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Preface

This is the second volume in the Plasmonics series, Reviews in Plasmonics. The first
volume was very well received by the Plasmonics community with several notable

reviews of the volume.

In this 2015 volume, we are pleased again with the broad and timely Plasmonic

content. We subsequently thank the authors for their very timely and exciting

contributions again this year. We hope you all will find this volume as useful as

the first volume.

In closing, I would like to thank both Tanja Koppejan and Meran Owen at

Springer for their help in compiling this volume.

Institute of Fluorescence Chris D. Geddes

University of Maryland Baltimore County

Baltimore, MD, USA

July 29 2015
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Chapter 1

Surface Plasmon Polariton Assisted Optical
Switching in Noble Metal Nanoparticle
Systems: A Sub-Band Gap Approach

Sandip Dhara

Abstract Understanding the light-matter interaction at nanometre scale is a fun-

damental issue in optoelectronics and nanophotonics which are prerequisites for

advanced sensor applications of optical switching. The electrical transport process

in noble metal-insulator nanocomposite or dispersed noble metal nanocluster in

dielectric matrix is discussed. Banking on high value of third-order nonlinear

susceptibility, optical switching was reported in the percolation threshold of

noble metals in dielectric matrices. The optical switching originating from the

excitation of the surface plasmon was recorded for metal–oxide–metal tunnelling

junctions. The surface plasma polariton (SPP) in the form of drifting hot electrons

across the oxide barrier and tunnelling to the counter electrode in the evanescent

field of surface plasmon resonance (SPR) was made responsible for electrical

transport mechanism. These models, for the first time, are discussed in ambit of

having a sub-band gap feature in the SPP assisted photoresponse where transport of

electrical carriers may manifest either at the percolation threshold with enhanced

electro-magnetic field, and in the form of tunnelling current through the potential

barrier at the Fermi level or in the propagation of plasmon coupled electrons at SPR

for metal-dielectric composites.

Keywords SPP • SPR • Optical switching • Noble metal • Nanoparticle

1.1 Introduction

Understanding the light-matter interaction at nanometre scale is a fundamental

issue in optoelectronics and nanophotonics which are prerequisites for advanced

sensor applications, namely, optical switching (abrupt change in resistance with

exposed light signal) devises using all-optical signal processing [1, 2], two photon

absorption (TPA) enhanced second harmonic generation (SHG) [3], renewable
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energy resourcing by guiding and localizing light and considerable reduction in

absorption layer thickness [4]. It is also used in the bio-organic sensing, in medical

therapy encompassing early detection of beginning of life using shift in plasmonic

resonance frequency due to the presence of molecular motors [5] and in destroying

tumour by generating heat using the adiabatic heating of plasmonic vibration [6].

Optical switching using the enhanced third-order nonlinear susceptibility in

noble metal systems [7–10], especially near the surface-plasmon-resonance (SPR)

frequency evoked considerable interest among scientific researchers during last one

and half decade. Coherent oscillation of conduction electrons, particularly in noble

metal nanoclusters, with the excitation of visible light gives rise to surface plasmon

polaritons (SPP) which propagate near the metal-dielectric interface (schematically

shown in Fig. 1.1) [11–14]. The evanescent field allows the observation of inter-

ference [15–17], and sub-diffraction limited optical imaging of nanostructure [18–

22]. The plasmon coupling within arrays of metal nanoparticles can lead to the

formation of nanoscale hot spots in which the intensity of light from an incident

beam can be concentrated by more than four orders of magnitude. The effect of

light concentration by means of plasmon is most obvious in phenomena dealing

nonlinearity in light intensity, as demonstrated recently by the on-chip generation

of extreme-ultraviolet light by pulsed laser high harmonic generation [23]. This

opens an affluence of prospects in lithography or imaging at the nanoscale through

the use of soft x-rays. In fact, SPR induced localized SHG using Au nanoparticles

are well studied system [24–26]. Among many such significant phenomena and

applications, the most well known is the giant surface-enhanced Raman scattering

(SERS) [27] or noble metal coated tip enhanced Raman scattering (TERS) [28],

those allow both detection and spectroscopic imaging of a single molecule

[29]. Electromagnetic energy transfer in chains of closely spaced metal

nanoparticles was reported in the sub-diffraction limit by means of coupled

plasmon modes [30, 31]. In a dispersion model for coupled plasmon modes

considering equi-spaced metal nanoclusters is developed using an analytical

Fig. 1.1 (a) Incident-light wavelength dependencies of the electrical field intensity for different

slit periods and (b) electrical field intensity distribution in a nano-slit grating for 1500 nm

excitation (Ref. [14]; Copyright (2013) by the IEEE)
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model that describes the near-field electromagnetic interaction between the parti-

cles in the dipole limit [30]. Coherent propagation with group velocities exceeding

0.1 c was calculated in straight wires of dimension less than 0.1λ (wavelength) and
around sharp corners with bending radius less than wavelength of visible light. In

another report using generalized Mie theory, the light-transport properties of Ag

particles of 50-nm diameter, an optimum guiding conditions for an inter-particle

spacing of 25 nm, and a corresponding 1/e signal-damping length of 900 nm was

estimated [31]. These models of optical energy transport in a plasmonic chain are

useful for sub-wavelength transmission lines within integrated optical circuits and

for near-field optical microscopy in futuristic ultra fast photonic device

applications.

Coinage elements of Au, Ag, Cu are extensively studied for plasmonic applica-

tions [32]. Ultrafast switching of 360 fs in Ag nanoclusters embedded in SiO2

matrix, originating from self-diffraction of a pump pulse due to transient grating,

was recorded in a femtosecond optical-Kerr-shutter experiment [7]. A very high

optical nonlinearlity χ(3) ~10�7 esu which was comparable [8] or one order lower

[9] than that for Au nanoclusters system, was reported for Ag nanoclusters. An

order lower value of χ(3) ~10�8 esu was recorded on Cu nanoclusters dispersed in

silica matrix with picosecond nonlinear optical response [10]. In a microreactor

approach [33], Au NPs embedded in silica matrix showed optical switching with the

exposure of 532 nm, which was close to the SPR absorption peak for Au NPs. In the

similar approach, an optical switching was also reported for Au functionalized GaN

(Au–GaN) nanowires with an excitation of 532 nm [34]. Role of band conduction in

GaN is ruled out in the absence of optical switching using 325 nm (~3.8 eV)

excitation (energy being higher than the band gap of GaN~ 3.4 eV). The SPR, on

the other hand, in bimetallic nanocluster of noble metals of Au and Ag is also useful

for various applications with the ability of tuning the absorption peak position [35–

37]. The SHG in the Pt/Cu [38] and Ag/Cu [39] systems drew lot of attention. In a

recent report photoresponse of bimetallic Au–Ag nanoparticle embedded soda glass

(Au–Ag@SG) substrate was reported [40] for surface plasmon assisted optical

switching using 808 nm excitation, which was away from the characteristic SPR

peaks of Ag (~400 nm) and Au (~550 nm) nanoparticles. The observation suggested

the possible role of TPA owing to the presence of interacting electric dipole in these

systems.

In order to understand the electrical transport process in noble metal-insulator

nanocomposite or dispersed noble metal nanocluster in dielectric matrix, various

models are discussed in the literature. Banking on high χ(3) values, optical

switching was reported in the percolation threshold of Au nanoclusters in SiO2

matrix [9], and Cu nanoclusters on Si3N4 film [41]. A reversible electronic thresh-

old switching was reported in percolative Ag nanoclusters embedded in polymer

matrix [42]. The optical switching originating from the excitation of the surface

plasmon was recorded for metal–oxide–metal tunnelling junctions [43]. The SPP in

the form of drifting hot electrons across the oxide barrier and tunnelling to the

counter electrode in the evanescent field of SPR was made responsible for electrical

transport mechanism. In the specially designed experiment [34], optical switching

1 Surface Plasmon Polariton Assisted Optical Switching in Noble Metal. . . 3



in Au–GaN nanowires with a sub-band gap excitation of 532 nm suggested possible

role of SPP assisted transport of electron in the system. The same mechanism was

proposed for the propagation of electronic carrier belonging to the conduction

electron of noble bimetals in the Au–Ag@SG system in understanding the observed

photoresponse [40]. Contributions of interband and intraband transitions in noble

metals and inter-particle separation were discussed in understanding the plasmonic

coupling mechanism. These models, for the first time, are discussed in ambit of

having a sub-band gap feature in the SPP assisted photoresponse where transport of

electrical carriers may manifest either at the percolation threshold with enhanced

electro-magnetic field, and in the form of tunnelling current through the potential

barrier at the Fermi level or in the propagation of plasmon coupled electrons at SPR

for metal-dielectric composites.

1.1.1 A Percolative Pathway for Electrical Transport

Optical absorption and electrical transport properties of noble metal-dielectric

nanocomposites can be understood from the theoretical investigation in the calcu-

lation of the dielectric function for a heterogeneous composite medium [44–

46]. The Maxwell-Garnett theory (MGT), dealing predictions related to the exis-

tence of the optical dielectric anomaly observed in granular metal films (presently

understood as absorption peak due to SPR of the noble metal clusters), was modeled

for the calculation of optical properties [44]. However, MGT was limited in

predicting observed percolation threshold in granular metals for the volume fraction

of the metallic phase comparable to that of the matrix phase. On the other hand, the

effective medium theory (EMT) was used for the calculation of the dielectric

constant for composites, as well as predicted a percolation threshold for electrical

conductivity [45]. However, unlike the MGT, dielectric anomaly could not be

inferred in the EMT. Moreover, the predicted value of the percolation threshold

was lower than that compared with the experimental reports. Later, based on a

phenomenological model considering distribution of conducting and insulating

phases, both the optical dielectric anomaly and the percolation threshold was

developed for the unified understanding of the optical absorption and percolation

transport properties of granular composite media [46]. At a specific composition

with the fraction of conducting phase p> 0.35, a percolative pathway for electrical

conduction was correctly estimated for Au–SiO2 composite (Fig. 1.2). At the same

time, as observed in experiments for the SPR absorption of Au clusters embedded in

dielectric matrices was well described under the same formalism in the limit of the

percolative compositions 0.1< p< 0.8 (Fig. 1.3). The percolating threshold was not

predictable under MGT with optical anomaly existing even for p¼ 1. Transition in

infrared transmission for p> 0.7 was another success of the model where also MGT

failed to estimate. Subsequently, a hopping model in a percolative pathway, based

on the microstructure of composites, was developed where the effect of charging

energy Ec as a function of the conductance of paths linking grains of separation ‘s’

4 S. Dhara



and diameter ‘d’ were considered with the assumption of constant s/d throughout

the specimen [47]. Deviating from the phenomenological description, a band model

was proposed in the percolating clusters [48], independent of microstructure, for

estimating the activation energy from the intra-grain energy level splitting due to

the finite size of the grains, apart from the usual electrostatic charging energy, Ec.

Later on drawing an analogy with Efros-Shklovskii model [49], the role of ‘site
energy’was conceptualized in introducing correlated Coulomb gap [50]. A detailed

study on electrical conductivity in the Ag nanoparticle embedded in glass matrix

reported inter-grain hopping of charge carrier [51]. The characteristic temperature

of the conductivity, T0¼ 4χsEc/kB, where kB is the Boltzmann’s constant and

χ¼ (2m*φ)½/�h is the effective inverse tunneling width. Here, m* is the effective

mass of the charge carrier, and φ is the energy barrier over which the charge must

hop, �h is the reduced Planck’s constant. The expression for Ec¼ 2q2s/[κd2(½þ s/

d)], where κ is the permittivity of the insulating phase and q is the electronic charge.
The values T0 was obtained from the slope of the temperature-dependent resistivity

plot (Fig. 1.4a). In the scope of the sub-band gap hopping model, the trend in inter-

particle separation with increased density of metallic phase, as estimated from the

SPR peak analysis (Fig. 1.4b), was correctly calculated from the expression of T0
and Ec with φ ~ 4 eV for glass matrix and d, the average size of the Ag clusters

~10 nm. Thus the role of sub-band gap states in the percolating noble metal clusters

embedded in the dielectric matrices can be understood for the electrical transport in

achieving optical switching.

Electrical conductivity at a threshold noble metal composition, p> 0.6 of

percolative Au–SiO2 composite was reported to increase abruptly along with a

1.0

0.8

0.6

0.4

0.2

0 0.2 0.4 0.6
p

0.8 1.0

σ

Fig. 1.2 Normalized

conductivity σ as a function

of p for Au–SiO2 cermets.

Data from Ref.

[43]. Dashed line denotes
EMT result (Ref. [46];

Copyright (1980) by the

American Physical Society)

1 Surface Plasmon Polariton Assisted Optical Switching in Noble Metal. . . 5



distinct change in the absorption pattern with infrared transmission increasing

above the same threshold value. A collective effect of local field enhancement of

the Au nanoclusters in combination with the increased light amplitude in resonant

cavities formed between the surfaces of the optimally dense Au clusters embedded
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[46]; Copyright (1980) by

the American Physical
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in the SiO2 matrix in the percolation limit was made responsible for the experi-

mental observations [9]. In a unique study, light induced electrical conduction was

reported in randomly-distributed Cu nanoparticles with varying surface coverage

on an optically transparent Si3N4 [40]. At a percolation threshold of 64 % metal

coverage, an optical switching was recorded corresponding to the peak wavelengths

of the peak SPR (Fig. 1.5). Finite difference time domain (FDTD) simulation of the

dielectric constants based on Drude-Lorentz-Sommerfeld model [52] in case of the

Cu nanoparticles/Si3N4 system showed (Fig. 1.6) field enhancement at the perco-

lation threshold. Thus, the report demonstrates that Cu nanoparticle-embedded

device can detect the SPR by simply monitoring the current. The value of χ(3)

was found to depend on noble metal content in Ag:BiO2 [53] and Cu:Al2O3 [54]

composites with highest values achieved at the percolation threshold. The strong

χ(3) is responsible for optical switching in metal composite systems.

1.1.2 A Tunnelling Route to Electrical Transport

A reversible electronic switching effect was observed in Ag nanoparticles embed-

ded in polymer films. A sharp change of up to six orders of magnitude in the

current–voltage behavior are highly reversible for these nanocomposite materials,

and are defined as threshold switching at a percolation threshold, 0.78 of the

metallic coverage (Fig. 1.7) [42]. At the percolation threshold microstructure is

characterized by near continuous chain of particles, with no conductive metallic

path formed between the electrodes. At a specific gap of 2 nm or less between the

particles, electric field of ~ 107 V/cm was estimated in between the Ag particles for

Fig. 1.4 (a) Plot of ln R versus T-½ plot at various fluences. The inset shows resistance (R) versus
temperature (T ) plot. (b) Optical absorption spectra of ion exchanged and irradiated samples at

various fluences (Ref. [51]; Copyright (2001) by the Elsevier Science B.V.)

1 Surface Plasmon Polariton Assisted Optical Switching in Noble Metal. . . 7



an applied voltage of 1 V between electrodes. A tunneling of electronic charges

with relatively high current densities would occur through the potential barrier at

the Fermi level in the field emission process at such a high field.

Narrow band photoresponsivities up to 60 mV /W into a l00 Ω impedance at

632.8 nm was observed in Ag–Al2O3–Al and Al–Al2O3–Al metal-insulator oxide-

metal (MOM) devices [43]. The wavelength sensitivity of the detector could easily

be varied over a wide range by coating the top electrode with different dielectrics,

the upper limit being the SPP frequency of the top electrode. Optimum metal
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Fig. 1.5 (a) LSPR measurement results from samples with a surface coverage, fa of 55 %, 64 %,

and 80 %; each samples has a different resonance peak (55 %: 706 nm; 64 %: 743 nm; 80 %:

789 nm). (b) I–V characteristics of samples with a surface coverage of 55 %, 64 %, and 80 %; the

plot of fa¼ 64 % shows a jump of about one order of magnitude (for the percolation threshold)

(Ref. [41]@2010, Copyright ©American Optical Society)

Fig. 1.6 Calculated electric

field intensity enhancement

in the plane of the deposited

nanoparticles (64 %

coverage sample). The local

field intensity enhancement

is depicted in the TEM

image (inset) using the

linear color bar (Ref. [41]

@2010,

Copyright©American

Optical Society)
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grating parameters lead to high efficient SPP excitation. The data showed signifi-

cantly improved photon assisted tunneling (SPP photo-signal to background ratio)

with an applied bias. Inside the metals, the SPP was assumed to decay partly into

single particle excitations of electron which could drift to the oxide barrier and

tunnel to the counter electrode. The photoresponse was thus determined by the

generation of the electrons in metal films at the evanescent field of SPR and by the

tunneling rates through the barrier. A mean free path of the hot electrons was

estimated to be ~25 nm for the MOM junction. In an interesting report, detection of

visible light by two dimensional (2D) Ag–Al2O3–Al based MOM tunnel junctions

on glass with periodic array of bumps was reported [55]. The SPP at the periodic

gratings decayed into single particle excitations, which had sufficient energy to

tunnel through the oxide barrier. They obtained a rectification of the photoresponse

at 476.9 nm due to the nonlinear I–V characteristic of the tunnel junction. In a fresh

approach, a strong wavelength-dependent and reversible photoresponse was

reported in a two-terminal device using a self-assembled ensemble of Au

nanopeapodded silica nanowires under light illumination, whereas no

photoresponse was observed for the plain silica nanowires (Fig. 1.8). The switching

wavelength was found to match the SPR absorption leading to the generation of

electrons in the evanescent field where the photogenerated electrons tunnel through

Fig. 1.7 Left: I–V characteristics of a plasma polymer film containing Ag nanoparticles (AgPPF)

with different area filling factors fa . Top left: Sample setup: Coplanar electrode arrangement (slit

dimensions 500 μm� 6 nm); placement of TEM grids is matched to film positions (slits) for the
electrical measurements. Right: TEM micrographs of different nanostructural types (dark: metal;

light: plasma polymer) (Ref. [42]; Copyright (2003) by the American Institute of Physics)

1 Surface Plasmon Polariton Assisted Optical Switching in Noble Metal. . . 9



the oxide nanowires owing to the propagation of SPP. The propagating hot electron

in the 1D nanoscale wave guide was observed to travel an inter-particle separation

of 100 nm which was one order higher than that reported for MOM structures [43].

1.1.3 A Propagative Surface Plasmon for Electrical
Transport

Albeit the origin of percolative pathway or tunneling of electrons at percolation

threshold in explaining the observed photocurrent in noble metal-dielectric matri-

ces, a plasmon coupling based propagation of SPP can always be envisaged in the

understanding of optical switching. It is particularly important when pure quantum

mechanical electron tunneling cannot be used for inter-particle separations above

10 nm. Thus the conception of SPP, where plasmonic coupling played a vital role

in the formation of hot electron in evanescent field and its propagation, was

the principal driving mechanism for the observed optical switching in noble

190
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Fig. 1.8 Photoresponse measurements. The room-temperature resistance response as a function of

time to light illumination for plain silica nanowires (upper part) and gold nanopeapodded silica

nanowires (lower part). Shaded (pink, excitation wavelength λex ¼ 635 nm; green, λex ¼ 532 nm;

purple, λex ¼405 nm) and unshaded regions mark the light-on and light-off periods, respectively

(Ref. [33]; Copyright (2006) by the Nature Publication Group)
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metal-dielectric matrices. The role of sub-band gap states, however was clearly

understood for both percolative model considering ‘site energy’ correlated to

Coulomb gap in the granular system [48, 50] and in tunneling model by definition

with electron travelling through the potential barrier at the Fermi level.

In a recent study, optical switching for 1D Au–GaN nanowires and in a single

nanowire (Fig. 1.9) was demonstrated [34] for sub-band gap (532 nm; GaN band

gap at 365 nm) excitation with surface plasmon resonance peak of Au around

550 nm. Conduction process, responsible for the observed photoresponse

(Fig. 1.10), was conceived as SPP assisted transport of electron with propagative

resonating electromagnetic radiation coupled to Au nanoclusters generating the

carriers (schematic in Fig. 1.11) [56]. Resistivity measurements in the single

nanowire showed lowering of resistivity from the bulk value of 0.3 Ω-cm (mea-

sured at dark) to 0.05 Ω-cm for the 532 nm illumination as a measure of surface

plasmon polariton assisted electrical conduction process [34].

Fig. 1.9 Focused ion beam

assisted Pt contact

electrodes in (a) ensemble

(b) single GaN nanowire

system (Ref. [34];

Copyright (2014) by the

Springer)

1 Surface Plasmon Polariton Assisted Optical Switching in Noble Metal. . . 11



Fig. 1.10 Photoresponse in

(a) ensemble (b) single GaN
nanowire samples with

periodical dark and 532 nm

illumination conditions

(Ref. [34]; Copyright

(2014) by the Springer)

Fig. 1.11 Propagation of surface plasmons on gratings. (a) There are three forms of surface

plasmon polaritons (SPPs) around each gold pitch: a, SPPs oscillating at the top surface of

gratings; b, SPPs oscillating though the slits and; c, SPPs oscillating at the bottom surface of

gratings at the Ti–Si Schottky interface. (b) Plasmonic heat absorption calculated by FDTD

(shown with a logarithmic scale for clarity). Most of the hot electron generation occurs at the

bottom surface of the gold layer (Ref. [56]; Copyright (2013) by the Nature Publication Group)



In a novel study, optical switching in the Au–Ag@SG system using 808 nm

excitation was reported [40]. A change in current was almost twice for 808 nm

excitation than that observed for the exposure with 532 nm (Fig. 1.12) indicating a

possible role of TPA in the conduction process. The effect of TPA, unlike the

conventional wisdom, was realized in its manifestation of doubling the photocur-

rent with the excitation wavelength of 808 nm as compared to 532 nm excitation

where a single photon was involved in the SPR assisted photoresponse. In the

sub-band gap picture, the SPP assisted generation of photocurrent does not occur

across the band so a quadratic increase in the current cannot be expected. The

photocurrent was because of the transport of conduction electrons belonging to Au–

Ag system, so the role of TPA was limited to the plasmonic coupling the conduction

electrons of Au–Ag system. In order to understand the possible role of competitive

inter- and intraband transition in Au and Ag [57], FDTD calculations were analyzed

showing very strong dipole coupling of Au–Ag@SG system for both 532 nm and

808 nm excitations for an inter-particle separation between Au and Ag

nanoparticles of 2 nm (Fig. 1.13a). On the other hand, absence of electromagnetic

coupling for 405 nm for the same system was noteworthy. The observation was

correlated to the absence of interband contribution of Ag [56] to the electro-

magnetic light absorption process in the bimetallic system of Au and Ag. Dipole

interaction between Au and Ag nanoparticles was reported active up to a gap of

4 nm for both 532 nm and 808 nm excitations (Fig. 1.13b). The role of larger layer

being involved in the electrical conduction process at 808 nm (with low absorption

Fig. 1.12 Typical photoresponse of Au–Ag embedded in soda glass sample grown with Auþ

implantation at a fluence of 5� 1016 ions.cm�2 with periodical dark and illumination to different

laser wavelengths. Inset shows similar photoresponse of samples grown with Auþ implantation at

fluences of 2� 1016 and 3� 1016 ions.cm�2. The studies show a double amount of change in

current for 808 nm excitation than that observed for 532 nm exposure (Ref. [40]; Copyright (2015)

by the American Institute of Physics)
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of 808 nm in the bimetallic system) excitation and increasing the photocurrent to

almost twice the value of that observed in for 532 nm exposure was ruled out in the

presence of strong coupling of electromagnetic wave of both 532 and 808 nm in the

Au–Ag system (Fig. 1.13). The observation suggested possibility of optical

switching in noble bimetallic nanocluster system where long wavelength with

higher skin depth can be used for the communication purpose [40].
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Chapter 2

Modeling and Interpretation
of Hybridization in Coupled Plasmonic
Systems

Saı̈d Bakhti, Nathalie Destouches, and Alexandre V. Tishchenko

Abstract The coupled mode formalism is introduced to provide a phenomenolog-

ical understanding of the coupling effects in finite systems of particles. Within this

approach, a metal nanoparticle can be viewed as an optical resonator and the

formation of hybrid modes, resulting from the coupling between particles, can be

anticipated. An efficient numerical algorithm is proposed to extract the character-

istics (complex poles and amplitudes) of each resonance of the system.

The spectral behavior of the eigen modes of a single metal sphere is analyzed.

The redshift and broadening of the different modes with the increase of the particle

size and the local refractive index are characterized. Optimal conditions can be

found to maximize the particle absorption as well as the near-field enhancement.

Sub-radiant and super-radiant hybrid modes of a dimer are identified from the

extinction spectrum of each particle. These hybrid modes have different energetic

behavior depending on the inter-particle distance, and can then be compared to

bounding (attractive) and anti-bounding (repulsive) states. The near-field enhance-

ment resulting from the hybrid mode excitation is maximized by optimizing the

dimer geometry and the surrounding refractive index.

The hybrid modes in a quadrumer are identified. For small particles with a

reduced coupling via scattering, the system exhibits an anti-crossing behavior of

the hybrid modes typical for weakly coupled resonators. When the particles are

sufficiently large to induce a strong coupling in the system, the extinction spectrum

of the quadrumer present Fano-like resonances, i.e. resonances with an asymmetric

line shape. The hybrid modes at the origin of these particular resonances are

identified as sub- and super-radiant modes of the system. The sharp Fano-like

resonance has a high figure of merit, making such system promising for sensing

applications.
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2.1 Introduction

Plasmon resonances induced by the electromagnetic excitation of metal

nanoparticles are generally associated with the presence of resonance bands in

the spectral response of these nanoparticles [1], and lead to an increase in the

local electromagnetic field at resonance wavelengths [2]. Each band corresponding

to a particular mode of resonance is characterized by its spectral position and width.

These spectral characteristics are strongly dependent on the geometry of the

particles as well as on their environment. Changes in the resonance bands result

in a red shift of the resonance position as well as in a broadening of the bands when

the size of the particle or the local refractive index increases.

In general, the optical response of metal nanoparticles is largely dominated by

bands of plasmon resonances. As part of a study of the spectral evolution of these

different bands based on certain geometric and environmental parameters, it may be

more convenient to deal only with resonance parameters (position and width) rather

than considering the whole optical spectra. Different methods allow for retrieving

these parameters; they are based on Mie theory for spheres [3], the eigenvalues of

surface integrals [4], or the hybridization theory for more complex systems

[5, 6]. We propose here to develop a method to extract precisely the resonance

parameters from the total optical response of a system of particles based on the

T-matrix method and its generalization to multi-particle systems [7, 8]. The main

objective of this development is to provide an efficient and flexible numerical tool

for the characterization of plasmon resonances together with a phenomenological

approach to interpret their physical behavior [9–11].

We first introduce the coupled mode model applied to the phenomenological

description of the plasmon resonance amplitudes resulting from an external excitation,

allowing a treatment ofmetal nanoparticles as optical resonators. This model is applied

to a single resonance mode and extended to a pair of coupled modes, providing a set of

phenomenological parameters including losses, coupling with excitation and mutual

coupling coefficients. This approach anticipates the formation of hybrid modes as

resulting from the coupling between two plasmon modes. The coupled mode model

is applied to the complex valued extinction coefficient of the individual particles,

defined as an extension of the classical extinction cross-section. This coefficient,

having the same phase than the dipolarmoment of the particles, appears as a convenient

parameter to identify the nature of the hybrid modes in a coupled system. The solutions

of the coupledmode equations being in the form of a singular function of the pulsation,

we propose an efficient numerical algorithm to extract the characteristics (complex

poles and amplitudes) of each resonance of the system from the rigorous computation

of complex valued extinction coefficients. All phenomenological parameters describ-

ing the coupling between particles can be deduced from these characteristics.

Within this theoretical framework, we first analyze the spectral behavior of the

eigenmodes of a single silver sphere. The redshift and broadening of the different

modes with the increase of the particle size and the local refractive index are

characterized and optimal conditions are found to maximize the particle absorption

as well as the near-field enhancement. The case of a silver dimer is then studied,
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where sub-radiant and super-radiant hybrid modes are identified from the extinction

spectrum of each particle. These hybrid modes have different energetic behaviors

depending on the inter-particle distance, and can then be compared to bounding

(attractive) and anti-bounding (repulsive) states. Local field enhancement resulting

from hybrid mode excitation can be maximized by optimizing the dimer geometry

and the surrounding refractive index. Our method is finally applied to silver

quadrumers, where hybrid modes exhibit an anti-crossing behavior in the case of

weakly coupled small particles. For larger particles, their strong coupling induces

the appearance of a Fano-like resonance in extinction spectra. The hybrid modes at

the origin of this sharp asymmetric resonance line shape are identified and their

behavior is analyzed, showing their potential for sensing applications.

2.2 Coupled Mode Model Applied to Interacting Plasmon
Modes

Wedetermine in this section an equation governing the coupled plasmonmode ampli-

tudes, with a few phenomenological parameters characterizing the coupling behavior

in simple plasmonic systems. The proposed formalism is well known in the classical

coupled mode theory [12] and can be applied to more complex geometries.

A single plasmon mode can be described by a first order differential equation

giving the time variations of the mode amplitude a(t) when excited by an incident

wave with electric field f0(t)

da tð Þ
dt

¼ �jRe ωp

� �
a tð Þ � 1

τ
a tð Þ þ κf 0 tð Þ ð2:1Þ

where τ is the time decay of the plasmon (representing the total losses in the

resonant system including absorption as well as re-radiation attributed to scatter-

ing), κ is the coupling coefficient and ωp is the complex resonant angular frequency

of the plasmon mode. The real part of ωp corresponds to the resonance position and

the imaginary part to its half width at half maximum (HWHM). When both the

incident radiation and the plasmon amplitude oscillate at angular frequency ω, they
can be expressed in terms of their modulation amplitudes ef 0 tð Þ and ~a(t) respectively

f 0 tð Þ ¼ ef 0 tð Þexp �jωtf g
a tð Þ ¼ ea tð Þexp �jωtf g

�
ð2:2Þ

Substituting these expressions into Eq. (2.1) and fixing condition ef 0 tð Þ ¼ 1 which

corresponds to a plane wave with unit amplitude we get the following particular

solution of Eq. (2.1) in steady state

ea ωð Þ ¼ jκ
ω� Re ωp

� �þ j
τ

ð2:3Þ
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Final modulation amplitude ~a depends on angular frequency ω only and the

obtained expression can be written in a very simple form as:

ea ωð Þ ¼ ap
ω� ωp

ð2:4Þ

where the coupling coefficient is related with amplitude as ap ¼ jκ, and the time

decay corresponds to the imaginary part of the complex pulsation Im ωp

� � ¼ �1=τ.
The coupling coefficient quantifies the coupling between the incident excitation and

the plasmon mode. Its amplitude provides the coupling strength and its phase

corresponds to the oscillator phase at resonance relative to the excitation.

In the case of close particles, plasmon resonances strongly interact, resulting in

the formation of hybrid modes in the system. To generalize the phenomenological

description to coupled systems, consider first two interacting plasmon modes. One

can write two coupled-mode equations on the basis of Eq. (2.1). Two modes with

amplitudes a1(t) and a2(t) and complex angular eigen frequencies ω1 and ω2 are

coupled to the incident radiation with coupling coefficients κ1 and κ2. Phenomeno-

logical equations managing these modes can be written in the following form:

da1 tð Þ
dt

¼ �jRe ω1f ga1 tð Þ þ Im ω1f ga1 tð Þ þ κ1f 0 tð Þ þ κ12a2 tð Þ
da2 tð Þ
dt

¼ �jRe ω2f ga2 tð Þ þ Im ω2f ga2 tð Þ þ κ2f 0 tð Þ þ κ21a1 tð Þ

8><
>: ð2:5Þ

where κ12 and κ21 are the coupling coefficients between the two modes. The

temporal amplitudes of the modes can be expressed in terms of their temporal

envelope similarly to the case of a single mode:

a1 tð Þ ¼ ea1 tð Þexp �jωtð Þ
a2 tð Þ ¼ ea2 tð Þexp �jωtð Þ

�
ð2:6Þ

Substituting expressions (2.6) into Eq. (2.5), we get rid of the fast oscillating term

exp �jωtð Þ. The particular solution of the coupled mode equations is found in steady

state, when ef 0 tð Þ ¼ 1:

ea1 ωð Þ ¼ aþ1
ω� ωþ þ a�1

ω� ω�

ea2 ωð Þ ¼ aþ2
ω� ωþ þ a�2

ω� ω�

8><
>: ð2:7Þ

The solutions appear as a linear superposition of two singular functions, showing

that the coupling between the plasmon modes results in the formation of two hybrid

modes with complex resonance angular frequencies ωþ and ω� distinct from the

original modal angular frequencies. The values of the phenomenological parame-

ters a�1 , a
þ
1 , a

�
2 , a

þ
2 , ωþ and ω� of these hybrid modes can be found by fitting the
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optical response of the system with a meromorphic function of the pulsation that

has two singular points. All phenomenological parameters introduced in Eqs. (2.5)

are then related with the resonance parameters of hybrid modes. The coupling

coefficients depend on the polar amplitudes as:

κ1 ¼ �j aþ1 þ a�1
� �

κ2 ¼ �j aþ2 þ a�2
� ��

ð2:8Þ

Since these coefficients are intrinsic for the given modes, the sum of hybrid

mode amplitudes aþ1 þ a�1 and aþ2 þ a�2 must remain constant whatever the strength

of the coupling between the modes. The mutual coupling coefficients are

κ21 ¼ � aþ2 a
�
2

aþ1 a
�
2 � a�1 a

þ
2

Δω�

κ12 ¼ aþ1 a
�
1

aþ1 a
�
2 � a�1 a

þ
2

Δω�

8>><
>>: ð2:9Þ

with Δω� ¼ ωþ � ω�. Considering that these coupling coefficients reflect the

coupling strength in the system and regarding to their expressions, the difference

between the complex angular frequencies of hybrid modes, Δω�, as well as

products of their amplitudes give a direct estimate of the coupling effects in particle

aggregates. Similarly to the coupling coefficients, the mutual coupling coefficients

are complex parameters whose amplitude provides a direct estimate of the coupling

strength between the particles, and their phase corresponds to the phase detuning

with which one mode acts on the other.

Finally, the initial and hybrid mode angular frequencies are linked as follows:

ωþ ¼ ω1 þ j
aþ2
aþ1

κ12

ω� ¼ ω2 þ j
a�1
a�2

κ21

8>><
>>: ð2:10Þ

These relations show that with given initial modes, the shift in hybrid modes

depends directly on the mutual coupling coefficients, as expected in strongly

coupled oscillators [13].

In the limit of uncoupled modes, e.g. by sufficiently distancing two particles so

that they no longer interact with each other, the mutual coupling coefficients nullify

and the Eq. (2.5) become independent. In this case, vanishing mode amplitudes a�1
and aþ2 ensure that the mutual coupling coefficients become zero and that the hybrid

mode angular frequencies tend to the initial values (ωþ ! ω1 and ω� ! ω2).
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2.3 Definition of the Complex Valued Extinction
of Nanoparticle Assemblies

In the general case of a system whith interacting particles our strategy is to consider

a single parameter characterizing the response of each particle. A practical way to

characterize the optical response of a system of particles is to introduce the optical

cross-sections [14]. In particular, the extinction cross-section Cext, which expresses

the total optical losses in the system due to absorption and scattering processes. In

the case of a single particle, this quantity is expressed using the optical theorem:

Cext ¼ 4π
ks E0j j2 Im E*

0:E
1
sca ekð Þ� � ð2:11Þ

where E1
sca ekð Þ is the far-field scattered in the forward direction ek of the incident

field. The latter is assumed to be a monochromatic incident plane wave Einc ¼ E0

exp jks � rð Þ of angular frequency ω propagating in the homogeneous medium of

refractive index ns with wavevector ks. For a multi-particle system, the total

extinction cross-section can be defined as the sum of the individual particle

extinction cross-sections.

In order to generalize the concept of extinction cross-section, we introduce the

complex valued extinction eC i
ext for each particle and

eCext for the whole system on the

basis of the conventional extinction cross-section defined in Eq. (2.11)

eCext ¼
X
i

eC i
ext ¼ �

X
i

4π
ks E0j j2 E0:E

i,1*
sca ekð Þ ð2:12Þ

where Ei,1
sca ekð Þ is the far-field scattered by the ith particle. The optical theorem

expressed in Eq. (2.11) defines the extinction cross-section as an attenuation of the

incident radiation in the forward direction. In contrast to its conventional analogue,

the complex valued extinction defined in Eq. (2.12) gives access to the phase

information resulting from the interaction of the scattered field with the incident

one. Even if the individual contributions eC i
ext to the total extinction do not represent

any measurable quantity, they allow for characterizing contribution of each particle

to the optical response of the whole system. To interpret the resonance curves we

study the phase as well as the real and imaginary parts of the individual complex

valued extinctions, noting that their imaginary parts correspond to the conventional

extinction cross-section. The phase of the complex valued extinction coincides with

that of the dipolar moment oscillation.

Complex partial extinctions provide information about relative oscillations of

the particle dipole moments. When particles are illuminated with a constant phase

of the incident plane wave (Fig. 2.1), the phase difference between their scattering

in the far field (and thus between their partial extinction according to Eq. (2.12))

results from a phase difference in their dipolar moments. The complex extinction
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can therefore be conveniently used to characterize the radiation of each particle in a

coupled system.

2.4 Numerical Extraction of Resonance Parameters

We describe the complex extinction coefficient (or each individual contribution to

the total extinction) by a meromorphic function of angular frequency ω, with
m poles corresponding to m resonances:

eCext ωð Þ ¼
Xm
j¼1

aj
ω� ωj

þ
X1
k¼0

bkωk ð2:13Þ

This function is composed of singular and regular parts. Each singular term

corresponds to a particular resonance characterized by its complex amplitude aj
and a complex angular frequency ωj. The real part of the latter corresponds to the

spectral position of the resonance and its imaginary part to the HWHM.We propose

a numerical algorithm for the determination of the characteristics of each reso-

nance. The different steps of the approach are the following. First, in order to obtain

an analytical function without singular function, eCext ωð Þ is multiplied by polyno-

mial Pm(ω) which zeros are the poles of eCext ωð Þ:

Fig. 2.1 Schematic

representation of phase

relations between partial

scattered fields and

oscillating dipolar moments

of a system of particles

(Reprinted with permission

from Ref. [10]. Copyright

2015 American Chemical

Society)

2 Modeling and Interpretation of Hybridization in Coupled Plasmonic Systems 25



Pm ωð Þ ¼
Ym
j¼1

ω� ωj

� � ¼ Xm
k¼0

pkω
k ð2:14Þ

Then, an mþ nð Þth order derivation is applied to this product, with mþ n being

sufficiently large to cancel all the regular terms in (2.13) for k < n. The derivation is

performed numerically on product eCext ωð ÞP ωð Þ atmþ ndiscrete values of ω, and by
applying the mþ nð Þth order Newton divided difference formula:

Xmþn

i¼0

eCext ωið ÞPm ωið ÞYmþn

l¼0

l 6¼i

ωi � ωlð Þ
¼

Xm
k¼0

pk
Xmþn

i¼0

eCext ωið Þω k
iYmþn

l¼0

l6¼i

ωi � ωlð Þ
� 0 ð2:15Þ

The relation yields a linear equation on polynomial coefficients pk considered as
unknowns

Xm�1

k¼0

Akpk ¼ �Am ð2:16Þ

where

Ak ¼
Xmþn

i¼0

ω k
i
eCext ωið Þ

Ymþn

l¼0

l 6¼i

ωi � ωlð Þ�1

2
66664

3
77775 ð2:17Þ

Taking m different sets ofmþ n couples of points ωi ; eCext ωið Þ
	 


leads to a system

of m linear equations, whose resolution delivers m polynomial coefficients

pk, k ¼ 0, 1, 2, . . . ,m� 1. The last step consists in searching the roots of polyno-

mial Pm(ω) defined by coefficients pk. This can be efficiently done by factorizing the
companion matrix Cm of polynomial Pm(ω) using the QR algorithm [15]:

Cm ¼

0 0 � � � 0 �p0
1 0 � � � 0 �p1
0 1 � � � 0 �p2
⋮ ⋮ ⋱ ⋮ ⋮
0 0 � � � 1 �pm�1

0
BBBB@

1
CCCCA ð2:18Þ

Each eigenvalue of matrix Cm is equal to one of the polynomial roots and,

consequently, to one of the poles of eCext ωð Þ.
Once the poles of eCext ωð Þknown, the amplitude of each singular term is obtained

from the Lagrangian form of the analytical product, using all N ¼ 2mþ n discrete

points
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eCext ωð Þ
Ym
k¼1

ω� ωkð Þ ¼
XN
i¼0

eCext ωið Þ
Ym
k¼1

ωi � ωkð Þ
" #YN

l¼0

l6¼i

ωp � ωl

ωi � ωl

8>><
>>:

9>>=
>>; ð2:19Þ

Resonant amplitude ap is found in the limit ω ! ωp:

ap ¼
Ym
k¼1

k 6¼p

ωp � ωk

� ��1
XN
i¼0

eCext ωið Þ
Ym
k¼1

ωi � ωkð Þ
" #YN

j¼0

j6¼i

ωp � ωj

ωi � ωj

8>><
>>:

9>>=
>>; ð2:20Þ

The presented algorithm determines efficiently the resonance characteristics, and only

few discretization points are required for one searched pole. In practical application,

two sets of points can differ by only one single point. Therefore, the algorithm can be

implemented by calculating the values eCext ωið Þ at only N ¼ 2mþ n different angular
frequencies. The first linear equation is constructed using the mþ n first values ofeCext ωið Þ, the second equation uses values from the 2nd to the mþ nþ 1ð Þth, and so on.

After truncation of the infinite series in Eq. (2.13) the equation becomes a

rational approximation of the complex extinction function. Formally, it is compa-

rable to the Pade approximation [16] which is designed to approximate analytic

functions. We are looking for a decomposition which better fits a meromorphic

function near its poles. Therefore, we aim at the most accurate search of complex

poles ωj and amplitudes aj, and apply the algorithm based on the numerical

derivation [17] instead of conventionally used Baker’s algorithm designed for the

best analytic function approximation in a fixed spectral interval.

In the simplest case of a single resonance present in the extinction spectrum, the

complex pole ωp related to this resonance can be directly expressed as function of N

discrete values of the complex extinction. Then, taking Eq. (2.15) with

Pm ωð Þ ¼ ω� ωp, it follows immediately:

ωp ¼

XN
i¼0

eCext ωið ÞYN
j¼0

j6¼i

ωi � ωj

� �
2
666664

3
777775

�1

XN
i¼0

ωi
eCext ωið ÞYN

j¼0

j6¼i

ωi � ωj

� � ð2:21Þ

Amplitude ap of a single mode is found as

ap ¼
XN
i¼0

eCext ωið Þ ωi � ωp

� �YN
j¼0

j 6¼i

ωp � ωj

ωi � ωj

2
664

3
775 ð2:22Þ

In the following examples, the extinction coefficients are computed at N equidistant

wavelengths in a spectral range containing all searched resonances. Computations
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on various systems showed that accurate results (i.e stable resonance poles and

amplitudes) are obtained within a number of discrete points only a little larger than

the number of poles searched: generally from 3 for a single mode and 5 for two or

three modes, to about 15 for about ten modes.

Examples demonstrating capabilities of the method are presented in Fig. 2.2.

The extinction coefficient of a silver sphere in vacuum is calculated using the Mie

theory and a modified Drude model to fit the metal dielectric permittivity (the used

parameters are the same as in Ref. [10]). The plots of extinction denote the presence

of a single dipolar resonance in the case of a 10 nm in radius particle (Fig. 2.2a) and

both dipolar and quadripolar resonances for a 40 nm in radius particle (Fig. 2.2b). In

these two cases, the parameters of equation (2.13) are found using only three

discrete points around the single resonance and six points for the particle exhibiting

two resonance modes. The singular part is also plotted to demonstrate that the

optical response of this system is mainly resonant. The difference between the total

extinction and its singular part correspond to the regular part of the meromorphic

function (2.13). This regular part, which only adds a slow-varying real part of the

extinction, corresponds to non-resonant contributions to the total extinction. Since

our analysis is focused on the purely resonant response of metal particles, this

regular part will be neglected. Another possibility contained in Eq. (2.13) is to

separate the contribution of each mode to the total extinction, as shown in Fig. 2.2c

where the extinction due to both dipolar and quadripolar resonance modes are

given.

