided by courtesy of Mr. Akitaka 
Kashihara (Shinko Seiki). The samples were made by RF sputtering based on Ar/N2 plasma, 
Ti target, and substrate (GS: S2112 glass slide, Matsunami Glass). Three samples of (a) TiN 
(50 nm)/GS, (b) SiO2 (150 nm)/TiN (50 nm)/GS, and (c) TiN (200 nm)/SiO2 (150 nm)/TiN (50 
nm)/GS were produced experimentally with a view to asymmetric MIM structures. The 
thickness or duration of sputtering was calibrated with other samples.

And (d) a disparate TiN(50 nm)/QZ (Quartz) sample was also given by courtesy of Mr. Kaoru 
Hoshino (Parker S⋅N Kogyo). A quartz substrate covered with vacuum evaporated Ti thin film 
(50 nm) was treated by nitriding process with high temperature nitrogen gas (800°C, 1 hour), 
which is commonly applied to protection coating of industrial tools.

The X-ray diffraction (XRD) of these thin films was carried out using a Rigaku diffractom-
eter (SmartLab) with a Cu Kα radiation operating at 20 kV voltage and 10 mA current. 
Unfortunately, most of them did not give effective XRD data. Only sample (c) had sharp three 
peaks corresponding to TiN(111), (200), and (222), which may be signals from outermost TiN 
(200 nm) layer and agreed well with previous papers. The thick TiN layer had luster of gold.

XRD data given by Mr. Hoshino showed that a thicker sample, which is the same as sample 
(d), has sharp peak of Ti2N. Therefore, high temperature nitriding is good for tool protection 
but is not good for creation of plasmonic thin film.

As described herein below, samples (a)–(c) did not show good results in X-ray photoelectron 
spectroscopy (XPS). Therefore, the author chose the PLD method as a film deposition process 
for plasmonic TiN film. There is a commonly held view that PLD can deposit epitaxial thin 
film with stoichiometric composition in a clean atmosphere.

Deposition of TiN film was performed using a pulsed third harmonic (3ω) YAG laser system  
(λ = 355 nm, EL = up to 350 mJ/pulse, pulse duration τL = 3.3 nsFWHM, Powerlite 9010, 
Continuum) as shown in Figure 1(a). The pulse energy was monitored by a thermopile detector 
(30A-P-SH (AN/2), Ophir), and the pulse duration was observed by an universal streak camera 
(C5680-01, Hamamatsu Photonics) (Figure 1(b) and (c)) coupled with a cooled back-illuminated 
CCD camera (PIXIS1024B, Princeton Instruments) (Figure 1(d)). While most pulsed lasers used 
for PLD do not pay attention to their temporal pulse shape, and the shape is always considered 
a smoothed Gaussian, is not it? Actually, they are spiky, and the temporal shape changes with 
respect to each pulse. Therefore, the author decided to use an injection seeding by extremely 
narrow-spectrum (<5 kHz) IR fiber laser seeder (SI-2000, NP Photonics) at 1064 nm, and the 
resultant every pulse shape is maintained in smoothed Gaussian as shown in later. The resultant 
bandwidth of 3ω pulse was around 0.003 cm−1 and also each pulse energy kept constant. This 
may have the effect of both debris suppression and good surface flatness in the PLD process.

The pulsed laser beam was focused on the PLD target placed in center of the UHV chamber evacu-
ated to 5 × 10−5 Pa by turbo-molecular pump (TMP, Varian) coupled with a dry scroll vacuum pump 
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(SP, ANEST IWATA) as shown in Figure 2. The stoichiometric hot pressed TiN target (φ = 20 mm, 
t = 5 mm, three nines purity, filling rate = 88.6%, mass density = 4.65 g/cc, Toshima Manufacturing) 
was ablated at a pulse intensity ranging from 5.8 × 108 to 1.4 × 1010 W/cm2 with pulse repetition rate 
of 10 Hz for several tens of minutes. For near future experiment for insulator film, a hot pressed 
AlN target (φ = 20 mm, t = 5 mm, three nines purity, filling rate = 99.4%, mass density = 3.24 g/cc, 
Toshima Manufacturing) was also prepared.