In the context of the physical interpretation of plasmon resonances and their

coupling behavior, the proposed method not only allows to compute the resonant

parameters of plasmons modes, but also to determine the phenomenological quan-

tities introduced in a previous section. This extraction method combined to the

coupled mode model provides a powerful tool to analyze and interpret the resonant

effects in coupled systems.

2.5 Eigenmodes of Single Spheres

The polar decomposition of the complex extinction previously described is applied

to analyze the resonant behavior of a single silver sphere when its radius R varies.

We can note here that different strategies can be adopted for the determination of

resonant parameters in the case of a single particle. Since the contribution of each

mode to the total extinction can be treated separately by considering the different

electric modes in the spherical wave decomposition of the scattered field, the

analysis can be efficiently performed by searching a single resonance on each

electric mode instead of dealing with several modes in the total extinction of the

particle.

Position and width variations of the dipolar resonance are shown in Fig. 2.3a–b

versus the particle radius for different refractive indexes of the surrounding

medium. These results are in perfect agreement with those obtained in a previous
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numerical study [9]. The resonance position (Fig. 2.3a) is monotonically red-shifted

by increasing the sphere radius or the surrounding refractive index n, with a nearly

linear dependence of the wavelength position with n (at constant sphere radius).

The dipolar resonance bandwidth also exhibits a nearly linear dependence with the

ambient refractive index. Its variations versus the particle radius (Fig. 2.3b) mean-

while shows that the bandwidth passes by a minimum value at a radius between

10 and 15 nm depending on the surrounding refractive index. Since this resonance

bandwidth can be physically related to the damping strength of the resonance mode

due to the absorption and radiative losses, we can deduce that there is an optimal

particle size for which the total losses of a given mode are minimal. This optimal

particle size is reduced when increasing the local refractive index, from R¼ 15 nm

for n¼ 1 to R¼ 10 nm for n¼ 2. The same resonant behavior is observed for higher

order modes. As shown in Fig. 2.3c–d, the quadrupolar mode resonates at lower

wavelength than the dipolar one, with a lower bandwidth and exhibits minimal

losses for higher particle radii.

Once the resonance characteristics are found for a given plasmon mode, we

propose to determine the contribution of this mode to the optical cross-sections. To

do this within the Mie theory, we remind that the lth plasmon mode cross-sections

are easily obtained by considering the lth Lorentz-Mie coefficient corresponding to

Fig. 2.2 Complex extinction coefficient of a single silver sphere of (a) 10 nm in radius and (b)
40 nm in radius, with the its singular part reconstructed after the extraction of resonant character-

istics. Arrows indicate the wavelengths used for the extraction algorithm. The dipolar and

quadripolar contributions to the total extinction in the case of a 40 nm in radius particle are

given in (c) (Reprinted with permission from Ref. [11]. Copyright 2015 Springer)
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electric modes instead of their infinite sum. The absorption, scattering and extinc-

tion cross-sections computed at the resonance wavelength of the dipolar and the

quadrupolar modes are given in Fig. 2.4a and d in function of the particle radius. It

appears that a sphere radius of R¼ 22 nm gives a maximum absorption cross-

section and in the same time corresponds to the size from which the scattering

cross-section becomes greater than the absorption. This particular behavior is

observed whatever the mode and the value of the surrounding refractive index. It

then appears that an optimal absorption coincides with equal absorption and

scattering cross-sections. This result has been pointed out in the case of point

dipoles [18] and for realistic particles [19]. In Ref. [19], the following condition

has been established to obtain the lth plasmon resonance mode of a sphere as an

ideal absorber:

Fig. 2.3 (a) Position and (b) half-bandwidth of the dipolar resonance computed for a single silver

sphere versus its radius, for various surrounding medium refractive indexes n. (c) Position and (d)
half-bandwidth of the quadrupolar resonance computed for a single silver sphere versus its radius,

for various surrounding medium refractive indexes n (Reprinted with permission from Ref.

[11]. Copyright 2015 Springer)
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ε1ejl k2Rð Þ
ε2jl k2Rð Þ �

eh 1ð Þ
l k1Rð Þ

h
1ð Þ
l k1Rð Þ

¼ 0 ð2:23Þ

where jl(x) is the spherical Bessel function, h
ð1Þ
l (x) is the spherical Hankel function

of the first kind, ejl and eh 1ð Þ
l are the derivatives ejl xð Þ ¼ xjl xð Þ½ �0 and eh 1ð Þ

l xð Þ ¼
xh

1ð Þ
l xð Þ

h i0

. ε1 and k1 are the dielectric permittivity and the wavenumber of the

surrounding medium, ε2 and k2 are the dielectric permittivity and the wavenumber

of the particle. For a fixed permittivity of the ambient medium and particle, and

considering the wavenumbers at resonance position depending on the sphere radius,

the condition (2.23) is never strictly satisfied but it has been verified that the optimal

absorption of each plasmon mode observed in Fig. 2.4 corresponds to a particle size

that minimizes the left-hand of Eq. (2.23).

Other interesting features of the radiative and non-radiative processes at reso-

nance can be drawn from the analysis of the optical efficiencies, i.e. the optical

cross-sections normalized by the physical cross-section of the particle (πR2).

Figure 2.4b shows that the absorption and scattering efficiencies for the dipolar

mode are maximum for two different radii, R¼ 17 nm and with R¼ 30 nm,

respectively. When calculating the maximum near-field intensity produced on the

particle surface at dipolar resonance, we observe that its value passes by a maxi-

mum in coincidence with the absorption efficiency. This property is quite interest-

ing since it provides an easy way to optimize the near-field enhancement.

Complementary calculations prove that variations of the maximum near-field

intensity are correlated to variations of the absorption efficiency whatever the

considered mode and refractive index of the surrounding medium. Figure. 2.4e–f

shows that the sizes for which the optical efficiencies and the maximum near-field

intensity of the quadrupolar resonance are maximum, are larger than those calcu-

lated for the dipolar resonance and decrease when increasing the surrounding

refractive index. Interestingly, the maximum near-field intensity can also be opti-

mized by varying the surrounding refractive index. So, the maximal near-field

intensity produced by the dipolar mode is obtained for n¼ 1.5 and R¼ 13 nm.

2.6 Hybrid Modes in Dimers

2.6.1 Hybrid Modes and Their Energetic Behavior

We start the analysis of plasmon modes in dimers by first considering two spheres

of 20 nm (S1) and 10 nm (S2) in radius, with a gap of 5 nm between their surfaces

and illuminated by a plane wave polarized parallel to the dimer axis. These particles

are small enough to mainly exhibit a dipolar resonance when taken separately. We

compute separately, from the rigorous resolution of the multiple scattering problem,
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the partial complex extinctions eC1
ext and

eC2
ext of S1 and S2. Each of these complex

quantities exhibits two resonances expected to correspond to hybrid modes

resulting from the coupling between the dipolar modes of particles. Fitting their

spectral variations with a meromorphic function (being the sum of two singular

functions), as described in Eq. (2.7), gives the values of the hybrid pulsations ωþ

and ω� and amplitude parameters a�1 , a
þ
1 , a

�
2 and aþ2 (Fig. 2.5a). The reconstruction

of each singular function of Eq. (2.7) from the extracted parameters is shown in

Fig. 2.5c–d. These curves correspond to the contribution of each particle to each

hybrid mode. The sum of all these functions, which corresponds to the total

complex valued extinction of the system, is compared to the spectral variations

calculated rigorously in Fig. 2.5b. The good agreement between the curves proves

that the phenomenological approach is accurate for this system.

Looking at the separated contributions of S1 and S2 to each hybrid mode in

Fig. 2.5c–d also inform on the nature of these modes. When the phase of the

singular functions corresponding to S1 and S2 are the same their mode can be

interpreted as resulting from dipoles oscillating in phase (Fig. 2.5c). We can note

here that the same sign of the real and imaginary part of the singular functions can

also be interpreted as in phase dipolar oscillations. This results in a large dipolar

moment and a highly radiative system whose mode is qualified of super-radiant.

When the real or the imaginary parts have opposite signs (Fig. 2.5d), the dipolar

moments of both particles oscillate out-of-phase leading to a small resulting dipolar

moment of the dimer and to a poorly radiative system. The mode is then said

sub-radiant. The resonance bandwidth of a given mode is related to the total losses

in the system. In the case of a sub-radiant mode, the reduced resulting dipolar

moment results in lower radiative losses, leading to a sharper resonance bandwidth.

For a super-radiant mode the opposite effect is observed, and the highly radiative

behavior results in high radiative losses and hence to a broader resonance band-

width. These behaviors appear in the two hybrid modes of the dimer.

Similar results are obtained when considering an incident polarization perpen-

dicular to the dimer axis, where both sub-radiant and super-radiant modes are

identified from the fitted resonance characteristics.

An important feature in coupled systems is the dependence of the coupling

strength with the distance separating the particles. Following the phenomenological

analysis in the previous section, the mutual coupling coefficients can serve to

quantify the interaction between nanoparticles. Figure 2.6 depicts the modulus of

both coupling and mutual coupling coefficients as a function of the gap between the

particles, for an incident polarization parallel or perpendicular to the dimer axis.

Coupling coefficients κ1 and κ2 are intrinsic characteristics of each sphere and then

are expected to be independent of the dimer configuration. However, the plotted

values show a slight decrease of these coefficients with increasing the gap. This can

be interpreted as a consequence of coupling between dipolar modes and higher

order modes. Indeed, the phenomenological analysis of the system only consider

the ideal case of coupling between two (here dipolar) modes. Actually, coupling
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between dipolar and quadrupolar modes also occurs, inducing disparities between

expected and computed phenomenological values.

The computed mutual coupling coefficients κ12 and κ21 show for each incident

polarization a fast decreasing coupling strength when increasing the gap between

particles. By comparing the amplitudes for each polarization, the coupling strength

in the case of a parallel polarization appears to be larger (by a factor of about 3) than

in the perpendicular case. When considering each sphere as oscillating dipoles, this

result indicates a better coupling in the case of parallel dipolar moments. Regarding

again the coupling coefficients, their values are more perturbed for a parallel

incident polarization. In this case and for close particles, relatively strong coupling

effects can be expected between dipolar and higher order modes, compared with a

perpendicular polarization where the coupling coefficients are more stable.

We can note here the different orders of magnitude between the coupling and

mutual coupling coefficients. This difference comes from the different physical

inputs to which they apply: κ1f0(t), κ2f0(t), κ12a2(t) and κ21a1(t). These terms have

the same dimension and their comparison could inform about the relative impor-

tance of the coupling and mutual coupling effects in the resonant behavior of the

system.

The hybrid modes resulting from the coupling between particles resonate at

complex pulsations ωþ and ω� different from the pulsation of initial modes ω1 and

ω2. Their determination gives an energetic diagram of the system, as shown in

Fig. 2.7a. The latter highlights different behaviors of hybrid modes. The two modes

resonating at higher wavelengths (and lower energy) are red-shifted when increas-

ing the inter-particle coupling. They correspond to an energetically favorable

configuration of the dipolar moments of the particles, i.e. when the dipoles are

attractive. These modes can be seen as bounding states of the system (Fig. 2.7c).

The modes resonating at lower wavelengths correspond to a repulsive configuration

of dipoles and can be seen in turn as anti-bounding states of the system. Another

interesting feature is that the resonance position of bounding states tends to the

dipolar mode position of the larger particle, whereas the resonance position of anti-

bounding states tends to dipolar mode position of the smaller particle.

Fig. 2.6 Coupling (on the left y-axis) and mutual coupling (on the right y-axis) coefficients versus

the gap between particles for an incident polarization (a) parallel or (b) perpendicular to the dimer

axis (Reprinted with permission from Ref. [10]. Copyright 2015 American Chemical Society)
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Consider now the special case of homo-dimers, composed of identical particles.

In such a case, the initial modes have identical coupling coefficients κ0 with the

incident excitation and resonate at the same pulsation ωp. Anticipating the mutual

coupling coefficients to be equal (κ12 ¼ κ21 ¼ κ) as well as the mode amplitudes (

a1 tð Þ ¼ a2 tð Þ ¼ a tð Þ) the coupled mode equations (2.5) can be simplified in a single

equation:

da tð Þ
dt

¼ �jRe ωp

� �
a tð Þ þ Im ωp

� �
a tð Þ þ κa tð Þ þ κ0 f 0 tð Þ ð2:24Þ

Including in Eq. (2.24) the expression of the mode amplitude given by Eq. (2.4),

yields in steady-state with the condition ef 0 tð Þ ¼ 1

ea ωð Þ ¼ jκ0
ω� ωp � jκ

¼ aþ

ω� ωþ ð2:25Þ

As a consequence, the coupling between two identical particles leads to a single

excited hybrid mode with a complex pulsation ωþ ¼ ωp þ jκ and a resonance

amplitude aþ ¼ jκ0. This hybrid mode has the same amplitude as the initial

Fig. 2.7 Resonance position of hybrid modes versus the gap between particles for a dimer

composed of (a) 10 and 20 nm in radius spheres and (b) identical spheres 20 nm in radius. (c)
Schematic representation of the energetic repartition of hybrid modes (Reprinted with permission

from Ref. [10]. Copyright 2015 American Chemical Society)
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mode, and the resonance pulsation is only shifted from the initial position ωp by the

mutual coupling term jκ. Obviously, the resonant response of both particles is

exactly the same and the hybrid mode corresponds systematically to a super-

radiant mode (in-phase oscillations). Out-of-phase oscillations of dipolar moments

appear as forbidden (i.e. dark) modes.

The energetic diagram of a homo-dimer composed of 20 nm in radius spheres is

plotted in Fig. 2.7b. In addition to the identified hybrid modes, different modes

resulting from a coupling between dipolar and quadrupolar initial modes are also

represented. For a complete description of these interactions with higher modes, the

phenomenological description used has to be generalized to the case of M cross-

coupled modes.

2.6.2 Near-Field Enhancement

Let us characterize the spectral behavior of hybrid modes in a silver homo-dimer.

Figure 2.8a provides the optical cross-sections of a silver dimer composed of 10 nm

in radius spheres with a gap of 5 nm between the particles and illuminated with an

incident plane wave polarized with an angle of 45� relative to the dimer axis. These

spectra show the presence of three distinct resonance modes. The mode resonating

at the lowest energy is identified as the longitudinal hybrid mode with in-phase

oscillation of the dipolar moments oriented along the dimer axis. The second

marked peak corresponds in turn to the transverse hybrid mode with in-phase

oscillation of dipolar moments oriented perpendicularly to the dimer axis. The

third mode, not studied in following, resonating at the highest energy originates

from a quadrupolar mode. The resonance position and half-bandwidth of the

transverse and longitudinal dipolar hybrid modes are reported in Fig. 2.8b–c in

function of the gap between the spheres and for various surrounding medium

refractive indexes. As expected from the previous analysis, the parallel hybrid

mode is red-shifted and slightly broadened when decreasing the inter-particle

distance, and therefore when increasing the coupling strength between the particles.

By contrary, the parallel dipolar hybrid mode is blue-shifted and slightly narrowed

when decreasing the particle gap between the particles. As in the case of a single

particle, the resonance position of each hybrid mode has an almost linear depen-

dence with the variation of the local refractive index.

A particular interest of hybrid modes in coupled particle systems relies on the

large near-field enhancement that occurs at resonance compared to a single particle.

Especially, the hot-spot resulting from the parallel hybrid mode excitation and

located in the dimer gap may reach several thousand times the incident wave

intensity. Still considering the same dimer with the same illumination condition,

the variation of the near-field enhancement at the gap center, obtained at the

longitudinal mode resonance position and for various local refractive indexes is

reported in Fig. 2.9a. A maximum field enhancement occurs for n¼ 1.5, which

corresponds to the surrounding medium refractive index maximizing the dipolar
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mode near-field intensity for a single particle. As in the same way as for uncoupled

modes, the local field enhancement varies when considering different particle sizes.

Figure 2.9b plots the near-field intensity for various particle sizes and local refrac-

tive indexes, keeping the ratio R/gap¼ 2. An optimal condition to optimize the

hot-spot intensity is then found for R¼ 11 nm and n¼ 1.5.

2.7 Weak and Strong Coupling in Quadrumers

2.7.1 Weak Coupling in Small Size Systems

Here we consider a quadrumer composed of two pairs of homo-dimers. This system

is schematically described in Fig. 2.10. The first dimer D1 is composed of two

20 nm in radius spheres disposed vertically with a gap of 20 nm. The second dimer

Fig. 2.8 (a) Optical cross-sections of a silver dimer composed of 10 nm in radius spheres with a

gap of 5 nm between the particles and illuminated with an incident plane wave polarized with an

angle of 45� relative to the dimer axis. The instantaneous dipolar moment orientations of the two

dipolar hybrid modes are represented on their respective resonance peak. Resonance (b) position
and (c) half-bandwidth of the dipolar hybrid modes versus the gap between the particles, for

different local refractive indexes. Lines correspond to the longitudinal hybrid mode and dotted
lines correspond to the transverse one (Reprinted with permission from Ref. [11]. Copyright 2015

Springer)
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Fig. 2.9 (a) Near-field enhancement versus the local refractive index, at the gap center (shown in

inset) of a dimer composed of 10 nm in radius spheres with a gap of 5 nm between the particles and

obtained at the longitudinal hybrid mode resonance position and for various local refractive

indexes. (b) Near-field intensity versus radius for different surrounding medium refractive

indexes. The ratio between the particle radius and the gap is kept equal to 2. In all cases, the

incident plane wave is polarized with an angle of 45� relative to the dimer axis (Reprinted with

permission from Ref. [11]. Copyright 2015 Springer)

Fig. 2.10 Extinction cross-

section of the system

sketched on the right

composed of two

interacting dimers, versus

the gap of the horizontal

dimer (Reprinted with

permission from Ref.

[10]. Copyright 2015

American Chemical

Society)
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D2, composed of two 10 nm in radius spheres disposed horizontally, is placed in the

gap of D1. When illuminating this system with an incident plane wave polarized

along the D2 axis, the original dimer modes are strongly coupled. The original

mode in each dimer results in one hybrid mode where the spheres composing the

dimer act as dipoles oscillating in-phase, with dipolar moments oriented parallel to

the incident polarization. Then each dimer can be viewed as a single dipole with a

given resulting dipolar moment.

The rigorously calculated extinction spectra are plotted in Fig. 2.10 versus the

gap of D2. Two hybrid modes appear in the extinction cross-section. As in the case

of simple dimers, the coupling between the two dimer modes leads to the formation

of hybrid modes with distinct resonance positions.

In order to determine the coupling characteristics of such a quadrumer, we

compute the partial complex extinction cross-sections of each dimer eCD1
ext andeCD2

ext . As expected, each partial cross-section exhibits two modes located at the

same pulsations, which can be fitted with the meromorphic functions of Eq. 2.7.

The resonance parameters of the hybrid modes (for a gap of 8 nm in D2) are

gathered in Fig. 2.11a and the reconstructed singular functions corresponding to the

contribution of each dimer to both hybrid modes are shown in Fig. 2.11c–d. The

sum of all these contributions, deduced from the phenomenological approach, is in

good agreement with the total complex valued extinction cross-section calculated

rigorously (Fig. 2.11b). This proves the validity of the coupled-mode approach for

this kind of system too.

As previously, the nature of hybrid modes can be identified through the phase

shifts between the dipolar oscillations deduced from the comparison of the sign of

the real part of singular functions plotted in Fig. 2.11c–d. For the hybrid mode

resonating at pulsation ω�, the dipolar modes associated to D1 and D2 oscillate in

phase (Fig. 2.11c). This hybrid mode corresponds therefore to a high resultant

dipolar moment making this mode highly radiative and can be qualified as super-

radiant. The hybrid mode resonating at ωþ is characterized by a π/3 phase shift

between the dipolar oscillations of the two dimers. This configuration is less

radiative than a super-radiant mode, and then will be qualified as a

sub-radiant mode.

When decreasing the gap between particles in D2, the resonance position of the

dimer original mode is red-shifted due to an increase in the coupling strength

between particles. This shift changes the position of hybrid resonances. Figure 2.12a

shows the energetic diagram of both coupled and isolated dimers in function of the

gap in D2. The hybrid modes in the coupled system exhibit an anti-crossing

behavior of the energy branches at a gap around 11 nm, where the difference

between the two hybrid mode positions presents a minimum. For gaps below

11 nm, the extracted resonance parameters indicate that the super-radiant mode

resonates at the lowest wavelengths and conversely for the higher frequency mode.

The anti-crossing point induces an energy inversion of the hybrid modes and for

higher gaps, the situation is reversed. This behavior is characterized by a sign

inversion in the mutual coupling coefficients at crossing point. Since the hybrid
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pulsations are directly related to these mutual coupling coefficients (see Eq. (2.10)),

a sign inversion in the latter induces an energy inversion in the former. As

illustrated in Fig. 2.12b, a qualitative interpretation of the energy inversion is

given by considering changes in Coulomb interactions between the particles

[20]. For short gaps between the particles in D2, repulsive forces act between D1

and D2 particles. When increasing the gap in D2, the electrostatic interactions are

reversed, leading to attractive forces between spheres of D1 and D2.

2.7.2 Hybridization and Fano-Like Resonances in Strongly
Coupled Systems

We deal now with a quadrumer composed of larger particles where stronger

coupling between plasmon modes occurs. This system is schematically described

in Fig. 2.13, and consists in a quadrumer composed of identical spherical particles

30 nm in radius. As previously, this system can be viewed as a pair of vertical

(D1) and horizontal (D2) homo-dimers. The extinction spectra of the quadrumer are

plotted in Fig. 2.13 versus the gap of D2, when illuminating with an plane wave

polarized along the D2 axis. These spactra exhibit Fano resonances, i.e. asymmetric

resonant line profiles, noting also the presence of a quadrupolar resonance at about

360 nm.

In order to analyze the coupling effects in the quadrumer, we consider Eqs. (2.5)

extended to four coupled equations to describe the mutual coupling between the

four particles. Due to the symmetry of this system and considering the given

incident polarization, these equations can be reduced into two coupled equations

describing the resonance behavior of the quadrumer

Fig. 2.12 (a) Energetic diagram of coupled and isolated dimers and (b) an illustration of Coulomb

interactions between the particles for a small and a large gap of D2 (Reprinted with permission

from Ref. [10]. Copyright 2015 American Chemical Society)
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da1 tð Þ
dt

¼ �jRe ω0f ga1 tð Þ þ Im ω0f ga1 tð Þ þ κ0f 0 tð Þ þ κ11a1 tð Þ þ 2κ12a2 tð Þ
da2 tð Þ
dt

¼ �jRe ω0f ga2 tð Þ þ Im ω0f ga2 tð Þ þ κ0f 0 tð Þ þ κ22a2 tð Þ þ 2κ12a1 tð Þ

8><
>:

ð2:26Þ

where a1(t) and a2(t) are the resonance amplitudes in the dimers D1 and D2,

respectively. ω0 is the original complex pulsation of the particles’ dipolar resonance
and κ0 is their coupling coefficient with the incident radiation. κ11 and κ22 are the

mutual coupling coefficients between the particles in the dimers D1 and D2

respectively, κ12 is the mutual coupling coefficient between the D1 and D2 parti-

cles. The coupled equations (2.26) describing the system anticipates the formation

of two different hybrid modes from the coupling of the initial dipolar resonances of

the particles.

In order to determine the coupling characteristics of such a quadrumer, we

compute the partial complex extinction cross-sections of each dimer eCD1
ext andeCD2

ext . The resonance parameters of the hybrid modes (for a gap of 60 nm in D2)

are gathered in Fig. 2.14a and the reconstructed singular functions corresponding to

Fig. 2.13 Extinction cross-section of the system sketched on the right composed of two

interacting dimers, versus the gap of the horizontal dimer. The dashed line indicates the position
of the Fano dips in the extinction spectra (Reprinted with permission from Ref. [10]. Copyright

2015 American Chemical Society)
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the contribution of each dimer to both hybrid modes are shown in Fig. 2.14c–d. The

sum of all these contributions, deduced from the phenomenological approach, is in

good agreement with the total complex valued extinction cross-section calculated

rigorously (Fig. 2.14b), except for the quadrupolar mode (at about 355 nm) not

taken into account in our model.

As previously, the nature of hybrid modes can be identified through the phase

shifts between the dipolar oscillations deduced from singular functions plotted in

Fig. 2.14c–d. For the hybrid mode resonating at angular frequency ωþ, the dipolar
modes associated to D1 and D2 oscillate nearly in phase (Fig. 2.14c). This hybrid

mode corresponds therefore to a high resultant dipolar moment making this mode

highly radiative and qualified of super-radiant. The hybrid mode resonating atω� is

characterized by an out-of-phase oscillation of the dipolar moments, making this

mode poorly radiative that can be qualified of sub-radiant. A particular feature of

this system comes from highly asymmetric line profiles in the contribution of both

dimers to the sub-radiant mode. The superposition of these asymmetric line profiles

with the contribution of the super-radiant mode explains the Fano line-shape in the

total extinction of the quadrumer.

Figure 2.15b shows the plot of relative dipolar moment phases for the two hybrid

modes in function of the gap in D2, revealing two different coupling regimes. When

increasing the gap between the particles in D2 (corresponding to weak coupling),

the super-radiant mode tends to a zero phase shift between all the dipolar moments

resulting in a large bandwidth (Fig. 2.15c), and the sub-radiant mode tends to a π
phase shift with a reduced bandwidth. This regime results in a sharp Fano resonance

in the extinction spectra (Fig. 2.13). In the strong coupling regime, i.e. when
reducing the gap in D2, a reduction in the phase shifts of the super-radiant mode

is observed while its bandwidth is reduced. Contrariwise, the phase difference

between the dipolar moments of the sub-radiant mode tends to be reduced and its

bandwidth increases. Then under this regime the super-radiant and sub-radiant

modes become respectively less and more radiative. Moreover, the plot of the

spectral position of these hybrid modes (Fig. 2.13b) shows that the difference

between their spectral positions decreases with the gap in D2. The combination

of these two modes forms a broader Fano resonance in the structure total extinction

spectrum.

An actual interest of Fano resonances in plasmonic structures lies in their

extreme sensitivity to the local environment, making such resonances well suited

for sensing applications. The sensing capabilities of plasmon resonances can be

evaluated through their Figure of Merit [21] (FoM) defined as the ratio of the

plasmon energy shift per refractive index unit change in the surrounding medium,

divided by the width of the resonance band. Since the FoM of a given mode mainly

depends on its spectral width, the Fano resonance of the quadrumer in the weak

coupling regime appears as the best configuration for sensing because of its sharp

width compared to the Fano resonance in the strong coupling regime. The plot of

the quadrumer extinction spectra in the weak coupling regime (Fig. 2.16a) shows

the redshift of the asymmetric Fano line profile when increasing the local refractive
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index. The plot of the two hybrid modes resonance positions in Fig. 2.16b exhibits a

nearly identical energy shift when increasing the surrounding medium refractive

index, while the spectral width of the super-radiant mode increases much more

significantly than the sub-radiant one (Fig. 2.16c). The latter then retains its low

radiative behavior. Using a linear regression of the energy shift versus the local

refractive index and the sub-radiant mode FWHM in vacuum, the FoM of the Fano

resonance in the weak coupling regime is estimated to 19.4, which is much larger

than in previously studied finite structures [22, 23]. By comparison, the FoM in the

strong coupling regime is estimated to 6.7, demonstrating the advantage of a weak

coupling configuration for sensing applications.

2.8 Conclusion

In this chapter we developed an efficient method for analyzing natural resonant

modes of unique particles and their coupling in simple structures. The principle of

this method is based on an analytical representation of the optical response of

nanostructures, as a unique function of the angular frequency. Thus, each mode of

resonance is characterized by a complex pole in the optical response corresponding

Fig. 2.16 (a) Extinction spectrum of the quadrumer for different surrounding medium refractive

indexes. (b) Resonance position and (c) half-bandwidth of the hybrid modes versus the local

refractive index. A gap of 60 nm in the dimer D2 is fixed (Reprinted with permission from Ref.

[10]. Copyright 2015 American Chemical Society)
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to its frequency and amplitude. An extraction algorithm is described first for the

determination of the characteristics in the case of single resonances, then it is

generalized to the presence of multiple resonances in the extinction spectrum of a

multi-particle system.

The analytical representation of singular functions of resonance modes allows to

establish phenomenological equations describing these resonances in the time

domain. In the case of single particles, temporal modal amplitude can be described

through a first-order differential equation with phenomenological parameters real-

izing losses and coupling with the incident excitation. This approach can also be

extended to the interacting modes by introducing a system of coupled equations

where mutual coupling terms are involved to account for interaction between

modes. The formation of hybrid modes in coupled systems can be predicted

according to this formalism.

The method for the extraction of resonance characteristics was first applied to

single silver particles with the determination of the position, spectral width and

resonance amplitude of eigenmodes of spheres as a function of the sphere radius.

Hybrid modes of dimers were then studied. The initial dipole modes of two spheres

form in the general case four hybrid modes of the dimer differentiated by the

direction of the resulting dipole moment and phase relationships between the

oscillations of the dipole moment of each particle. From energetic point of view,

these hybrid modes can be seen as bounding and anti-bounding states, characterized

by red and blue spectral shifts, respectively, and their resonance positions gives the

measure of the power coupling between particles.

Finally, a more complex system consisting of two dimer in interaction was

studied. The optical response of this system has asymmetric resonance profiles of

Fano type very well taken into account by the singular representation of our model

and perfectly characterized by the extraction method.

We conclude that the numerical extraction method of resonance characteristics

combined with the phenomenological approach enables efficient characterization

and physical interpretation of plasmon resonances and of coupling of their different

modes.
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Chapter 3

Radiolytically Synthesized Noble Metal
Nanoparticles: Sensor Applications

Nilanjal Misra, Narender Kumar Goel, Lalit Varshney,

and Virendra Kumar

Abstract Nanotechnology is a discipline that has grown exponentially over the

last few decades. The unique properties of nanomaterials, including optical, ther-

mal, electromagnetic etc., make them a highly attractive proposition for a vast array

of applications, ranging from medical science to defense technologies. The singular

optical properties of noble metal nanoparticles, in particular, have helped develop

highly sophisticated sensor systems for estimating trace levels of various analytes.

This chapter brings into focus some of the recent developments in the field of

sensors based on the Localized Surface Plasmon Resonance (LSPR) properties of

Gold (Au) and Silver (Ag) nanoparticles. The use of ionizing radiation, such as
60Co gamma, for fabrication of polymer stabilized Au and Ag nanoparticles via

radiolytic route has proved to be one of the most attractive and convenient tech-

niques for nanosynthesis. Using gamma radiation, Au and Ag nanoparticles have

been synthesized and successfully employed as LSPR based sensors for estimation

of trace levels of analytes such as H2O2, Hg
2þ, dopamine and Uric Acid. In a

nutshell, the chapter highlights how the wedlock between radiation and nanotech-

nology is fast emerging as a powerful tool to design new materials that can cater to

high end applications.
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3.1 Introduction

Metal nanoparticles (NPs) find application in a wide array of fields including

catalysis [1] chemical and bio sensors [2, 3], antibacterial substances [4] and drug

delivery systems [5]. Noble metal nanoparticles, in particular, such as those of Au

and Ag show intense Localized Surface Plasmon Resonance (LSPR) absorption in

the visible region [6] and have potential applications as optical biosensors [7, 8] or

catalytic systems [9, 10] for initiating a variety of organic reactions. The high

surface area provided by these nanoparticles make them extremely efficient as

catalytic materials to carry out reactions that are otherwise difficult to initiate

[11–16]

The use of metal nanoparticles as analytical and bioanalytical sensors has been

receiving significant attention because of their unusual optical, electronic, and

chemical properties [17–19]. A large number of methods have been developed

for the fabrication of metal nanoparticles. However, the major disadvantages in

most of the methods include use of toxic reducing chemicals, poor nanoparticle size

distribution, and inhomogeneous dispersion of the nanoparticles in the polymer host

[20]. Ionizing radiation (Gamma radiation, Electron Beam, etc.) induced radiolytic

route is an efficient alternative technique for fast and one step synthesis of uni-

formly dispersed metal nanoparticles [21–24]. The use of ionizing radiation for the

synthesis of noble metal nanoparticles is promising, as reactive water radiolytic

species (eaq
�, H�) with sufficiently high reduction potential, are generated in-situ on

irradiation of aqueous precursor solutions. The easy handling of radiation param-

eters, namely, absorbed dose and dose rate, offers better control over the size and

the size distribution of the metal nanoparticles. Moreover, radiation technology

offers the added advantage of being a clean, ambient and room temperature process

devoid of use of any external chemical reducing agents. The reduced metal atoms

gradually coalesce to form metal nanoparticles whose size is regulated by suitable

capping/stabilizing agents, such as PVP. The Localized Surface Plasmon Reso-

nance (LSPR) band of these metal nanoparticles can be utilized as a highly sensitive

tool for estimation of various analytes, thereby providing an appropriate, simplified,

cheap and rapid alternative to more sophisticated detection techniques. The LSPR

wavelength is extremely sensitive to the local environment around the

nanoparticles, which facilitates their use as sensing devices [25].

The choice of capping/stabilizing agent during synthesis of metal nanoparticles

is also crucial since it decides the overall stability and morphology of the particles

generated, which in turn decides the long term utility of the system as a facile

catalytic or a sensor system. Therefore, it is imperative to use capping agents that

provide optimum stability to the nanoparticle systems and make their use econom-

ically viable. For instance, the use of biocompatible polymers like Poly (N-vinyl-2-

pyrrolidone) (PVP) as the capping agent [26, 27] further enhances the viability of

radiation synthesized metal nanoparticles to detect biologically relevant molecules

without disturbing the natural environment of the biological samples in which the

estimation is usually done.
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In this chapter, we highlight some of the recent applications of radiolytically

synthesized noble metal nanoparticles (Au and Ag) as LSPR based optical sensors

for the estimation of trace levels of various important analytes.

3.2 Synthesis of Ag/Au Nanoparticles

60Co ‐ gamma and Electron beam irradiation are the two primary radiation sources

conventionally used for radiolytic synthesis of noble metal nanoparticles. Prior to

irradiation of the samples, radiation doses of the sources are determined by suitable

dosimetry techniques, such as Fricke dosimetry [28] for 60Co gamma sources and

radiochromic film dosimeter for electron beam sources. When an aqueous solution

containing Agþ or Au3þ precursor ion solution of known concentration, a stabilizer

(PVP, Methacrylic acid etc.) and 2-propyl alcohol is purged with N2 and subjected

to radiation, radiolysis of water takes place. As a result, reactive transient species,

namely, eaq
�, H•, •OH, etc., are generated (Eq. 3.1). 2-propyl alcohol present in the

reaction medium reacts with H• and •OH to give 2-propyl radical, a mild reducing

agent (Eq. 3.2). Simultaneously, the oxidizing radical •OH gets eliminated in the

process. The reducing species present in the system viz. eaq
� and 2-propyl radical

reduce the metal ion to metal in zero valent state.

ð3:1Þ
�OH=H� þ ðCH3Þ2CH� OH!ðCH3Þ2C� � OH þ H2O=H2 ð3:2Þ
Mnþ þ ne�aq !nM0 ð3:3Þ
Mnþ þ nðCH3Þ2C� � OH !nM0 þ nðCH3Þ2C ¼ Oþ nHþ ð3:4Þ

Subsequently, metal atoms in the zero valent state undergo coalescence to form

metal colloids whose size and shape are controlled by the concentration and nature

of capping/stabilizing agent used. The functional groups present in the capping

agent, such as >C¼O and >N- groups (in case of PVP), facilitate anchorage and

subsequent stabilization of metal nanoparticles. The progress of the reduction

reaction can be monitored spectrophotometrically since Ag/Au nanoparticles

absorb strongly in the UV-visible region (LSPR band).

The extent of reduction of metal ions to metal atoms depends on the amount of

absorbed radiation dose. The minimum dose required to achieve near complete

reduction of a given concentration of precursor ions is termed as the saturation dose.

Therefore, irradiations are generally carried out so as to impart saturation dose to

the precursor ions in order to ensure near complete reduction of metal ions to metal

atoms in the zero valent state.
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3.3 Characterization of Metal Nanoparticles

The characterization of metal nanoparticles is important to determine the extent of

reduction, the size, shape and morphology of the particles formed. The most

commonly used techniques for nanoparticle characteriazation are UV-visible spec-

trophotometry, Transmission Electron Microscopy (TEM), X-ray Diffraction

(XRD) Analysis, Atomic Force Microscopy (AFM) and Light Scattering based

techniques, such as Particle Size Analyzer (PSA).

Noble metal nanoparticles, such as those of gold and silver, show characteristic

intense absorption in the UV-visible region, which is attributed to the Localized

Surface Plasmon Resonance (LSPR) based absorption. The intensity, wavelength of

absorption maxima and the width of the LSPR band rely on several factors, such as

the precursor ion concentration, morphology of the particles formed, as well as on

the local environment of the nanoparticles (nature of solvent, capping agents, etc.).

These parameters, therefore, provide us with a fair idea about the overall nature of

the nanoparticles formed. For instance, spherical Ag nanoparticles in the size range

of 8–10 nm show characteristic LSPR band at around 400 nm. The yield of Ag

nanoparticles, manifested by the intensity of the LSPR band of Ag nanoparticles,

increases with increase in absorbed radiation dose till all precursor Agþ ions are

exhausted. However, an increase in particle size (when the interparticle spacings

become less than the nanoparticle diameter) conventionally leads to a shift in the

LSPR band toward higher wavelength (red shift), whereas a decrease in particle

size can lead to a blue shift in the peak position. The FWHM of the LSPR band can

also be used to predict the distribution in particle size, with a broad size distribution

typically resulting in a correspondingly broad LSPR band. Anisotropic

nanoparticles, if formed, can also result in the appearance of more than one band

depending on the aspect ratio of the particles formed (transverse and longitudinal

bands), instead of a single band as is the case with spherical particles.

Although UV-visible spectroscopy provides us with a rough idea about the

nature of particles formed, the most reliable technique for accurately determining

the size and shape of metal nanoparticles is Transmission Electron Microscopy

(TEM). TEM analysis method can be used to capture images of particles with

diameters in the nanometer regime. The particle size distribution and the shape of

the particles formed can also be determined accurately using this technique.

Besides TEM analysis, Atomic Force Microscopy (AFM), Scanning Electron

Microscopy (SEM) and Light Scattering techniques, such as Particle Size Analyzer

are also used to gather information about nanoparticle morphology. X-ray Diffrac-

tion (XRD) analysis can also provide valuable information about the composition

of nanoparticles, their purity, size, shape, distribution, orientation, etc. XRD, in

fact, offers unparalleled accuracy in the measurement of atomic spacing and is the

technique of choice for determining strain states in thin films. The intensities

measured with XRD can provide quantitative and accurate information on the

atomic arrangements at interfaces. Zeta Potential analysis is another technique

that is often used to determine the stability of nano colloids. The magnitude of
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the zeta potential gives an indication of the stability of the nanoparticle suspension

system. If all the particles in suspension have a large negative or positive zeta

potential then they will tend to repel each other and there will be less tendency for

the particles to come together to form agglomerates.

All these techniques have been widely used, either individually or in combina-

tion, to characterize metal nanoparticle systems. These techniques have been

immensely useful in providing new dimensions to the field of nanomaterials and

have opened up new areas of research, which in turn, have yielded remarkable

outputs.

3.4 Applications of Radiation Synthesized Noble Metal
Nanoparticles: LSPR Based Sensor Applications

The LSPR band of noble metal nanoparticles is a highly sensitive and potent tool

that can be employed for estimation of a vast array of biologically and environ-

mentally relevant analytes. Radiolytically synthesized Au and Ag nanoparticles in

particular offer an attractive option as LSPR based optical sensors for estimation of

a number of important analytes. The highly intense, unique and tunable LSPR

bands of Au and Ag NPs can be efficiently exploited owing to the distinct changes

they exhibit in response to variations in their chemical environment. For instance,

DNA-modified gold nanoparticles [29–31] and thiol-functionalized gold

nanoparticles have been recently used for colorimetric estimation of Hg2þ ions

[32–34]. Gold NPs functionalized with an antibody anti-CA15-3-HRP were also

implemented in a traditional ELISA immunoassay to detect a breast cancer bio-

marker present in blood [35]. Pregnancy test kits, one of the most widely used

devices in the world today, also make use of gold nanoparticles and their colori-

metric properties. Carbohydrate stabilized nanoparticles have been successfully

used to detect carbohydrate binding proteins, such as lectin concanavalin A

[36]. Aggregation based chemical sensing has also been used to monitor a large

number of enzymatic reactions. The list of such applications is endless as large

scale, cutting edge research in the field of nanoscience is opening up new dimen-

sions in the field with each passing day. Newer, more sophisticated materials and

nano based techniques are being designed which have immensely contributed in

areas previously unheard of. All these possibilities make nanomaterials one of the

brightest prospects for the future. Some of the recent work done in the field of

radiolytically synthesized metal nanoparticles based sensors is discussed in this

chapter.

A sensor is a device that uses a particular reaction for detecting target analytes in

the presence of interfering substances. Schematic of a typical sensor device with

different essential components is shown in Fig. 3.1. In case of metal nanoparticles

based sensors, the nanoparticle system acts as the recognition element that selec-

tively interacts with the target analyte under study. The change in the LSPR band
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characteristics of metal nanoparticles induced by nanoparticle-analyte interaction

serves as a measurable output, which can be correlated to the analyte concentration.

The detector most commonly used to detect such outputs is a simple UV-visible

spectrophotometer. Based on the spectrophotometer output, linear relations can be

obtained between analyte concentrations and LSPR band intensities, which can

subsequently be used to determine unknown concentrations of the given analyte.

3.4.1 PVP Stabilized-Au NPs for H2O2 Estimation

Hydrogen peroxide is widely used as an oxidant, a disinfectant and a bleaching

agent in various industries, such as textile, paper and pulp, pharmaceutical indus-

tries [37]. Its presence in the environment is detrimental to human health since it

causes irritation to eye, skin and mucous membrane. Hydrogen peroxide is also

produced in stoichiometric amounts during the oxidation of biological analytes

(e.g., glucose) by dissolved oxygen in the presence of corresponding oxidase.

Hence micro and trace level determination of hydrogen peroxide is considerably

important in clinical chemistry, analytical biochemistry and environmental science.

Existing methods for the determination of hydrogen peroxide include titrimetry

[38], spectrophotometry [39], kinetic flow-injection method [40], fluorescence [41],

enzymatic method [42], chromatographic techniques [43] and electrochemical

methods [44]. However, most of these conventional techniques are invariably

complicated, time-consuming, expensive as well as inconvenient for point-of-use

applications. Recently developed methods for determination of hydrogen peroxide

include the use of Au NPs and a peroxidase-catalyzed reaction [45]. Radiolytically

synthesized Au NPs have been proved to be highly efficient for such detection

applications since they are green, clean systems devoid of any external chemical

reagents (which are generally present in chemically synthesized nanoparticle

Signal
Processor
& display

Transducer

Detector

Bio-recognition
Element

Receptors

Target
analyte

Fig. 3.1 Schematic representation of the principle of operation of a sensor
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systems) and therefore, provide minimum scope of interference during detection or

estimation [8].

We have recently developed a detection method for H2O2 estimation, which is

based on radiolytically synthesized PVP stabilized-Au NPs [8]. Substrate orthophe-

nylenediammine (o-PDA) undergoes catalytic oxidation by H2O2 in presence of

enzyme Horse radish peroxidise (HRP). The oxidation product of o-PDA has a

weak absorption peak at 427 nm. Addition of PVP stabilized-Au NPs of pre

determined concentration has been found to enhance the absorption intensity of

the oxidation product of o-PDA. This may be due to the interaction of Au NPs with

the functional groups of 2, 3- diaminophenazine, which is the final oxidation

product of o-PDA [46, 47] (Fig. 3.2). With varying concentration of H2O2 there

is a systematic increase in the intensity of the absorption peak of o-PDA

(λmax¼ 427 nm) in presence of PVP stabilized Au NPs, as shown in Fig. 3.3. The

response is linear in the range of 2.5� 10�6 mol dm�3 to 2.0� 10�4 mol dm�3

H2O2 concentration (Fig. 3.3 inset). Lower concentrations of H2O2 can also be

determined by simply reducing the concentration of the substrate o-PDA while

keeping all other reagents and experimental procedures intact. The overall response

of the system is linear in the H2O2 concentration range of 1.0� 10�7 mol. dm�3 to

2.0� 10�4 mol dm�3, with a minimum detection limit of 1.0� 10�7 mol. dm�3

3.4.2 PVP Stabilized-Au NPs for Hg2þ Estimation

Au NPs have also been found to be effective in the detection of Hg2þ in aqueous

solutions. Mercury is one of the most widespread pollutants found in nature,

existing in a variety of different forms such as metallic, ionic and as part of organic

and inorganic salts and complexes [29]. The highly toxic nature of mercury

necessitates its quantification, particularly in aquatic ecosystems, up to extremely

low concentration levels [48]. Colorimetric methods of Hg2þ detection using metal

nanoparticles, such as those of gold and silver, have emerged as an attractive

technique owing to their simplicity, accuracy and robustness. Techniques based

on Au-Hg amalgam formation induced aggregation of Au NPs, catalytic reduction

of Hg2þ by Ag NPs [30] have been reported.

Recently, radiolytically synthesized PVP stabilized spherical Au nanoparticles

have been employed by us for the detection and estimation of trace levels of Hg2þ

in aqueous solutions [49]. These sensors work on the principle of preferential

interaction of Hg2þ with PVP, which gets manifested as a change in the LSPR

band characteristics of Au NPs with varying concentration of Hg2þ ions (Fig. 3.4).

The newly designed sensor system was found to have reasonably good specificity

and showed linear response within a concentration range of 0–100 nM Hg2þ ion

concentration (Fig. 3.4 inset). The simplicity and acuracy of this technique makes it

a potential candidate for real life applications.
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3.4.3 PVP Stabilized-Ag NPs for Uric Acid Estimation

Uric acid represents the major catabolite of purine breakdown in humans. The

normal concentration of uric acid in blood samples is reported to be in the range

150–420 μM [50]. High levels of uric acid in the blood (hyperuricemia or Lesch-

Nyhan syndrome) are linked with gout and other conditions including increased

alcohol consumption, obesity, diabetes, high cholesterol, high blood pressure,

kidney disease, and heart disease [51, 52]. On the other hand, abnormally low

uric acid levels are symptoms of diseases, such as multiple sclerosis. Hence

estimation of uric acid in blood can be used as a diagnostic tool for monitoring a

large number of diseases. Furthermore, uric acid is an antioxidant in human adult

plasma and is involved in various pathological changes [53]. In view of this,

numerous techniques have been developed over the years for detection and estima-

tion of uric acid levels.

Fig. 3.2 Enzymatic oxidation of o-PDA
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Recently, a gamma radiolytically synthesized PVP stabilized-Ag NPs based

optical sensor has been fabricated for use as a uric acid biosensor [7]. Uric acid

undergoes enzymatic degradation in presence of enzyme Uricase under optimum

assay conditions of 37 �C and pH 7.4 (Fig. 3.5). Hydrogen peroxide is generated as

one of the reaction products, which is known to be a strong oxidizing agent. This, in

turn, causes oxidation/degradation of silver nanoparticles, resulting in a decrease in

intensity of the LSPR band. The schematic of working principle of PVP stabilized-

Ag NPS based uric acid biosensor is presented in Fig. 3.5.

For the evaluation of PVP stabilized-Ag NPs solution as a uric acid biosensor, a

predetermined volume of Uricase stock solution is added to different concentrations

of uric acid in a phosphate buffer medium at room temperature. Addition of Ag NPs

solution to these reaction mixtures results in a variation in the LSPR band of the

silver nanoparticles with increasing concentration of uric acid, as evident from the

UV-visible spectra recorded in the wavelength range 250–650 nm (Fig. 3.6). The

LSPR band intensity decreases gradually with increase in uric acid concentra-

tion due to the degradation of Ag NPs. The decrease is accompanied by a slight

red shift in the absorption maxima of the band, which is attributed to the partial

oxidation of nano-Ag [54–57]. The shift in λmax might also be due to the slight

aggregation caused by the destruction of the PVP shell stabilizing the nanoparticles

followed by decrease in the distance between the nanoparticles [58].
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The change in particle size is evident from the TEM images of PVP stabilized-

Ag NPs recorded before and after addition of uric acid (Fig. 3.7a and b). While the

control (Ag-NPs) exhibited an average particle size of 8–10 nm, those in presence

of uric acid were found to have size in the range of 10–20 nm. These observations

were also substantiated using AFM analysis.

The decrease in the magnitude of zeta potential indicates the tendency of the

particles to form agglomerates [59]. In addition, zeta potential also indicates the

presence of an oxidized surface layer. Zeta potential measurements can, therefore,

be used in this case to further confirm the partial oxidation of the silver

nanoparticles by in-situ generated hydrogen peroxide. With increase in uric acid

concentration, the zeta potential values become less negative (Fig. 3.8), although

the stabilities of the nanoparticle suspensions are not disturbed significantly. This

is probably due to partial neutralization of the negative charge by Agþ ions

generated via partial oxidation of nano Ag. It has been well established that

electrostatic stabilization of nanoparticles would typically require a zeta potential

above 30 mV or below�30 mV [60]. Therefore, in the present study, the values of

zeta potentials clearly suggest that the stability of the PVP stabilized-Ag NPs

suspension is predominantly based on steric stabilization by the PVP polymer. In

contrast to electrostatic stabilization, steric stabilization with nonionic polymers

is independent of pH and electrolyte concentration. Accordingly, steric stabiliza-

tion is useful for prevention of agglomeration of nanoparticles in physiological

media.

3.4.3.1 Estimation of Uric Acid in Bovine and Human Serum Samples

The concentration of uric acid in serum samples is normally found in the micro-

molar range. Therefore, the proposed method was effectively applied for determi-

nation of uric acid concentration in serum samples. To minimize interference from

Fig. 3.7 TEM micrograph and particle size distribution of PVP stabilized-Ag NPs prepared using

PVP of molecular weight 40 kD (a) before addition of uric acid (b) after addition of uric acid
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proteins present in the serum sample, samples were initially deproteinized and then

subjected to the estimation protocol. The concentrations of uric acid in both bovine

and human serum samples were estimated using the calibration plot generated using

standard uric acid solutions of known concentrations.

3.4.4 PMA Stabilized-Ag NPs for Dopamine Estimation

Dopamine (DA) belongs to the class of catecholamines, which are compounds

containing a dihydroxyphenyl group and an amine group [61]. These biomolecules

act as neurotransmitters and aid in the functioning of the brain and nerve signal

transductions. Dopamine deficiency can lead to diseases, such as parkinsons,

whereas mental disorders, such as schizophrenia and bipolar disorder have been

attributed to excess dopamine in the system. In recent years, many methods have

been developed for the estimation of dopamine in pharmaceutical preparations and

biological samples. Many of these techniques for neurotransmitter detection, how-

ever, require expensive and sophisticated instrumentation or complicated sample

preparation and time consuming processes. Thus, the development of a new,

sensitive, fast and practical method for neurotransmitter detection still remains a

great challenge.
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Recently, we have developed a sensor for Dopamine, which was based on

radiolytically synthesized polymethacrylate (PMA) stabilized-Ag NPs system.

Dopamine, or 3,4 dihydroxy phenethylamine is a two electron donor and behaves

as a mild reductant. The functional groups can interact with polymethacrylate

stabilized-Ag NPs (Fig. 3.9) when present in solution, resulting in the alteration

of the LSPR band characteristics of the nanoparticle system [13]. In fact, in this

case, a pronounced colour change is observed, thereby making the interaction very

conspicuous. This phenomenon can be quantified by recording the absorption

spectra of PMA stabilized-Ag NPs in presence of varying concentrations of

DA. The observed increase in LSPR band intensity with increase in DA concen-

tration can be attributed to the reduction of residual Agþ ions present in the system,

since the dose delivered in this case was less than the saturation dose required for

complete reduction of Agþ ions. These unreduced Agþ ions are adsorbed onto the

surface of the reduced Ag nanoclusters, resulting in an increase in their reduction

potentials. These surface adsorbed Agþ ions are subsequently easily reduced by DA

molecules, which act as mild reducing agents in presence of NaOH by losing an Hþ

ion. Higher DA concentrations will lead to increased concentrations of freshly

reduced Agþ ions, which are either deposited on the radiolytically formed Ag

clusters or can form new Ag nanoclusters on their own. Thus, there is a possibility

of increase in the Ag NP size as well as in the size distribution, which is manifested

by the increase in intensity and broadening of the LSPR band. There is no shift in

the peak position, because for spherical nanoparticles, a small change in particle

size does not affect the plasmon band position.

3.4.4.1 Estimation of Dopamine in Presence of Ascorbic Acid

Conventionally, DA was estimated by electrochemical analysis. A common prob-

lem associated with electrochemical analyses at unmodified electrodes is the lack of

selectivity due to the presence of interfering compounds. For instance, ascorbic acid

(AA) oxidizes at nearly the same potential as DA. Also AA coexists with DA in the
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Fig. 3.9 Schematic of Ag NPs stabilization by polymethacrylate chains

3 Radiolytically Synthesized Noble Metal Nanoparticles: Sensor Applications 63



extracellular fluids of mammalian brain. Therefore, it is imperative to study the

interference of AA in the estimation of DA.

The interference of AA in DA estimation was studied by adding 1.0� 10�4 mol.

dm�3 AA to PMA stabilized-Ag NPs in presence of different concentrations of

DA. The intensity of the LSPR band of PMA stabilized-Ag NPs at ~415 nm

gradually increases with increasing DA concentration even in the presence of

AA. It was observed that with optimization of experimental parameters, the detec-

tion system could be made free of interference from AA concentrations as high as

1.0� 10�4 mol dm�3 within the DA estimation range of 5.27� 10�7 to

1.05� 10�5 mol.dm�3.

3.5 Conclusion

In the recent past, there has been rapid growth in the field of nanoscience and

technology. The applications of nanomaterials have permeated into areas previ-

ously undreamt and unheard of. Countless sensors and analytical tools have been

designed and developed which have immensely benefited mankind and shall

continue to do so in the near future. It can only be envisaged that their popularity

will grow manifold in the coming years with each new breakthrough and innova-

tion. The future of mankind, we can sanguinely conclude, lies in switching over

from the macro to the nano.
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Chapter 4

Construction, Modeling, and Analysis
of Transformation-Based Metamaterial
Invisibility Cloaks

Branislav M. Notaroš, Milan M. Ilić, Slobodan V. Savić, and Ana B. Manić

Abstract A summary review of construction, modeling, and analysis of

transformation-based metamaterial invisibility cloaks is presented. In particular,

we present a simplified and unified theory of vector, tensor, and operator changes

under coordinate transformations, and relate them specifically to electromagnetic

field vectors, medium permittivity and permeability tensors, and the curl operator in

Maxwell’s equations. The presented theory sets a basis for arbitrary manipulations

of electromagnetic fields by coordinate transformations, known as the transforma-

tion electromagnetics or optics. We also present the examples of coordinate trans-

formations which lead to construction of linear and nonlinear spherical

metamaterial cloaks, as well as the resulting transformations of the permittivity/

permeability tensors in both spherical and Cartesian systems. Similar principles are

then used in construction of a cubical metamaterial cloak, where only Cartesian

system is employed. The performance of all constructed spherical and cubical

cloaks is verified by numerical simulations. Specifically, we perform full-wave

rigorous modeling and analysis of the cloaking structures using a higher order finite

element method for discretization of the cloaking region based on large continu-

ously inhomogeneous anisotropic curved hexahedral finite elements with arbitrary

material-representation orders and polynomial field expansions and a higher order

method of moments for numerical termination of the computational domain.
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4.1 Introduction

In recent years, there has been great and growing interest in metamaterials, which

can broadly be defined as engineered artificial composite materials exhibiting some

unusual (and desirable) properties beyond “standard” or natural media (the term

comes from the Greek word “meta” meaning “beyond”). These emerging materials

provide tremendous opportunities for designs of new components, devices, and

systems at both optical wavelengths and RF/microwave frequencies [1–7]. One

important research direction in this area is based on the concept of controlling the

electromagnetic (EM) fields, namely, conveniently guiding and redirecting optical

paths (or lines of the Poynting vector), in metamaterials designed using

transformation-optics techniques. Indeed, transformation optics (or transformation

electromagnetics) has recently become one of the mainstream areas of theoretical

and applied optics (electromagnetics) [8–17], where of particular and emerging

interest are transformation-based metamaterials. Such techniques, enabling designs

of devices that possess novel wave-material interaction properties, are founded on

the invariance property of Maxwell’s equations under coordinate transformations.

In the design process, the transformations are first employed to reshape the original

coordinate system (and thus redirect the optical paths) in a desired fashion, and then

the newly formed spatial curvatures are transformed into the corresponding scaling

of medium parameters.

Perhaps the best-known application of the transformation-optics techniques is

the design of EM/optical invisibility cloaks. Essentially, reshaping of the original

coordinate system and guiding the optical paths using the transformations is done in

order to create a void region (spatial region that is not spanned by any curved

coordinate lines) in the new coordinate system, which is going to be invisible for

observation locations outside the cloak. Upon transforming of the new spatial

curvatures into the scaling of medium parameters, the resulting materials for the

cloaks turn out to be continuously inhomogeneous and anisotropic, with permittiv-

ity and permeability tensors being (continuously varying) functions of spatial

coordinates.

There are two basic types of transformation-based metamaterial cloaks: (i) line-

transformed (cylindrical) cloaks and (ii) point-transformed (spherical) cloaks. In

the case of line-transformed or two-dimensional (2-D) cloaks, an infinite straight

line is transformed into an infinitely long spatial domain with a finite cross section

of an arbitrary (designed) shape. To obtain point-transformed or three-dimensional

(3-D) cloaks, on the other side, a point is transformed into a spatial domain with a

finite volume of an arbitrary shape. In both cases, a goal is to have a void region in
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the new coordinate system, invisible from outside. The first announcements of the

cloaking paradigm, given in [8] and [9], rely on transformation-optics and analyt-

ical (asymptotic in the geometrical optics limit) ray-tracing derivations to describe

and quantify the behavior of both 2-D and 3-D cloaks. These works predict that

considerable reductions in scattering cross sections of objects can be achieved,

imperfect to the degree of satisfying the required derived material parameters, and

they demonstrate a connection between cloaks and previously studied reflectionless

interfaces such as perfectly matched layers (PMLs). They also raise questions

regarding the influence of the singularity in the ray tracing, when a ray headed

directly toward the center of a cloaked sphere (or cylinder) is considered, and

whether the cloaking effect is broadband or specific to a single frequency.

A great majority of more detailed studies in the field are those of 2-D cloaks [10–

15]. Full-wave numerical analyses of cylindrical cloaks in [10–12] show that low

reflection of a cloaking structure is not too sensitive to modest permittivity and

permeability variations, that the cloaking performance degrades smoothly with

increasing losses, that the effective shielding can be achieved with a cylindrical

shell composed of eight piecewise homogeneous layers as an approximation of the

ideal continuous medium, and that mirage effect can be observed in the structure

(i.e., the source appears to radiate from a shifted location, which is in accordance

with the involved geometrical transformation). A numerical study of a 2-D struc-

tured cloak, shown to work for different wavelengths provided that they are ten

times larger than the size of outermost sectors of the cloaking layers, is given in

[13]. Another study of cylindrical cloaks, with homogeneous and isotropic layers,

can be found in [14]. An attempt to physically realize a cylindrical cloak is

described in [15], where a metallic cylinder was “hidden” inside a cloak constructed

from artificially structured metamaterials, designed for operation over a band of

microwave frequencies. Some recent studies, based on analytical methods, inves-

tigate in more detail problems of material singularities and performances of sim-

plified (non-exact) cloaks [16], general cloaking designs of noncircular annular

geometries and the application of cloaking to RF/microwave antenna shielding

[17], methodologies for cloak designs based on a linear inhomogeneous field

transformation (that does not include space compression as in transformation-

optics), which result in a new type of bianisotropic metamaterials that do not scatter

arbitrarily incident fields [18], and cloak designs that could be implemented by

silver nanowires [19]. Note that a very useful full-wave Mie scattering analytical

model of spherical 3-D cloaks is given in [20]. More recently, nonlinear (“high-

order”) coordinate transformations have been investigated. They are introduced in

order to obtain more degrees of freedom in designing the material parameters,

which is essential for improving the performance of the cloak when it is approxi-

mated (segmented) into a sequence of piecewise-homogeneous layers. Detailed

investigations of the optimal discretization (e.g., thickness control of each layer,

nonlinear factor, etc.) for both linear and nonlinear transformation-based spherical

cloaks and their effects on invisibility performance are presented in [21].
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However, while most of the reported theoretical works and investigations of

transformation-based metamaterial cloaking concepts and designs rely to greater or

lesser extent on analytical derivations and analyses (based on geometrical optics or

other methods), an alternative approach, a full-wave rigorous numerical analysis of

2-D, and especially 3-D, cloaking structures, based on concepts and techniques of

computational electromagnetics (CEM) and guided by analytical formulas for

cloaking materials, seems to have not been fully exploited. Effective numerical

modeling of 3-D cloaks, in particular, not only provides an alternative solution for

spherical and other canonical shapes that can as well be analyzed analytically (e.g.,

using Mie’s series) but is welcome and actually unavoidable in analysis and design

of more complex real-world geometries and material compositions that cannot be

treated purely analytically. Of course, one should always have in mind that CEM

solutions inevitably introduce some error, due to the involved modeling and

numerical approximations and imperfections.

Excellent examples of 2-D numerical studies of cloaking phenomena are those in

[10–12], which present full-wave simulations of cylindrical (infinitely long) cloaks

using commercial COMSOL Multiphysics software, based on a 2-D finite element

method (FEM) for electromagnetic field computations. In addition, the used FEM

technique relies on a piecewise homogeneous graded approximation of continuous

electromagnetic parameters (permittivity and permeability) of the material, which,

in turn, results in the necessity to introduce as many as 32 homogeneous material

layers in the model to obtain a smooth enough approximation of the cloaking

medium [10]. Finally, as electrically very small low-order finite elements are

employed in the technique, it is reported that the simulation requires as many as

340,000 unknowns. A notable example of 3-D full-wave numerical analysis of

spherical transformation-based cloaks appears in a study of optical nanotrapping

[22], which as well is based on COMSOL Multiphysics (3-D FEM software) and

reports utilization of 23,285 small cubic finite elements, domain truncation using

PMLs, and 422,233 unknowns in the numerical analysis. Note that comprehensive

full-wave CEM simulations of 3-D spherical plasmonic cloaks, which do not

involve any anisotropy or inhomogeneity of the material, using commercial CST

Microwave Studio software [based on the finite integration technique (FIT)] are

presented in [23].

Most recently, highly efficient and versatile full-wave rigorous 3-D numerical

modeling of linear and nonlinear transformation-based spherical cloaking struc-

tures has been proposed [24], and is further discussed in this summary. This

modeling is based on a hybridization of a higher order FEM for discretization of

the cloaking region and a higher order method of moments (MoM) for numerical

termination of the computational domain. The cloaking region is modeled by

Lagrange-type generalized curved parametric hexahedral finite elements of arbi-

trary geometrical orders and curl-conforming hierarchical polynomial vector basis

functions of arbitrary field-expansion orders for the approximation of the electric

field vector within the elements [25]. The external surface of the cloak is modeled
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by generalized quadrilateral MoM patches in conjunction with divergence-

conforming polynomial bases of arbitrary orders for the expansion of electric and

magnetic equivalent surface currents over the patches [26, 27]. The FEM elements

can be large and filled with anisotropic inhomogeneous materials with continuous

spatial variations of complex permittivity and permeability tensors described by

Lagrange interpolation polynomials of arbitrary material-representation orders

[28, 29], so there is no need for a discretization of the permittivity and permeability

profiles of the cloak, namely, for piecewise homogeneous (layered) approximate

models, with material tensors replaced by appropriate piecewise constant approx-

imations; such a discretization is typical for all other existing approaches to FEM

analysis of transformation-based metamaterial cloaks. Furthermore, because curved

elements are used, a small number of elements suffice for the geometrical precision

of the model, for curvature modeling. Finally, because higher order basis functions

are implemented, there is no need for a discretization of the computational domain

into electrically very small elements, with low-order basis functions for field/

current modeling.

Approaches for construction and analysis of transformation-based metamaterial

invisibility cloaks with other, non-spherical and non-circular, shapes, have been

investigated as well. Most theoretical considerations of such cloaks are based on a

straight-line compression of space, where there exists at least one point inside the

cloak’s void region positioned so that all of the cloak’s outer surface points could be
reached from it along straight lines inside the cloak [17, 30]. A more general

approach is considered in [31], where the coordinate transformation is represented

in the form of a homogeneous topological mapping where possible, while in the

case of cloaks with arbitrary (potentially complex) shapes, for which homogeneous

topological mapping functions cannot be (easily) obtained in a closed form, an

approximation approach is proposed. Coordinate transformations for irregular

particles in the form of ellipsoids, rounded cuboids, and rounded cylinders, respec-

tively, are studied in [32], where the scattered field distribution is simulated using

the discrete dipole approximation (DDA). As far as transformation-based

metamaterial invisibility cloaks with sharp edges and corners are considered, on

the other hand, [33] provides a design and demonstration of a square 2-D (cylinder

with a square-shaped cross section) cloak. However, a generalization of this

approach to the corresponding 3-D case, namely, to a construction, analysis, and

evaluation of a cubical 3-D cloak, is certainly of great interest, from both theoretical

and practical aspects.

Most recently, a conformal cubical transformation-based metamaterial invisi-

bility cloak has been proposed [34], and is further discussed in this summary. The

cloak is constructed invoking a classical coordinate transformation, similar to that

in [33]. The numerical characterization is carried out employing the full-wave

rigorous higher order anisotropic continuously inhomogeneous FEM modeling

approach and the FEM-MoM hybridization. Additionally, we emphasize that for

all situations where conformal cloaks for cloaking of objects with sharp edges and

corners are employed, a full-wave numerical analysis is unavoidable, as these

4 Construction, Modeling, and Analysis of Transformation-Based Metamaterial. . . 73



problems cannot be treated by the Mie scattering theory or any other analytical

method.

4.2 Theory of Controlling EM Fields by Coordinate
Transformation

We next present a simplified and unified theory of vector, tensor, and operator

changes under coordinate transformations, and relate them specifically to electric

and magnetic field intensity vectors, tensor permittivity and permeability of the

medium, and the curl operator in Maxwell’s equations. The presented theory sets a

basis for arbitrary manipulations of EM fields by coordinate transformations, also

known as the transformation electromagnetics or optics.

4.2.1 Derivation of Medium Parameter Tensors under
Coordinate Transformation

Consider a time-harmonic EM field of radian frequency ω in a source-free domain.

The field is governed by Maxwell’s equations [35],

∇� E ¼ �jωB; ð4:1aÞ
∇�H ¼ jωD; ð4:1bÞ
∇ � D ¼ 0; ð4:1cÞ
∇ � B ¼ 0; ð4:1dÞ

where E and H are electric and magnetic field intensity vectors, D and B are

electric and magnetic flux density vectors, j ¼ ffiffiffiffiffiffiffi�1
p

is the imaginary unit, and

time-harmonic convention ejωt is used, with constitutive relations

D ¼ ε � E; ð4:2aÞ
B ¼ μ �H; ð4:2bÞ

where ε and μ stand for the tensor permittivity and permeability of the medium,

respectively. From the vector identity ∇ � ∇� Fð Þ ¼ 0, where F is an arbitrary

nonsingular vector function, we conclude that Eqs. (4.1c) and (4.1d) will be

automatically satisfied provided that (4.1a) and (4.1b) are satisfied and ω 6¼ 0; in

other words, the EM field is completely described by Maxwell’s first two equations,
(4.1a) and (4.1b) and constitutive relations, (4.2a) and (4.2b), which, combined,

give
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∇� E ¼ �jω μ �H; ð4:3aÞ
∇�H ¼ jω ε � E: ð4:3bÞ

We next consider two arbitrary (curved) coordinate systems. The systems will be

designated as the g-coordinate system with coordinates g1, g2, and g3 and the

h-coordinate system with coordinates h1, h2, and h3, where the two sets of coordi-

nates are related by nonsingular single-valued analytical functions. Equation (4.3a)

can equally be expressed in any of the coordinate systems; interpreted in the

g-coordinate system, it becomes

ð∇ðgÞ � EÞi ¼ �jω
X3
j¼1

μijðgÞH
ðgÞ
j , i ¼ 1, 2, 3, ð4:4aÞ

where μijgð Þ i, j ¼ 1, 2, 3ð Þ represent the contravariant components of the medium

permeability tensor in the g-coordinate system and H
gð Þ
j j ¼ 1, 2, 3ð Þ are the covar-

iant components of the magnetic field intensity vector in the g-coordinate system.

In addition, ∇ gð Þ�
� �i

i ¼ 1, 2, 3ð Þ stands for the curl operator expressed by

contravariant components in the g-coordinate system and defined as [36]

ð∇ðgÞ � EÞi ¼ 1

JðgÞ

X3
j, k¼1

∂EðgÞ
k

∂gj
eijk, i ¼ 1, 2, 3, ð4:4bÞ

where J gð Þ ¼ a
gð Þ
1 � a

gð Þ
2 � a

gð Þ
3

� �
is the Jacobian of the g-coordinate system, E

gð Þ
k

k ¼ 1, 2, 3ð Þ are the covariant components of the electric field intensity vector

in this coordinate system, eijk i, j, k ¼ 1, 2, 3ð Þ is the Levi-Civita symbol, and vectors

a
ðgÞ
i i ¼ 1, 2, 3ð Þ are the primary vectors of the g-coordinate system [36]. Equation

(4.3a) can then be interpreted in the h-coordinate system as follows:

ð∇ðhÞ � EÞi ¼ �jω
X3
j¼1

μijðhÞH
ðhÞ
j , i ¼ 1, 2, 3, ð4:5aÞ

with an appropriate definition of the curl operator in that coordinate system,

ð∇ðhÞ � EÞi ¼ 1

JðhÞ

X3
j, k¼1

∂EðhÞ
k

∂hj
eijk, i ¼ 1, 2, 3: ð4:5bÞ

Covariant components of the electric field intensity vector [E
ðgÞ
k and E

ðhÞ
k

k ¼ 1, 2, 3ð Þ] represent the same vector in two coordinate systems; hence they

4 Construction, Modeling, and Analysis of Transformation-Based Metamaterial. . . 75



have to be related in accordance with the rule of transformation of the vector

covariant components between the two coordinate systems [37]. Using the index

notation, this rule is given by

E
ðhÞ
k ¼

X3
m¼1

∂gm

∂hk
EðgÞ
m , k ¼ 1, 2, 3: ð4:6aÞ

By analogy, covariant components of the magnetic field intensity vector are

transformed as

H
ðhÞ
j ¼

X3
n¼1

∂gn

∂hj
HðgÞ

n , j ¼ 1, 2, 3: ð4:6bÞ

Equating the corresponding terms in Eqs. (4.4a)-(4.5b) and applying the rules of

covariant vector component transformations in Eqs. (4.6a) and (4.6b), we obtain

that contravariant components of the medium permeability tensor are transformed

between the two coordinate systems in the following way:

μijðhÞ ¼
X3
m, n¼1

∂hi

∂gn
μnmðgÞ

∂hj

∂gm
, i, j ¼ 1, 2, 3, ð4:7aÞ

which can be recast in the matrix (tensor) notation

μ hð Þ ¼ Jμ gð ÞJ
T; ð4:7bÞ

with J being the 3� 3 Jacobian transformation matrix between the g- and

h-coordinate systems.

Starting from Maxwell’s second equation (4.3b) and applying the relations

analogous to Eqs. (4.4a)-(4.5b) and the covariant component vector trans-

formation rule, Eqs. (4.6a) and (4.6b), it can be shown that the contravariant

components of the permittivity tensor are transformed between the two coordinate

systems as

εijðhÞ ¼
X3
m, n¼1

∂hi

∂gn
εnmðgÞ

∂hj

∂gm
, i, j ¼ 1, 2, 3, ð4:8aÞ

of which the matrix (tensor) form is given by

ε hð Þ ¼ Jε gð ÞJT: ð4:8bÞ

Maxwell’s first equation written as in Eqs. (4.4a)-(4.5b) is referred to as the form-

variant equation between the two coordinate systems; in general, J gð Þ 6¼ J hð Þ in
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Eqs. (4.4b) and (4.5b), and thus the curl operator form is different in the two

coordinate systems. In the general case, the medium parameter tensors are

transformed between the two coordinate systems as tensors of rank 2 with tensor

density of weight 0 [37].

We next consider a different form of Eqs. (4.5a) and (4.5b) in the h-coordinate
system. The main idea is to make it identical to the form of the corresponding

Eqs. (4.4a) and (4.4b) in the g-coordinate system. Eqs. (4.5a) and (4.5b) thus

become

ð∇̂ðhÞ � EÞi ¼ �jω
X3
j¼1

μ̂ ij
hð ÞH

ðhÞ
j , i ¼ 1, 2, 3, ð4:9aÞ

ð∇̂ðhÞ � EÞi ¼ 1

JðgÞ

X3
j, k¼1

∂EðhÞ
k

∂hj
eijk, i ¼ 1, 2, 3, ð4:9bÞ

where ∇̂ hð Þ� represents the new (modified) curl operator in the h-coordinate

system, obtained by replacing the Jacobian J(h) with J(g) in Eq. (4.5b). Contravariant

components μ̂ ij
hð Þ i, j ¼ 1, 2, 3ð Þ of the new (modified) permeability tensor must

change (with respect to μijhð Þ) in order to compensate for the change of the operator

form, so that vectors E andH in Eqs. (4.9a) and (4.9b) ultimately remain unchanged

with respect to corresponding vectors in Eqs. (4.4a)-(4.4b). Maxwell’s first equation
written as in (4.9a) and (4.9b) is referred to as the form-invariant equation.

Similarly to the form-variant Maxwell’s equations, it can be shown that

contravariant tensors of the medium parameters for the form-invariant Maxwell’s
equations are transformed between the two coordinate systems as

ε̂ hð Þ ¼
Jε gð ÞJT

det Jð Þ ; ð4:10aÞ

μ̂ hð Þ ¼
Jμ gð ÞJ

T

det Jð Þ ; ð4:10bÞ

namely, as tensors of rank 2 with tensor density of weight 1 [37–39].

Since the form of Eqs. (4.9a) and (4.9b) is now the same as that of Eqs. (4.4a)

and (4.4b), covariant components of vectors E and H in the h-coordinate system

[Eqs. (4.9a) and (4.9b)] can now be considered as the covariant components of

E and H in the g-coordinate system [Eqs. (4.4a) and (4.4b)]. In addition,

contravariant components of the media parameter tensors in the h-coordinate
system [Eqs. (4.10a) and (4.10b)] can now be considered as contravariant compo-

nents of the media parameter tensors in the g-coordinate system. Hence, a basis for

arbitrary manipulations of EM fields constituting the main idea behind the trans-

formation electromagnetics and optics is set: by choosing the media parameter
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tensors as in Eqs. (4.10a) and (4.10b) and interpreting them in the original coordi-

nate system, the EM field can be bent in a desired fashion.

4.2.2 Redirection of Optical Paths by Coordinate and
Medium Transformation

Let us consider a homogeneous isotropic medium (e.g., air) with a traveling

uniform plane wave, as shown in Fig. 4.1a. The light rays (or lines of the Poynting

vector, P ¼ E�H∗ [35], of the wave) are parallel to each other. Distorting the

original space, with a spatial transformation applied to change the coordinate

system (e.g., by employing appropriate mapping functions), will cause the rays to

bend in the same manner, as depicted in Fig. 4.1b, where the original coordinate

system (g-coordinate system) is denoted as (x, y, z) and the new system (h-coordi-
nate system) is denoted using primed coordinates (x0, y0, z0). This is enabled by

material relations in Eqs. (4.10a) and (4.10b), i.e., by

ε
0 ¼ JεJT

det Jð Þ , μ
0 ¼ JμJT

det Jð Þ ; ð4:11Þ

where ε0 and μ0 are material property tensors in the transformed space, ε ¼ ε0I and
μ ¼ μ0I (I is the 3� 3 identity matrix) are the respective tensors in the original

space (air), and J stands for the 3� 3 Jacobi matrix of the transformation from

r ¼ xix þ yiy þ ziz to r
0 ¼ x

0
i
0
x þ y

0
i
0
y þ z

0
i
0
z, with i and i0 being the corresponding

coordinate unit vectors.

x x’

y

y’

O O’

x’=x’ (x,y,z)
(x,y,z)
(x,y,z)

y’=y’
z’=z’

z’z

P P

a b

Fig. 4.1 Coordinate transformation causing deformation of light ray trajectories: (a) original

rectangular coordinate system with parallel rays and (b) transformed curvilinear coordinate system

with curved ray trajectories [24]
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We next illustrate the complete process described above using the example of a

uniform linear spherical metamaterial cloak that will be introduced in Sect. 4.3.1.,

in Fig. 4.3, and the details of which will be given in examples in Sect. 4.6.1. We

assume that the outer to inner radius ratio of the cloak is R2=R1 ¼ 2 and that the

cloak is excited by a uniform plane wave with the free-space wavelength λ0 ¼ 1 m.

Shown in Fig. 4.2 are the real parts of vectors E, H, and P in three characteristic

planes (Cartesian coordinate planes x ¼ 0; y ¼ 0, and z ¼ 0 ), when covariant

components of vectors in the primed system (h-coordinate system), for the form-

invariant Maxwell’s equations, are interpreted as the corresponding covariant

components of the vectors in the original (non-primed g-coordinate system). The

field lines in Fig. 4.2 are obtained starting from a z-polarized uniform plane wave of

wavelength λ0 ¼ 1 m traveling in free space in the x-direction. We then transform

Re(E) Re(H) Re(P)

Re(Py) = Re(Pz)=0.

Re(Hx) = Re(Hz)=0.

Re(Ex) = Re(Ey)=0.
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z [m]
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y [m]

z [m]

a

b

c

Fig. 4.2 Example of field deformation of Fig. 4.1 in a linear spherical cloak: lines of the real parts

of the electric field (left panel), magnetic field (central panel), and Poynting vector (right panel) in
three Cartesian coordinate planes containing the center of the cloak in Fig. 4.3 (for R2=R1 ¼ 2)

illuminated by a uniform plane wave: (a) x¼ 0 plane, (b) y¼ 0 plane, and (c) z¼ 0 plane
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the electric and magnetic field vector components according to Eqs. (4.6a) and

(4.6b), for the coordinate transformation given in Eq. (4.12). Thus obtained field

components in the new coordinate system are interpreted as the components in the

original coordinate system and plotted in Fig. 4.2.

From Fig. 4.2 it can be clearly seen that vectors E and H are always perpendic-

ular to the surface r ¼ R1, while the Poynting vector is always tangential to that

surface. This, in turn, directly implies that the space bounded by the surface r ¼ R1

is completely electromagnetically isolated from the surrounding space; the field

neither penetrates it, nor is in any way perturbed by its presence.

4.3 Theory of Spherical Transformation-Based
Metamaterial Cloaks

We present here the examples of coordinate transformations which lead to con-

struction of linear and nonlinear spherical metamaterial cloaks, as well as the

resulting transformations of the permittivity and permeability tensors in both

spherical and Cartesian systems. Similar principles are then used in Sect. 4.4 in

construction of a cubical metamaterial cloak, where only Cartesian system is

employed. The performance of all presented cloak examples is finally verified by

numerical simulations in Sect. 4.6.

4.3.1 Construction of Linear Spherical Metamaterial Cloaks

A linear spherical 3-D cloak is obtained using the following linear transformation

described in the spherical coordinate system with the transformation domain

0 � r � R2, 0 � ϕ < 2π, and �π=2 � θ � π=2 [8, 9]

r
0 ¼ R1 þ R2 � R1

R2

r, θ
0 ¼ θ, ϕ

0 ¼ ϕ ; ð4:12Þ

where R1 and R2 are the inner and outer radii, respectively, of the spherical cloak. A

cross section of the visual representation of this transformation (in z ¼ 0 plane) is

shown in Fig. 4.3, for the original (a) and transformed (b) coordinate systems. The

region 0 � r � R2 is mapped into the spherical shell (transformation range) R1 � r0

� R2 in the transformed coordinate system, with the Jacobi matrix of the transforma-

tion given by
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J ¼

R2 � R1

R2

0 0

0
r
0

r
0

0 0
r
0

r

2
666664

3
777775: ð4:13Þ

Substituting Eq. (4.13) into Eq. (4.11) results in the following expressions for

permittivity and permeability tensors in the mapped space in the spherical coordi-

nate system:

ε0 r0, θ0,ϕ0ð Þ
ε0

¼ 1

ε0

ε0rr r0ð Þ 0 0

0 ε0θθ 0

0 0 ε0ϕϕ

2
4

3
5 ¼

R2 R1 � r0ð Þ2
R2 � R1ð Þr02 0 0

0
R2

R2 � R1

0

0 0
R2

R2 � R1

2
6666664

3
7777775
¼ μ0

μ0
:

ð4:14Þ

Finally, ε0 r0, θ0,ϕ0ð Þ is analytically transformed to its Cartesian equivalent,

void
region

x

'

'

'

0

2121

2

RRRrRr

Rr

2R

00,

,,r

y

',','r

2R
1R

','

z 'x

'y

'z

a b

Fig. 4.3 Coordinate transformation yielding a spherical 3-D cloak: cross sections of (a) the

original space with an air-filled homogeneous sphere and (b) the transformed space with a void

region and an anisotropic continuously inhomogeneous spherical shell [24]
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ε0 x0, y0, z0ð Þ ¼ Q½ �ε0 r0, θ0,ϕ0ð Þ Q½ �T ¼
ε0xx x0, y0, z0ð Þ ε0xy x0, y0, z0ð Þ ε0xz x0, y0, z0ð Þ
ε0yx x0, y0, z0ð Þ ε0yy x0, y0, z0ð Þ ε0yz x0, y0, z0ð Þ
ε0zx x0, y0, z0ð Þ ε0zy x0, y0, z0ð Þ ε0zz x0, y0, z0ð Þ

2
4

3
5;

ð4:15Þ

where

Q½ � ¼
sin θ cosϕ cos θ cosϕ � sinϕ
sin θ sinϕ cos θ sinϕ cosϕ
cos θ � sin θ 0

2
4

3
5 ð4:16Þ

is Spherical to Cartesian coordinate system vector transformation matrix and Q½ �T
¼ Q½ ��1

is its inverse (since [Q] is orthogonal), and analogously for μ0. Hence, the
elements of the permittivity tensor in Eq. (4.15) are obtained to be

ε0
xx ¼

x
02ε0rr þ ðy02 þ z

02Þε0
θθ

x02 þ y02 þ z02
, ε

0
xy ¼

x
0
y
0 ðε0

rr � ε0
θθÞ

x02 þ y02 þ z0 2
, ε

0
xz ¼

x
0
z
0 ðε0rr � ε0θθÞ

x0 2 þ y0 2 þ z02
,

ε0
yx ¼ ε0xy, ε0

yy ¼
y
02ε0rr þ ðx02 þ z

02Þε0
θθ

x02 þ y02 þ z02
, ε

0
yz ¼

y
0
z
0 ðε0rr � ε0θθÞ

x02 þ y02 þ z02
,

ε0
zx ¼ ε0xz, ε0zy ¼ ε0

yz, ε0zz ¼
z
0 2ε0rr þ ðx02 þ y

02Þε0θθ
x02 þ y02 þ z0 2

,

ð4:17Þ

where ε0
θθ ¼ ε0

ϕϕ, and analogous expressions hold for the components of μ0.

4.3.2 Construction of Nonlinear Spherical Metamaterial
Cloaks

In addition to linear-transformation 3-D spherical cloaks, two classes of nonlinear-

transformation 3-D spherical cloaks are introduced in [21] and classified in terms of

the positive (concave-up) or negative (concave-down) sign of the second derivative

of the transformation function. The nonlinear transformation used to construct a

spherical cloak can be analytically described in the transformation domain

0 � r � R2, 0 � ϕ < 2π, and �π=2 � θ � π=2 as

r
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rl
2 � Rl

1

R2

r þ Rl
1

l

s
, θ

0 ¼ θ, ϕ
0 ¼ ϕ; ð4:18Þ

for the concave-up case, and as
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r
0 ¼ R1R2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

Rlþ1
2 � Rl

2 � Rl
1

� �
r

l

s
, θ

0 ¼ θ, ϕ
0 ¼ ϕ; ð4:19Þ

for the concave-down case. In both cases, l represents the degree of the nonlinearity in
the transformation (l does not need to be an integer). Cartesian equivalent tensors for
the permittivity and permeability of a nonlinear spherical cloak are derived

performing algebraic manipulations analogous to those in the linear spherical cloak

case, i.e., as in Eq. (4.17). The resulting models are then used as additional examples

in the evaluation of the higher order full-wave FEM-MoM technique, to demonstrate

the validity of the method when more complex tensor profiles are involved.

4.4 Conformal Cubical Transformation-Based
Metamaterial Cloaks

To construct a linear cubical 3-D cloak, we start with a rectangular version of the

linear transformation in Eq. (4.12), namely, by introducing a simple coordinate

transformation that maps the original Cartesian coordinate system (transformation

domain), with x, y, z coordinates [Fig. 4.4a], into a transformed one (transformation

range), with x0, y0, z0 coordinates [Fig. 4.4b]:

x0 ¼ R1 þ R2 � R1

R2

x, y0 ¼ y
R2 � R1

R2

þ R1

x

� �
, z0 ¼ z

R2 � R1

R2

þ R1

x

� �
, ð4:20Þ

where R1 and R2 represent half-side lengths of the inner and the outer cubical shells,

respectively. Note that the transformation given in Eq. (4.20) can be considered

as a generalization of the transformation for the square 2-D cloak construction

[33]. It maps one sixth of the original homogeneous isotropic (air filled in our case)

cube (0 < x � R2, �R2 � y � R2, �R2 � z � R2, and
		y		, 		z		 < 		x		) to one sixth of

the transformed cubical shell ( R1 < x0 � R2, �R2 � y0 � R2,

�R2 � z0 � R2, and
		y0		, 		z0		 < 		x0		), as shown by the shaded regions in Fig. 4.4,

and similarly for the mappings of the remaining five parts of the cubical shell. This

way, a hole [free of any exterior field and marked as the void region in Fig. 4.4b] is

opened in the transformed space. Hence, the foundation is set for the cubical shell,

comprised of six pyramidal frusta (which symmetrically surround the void region), to

be designed as a cloak.