The glass substrate, kept around 5 cm away from the target without thermal control, was set 
through load lock chamber (TMP-pumped), which is positioned at right angle with laser opti-
cal axis, and temperature of target and substrate went along with the situation.

The PLD target hangs down from a vertically installed vacuum attachment rod, and the ver-
tical position was set by a rack and pinion adjustment (±10 cm). The surface of PLD target 
makes a 360-degree turn by the rod. As a result, any position of the target was shot at any 
angle of incidence (typically 60°), and multilayer coating is available without exposure to the 
atmosphere when several different targets are installed. The deposition was carried out in the 
PLD chamber without introduction of nitrogen gas, and the chamber pressures were ranging 
from 10−4 to 5 × 10−4 Pa during deposition.

The 3ω laser pulse, which plane of polarization was adjusted to the vertical direction by a half-
wave plate, was gradually focused via a AR-coated quartz plane-convex lens (f = 750 or 500 mm) 

Figure 1. (a) An injection-seeded pulsed YAG laser (powerlite precision 9010) with OPO/OPA and doubler system 
(sunlite-EX & FX-1). (b) Typical temporal intensity profile of 355-nm pulse recorded by a streak camera. (c) A universal 
streak camera (C5680-01) and (d) a back-illuminated cooled CCD camera (PIXIS 1024B).
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struck the target surface through a homebuilt quartz Brewster window (θinc = 56°, t = 5 mm), 
as shown in Figure 3.

The deposition rate of the TiN films was investigated by measuring a height of artificially 
produced sub-wavelength step w/ and w/o mask during the PLD process. The step height 
was observed by both an optical surface profiler (NewView, Zygo) and a surface texture and 
contour measuring instruments (SURFCOM 1400D, Tokyo Seimitsu) as shown in Figure 4(a) 
and (b), and it was determined to be close to 50 nm for a deposition period of 5 min with pulse 
energy of 340 mJ on target.

The substrate used in the PLD process was a glass slide as mentioned above and was cleaned 
by ultrasonic bath in the order of acetone, ethanol, and ultrapure water for 10 min each.

As a guide, time-integrated emission spectrum of the PLD plume ranging from 350 to 1050 
nm was recorded by a diffraction grating spectrometer (USB4000, Ocean Optics) (Figure 4(c)) 
through a multimode optical fiber, in which one end faced to the chamber center. Scattered 
3ω light was strongly attenuated by a UV-cut filter (MC UV SL-39, Kenko Tokina) for SLR 
cameras. Spectrometer wavelength calibration was carried out with 2ω (λ = 532 nm) and 3ω 
(λ = 355 nm) laser pulses, helium-neon laser (λ = 632.8 nm, Melles Griot), multiline argon ion 
laser (488 and 514.5 nm, Edmund Optics) and its argon lines (650–850 nm) from the discharge.

Spectral reflectance of the deposited TiN film was measured by an UV-Vis/NIR spectropho-
tometer (U-4000, Hitachi High-Technologies) (Figure 5(a)). Using a specified optional attach-
ment, five-degree absolute and unpolarized specular reflectance of the sample were observed. 
A field of the measurement was 5 × 10 mm2.

A one-time measurement for estimation of spectroscopic complex refractive index at the vis-
ible region was carried out by a spectroscopic ellipsometer (GES5E, SOPRA) with TiN film 
(50 nm) as shown in Figure 5(b).

Figure 2. (a)(b) A UHV vacuum chamber system used in PLD experiments. (c) A photo of hot pressed TiN target installed 
in the center of UHV chamber.
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Figure 3. (a) Schematic diagram of optics used for guiding 3ω pulse into the UHV chamber center. (b) A photo of self-
produced quartz Brewster window, which is effective with a half-wave plate.

Figure 4. (a) An optical surface profiler by white-light interferometry (NewView). (b) A surface texture and contour 
measuring instrument (SURFCOM 1400D). (c) A fiber-type diffraction grating spectrometer (USB4000).