We next derive the material interpretation [9] of the space transformation given

in Eq. (4.20) to obtain the (inhomogeneous and anisotropic) parameters of the

cubical cloak in the form of permittivity and permeability tensors in the

transformed space, ε0 and μ0. To this end, we first calculate the Jacobi matrix in

Eq. (10) for the transformation in Eq. (4.20) as
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J ¼

ðR2 � R1Þ
R2

0 0

� R1y

x2
ðR2 � R1Þ

R2

þ R1

x
0

� R1z

x2
0

ðR2 � R1Þ
R2

þ R1

x

2
6666664

3
7777775
: ð4:21Þ

After simple algebra, from Eq. (4.20), we obtain the permittivity tensor components

for one sixth of the cloak highlighted in Fig. 4.4b:

ε0xx=ε0 ¼ aðR1 � x0Þ2=x02, ε0yy=ε0 ¼ aþ aR1
2y02=x04,

ε0zz=ε0 ¼ aþ aR1
2z02=x04, ε0xy=ε0 ¼ ε0yx=ε0 ¼ aR1ðR1 � x0Þy0=x03,

ε0xz=ε0 ¼ ε0zx=ε0 ¼ aR1ðR1 � x0Þz0=x03, ε0yz=ε0 ¼ ε0zy=ε0 ¼ aR1
2y0z0=x04,

ð4:22Þ

where a ¼ R2 � R1ð Þ=R2 is introduced to simplify the final expressions, and

similarly for the permeability tensor. For constructing the remaining five parts of

the cloak, an analogous procedure can be used. Alternatively, the material-property

tensor for one side of the cloak in Eq. (4.22) could be rotated around the Cartesian

axes to obtain the material-property tensors for the remaining five parts of the cloak.

Nonlinear cubical cloaks, based on concave-up and concave-down nonlinear

transformations similar to those in Eqs. (4.18) and (4.19), and for different

nonlinearity degrees, are also possible.

As explained in Sect. 4.2.1, medium parameter tensors in the primed coordinate

system will be interpreted as those in the non-primed (original) coordinate system.

We can now omit the primes from the notation of coordinates and use (r, θ,ϕ) in place
of (r ’,θ ’,ϕ ’) and (x, y, z) in place of (x ’, y ’, z ’) for medium tensor descriptions.

x’ y’

z’

O’

A’(x’,y’,z’)

’(x’,y’,z’)

’(x’,y’,z’)

r’
voidregion

x y

z

2R2 2R2

2R1

O
r

A(x,y,z)
0 0

a b

Fig. 4.4 Illustration of the effects of the coordinate transformation given in Eq. (4.20), which

leads to the construction of the cubical cloak: (a) The original space with an air-filled homoge-

neous isotropic cube and (b) the transformed space with a void region and an anisotropic

continuously inhomogeneous cubical-shell cloak comprised of six pyramidal frusta. One sixth of

the cloak constructed by transformation in Eq. (4.20) is highlighted in both figures [34]
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4.5 Higher Order EM Modeling and Analysis
of Metamaterial Cloaks

In our full-wave 3-D computational EM model, the cloak is tessellated using

Lagrange-type generalized curved parametric hexahedral finite elements of arbi-

trary geometrical orders Ku, Kv, and Kw (Ku, Kv, Kw � 1), shown in Fig. 4.5 and

analytically described as [25]

r u; v;wð Þ ¼
XKu

i¼0

XKv

j¼0

XKw

k¼0

rijk L
Ku
i uð Þ LKv

j vð Þ LKw

k wð Þ,
�1 � u, v,w � 1;

ð4:23Þ

where rijk ¼ r ui; vj;wk

� �
are position vectors of interpolation nodes and LKu

i uð Þ
represent Lagrange interpolation polynomials in the u coordinate, with ui being the

uniformly spaced interpolating nodes defined as ui ¼ 2i� Kuð Þ=Ku,

i ¼ 0, 1, . . . ,Ku, and similarly for LKv
j vð Þ and LKw

k wð Þ.
The electric field vector in each element (Fig. 4.5), E(u, v,w), is approximated by

means of curl-conforming (automatically satisfying the boundary condition for the

tangential component of E at interfaces between elements) hierarchical (each

lower-order set of functions is a subset of all higher-order sets) polynomial vector

basis functions f as follows [25]:

x

z

yO

v =1

v=
−1

w =1

w=−1

u = 1

u =−1

r(u,v,w)

E(u,v,w)

(u,v,w)
(u,v,w)

Fig. 4.5 Generalized

curved Lagrange-type

parametric hexahedral finite

element defined by

Eq. (4.23), with continuous

spatial variations of

complex permittivity and

permeability tensors of the

material defined by

Eq. (4.29) [29]
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E ¼
XNu�1

m¼0

XNv

n¼0

XNw

p¼0

α uð Þ
mnp f

uð Þ
mnp þ

XNu

m¼0

XNv�1

n¼0

XNw

p¼0

α vð Þ
mnp f

vð Þ
mnp

þ
XNu

m¼0

XNv

n¼0

XNw�1

p¼0

α wð Þ
mnp f

wð Þ
mnp; ð4:24Þ

with Nu, Nv, and Nw (Nu, Nv, Nw � 1) being arbitrarily high field-approximation

orders within the element. The basis functions for different field components are

defined by

f uð Þ
mnp ¼ umPn vð ÞPp wð Þ au
f vð Þ
mnp ¼ Pm uð Þ vnPp wð Þ av
f wð Þ
mnp ¼ Pm uð ÞPn vð Þ wpaw

, Pm uð Þ ¼
1� u, m ¼ 0

uþ 1, m ¼ 1

um � 1, m � 2, even

um � u, m � 3, odd

8>><
>>: ; ð4:25Þ

where the reciprocal unitary vectors au, av, and aw are obtained as

au ¼ av � aw

J
, av ¼ aw � au

J
, aw ¼ au � av

J
, ð4:26Þ

from the unitary vectors au, av, aw and the Jacobian (J ) of the covariant

transformation,

au ¼ dr

du
, av ¼ dr

dv
, aw ¼ dr

dw
, J ¼ ðau � avÞ � aw, ð4:27Þ

with r given in Eq. (4.23). In Eq. (4.24), the basis functions are multiplied by

unknown complex field-distribution coefficients {α}, which are determined in a

numerical solution of the standard Galerkin weak-form discretization of the

electric-field vector wave equationð
V

μ�1 ∇� fm̂ n̂ p̂

� � � ∇� Eð Þ dV � k20

ð
V

εfm̂ n̂ p̂ � E dV

¼ jk0Z0

þ
S

fm̂ n̂ p̂ � n�H dS; ð4:28Þ

where V is the volume of the FEM computational region (bounded by the surface S),

fm̂ n̂ p̂ (standing for any of the functions f
uð Þ
m̂ n̂ p̂ , f

vð Þ
m̂ n̂ p̂ or f

wð Þ
m̂ n̂ p̂ ) are testing functions

[the same as basis functions in Eqs. (4.24)-(4.27)], k0 and Z0 are the free-space wave
number and intrinsic impedance, respectively, and n is the outward-looking normal

on S. The tangential component of H over S appearing on the right-hand side of

Eq. (4.28) is determined by the appropriate boundary conditions imposed at the

surface, providing a foundation for an FEM mesh termination, i.e., for a numerical

interface between the FEM domain and the remaining, unbounded, space.
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The accuracy of an existing higher order solution can in general be improved by

refining the mesh (h-refinement), increasing the field-approximation orders (Nu, Nv,

Nw) over elements without subdividing the elements ( p-refinement), or combining

the two approaches (hp-refinement) [40].

Continuous spatial variations of Cartesian components of the medium tensors ε
and μ in the FEM generalized hexahedra, in Fig. 4.5, are implemented using the

same Lagrange interpolating scheme for defining element spatial coordinates in

Eq. (4.23) [28, 29], as follows:

ε u; v;wð Þ ¼
εxx u; v;wð Þ εxy u; v;wð Þ εxz u; v;wð Þ
εyx u; v;wð Þ εyy u; v;wð Þ εyz u; v;wð Þ
εzx u; v;wð Þ εzy u; v;wð Þ εzz u; v;wð Þ

2
4

3
5

¼
XMu

q¼0

XMv

s¼0

XMw

t¼0

εqst LMu
q uð Þ LMv

s vð Þ LMw
t wð Þ, � 1 � u, v,w � 1; ð4:29Þ

with Mu, Mv, and Mw (Mu, Mv, Mw � 1) standing for arbitrary material-

representation polynomial orders within the element and εqst ¼ ε uq; vs;wt

� �
for

the permittivity values at the points defined by position vectors of spatial interpo-

lation nodes, rqst, corresponding to orders Mu, Mv, and Mw. Geometrical-mapping

orders (Ku, Kv, Kw) in Eq. (4.23), field-expansion orders (Nu, Nv, Nw) in Eq. (4.24),

and material-representation orders (Mu,Mv,Mw) in Eq. (4.29) are entirely indepen-

dent from each other, and the three sets of parameters of a higher order model can

be combined independently for the best overall performance of the method. Fur-

thermore, all of the parameters can be adopted anisotropically in different direc-

tions within an element and nonuniformly from element to element in a model. This

way, the generally adopted (and widely used by many researchers [10, 14, 17, 33])

strategy to treat the continuously inhomogeneous media by approximating them by

layers with constant permittivity and permeability (which leads to unnecessarily

finer finite element meshes and larger number of unknowns) is avoided. The

strengths of the higher order modeling can thus be fully exploited, i.e., the elements

can be kept large, regardless of the material-parameter variations, which ultimately

results in highly efficient electromagnetic models [28]. Applied to the linear and

nonlinear cloak modeling, the permittivity values are computed as

εqst ¼ ε xq; ys; zt
� �

using Eqs. (4.15) and (4.16) or (4.17), where (xq, ys, zt) are

Cartesian components of the position vector rqst ¼ r uq; vs;wt

� �
, from Eq. (4.23),

and similarly for μ u; v;wð Þ.
For the FEM mesh truncation, we introduce, in accordance to the surface

equivalence principle (generalized Huygens’ principle), a set of unknown electric

and magnetic equivalent surface currents, Js and Ms, at the outer surface S of the

cloak, which are defined on curved quadrilateral patches representing external faces

of the FEM hexahedra (in Fig. 4.5). The currents are expanded using a divergence-

conforming (automatically satisfying continuity conditions for normal components
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of Js and Ms at element joints) 2-D (in parametric coordinates u and v) version of

FEM basis functions in Eq. (4.25), with unknown current-distribution coefficients

being evaluated by the method of moments [26]. Scattered electric and magnetic

fields due to Js and Ms, EMoM and HMoM, and incident fields (due to an incident

plane wave), Einc and Hinc, are coupled to the electric field in the FEM domain, in

the cloak region, EFEM, given by Eq. (4.24) in individual finite elements, through

boundary conditions for the tangential field components on the cloak external

surface,

n� EMoMðJS,MSÞ þ n� Einc ¼ n� EFEM,

n�HMoMðJS,MSÞ þ n�Hinc ¼ JS,
ð4:30Þ

thus providing the computational interface between the FEM and MoM regions,

with EFEM, JS, and MS as unknowns, and giving rise to a hybrid higher order

FEM-MoM solution [27].

4.6 Results and Discussion

We next consider several examples of spherical and cubical transformation-based

metamaterial invisibility cloaks in Figs. 4.3 and 4.4, respectively, with void regions

filled with a perfect electric conductor (PEC). We perform full-wave rigorous

modeling and analysis of the cloaking structures using the higher order

FEM-MoM technique based on large continuously inhomogeneous anisotropic

curved hexahedral finite elements in Fig. 4.5, with high-order polynomial field

expansions. All simulations are performed on a modest Windows-7 PC with Intel®
Core™ i5-760 CPU @ 2.8 GHz and 8 GB RAM.

4.6.1 Examples of Spherical Transformation-Based
Metamaterial Cloaks

Consider a spherical scatterer of diameter d ¼ 2R1, situated in air, as shown in

Fig. 4.6. The sphere is made of a PEC and its surface is geometrically modeled by

six fourth-order Ku ¼ Kv ¼ 4ð Þ curved quadrilateral patches. The sphere is coated

by a spherical layer (a cloak) with outer radius R2 and permittivity and permeability

tensors ε and μ given by Eq. (4.14) for a linear cloak and by Eqs. (4.18) and (4.19)

for nonlinear ones. We analyze the far-field scattering properties of the cloaked

sphere excited by a θ-polarized plane wave, incident from the direction defined by

θinc ¼ 90� and ϕinc ¼ 0∘, as indicated in Fig. 4.6. The cloak is modeled using only

six large cushion-like fourth-order Ku ¼ Kv ¼ Kw ¼ 4ð Þ curved hexahedral finite

elements (Fig. 4.6), terminated by a PEC boundary condition on the inner side
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r ¼ R1ð Þ and by six large conformal fourth-order MoM quadrilateral elements, with

equivalent surface electric and magnetic currents, on the outer side r ¼ R2ð Þ.
Continuous variations of the permittivity and permeability tensor components of

the cloak are modeled within the FEM volume elements using fourth-order

Mu ¼ Mv ¼ Mw ¼ 4ð Þ Lagrange interpolating polynomials (where the inhomoge-

neity control nodes coincide with the nodes guiding the FEM element geometry).

The adopted field approximation orders are Nu ¼ Nv ¼ Nw ¼ 6 for all FEM

hexahedra, which results in only 3,900 FEM unknowns (unknown field-distribution

coefficients). The adopted current approximation orders are Nu ¼ Nv ¼ 5 for all

MoM patches, yielding a total of as few as 600 MoM unknowns (current-

distribution coefficients). The overall simulation takes 150 s of computational

time per frequency (wavelength) point for analysis on the modest PC used. Note

that the reduction in the number of unknowns is by two orders of magnitude when

compared to FEM analysis in [22], where computational times are not given.

First, we assume that R2=R1 ¼ 1:1 in Eq. (4.12) (a thin linear cloak) and show in

Fig. 4.7 the normalized backscattering cross section, σ/(R2
1π), of the cloaked sphere

obtained by the rigorous full-wave numerical FEM-MoM technique, against the

normalized diameter d/λ0 (λ0 being the free space wavelength) of the PEC sphere.

The results include those for the lossless cloak, as well as for lossy ones with the

loss tangent ranging from 0.0001 to 0.01, obtained with the original 6-element

model (shown in Fig. 4.6) and with an h-refined 24-element model, where each of

the 6 original elements is symmetrically subdivided into 2� 2 elements along the

circumferential directions. For the purpose of validation of the numerical solution,

the computed scattering cross section of the uncloaked sphere, with the continu-

ously inhomogeneous anisotropic FEM elements constituting the cloaking layer

MoM

x y

z

R1

R2

O

Hinc

ninc

Einc

PEC

r

FEM

),,( r

),,( r

Fig. 4.6 FEM-MoM model of a PEC spherical scatterer with a spherical-shell cloak: the cloak is

modeled using only six large continuously inhomogeneous anisotropic curved finite elements with

high-order polynomial field expansions in parametric coordinates [24]
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being replaced by homogeneous air-filled elements having all field and current

expansions and other parameters in FEM and MoM analyses the same as in the

6-element cloak model, is also shown in Fig. 4.7, where it is compared with the

exact Mie’s series solution, and an excellent agreement of the two sets of results is

observed. In addition, a fully converged hp-refined pure MoM solution for a

homogeneous air-filled sphere, obtained by the commercial software tool for full

wave EM analysis WIPL-D [41], is shown as a reference, giving a clear insight into

what the best numerical solution for the given geometry and an ideal invisibility

material (scattering from free-space) would be. Based on the cloaking numerical

results in Fig. 4.7, excellent convergence properties of the method with significant

reductions (three to five orders of magnitude for the 6-element model and five to

seven orders of magnitude for the 24-element model, the two models being the two

roughest possible) in the scattering cross section of the cloaked sphere is observed

in the entire analyzed range of wavelengths, even though this is a rather thin cloak

(its thickness is only one tenth of the PEC sphere radius). While having in mind that

the cloak is theoretically ideal (backscatter theoretically vanishes), we note here

that the (still rather rough) 24-element model yields a backscatter so low that it is on

Fig. 4.7 Normalized backscattering cross sections of the PEC sphere with lossless and lossy

linear cloaks and R2/R1¼ 1.1 in Fig. 4.6, and of the uncloaked sphere, with the cloak replaced by a

homogeneous air layer, obtained by the full-wave rigorous FEM-MoM numerical analysis vs. the

normalized sphere diameter (λ0 is the free-space wavelength) [24]. The uncloaked sphere is

analyzed using the same 6-element numerical model as the cloaked ones, and the results are

compared with the exact solution in the form of Mie’s series. Also shown is the backscatter of a

homogeneous air-filled sphere, obtained using WIPL-D (pure MoM commercial code), as a

reference for verification of the best numerical approximation of the zero backscatter from an

empty spherical region of the same size as the original scatterer
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par with the best numerical approximation of the zero backscatter from an empty

spherical region of the same size as the original scatterer, as verified by WIPL-D

and a pure surface (MoM) model. Note also that, given that some possible future

applications of cloaking devices would likely include thin (for practical reasons)

conformal cloaking layers on complex 3-D geometries, thin cloaks, as well as their

analysis and design based on numerical simulations, rather than purely analytical

methods, should be of great interest in the near future. A notable example of thin

cloaks based on plasmonic cloaking and scattering cancellation techniques is given

in [42]. Additionally, we see in Fig. 4.7 that adding loss to the cloaking material

practically does not influence the numerical solution for backscattering.

We next analyze a thin nonlinear cloak, based on concave-up and concave-down

nonlinear transformations, in Eqs. (4.18) and (4.19), and for two different

nonlinearity degrees, namely, for l ¼ 4 and l ¼ 1, respectively, using, however,

the same geometrical models, the same field and current expansions, and the same

material-representation orders as in the previous example (results in Fig. 4.7). From

Fig. 4.8, showing the normalized backscattering cross section of the cloaked PEC

sphere, we observe that the higher order FEM-MoM simulation results for the

nonlinear cloaks match the results for the linear cloaks very well and, hence, that

the proposed analysis method can handle nonlinear coordinate transformations

Fig. 4.8 Normalized backscattering cross sections of the PEC sphere with lossless nonlinear

cloaks and R2/R1¼ 1.1 in Fig. 4.6 computed by the higher order FEM-MoM technique vs. the

normalized sphere diameter [24]. The nonlinear cloaks include both the concave-up and the

concave-down cases with two nonlinearity degrees in the transformations [Eqs. (4.18) and

(4.19) with l ¼ 4 and l ¼ 1, respectively]. The results for the uncloaked PEC sphere and for the

sphere with linear cloaks (repeated from Fig. 4.7) are also included for easier comparison
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equally well, without the necessity to subdivide the mesh or introduce piecewise

constant (e.g., layered) material regions. We also remark that in cases where the

nonlinearity of the transformation is even more pronounced, material-representation

polynomials of orders higher than four (orders Mu ¼ Mv ¼ Mw ¼ 4 are found to be

sufficient in the presented examples) can be employed in Eq. (4.29) to allow for a

more adequate Lagrange interpolation of the more pronounced continuous change of

media parameters within large FEM elements.

As the last example of spherical cloaks, we adopt R2 ¼ 1:5R1 in Eq. (4.12)

(a thicker linear cloak) and show in Figs. 4.9 and 4.10 the normalized scattering

cross sections of the PEC sphere with and without lossy cloaks, respectively, for the

normalized sphere diameter of d=λ0 ¼ 0:3, in two characteristic planes. The

simplest 6-element models (Fig. 4.6) are used for the simulations. For the cloaks

with the loss tangent ranging from 0.05 to 1, numerical results are compared to

exact Mie’s series solutions obtained as presented in [20]. A very substantial

reduction (three to seven orders of magnitude) in σ achieved by the cloak is

observed, with an excellent agreement of numerical and analytical solutions for

all scattering angles except for those approaching the backscattering angle

(appearing in the middle of each of the graphs), at which the scattering cross section

theoretically vanishes. However, we realize that all numerical backscatter solutions

are practically the same, regardless of loss, and again identify the lowest cross

section limit that the code and the adopted model and single machine precision can

numerically achieve in this example. Note, however, that the predicted backscatter

is approximately two orders of magnitude lower than that for the thin cloak for the

same particle electrical size and the same simple FEM-MoM model, namely, σ=
R2
1π

� � 	 2� 10�7 for the thick cloak vs. σ= R2
1π

� � 	 3:5� 10�5 for the thin one,

implying that thicker cloaks are numerically easier to solve, which, in turn, may be

attributed to longer paths for the fields to relax.

4.6.2 Examples of Cubical Transformation-Based
Metamaterial Cloaks

Consider next a PEC cubical scatterer of side length d ¼ 2R1 situated in air. The

scatterer is illuminated by a θ-polarized plane wave, incident from the θinc ¼ 90�

and ϕinc ¼ 0 direction, as shown in Fig. 4.11. The scatterer is coated with a cubical

conformal layer (a cloak) of half-side length R2 with material tensors ε and μ
obtained from Eq. (4.22). The cloaking region is modeled by means of only

24 geometrically first-order (Ku ¼ Kv ¼ Kw ¼ 1) large hexahedral finite elements

(4 finite elements for each pyramidal frustum), terminated by a PEC boundary

condition on the inner side and by 24 large conformal geometrically first-order

MoM quadrilateral patches (with equivalent surface electric and magnetic currents)

on the outer side, which provide a rigorous numerical FEM domain truncation.

Spatial variation of material parameters within the FEM hexahedra is approximated
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Fig. 4.9 Normalized VV scattering cross section of the cloaked and uncloaked PEC sphere in

Fig. 4.6 for lossy linear cloaks, with R2/R1¼ 1.5 and the normalized sphere diameter of d/λ0¼ 0.3

[24]

Fig. 4.10 Normalized HH scattering cross section of the structure in Fig. 4.6 (lossy linear cloaks,

R2/R1¼ 1.5, and d/λ0¼ 0.3) [24]
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by the fourth-order (Mu ¼ Mv ¼ Mw ¼ 4) Lagrange polynomials. The adopted field

approximation orders are Nu ¼ Nv ¼ Nw ¼ 6 for all FEM hexahedra, which results

in only 15,564 FEM unknowns (unknown field-distribution coefficients). The

adopted current approximation orders are Nu ¼ Nv ¼ 5 for all MoM patches,

yielding a total of as few as 2,400 MoM unknowns (unknown current-distribution

coefficients). The total simulation time on the modest PC used is around 3 min per

frequency (wavelength) point. Note that the analysis of the same structure using

COMSOL Multiphysics employs as many as 82,549 small finite elements, 536,968

FEM unknowns, and it failed to converge for wavelengths where d=λ0 > 0:66 (d
¼ 2R1 being the cube-side length).

We assume that the cloak is thin, R2=R1 ¼ 1:1 in Eq. (4.20), and show in

Fig. 4.12 the normalized backscattering cross section, σ/(R2
1π), of the cloaked

PEC cube obtained by the rigorous full-wave numerical FEM-MoM technique,

against the normalized PEC cube-side length d/λ0. The results include those for the
lossless cloak, as well as for lossy ones with the loss tangent ranging from 0.0001 to

0.01, obtained with the 24-element model (shown in Fig. 4.11). To rigorously

validate the numerical solution, the computed scattering cross section of the cube

without a cloak, with the continuously inhomogeneous anisotropic FEM elements

constituting the cloaking layer being replaced by homogeneous air-filled elements

having all field and current expansions and other parameters in FEM and MoM

analyses the same as in the 24-element cloak model, is also shown in Fig. 4.12,

where it is compared with the pure MoM solution obtained by the commercial

software tool WIPL-D, and an excellent agreement of the two sets of results is

observed. In addition, a fully converged hp-refined WIPL-D solution for a homo-

geneous air-filled cube is shown as an additional reference, giving a clear insight

into what the best numerical solution for the given geometry and an ideal invisi-

bility material (scattering from free-space) would be. Based on the cloaking

x
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Fig. 4.11 FEM-MoM

model of a PEC cubical

scatterer with a cubical-

shell cloak: the cloak is

modeled using 24 large

continuously

inhomogeneous anisotropic

finite elements with high-

order polynomial field

expansions in parametric

coordinates [34]
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numerical results in Fig. 4.12, significant reductions (five to ten orders of magni-

tude) in the scattering cross section of the cloaked PEC cube is observed in the

entire analyzed range of wavelengths. While having in mind that the cloak is

theoretically ideal (backscatter theoretically vanishes), we note here that the

presented 24-element model yields a backscatter so low that it is on par with the

best numerical approximation of the zero backscatter from an empty cubical region

of the same size as the original scatterer, as verified by WIPL-D and a pure surface

(MoM) model. Note that the far-field numerical results for the cubical cloak are

similar or better than the results obtained for the linear spherical cloak in

Sect. 4.6.1, which can be attributed to the fact that in the case of the cubical

cloak, the geometrical models are exact, whereas in the spherical cloak example,

the spherical geometry is approximated by the fourth-order Lagrange interpolatory

functions. Finally, we can conclude that the incorporation of loss does not degrade

the backscattering performance, which is consistent with the results in [10].

For the same model and incident wave shown in Fig. 4.11, Figs. 4.13 and 4.14

present, in two characteristic planes, the normalized scattering cross sections of the

uncloaked and cloaked PEC cube with lossless and lossy cloaks, together with the

Fig. 4.12 Normalized backscattering cross section of the cloaked PEC cube with R2=R1 ¼ 1:1 in
Fig. 4.11, including lossless (original) and lossy cloaks and an uncloaked PEC cube (the cloak

shell replaced by an air layer), obtained by the higher order full-wave rigorous FEM-MoM

numerical analysis vs. the normalized PEC cube side length (λ0 is the free-space wavelength)

[34]. FEM-MoM results for the uncloaked PEC cubical scatterer (PEC cube with the air layer,

analyzed using the same 24-element numerical model as the cloaked cube) are compared with

WIPL-D results for a PEC scatterer. WIPL-D results for a homogeneous air-filled cube are also

shown, as a reference for verification of the best numerical approximation of the zero backscatter

from an empty cubical region of the same size as the original scatterer
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reference solutions of the uncloaked PEC cube and an air-filled cubical region, all

for the normalized PEC cube side length of d=λ0 ¼ 0:3. We observe a substantial

reduction (four to ten orders of magnitude) in σ achieved by the cloak, as well as a

smooth degradation of the cloak’s forward scattering performance with the increase

of loss, as in [10]. The results are also consistent with those for the spherical cloak

in Sect. 4.6.1.

As the final example, we present the near field results for the same PEC cube in

Fig. 4.11 with a slightly thicker cloak (R2=R1 ¼ 1:5, so that the field in the cloak can
be better observed), with the remaining modeling parameters kept the same as for

the thin cloak. The near field results obtained by the higher order FEM-MoM and

COMSOL Multiphysics (shown in Fig. 4.15) are practically the same for the

wavelength of the incident plane wave given by d=λ0 ¼ 0:66 (which is the shortest

wavelength for which the COMSOL solution converged), and hence only one set of

the results is presented. The near field solutions plotted in Fig. 4.15 (for the two

characteristic directions of the plane wave incidence) clearly demonstrate the wave

transformation in the cloaking region and validate the design goal that the cloaked

structure cannot be observed from outside.

Fig. 4.13 Normalized VV scattering cross section of the cloaked (lossless and lossy, for different

loss tangents) and uncloaked PEC cube in Fig. 4.11 (R2=R1 ¼ 1:1, d=λ0 ¼ 0:3, d ¼ 2R1), obtained

by the higher order FEM-MoM technique [34]. The results include WIPL-D solutions for the PEC

cubical scatterer and for the air-filled cube, as specified in the caption to Fig. 4.12
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Fig. 4.14 Normalized HH scattering cross section of the cloaked (lossless and lossy) and

uncloaked PEC cube in Fig. 4.11 (R2=R1 ¼ 1:1, d=λ0 ¼ 0:3 ), simulated by the FEM-MoM.

WIPL-D results are for structures specified in the caption to Fig. 4.12 [34]

Fig. 4.15 Near field (in z ¼ 0 plane) of the cloaked PEC cube in Fig. 4.11 (R2=R1 ¼ 1:5, d=λ0
¼ 0:66) excited by a uniform plane wave of magnitude E0 ¼ 1 V=m, incident from the direction

defined by (a) θinc ¼ 90�, ϕinc ¼ 0� and (b) θinc ¼ 90�, ϕinc ¼ 45� [34]
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4.7 Conclusions

Most of the reported theoretical works and investigations of 3-D transformation-

based metamaterial invisibility cloaking concepts and designs rely to greater or

lesser extent on analytical derivations and analyses. An alternative approach, a full-

wave rigorous numerical analysis of cloaking structures, based on concepts and

techniques of computational electromagnetics, provides an alternative solution and

additional insight for spherical and other canonical shapes that can as well be

analyzed analytically (e.g., using the Mie scattering theory). However, it is

unavoidable in analysis and design of more complex geometries and material

compositions that cannot be treated purely analytically, e.g., for a cubical cloak.

CEM analysis of 3-D transformation-based metamaterial cloaking structures can

be performed in a highly efficient and versatile manner using a hybridization of a

higher order finite element method for discretization of the cloaking region and a

higher order method of moments for numerical termination of the computational

domain. The technique allows for an effective modeling of the continuously

inhomogeneous anisotropic cloaking region, for cloaks based on both linear and

nonlinear coordinate transformations, using a very small number of large curved

finite elements with continuous spatial variations of permittivity and permeability

tensors and high-order p-refined field approximations throughout their volumes. In

analysis, there is no need for a discretization of the permittivity and permeability

profiles of the cloak, namely, for piecewise homogeneous (layered) approximate

models, with material tensors replaced by appropriate piecewise constant approx-

imations. The flexibility of the technique has enabled a very effective modeling of

linear and nonlinear spherical cloaks by means of only six FEM elements and six

MoM patches over the volume and external surface, respectively, of the cloaking

layer, and a very small number of unknowns.

Numerical results have shown a very significant reduction (three to five orders of

magnitude for a 6-element model and five to seven orders of magnitude for a

24-element model) in the scattering cross section of the cloaked PEC sphere in a

quite broad range of wavelengths. CEM solutions inevitably introduce some error,

due to the involved modeling and numerical approximations and imperfections, but

their usefulness is not in question. In particular, given the introduced explicit

approximations in modeling of the spherical geometry and continuous material

tensor profiles (both by fourth-order Lagrange interpolating functions), and inher-

ent numerical approximations involved in the FEM and MoM techniques and

codes, a conclusion is that the cloaking effects can be predicted rather accurately

by the presented full-wave higher order FEM-MoM numerical analysis method.

The method and numerical model can be readily adapted for analysis and design of

electrically larger and/or more complex 3-D cloaking devices (which can be

arbitrarily inhomogeneous and can include sharp edges and reentrant corners)

with proper h-, p-, and hp-refinements [40] of simple initial models.
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Transformation-based metamaterial invisibility cloaks with other, non-spherical

and non-circular, shapes are also of great theoretical and practical interest, and so

are the approaches and tools for their construction, analysis, and design. The

presented cubical cloak design and the full-wave CEM characterization of such a

structure with sharp edges and corners should be indicative of other possibilities

and generalizations to cloaks of arbitrary shapes.

The analysis of lossless and lossy cubical cloaks has required about 30 times

fewer unknowns to obtain the results of a similar accuracy when compared to the

COMSOL Multiphysics solution. Numerical results have shown a very substantial

reduction, of five to ten orders of magnitude, in the backscattering cross section of

the cloaked cube, with both lossless and lossy cloaks, in the entire analyzed range of

wavelengths. They have also demonstrated the accuracy and efficiency of a simple

24-element model of the cubical cloak yielding a backscatter so low that it is on par

with the best numerical approximation of the zero backscatter from an empty

cubical region of the same size as the original scatterer, as verified by WIPL-D

and a pure surface (MoM) model. The fact that the far-field numerical FEM-MoM

results for the cubical cloak are similar or better than the respective results for the

linear spherical cloak has been attributed to an exact geometrical representation of

the cubical cloak vs. an approximate modeling of the spherical geometry using

fourth-order Lagrange quadrilateral patches. The results have also shown the

bistatic behavior of the lossless and lossy (with several characteristic loss tangents)

cubical cloaks consistent with the corresponding results for the spherical and

cylindrical cloaks – the incorporation of loss does not degrade the backscattering

performance of the cloak, while a smooth degradation of the cloak’s forward

scattering performance occurs with the increase of loss in the cloak material.

The presented cubical cloak and its rather unconventional validation and eval-

uation can be of a significant interest to researchers seeking coordinate transforma-

tions needed for the conformal cloaking of cubical structures or for similar (more

complex) structures with sharp edges and corners. Moreover, this study may be of a

great importance for the development of conformal transformation-based perfectly

matched layers, as mathematical concepts, used for local-type truncations of finite

element meshes in FEM-based codes for numerical analysis of electromagnetics/

optics phenomena. It may also serve as a starting point for developments of the

respective reduced-parameter invisibility cloaks, constructed from isotropic homo-

geneous material layers and thus potentially enabling a simpler experimental

demonstration [14, 43], which, in turn, may be treated (based on the effective

medium approximation) as an effective anisotropic medium (e.g., [14]).
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25. Ilić MM, Notaroš BM (2003) Higher order hierarchical curved hexahedral vector finite ele-

ments for electromagnetic modeling. IEEE Trans Microw Theory Technol 51(3):1026–1033

100 B.M. Notaroš et al.
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28. Ilić MM, Ilić AŽ, Notaroš BM (2009) Continuously inhomogeneous higher order finite

elements for 3-D electromagnetic analysis. IEEE Trans Antennas Propag 57(9):2798–2803
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Chapter 5

Interaction of Surface Plasmon Polaritons
with Nanomaterials

Gagan Kumar and Prashant K. Sarswat

Abstract Surface plasmon polaritons are the surface electromagnetic excitations

that exist at the metal-air or metal-dielectric interface. Because of their enhanced field

and strong confinement near the metal surface, they offer variety of applications

ranging from high sensitivity sensors to miniaturized photonic components. In this

chapter, we present analytical formalisms of several optical phenomenon that occur

in their interaction with nanomaterials and analyze their significance in absorption,

enhanced Raman scattering, electron acceleration, optical fiber sensors etc. First, we

discuss dispersion properties of surface plasmon polaritons in single and double metal

film configurations. The analysis is extended to the examination of dispersion

properties of multilayer thin film configurations. We also present dispersion proper-

ties of surface plasmon polaritons in thin film metal coated optical fibers and develop

an analytical formalism for the calculation of amplitude of the laser mode converted

surface plasmon wave. The chapter also presents a theoretical model for surface

plasmon polariton assisted electron acceleration in thin film metal configuration.

Furthermore, surface plasmon polariton interactions with metallic nanoparticles are

examined and analytical formalism of their anomalous absorption by nanoparticles is

presented. In this context, we present surface plasmon assisted surface enhanced

Raman scattering by the molecules when they are adsorbed on nanoparticles.
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5.1 Introduction

Surface plasmon polaritons (SPPs) are the guided electromagnetic waves that propa-

gates along the interface between a metal and a dielectric, often a vacuum [1]. The

amplitude of the SPPs decays exponentially away from the interface in both themedia.

The magnetic field of the SPPs is parallel to the surface and perpendicular to its

direction of propagationwhile electric field has components parallel to the direction of

propagation and perpendicular to the surface. Surface waves were first observed by

Wood in 1902 [2]. He noted anomalous behavior in the diffraction intensities for small

angular and spectral variations from the grating of large and rapid changes. In 1907,

Rayleigh gave the first theoretical explanation of these anomalies suggesting that such

behavior was due to the cutoff or the appearance of a new spectral order [3]. However,

more precisely Fano in 1941, theoretically suggested the excitation of surface plasmon

polaritons over the grating surface [4]. He pointed out that such wave can be excited

only by transverse magnetic (TM) incident wave and exists only at the interface of a

dielectric and a medium with negative real part of effective relative permittivity viz.

plasma and conductor. Major developments in the excitation of surface plasmon

waves over solid state plasmas took place in 1968 when Otto proposed the SPPs

excitation in attenuated total reflection (ATR) configuration [5]. Kretschmann and

Raether [6] later proposed an alternative configuration of Otto’s method.

The SPPs offers a variety of applications, ranging from high sensitivity sensors to

supplementary heating in a fusion reactor, coherent radiation generation, enhanced

material ablation, electron emission, and plasma diagnostics. Surface plasmons are

confined near the metal surface and its amplitude at the surface is significantly larger

than that of the laser. The enhanced field of the SPPs could increase the emission rate of

luminescent dyes placed near the metal surface. This enhancement can increase the

efficiency and the brightness of solid-state LEDs [7]. In last two decades, surface

plasmon based sensors have emerged as a powerful tool for characterizing and quanti-

fying bimolecular interactions. Surface plasmon polaritons are being explored for their

potential in sub-wavelength optics,magneto-optic data storage, andmicroscopy [8]. The

properties of surface plasmon polaritons can lead to miniaturized photonic circuits by

creatively designing the structure of metal’s surface. In this chapter, we will discuss the
dispersion properties of the surface plasmon polaritons over the metal-air and metal-

dielectric interfaces, and analyze their significance in absorption, electron acceleration,

optical fiber sensors, and surface enhanced Raman scattering.

5.2 Dispersion Properties of Surface Plasmon Polaritons

5.2.1 Dispersion Relation Over a Single Metal Surface

The fields of the SPPs at metal-dielectric interface are governed by Maxwell’s
equations in each medium and the associated boundary conditions. Boundary

conditions involve the continuity of the tangential component of the electric field
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and magnetic fields across the interface and vanishing of these fields away from the

interface.

Consider a dielectric of relative permittivity ε1 for x > 0 and a metal with

effective relative permittivity ε(ω) in the half space x< 0 (Fig. 5.1). When a SPP

propagates at the dielectric-metal interface with (t, z) variation as e�i ωt�kzzð Þ, its
behavior is governed by Maxwell’s equations.

∇� ~E ¼ � 1

c

∂~H

∂t
; ð5:1Þ

∇� ~H ¼ ε0

c

∂~E
∂t

; ð5:2Þ

which on taking curl of Eq. (5.1) and using Eq. (5.2) give

∇2~E� ε
0

c2
∂2~E

∂t2
¼ 0; ð5:3Þ

where ε
0 ¼ ε ωð Þ ¼ εL � ω2

P= ω2 for x < 0 and ε
0 ¼ ε1 for x > 0. εL is the lattice

permittivity,ωP is the plasma frequency. The continuity conditions on electromagnetic

fields at the interface demand that the t and z variation of fields be the same in both

media. Thus replacing∂=∂z and∂=∂t in Eq. (5.3) by ikz and�iω respectively, we get

∂2~E

∂x2
� k2z �

ω2

c2
ε
0

� �
~E ¼ 0: ð5:4Þ

The well behaved solutions of Eq. (5.4) are

~E ¼ ẑ þ x̂
ikz
α1

� �
Ae�α1xe�i ωt�kzzð Þ, for x > 0,

~E ¼ ẑ � x̂
ikz
α2

� �
Aeα2xe�i ωt�kzzð Þ, for x < 0:

ð5:5Þ

Fig. 5.1 Geometry of surface plasmon polaritons propagation at metal-air interface
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where α21 ¼ k2z � ε1ω2=c2, α22 ¼ k2z � ω2ε ωð Þ=c2. The real part of α1, α2 must be

positive for an electromagnetic wave localized to the dielectric-metal interface at

x¼ 0. The continuity of Ez and ε0Ex at the interface yields A¼B,

α2
α1

¼ � ε ωð Þ
ε1

: ð5:6Þ

Squaring both sides and rearranging the terms, one obtains the explicit dispersion

relation for surface plasma polaritons

kSPP ¼ ω

c

ε1ε ωð Þ
ε1 þ ε ωð Þ
� �1=2

: ð5:7Þ

Further, α21 ¼ � ω2

c2
ε2
1

ε1þε, α
2
2 ¼ � ω2

c2
ε2

ε1þε . For α1 and α2 to be positive one needs ε1
þε < 0 or ω < ωPffiffiffiffiffiffiffiffiffi

εLþε1
p : In case of metal-free space interface, the surface plasmons

dispersion relation reduces to kz ¼ ω
c

ε
1þε

� �1=2
. We have plotted the dispersion

relation at dielectric-metal and air-metal interfaces in Fig. 5.2 for the parameters:

ε1 ¼ 2:25, εL ¼ 4. One may note that as the wavenumber increases, dispersion curve

shifted away from the light line and finally saturates at high wavenumber value. It

may be noted that the surface plasmon polaritons wavenumber increases with ε1.

5.2.2 Dispersion Relation of SPPs in Double Metal Surface
Configuration

The excitation of symmetric surface plasmon polartons in a double metal surface

configuration is important in a variety of applications such as biochemical sensing,

line narrowing of spectral features, and electron acceleration etc. Therefore it is

Fig. 5.2 Dispersion

relations for surface

plasmon polaritons at

metal-air and metal prism

interfaces
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crucial to understand the propagation properties of the surface plasmon polariton

excitations in this configuration. Consider two parallel metal half spaces x<�a/2

and x> a/2, separated by a thin vacuum region –a/2< x< a/2 as shown in Fig. 5.3.

The effective permittivity of metal at frequency ω is ε ¼ εL � ω2
P=ω

2, where εL is
the lattice permittivity and ωP is the plasma frequency.

Surface plasmons propagate through two metal configuration with t, z variation

as exp �i ωt� kzzð Þ½ �. The field variations are governed by Maxwell’s third and

fourth equations given by Eqs. (5.1) and (5.2) with

ε
0 ¼ 1 for �a=2 < x < a=2
¼ ε for x < �a=2 and x > a=2

As discussed earlier, taking curl of Maxwell’s third equation and using fourth,

we obtain wave equation. The wave equation governing Ez in three media is given

by Eq. (5.4). The well behaved solution of Eq. (5.4), satisfying ∇:~E ¼ 0 in each

region is

~E ¼ A ẑ þ x̂
ikz
α1

� �
e�α1x, x > a=2 ,

¼ A1 ẑ � x̂
ikz
α2

� �
eα2x þ A2 ẑ þ x̂

ikz
α2

� �
e�α2x

� �
, � a = 2 < x < a = 2 ,

¼ A3 ẑ � x̂
ikz
α1

� �
eα1x, x < � a = 2 ;

ð5:8Þ

Where α1 ¼ k2z � ω2ε=c2
	 
1=2

, α2 ¼ k2z � ω2=c2
	 
1=2

. Applying conditions of

continuity of Ez and ε0Ex at x ¼ a=2 and �a=2, we get

Fig. 5.3 Schematic of two metal surface plasmon structure. The metal surfaces at x¼�a/2 and

x¼ a/2 are separated by free space. The surface plasmon polaritons are excited via attenuated total

reflection (ATR) configuration
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A1 e
α2a=2 þ A2 e

�α2a=2 ¼ A e�α1a=2,

A1 e
α2a=2 � A2 e

�α2a=2 ¼ � A
εα2
α1

� �
e�α1a=2,

A1 e
�α2a=2 þ A2 e

α2a=2 ¼ A3 e
�α1a=2,

A1 e
�α2a=2 � A2 e

α2a=2 ¼ A3

εα2
α1

� �
e�α1a=2:

ð5:9Þ

Solving these equations, we obtain the dispersion relation

α22
α21

¼ 1� eα2a

1þ eα2a

����
����
2
1

εj j2 : ð5:10Þ

Using dimensionless quantities: q ¼ kzc =ωP,Ω ¼ ω=ωP, a
0 ¼ aωP=c, Eq. (5.10) is

normalized and plotted normalized frequency Ω versus normalized wavenumber

q in Fig. 5.4 for the mode that has Ex symmetric about the x ¼ 0 A1 ¼ �A2ð Þ. The
parameters are: εL ¼ 1 , aωP=c ¼ 100. From the figure, one may note that as the

wave number increases, frequency increases and then saturates at higher wave

numbers. For higher value of wave number q, the behavior of the curve is same

as that of single metal surface structure. However in double metal surface, at lower

value of wave number phase velocity is smaller. The phenomenon of reducing

phase velocity can be useful in achieving wave electron synchronization at lower

electron energies and hence accelerating electrons.