Figure 5. (a) A UV/Vis-NIR spectrophotometer (U-4000). (b) A spectroscopic ellipsometer (GES5E). (c) A scanning electron 
microscope (S-4800).
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Position-dependent appearance, surface flatness, and existence of micro- and nanoparticles 
or debris were studied by a scanning electron microscope (SEM) (S-4800, Hitachi High-
Technologies) (Figure 5(c)). Also, examinations of both a filling factor and growth process 
were performed with the SEM images.

Crystallinity of the PLD target was characterized by an X-ray diffractometer (XRD) (SmartLab, 
Rigaku) (Figure 6(a)) with Cu-Kα line (λ = 0.154 nm, E = 8.05 keV) before use. In this chapter, all the 
XRD patterns shown were measured by 2θ-ω scan with a crystal monochromator (Ge(220)×2). 
Figure 13(a) shows the XRD patterns of polycrystalline TiN. The diffraction peaks located at 
2θ = 33.7°, 42.6, 61.8, 74.1 and 78.0° are corresponding to (111), (200), (220), (311), (222) of TiN, 
respectively. These peaks confirm that the PLD target is hot pressed polycrystalline TiN. But, 
an extra peak was found unexpectedly at 2θ = 25°, and this may be correspond to (101) of ana-
tase-type titanium dioxide because the base powder may contain traces of oxygen. Deposition 
of TiN will be done with this target at the moment.

Elemental composition, empirical formula, chemical state, and electronic state of the elements 
that exist within the TiN film was analyzed by a monochromatic X-ray photoelectron spec-
troscopy (XPS) system (PHI Quantum 2000 Scanning ESCA Microprobe, ULVAC-PHI) with 
Al Kα line (λ = 0.834 nm, E = 1.487 keV) as shown in Figure 6(b).

3. Experimental results

3.1. Outline of the PLD experiment

Experimental condition is summarized in Table 1. The 3ω laser pulse is gradually focused 
by AR-coated flat-convex lens, and lens-target distance is adjusted to realize moderate 
intensity for laser irradiation. Basically, laser pulse energy is adjusted to maximum output. 

Figure 6. (a) X-ray diffractometer (SmartLab). (b) X-ray photoelectron spectroscopy system (PHI quantum2000 scanning 
ESCA microprobe).
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The plume flux ablated from the PLD target is so strong, and target-substrate distance is 
set more than 50 mm to suppress both sputtering and clacking of the deposited thin film. 
Incident angle of the laser pulse is set at 60° because a glass substrate is set at 90° from optical 
path of the laser beam. Duration of the PLD process is determined for thin film fabrication. 
Although base pressure of the main vacuum chamber is lower than 10−4 Pa, the load-lock sys-
tem is used as a holder of a glass substrate, and the main and sub-chambers are connected. 
Then the PLD process is performed in a vacuum of 4.5 × 10−4 Pa. Laser irradiation intensity 
is adjusted by changing lens-target distance, and is realized from 5 × 108 to 1010 W/cm2.  
Rightmost column in Table 1 describes visual of the resultant film and X-ray analysis 
worked. In Figure 7, photos of well-deposited TiN films are shown, and adhesion of these 
films is quite good.

3.2. Reflectance spectrophotometry (U-4000)

By using a U-4000 spectrophotometer, unpolarized spectral reflectance at 5 degree was mea-
sured. As the digital photo shows, a mirrored PLD film of TiN had metallic cluster-like gold 
film, and the spectral reflectance appears to be the same as gold. Typical spectra reflectance 
curves are shown in Figure 8.

Table 1. Summary of the PLD experiment for the TiN thin film. Basically, double circles marked in rightmost column 
show acceptable results.
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Figure 7. Photo of the PLDed TiN thin film (sample ⑫ & ⑬ in Table 1) on a glass slide.