5.2.3 Surface Plasmons in Multilayer Thin Films
Configuration

In case of metal-insulator-metal (MIM) configuration, surface plasmons are corre-

lated with natural electromagnetic mode of the structures that can be obtained from

Maxwell’s equation solution using proper boundary conditions. The modes propa-

gation behavior relies on permittivity of each layer. In case of multilayer structures,

various analytical models and numerical methods have been utilized for the anal-

ysis of the splitting modes [9]. Other methods such as Eigen function [10] treatment

and semi-analytical mode matching technique were also utilized for the analysis of

the one dimensional photonic crystals and scattering of surface plasmons at abrupt

surface (metal-dielectric interface), respectively [11]. Such analysis becomes more

and more difficult when number of layers is increased. In order to find dispersion

relation for these intricate problems, matrix method have been used, where one

diagonal term is set as zero [12].

In case of multilayered structures, dielectric layers are aligned in XY plane. As

each layer has a constant electric permittivity, it will result in a piecewise contin-

uous solution. Knowing the fact that surface plasmons are excited due to presence
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of perpendicular electric field or its component with respect to surface, electric field

components are considered in X-Z plane and magnetic field is considered in Y

direction. Let us consider Eqs. (5.1) and (5.2) again, if their ‘x’ dependence is

considered as exp(iαnx) for the representation of a wave, traveling in positive ‘x’
direction, its magnetic field variation along z direction can be represented as [12]

α2nun zð Þ ¼ ε zð Þk2un zð Þ þ ε zð Þ 1

ε zð Þ
d2un zð Þ
dz2

þ dun zð Þ
dz

d

dz

1

ε zð Þ
� �� �

; ð5:11Þ

where, un(z) is the nth eigenfunction and αn [2] is corresponding nth eigenvalue. As

mentioned earlier that it is a piecewise continuous, the solution of Eq. (5.11) can be

written as

un zð Þ ¼
X	

Hþ
n, le

iγn, l z�z0
lð Þð Þ þ H�

n, le
� iγn, l z�z0

lð Þð Þ
 Summed over lð Þ ; ð5:12Þ

where, z0l is the location of the lower boundary for layer ‘l’. Hþ
n, l and H�

n, l are the

amplitudes of upward and downward propagating waves, respectively. The

corresponding wavenumber for each layer, γn,l can be evaluated as:

γn, l ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εlk

2 � α2n

q
: ð5:13Þ

One should be careful while choosing the sign of γn,l. This sign should be chosen

such that the imaginary part will always be positive, in order to ensure that there

will be a decay in wave amplitude when it propagate. It is important to note that

coefficients have different value for different layer but for a particular layer these

coefficients will be constant. The magnetic field can be written as [12]

Fig. 5.4 Variation of

normalized frequency Ω ¼
ω=ωP versus normalized

wave number q ¼ kzc =ωP

of the surface plasmon

polaritons in double metal

surface configuration. The

parameters are:

εL ¼ 1 , aωP=c ¼ 100:
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H r;ωð Þ ¼ ~Y
X	

Hþ
n, le

iγn, l z�z0lð Þð Þ þ H�
n, le

� iγn, l z�z0lð Þð Þ
eiαnx Summed over lð Þ;
ð5:14Þ

Similarly, for electric field:

E r;ωð Þ ¼
eiαnx

X 1

kεl

lHþ
n, l γn, lx̂ � αnẑ
	 


e iγn, l z�z0lð Þð Þ � 1

kεl
H�

n, l γn, lx̂ þ αnẑ
	 


e� iγn, l z�z0lð Þð Þ
� �
;

ð5:15Þ

Across the layer, tangential components of field are continuous, αnwill be treated as
a constant for entire structure. Also,Hþ

n, l andH
�
n, l in particular layer ‘l’ are linked to

other coefficients in adjacent layers. Considering the boundary condition,

x-component of electric field and magnetic field between two adjacent layers

(l and l+ 1) can be matched using following matrix equation [12]

Hþ
n, lþ1

H�
n, lþ1

� �
¼ 1

2

1
εlþ1

γn, lþ1

1 � εlþ1

γn, lþ1

2
64

3
75 1 1

γn, l
εl

�γn, l
εl

" #
� eiγn, l tl 0

0 e�iγn, ltl

� �
Hþ

n, l

H�
n, l

� �
; ð5:16Þ

where, the thickness of layer ‘l’ is tl . Using Eq. (5.16), correlation between adjacent
layers can be established and magnetic field can be obtained in entire structure by

multiplying matrix for individual layer. Hence, magnetic field at lowest layer (l¼ 0)
can be linked with magnetic field at a generalized (l¼ L) layer

Hþ
n,L

H�
n,L

� �
¼ A11 A12

A21 A22

� �
Hþ

n, 0

H�
n, 0

� �
; ð5:17Þ

where, Axx (x¼ 1 or 2) are matrix elements. Now, for the top most layer and in

absence of incident field: Hþ
n, 0 ¼ H�

n,L ¼ 0. For outward directed field: Hþ
n,L ¼ A12

H�
n, 0 ; 0 ¼ A22 H�

n, 0, that gives A22¼ 0 ; This is a constrain that is responsible for

discrete set of surface plasmon modes in the structure. It is important to note that

solution of these equations can be found using numerical methods. However,

dispersion relation for single metal surface and thin film can be verified as follows

For a single metal dielectric combination, L¼ 1, it can be written [12]

Hþ
n, 1

H�
n, 1

� �
¼ 1

2

1
ε1
γn, 1

1 � ε1
γn, 1

2
64

3
75 1 1

γn, 0
εl

�γn, 0
εl

" #
� 1 0

0 1

� �
Hþ

n, 0

H�
n, 0

� �
: ð5:18Þ
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Further simplification gives

Hþ
n, 1

H�
n, 1

� �
¼ 1

2

1þ ε1
γn, 1

γn, 0
ε0

1� ε1
γn, 1

γn, 0
ε0

1� ε1
γn, 1

γn, 0
ε0

1þ ε1
γn, 1

γn, 0
ε0

2
64

3
75� 1 0

0 1

� �
Hþ

n, 0

H�
n, 0

� �
: ð5:19Þ

It indicates A22 ¼ 1

2
1þ ε1

γn, 1

γn, 0
ε0

� �
: ð5:20Þ

Using relation A22¼ 0, Eq. (5.20) can be written as

1þ ε1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1k

2 � α2n

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0k

2 � α2n

q
ε0

2
64

3
75 ¼ 0: ð5:21Þ

Solving for αn, we obtain

α ¼ �k
ε1ε0

ε1 þ ε0

� �1
2

: ð5:22Þ

This is an established dispersion relation already discussed in Sect. 5.1 through

Eq. (5.7).

5.3 Absorption of Surface Plasmons Polaritons by Metallic
Nanoparticles

The absorption of laser radiation at material surfaces is significant to material

ablation [13] and other applications. The optical absorption is very poor for smooth

metal surfaces because the high free electron density of metals renders effective

plasma permittivity to be negative and surface re-radiates light energy in the

surrounding medium. However, for the metallic particles, absorption of the elec-

tromagnetic waves could be significantly high when the wave frequency is close to

the natural frequency of oscillations of the electron cloud. The total absorption of

electromagnetic wave can be achieved through the excitation of surface plasmon

polaritons [1, 14]. Experiments have revealed total absorption of femtosecond laser

due to surface modifications via the generation of surface electromagnetic waves

[15]. In this section, we will understand the mechanism by which the total absorp-

tion of the surface electromagnetic waves can be achieved through the excitation of

surface plasmon polaritons.

Consider a metal free-space interface (x¼ 0) with metal occupying half space

(x< 0) and free space is x> 0 (cf. Fig. 5.5). The metal is having spherical particles
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of size rc and aerial density N per unit surface area, are placed over it. The effective

relative permittivity ε of the metal is given as

ε ¼ εL � ω2
P

ω2

� �
þ i

γ

ω

ω2
P

ω2
; ð5:23Þ

where ω is the incident laser frequency. εL is the lattice permittivity, ωP is the

plasma frequency and γ is the electron phonon collision frequency in the metal film.

Suppose a surface plasmon propagates through the configuration with field varia-

tion given byES ¼ AS exp �i ωt� kzzð Þ½ �. The amplitude AS in metal and free space

regions are given by Eq. (5.5). The dispersion relation of surface plasmon polaritons

as discussed in the earlier section is given by

ksp ¼ ω

c

ε ωð Þ
1þ ε ωð Þ
� �1=2

:

The surface plasmon polaritons decay with z over a propagation length (inverse of

imaginary part of ksp)

L ¼ ksi
�1 ¼ 2ω

γ

ω2
P

ω2

ω2
P

ω2
� εL � 1

� �1=2
ω2
P

ω2
� εL

� �1=2

: ð5:24Þ

When the surface plasmons field in the free space region interacts with the metal

particle having internal electron density ne, then the response of electrons of a

particle is governed by equation of motion

m
d2s

dt2
¼ �eES � mγ v� mω2

Pe s

3
; ð5:25Þ

where ‘s’ is the displacement of electrons of the particle from equilibrium, v ¼ ds=dt
is their velocity, m and �e are the electronic mass and charge, ωPe is the plasma

frequency of the metal particle which is same asωPwhen the metal particle and metal

Fig. 5.5 Schematic for the absorption of surface plasmon polaritons by metallic particles

adsorbed on metal surface
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film are of same material. Taking x-component of Eq. (5.25), the velocity of the

electron in x-direction turns out to be

vx ¼ e A ω k=α1ð Þe�iωt

m ω2 � ω2
Pe=3þ iγω

	 
 : ð5:26Þ

Similarly taking z-component one obtains

vz ¼ �ie A ω e�iωt

m ω2 � ω2
Pe=3þ iγω

	 
 : ð5:27Þ

Under the influence of the SPPs field, the energy absorbed by an electron per

second is

Γabs ¼ 1

2
Re �eE*

S: v
� 

; ð5:28Þ

where ES is the electric field and * denotes the complex conjugate. Using Eqs. (5.5),

(5.26) and (5.27) in Eq. (5.28), along with boundary conditions yielding A¼B, we

obtain

Γabs ¼
e2ω2 A2 γ 1þ k2=α21

	 

2m ω2 � ω2

Pe=3
	 
2 þ γ2ω2
� � : ð5:29Þ

Ifn0 is the electron density in the metal particle, then the power absorbed per second

per particle is

Γabs ¼
ω2
Pe A

2 ω2 γ 1þ k2=α21
	 


r3c

6 ω2 � ω2
Pe=3

	 
2 þ γ2ω2
� � ; ð5:30Þ

When N is the number of particles per unit area on the metal surface with inter

particle separation d ¼ N�1=2 � rc, such that

N ¼
ð
nP δ x� að Þdx: ð5:31Þ

Then the energy absorbed in distance dz is

dP ¼ �Γabs nP dz; ð5:32Þ

¼ ω2
Pe A

2 ω2 γ 1þ k2=α21
	 


rc

6 ω2 � ω2
Pe=3

	 
2 þ γ2ω2
� � r2c

d2

� �
dz: ð5:33Þ
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Here P is the SPPs power flow per unit y width in the vacuum region

P ¼ c

4π

ð1
0

Re
ES �HS

2

� �
z

dx; ð5:34Þ

where ES, HS are the electric and magnetic field intensity of the surface plasmon

polaritons in the free space region. Using the third Maxwell’s equation, we have

HS ¼ c=iωð Þ ∇� ESð Þ. Submitting ES and HS, we get

P ¼ A2 c2 k k2=α1 � α1
	 


16 π α21 ω
; ð5:35Þ

From Eqs. (5.33) and (5.35), we obtain

ð P
P0

dP

P
¼ �

ð z
0

kipdzþ C; ð5:36Þ

giving P ¼ P0 e
�kip z, where P0 is the power at z ¼ 0. The absorption constant kip is

given as

kip ¼
8 π ω2

Pe α
2
1 ω

3 γ 1þ k2=α21
	 


rc

3 k c2 ω2 � ω2
Pe=3

	 
2 þ γ2ω2
� �

k2=α1 � α1
	 
 r2c

d2
; ð5:37Þ

One may note that the resonant enhancement in kip occurs at ω2 ¼ ω2
Pe=3,

corresponding to strong absorption of the wave. The resonant absorption depends

upon the number density and the size of particles. In order to have numerical

appreciation, normalized absorption constant kip versus δ=ωPe ¼ ω� ωPe=
ffiffiffi
3

p	 

is

plotted in Fig. 5.6 for two different particle sizes of rc ¼ 6:5 nm and rc ¼ 8 nm for the

parameters: ε ¼ �5:5,ωPe ¼ 4:1� 1015 rad=sec , d ¼ 112 nm, γ ¼ 7� 1012 sec�1:

5.4 Laser Mode Conversion into SPPs in a Metal Coated
Optical Fiber

Fiber optic based sensors are important in a variety of applications including

environmental monitoring, detection of bio-molecules and biochemical monitoring

[16] etc. An optical fiber coated with silver or gold film instead of cladding have

been employed for SPR (surface plasmon resonance) [17] and SERS (surface

enhanced Raman scattering) sensor applications [18]. In this section, we examine

how does the laser mode in a metal coated optical fiber converts to the surface

plasmon polaritons. In our analytical formalism of mode conversion, we presume a
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ripple at the fiber metal interface to assist k-matching for the excitation of surface

plasmon polaritons. When the body wave i.e. laser propagates through the fiber it

induces oscillatory velocity to the electrons of the metal. The oscillatory velocity

beats with the space modulated density to produce a current driving the surface

plasmon polaritons on the metal free space interface. In our analysis we will first

analyze the dispersion properties of surface plasmon polaritons and body waves

followed by the mode conversion.

5.4.1 Dispersion Relations of Body Waves and Surface
Plasmon Polaritons

Consider an optical fiber of radius ‘a’ and permittivity εg, coated with metal

(a< r< b) of effective permittivity εm (cf. Fig. 5.7). The figure shows ripple at

the glass-metal interface. Here we will confine our discussion to the dispersion

relations of the body waves and surface plasmon waves. The role of ripple will be

discussed in the next section of mode conversion.

A laser propagates through this structure in azimuthally symmetric TM mode

with t� z variation as exp �i ωt� kzzð Þ½ �. The propagation of field is governed by

wave Eq. (5.3). The r-variation of fields in is given as

∂2
Ez

∂r2
þ 1

r

∂Ez

∂r
þ ω2

c2
ε
0 � kz

2

� �
Ez ¼ 0; ð5:38Þ

where ε0 ¼ εg for r < a, ε
0 ¼ εm ¼ εL � ω2

P=ω ωþ iνð Þ for a < r < b, and ε
0 ¼ 1 for

r > b. εL is the lattice permittivity. ωP is the plasma frequency of free electrons

inside the metal and γ is the electron collision frequency. The well behaved

solutions of Eq. (5.38) in different regions are

Fig. 5.6 Variation of

normalized absorption

constant, kipc/ωPe versus

normalized frequency

ω� ωPe=
ffiffiffi
3

p	 

=ωPe for two

particles of different size (i)

rc ¼ 6:5 nm and (ii) rc ¼ 8

nm for the parameters:

ε ¼ �5:5,

ωPe ¼ 4:1� 1015 rad=sec ,
d ¼ 112 nm,

γ ¼ 7� 1012 sec�1:
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~E ¼ A1 J0 k⊥rð Þ ẑ þ i kz
k⊥

J
0
0 k⊥rð Þ r̂

� �
e�i ω t�kzzð Þ, 0 < r < a,

~E ¼ A21I0 α2 rð Þ þ A22K0 α2rð Þð Þ̂z � i kz
α2

� �
A21I

0
0 α2 rð Þ þ A22K

0
0 α2rð Þ	 


r̂

� �
e�i ω t�kzzð Þ, a < r < b,

~E ¼ A3 K0 α3rð Þ ẑ � i kz
α3

� �
K

0
0 α3rð Þ r̂

� �
e�i ω t�kzzð Þ, r > b;

ð5:39Þ

where k⊥ ¼ ω2 εg
c2 � kz

2
� �1=2

, α2 ¼ kz
2 � ω2 εm

c2

� �1=2
, α3 ¼ kz

2 � ω2

c2

� �1=2
and the prime

denotes differentiation w. r. t. argument. Continuity of Ez and ε0 Er at r ¼ a, b
demands

A21I0 α2að Þ þ A22K0 α2að Þ ¼ A1 J0 k⊥að Þ,
A21I

0
0 α2að Þ þ A22K

0
0 α2að Þ ¼ � εg α2

εm k⊥

� �
A1 J

0
0 k⊥að Þ,

A21I0 α2bð Þ þ A22K0 α2bð Þ ¼ A3K0 α3bð Þ,
A21I

0
0 α2bð Þ þ A22K

0
0 α2bð Þ ¼ α2A3

εm α3

� �
K

0
0 α3bð Þ:

ð5:40Þ

leading to the dispersion relation

J0 k⊥að Þ þ α2 εg
k⊥εm

� �
J
0
0 k⊥að Þ

K
0
0 α2að Þ

� �
K0 α2að Þ

� �
I0 α2bð Þ � α3 εm

α2

� �
I
0
0 α2bð Þ

K
0
0 α3bð Þ

� �
K0 α3bð Þ

� �
¼ Q;

ð5:41Þ

where,

Q ¼ I
0
0 α2að Þ

K
0
0 α2að Þ J0 k⊥að Þ þ α2 εg

k⊥εm

J
0
0 k⊥að Þ
I
0
0 α2að Þ I0 α2að Þ

� �
K0 α2bð Þ � α3 εm

α2

K
0
0 α2bð Þ

K
0
0 α3bð Þ K0 α3bð Þ

� �

Fig. 5.7 Schematic of a metal coated optical fiber. The rippled interface between fiber and metal

coating is used to assist k-matching for the conversion of a TM mode body wave to the surface

plasmon polaritons
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In the limit b ! 1 or a ! 0, Q ¼ 0: In the former, the first factor in Eq. (5.41)

equated to zero gives the body wave (TM mode)

J0 k⊥að Þ ¼ � α2 εg
k⊥ εm

J
0
0 k⊥að Þ

K
0
0 α2að ÞK0 α2að Þ: ð5:42Þ

For a ! 0 the second factor in Eq. (5.41) equated to zero gives the surface plasmon

polaritons propagation

I0 α2bð Þ ¼ α3 εm
α2

I
0
0 α2bð Þ

K
0
0 α3bð Þ K0 α3bð Þ: ð5:43Þ

In the limit b ! 1, Eq. (5.43) reduces to εm ¼ �α2=α3, giving the usual

dispersion relation for SPPs over a planar surface

k2z ¼
ω2

c2
εm

εm þ 1
: ð5:44Þ

In the general case when a and b are finite the modes are significantly modified by

finite Q. In the case of much interest, α2b >> 1, Q is small and the coupling

between the two factors on the left of Eq. (5.41) is weak. Equation (5.41) admits

another excitation of surface plasmon polaritons that propagates along glass-metal

interface with dispersion relation

K0 α2að Þ ¼ �εm
εg

k⊥
α2

K
0
0 α2að Þ

J
0
0 k⊥að Þ J0 k⊥að Þ; ð5:45Þ

In the limit a ! 1, it takes the form k2z ¼ ω2=c2ð Þ εg εm= εm þ εg
	 
	 


. In Fig. 5.8,

we have plotted normalized frequency Ω ¼ ω=ωP versus normalized wave number

qz ¼ kzc=ωP for the Eqs. (5.42), (5.43) and (5.45) for the parameters: εg ¼ 2:13,

εL ¼ 10, b=a ¼ 1:01.
One may note that the frequency for TM mode begins with a cutoff and rises as

qz increases. The surface plasmon polartons have linear variation of Ω with qz
initially, however at large value of qz, Ω tends to a saturation value. At a given Ω,
the difference in qz value for the TMmode and surface plasmon wave represents the

wave number mismatch or the wave number required for resonant mode conver-

sion. At aωP=c ¼ 20, one may calculate that a minimum of qz ¼ 0:0184 is required
at Ω ¼ 0:2453 for the excitation of surface plasmon polaritons at the metal-free

space interface. It is only in a narrow range of Ω, we can convert body wave into

SPPs with a ripple of small qz. Outside this range one would require a ripple of very
high qz, which is quite difficult to obtain.

5 Interaction of Surface Plasmon Polaritons with Nanomaterials 117



5.4.2 Mode Conversion

Consider the fiber metal interface to be rippled (cf., Fig. 5.7), r ¼ aþ h cos kWzð Þ.
On the outer side of the ripple, the electron density in the metal is n0. In the ripple

region a� h < r < aþ hð Þ, it is periodic function of z, n zð Þ ¼ n zþ λWð Þ, where
λW ¼ 2π=kW , h is the ripple wave amplitude and kW is the ripple wave number.

Following Liu and Tripathi [19] we model the ripple by an electron density

modulation,

n ¼ n0
2

1þ sin kWzð Þð Þ, for a� h < r < aþ h : ð5:46Þ

A laser of frequency ωL and parallel wave number kz ¼ kL propagates through

the fiber in TMmode. Its field in different regions is given by Eq. (5.39) with A
0
S,k⊥,

α2, α3 having a superfix L, designating laser. From Eq. (5.40), AL
21, A

L
22, A

L
3 are

expressed in terms of AL
1. Thus we may write the laser field as

~E ¼ AL
1 ψL

�!
rð Þexp	� i ωLt� kLzð Þ. This field imparts oscillatory velocity to elec-

trons, ~v ¼ e~E=miωL, where �e and m are the electronic charge and mass. Within

the ripple region,~v beats with n to produce a nonlinear current density at frequency
ωL and wave number kS ¼ kL þ kW ,

~J
NL

S ¼ � n0 e
2AL

1

4miω
ψL
�!

exp �i ωLt� kSzð Þð Þ: ð5:47Þ

~J
NL

S is localized in the ripple region and can be taken to be a delta function of r with

ψL
�!

rð Þ replaced by hψL
�!

að Þ. ωL, kS satisfy the dispersion relation for SPW, hence

~J
NL

S derive the surface plasmon polariton propagation. The relevant Maxwell’s
equations for the SPPs are

Fig. 5.8 Variation of

normalized frequency, Ω
with normalized wave

number, qz for TM mode

body wave and SPPs. The

parameters are: εg ¼ 2:13,
εL ¼ 10, aωP=c ¼ 20,

b=a ¼ 1:01
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∇� ~ES ¼ iωL

c

� �
~HS,

∇� ~HS ¼ � iωL

c

� �
ε
0~ES þ 4π

c

� �
~J
NL

S :

ð5:48Þ

Let the solution of these equations when ~J
NL

S ¼ 0 be ~ESO and ~HSO, i. e.

∇� ~ESO ¼ iωL

c

� �
~HSO,

∇� ~HSO ¼ � iωL

c

� �
ε
0~ESO:

ð5:49Þ

~ESO is given by Eq. (5.39) with all A0 s, α2,, α3 having superscript s, denoting SPPs.

Using Eq. (5.40), As
21,A

s
22,A

s
3 are expressible in terms of As

1. When ~J
NL

S is retained,

let the fields, following Liu and Tripathi [19] be

~ES ¼ A zð Þ~ESO r; z; tð Þ, ~HS ¼ B zð Þ ~HSO r; z; tð Þ: ð5:50Þ

Using these in Eq. (5.48) and employing Eq. (5.49), we obtain

∂A
∂z

ẑ � ~ESO ¼ iωL

c
B� Að Þ ~HSO; ð5:51Þ

∂B
∂z

ẑ � ~HSO ¼ iωL

c
ε
0
B� Að Þ~ESO þ 4π

c
~J
NL

S : ð5:52Þ

Multiplying Eq. (5.51) by ~HSO
∗
rdr, Eq. (5.52) by ~ESO

∗
rdr and integrating over

r from 0 to 1, we get

∂A
∂z

¼ þ iωL

c
B� Að Þ P2

P3
∗ ; ð5:53Þ

∂B
∂z

¼ � iωL

c
B� Að ÞP1

P3

þ RAL
1 ; ð5:54Þ

where R ¼ π n0 e2 ha

cP3miωL
~ψL að Þ:~ψS

∗ að Þ, ~Eso ¼ ~ψ sexp �i ωLt� kSzð Þ½ �,
~ψL að Þ ¼ J0 k⊥að Þ ẑ þ i kz

k⊥
J
0
0 k⊥að Þ r̂ , ~ψS að Þ ¼ I0 α2að Þ ẑ � i kz

α2
I
0
0 α2að Þ r̂ ,

P1 ¼ ε
0
ð1
0

~ESO :
~ESO

∗
rdr, P2 ¼

ð1
0

~Hso : ~Hso∗ rdr, P3 ¼
ð1
0

~ESO*� ~HSO

	 

z
rdr.

* denotes the complex conjugate. Equations (5.53) and (5.54), with initial

conditions at z ¼ 0; A¼B¼ 0 give
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A

AL
1

¼ R

1þ P1P3*=P2P3ð Þ zþ e�i γ z � 1
	 


= i γ
	 


; ð5:55Þ

where γ ¼ ωL=cð Þ P1P3*=P2P3ð Þ. This treatment is valid as long as z < k�1
si , where

k�1
si is the absorption coefficient of the SPPs given by

ksi ¼ Im
ωL

c

εm
1þ εm

� �1=2
" #

: ð5:56Þ

Putting εm ¼ εL � ω2
P=ωL ωL þ iνð Þ in Eq. (5.56) we get

ksi ¼ kSPW
ω2
P ν

2ωL
3

� �
1

ω2
P=ω

2
L � εL þ 1ð Þ �ω2

P=ω
2
L � εL

�  ; ð5:57Þ

where kSPW ¼ ωL=cð Þ ω2
P=ω

2
L � εL

	 

= ω2

P=ω
2
L � εL þ 1ð Þ	 
� 1=2

, For γ � 1012 s�1,

εL ¼ 10, ωL=ωP ¼ 0:2453, then we obtain z < 0:12cm for

ωL ¼ 3:1970� 1015 rad= sec :
In order to have an appreciation of |A| with z, we consider the case of frequency

of the body wave, for a given aωP/ c, for which minimum ripple wave number is

required. For aωP=c ¼ 20, this frequency is ωL=ωP ¼ Ω ¼ 0:2453 with wave

number kz c=ωP ¼ qz ¼ 0:2727 and corresponding ripple wave number

kw c=ωP ¼ qw ¼ 0:0184. Also we use ωLh=c � 0:2. For these values, we get

P1 ¼ 3:5792cm2, P2 ¼ 3:47176cm2, P3 ¼ 2:34354 cm2, Rj j ¼ 47:214cm�1. This

give P1P3*=P2P3 ¼ 1:03 ffi 1. Putting this value in Eq. (5.55) and taking modulus

gives

A

A1
L

����
���� ¼ Rj j2

ωL=cð Þ2
 !

1

4

ωLz

c
� sin

ωLz

c

� �� �2
þ sin 4 ωLz

2c

� �� �" #1=2

: ð5:58Þ

Eq. (5.58) gives the ratio of amplitude of the surface plasma wave to the amplitude

of the incident laser.

5.5 Electron Acceleration by Surface Plasmon Polaritons

The excitations of symmetric surface plasmon polaritons in double metal surface

configuration as well as over a single metal surface have been discussed in the

Sect. 5.1. In this section, an analytical formalism resulting to the acceleration of

electrons by surface plasmon polaritons and their trajectories in both single and

double metals configurations will be discussed.
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5.5.1 Double Metal Configuration

Let an electron be injected into the middle of the vacuum region bounded by two

metal surfaces (cf. Fig. 5.3), in the presence of large amplitude surface plasmon

wave. The electron response is governed by the equation of motion [20]

d~p

dt
¼ �e ~Eþ ~v� ~B

	 

; ð5:59Þ

where�e, m are the electronic charge and mass and ~B ¼ ∇� ~E
	 


=iω. Expressing
d=dt ¼ vz d=dz, the x and z components of Eq. (5.59) can be written as

dpx
dz

¼ emγ

pz

kz
α2

� �
þ e

ω
α2 � kz

2

α2

� �� �
eα2x þ e�α2xð ÞA0

1 sin ωt� kzþ ϕð Þ; ð5:60Þ

dpz
dz

¼
� em γ

pz
eα2x � e�α2xð Þ cos ωt� kzþ ϕð Þ

þe

ω

px
pz

�α2 þ kz
2

α2

� �
eα2x þ e�α2xð Þ sin ωt� kzþ ϕð Þ

2
664

3
775A0

1; ð5:61Þ

where A
0
1 ¼ A1e

�ðt�z=vgÞ2=2τL2 , γ ¼ 1þ p2=m2c2ð Þ1=2, vg is the group velocity of the

surface plasmon wave, ϕ is the initial phase of the wave and we have considered a

Gaussian temporal profile of the SPPs amplitude with τL pulse width. These

equations are supplemented with

dx

dz
¼ px

pz
; ð5:62Þ

dt

dz
¼ γm

pz
: ð5:63Þ

We introduce dimensionless quantities: A
00
1 ! eA

0
1=mωpc, X ! ωpx=c, Z ! ωpz=c,

Px ! px= mcð Þ, Pz ! pz= mcð Þ, T ! ωpt, Ω ¼ ω=ωP, q ¼ kz c=ωP, v
0
g ¼ vg=c. In

terms of these, Eqs. (5.60), (5.61), (5.62), and (5.63) can be written as follows

∂Px

∂Z
¼ γ

Pz

q

α
0
2

� �
þ 1

Ω
α

0
2 �

q2

α
0
2

� �� �
eα

0
2
X þ e�α

0
2
X

� �
A

00
1 sin ΩT � qZ þ ϕð Þ; ð5:64Þ

∂Pz

∂Z
¼

� γ

Pz
eα

0
2
X � e�α

0
2
X

� �
cos ΩT � qZ þ ϕð Þ

þ1

Ω
Px

Pz
�α

0
2 þ

q2

α
0
2

� �
eα

0
2
X þ e�α

0
2
X

� �
sin ΩT � qZ þ ϕð Þ

2
664

3
775A00

1; ð5:65Þ
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dX

dZ
¼ PX

PZ
; ð5:66Þ

dT

dZ
¼ γ

PZ
: ð5:67Þ

We solve Eqs. (5.64), (5.65), (5.66), and (5.67) numerically for electron energy and

electron trajectory. In Fig. 5.9a, b, we plotted kinetic energy (in keV) gained by the

electrons versus normalized distance zωp/c for different values of laser frequency,
for the parameters: Px 0ð Þ ¼ 0:0, Pz 0ð Þ ¼ 0:1, x 0ð Þ ¼ 0:0, t 0ð Þ ¼ 0:0, τLωP ¼ 200,

εL ¼ 1, ϕ ¼ π=2, ESP ¼ 1:2� 1011V=m , ωP ¼ 1:3� 1016 rad= sec . Here we have
taken width of vacuum gap aωP=c ¼ 100 i.e. a ¼ 231μm In Fig. 5.9a, we obtain

electron acceleration of 12.7 keV for laser frequency ω=ωP ¼ 0:06 while in

Fig. 5.9b, we obtained electron acceleration of 8.8 keV for ω=ωP ¼ 0:087. We

note that with the increase in the frequency of the incident laser, electron acceler-

ation decreases. This appears due to the increase in the phase velocity of the SPPs

with increasing |ε|. The SPPs can accelerate electrons to the velocities of the order

of phase velocity. The trajectory of the accelerated electron, launched in the centre

of vacuum region turns out to be a straight line at x ¼ �a=2, i.e., the electron moves

in z-direction without deviation from its path. The trajectory of the accelerated

electron in double metal surface is shown in Fig. 5.10a alongwith the trajectory of

the accelerated electron over a single metal surface.

5.5.2 Single Metal Configuration

Consider an interface separating free space (x> 0) and a metal (x< 0). As

discussed in Sect. 5.1, one can obtain the dispersion relation of the SPPs as

k2z ¼
ω2

c2
ε

1þ ε
; ð5:68Þ

where ε is the dielectric constant of the metal.

An electron beam is launched parallel to the surface with initial velocity ~v0. Its
response to the surface plasmon polaritons is governed by the wave Eq. (5.59). The

x and z components alongwith supplementary equations can be written as

∂Px

∂z
¼ A � γme

Pz

kz
α1

� �
sin ωt� kzzþ ϕð Þ þ e

ω

k2z
α1

� α1

� �
sin ωt� kzzþ ϕð Þ

� �
e�α1x;

ð5:69Þ
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∂Pz

∂z
¼ A � γme

Pz
cos ωt� kzzþ ϕð Þ � e

ω

px
pz

k2z
α1

� α1

� �
sin ωt� kzzþ ϕð Þ

� �
e�α1x;

ð5:70Þ
dx

dz
¼ px

pz
; ð5:71Þ

dt

dz
¼ γm

pz
: ð5:72Þ

where ϕ is the initial phase of the SPPs. Equations (5.69), (5.70), (5.71), and (5.72)

in dimensionless form can be written as

Fig. 5.9 Variation of kinetic energy of accelerated electrons, γ � 1ð Þ mc2 versus normalized

distance z ωP/c in double metal surface for two different laser frequencies (a) ω=ωP ¼ 0:06, and
(b) ω=ωP ¼ 0:087. The other parameters are: Px (0)¼ 0.0, Pz (0)¼ 0.009, x(0)¼ 0.1, t(0)¼ 0.0,

τLωP ¼ 200, εL ¼ 1, φ ¼ π=2, ESP ¼ 1:2� 1011V=m, ωP ¼ 1:3� 1016 rad= sec , aωP=c ¼ 100

Fig. 5.10 (a) Trajectory of electron in single and double metal surface. (b) Variation of kinetic

energy versus normalized distance z ωP/c over the single metal surface. The parameters are: Px
(0)¼ 0.0, Pz (0)¼ 0.007, x(0)¼ 0.1, t(0)¼ 0.0. Lτ¼ 27 fs, E¼ 106 V/cm, εL¼ 5, ω¼ 375THz.
φ¼ π
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∂Px

∂Z
¼ A

00 � γ

Pz

q

α
0
1

� �
sin ΩT � qZ þ ϕð Þ þ 1

Ω
q2

α
0
1

� α
0
1

� �
sin ΩT � qZ þ ϕð Þ

� �
;

ð5:73Þ
∂Pz

∂Z
¼ A

00 � γ

Pz
cos ΩT � qZ þ ϕð Þ � 1

Ω
Px

Pz

q2

α
0
1

� α
0
1

� �
sin ΩT � qZ þ ϕð Þ

� �
;

ð5:74Þ
dX

dZ
¼ PX

PZ
; ð5:75Þ

dT

dZ
¼ γ

PZ
: ð5:76Þ

where, A
00 ¼ A

0
e�α

0
1
Xe� T�Z=v

0
gð Þ2=2τ0L2, and X, Y and ~P are same as defined above.

We have solved these equations numerically for following parameters:

PX 0ð Þ ¼ 0:0, PZ 0ð Þ ¼ 0:007, X 0ð Þ ¼ 1:0, T 0ð Þ ¼ 0:0, ϕ ¼ π. We express the

surface plasmon wave amplitude as ESj j ¼ η ELj j, where |EL| is the amplitude of

the laser used to excite it in the attenuated total reflection (ATR) configuration and η
is the enhancement factor. Presuming laser energy conversion to the SPPs as 50 %,

enhancement factor comes out to be η ffi 3:2 corresponds to the laser intensity of

1013W/cm2. We choose EL¼ 2.9� 105V/cm. The results are displayed in

Fig. 5.10a, b. The maximum kinetic energy gain by the electrons comes out to

be ~ 0.39 KeV, which is close to the experimentally observed value of 0.4 KeV by

Zawadzka et al. [21]. In Fig. 5.10a, we have plotted electron trajectory in x-z plane

for the same parameters. One may note that the electron move away from the metal

surface as it gains energy and hence not confined.

5.6 Surface Plasmon Excitations in Surface Enhanced
Raman Spectroscopy

Surface enhanced Raman spectroscopy or surface enhanced Raman scattering

(SERS) is an analytical technique that provides signals with enhanced intensity

for Raman active molecule that have been adsorbed onto metal surface, patterns or

nanostructures [22]. There are two main theories that explain the mechanism behind

enhanced Raman scattering. One theory relies on the formation of charge complex

and charge transfer [23] between chemisorbed species and the metal surface. The

second theory believes that Raman enhancement occurs for the adsorbed material

on a specific substrate (mainly metals or their nanocrystals) due to the enhancement

of electric field provided by the substrate. There is generation of localized surface

plasmons when a light beam is incident on substrate. In this case electric field

enhancement is more at plasmon frequency [24].
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Raman scattering is inelastic scattering of photon that often occurs when time

harmonic field interacts with the molecular vibration. In this process, scattered

radiation are also produced [24]. The frequency of this scattered radiation is little

shifted from the incident radiation. Such a shift is equivalent to the vibrational

frequency of the molecule. The origin of this vibrating frequency is oscillation

between constituent atoms of the molecules. This oscillation and corresponding

shift in frequency depends on molecular structure. The Raman scattering is weak

effect and its scattering cross section order of magnitude is ~14–15 times smaller

than the fluorescence cross section of an efficient dye [25]. Hence, field enhance-

ment in many cases becomes very important. Such an enhancement factor is

typically on the order of ~106. However, in some cases higher order enhancements

were also achieved. In this chapter Raman signal enhancement from the enhanced

electric fields at rough metal surface is discussed. Such an enhancement can be

observed at places such as junction between metal crystals, grove, and cracks on the

surfaces. The most common assumption is that Raman scattering enhancement is

related to fourth power of electric field enhancement. Fig. 5.11 is shown to

understand the phenomenon of SERS. Here a molecule is located at do, that is
also in close proximity to metallic structure (local field enhancing device). There

will be an interaction between incident field ‘Eo’ with the molecule, that result in a

dipole moment associated with Raman scattering [25].

μ ωRð Þ ¼ α ωR þ ωð Þ Eo do;ωð Þ þ Es d;ωð Þð Þ; ð5:77Þ

where, ω¼ frequency of the incident radiation, ωR¼A particular vibrationally

shifted frequency (ωR¼ω�ωvib), α¼ polarizability (modulated at the vibrational

frequency, ωvib). Note that, there is an interaction of molecule with local field

‘Eo+Es’, here ‘Eo’ is the parent electric field, ‘Es’ is the enhanced electric field due
to interaction with nanostructures or pattern. Es linearly depends on Eo, and can be

represented as:

Es ¼ f 1 ωð Þ:Eo, f 1 ωð Þ ¼ field enhancement factorð Þ ð5:78Þ

The induced dipole (μ) radiated electric field can be written using Green’s Function
relation, after considering the presence of nano-structures [25]:

E d1;ωRð Þ ¼ ω2
R

εoc2
G d1; doð Þμ ωRð Þ: ð5:79Þ

Greens function can be split into a free space Green function ‘Go’ (without any
metal) and a scattered one ‘Gs’ (that originates from metallic nanostructure) [25]:

G d1; doð Þ ¼ Go d1; doð Þ þ Gs d1; doð Þ; ð5:80Þ
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Gs ¼ f 2 ωRð ÞGo; ð5:81Þ

where f2(ωR)¼ second field enhancement factor. Now using above equations,

intensity can be calculated, that is squared proportional to intensity [25]:

Iðd1,ωRÞ ¼ ω4
R

ε2oc
4
jð1þ f 1ðωRÞÞð1þ f 2ðωRÞÞGðd1,doÞαðωR,ωÞj2Ioðdo,ωÞ:

ð5:82Þ

Hence it can be said that Raman scattered intensity varies linearly with intensity Io,
with factor:

f overall ¼ jð1þ f 1ðωRÞÞð1þ f 2ðωRÞÞj2: ð5:83Þ

Now, when there is no metal structures, the enhancement factors f1 and f2 are zero;
whereas in the presence of metallic nanostructures these factors are very high

compared to 1 and hence, overall scattering enhancement can be written as [25]:

f overall ¼ jf 1ðωRÞf 2ðωRÞj2, ð5:84Þ

(Under the assumption that |ωR�ω| is smaller compared to the spectral response of

the metal nanostructures.) Fig. 5.12 shows Raman spectra of rutile TiO2 nanocrys-

talline film coated on glass as well as gold substrate. These examinations were

carried using an R 3000 QE Raman spectrophotometer at backscattering mode. The

excitation wavelength was ~785 nm and laser power was ~100 mW. The peaks

were observed at ~448 cm�1 and 611 cm�1. It can be observed that peak intensity

for TiO2 coated on Au back substrate was several times higher compared to that

coated on glass substrate.

Fig. 5.11 An schematic representation of surface enhanced spectroscopy phenomenon. Here an

interaction between a molecule (polarizability α) and the exciting electric field ‘Eo’ causes

scattered Raman radiation with electric field ER . The presence of metallic nanostructure in

close proximity of molecule or compound of interest, enhances the exciting field as well as

radiated field
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5.7 Surface Plasmon Plasmon Applications in Sensing
and Solar Cell Technology

Surface plasmons and their associated resonance condition have been widely

utilized in various sensing devices [26]. These groups of surface plasmons based

refractometric sensing devices are one of the main sensing technique, used for

biological species and chemical detections. In most of the cases these are SPR based

refractometer that measure any variation in refractive index at metal film surface.

Any change in refractive index of dielectric medium causes a change in surface

plasmon propagation constant [26]. The change in coupling condition (coupling

intensity, phase, wavelength, coupling angle) can be utilized for probing. For

example, in case of angular modulation based SPR sensors, a monochromatic

light wave is generally utilized for surface plasmons excitation [26]. Coupling

strength between surface plasmon and incident light wave can be observed at

multiple angles of incidence by using convergent light beam. For evaluating sensor

output, the angle of incidence giving strongest coupling, is measured. In contrast,

SPR sensor working on wavelength modulation, surface plasmons are generally

excited using collimated light wave with multiple wavelengths. These SPR based

sensors have been extensively used in detection of pathogens, toxins, hormones,

proteins, vitamins, and diagnostic antibodies [26].

Surface plasmons have been widely utilized for effective light management in

order to achieve high efficiency of photovoltaic devices with thin absorber layer

[27]. Use of thin film is advantageous because it reduces material cost. Addition-

ally, for such thin film solar cells, performance can be enhanced and in certain

cases, efficiency can be improved if adequate light can be scattered inside the

absorber layer film using metallic nanoparticles [27]. In many cases, surface

texturing has been used to improve a short circuit current. However, surface

recombination and difficulties in fabrication of good quality semiconducting layers

Fig. 5.12 Raman spectra of

rutile TiO2 nanocrystalline

film coated on glass and

gold substrate. The height

of spectral features is

several times higher when

Au is used as a back contact.

This is caused by the

surface enhanced Raman

scattering phenomenon
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in such cases have been a challenge. Enhanced light trapping in absorber layer can

be achieved by tuning localized surface plasmons in arrays of Au or Ag

nanocrystals [28]. Both thin film and wafer based Si solar cells have shown

increased performance due to the presence of Ag nanoparticles. The main mecha-

nisms that explain photocurrent enhancement by metallic nanoparticles are light

scattering and near field concentration of light [27, 28]. The size of particle and

electrical/optical properties of semiconductor absorber layer are factors that decide

the contribution from each mechanism. The power conversion efficiency of

~15.3 % using metallic nanoparticles but only using ~18 μm thick Si layer, was

reported [29]. It saves ~97 % of the absorber materials. Apart from Si, nanoparticles

have also been utilized in organic bulk hetrojunction solar cells, hybrid solar cells,

and perovskite materials, for efficiency improvement [30].
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Chapter 6

Ultrafast Response of Plasmonic
Nanostructures

Sunil Kumar and A.K. Sood

Abstract Ultrafast photoresponse of plasmonic nanostrucutres, specifically,

nanoparticles has been discussed here. Femtosecond laser pulses are useful not

only for the time-resolved investigations but also to look at the optical nonlinear-

ities in materials which are primarily electronic at such time-scales. Like the linear

photoresponse such as absorption and scattering cross-sections, ultrafast nonlinear

optical response also gets emensely enhanced at wavelenths near the surface

plasmon resonace of the nanosystem under study. In a time-resolved measurement,

typically the electronic scattering processes are studied, however, the confined

accoustic phonons due to the finite size effects of the nanostrucutres can also

modify the ultrafast time-resolved response. Although, Raman spectroscopy and

infrared absorption spectroscopy are the popular techniques for studying phononic

properties of the nanostructures, terahertz time-domain spectroscopy using ultra-

short terahertz pulses also has shown potential to become another important

characterization technique for nanoparticles specially at very low frequencies

where other techniques are difficult to reach. We have attempted to present a

comprehensive account of the above topics by including essential background

given in the beginning of the chapter and subsequently discussing some of the

important experimental results from the recent literature along with our results on

metal nanoparticles.