Figure 8. Unpolarized spectral reflectance of the PLDed TiN thin film (⑫ & ⑬ listed in Table 1).
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Figure 8. Unpolarized spectral reflectance of the PLDed TiN thin film (⑫ & ⑬ listed in Table 1).
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3.3. Spectroscopic ellipsometry (GES5E)

Because of the instrument failure, spectroscopic ellipsometry for the TiN film was done only 
once before. Refer to the built-in database of refractive index, 50-nm-TiN film on a glass 
slide was measured by SE. Both the film thickness and the spectral complex refractive index 
were determined by the method of least squares. The resultant film thickness is almost same 
as 50 nm, and dependence of the index on light wavelength is also coincident with the data-
base (Figure 9) [24–29].

3.4. Optical emission spectroscopy (USB4000)

Time-integrated optical emission spectrum of the PLD atmosphere or blight plume was mea-
sured by a fiber-type USB4000 grating spectrometer with a recorded wavelength range of 
350–1000 nm, as shown in Figure 10. The input multimode optical fiber end was set at the right 
angle to one of the glass (Kovar) viewports installed on the experimental chamber. Through 
the viewport, light emission of the plume was collected at 45° from the PLD target normal. 

Figure 9. Complex refractive index curve of the PLDed TiN thin film determined by SE. Solid lines indicate a built-in 
reference data of TiN.
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Because of low irradiation intensity of the pulsed UV laser light and non-use of  discharges, 
neither multicharged titanium ion nor band emission of nitrogen was observed. In the UV 
region, emission of both Ti atom and singly ionized Ti atom was recorded.

3.5. White-light interferometry and stylus profilometry (NewView and Surfcom)

Estimation of a mean deposition rate of the PLD process was carried out by making a step 
on a film surface. After deposition of thin TiN layer, a part of the surface was masked, and 
additional deposition of TiN layer was executed for 5 min. The height of the handmade step 
was determined to be about 50 nm by a NewView interferometer, as shown in Figure 11(a). 
Therefore, the mean deposition rate was estimated to be about 10 nm/min, and the PLD sys-
tem will be able to control thickness of the film down to the sub-nanometer. The same step 
structure was also scanned by Surfcom, and the resultant height was same as that of NewView 
(Figure 11(b)).

3.6. Scanning electron microscopy (S-4800)

The surface of TiN thin film was observed by a scanning electron microscope as shown in 
Figure 12. Both (1) degradation of surface flatness of the film caused by shower of micro-nano 
debris presented in the PLD plume and (2) mass generation of Surface Plasmon Polariton 
(SPP) scatterer caused by buried debris become major problems in usual PLD process. At the 
beginning of this study, a glass slide was set within striking distance from the PLD target, and 
the resultant TiN film was powerfully influenced by spatial distribution of the PLD plume. 
Therefore, an extensive range of the film was observed by SEM, and the cross-sectional sur-
face of peeling film was examined at high spatial resolution to find internal structure of the 
PLDed film. Then the central region of the film surface irradiated by very intense and hot 

Figure 10. Time-integrated optical emission spectra of the samples ⑨ & ⑩ listed in Table 1. Colored markers of short line 
indicate line positions of both Ti atoms and Ti ions.
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Figure 11. (a) Colored contour image, which was recorded by NewView, of the surface of PLDed sample (⑪ listed 
in Table 1) fabricated by two consecutive PLD processes. Square area (lower right) was masked during the second 
PLD process. Hence, the height is lower than that of upper left area. (b) Cross-sectional curve across the step structure 
recorded by Surfcom. Small dip at 2950 μm is no more than an unexpected hole.

Figure 12. (a)–(c) SEM images of the PLDed TiN thin film (⑩ listed in Table 1). Debris is observed sparsely. (d) Cross-
sectional SEM image of the PLDed thin film taken by oblique observation. Dense and flat structure of the film are 
observed clearly.
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plume tarnished and cracked, and small pieces of peeling film existed. In the meantime, the 
film created by irradiation of fringe region of the plume had mirror completion, and the sur-
face flatness was acceptable without dense flux of debris. Cross section of the peeling film was 
observed at maximum useful magnification (up to 100k), and an interior of the film seemed to 
be well filled without any apparent void. The cross-sectional surface had snaky and streaky 
structure in a longitudinal (surface normal) direction, and the growth of thin film may be 
governed by (111)-oriented growth. For this reason, out-of-plane XRD pattern of the film had 
a (111) peak only and in-plane pattern had no peaks.