Keywords Surface plasmon • Time-resolved spectroscopy • Optical

nonlinearities • Coherent phonons • Terahertz spectroscopy • Confined acoustic

phonons
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6.1 Introduction

Plasmonic metal nanostructures are an integral part of nanophotonic device appli-

cations owing to their ability to generate strong localized electromagnetic fields

when illuminated from the far-field. These nanostructures can be prepared in the

laboratory with precise shape and size by various chemical and physical synthesis

techniques as demonstrated in recent years. Typically, the size of these structures is

in the range of few nm to a few hundred nm, i.e., much below the wavelength of

light of observation or excitation. The focus of this chapter is to exploit the ultrafast

response of metal nanostructures following femtosecond laser pulse excitation.

Femtosecond laser pulses are very important experimental probes to explore the

material response at an ultrafast time scale (�10–10,000 fs) on the order of the

electronic and vibrational wave packet dynamics in solids and molecules. Broadly,

after ultrafast optical excitation the system of study undergoes various microscopic

dynamical changes which can be monitored in real time so as to understand the

intermediate stages before the system returns to the equilibrium. This is depicted

pictorially in Fig. 6.1 where after excitation by a femtosecond laser pulse

(Fig. 6.1a), the system’s response R(t) is monitored by an ultrafast probe pulse I

(t) through the convolution between the two at each time t (Fig. 6.1b). Material

excitations which have life-time broadening larger than the temporal width of the

laser pulse can be coherently populated under proper experimental conditions.

These coherent states are observed by collecting the time-resolved scattered signal.

In Fig. 6.1c we have also shown a situation where due to the ultrahigh peak electric

field associated with the femtosecond laser pulses, one can easily find various

Fig. 6.1 (a) Photo-excitation of a material system by an ultrashort light pulse. The scattered light

can be collected in either time-resolved or spectrally resolved manner using optical schemes which

allow detection of smallest possible changes in the system’s optical response created by the

ultrafast laser pulse and bearing the state character of the dynamical system at a point of

observation in the phase space. (b) Following ultrashort photo-excitation, the system evolves

through various intermediate dynamical states which can be monitored by using an ultrashort

optical probe pulse that measures the convolution between the system’s response function and the

probe itself. (c) The ultrahigh peak electric fields associated with the ultrashort laser pulses induce
various possible nonlinear processes in the system such as three-photon absorption, cascaded

two-photon absorption and two-photon excited fluorescence, to name a few which can be easily

detected

132 S. Kumar and A.K. Sood



possibilities for parametric and nonparametric nonlinear optical processes such as,

multi-photon absorption, cascaded two-photon absorption, two-photon excited

fluorescence, second or higher harmonic generation, Kerr effect and coherent

anti-Stokes scattering.

Plasmons are coupled modes of electromagnetic field of the light and the

collective oscillations of conduction electrons in metals. Also, the coupled electro-

magnetic fields are confined only within a thin skin layer on the surface of the metal

leading to a large enhancement of the local electromagnetic field. Surface plasmons

can be localized, for example, in nanoscale particles with large surface to volume

ratio, or propagating, such as in interfaces between metals and dielectrics. Propa-

gating surface plasmons which need proper optical arrangements for excitation by

external light [1–3], have shown potential as a good candidate for future high-speed

opto-electro-plasmonic chip scale integrated devices [4, 5]. Similarly, localized

surface plasmons in nanoparticles have led to many interesting effects one of which

is surface enhanced Raman scattering [6]. Strikingly, the electromagnetic reso-

nance due to the localized surface plasmons in the metal nanoparticles is easily

tunable by shape, size and choice of the surrounding dielectric medium, and occurs

in the visible to near infrared region of the electromagnetic spectrum. The plasmons

in nanoparticles can be directly excited by incident light and lead to strong light

scattering and absorption due to large local optical field enhancements inside and in

the neighbourhood of the particles. These appealing characters of metal

nanoparticles make them very attractive from the point of view of fundamental

studies as well as usability in various technological applications [7–11]. The surface

confinement effects in metal nanoparticles cause additional intrinsic dynamical

processes which get themselves involved in determining the overall response to

an external stimuli such as a femtosecond laser pulse.

A very good understanding of the linear optical properties of plasmonic

nanostructures can be achieved simply by applying Maxwell’s classical theory of

electromagnetism with appropriate boundary conditions and continuity equations at

the interfaces between the metal and the surrounding medium and the other intrinsic

and extrinsic size effects. The readers can find very good literature available on the

synthesis, theoretical and experimental investigations of the linear optical proper-

ties of metal nanostructures [10–15]. In this chapter, we focus on the ultrafast

response of plasmonic nanostructures, specifically the noble metal nanoparticles.

We will discuss the optical nonlinearities and electron dynamics after ultrashort

photo-excitation. The emphasis will be on these effects near the plasmonic reso-

nance and away from it. The consequences of reduced dimensions in nanoparticles

are not only related to the electronic confinement but also in other attributes such as

the confined surface acoustic phonons. These excitations have unique signatures of

the thermal and elastic properties of the material and have been studied for quite a

long time using Raman scattering, infrared absorption and terahertz time-domain

spectroscopy techniques. We will discuss some of these observations as well. Metal

nanoparticles with only a few atoms termed as nanoclusters make another interest-

ing area of active research due to very interesting optical phenomena observed in

them [16–18]. Such metallic systems of sub-nanometer size lack surface plasmon
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resonance, the typical feature of bigger nanoparticles in the size range of

�2–100 nm. Instead they show characteristic peaks in the linear absorption spec-

trum which are signatures of their molecular nature. In this chapter, we have also

discussed experimentally observed ultrafast nonlinearities in 15-atom gold clusters

where it was seen that the optical limiting performance of the nanoclusters is many

folds enhanced when placed in contact with a thin metallic film of indium tin oxide.

The chapter has been organized as follows. We begin with a brief introduction in

Sect. 6.2 about the linear optical properties of metal nanoparticles which are

essential to understand the ultrafast responses presented in subsequent sections.

The absorption and scattering by nanoparticles is discussed in the light of Mie’s
theory [19] and Gans approximation [20]. We will consider mainly spherical and

cylindrical nanoparticles to bring the notions of shape-dependence of the localized

surface plasmon resonance. Since in this chapter our focus is on metal

nanoparticles, the surface plasmon resonance means the localized surface plasmon

resonance. In Sect. 6.3, we have discussed the electronic relaxation dynamics in

metal nanoparticles following ultrafast optical-excitation at the surface plasmon

resonance and away from it. Theoretical models for understanding the underlying

relaxation mechanisms have been discussed. We should note that most of the

experimental studies on metal nanoparticles have been performed and discussed

for inhomogeneous distributions of the particles around a mean value of their size

and hence ensemble averaging should be assumed unless mentioned otherwise.

Single particle optical spectroscopy measurements are generally more sophisticated

in terms of experimental realizations, some of which will be mentioned while

discussing the ultrafast time-resolved response in Sect. 6.3. In Sect. 6.4, we will

describe the ultrafast nonlinear optical response of metal nanoparticles. For a

flavour of nonlinear optical response from subnanometric and nonplasmonic parti-

cles, we will discuss an interesting example of 15-atom gold clusters which show an

improved optical limiting performance at wavelengths near the surface plasmon

resonance of bigger nanoparticles which otherwise would have shown saturable

absorption. Section 6.5 discusses effects of phonon confinement in nanoparticles

measured by the ultrafast optical response from them. Experimental studies

reporting the characterization of the confined acoustic phonons in spherical and

rod-shaped nanoparticles will be discussed. Finally we will conclude by providing

an assessment of the potential opportunities and challenges for metal nanoparticle

plasmonics in Sect. 6.6.

6.2 Surface Plasmons in Metal Nanoparticles

The optical properties of materials can be completely described by the complex

dielectric function (ε ¼ ε1 + iε2) or complex index of refraction en ¼ ε1=2
� �

. The

dielectric function of metals consists of contributions from the free electrons or the

conduction band electrons (intraband transitions) through the Drude term εD and the
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bound electrons from inner electronic bands (interband transitions such as by

d-band electrons in noble metals) through a Lorentzian term εib,

ε ωð Þ ¼ εD þ εib ¼ 1� ω2
p

ω2 þ iΓ0ω
þ eω2

p

ω2
0 � ω2 � iγω

ð6:1Þ

Here ωp is the lowest cut-off frequency of the collective motion of the free electrons

inside metals termed as the bulk plasma frequency, given by ωp ¼ nee
2=ε0með Þ1=2

for electronic density ne, charge e, mass me and vacuum permeability ε0. The
parameter Γ0 is the free-electron scattering rate, eωp and γ are analogous plasma

frequency and scattering rate for the bound electrons with interband transition

energy at hω0. Neglecting the interband contribution and at high frequencies (ω)
such that Γ0/ω<< 1, Eq. (6.1) provides the more commonly used expression,

ε ωð Þ ¼ 1� ω2
p=ω

2. The plasma frequency ranges between �1 to 6 eV in various

metals below which they do not absorb light and this is the reason why metals are

high reflectors in the visible and near infrared range. As the physical dimension of

metal structures is reduced to be comparable to the de Broglie wavelength, i.e., of

the order of the electron scattering length in metals, confinement effects become

dominant leading to significantly different optical properties of metal nanostructure

than the bulk metals. For large surface to volume ratios, the plasmons become

localized due to the surface effects. The shape, size and composition of the

nanoparticles as well as the surrounding medium in which they are embedded

dictate the interaction of light with the nanoparticles. Below, we discuss the cases

of spherical and cylindrical nanoparticles which are simplest in terms of obtaining

analytical solutions for the extinction cross-section.

Gustav Mie [19] for the first time analytically solved the problem of scattering

and absorption by a spherical metal nanoparticle. This allows theoretically predict

the linear response of a metal sphere to an external electromagnetic field by

incorporating the material dielectric properties and solving the Maxwell’s equa-

tions under appropriate boundary conditions. Consider a spherical particle of

radius/volume R/V and metal dielectric function εm that is embedded in a dielectric

medium with dielectric function εd. For R much smaller than the wavelength of

light such that the particle can be assumed to be an ideal dipole in the applied field,

Mie’s theory predicts the absorption (abs) and scattering (sca) cross-sections

[12, 13] to be:

σabs ωð Þ ¼ kd
ε0εd

Im αð Þ ð6:2aÞ

σsca ωð Þ ¼ k4d
6π ε0εdð Þ2 αð Þ2 ð6:2bÞ

Here, kd is the light wave-vector in the dielectric medium and α is the linear

polarizability given by the Clasusius-Mosotti relation:
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α ωð Þ ¼ 3Vε0εd
εm � εd
εm þ 2εd

ð6:3Þ

It is clear that surface plasmon resonance in spherical nanoparticles is observed

when the condition εm ¼ �2εd is satisfied.
In the second example, we consider rod-like nanostructures with dimensions still

much smaller than the wavelength of light. For small ellipsoidal particles, scattering

problem was solved by Gans in 1912 [20], according to which, the linear polariz-

ability along one of the axes (k¼ 1,2,3) is given by [12, 13, 15]

αk ωð Þ ¼ Vε0εd
εm � εd

gk εm � εdð Þ þ εd
ð6:4Þ

Here gk are geometric factors along the three axes of the ellipsoid. For a particular

case of spheroidal particles for which the two axes of the ellipsoid are equal and

considering g1 along the long axis (a> b¼ c), the geometrical factors can be

expressed as:

g1 ¼ 1=e2 � 1ð Þ 1=2eð Þln 1þ e

1� e

� �
� 1

� �
; g2 ¼ g3 ¼

1� g1ð Þ
2

ð6:5Þ

wheree ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2=a2

q
is the eccentricity of the particle related to the particle aspect

ratio ζ (length/width¼ a/b). Equation (6.4) in combination with Eq. (6.2a, b) is used

to calculate the scattering and absorption cross-sections for nanorod structures.

Clearly there are two resonances in the spectrum for the nanorods, one due to the

electron oscillations along the diameter (short axis) called the transverse surface

plasmon (TSP) resonance and the other along the length (long axis) of the particles

called the longitudinal surface plasmon (LSP) resonance. The LSP resonance is

tunable by varying the aspect ratio ζ but it has significantly small effect on the TSP

resonance. Also, the cross-sections are larger for bigger aspect ratios simply because

of increase in the volume of the particle. For randomly oriented ensemble of

nanorods, the cross-sections are independent of the light polarization and one can

use the average quantities, i.e., αh i ¼ α1 þ α2 þ α3ð Þ=3 and

α2
	 
 ¼ α21 þ α22 þ α23

� �
=3.

One may take note of few things. Firstly, for small particles (size<< wave-

length), the scattering is negligible and the experimentally measured extinction

cross-section is dominated by the absorption cross-section. Secondly, not only the

size of the particles but also the type of the surrounding dielectric medium can be

varied for continuously tuning the surface plasmon resonance. We further note that

the bulk dielectric functions εm and εd are used to calculate the nanoparticle

scattering and absorption cross-sections. In the literature, experimental data by
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Johnson and Christy [21] on the spectral dielectric function of noble metals are

considered as bench marks.

The tunability of the surface plasmon resonance due to the finite size-effects in

spherical gold (Au) nanoparticles and cylindrical gold nanorods [22] is summarized

in Figs. 6.2 and 6.3, respectively. The red-shift in the surface plasmon absorption

maximum as a function of the size of the gold nanospheres is shown in Fig. 6.2a

while the dependence of the plasmon bandwidth (Δλ) on the particle radius is

shown in Fig. 6.2b. Is can be seen that the bandwidth increases with decreasing

nanoparticle radius in the intrinsic size region (<10 nm) and also with increasing

radius in the extrinsic size region as predicted by the Mie theory. In Fig. 6.2c, the

extinction coefficients of these gold nanoparticles at their respective plasmon

absorption maxima are plotted against their volume on log-log scale where the

solid line is a linear fit to the data illustrating an agreement with the Mie theory.

Calculated absorption spectra of gold nanorods of different aspect ratio ζ using the

theory developed by Gans are presented in Fig. 6.3a. The linear-dependence of the

LSP wavelength λLSP on the gold nanorod aspect ratio ζ for a fixed εd¼ 4 and as a

Fig. 6.2 (a) UV-Visible absorption spectra of colloidal solutions of spherical gold nanoparticles

with diameters varying between 9 and 99 nm, (b) plasmon bandwidth as a function of the particle

radius, and (c) the extinction coefficient at the respective plasmon absorption maxima plotted

against their volume on a log-log scale. The solid line in (c) is a linear fit illustrating the agreement

with the Mie theory (Adapted from Ref. [22] with permission)

6 Ultrafast Response of Plasmonic Nanostructures 137



function of the medium dielectric constant εd for fixed ζ¼ 3.3 can be seen from

Fig. 6.3b, c, respectively.

In the Drude model of free electron metals, the only scattering that an electron

undergoes is with the other electrons inside the metal. However, for small

nanoparticles with large surface to volume ratio, the electron surface scattering

and size-dependent radiation damping [23] have to be taken into account. In order

to satisfy the energy momentum conservation in the process of a photon being

absorbed by a free electron, participation of an auxiliary electron or phonon or a

defect is implicit. Therefore, the scattering rate Γ0 in Eq. (6.1) has to be replaced by

an effective scattering rate parameter Γeff which is dependent on the incident

photon with angular frequency ω, electronic and lattice temperature (Te and TL,
respectively) and contains atleast the additional surface scattering term. Ignoring

the scattering from defects, the effective scattering rate [24] can be written as:

Γeff ω;Te;TLð Þ ¼ Γe�ph ω;Te;TLð Þ þ Γe�e ω;Teð Þ þ Γe�S ω;Teð Þ ð6:6Þ

The electron–phonon damping term (Γe-ph) is the dominant one which is computed

Fig. 6.3 (a) Tunability of the surface plasmon resonance in gold nanorods simulated as a function

of the nanorod aspect ratio ζ. Linear-dependence of the longitudinal surface plasmon resonance

wavelength λLSP on, (b) the nanorod aspect ratio for a fixed εd¼ 4, and (c) the dielectric constant εd
of the surrounding material for a fixed ζ¼ 3.3 (Adapted from Ref. [22] with permission)
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by modelling the electron–phonon interaction via deformational potential

connecting the bottom of the conduction band to the periodic deformation induced

by lattice vibrations. Since phonons are much lower energy excitations than elec-

trons, electron–phonon interaction modifies only the momentum of the excited

electrons. The second term in Eq. (6.6), Γe-e describes the electron–electron scat-

tering which is possible only by exchange of a reciprocal lattice vector via Umklapp

processes and hence its contribution in the photon absorption by the electron is

small.

The last term, Γe-S describes the electron scattering by surface, i.e., optical

absorption assisted by electron-surface scattering. It is very significant for confined

systems such as nanoparticles of size in the range of �30 nm, the mean free path of

conduction electrons in metals. An empirical relation for the surface scattering term

[24] is given as

Γe�S ω;Teð Þ ¼ g ω, Teð ÞυF=D ð6:7Þ

where υF is the Fermi velocity of electrons and D¼ (Sp/π)1/2 is the equivalent

diameter of the particle with surface area Sp. g is another material parameter

which depends on the electron level occupation number defined for quasi-

continuous conduction band states of not too small particles.

6.3 Ultrafast Optical Response of Photoexcited Metal
Nanoparticles

The surface confinement at the nanometric scale affects the internal dynamical

processes in metal nanoparticles which modify the dielectric function and hence

their optical response. As a consequence, after optical excitation by an ultrafast

laser pulse, the electron thermalization, energy loss by interactions with mechanical

degrees of freedom in the system and energy transfer by heat dissipation to the

surrounding; all are modified as compared to those in the corresponding bulk metal.

Time-resolved pump-probe spectroscopy offers a mean to investigate the internal

dynamical processes by measuring the time evolution of the ultrafast optical

response. More specifically, a strong pump pulse creates a dynamical state whose

evolution in time is monitored by another weak probe pulse by collecting the

scattered signal from the sample as a function of the time-delay between the

pump and the probe pulses. As depicted in Fig. 6.4a, the routine pump-probe

measurements are performed on the ensemble of nanoparticles [22, 25–27],

however, experiments on single nanoparticles have also become possible recently

[28–32]. Following the ultrafast photo-excitation by a femtosecond laser pulse, the

laser deposited energy in the system under investigation relaxes via various possi-

ble pathways [24], for example, initial relaxation by electron gas thermalization
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followed by electron-lattice interaction and finally emission of acoustic vibrations

and heat loss to the surroundings, as depicted in Fig. 6.4b.

An understanding of the underlying internal system kinetics from the experi-

mentally measured time-resolved optical response can be made based on models

which take into account the instantaneous time-dependent modifications of the

material dielectric function in the desired spectral range. Detailed quantitative

modelling have been performed by Fatti and Vallee [24] which include the impact

of the out-of-equilibrium conditions (electron excitation and subsequent lattice

heating) on the electron energy distribution, the induced modifications of the

metal dielectric function, and their influence on the nanoparticle optical response.

A brief overview of the same is presented here as the following.

For nanoparticles in size range of �2–100 nm we can neglect the scattering

losses, i.e., the extinction cross-section to be simply the absorption cross-section

σabs. Ultrafast optical excitation of a nanoparticle leads to time-dependent changes

in Δσsbs which is directly related to experimentally measured change in the

transmission (ΔT) of the probe at wavelength λ by the relation:

ΔT
T

λ; tð Þ ¼ �Δσabs λ; tð Þ
S

ð6:8Þ

S being the surface area of the probe laser spot on the sample. For weak

pump-induced changes in the nanoparticles [33], the Δσabs variation at the probe

wavelength λ and pump-probe time-delay t, can be expressed as:

Δσabs λ; tð Þ ¼ ∂σabs
∂ε1

λð ÞΔε1 λ; tð Þ þ ∂σabs
∂ε2

λð ÞΔε2 λ; tð Þ
¼ a1 λð ÞΔε1 λ; tð Þ þ a2 λð ÞΔε2 λ; tð Þ

ð6:9Þ

a1,2 being the stationary spectral-dependent derivatives and Δε1,2 the dynamical

Fig. 6.4 (a) Pump-probe spectroscopy of an ensemble of nanoparticles arranged for measurement

of the transient differential transmission spectra of the probe. (b) Typical time-scales of dynamical

processes undergoing in photo-excited metal nanoparticles
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spectral- pump-induced variations of the nanoparticle real and imaginary dielectric

functions. Therefore, time-resolved signals result from a combination of the

dynamical physical effects, which induce variations Δε1,2 and their optical detec-

tion, with a spectral sensitivity given by a1,2. For all shapes of metal nanoparticles,

the localized surface plasmon leads to a strong enhancement of both the

linear absorption spectrum and its derivatives a1,2 governing the amplitude of the

out-of-equilibrium transient response. For spherical gold and silver

(Ag) nanoparticles and cylindrical Au nanorods, the calculated spectra [24] are

shown in Fig. 6.5. The dispersion like a1 profile always crosses the horizontal axis
near the surface plasmon resonance. This has consequence in determining the

nature or polarity of the transient probe signal from pump-probe spectroscopy

near the zero time-delay.

The time- and energy-dependent distribution function f(E,t) of the electronic

states determines the transient variations of the dielectric function Δε1,2 and

ultimately the optical response that is measured experimentally. The modification

of the electron distribution induces a change in the interband term Δεib1;2 (dominant

on short timescales) and smaller modifications in the Drude term ΔεD1;2, and the

concomitant heating of the lattice at much longer time-scales. After the pump-pulse

excitation of the nanoparticles, the evolution of the electron occupation number,

electron–electron scattering and electron energy transfer to the lattice through

electron–phonon scattering and heat dissipation to the surrounding medium, all

can be computed by solving the Boltzmann equation provided a size-dependent

correction to the electron–electron and electron–phonon coupling rates has been

taken into account [24]. For pump-photon energy lower than the interband transi-

tion energy, electron–hole pairs are generated only in the conduction band. Elec-

trons are thus described by an athermal distribution with a small fraction of

electrons having absorbed a photon promoted to a state above the Fermi energy

while most of the electrons still occupying initial unperturbed states. Immediately

after excitation by a short femtosecond laser pulse, the amplitude of the excitation

can be quantified by an elevated electron temperature Texc¼T0 +ΔTexc, T0 being

the initial temperature of thermalized electrons before the optical excitation,

corresponding to the equilibrium temperature of an electron gas with the same

total energy as the excited system. The electron gas thermalizes through internal

electron–electron interactions which is described by a screened Coulomb interac-

tion potential containing a sum over all possible two-electron scattering processes

satisfying energy and momentum conservation. In low perturbation regime, typical

internal thermalization timescales are of the order of �500 fs. A deformation

potential coupling is assumed to compute the electron–phonon coupling matrix

element which is then integrated over all available electronic and phonon states

satisfying energy and momentum conservation to obtain the contribution

from electron–phonon scattering. The time-scale for electron–phonon scattering

processes is typically in the picosecond range and depends on the excitation

conditions.
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Following the internal thermalization by electron–electron scattering, the sub-

sequent dynamics of the electrons and phonons can be described by the two

temperature model (TTM) which assumes that both the conduction electrons and

the phonons are internally thermalized to have attained a constant coupling term

Fig. 6.5 (Upper panel) Extinction cross-sections, and (lower panel) derivatives a1 (red dashed)
and a2 (blue dash-dotted) for a 30 nm diameter silver nanosphere (a), 30 nm gold nanosphere (b)
and 43� 12 nm gold nanorod (c), calculated using Mie theory. The vertical lines indicate the

surface plasmon resonance in each case (Adapted from Ref. [24] with permission)
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G [34]. Assuming Te and TL as the temperatures of the internally thermalized

electrons and lattice, and Ce and CL as their specific heats per unit volume, the

system dynamics follows a coupled rate equation given by

Ce
dTe

dt
¼ �G Te � TLð Þ; CL

dTL

dt
¼ G Te � TLð Þ ð6:10Þ

The final equilibrium temperature Teq of the nanoparticles common to the electron

gas and the lattice, generally much smaller than Texc is determined from the

analytical solution as Teq¼T0 + (Texc
2�T0

2)/(2CL/a) where a¼ 65 J/m3/K2 for

silver and gold [35]. Since the electron-lattice temperature Teq is higher than the

initial temperature T0, energy is subsequently transferred to the surrounding

medium through the nanoparticle interface. The heat transfer out of the

nanoparticles occurs typically with 10–500 ps timescales and is limited by the

thermal impedance at the interface and by the thermal diffusion within the sur-

rounding medium [36].

First time-resolved experimental results on a single 30 nm silver nanosphere

obtained by Muskens et al., [29] using 140 fs pump excitation at 850 nm are

reproduced in Fig. 6.6. The probe pulses were close to the surface plasmon

resonance at �425 nm. The transient differential transmission ΔT/T data for

different pump powers as presented in Fig. 6.6a show a fast rise followed by a

slower decay corresponding to energy injection into the electron gas by the pump

pulse and subsequent electron energy loss by thermalization with the lattice,

respectively. Experiments on single nanoparticles allow precise measurement of

the ΔTexc which is not the case for optically excited ensemble of nanoparticles.

Dotted, dashed and solid lines in Fig. 6.6a are for 180, 280 and 480 μW pump

power, corresponding to ΔTexc¼ 190, 275 and 415 K, respectively. Figure 6.6b

shows the simulated signals computed using Eq. (6.9) for which the derivatives a1
and a2 were determined from fitting the measured extinction cross-section by Mie

theory (shown in the inset). The ultrafast kinetics is mainly governed by the time-

dependent Δεib1 while Δε2 contribution is negligible as the probe-photon energy is

far from the interband transition energy in silver.

More conventionally, time-resolved experiments have been performed on nano-

particle ensembles, either embedded in a dielectric matrix or dispersed in a liquid.

In this case, due to the inhomogeneous distributions of shapes and sizes, and

polarization-independent pump absorption, the measurements are less quantitative;

however, the intrinsic dynamical characteristics of the nanosystems are captured.

Neglecting the absorption by the surrounding matrix, for an ensemble of

nanoparticles within an effective optical length lop, the differential transmission

signal of the probe can be written as:
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ΔT
T

λ; tð Þ � �Δα λ; tð Þ:lop � �nnpΔσabs λ; tð Þ:lop ð6:11Þ

where Δσabs is the mean value of the absorption cross-section of the ensemble with

the volume density nnp of the nanoparticles. Results from one of the earliest

investigations on silver nanospheres [37] are presented in Fig. 6.6c where 30 fs

pump pulses at 850 nm and probe pulses varying between 400 and 450 nm were

used to study silver nanospheres of mean diameter 26 nm dispersed in a glass

matrix. The dispersion-like dependence on the probe-wavelength around the sur-

face plasmon resonance at 425 nm is shown in Fig. 6.6d for probe delay of 400 fs

Fig. 6.6 (a) Transient differential transmission spectra measured for a single 30 nm Ag

nanosphere supported on a glass substrate, following excitation by 140 fs pump pulses centred

at 850 nm and probe pulses centred at 425 nm near the surface plasmon resonance of the

nanoparticle. Dotted, dashed and solid lines correspond to 180, 280 and 480 μW pump power,

corresponding to ΔTexc¼ 190, 275 and 415 K, respectively. The inset shows the maximum of the

ΔT/T signal as a function of pump power. (b) Simulated signals computed with Eq. (6.9), a1 and a2
derivatives being determined after fitting the measured extinction cross-section by Mie theory as

shown in the inset. (c) Similar experimental results on ensemble of silver nanospheres of average

diameter 26 nm dispersed in a glass matrix using 30 fs pump pulses cantered at 850 nm and

variable probe pulses between 400 and 450 nm. The inset shows the sample absorption spectrum.

(d) Probe-wavelength dependence of the sample transmission change for probe delay of 400 fs

(circles), 1 ps (triangles) and 2 ps (squares). Lines are fits assuming pump-induced SPR frequency

shift and the broadening (Adapted from Ref. [24] with permission)
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(circles), 1 ps (triangles) and 2 ps (squares). Clearly, the nature of the transient

response of the nanoparticles near zero probe-delay depends on the relative position

of the probe wavelength with respect to the surface plasmon resonance as a

consequence of the pump-induced transient frequency-shift and -broadening of

the SPR. Following the pump-excitation, the Δεib1 increases very fast leading to a

red-shift of the SPR and then decays to its initial value within a few ps by electron-

lattice coupling. The SPR broadening at ultrafast time-scales arises due to change in

Δεib2 modifying the state occupation number during and immediately after the

excitation, and at slower time-scales due to changes in the strength of the scattering

processes.

For Au nanospheres, the SPR lies in the range of 500–550 nm depending on the

size and the dielectric environment which overlaps with the onset of the interband

transition wavelength of �650 nm. Selective investigation of the SPR dynamics

requires spectral separation of the SPR and the interband transitions as satisfied for

Ag nanospheres and LSP resonance of Au nanorods. Hence the nature of the ultrafast

response probed around the SPR of the Ag nanospheres and the LSP resonance of Au

nanorods is expected to be similar. Indeed this is the case as seen from Fig. 6.7 where

experimental results from [31] have been presented for a single Au nanorod excited

by femtosecond pump pulses at 850 nm and probe pulses with varying wavelength

λprobe on either side of the LSP resonance at 810 nm far from the interband transition

wavelength of gold. The transient response can be interpreted well on the whole

timescale as the combination of the dynamical response of the bulk metal amplified

by plasmonic effects as shown by simulations of the Δσibext or the Δσibabs dynamics

[24], i.e., variations of Δσext induced by the interband term Δεib1;2 which reproduce the

experiments, both for signal amplitude and time dependence on the first picoseconds

after excitation very well. Also transient signals for short delays reflect the a1 shape

profile computed from the experimental linear σext (Fig. 6.7c, d). This is because Δεib1
is approximately undispersed far from λ¼ λib and Δεib2 is small. For λ� λLSP (black
line in Fig. 6.7a, b), a1 vanishes and Δσext reflects Δεib2 dynamics. Conversely, for

longer delays (t� 4 ps), Δσext is not correctly reproduced any more by the Δεib1;2
terms alone, and inclusion of the ΔεD2 variation due to lattice heating becomes

necessary (experiments and model prediction are represented by squares and dashed

line in Fig. 6.7d).

6.3.1 Tuning Between Ultrafast PB and PA in Gold
Nanorods by Selective Probing Near LSP Resonance

As discussed above, the nature or polarity of the initial transient response immedi-

ately after photo-excitation of metal nanoparticles depends on the probe wavelength

relative to the surface plasmon resonance and the condition that the later is

spectrally separated from the interband transition wavelength. We present below

our experimental observations on gold nanorods where the pump excitation at
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either wavelength (energy) 790 nm (1.57 eV) or its second harmonic at 395 nm

(3.15 eV) creates athermal population of electrons whose relaxation is monitored by

probe pulses of fixed wavelength 790 nm. To prove the point, one can either vary

the probe wavelength continuously across the LSP resonance of the nanorods or

equivalently, use different gold nanorod samples for a fixed probe wavelength. The

later has been followed here. In these experiments, transient differential transmis-

sion spectra ΔT(t)/T have been measured where positive change in the probe

transmission at the zero probe-delay (t¼ 0) is due to photo-bleaching (PB) of the

LSP band and negative change in the probe transmission is due to photo-induced

absorption (PA) or excited state absorption induced by the pump of either same

wavelength 790 nm (degenerate pump-probe configuration) or different wavelength

395 nm (non-degenerate pump-probe configuration) for both of which the interband

transition wavelength of gold (λib� 650 nm) is far off.

The linear absorption spectra of four representative gold nanorod colloidal

suspensions in water [38, 39], are presented in Fig. 6.8a. The gold nanorods have

aspect ratio ζ (length/diameter) ranging from 3 to 5 such that the LSP resonance

wavelength (energy) varies from 660 nm to 860 nm (ELSP¼ 1.88–1.42 eV).

According to the LSP wavelength, the samples are named as AuNR660 to

Fig. 6.7 (a) Ultrafast extinction or absorption cross-section changes Δσext measured for a single

43� 12 nm Au nanorod following pump-excitation at 400 nm and probed using pulses with

varying wavelengths around nanorod LSP resonance (λLSP¼ 810 nm): from top to bottom,
λprobe� λLSP¼ 30, 40, 0, �30 and �20 nm. (b) Computed interband contributions (Eq. (6.9)).

(c) a1 and a2 coefficients (solid and dashed lines, respectively) computed from the linear extinction

cross-section. Vertical line corresponds to λLSP. (d) Measured transient extinction spectra for

probe-delay of 0 fs (circles), 200 fs (triangles) and 4 ps (squares), and the corresponding lines are
computed from interband contributions. Dashed line represents Drude contribution for the longest
delay Adapted from Ref. [24] with permission)
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AuNR860 and the same nomenclature will be used in the discussion here. The

typical experimental setup used for either degenerated or non-degenerated pump-

probe experiments is shown in Fig. 6.8b. The differential transmission data (ΔT/T)
from four nanorod samples using degenerate pump-probe spectroscopy at 790 nm

taken at pump-fluence of �130 μJ/cm2 and probe-fluence of �8 μJ/cm2 are shown

in Fig. 6.9a. On similar nanorods, results from non-degenerate pump-probe

Fig. 6.8 (a) Linear optical absorption spectra of colloidal suspensions of the gold nanorods in

water shown for four representative samples named according to the longitudinal surface plasmon

wavelength. (b) Typical experimental arrangement for time-resolved pump-probe spectroscopy.

The inset in (b) shows the second harmonic generation intensity autocorrelation (SHG AC) trace

of the femtosecond laser pulses centred at 790 nm

Fig. 6.9 Transient differential transmission data for gold nanorods taken using (a) degenerate
pump-probe spectroscopy at 790 nm, and (b) non-degenerate pump-probe spectroscopy with

395 nm pump and 790 nm probe pulses (Adapted from Ref. [38, 39] with permission). (c) A
depiction to emphasize that the ultrafast response near zero probe-delay is sensitive only to the

relative position of the probe wavelength (marked by red arrow) with respect to the LSP

wavelength
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spectroscopy at 395 nm pump and 790 nm probe taken at pump-fluence of�600 μJ/
cm2 and probe-fluence of �1.3 μJ/cm2 on are presented in Fig. 6.9b. Clearly, PB is

observed for samples with λLSP> λprobe and PA for samples with λLSP< λprobe. A
depiction in Fig. 6.9c emphasizes the observation that irrespective of the pump-

wavelength and pump-flux, the response of the gold nanorods, either the PB (upper

diagram) or the PA (lower diagram) is sensitive only to the probe-wavelength

relative to the LSP wavelength. The solid curves in Fig. 6.9a, b are results from

numerical simulations assuming a pump-induced time-dependent excess athermal

electron density n tð Þ ¼ 1� e�t=τR
� �

n1e
�t=τ, τR and τ being the initial rise time-

constant due to thermalization and fast relaxation time-constant, respectively.

Essentially, n(t) modifies the instantaneous plasma frequency ωp{n(t)} and thereby
the dielectric constant of the particle, resulting into the observed time-dependence

of the differential transmission signal at the probe wavelength for the sample

optical path length of lop given by [39],

ΔT tð Þ=T ¼ �Δα n tð Þf g:lop ð6:12Þ

6.3.2 Light Controlled Reversible Switching Between
Ultrafast PB and PA in Gold Nanorods

Interestingly, reversible switching between ultrafast PB and PA effects in gold

nanorods can also be achieved by using the probe photon-flux as the control

parameter [39]. This occurs only for those gold nanorods which have the surface

plasmon wavelength above the probe wavelength and the pump wavelength such

that it excites the interband transitions. Experimental results obtained on gold

nanorods using nondegenerate pump-probe spectroscopy at 395 nm pump-

wavelength and 790 nm probe-wavelength, are presented in Fig. 6.10. For a fixed

pump-fluence of �580 μJ/cm2, the results for AuNR854 are shown in Fig. 6.10a

where it can be seen that the amount of the PB signal at low probe-fluences

continuously decreases with the increasing probe-fluence and changes to PA at

higher probe-fluences. The threshold value of the probe-fluence for which

switching from PB to PA occurs is �80 μJ/cm2, independent of the sample and

the value of the pump-fluence as can be noted from the results summarized in

Fig. 6.10b, c. For the reverse, i.e., decreasing the probe-fluence from high to low,

the signal continuously changes from PA to PB without any measurable hysteresis

loss. This unique observation is independent of the pump-fluence and occurs even at

high pump-fluences but much below the nanorod melting threshold. On the other

hand, for the AuNR663 and AuNR752 samples for which the LSP wavelength is

below the probe wavelength, we always observe PA as seen in Fig. 6.10b

irrespective of the pump or the probe-fluences.

In Fig. 6.10c we have plotted the maximum of the ΔT/T signals near zero-delay

as a function of the probe-fluence for the AuNR854 sample. Each curve is for a

particular value of the pump-fluence as mentioned. It can be noted that all the curves
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pass through a common point on the horizontal axis (probe-fluence) irrespective of

the value of the pump-fluence and the change in polarity from PB to PA occurs at the

probe-fluence of �80 μJ/cm2. If laser heating induced melting of the gold nanorods

has to be invoked then it is unusual to have all the curves pass through a single point.

Rather the pump and the probe-fluences should have acted in a constructive way to

heat up the system additively (function of the total laser-fluence incident on the

sample at time delay t¼ 0). This is, of course, not the case here.

Furthermore, the linear-dependence of the ΔT(t¼ 0)/T on the pump-fluence for

a fixed probe-fluence as seen in Fig. 6.10d strengthens the point further that the

reversible switching between PB and PA as a function of the probe-fluence is

intrinsic to the nanorods and is not due to nanorod shape change due to melting.

Our results clearly show that the pump-fluence dependent results at any given fixed

Fig. 6.10 (a) Transient differential transmission spectra for AuNR854 taken at a fixed pump-

fluence of ~580 μJ/cm2 and increasing the probe-fluence in the direction of the arrow. (b)
Maximum amplitude of the signals near zero time-delay (t¼ 0) for all the four nanorod samples

as a function of the probe-fluence. (c) Probe-fluence dependence of the ΔT(t¼ 0)/T measured at

various fixed values of the pump-fluence as mentioned, and (d) probe-fluence dependence of the
ΔT(t¼ 0)/T measured at various values of the probe-fluence as mentioned, for the AuNR854

sample. Solid lines in (b), (c) and (d) are guide to the eyes (Adapted from Ref. [39] with

permission)
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value of the probe-fluence are usual, i.e., the magnitude of the transient absorption

(either PB at low probe-fluences or PA at high probe-fluences) as shown in

Fig. 6.10d, increases linearly with the pump-fluence without change in the polarity.

To explain the observed effect due to the probe-fluence in our experiments, we

have to invoke a cascaded two-photon absorption process. The pump at 315 nm

(photon energy larger than the TSP and LSP energies) excites electrons from the

d-band to tail states of the continuum band above the interband transition energy in

gold (�2.4 eV) or the TSP band (�2.7 eV) in the nanorods. The electrons from

these excited states quickly thermalize and populate the LSP band within a time

τR� 300 fs, as reflected in the rise-time of our differential transmission signals at

probe wavelength 790 nm, irrespective of the gold nanorod aspect ratio, and the

pump and probe fluences. At low values of the probe fluence, the usual photo-

bleaching is observed when the pump excited carriers relax to the LSP band and

block the normal probe absorption to that band. However, at high probe-fluences,

beyond the threshold value of �80 μJ/cm2, the excited state absorption from the

LSP band to higher energy states dominates the signal leading to the observed

photoinduced absorption.

We consider a special two-photon absorption coefficient β(2) which represents

the cascaded two-photon absorption, one photon from the pump and one from the

probe pushing the electrons from the d-band to the excited states. The action of the

pump-fluence is to create an initial excess density n1 of photoexcited carriers which
thermalize by electron–electron scattering within time τR and subsequently relax

with a time constant τ by electron–phonon scattering. Assuming that the time-

dependence of the contribution arising from the β(2) process is the same as before in

Eq. (6.12), i.e., 1� e�t=τR
� �

n1e
�t=τ, the total transmission change is suggested to be

of the form:

ΔT tð Þ
T

� �
total

¼ ΔT tð Þ
T

� β 2ð Þ Ipump � Iprobe
� �1=2

1� e�t=τR
� �

n1e
�t=τ ð6:13Þ

where the first term on the right side is same as discussed before in Eq. (6.12) for the

usual case. Using Eq. (6.13), simulations were carried out to fit the experimental

data. We start with a negligibly small β(2) at the lowest probe-fluence of 1.3 μJ/cm2

(intensity� 16 MW/cm2). Then by adjusting only the value of β(2), we simulate the

results at various probe-fluences to obtain fits as shown by dark continuous lines in

Fig. 6.11a, b. The resultant β(2) values as a function of the probe-intensity are shown
in Fig. 6.11c, d for AuNR854 and AuNR805 samples, respectively. We can clearly

see from Fig. 6.11c, d that the resultant β(2) is largely independent of the probe-

intensity and a simple cascaded two-photon absorption process is critical to explain

the observed reversible transition between PB and PA for the AuNR854 and

AuNR805 nanorods.
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6.4 Ultrafast Optical Nonlinearities of Metal Nanoparticles

6.4.1 Surface Plasmon Resonance Tuned Optical
Nonlinearities

We have already seen that the linear response, i.e., one-photon absorption and

scattering cross-sections of metal nanoparticles with sizes typically in the range of

�2–100 nm, are enhanced near the surface plasmon resonance. It is obvious that the

surface plasmon resonance in metal nanoparticles would also play a vital role in

determining their nonlinear optical properties. It has been seen in many studies that

near the surface plasmon resonance, metal nanoparticles exhibit immensely

enhanced optical nonlinearities as compared to their bulk counterparts [40–

43]. Generally, the optical nonlinearities can be due to electronic transitions or

thermal effects. Electronic nonlinearities have ultrafast response, i.e., in the fem-

tosecond to picosecond range while the thermal processes induced nonlinearities

are slow, i.e., in the nanosecond or slower time scales. In either case, the nonlinear

optical properties of materials can be measured using a single laser beam technique

popularly known as the z-scan technique introduced by Sheikh Bahae et al. [44]. In

the open aperture (OA) configuration, all the transmitted light from a sample is

collected onto a photodiode which is a function of the complex optical

Fig. 6.11 Transient differential transmission spectra along with the results from simulations (dark

curves) shown for (a) AuNR854, and (c) AuNR805 nanorods at a few probe-intensities (GW/cm2)

as mentioned after incorporating the cascaded two-photon absorption coefficient β(2) at the

corresponding probe-intensity from (b) and (d), respectively. Dashed lines in (b) and (d) are
guide to the eyes (Adapted from Ref. [39] with permission)
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susceptibility of the material. On the other hand, using close aperture

(CA) configuration where only part of the laser beam transmitted through the

sample is collected using an aperture before the photodiode, the nature and mag-

nitude of the detected signal depends on the type and magnitude of the real part of

the complex optical susceptibility of the sample. Therefore, z-scan technique is

useful for measuring the effective cross-sections of various intensity-dependent

processes such as second harmonic generation, third harmonic generation,

two-photon and multi-photon absorption, and Kerr-effect, to name a few.

The optical nonlinearities in metal nanoparticles are ultrafast in nature, occur-

ring in the range of femtosecond to picoseconds [45]. Very often, the two-photon

absorption coefficient β and an intensity-dependent coefficient of refraction γ
arising from third-order optical susceptibility χ(3) are reported in the literature.