3.7. X-ray diffractometry (SmartLab)

Application of TiN film for plasmonic phenomena is coupled with high crystallinity and large 
grain size in the film, and I decided to think a great deal about film quality before impending 
goal, i.e., excitation of SPP with TiN film. Crystallinity of the PLDed TiN film was examined 
by an X-ray diffractometer with a 2θ-ω scan (out-of-plane) method [30–32]. The PLD target 
was a hot pressed pellet of microcrystalline TiN powder and showed all the major peaks listed 
in well-known XRD databases as shown in blue curve of Figure 13(a). Then TiN film, which 
was fabricated on a glass slide by plasma-assisted sputtering, was analyzed and only a weak 
(111) peak was observed. On the other hand, TiN film on a silicon (100) surface, which was 
fabricated by the same process, had no peak of TiN but Si(400) only, as shown in grey curve 
of Figure 13(a). The PLDed TiN film had (111) and (200) peaks and had no peak in in-plane 
scan, as shown in Figure 13(b). Therefore, highly (111)-oriented growth may act in a dominate 
fashion in the PLDed TiN film on a glass slide.

3.8. X-ray photoelectron spectroscopy (Quantum 2000)

Previous reports regarding TiN thin film fabrication, one of the major issues is an unexpected 
chemical composition of TiN and unwanted compound incorporation in the film. That is why 

Figure 13. (a) XRD patterns of hot pressed PLD target and TiN film fabricated by plasma-assisted sputtering. (b) XRD 
pattern of the PLDed TiN thin film (⑩ listed in Table 1). The PLDed film is (111)-oriented, and the thickness is not enough 
to show higher order peaks.
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an X-ray photoelectron spectroscopy was applied to the surface of TiN films fabricated by both 
plasma-assisted sputtering and PLD [33–38]. Every XPS analysis was carried out with X-ray beam 
at the right angle to the film surface. The survey spectrum was recorded in a binding energy of 
−8 to 1398 eV at low resolution (ΔE = 1 eV), and high-resolution photoelectron spectra were mea-
sured for estimation of N(1s), O(1s), Ti(2s), and Ti(2p) as relevant atoms (ΔE = 0.05 eV) as shown 
in Figures 14 and 15. Additionally, C(1s) was diagnosed for  estimation of surface contamination 
and absolute energy reference for chemical shifts. The measurement took about 1 hour for each 
atom. All the XPS spectra were measured clearly, and the principal difference between the two 
films is noticeable on the spectrum of Ti(2p). The Ti(2p) spectrum has more peaks, which are 
strongly associated with a valuable work of Jaeger et al. [33]. Namely, peaks of Ti 2p3/2 and shake-
up3/2 are observed clearly. In the N(1s) spectrum, a peak originated from the N-Ti bond is much 
stronger than that of the O-Ti bond. In the O(1s) spectrum, a peak of the O-Ti bond is stronger 
than that of the O-N bond. The Ti(2s) spectrum is also obtained clearly with the PLDed film, and 

Figure 14. (a) Survey, (b) C(1s), (c) N(1s) spectrum of the sputtered TiN thin film recorded by XPS. (d) Survey, (e) C(1s), 
(f) N(1s) spectra of the PLDed TiN film (⑩ listed in Table 1). Gray Gaussian curves are results of peak fitting by Igor Pro 
coupled with XPST 1.1 [39].

Fabrication of Plasmonic Crystalline Thin Film of Titanium Nitride (TiN) by Pulsed Laser Deposition...
http://dx.doi.org/10.5772/67765

475



broadened peak of first-order surface plasmon is also indicated. The high-resolution XPS spectra 
of N, O, and Ti are indicated simultaneously in Figure 16 with peak positions referenced from 
NIST database. The N(1s) peak data agree well with Ti-N bonding. The O(1s) peak suggests the 
existence of titanium oxide in the PLDed film surface only. The Ti(2p) peaks seem to be close to 
peaks originated from the Ti-N bonding, but these are clearly influenced by oxides.