Nonlinear optical properties of metal nanostructures are closely related to the

surface plasmon resonance, i.e., the size and shape of the nanostructures. For silver

nanostructures of various shapes, Luo et al., [46] observed that with the increasing

incident intensity of 87 fs pulses centred at 800 nm, the reverse saturable absorption

or optical limiting behaviour related to χ(3) increases for nano-size flower-shaped

structures but decreases for microrods. However, for silver nanowires, saturable

absorption response is observed initially at low incident intensities which changes

to reverse saturable absorption with higher nonlinear absorption coefficient at high

incident intensities. These results have been reproduced in Fig. 6.12 where the

scanning electron microscopy (SEM) images and the corresponding nonlinear

transmission properties of the three samples have been presented.

The tunability of the SPR in metal nanostructures makes them unique for various

potential applications in biology and medicine. It has been shown in many studies

Fig. 6.12 Scanning electron microscopy images of silver nanoparticles with different shapes, (a)
nanoflowers, (b) microrods, and (c) nanowires. The scale bars are 500 nm, 1 micron and 2 microns,

respectively. The corresponding nonlinear optical transmission data obtained using open aperture

z-scan experiments with 87 fs laser pulses centred at 800 nm, are presented in (d), (e) and (f),
respectively. Adapted from reference [46] with permission
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that the optical nonlinearities or the coefficients β and γ measured at the surface

plasmon resonance are much enhanced, sometimes by many folds of magnitude as

compared to those measured at off-resonance. For example, in gold nanorods,

femtosecond z-scan experiments revealed that the saturable absorption behaviour

can be continuously changed to optical limiting by increasing the amount of the

incident irradiance [47]. These results have been reproduced in Fig. 6.13. In this

study gold nanorods with their TSP resonance at �520 nm and LSP resonance at

�800 nm were used. The laser excitation wavelength was in resonance with the

LSP wavelength. It can be seen from Fig. 6.13 that the two-photon absorption

coefficient (�α2 cm/GW) related to saturable absorption for smaller values of the

incident intensity, is maximum for excitation wavelength in resonance with the LSP

wavelength.

6.4.2 Metal Nanoclusters with Improved Ultrafast
Nonlinearity

Smaller metal nanoparticles, namely, the nanoclusters containing a few atoms are a

new class of materials with characteristics in between those of atoms and

nanoparticles [16–18, 48–50]. The nanoclusters with size of the order of the de

Broglie wavelength of conduction electrons (�0.5 nm) exhibit discrete energy

levels while larger nanoparticles or nanocrystals (>2 nm) exhibit quasi-continuous

electronic bands with the additional surface plasmon resonance as discussed before.

The optical absorption spectra of such subnanometric clusters lack the surface

plasmon resonance but rather show a distinct absorption onset at the electronic

gap between the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO). Noble metal nanoclusters have been
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Fig. 6.13 (a) Spectral-dependence of the linear and nonlinear absorption coefficients of the gold

nanorods, (b) open aperture z-scan results on the gold nanorods measured at different excitation

wavelengths using 220 fs laser pulses for a fixed incident irradiance of 0.5 GW/cm2 (Adapted from

Ref. [47] with permission)
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shown to exhibit several novel properties [18, 50–52]. Ultrafast photoexcited

electron relaxation dynamics in 28-atom gold (Au28) nanoclusters were found to

show bi-exponential decay with a fast sub-picosecond and another slow nanosecond

time-constant, independent of both the laser photon-energy and the pump-fluence

[53]. Gold nanoclusters do not show saturable absorption at the surface plasmon

wavelength of larger gold nanocrystals [54]. On the other hand, these ultra-small

particles exhibit very good optical power limiting performance with significantly

reduced threshold for the optical limiting and higher nonlinear optical absorption

coefficient.

Open-aperture z-scan experiments by Philip et al., [54] as reproduced in

Fig. 6.14 showed a transition from pure optical limiting behaviour for gold

nanoclusters with 25, 38, and 144 atoms to saturable absorption behaviour for

nanocrystals of size �4 nm, all excited with same 5 ns laser pulses centred at

532 nm near the surface plasmon resonance of the nanocrystals. The valley-shaped

z-scan curves for the 25- and 38-atom clusters indicate pure optical limiting

behaviour due to the nonlinear absorption throughout the z-scan range whereas

that of the nanocrystals show a central valley flanked by two symmetric peaks on

Fig. 6.14 Open-aperture z-scans measured for gold clusters, (a) Au25, (b) Au38, (c) Au144, and
(d) gold nanocrystals of size ~4 nm, Au-NC 4 nm. Samples are excited using 5 ns laser pulses at

532 nm. Tnorm is the measured transmission normalized by the linear transmission of the samples.

Solid curves correspond to numerical fits to the data (Taken from Ref. [54] with permission)
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either side. The onset of the side peaks signifying the onset of saturable absorption

is visible in the form of two humps flanking the valley for the 144-atom clusters.

In the following we discuss a case study of 15-atom gold clusters (Au15) whose

ultrafast nonlinear optical response was found to be immensely enhanced for the

clusters deposited on indium-tin-oxide (ITO) metal film as compared with that on

SiO2 glass plate [55]. Systematic experiments were carried out using femtosecond

z-scan at 395 nm and time-resolved non-degenerate pump-probe spectroscopy

(395 nm pump and 790 nm probe) on the gold-clusters deposited on the glass

plate (Au15-glass) and on the ITO (Au15-ITO) as well as separately on bare ITO and

glass plates. The pulse-width of the laser pulses was �80 fs. The optical limiting

performance of the Au15-ITO system was found to be higher by almost an order

than that of the Au15-glass system. Concurrently, excited state absorption from

transient transmission measurements was also observed to be enhanced by approx-

imately the same order.

Stable Au15 nanoclusters were synthesized involving processes like core-etching

of larger clusters and simultaneous trapping of the clusters inside cyclodextrin (CD)

cavities [18] shown schematically in the inset of Fig. 6.15a. The decorating

glutathione (GSH) and CD molecules are optically transparent in the

200–1000 nm window. The absorption spectrum of the gold clusters is shown in

Fig. 6.15a where the experimentally obtained wavelength-dependent intensity I(λ)
has been converted into energy-dependent intensity I(E) by dividing by the popular

Jacobian factor ∂E/∂λ. We note that the absorption profile of the clusters does not

Fig. 6.15 (a) UV–vis absorption spectrum of Au15 clusters inside cyclodextrin (CD) cavities

plotted as the natural logarithm of the Jacobian factor. Well defined absorption features related to

molecular character of the clusters are marked with arrows. Lower inset shows fluorescence from
the sample in suspension and solid forms. Upper inset shows the schematic illustration of

CD-assisted one-pot synthesis of the Au15 clusters via the core etching reaction [18]. GSH

indicates glutathione used as the core-etching agent and as the ligand to protect the Au15 core

(Adapted from Ref. [55]). (b) Experimental setup for open and close aperture z-scan measure-

ments. Convex lenses for focusing the light onto the sample (FL) and collecting the transmitted

light from the sample (CL) are used while the sample mounted on a linear stage is moved along the

z-axis on both the sides of the focal point z¼ 0. The transmitted light, either all of it or part of it

allowed by an aperture, is detected at a photodiode PD1. Another photodiode PD2 is used as a

reference to nullify the noises in the detected signal which are present in the laser beam
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show surface plasmon resonance (SPR) of bigger nanoparticles. Instead, molecule-

like characteristic features marked by arrows in Fig. 6.15a at about 318, 458 and

580 nm are clearly visible. The distinct absorption onset occurs near 710 nm which

is indicative of an energy gap of 1.75 eV between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) gap.

A layer of the Au15 nanoclusters embedded in dense hydrogel matrix of thick-

ness�100 micron was sandwiched between a glass plate (�500 micron thick) and a

coverslip (�100 micron thick) making the Au15-SiO2 sample and another between

an ITO thin film-coated glass plate and a cover slip to make the Au15-ITO sample.

The commercial ITO plates having film thickness of �100 nm and a sheet resis-

tance of �10 ohm per square area were used. When excited with 395 nm laser

pulses, a yellowish glow is seen at the back of the samples, which was rejected by

using a colour glass filter from reaching the photo-detector in all the experiments

described here.

The typical z-scan experimental setup is shown in Fig. 6.15b. A femtosecond

laser beam is divided into two parts, one to excite the sample and the other for a

reference to be used later for correcting the laser noise in the experimental data. A

lens focuses the light onto the sample which is movable across the focal point along

the optical axis so that for each z-position, the sample experiences a different

incident laser intensity thereby varying the laser intensity from �2 MW/cm2 to

70 GW/cm2. In Fig. 6.16a, b, normalized transmittance for the Au15-ITO and the

Au15-glass samples is presented. The signal from the OA z-scan shows optical

limiting, i.e., reduction in transmission as the input beam intensity is increased,

whereas the signal from CA z-scan shows a positive refractive nonlinearity (self-

focusing effects), i.e., decrease in the transmitted intensity due to refraction as the

sample approaches the focal point (z¼ 0) followed by an increase in intensity as it

moves away from the focal point and towards the detector. We note from these

results that the magnitude of change in transmission near the focal point is about

10 times larger for the Au15-ITO sample as compared to the Au15-glass sample. The

continuous lines in Fig. 6.16a, b are theoretical fits to the data [44, 56] providing the

two-photon absorption coefficient β of �0.3 (3.0) cm/GW and the nonlinear

refraction coefficient γ of �2� 10�5 (6� 10�5) cm2/GW for the Au15-glass

(Au15-ITO) system. Clearly, the value of β (γ) for the Au15-ITO sample is about

10 (3) times higher than that for the Au15-glass sample. The z-scan experiments

performed on bare ITO and glass plates under the same experimental conditions

resulted in comparatively negligibly small values of the nonlinear coefficients.

The results for the transient differential transmission (ΔT/T) from pump-probe

spectroscopy using pump-fluence of �16 μJ/cm2 and probe-fluence of �1 μJ/cm2

are presented in Fig. 6.16c, d, on a linear-linear and log-linear scale to distinguish

the regions of various dynamical time-constants. The following observations can be

made from these results. Firstly, the polarity of the ΔT/T signals is negative which

is in contrast to the positive signal (photo-bleaching) usually seen for larger

colloidal gold nanoparticles at the surface plasmon resonance wavelength. In the

present case, the negative signal corresponds to excited-state absorption and not the

ground state bleaching [53]. The magnitude of the signal at zero probe-delay (t¼ 0)
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is a direct consequence of the magnitude of the excited state absorption at the probe

wavelength of 790 nm. We can clearly see from Fig. 6.16c that the excited state

absorption in the gold clusters is enhanced by a factor of �8 for the clusters

deposited on ITO as compared to those on the glass plate. This enhancement is

similar to that observed from open aperture z-scan for the optical limiting perfor-

mance of the Au15-ITO system. The magnitude of ΔT(t¼ 0)/T can be used to

quantify the cascaded two-photon absorption process (one photon of 395 nm and

the other of 790 nm) by estimating the corresponding nonlinear absorption coeffi-

cient β(2) via the relation ΔT t ¼ 0ð Þ=Tj j ¼ β 2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ipump � Iprobe

p
. The estimated value

is β(2)� 0.05 cm/GW for Au15-ITO and about 8 times smaller value for Au15-glass.

The life-time of the photogenerated carriers in the excited state has been

determined by fitting a bi-exponentially decaying function to the photo-induced

absorption as shown in linear-linear and log-linear plots in Fig. 6.16c, d, respec-

tively. It was found that the data for both the samples can be fitted nicely with an

initial build-up time τr� 200 fs, fast relaxation time-constant τ1� 700 fs and a slow

relaxation time-constant τ2� 1 ns. The fast decay is attributed to the initial carrier

relaxation from optically coupled states to the LUMO level followed by the slow

Fig. 6.16 Normalized transmittance of the Au15 clusters in (a) OA z-scan and (b) CA z-scan,

shown for clusters deposited on ITO plate (sample Au15-ITO) and on glass plate (sample Au15-

glass) having same molar concentration and layer thickness taken at excitation wavelength of

395 nm and maximum incident power of ~70 GW/cm2 (at the focus). The continuous lines are

numerical fits to determine nonlinear absorption and refraction coefficients. Time-resolved differ-

ential transmission data for the two samples shown on linear-linear scale (c) and log-linear scale

(d), taken using 395 nm pump and 790 nm probe pulses to show the difference in the signal

magnitude for the two samples and the related carrier relaxation dynamics involving initial

thermalization time-constant τr, fast and slow decay time-constants τ1 and τ2, respectively,
estimated from fitting the data with bi-exponentially decaying function (Adapted from Ref. [55])
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decay via radiative and/or nonradiative processes from the LUMO level to the

ground state. We find (data not shown) that the magnitude of the pump-induced

absorption linearly increases with the excitation power (pump-fluence) indicating

one-photon absorption processes at 3.15 eV. The carrier life-times remain pump-

fluence independent. These results are similar to those reported for Au28

clusters [53].

The important outcome from this study was the observation of enhanced optical

nonlinearity for the Au15-ITO coupled system. A possible reason due to photoin-

duced energy transfer between the overlapped excited states of Au15 and ITO has

been outlined here. In the schematic energy level construction shown in Fig. 6.17,

the molecular energy level diagram of the gold clusters [57] has been shown in the

left side of the figure considering the absorption spectrum given in Fig. 6.15. The

HOMO-LUMO gap of �1.75 eV is very close to our probe photon energy of

1.57 eV. Three molecular like levels have been drawn at energies (wavelengths)

of 2.1 eV (580 nm), 2.7 eV (458 nm) and 3.9 eV (318 nm). Similarly, on the right

side in Fig. 6.17, we have drawn schematically, the energy bands in ITO as inferred

from the indirect and direct band gap energies of �2.4 eV (515 nm) and 3.6 eV

(345 nm), respectively [58]. Since the enhancement in the excited state absorption

(Fig. 6.16c) is similar to that in the optical limiting (Fig. 6.16a), hence it is natural to

Fig. 6.17 Schematic of the electronic energy-diagram of Au15 clusters coupled with the electronic

energy-band diagram of ITO. The blue and red arrows represent the optical transitions by the

pump and probe photon energies of ~3.15 and 1.57 eV, respectively. Possible excited-state

intersystem coupling between Au15 clusters and ITO is represented by the curved arrow and out

of many possible interstate relaxation processes few are marked by thin downward arrows (Taken
from Ref. [55])
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assume that the optical limiting in Au15 clusters at 395 nm is also a two-step

cascaded single photon absorption process. Whereas, a direct two-photon absorp-

tion in ITO at 3.15 eV (shown by two thick blue arrows in Fig. 6.17) from the top of

the valance band (VB) to the continuum states bypassing the indirect band (IB) but

via an intermediate virtual state is more probable. In the Au15-ITO coupled system,

due to close proximity of the energy levels of the molecular Au15 clusters and

energy bands of ITO, excited state electronic-coupling can occur. In that case the

electrons created in the excited state of Au15 (marked by A) can cross-over to the IB

state of ITO which can later readily absorb single photons of either 3.15 or 1.57 eV

photons as shown by vertical blue and red arrows in Fig. 6.17 leading to an

enhanced combined two-photon absorption or photo-induced excited state absorp-

tion in the coupled system.

6.5 Direct Observation of Surface Vibrations
in Nanoparticles

Plasmonic nanostructures’ large absorption cross-sections, high sensitivity to

geometry and refractive index changes, and the ability to localize electromagnetic

fields into a subwavelength volume make them an ideal candidate for controlling

nanoscale mechanical motion and sensing applications. By manipulating the geom-

etry of these nanostructures, multiple vibrational states can be tailored and dynam-

ically selected by acousto-plasmonic coherent control [59]. The shape-dependent

confined vibrations of metal nanoparticles can be studied using various optical

techniques, such as Raman spectroscopy, transient absorption spectroscopy and

terahertz time-domain spectroscopy. In ultrafast time-resolved pump-probe spec-

troscopy, an incident femtosecond laser pulse initially excites the plasmons which

quickly dephase in time and the hot electrons diffuse throughout the nanostructure

at the Fermi velocity transferring their energy to the lattice. This results into rapid

thermal expansion of the nanostructure generating coherent acoustic phonons by

impulsive thermal excitation, [60, 61] which are imprinted as damped oscillations

in the experimentally measured transient optical response signal.

The vibrational modes of a freely vibrating elastic sphere [62] are labelled by

two integers, n, the harmonic order, i.e., the number of radial nodes, and l, the

angular momentum number, which represents the angular dependence of the mode.

As shown in Fig. 6.18, interferometric pump-probe measurements on single gold

nanospheres using probe wavelength close to the surface plasmon resonance [28]

revealed coherent excitation of a nonspherically symmetric mode of vibration (n,

l)¼ (0, 2) along with the usual radial breathing mode of vibration (n, l)¼ (0, 0) that

is observed very often for ensemble of particles where particle’s environment is

isotropic. The former can be generated by an isotropic heat pulse only if the

spherical symmetry of the particle’s expansion is broken either by the substrate or

by the particle’s shape.
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For a rod-shaped nanoparticle, both the fundamental breathing mode of vibration

along the short axis and the extensional mode of vibration along the long axis of the

particle can be impulsively excited by laser-induced heating [63]. For gold

nanorods in ensembles, these vibrational modes have been observed in many

ultrafast pump-probe studies [63, 64], however, for a single nanorod, polarization

of the pump-pulse can be used for selective excitation. Coherent acoustic vibrations

of an optically trapped single gold nanorod as shown in Fig. 6.19 were reported by

Ruijgrok et al. [30], which are very useful for determining the accurate elastic

constants from the observed frequencies of the oscillations. The breathing mode

involves a pure expansion and contraction (with change in volume) along the

transverse radial directions of the rod, and depends on both the bulk and shear

elastic moduli. Whereas the extensional mode is along the length of the rod

involving dimensional changes in both transverse and longitudinal directions

(without change in volume), and depends on the Young’s modulus along the long

axis of the rod.

Both the extensional and breathing modes of gold nanorods having large aspect-

ratio can be excited by femtosecond laser impulse heating in ultrafast time-resolved

experiments. Experimentally, it is observed that for thinner rods

(diameter< 20 nm), the breathing mode cannot be excited because the period of

oscillations is comparable to the time-scale of laser heating [63]. Moreover, the

detection of the extensional mode can be greatly improved by tuning the probe

wavelength near the longitudinal surface plasmon resonance.

Our time-resolved pump-probe experiments performed upto probe-delays of

�400 ps on the colloidal suspensions of gold nanorods as discussed before, namely

Fig. 6.18 (a) Delay scan of a single gold nanosphere with 45 nm diameter using interferometric

pump-probe spectroscopy. (b) Power spectra of this particle’s oscillations (top spectrum) and of

two other particles of slightly different size. Frequencies and amplitudes are normalized to those of

the (n, l)¼ (0, 0) mode (the absolute frequencies are 67, 59, and 63 GHz, from top to bottom). The
low-frequency peak at ~28 GHz corresponds to the (n, l)¼ (0, 2) mode of the vibrations (Taken

from Ref. [28] with permission)
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AuNR663, AuNR752, AuNR805 and AuNR854, revealed long time-period oscil-

lations as shown in Fig. 6.20a. These nanorods have diameter D of �10 nm but

growing length L so that the aspect ratios (ζ¼L/D) are 2.8, 4.2, 4.7, and 5.2,

respectively [39]. As can be seen from Fig. 6.20b, the time-period of oscillations for

the four gold nanorod samples is linearly dependent on the LSP wavelength. Since

the LSP wavelength for these samples also varies linearly with the aspect ratio

(Fig. 6.20c), it was confirmed that the observed coherent oscillations were due to

extensional mode of vibrations (time-period τext) along the length of the nanorods.

For the fundamental extensional mode, the relation between τext and the Young’s

modulus is given [63] as τext ¼ 2L
ffiffiffiffiffiffiffiffi
ρ=Y

p
where ρ is the material density. Taking

Y¼ 65 GPa and ρ¼ 19.3 g/cm3 for gold, [63] the average value of the nanorod

length for the longest nanorods in our experiments, i.e., AuNR854 sample is

estimated to be �55 nm which is very close to that expected from D� 10 nm and

ζ� 5.2.

The nanoparticle vibrational modes can also be characterized using time-domain

terahertz (THz) spectroscopy as shown by Kumar et al., for silver nanoparticles

[65]. Nearly spherical silver nanoparticles of mean diameter �3.4 nm were pre-

pared in a poly(vinyl alcohol) matrix; Fig. 6.21a, b show the transmission electron

microscopy image and the absorption spectrum, respectively. Experimentally mea-

sured real and imaginary parts of the complex dielectric function ε are shown in

Fig. 6.21c where the resonances due to the nanoparticle vibrations have been

marked by arrows. A broad feature in the THz spectrum at frequency of �1.1

THz is related to the crystalline lamellae in the thin polymer film.

The observed resonances at frequencies of �0.6 and 2.12 THz are due to the

spheroidal and toroidal vibrational modes of the nanospheres. These results clearly

demonstrated for the first time that THz time-domain spectroscopy technique can

be a complementary tool to the well established Raman scattering spectroscopy for

Fig. 6.19 Acoustic vibrations of a single gold nanorod. (a) Coherent oscillations in the transient

transmission signal of a single 25� 60 nm gold nanorod, optically trapped in water. The pump and

the probe wavelengths were 785 nm and 610 nm, respectively (probe wavelength in the blue wing
of the plasmon resonance). Inset (1): Zoomed-in of a part of the trace, fitted with a sum of two

damped oscillations and slow cooling to extract the frequencies and damping times of the

oscillations, inset (2): power spectral density of the oscillatory part of the vibrational trace

(Taken from Ref. [30] with permission)
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Fig. 6.20 Extensional mode of vibrations of gold nanorods observed using time-resolved pump-

probe spectroscopy. (a) Coherent oscillations in the transient differential transmission spectra of

colloidal suspensions of gold nanorods due to the extensional mode of vibrations, (b) correspon-
dence between the time-period of the oscillations with LSP wavelength for the four samples, and

(c) the linear dependence of the LSP wavelength on the nanorod aspect ratio (Adapted from Ref.

[39] with permission)

Fig. 6.21 Elastic vibrations of a silver nanospheres observed using terahertz time-domain spec-

troscopy. (a) Transmission electron micrograph of the silver nanoparticles dispersed inside thin

film of poly(vinyl) alcohol, and (b) UV-Visible absorption spectrum of the nanoparticles. (c) Real
and imaginary parts of the experimentally measured complex dielectric function ε in the THz

frequency range showing vibrational resonances of the nanoparticles at frequencies marked by

arrows. The resonance at ~1.1 THz is due to the crystalline lamellae in the polymer matrix

(Adapted from Ref. [65] with permission)
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characterizing nanoparticles, particularly in the low-frequency regime where

Raman spectroscopy is difficult to achieve the desired results due to strong Ray-

leigh scattering. We note that the phonons observed in the THz time-domain

spectroscopy are the equilibrium phonons of the system unlike those created

coherently by impulsive stimulated Raman scattering in the time-resolved pump-

probe spectroscopy.

6.6 Summary and Outlook

To summarize, ultrafast photoresponse of plasmonic nanostrucutres was described

in this chapter by taking some of the interesting examples in the literature. The

surface plasmon effect in metal nanostrucutres was discussed starting from the

fundamental principles. We then showed that the ultrafast time-resolved spectros-

copy of plasmonic nanostructures reveals the fundamental processes of electron

scattering which help in releasing the excess energy of photoexcited electrons and

the system returns to its equilibrium. For gold nanorods, we showed that the

ultrafast photo-bleaching and photoinduced absorption can be tuned and reversibly

switched between the two by varying the probe-wavelength across the LSP reso-

nance and using the probe-fluence as the control parameter, respectively. A possible

application of this novel tunability between the PB and PA could be an ultrafast

optical switch where switching is controlled by the fluence of the second laser

pulse. In other words, it shows potential in applications where ultrafast light

controls the light itself. We also discussed the effect of surface plasmon resonance

in enhancing the nonlinear optical properties of metal nanostructures. For a com-

parison, we presented a study on nonplasmonic gold nanoclusters where the

enhanced optical limiting or photoinduced absorption property was discussed. It

was found that about an order enhancement in the third order optical susceptibility

is observed for the Au15 clusters in contact with the ITO as compared to the clusters

deposited on a SiO2 glass plate. These results indicate a role of the excited state

inter-system crossing between the electronic states of the clusters and the ITO to

enhance the nonlinear response in the coupled system. Such coupled systems which

are, of course, different from the extensively studied polymer-nanoparticle com-

posites, need to be exploited much more in the future to have better understanding

of the underlying physics of very small metal clusters in proximity of the tunable

planar surface plasmon mode of a metal film or having an excited state overlap.

Finally, we discussed time-reolved pump-probe spectroscopy and terahertz time-

domain spectroscopy as efficient experimental tools for characterizing the confined

acoustic phonons in the metal nanoparticles.

In recent years, there has been a growing interest to understand coherent vis-a-

vis incoherent energy transfer between the surface plasmon polaritons in a metal

and excitons in molecule assemblies [66, 67]. The interplay between coherent and

incoherent pathways leads to a significant modification of the radiative damping,

opening up unexplored avenues in coherent active plasmonics to be studied by
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time-resolved spectroscopies. We expect that the studies related to the ultrafast

energy transfer between molecular assemblies and surface plasmons in hybrid

nanomaterials like two dimensional graphene or transition metal dichalcogenides

(e.g., MoS2 layers) with metal nanostructures will attract increasing interest in

coming years.
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Chapter 7

Graphene-Based Ultra-Broadband
Slow-Light System and Plamonic
Whispering-Gallery-Mode Nanoresonators

Weibin Qiu

Abstract In this chapter, the graphene monolayer is modeled as surface current

density without thickness in order to explore the properties of the plasmons

propagating along it. The proposed model is verified analytically in terms of the

propagation constant of the plasmons. By using this zero-thickness model, the

nanofocusing properties of the mid infrared electromagnetic wave and the slow-

light system of infrared wave are investigated. A focus width of 1.6 nm for a

wavelength of 56 THz is achieved on a gradient chemical potential distribution

graphene. Variant frequency components of the plasmons are stopped at the

different locations of the gradient chemical potential distributed graphene mono-

layer forming “rainbow” capture effect. Additionally, the tunable whispering-

gallery mode properties of the graphene monolayer coated semiconductor nano

wire are also studied. An effective mode area smaller than 3:75� 10�5 λ0ð Þ2, and a

quality factor of 195 are obtained in a nanowire with a diameter of 5 nm. The

proposed model and the plasmonic structures may find broad implications in the

fields of high density plasmonic integrated circuits technique and transformation

plasmonics.

Keywords Graphene • Plasmon • Zero-thickness • Nanofocusing • Slow light •

Whispering-Gallery Mode

7.1 Introduction

Graphene, a 2-dimentional (2D) material composed of a single carbon atom layer,

has caught intensive research since it was discovered. This awesome material offers

promising fantastic applications in electronic and photonic devices [1–5],

metametarials [6], optical cloaking [7], femtosecond lasers [8], nonlinear optics

[9], and solar cells [10], due to its unique zero-gap band structure with linear

dispersion relation, In a suitable range of chemical potential and photon frequency,
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graphene behaves like a semi-metallic material and consequently is able to support

surface plasmonic polariton (SPP) wave [11]. Furthermore, comparing with noble

materials, graphene supported SPP waves possess outstanding advantages, such as

relatively low loss, high confinement, and most significantly, and tunability

[12]. This application of graphene in the field of plasmonics includes sensors

[13], nanoribbon waveguides [14, 15], resonators [16], splitters [17], filter

[18, 19], polarization convertor [20], modulators [21], and antenna [22, 23], Also,

peculiar optical behaviors such as slow light system [24], and anormalous reflection

[25] of the graphene supported SPP have been reported. The propagation of SPP

wave along the graphene sheet can be tailored by modifying the chemical potential.

Thus, graphene offers another freedom to engineer the SPP wave without any

geometric engineering. In this chapter, by using the finite element method (FEM)

technique, the nanofocusing of MIR on a graphene monolayer which has spatially

gradient chemical potential without complicated device geometry is numerically

analyzed. In addition, the dynamic group velocity and tunable rainbow capture and

relieving of plamsons along graphene sheet is discussed. Also, the optical properties

of the graphene monolayer-coated dielectric nanowire resonators are discussed.

This chapter is organized as the following, besides the introduction section, the

validity of the zero-thickness graphene monolayer model is reviewed analytically in

the second section. In Sect. 7.3, the surface conductivity of graphene is discussed in

terms of the chemical potential. The propagation constant of the plasmon along

graphene is discussed in the Sect. 7.4. Nanofocusing properties of the MIR EM field

are reviewed in the Sect. 7.5. Later on, the dynamic group velocity control and

rainbow capture and relieving mechanism of plasmon along graphene sheet is

discussed in the Sect. 7.6. In the Sect. 7.7, the tunable WGM properties of the

graphene monolayer coated dielectric nanowire resonator are discussed (Fig. 7.1).

Fig. 7.1 The schematic molecule structure and energy band structure of graphene monolayer
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7.2 Validity of the Zero-Thickness Graphene
Monolayer Model

Among most of the literatures, the graphene monolayer sheet was modeled as a

metallic layer with a finite “effective thickness” deff, where the corresponding

“effective dielectric constant” εeff(deff). Then the thin layer was treated similarly

to the noble metal materials. The dispersion relation, i.e. the propagation constant

as a function of the frequency, is obtained from the common three-layer planar

waveguide system. They also demonstrated that when the effective thickness below

certain value, the dispersion relation kept unchanged. However, it should be pointed

out that the concept of dielectric constant is based on bulk materials. Nevertheless,

graphene is composed of a single layer of carbon atom. Substantially, it is not a bulk

material, and of course, it is unsuitable to use the concept of dielectric constant. The

similar case is the concept of temperature, one cannot define a temperature of a

molecule, or a finite number of molecules.

In order to avoid the embarrassment described above, the concepts of “effective

thickness” and “effective dielectric constant” should be abandoned. Alternatively a

concise model is adapted, where the graphene monolayer is treated as a conductive

layer without thickness. So it is characterized by surface conductivity σ. It could be
shown that dispersion relation got from the proposed model is identical that got

from the “effective thickness” model when the “effective thickness” approaches

to zero.

The graphene ultra-thin film is supposed with a thickness Δ ¼ a. And it is

characterized by an equivalent permittivity of εg,eq(Δ), which is dependent upon

the thickness Δ.

εg,eq ¼ 1þ iσgη0
k0Δ

ð7:1Þ

In Fig. 7.2a, the graphene sheet is located on ZOY plane and the plasmon

propagates along z direction.

Only the TM polarized SPPs supported by graphene is considered. Assume the

EM field propagates along the y-axis. Since the graphene sheet is infinite in y

direction, ∂
∂y ! 0, the non-zero components of the TM polarization are (Ey, Ez, Hx),

Fig. 7.2 The schematic diagram of (a) three layers non-zero thickness model (b) zero-thickness
model of graphene monolayer
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According to the traditional waveguide theory, the electric field in the different

regions can be written as

Ex ¼
Ae�kh x�að Þexp i ωt� βzð Þð Þ x > að Þ
Bekg x�að Þ þ Ce�kgx
� �

exp i ωt� βzð Þð Þ 0 < x < að Þ
Dekh xþbð Þexp i ωt� βzð Þð Þ x < 0ð Þ

8<
: ð7:2Þ

Where A-D are unsolved mode amplitudes, kh ¼ β2 � εhk0
2

� �1=2
,

kg ¼ β2 � εg,eqk0
2

� �1=2
, β is the propagation constant. εh is the relative permittivity

of the free space.

Hy ¼ ωε

β
Ex

Ez ¼ � j

ωε

∂Hy

∂x

8><
>: ! Ez ¼ � j

β

∂Ex

∂x

and

Ey ¼ Hx ¼ Hz ¼ 0

For the different regions,

z > a 0 < z < a z < 0

Ex ¼ Ae�kh x�að Þ

Hy ¼ ωεrε0
β

Ae�kh x�að Þ

Ez ¼ i

β
khAe

�kh x�að Þ

8>>>><
>>>>:

Ex ¼ Bekg x�að Þ þ Ce�kgx

Hy ¼ ωεgε0
β

Bekg x�að Þ þ Ce�kgx
� �

Ez ¼ � i

β
kg Bekg x�að Þ � Ce�kgx
� �

8>>>><
>>>>:

Ex ¼ De�khx

Hy ¼ ωεrε0
β

De�khx

Ez ¼ � i

β
khDe

�khx

8>>>><
>>>>:

ð7:3Þ

Take the boundary conditions into account,

z ¼ a z ¼ 0

Aεr ¼ εg Bþ Ce�kga
� �

Akh ¼ �kg B� Ce�kga
� ��

εg Be�kga þ C
� � ¼ εrD

kg Be�kga � C
� � ¼ khD

� ð7:4Þ

εg,eq ¼ 1þ iσgη0
k0Δ

kh ¼ β2 � εhk
2
0

� �1=2
kg ¼ β2 � εg,eqk

2
0

� �1=2

8>>><
>>>:

ð7:5Þ

then kh ¼ � εh

1þ iσgη0
k0a

2

a
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When a! 0,

kh ¼ � 2εhk0
iσgη0

ð7:6Þ

substitute Eqs. (7.6, 7.5), the propagation constant (wave vector) of the SPPs is

given by

kSPP ¼ kg ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εh � 2εh

σgη0

� 	2
s

ð7:7Þ

When it comes to the zero-thickness model, the grahene sheet also locates on the

surface of YOZ, and the plasmon propagates along z direction. Also, only TMmode

is considered. The non-zero components of the EM field are identical with the

non-zero-model. The whole space is divided into two parts, z> 0, and z< 0. The

non-zero components of the EM fields in the different regions are written as

Ex ¼ Aexp �khxð Þexp i ωt� βzð Þð Þ x > 0

Bexp khxð Þexp i ωt� βzð Þð Þ x < 0

�

According to Maxwell’s equations ∇� H ¼ ∂D
∂t ¼ ε0εr ∂E∂t and

∂Hy

∂x
¼ ε0εr

∂Ez

∂t

Ex ¼ β

ωε0εr
Hy

8><
>: we can get Hy Ez in different regions. Here, one can ignore

exp i ωt� βzð Þð Þ.

x > 0 x < 0

Hy ¼ β

ωε0εr
Aexp �khxð Þ

Ez ¼ iβ

ωε0εrð Þ2 khAexp �khxð Þ

8>><
>>:

Hy ¼ β

ωε0εr
Bexp �khxð Þ

Ez ¼ � iβ

ωε0εrð Þ2 khBexp �khxð Þ

8>><
>>:

ð7:8Þ

Where A-B are unsolved mode amplitudes which can be eliminated. k1 and k2 is
wave vector of the dielectric in the different regions, β is the propagation constant.

εr is the relative permittivity. ω is the angular frequency.

kh ¼ β2 � ω2ε0εrμ0
� �1=2 ¼ β2 � εrk0

2
� �1=2 ð7:9Þ

According to the boundary conditions

lim
x!0þ

Hy � lim
x!0�

Hy ¼ Js

Js ¼ σgEz x ¼ 0ð Þ
Ez x ¼ 0ð Þ ¼ lim

x!0�
Ez ¼ lim

x!0þ
Ez

8><
>:
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Where σg is the surface conductivity.
A, B, k1 and k2 can be solved by solving the boundary equation,

A ¼ �B

k1 ¼ k2 ¼ 2ωε0εr
iσg

(
:

Substitute them to Eq. (7.11), the propagation constant can be got

β ¼ ω

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εr � 4εr2ε0

μ0σg2

s
ð7:10Þ

Where vacuum wave impedance η0 ¼
ffiffiffiffi
μ0
ε0

q
and k0 ¼ ω

c , the propagation constant β

can be written as

β ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εr � 4εr2

η0σg2

s
ð7:11Þ

So, the validity of the zero-thickness is conformed. It is the limit condition when the

effective thickness approaches to 0.

7.3 Surface Conductivity of Graphene

Graphene’s surface conductivity σg is composed of the contribution from interband

electron transition σint er and intraband electron-photon scattering σint ra,
σg ¼ σinter þ σintra, According to Kubo formula,

σinter ¼ i
e2

4πh
ln

2 μcj j � h ϖ þ iτ�1
� �

2 μcj j þ h ϖ þ iτ�1
� �

" #
; ð7:12Þ

σintra ¼ i
e2kBT

πh2 ϖ þ iτ�1
� � μc

kBT
þ 2ln exp � μc

kBT
þ 1

� 	� 	
 �
ð7:13Þ

Where ω is the angular frequency of the plasmon, τ is the electron momentum

relaxation time. Experimental works demonstrated that more than 2 eV of chemical

potential [26] and more 3 ps [27] of relaxation time have been achieved. Here the

adapted chemical potential is less than 1.3 eV and the relaxation time is less than

1.4 ps. So it is conservative enough to ignore the additional damping channels due

to the plamson-phonon interaction [28]. Figure 7.3 reveals the schematic of the

interband transitions and intraband scattering.
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Furthermore, σg can be rewritten as σg ¼ σ
0
g þ iσ

00
g, Fig. 7.4a demonstrate the real

and imaginary parts of surface conductivity as function of frequency respective to

various chemical potentials. SPP wave can be supported when σ
00
g > 0, while the

real part of the conductivity σ
0
g denotes the absorption loss of the SPP wave on

graphene sheet. In Fig. 7.4b, some special points are highlighted, which correspond

to the relation μc ¼ 1=2hϖ. when μc < 1=2hω, σ
0
g is stable at 60.5 μS, which is

substantially high and constrains the propagation distance of the SPP wave. When

μc > 1=2hω, σ
0
g is low and ensures the long propagation distance of the SPP.

Interestingly, when 1/2hω approaches to μc, σg^{\prime\prime} reduces and even

becomes negative when μc is very close to 1/2hω, where TM SPP is no longer

supported. Albeit TE surface mode might be supported when σ
00
g < 0, it suffers high

Fig. 7.3 The schematic diagram of interband electron transitions and intraband electron-photon

scattering

Fig. 7.4 The real and imaginary parts of the surface conductivity of graphene as a function of

photon frequency with respect to various chemical potentials. (a) real parts, (b) imaginary parts
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absorption loss due to the high σ
0
g value at this region. So μc ¼ 1=2hϖ is very close

to the critical point of the graphene supported TM SPP wave.

Figure 7.5 reveals the ratio between the real part of σint er and the real part of the
total surface conductivity σg as a function frequency with respect to various

chemical potentials. In addition, the points corresponding to μc ¼ 1=2hϖ are

highlighted. For a given chemical potential, in the low frequency region, the

contribution from electron interband transition is low, which means the propagation

loss is high. Moreover, when 1/2hω approaches to μc the contribution grows as the

increasing of the frequency, corresponding to a weaker contribution from intraband

electron-photon scattering. Particularly, More than 99 % percent of the total surface

conductivity comes the contribution from interband electron transition when

μc < 1=2hω. So, μc ¼ 1=2hϖ is the critical point not only for the absolute value

of the surface conductivity, and also for the contribution radio for different

mechanisms.

7.4 Analysis of the Propagation Constant of the Plasmons
Along the Graphene Monolayer

When the plasmons propagate along an infinite graphene monolayer sheet with a

uniform chemical potential μc, the dispersion relation is given by Eq. (7.13). In

more detail, the propagation constant β is rewritten by β ¼ β
0 þ β

00
, The

wavenumber β0 and the group velocity of SPP waves on graphene sheet with

spatially homogeneous μc are shown in Fig. 7.6a as a function of frequency f.

Fig. 7.5 Percentage of the contribution from interband electron transitions on the total surface

conductivity as a function of the photon frequency with respect to various chemical potentials
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Here we define that for a certain chemical potential, the critical frequency fc is the
frequency that gives equal real part and imaginary part of the complex

wavenumber, i.e. β0 ¼ β00. In other words, the SPP wave is fully damped. The

curve of the inset of Fig. 7.6b shows critical frequency corresponding to different

chemical potentials. As the frequency approaches the critical frequency fc for a

certain chemical potential, β0 increases drastically. Since 2π/β0 is the wavelength of
the SPP wave and implies the spatial extension of EM waves, the confinement of

the EM waves along graphene is very strong and nanofocusing effect is expected

around this frequency fc. For example, the critical frequencies for chemical

Fig. 7.6 (a) The dispersion relation and group velocity of SPP waves propagating along free-

standing graphene with homogeneous chemical potential. (b) The wavenumber and group velocity

of SPP waves as a function of chemical potential. The inset in (b) shows the critical frequency as a
function of chemical potential. The green regime indicates that SPP waves are allowed and the red
regime indicates the SPP waves are fully damped or not supported. For each chemical potential,

calculation is not performed for frequencies higher than its critical frequency
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potentials of 0.12 and 0.40 eV are 48.1 and 160.9 THz, respectively. Furthermore,

around critical frequency, the group velocity vg becomes very low. Ideally if β0 goes
to infinite as the frequency increases, zero group velocity of the SPP wave would be

achieved and the wavelength of the SPPwave would shrink to zero as well, which

means that the EM field is concentrated on a singularity point on the graphene sheet.

Of course, there is loss accompanying wave propagation and such ideal case is

hardly achievable.

7.5 Nanofocusing of the Mid Infrared Electromagnetic
Field on the Gradient Chemical Potential Distributed
Graphene Monolayer

Similar behavior will occur when the frequency is kept fixed and the chemical

potential is gradually reduced, which means that the SPP wave of a certain

frequency propagate along a graphene sheet with spatially decreasing gradient

chemical potential. This scenario is indicated by the blue trajectory in the inset of

Fig. 7.2b. The green regime means β
0
> β

00
and the red regime means β

0
< β

00
or SPP

waves are not supported. As the chemical potential decreases, β0 becomes larger,

the confinement of the light field becomes stronger, and the group velocity slows

down. Together with the slowing down of group velocity, the intensity accumulates

and becomes increasingly higher, which is essentially a result of energy conserva-

tion. As the point follows the trajectory and approaches the red regime in the inset

of Fig. 7.6b, the chemical potential goes sufficiently low and the loss of the SPP

waves becomes higher and higher at the same time. Therefore, nanofocusing effect

actually depends on the competition between energy accumulation and loss during

propagation. As long as the energy accumulation rate far exceeds energy loss rate,

nanofocusing effect can be expected. Additionally, if the incident wave is com-

posed of several frequency components, different frequencies would be focused at

different positions on a graphene sheet with appropriately designed chemical

potential distribution.

To numerically verify the discussion above, Finite element method simulation is

used COMSOL Multiphysics to compute the light field of SPP waves propagating

along a graphene monolayer with gradient chemical potential μc. The graphene

sheet is in the XOZ plane at y¼ 250 nm and SPP waves are launched at x¼ 0 nm.

The distribution of chemical potential μc over the graphene sheet is a function of

position. In the simulation, it is defined to be

μc ¼ μc0 1� exp 0:015 x� 1000ð Þð Þ½ � ð7:14Þ

where μc0 ¼ 0:4eV is the chemical potential at x¼ 0 nm. The purpose of choosing

this distribution is nothing more than having a spatially rapidly varied chemical

potential. The frequencies of simulated SPP waves are 44, 47, 50, 53, and 56 THz.
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The corresponding wavelength in free space is 6.81 6.38, 6.00, 5.66, and 5.35

μm. The evolution of
��E�� during propagation at y¼ 250 nm, i.e. along the graphene

sheet, is shown in Fig. 7.7a and the values have been normalized with the norm of

electric field at the launching point
��E0

��. The intensity enhancement factor R ¼
Epeak

�� ��2= E0j j2 reaches 654 for 56 THz and even 2178 for 44 THz. The full width at

half maximum (FWHM) of the focusing spot of 56 THz is 1.6 nm. It is obvious that

other frequencies have spot size on the same order, which indicates that

nanofocusing effect is achieved for different frequencies on the same structure.

Fig. 7.7 (a) The evolution of electric field norm around the focusing spots along the graphene

sheet at y¼ 250 nm. The values are normalized by the electric field norm at the launching point.