Figure 15. XPS spectrum of the sputtered TiN thin film (a) O(1s), (b) Ti(2p). XPS spectrum of the PLDed TiN thin film (⑩ 
listed in Table 1) (c) O(1s), (d) Ti(2p). In (d), two peaks originate from Ti-N combination are clearly observed, and the 
same two peaks do not exist in (b). Therefore, the PLDed TiN film may contain much Ti-N combinations.

Figure 16. XPS spectra (N, O, Ti) of the PLDed TiN thin film (⑧ listed in Table 1) with reference peak positions (colored 
lines) related to TiN and TiO2 combinations from the XPS database in the NIST homepage. TiN-based peaks are clearly 
observed, but TiO2-based peaks are also exist because there might be considerable residual oxygen in the vacuum used 
for the PLD process.
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4. FEM simulation

It is usually hard to observe excited surface plasmon polaritons in plasmonic experiments. So 
I have been performed numerical simulation concerning MIM structure with TiN as a metallic 
layer. A two-dimensional FEM model of MIM structure was designed as TiN(30 nm)/SiO2(150 
nm)/TiN(200 nm) layers on a glass substrate. And the multilayer was irradiated by p-polar-
ized light by changing both incident angle and wavelength. As a well-known fact, the MIM 
structure could excite SPPs inside the insulating layer at small incident angles, and the wave-
length of SPPs tends to be larger than the incident wavelength of light. Therefore, the model 
length in the x-direction is set at 2000 nm. The numerical simulation was done by an FEM-
based electromagnetic simulation package, COMSOL Multiphysics and WaveOptics Module. 
In the calculation, the incident angle of light was changed from 0 to 75 degree at 15-degree 
interval. Increase in the incident angle caused (1) decrease in maximum at 550 nm and (2) blue 
shift in minimum at 670 nm (dip caused by SPPs) as shown in Figure 17(a). With this result, 
the incident angle was fixed at 5 degree, and the dependence of minimum on the thickness of 
thinner TiN layer was simulated. The minimum fell to almost zero at TiN thickness of 20 nm. 
Calculated Ey map in the MIM structure is shown in Figure 17(b). The incident wave is clearly 
indicated as a parallel pattern because no reflected wave exists. Inside the insulating layer 
(SiO2), we can see intense and confined SPPs having extremely long space wavelength in the 
x-direction. So we could excite SPPs inside the MIM structure with TiN and SiO2 but we need 
thinner-than-normal TiN layer for most efficient excitation of the SPPs. On the other hand, the 
thicker TiN layer must get thicker (>200 nm) to become perfect mirror layer.

5. Conclusion

Thin film fabrication of titanium nitride has been studied by pulsed laser deposition with 
third harmonics of Nd:YAG laser. A metallic and adhesive thin film on a glass slide has been 
deposited at around 1010 [W/cm2] of laser irradiation intensity. The mean deposition rate is 

Figure 17. (a) Spectral reflectance curves of asymmetric MIM structure having TiN (30 nm)/SiO2 (150 nm)/TiN (200 nm) 
layers on a quartz substrate depend on an incident angle of p-polarized light. (b) Minimum around 680 nm fell to almost 
zero at TiN thickness of 20 nm. The inset shows electric filed component Ey distribution inside the MIM structure. Top-
striped area corresponds to vacuum layer just above the thin TiN layer, and most of the incident light converted into 
plasmon wave inside the MIM structure.
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around 10 nm/min. The PLDed TiN film has dense structure and is (111)-oriented by SEM 
and XRD analysis. Chemical composition analysis of the PLDed TiN film by XPS has good 
peaks related to Ti and N, but there are considerable influences of residual oxygen because 
of air-based vacuum. In the near future, a nitrogen-based high vacuum atmosphere will be 
realized, and XPS peaks of TiO2 may be suppressed, and basic plasmonic experiments will be 
performed with the PLDed TiN film coupled with also PLDed AlN film.
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