(b) The time averaged energy density distribution near the focusing spots. The values are

normalized by the time averaged energy density at the launching point. If five frequencies are

launched together, they will be focused at different positions. The inset in (b) is a magnification of

the focusing spot of 44 THz
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The five distinct focusing spots of the frequencies are clearly shown in Fig. 7.7b,

where the time averaged energy density of each frequency is normalized by the time

averaged energy density at the launching point. Since the position of the focusing

spot depends on the chemical potential distribution, it can be tuned by modifying

the distribution of chemical potential. Meanwhile the intensity enhancement factor

Rmight be changed consequently as well. Passing the focusing spot, the SPP waves

vanish due to EM loss [29]. Before SPP waves reach the focusing spot, the local

chemical potential is far above hω/2, σinter has a small real part and the loss is

dominated by intraband electron-photon scattering, thereby bringing very limited

loss to the propagation of SPP waves. However, when the chemical potential

continues decreasing and reaches around hω/2, the contribution of loss from

interband electron transition indicated by Eqs. (7.14) and (7.15) becomes more

significant and eventually dwarfs the counterpart from intraband electron-photon

scattering, resulting the SPP waves to disappear. In a way similar to defining critical

frequency, the critical chemical potential μc for a certain frequency can be defined

as the chemical potential that gives β
0 ¼ β

00
. It is worthwhile to point out that the

position of the focusing point is determined by the location of the critical μc, while
the size of the focusing pointis fully controlled by how rapidly μc approaches the
critical value. Practically, one should keep the chemical potential far from the

threshold to avoid propagation loss and then reduce it to the critical value as rapidly

as possible at desired position to get nanofocusing. In our chemical potential

distribution governed by Eq. (7.16), the group velocity remains almost unchanged

before the chemical potential falls down rapidly. Take 56 THz as an example. At

the FWHM of the focusing spot, the group velocity finally drastically slows down to

5� 10�5 times the light speed in vacuum, effectively enabling energy accumulation

in the vicinity of the focusing spot.

7.6 Ultra-Broadband Rainbow Capture and Releasing
Along Gradient Chemical Potential Distributed
Graphene Monolayer

In order to dynamically control the group velocity of the plasmon, one can consider

a graphene sheet where the chemical potential gradually decreases along the SPP

wave propagation direction. From the analysis of Sect. 7.4, it is already known that

the group velocity of a wave with radian frequency ω will be trapped at the position

where the critical condition discussed above is satisfied. Furthermore, different

frequencies would be trapped at different positions on the gradient chemical

potential graphene. This actually means broadband light trapping. In contrast to

the nanofocusing effect, it does require the chemical potential decreasing abruptly.

The above arguments can be verified by simulation based on COMSOL

multiphysics Finite Element Method (FEM). In the simulation, the length of the

180 W. Qiu



graphene sheet is 300 nm. The chemical potential decreases linearly from 1.0 to

0.2 eV, so the chemical potential is expressed by

μc0 xð Þ ¼ 1:0� 0:00267xð ÞeV ð7:15Þ

Propagation of 3 frequency components, 130, 150 and 180 THz, corresponding to

the wavelength of 2.32, 1.99 and 1.66 μm, is simulated. The trapping position is

279.45, 231 and 200.5 nm, respectively. If we incident a broadband SPP wave of

which all frequencies have the same amplitude, we will observe broadband light

trapping, which is, in other words, rainbow trapping. Figure 7.8 shows the 2

dimensional |E| field contours of the three frequencies of SPP wave trapped at

different locations. Besides broadband frequency trapped, gradient chemical poten-

tial distribution structure leads the small momentum mismatching between the

incident wave and the eignmode of the local chemical potential and reduces the

loss due to the mode evolution.

The other issue arises here is how to release the trapped SPP wave. A. Vakil and

N. Engheta proposed a feasible way to tune the chemical potential of the graphene

by applied the external gate voltage [30]. In this work, we follow their scheme and

make a little modification of the electrode to taper shape to obtain the linear gate

voltage distribution along the graphene sheet, and finally dedictate the chemical

potential distribution according to the design. Here we still use the chemical

potential distribution function of Eq. (7.17), then one can calculate the trapped

frequency distribution along the graphene sheet by COMSOL multiphysics. If the

incident SPP is composed of a broadband 80 to 350 THz with the same amplitude.

Each frequency component is trapped on the graphene sheet according to the

chemical potential. The coordinate of the trapped position shifts linearly with the
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Fig. 7.8 The |E| field distribution of 130, 150, and 180 THz plasmons along the graphene sheet

whose chemical potential is governed by μc0(x). The 130, 150, and 180 THz plasmons are trapped

at 279.45, 231 and 200.5 nm, respectively
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increasing of the frequency due to the linear function of the chemical potential.

When the chemical potential is switched to

μc1 xð Þ ¼ 1:10� 0:00267xð ÞeV ð7:16Þ

by tuning the external gate voltage. If the impinging frequency span is kept as the

same with the above case, The trapped frequency span is from 120 to 350 THz, as

shown in Fig. 7.9, which means that the frequency span from 80 to 120 THz

transfers from the trapped mode to the propagation mode and leaves the graphene

sheet. In other words, this frequency span is released from the graphene sheet as

long as the gate voltage increased uniformly along the graphene sheet. Lower

frequency of SPP wave is easier to be released due to lower EM energy it carries.

Wider frequency span can be released if the chemical potential is higher than μc1(x)
uniformly. Furthermore, the releasing speed is relied on how fast the external

electric field is established and modified and the speed of the reconstruction of

the chemical potential distribution. It should be much faster than that due to the

thermal-optical effect [31], even it is possible to get real time control of the group

velocity of the SPP wave along the graphene sheet.

It is impossible to get the group velocity equal to zero exactly if the SPP wave

suffers loss during propagation [32]. Even it is possible to get the SPP mode

vanished before the critical condition is reached. So, estimating the lifetime of

the SPP wave at the minimum group velocity becomes significant. The lifetime of

the SPP τspp is expressed as τspp ¼ 1=vgα, where vg is the group velocity and α is the

attenuation coefficient of the SPP mode including inherent materials absorption,

reflectance, scattering loss and the coupling loss due to the mode momentum

mismatching during propagation. However, the graphene monolayer sheet is flatten

and smooth is our case, the loss from reflectance and scattering is negligible.

Consequently, the total propagation loss which is given by the imaginary part of

the propagation constant β. vg and α are calculated from the dispersion relation

Eq. (7.9) combining Kubo formula and plotted the lifetime as a function of

frequency at various conditions in Fig. 7.10. In the first step, the relaxation time

was kept at 0.5 ps, the lifetime as a function of wavelength was calculated at

temperature of 270, 300 and 330 K, respectively and the results are plotted in

Fig. 7.10a. Interestingly, the lifetime is stable at 3.14 ps in the calculated temper-

ature and frequency spectrum, which is one order higher than other publications

[33]. It is rooted from the fact that the electron momentum relaxation time of

graphene is orders higher than the counterpart of the noble metals [30]. Further-

more, when we tuned the relaxation time, the lifetime was modified significantly.

Figure 7.10b plots the lifetime of 150 THz as a function of relaxation time τ, where
the lifetime increases linearly from 2.51 ps with a relaxation time of 0.4 ps to

6.29 ps with a relaxation time of 1 ps. So, the lifetime of the trapped SPP wave is

mainly determined by the relaxation time, which also determines the metal absorp-

tion loss.
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Fig. 7.9 The trapping position as a function of frequency with various chemical potential

distribution of μc0(x) andμc21(x). The frequency span from 80 to 120 THz transfers from the

trapped mode to the propagation mode and leaves the graphene sheet

Fig. 7.10 The lifetime of the trapped plasmons as a function of frequency at a temperature ranged

from 170 to 230 K with a relaxation time of 0.5 ps. The lifetime of the trapped plasmon is almost

independent from both temperature and frequency. (b). The lifetime of the trapped 150 THz

plasmon as a function of relaxation time. The lifetime increases linearly with the increasing of the

relaxation time
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7.7 Tunable Plasmonic Whispering-Gallery-Mode
Properties of the Graphene Monolayer Coated
Dielectric Nanowire and Nanodisks

In order to take full advantages of the WGMs and the high confinements of the SPP

waves, dielectric nanowires resonators coated by graphene monolayer instead of

noble metals are discussed in this section.

The structure is composed of an infinite long dielectric nanowire coated by

graphene with the radius of r. The length of the nanowire is infinite in the direction

perpendicular to the plane of the WGM, so we only consider 2 dimensional pictures

of the proposed structure, and the schematic is as shown in Fig. 7.11a. Here, nair
¼ 1 and n¼ 3.45.
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Fig. 7.11 (a) Schematic diagram of InGaAs nanowire cavity coated with graphene and

corresponding COMSOL finite-element computational window. r indicates the radius of the

cavity. The cross-sectional views of the Electrical field (b) (Ex) and (c) (|E|) distribution of the

plasmonic whispering gallery mode with the azimuthal number of 9 at the wavelength of 1.55 um.

The cavity radius is 5 nm and the chemical potential is 0.9 eV
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In a dielectric nanowire cavity with r¼ 5 nm and chemical potential of graphene

μc¼ 0.9 eV, plasmonic WGM with an azimuthal number (m) of 9 can be excited at

a resonant wavelength of 1550 nm in free space. The electric field (Ex) profiles are

shown in Fig. 7.11b, c. It is obvious in Fig. 7.11b that the electric field is tightly

localized on the surface of the graphene-coated cavity. Also, the Ex field profiles of

various azimuthal numbers from 2 to 9 are revealed in Fig. 7.12a–h.

The electric field becomes tighter and tighter along the circumference of the

nanocavity as the azimuthal mode number increases. The Ex component is anti-

symmetric inside and outside the dielectric resonator due to the TM field nature,

while the azimuthal number is different in dielectric resonator from that in air

region owing to the different refractive index and the non-zero current density in the

graphene layer.

According to the eigenvalue analysis section in COMSOL, the eigenvalue is

given by β ¼ δ� iγ,which has an imaginary part γ representing the eigen

frequency of the resonator, and a real part δ representing the damping. The Q factor

is defined as

Q ¼ γ= 2
��δ��� �

; ð7:17Þ

For the SPP WGM, besides the quality factor and the azimuthal mode number,

another key parameter is the effective mode area Aeff, which is defined by the ratio

of a mode’s total energy density per unit length to its peak energy density [34],

Aeff ¼
ð
all

W rð Þds=max W rð Þ½ �; ð7:18Þ

Fig. 7.12 (a–h) The cross-sectional views of the Electrical field (Ex) distribution of the plasmonic

whispering-gallery mode with the different azimuthal number (m¼ 2,3,4,5,6,7,8,9) for the cavity

with radius r¼ 5 nm and chemical potential μc¼ 0.9 eV
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whereW rð Þ ¼ 1
2
Re

d ωε rð Þ½ �
dω

� 
E rð Þj j2 þ 1

2
μ0 H rð Þj j2, representing the mode energy

density. |E(r)|2 and |H(r)|2 are the intensity of electric and magnetic fields, respec-

tively, ε(r) and μ0 are the electric permittivity and magnetic permittivity in the free

space, respectively.

Q factors and the effective mode area of the nanowire resonators are calculated

as a function of the azimuthal mode number. The radius of the cavity is fixed to

r¼ 5 nm and chemical potential of graphene is kept constant μc¼ 0.9 eV for

comparison. The azimuthal mode number falls down from 13 to 2 with the

increasing of the resonance wavelength from 1320 to 2680 nm in Fig. 7.13a.

Figure 7.13b plots the Q factor and the effective area as a function of the azimuthal

number m. The Q-factor increases with the increasing the azimuthal number before

it reaches the maximum 192.1 at m¼ 8, then it falls down slightly when m keeps

going up. However, the effective area reduces monotonously with the increasing of

the azimuthal number. This trend means that with the increasing of the azimuthal

number, the confinement of the EM field becomes tighter, and it would enhance the

EM field density at the interface. In general, the loss of plasmonic resonator is

composed of radiation loss and metallic absorption loss. With the increasing of the

resonance wavelength, the metallic absorption loss decreases, leading to the Q

factor going up. While the resonance wavelength reaches to a certain degree,

radiation loss begins rising gradually and even exceeds the reduction of absorption

loss, resulting in the falling of Q factor [35]. In the graphene-coated dielectric

nanowire structure, the effective mode area is typically smaller than 3:75� 10�5

λ0ð Þ2 with the resonance wavelength λ0 from 1370 to 2620 nm, much smaller than

the conventional optical whispering-gallery mode with the same wavelength.

As a comparison, one can simulate the dielectric nanowire cavity coated by Au

and Ag thin films with a thickness of 2 nm. If the resonance wavelength is kept at

1.55 μm, it is found that the quality factor of the Au-coated nanocavity is around

0.33 with an azimuthal mode number of 2, and a radius of 54.5 nm. The quality

Fig. 7.13 (a) Azimuthal number as a function of resonant wavelength, (b) Quality factor (black)
and effective mode area (blue) as a function of azimuthal number. The radius of the cavity is 5 nm

and the chemical potential of graphene is 0.9 eV
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factor of the Ag-coated dielectric nanocavity is 0.14 with the same azimuthal

number. For the graphene coated dielectric nanowire cavity, the azimuthal number

m is 109 with the same radius in which the chemical potential is 0.9 eV. This is in

stark contrast to the cavity coated by the conventional metal films. Therefore,

graphene is much more effective than Au and Ag in achieving a high quality factor

for the nanowire resonators.

One can also study the Q factor and the azimuthal number with the change of the

radius, when the chemical potential is 0.9 eV. The resonance wavelengths are fixed

to 1500 nm (black), 1550 nm (blue) and 1620 nm (purple), respectively. It is shown

in Fig. 7.14 that the quality factor is stable at around 192 with all the three

resonance wavelengths as the radius increases from 5 to 35 nm, while the azimuthal

mode number increases linearly. The absorption loss of the SPP mode decreases

with the decreasing of the radius due to the reduction of the travelling distance

along the circumference. This effect would result in increasing of the quality factor.

On the other hand, the confinement capability of the dielectric cavities without

coating degrades as the radius decreases, which would induce a decreasing quality

factor. When these two effects balance each other, the total loss during one period

along the circumference becomes stable, which finally results in stable quality

factors of the various wavelengths and radius. In a SPP WGM cavity, the azimuthal

number is roughly satisfied by m ¼ 2neff πr=λ0, where λ0 is the wavelength of the

EM wave in free space. So it is obvious that the azimuthal mode number is

proportional to the radius of the nanowire cavity when the resonant wavelength is

kept constant. Nevertheless, if the cavity radius is small, the azimuthal mode

number is roughly independent upon the radius and is reverse proportional to the

wavelength in high m region, as shown in Fig. 7.14.

Finally, rhe quality factors and azimuthal mode numbers of the nanowire

cavities are studied with the radius r¼ 5 nm versus the chemical potential at the

resonant wavelength λ¼ 1.56 μm (blue), 1.61 μm (black), which are shown in

Fig. 7.15a. It is obvious that the Q factor increases with the increasing of the

chemical potential while the azimuthal mode number decreases. When the chem-

ical potential reduces 0.5 eV from higher level, the azimuthal mode number rises

Fig. 7.14 Quality factor

and azimuthal number as a

function of the radius. The

chemical potential is 0.9 eV,

and the resonant

wavelength is 1.50 um

(black), 1.56 um (blue),
1.62 um (purple),
respectively
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sharply and the quality factor is less than 20. As it is well known, the propagation

loss of graphene supported SPPs is determined by the real parts of the surface

conductivity of graphene, and finally determined by the value comparison between

the chemical potential μc and half of the energy of the SPP hϖ/2 [36]. When the

chemical potential is much higher than hϖ/2, the surface conductivity is intraband

electron-photon scattering dominated, which results in low propagation loss of SPP

mode on graphene. Otherwise, the surface conductivity is interband electron-

electron transition dominated and the propagation loss is high which would lead

to low quality factor or even no SPPWGM supported in this category of nanocavity

[11]. One should make the chemical potential much higher than half energy of the

SPP modes to avoid the propagation loss, which would increase the quality factor of

the nanocavity, as shown in Fig. 7.15a. A quality factor as high as 235 is achieved

when the chemical potential is 1.2 eV. The effective index of SPP wave as a

function of the chemical potential of flattened graphene is plotted in Fig. 7.15b.

For a certain frequency, as the chemical potential approaches to hϖ/2, which is

around 0.4 eV in our case, the effective index increases drastically, which means the

wavelength of the SPP decreases accordingly. The relationship between the effec-

tive refractive index and the chemical potential is not exactly the same with that in

the WGM case. The trend is adoptable to understand Fig. 7.15a.
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11. Jablan M, Buljan H, Soljačić M (2009) Plasmonics in graphene at infrared frequencies. Phys

Rev B 80:245435

12. Farhat M, Rockstuhl C, Ba�gcı H (2013) A 3D tunable and multi-frequency graphene plasmonic

cloak. Opt Express 21:12592

13. Dash JN, Jha R (2015) On the performance of graphene-based D-shaped photonic crystal fibre

biosensor using surface plasmon resonance. Plasmonics 10:1123

14. Christensen J, Manjavacas A, Thongrattanasiri S, Koppens FHL, de Garcı́a Abajo F (2012)

Graphene plasmonic waveguiding, and hybridization in individual paired nano-ribbons. ACS

Nano 6:431

15. He S, Zhang X, He Y (2013) Graphene nano-ribbon waveguides of recordsmall mode area and

ultra-high effective refractive indices for future VLS. Opt Express 21:30664

16. Brar VW, Jang MS, Sherrott MJ, Atwater H (2013) Highly confined tunable mid-infrared

plasmonics in graphene nanoresonators. Nano Lett 13:2541

17. Zhu X, Yan W, Mortensen N, Xiao S (2013) Bends and splitters in graphene nanoribbon

waveguides. Opt Express 21:3486

18. Li H, Wang L, Liu J, Huang Z, Sun B (2014) Tunable, mid-infrared ultra-narrowband filtering

effect induced by two coplanar graphene stripes. Plamsonics 9: 1239–1243

19. Danaeifar M, Granpayeh N, Mohammadi A, Setayesh A (2013) Graphene-based tunable

terahertz and infrared band-pass filter. Appl Opt 52:E68

20. Cheng H, Chen S, Yu P, Li J, Deng L, Tian J (2013) Mid-infrared tunable optical polarization

converter composed of asymmetric graphene nanocrosses. Opt Lett 38:1567

21. Sensale-Rodriguez B, Yan R, Kelly M, Fang T, Tahy K, Hwang W, Jena D, Liu L, Xing H

(2011) Broadband graphene terahertz modulators enabled by intraband transitions. Nat

Commun 3:1787

22. Yao Y, Kats MA, Genevet P, Yu N, Song Y, Kong J, Capasso F (2013) Broad electrical tuning

of graphene-loaded plasmonic antennas. Nano Lett 13:1257

23. Liu H, Sun S, Wu L, Bai P (2015) Optical near-field enhancement with graphene bowtie

antennas. Plamonics 9:845

24. Chen L, Zhang T, Li X, Wang G (2013) Plasmonic rainbow trapping by a graphene monolayer

on a dielectric layer with a silicon grating substrate. Opt Express 21:28628

25. Nikitin AY, Low T, Martin-Moreno L (2014) Anomalous reflection phase of graphene

plasmons and its influence on resonators. Phys Rev B 90:041407

26. Efetov DK, Kim P (2010) Controlling electron-phonon interactions in graphene at ultrahigh

carrier densities. Phys Rev Lett 105:256805

27. Dean CR, Young AF, Meric I, Lee C, Wang L, Sorgenfrei S, Watanabe K, Taniguchi T, Kim P,

Shepard KL, Hone J (2010) Boron nitride substrates for high-quality graphene electronics. Nat

Nanotechnol 5:722

28. Yan H, Low T, Zhu W, Wu Y, Freitag M, Li X, Guinea F, Avouris P, Xia F (2013) Damping

pathways of mid-infrared plasmons in graphene nanostructures. Nat Photonics 7:394

29. Lindquist NC, Nagpal P, Lesuffleur A, Norris DJ, Oh SH (2010) Three-dimensional plasmonic

nanofocusing. Nano Lett 10:1369

7 Graphene-Based Ultra-Broadband Slow-Light System and Plamonic Whispering. . . 189



30. Vakil A, Engheta N (2010) Transformation optics using graphene. Science 332:1291–1294,

2011

31. Gan Q, Ding YJ, Bartoli FJ (2009) “Rainbow” trapping and releasing at telecommunication

wavelengths. Phys Rev Lett 102:56801

32. Reza A, DignamMM, Hughes S (2009) Can light be stopped in realistic metamaterials? Nature

455(7216):E10–E11

33. Chen L, Wang GP, Gan Q, Bartoli FJ (2009) Trapping of surface-plasmon polaritons in a

graded bragg structure: frequency-dependent spatially separated localization of the visible

spectrum modes. Phys Rev B 80:161106

34. Falk AL, Koppens FH, Chun LY, Kang K, de Snapp Leon N, Akimov AV, Jo M, Lukin MD,

Park H (2009) Near-field electrical detection of optical plasmons and single-plasmon sources.

Nat Phys 5:475

35. Chen Y, Zou C, Hu Y, Gong Q (2013) High-Q plasmonic and dielectric modes in a metal-

coated whispering-gallery microcavity. Phys Rev A 87:23824

36. Hanson GW (2008) Dyadic Green’s functions and guided surface waves for a surface con-

ductivity model of graphene. J Appl Phys 103:64302

190 W. Qiu



Chapter 8

Fano Resonance in Plasmonic Optical
Antennas

Siamak Dawazdah Emami, Richard Penny, Hairul Azhar Abdul Rashid,

Waleed S. Mohammed, and B.M. Azizur Rahman

Abstract This chapter describes an analytical model developed to study the Fano

resonance effect in clusters of spherical plasmonic nanoparticles under local exci-

tation. The model depicted the case of a parallel single dipole emitter that was near-

field coupled to a pentamer or heptamer cluster of nanospheres. Spatial polarization

and field distributions of the optical states and resonance spectra for these cluster

configurations were calculated. The directivity calculation was analyzed in order to

qualify the redirection of emission. Performances of various nanoantennae were

investigated and fully characterized in terms of spatial geometric differences and

the Fano resonance effect on plasmonic nanoparticles in the optical domain. Light

radiation patterns were found to be significantly affected by nanosphere sizes and

positioning of nanospheres with respect to the dipole. A coupling capacitor is

calculated as an equivalent component in the proposed circuit model in order to

describe the coupling effect between subradiant and superradiant mode in the Fano

resonance. The circuit impedances of tetramer, pentamer, and broken symmetry

pentamer are simulated, with resultant circuit models in agreement with the calcu-

lated results based on S-parameters. The analytical treatment of these modeled

nanoantennae yielded results that are applicable to physical design and utilization

considerations for clusters in nanoantennae mechanisms.
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8.1 Introduction

The unique optical properties of surface Plasmon have attracted tremendous interest

due to important applications in biological sensors [1], subwavelength optical

imaging [2], metamaterial research [3], fluorescence generation [4], nonlinear

optical effects enhancement [5] and optical antennas [6]. In the vicinity of metal

nanoparticles, a resonant coupling occurs between incident light and the collective

oscillation mode of the conduction electrons within noble metals. This effect is

responsible for converging incident light into sub-wavelength scale regions with

very intense local fields at the near surfaces of nanoparticles [7]. The interaction

between these intense fields and surrounding molecules will increase the Raman

cross-section of the molecules, and consequently trigger surface-enhanced Raman

scattering (SERS) [8]. In SERS, the maximum obtainable field enhancement is

generally larger for narrower resonances. The linewidth of plasmon resonance is a

key element in explaining several phenomena and applications, and a narrow

plasmon linewidth implies a long plasmon lifetime, large field enhancement, and

high detection sensitivity [9]. Propagation lengths in plasmonic waveguides are

typically proportional to the plasmon lifetime. Localized surface plasmon reso-

nance (LSPR) sensing applications require use of substrates with narrow plasmon

resonance [10].

The Fano resonance effect on plasmonic nanoparticle materials results in such

materials possessing a number of unique optical properties, and the potential applica-

bility for sensing [11], lasing [12], switching [13], nonlinear devices [14] and slow-

light devices [15–17] has generated significant attention. A Fano resonance is a

consequence of coherent interference between superradiant and subradiant hybridized

plasmon modes [18]. Incident light on subradiant modes will initiate excitation that

results in superradiant modes, and these superradient modes possess zero or finite

dipole moments alongside a negligible coupling with light. The superradiant mode is

strongly lifetime-broadened with a decay rate ГSuperradiant dependent on radiative and

nonradiative losses, whereas the subradiant mode is weakly lifetime-broadened and

has a decay rate of ГSubradiant<<ГSuperradiant, caused by nonradiative losses

[19, 20]. This difference in decay rates allows for a significantly broadened spectral

feature in superradiant modes in comparison to subradiant modes, mirroring the

electromagnetic induced transparency (EIT) phenomenon that is omnipresent in atomic

systems [21, 22].

Fano resonance has been recently observed in a variety of complex plasmonic

nanostructures such as nanoshells [23], nanodisks [24], nanocubes [25], nanoparti-

cle chains [26], carbon nanotubes [14] and nanoclusters [19, 20]. Research on

nanoclusters has shown that the Fano resonance wavelength and amplitude spec-

trum is strongly dependent on the dimensions, geometry, and relative size of the

individual nanocluster and the dielectric environment [27]. Such findings allow for

the Fano resonance effect to be optimally enhanced, and a maximum local density

of optical states (LDOS) can be achieved by sufficiently increasing the overlap of

the radiation pattern between subradiant and superradiant modes. LDOS affects
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practically all features of optical antennas, including excitation and emission rates

[28]. Experimental observations of nanoclusters [28] allow for the Fano resonance

superradiant mode to be considered as a promising candidate to enhance LDOS

effects in nanoantennas.

This chapter details the derivation of an electrodynamics coupling model for the

interaction of dipolar transitions and radiation via plasmonic nanoclusters such as

quadrimers [29] pentamers [30, 31] and heptamers [28, 32]. The quantitative

evolution of antenna modes, particularly the gradual emergence of subradiant and

superradiant as antennas become increasingly bounded, is discussed. Geometrical

properties of nanostructure antennas, such as sphere radius, inter-sphere distance,

and distance of the model from the dipole, were evaluated over an appropriate range

for the purpose of optimizing the directivity and bandwidth of the model

[33]. Despite the analogy of a coupled oscillator model for Fano resonance, there

is a deficit of models for accurately describing the impedance and induced currents

that chiefly determine the impedance matching of resonators with propagated light.

A representation circuit diagram for Fano resonance is presented in this chapter to

address this shortfall. The starting point is an intuitive explanation of the physical

nature of Fano resonance using the three-level quantum system. The basic idea of

Fano resonance arising in a circuit model for pentamer nanoparticles is demon-

strated. It is found that symmetry breaking in shells [34, 35], disks [8, 36] and rings

[37–39] gives rise to the appearance of an additional subradiant that potentially can

be used in LSPR sensing. Effects of symmetry breaking of pentamers and conse-

quent second Fano resonances are investigated by circuit modeling. Also shown is

that the offset of the central nanosphere from the nearest neighbor nanosphere leads

to the appearance of the second Fano resonance in the same spectrum. Considering

the similarity of Fano resonance phenomena in all plasmonic nanostructures, the

proposed circuit model can be employed in studies for other coupled plasmonic

nanostructures such as ring-disk cavities [40], dolmen structures [40], multilayer

nanoshells [41] and stacked optical metamaterials [42]. This analytical model was

simulated using Matlab commercial software and was validated using the finite

integration technique (FIT) of the CST studio suite commercial product [43]. The

numerical simulations and analytical results described within this work were

sufficient to allow determination of the optimum transmission directivity, intensity

and polarization using the basis of optimized nanosphere radius, inter-sphere

distance, and distance between emitter and cluster.

8.2 Fano Resonance in Optical Nanoantennas

A Fano resonance plasmonic system can be described by the three-level quantum

system [44] depicted in Fig. 8.1. The |1>, |2> and |3> levels represent the incident

photon at the ground, subradiant, and superradiant mode levels respectively

[21, 45]. A system pumped at superradiant wavelengths causes the superradiant

mode to be engaged via two pathways, these pathways being |1>! |2>, as
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indicated by the black arrow in Fig. 8.1a, and |1>! |2>! |3>! |2>, as depicted

by the red arrow in Fig. 8.1b. Figure 8.1c illustrates the coupling amid subradiant

and superradiant modes that occurs between levels |2> and |3>, and this coupling

contributes to phase shifting across a 0 to π range. The coupling mechanism invokes

a delay between the incidence of the external electric field and the response of the

plasmonic nanostructures. As ω increases, the phase increases from 0 at values

below resonance wavelength, to π/2 at resonance wavelength, and to π as resonance
wavelength increases to infinity. Consequently, plasmonic nanostructures and the

external electric field that were in phase before the resonance become out of phase

after the resonance [46]. The Fano resonance effect appears when the combined

phase shift from |2>! |3> and |3>! |2> is equal to π, since in this situation the

two paths cancel the polarization of the superradiant mode. This phenomenon

results in a narrow window of transparency in the transmission spectrum [45].

8.3 Analytical Model for Optical Nanoantenna Clusters

8.3.1 Electrodynamics Coupling Model for Nanoclusters

An electrodynamics coupling model was utilized for calculation of the scattered

dipole field matrix (reflection and transmission) in the vicinity of nanoclusters. The

analyzed configuration consisted of arrays of metallic nanospheres that were

irradiated by an E-field emerging from a single dipole emitter. This emitter pos-

sessed a dipole moment with magnitude P0 located at the origin and along the

X-axis. The induced dipole moment was described by Mei theory [47] as

P0 ¼ αee:Eexc r0:kBð Þ ð8:1Þ

Fig. 8.1 Fano resonance in a three-level quantum system
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where αee is the electric polarizability of the nanoparticle, r0 and kB are the distance
from the emitter and the background wavevectors respectively, and Eexc is the

exciting E-field produced cumulatively by the nanoparticles and any externally

induced fields. The electric polarizability (αee) of a generic isolated particle may be

expressed in terms of its Mie scattering coefficient c1
TM (corresponding to an in the

notation used in [48]). Such an expression arises by comparing the Mie TMr

spherical harmonic for n¼ l with the dipolar field generated by

αee ¼ �i
6πε0
k3

B

a1 ð8:2Þ

in which wave vectorKB ¼ kxX̂ þ kyŶ þ kzẐ has amplitude KBj j ¼ ω=cð Þ ffiffiffiffiffi
εB

p
for

the exterior medium, where εB is the relative dielectric constant and c is the speed of
light. Excitation by a periodic field results in each nanosphere forming an electric

dipole moment ofPn ¼ P0e
ikB:dn , where dn ¼ dxX̂ þ dyŶ þ dzẐ and represents the

index of nanoparticle positions [47].

Consideration of the model geometry allowed for the dipole moments

(represented in plane wave form) to be expanded into spherical harmonics, which

facilitated a solution for the scattered light. The expansion permitted the electric

field produced by an electric dipole moment pj, to be expressed as [49]

Escat rð Þ ¼ eikBr

4πεbε0r3
k2Br

2 r̂ � p̂ 0ð Þ � r̂ þ 1� ikBrð Þ 3 r̂ � p̂ 0ð Þr̂ � p̂ 0½ �� � ð8:3Þ

where kB is wave vector and p̂ 0 is induced dipole moment. For an incident field

polarized in the Ẑ direction, the excitation field Eexc,j at the center of a sphere j also
lies along the Ẑ direction. Eexc,j is the sum of the incident field and the field

scattered by the other spheres, and is represented in Eq. (4) wherein the unit vector

r̂ points from sphere j to sphere l [50]: in which

γj, l � �eikbRj, l
al

Rj, l

� �3

1� ikBRj, l � k2BR
2
j, l

� �
ð8:4Þ

and where the dimensionless field coupling factors Rn, l ¼ Rn, l

		 		 ¼ rn � rlj j are

distance between different particle centers, andRn,e ¼ Rn, e

		 		 ¼ rn � rej j represents
distance of particles from the emitter in the Cartesian plane. The factor eαn ωð Þ is the
dimensionless polarizability function that can be simplified to:

eαn ωð Þ ¼ αn ωð Þ
4πR3

n

ð8:5Þ

where Rn is the radius of the n
th sphere and αn(ω) is particle polarizability as defined

in [51]. Figure 8.2 illustrates the pentamer model structure as single-layered and

located perpendicular to the YZ plane at a distance of x ¼ R0,e ¼ R0, e

		 		 ¼ r0 � rej j

8 Fano Resonance in Plasmonic Optical Antennas 195



from the dipole. The response of each particle to the local incident electric field

invoked a dipole moment p ωð Þ ¼ ε0εb ωð Þα ωð ÞEexc ωð Þ, where εb(ω) is dielectric
response of metal. The dielectric response εb(ω) was calculated using the Drude fit

Dþ 2CP model for gold metal as shown in Eq. (8.6) [52]:

εb ωð Þ ¼ ε1 � ω2
B

ω ωþ iδð Þ þ
X2
p¼1

ApΩp
eiϕp

Ωp � ω� iΓp
þ e�iϕp

Ωp þ ωþ iΓp

� �
ð8:6Þ

where ε1 ¼ 1:1431 is background material, ωB ¼ 1:32� 1016 rad:s�1ð Þ is Bulk

Plasmon energy, δ ¼ 1:805� 1014 rad:s�1ð Þ represents the damping ratio,

A1¼ 0.26698, A2¼ 3.0834, ϕ1 ¼ �1:2371, ϕ2 ¼ �1:0968, and Ω2 ¼ 4:16� 1015.

Ω2 ¼ 4:16� 1015. The real and imaginary parts of gold dielectric permittivity as

functions of wavelength are depicted in Fig. 8.3.

In this model, the field strength of an arbitrary ẑ -polarized incident field at each

particle position (as shown in Fig. 8.2) and the excitation fields was described as

Eexc,n ¼ Eexc,n:r̂ , which represented the local excitation field created by external

sources and all other particles.

Derivation of the dimensionless coupling coefficient between the particles and

dipole and particles using Mei theory in Eq. (8.7) was necessary to calculate the

coupling between particles and the coupling between the dipole and particles. This

derivation process involved a dimensionless coefficient an expressed by the Riccati-
Bessel function as follows [53–55]:

an ¼ ψn xð Þψ0
n mxð Þ �mψ

0
n xð Þψn mxð Þ

ξn xð Þψ0
n mxð Þ �mξ

0
nψn mxð Þ ð8:7Þ

Fig. 8.2 Spatial schematic for a pentamer influenced by a dipole along the X-axis
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whereψn xð Þ¼xjn xð Þ, χn xð Þ¼xyn xð Þ, and ξn xð Þ ¼ xh 1ð Þ
n xð Þ are Riccati–Bessel, Riccati–

Neumann and Riccati–Hankel functions respectively, x¼kBRn, e and the prime denotes

derivation with respect to the argument.. Couplings between a nanoparticle and dipole,

and between nanoparticles, were expressed after consideration of particle polarizability

Eq. (8.2) in conjunction with introduced dimensionless field coupling factors γj,l and γj,
e. These latter factors represented the coupling between particles l and j, and between

the emitter and a particle j respectively. Based on the positions of the nanospheres and
consideration of Eq. (8.4), the transverse, longitudinal and cross-section coupling

factors were described as follows [50].

For the transverse case where r̂ l � p ¼ 0 and r̂ l � pð Þ � r̂ l ¼ p the coupling

factor was determined as:

γj, l, T�� eikbRj, l al

Rj, l

� �3

1� ikBRj, l � k2BR
2
j, l

� �
ð8:8Þ

γj,e,T�� eikbRj, e
aj

Rj,e

� �3

1� ikBRj, e � k2BR
2
j, e

� �
ð8:9Þ

For the longitudinal case where r̂ l � p ¼ p and r̂ l � pð Þ � r̂ l ¼ 0 , the coupling

factors were:

γj, l, L�� 2eikBRj, l
al

Rj, l

� �3

ikBRj, l � 1

 � ð8:10Þ

γj,e,L�� 2eikBRj, e
aj

Rj, e

� �3

ikBRj, e � 1

 � ð8:11Þ

For the cross-section case where r̂ l � p ¼ cos θ and r̂ l � pð Þ � r̂ l ¼ � cos θ, the
coupling factors were derived as:
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� �
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Examination of Eqs. (8.8, 8.9, 8.10, 8.11, 8.12 and 8.13) revealed that the coupling

coefficient factors were strongly proportional to the inverse cubic distance between

two particles. Furthermore, the form of these coupled equations indicated that the

dipole moment formula p ωð Þ ¼ ε0εbα ωð ÞEexc ωð Þ could be solved using matrix

inversion. The developed model described in this paper was able to provide

moment derivations for quadrumer, pentamer, hexamer and heptamer clusters

with fully electrodynamically coupled dipoles [28].

8.3.2 Superradiant and Subradiant Coupling Matrix
Elements

Calculations related to the coupling matrix elements were simplified by using values

obtained from observed results of the E-field distribution [30, 31]. Figure 8.4a and e

illustrate the E-field distribution in superradiant mode for a pentamer and a heptamer

respectively. Figure 8.4b and c provide a comparison of E-field distribution results for a

pentamer with the Fano-resonance peak at vertical and horizontal polarized angles

respectively. Figure 8.4f and g depict a vertical and a 45� induced Fano resonance peak
E-field from a dipole source in a heptamer cluster respectively. Consideration of

external E-field distributions for pentamer and heptamer clusters led to a hypothesis

that the superradiant and subradiant modes, amongst all antennae radiant modes, were

sufficient to explain all observations within the wavelength range of 400–1000 nm

[56]. The E-field distribution between nanospheres at superradiant and subradiant

modes wavelength in pentamers and heptamers resulted in an absence of interactions

between nanospheres in the outer ring of the cluster structure. Such behavior was due to

the coupling factor (γ) between particles j and l (Eqs. (8.8, 8.9, 8.10, 8.11, 8.12 and

8.13) being inversely proportional with the cube of the distance between two particles.

In the case of E-field distribution at the Fano resonance wavelength, the couplings

among nanospheres in all E-field polarizations caused excitation in those nano-spheres

along the E-field, having similar interaction with the central nano-sphere so that the

effects of the other nanospheres on the generation of sub-radiant mode can be ignored.

The symmetry broken pentamer and heptamer are depicted in Fig. 8.4d and h respec-

tively. In this latter figure, at 685 nm wavelength, force is more localized in the 10 nm

gap between central nanosphere 5 and topmost nanosphere 1 while it is reduced

between central nanosphere 5 and rightmost nanosphere 3 due to the larger 30 nm

inter-nanosphere gap. E-field distribution between the nanospheres at Fano resonance

wavelength results in no interaction between the outer nanospheres 1, 2, 3 and 4, and so

the springs between these spheres in the oscillator system can be neglected.
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Consideration of the E-field distribution observed results and the stated hypoth-

eses facilitated a simplification of the dipole analogy of the coupling matrix

elements for the superradiant and subradiant modes, and this simplified calculation

resulted in Eqs. (8.14) and (8.15) respectively:

ep1

⋮
epN

2
66664

3
77775
¼

eα�1
1 0 � � � 0

0 eα�1
2 � � � 0

⋮ ⋮ ⋱ ⋮

0 0 � � � eα�1
N

2
66664

3
77775

�1
Einc,1

⋮
Einc,N

2
66664

3
77775

ð8:14Þ

ep1

⋮
epN

2
66664

3
77775
¼

0 �γ1,2,X � � � �γ1,N,X
�γ2,1,X 0 � � � �γ2,N,X

⋮ ⋮ ⋱ ⋮

�γN,1,X �γN,2,X � � � 0

2
66664

3
77775

�1
Einc, 1

⋮
Einc,N

2
66664

3
77775

ð8:15Þ

where the notation X refers to the case of T (transverse), L (longitudinal) or C

(cross-sectional). The matrix inversion in Eq. (8.14) is the dipole analog of the

multi-pole T-matrix and incorporates both subradiant and superradiant modes. Einc

is the incident field that interacts with each particle, while N represents the number

of particles in both the pentamer and the heptamer model. The interaction matrix

has an inverse of α on the diagonal, while the off-diagonal elements describe the

interaction between dipoles as determined by the electrodynamics coupling factor γ.
For any dipole assembly, α can be inverted to find the polarization state ep induced by
any interacting Einc.

Superposition of the superradiant and subradiant modes (Eqs. (8.14) and (8.15))

resulted in coupled linear equations that can be written as:

ep1

⋮
epN

2
66664

3
77775
¼

eα�1
1 �γ1,2,X � � � �γ1,N,X

�γ2,1 eα�1
2 � � � �γ2,N,X

⋮ ⋮ ⋱ ⋮

�γN,1,X �γN,2,X � � � eα�1
N

2
66664

3
77775

�1
Einc, 1

⋮
Einc,N

2
66664

3
77775

ð8:16Þ

8.3.3 Analysis of Optical Directivity Properties

Antennae are characterized by specific properties such as directivity (DMAX),

spectral efficiency bandwidth and radiation efficiency (εrad). The near-field cou-

pling of quantum emitters to particle plasmon resonances provides a mechanism to

redirect the light emission, while far-field radiation is completely determined by an

antenna’s mode [57, 58]. This redirection of emission is quantified by a directivity

expression [57], while directivity properties of developed nanoantennae in the
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vicinity of subradiant and superradiant mode spectra were investigated in the

current work. The assumption that the accumulation of all nanoparticle dipole

moments within given spherical angles θ and φ can be referenced as P(θ,ϕ)
permitted the simplified Eq. (8.17). The Prad and Ploss factors are indicative of

radiated and absorbed powers respectively [59]. The maximum directivity of the

antenna (DMAX) and radiation efficiency (ηrad) are given by:

DMAX ¼ 4π
Prad

� �
MAX p θ;ϕð Þ½ � að Þ, εrad ¼ Prad

Prad þ Ploss
bð Þ ð8:17Þ

Figure 8.5a and b show in 3D the directivity D(θ,ϕ) of a dipolar emitter in free

space when coupled with a pentamer nanoantenna oriented along the y-axis. The

dipole antenna acted solely as the feed element and was included for purposes of a

reference situation. The 2D results in the two major planes for the dipolar emitter in

free space are depicted in Fig. 8.5c and d. Dipole-coupled results in the vicinity of a

pentamer nanoantenna are demonstrated in Fig. 8.5e and f. In this scenario the

emitter was placed 200 nm from the antenna element, while in contrast the angular

emission of the emitter coupled to the pentamer was strongly directed along theþy-

axis. The maximum directivity of the emitter was 5.2, which about twice that of the

dipole antenna maximum directivity.

8.4 Transmission and Reflection Analysis

8.4.1 Superradiant Mode Analysis

To demonstrate the control of the superradiant mode wavelength, single gold

nanospheres of various sizes were initially investigated in the vicinity of a dipole.

Figure 8.6 illustrates the reflected spectra and radiation pattern of single

nanospheres with radius size varying from 20 to 100 nm in increments of 20 nm.

It is clear that the superradiant mode peak wavelength was shifted significantly to a

longer wavelength with increasing particle size. The effect of particle size on the

peak resonant wavelength results from two different mechanisms depending on the

particle size range. For small particles with diameters of less than 10 nm, known as

the quasi-static regime, the effects of phase retardation and multiple modes can be

neglected. While Mie theory gives a constant resonant frequency independent of

particle size if the bulk dielectric constant is used, the size effect in the quasi-static

regime comes from the dependence of the permittivity on particle size because of

quantum confinements. For larger particles with diameters greater than 10 nm, such

as in the investigated examples, the quantum confinement effect or size dependence

of dielectric coefficients becomes negligible, and the aspect of phase retardation

effects comes into play. The peak red shift observed in our experiments was a fully

electrodynamic effect due to phase retardation. In order to have better insight

regarding red shift due to phase retardation, electric fields elongated along the
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direction of the dipole moment for different nanospheres size were considered, and

are shown in the inset of Fig. 8.6. Phase retardation in plasmonic nanospheres lead

changes to electric polarizability. The 500, 550, and 600 nm wavelengths elevation

(Φ¼ 0) and azimuth (Φ¼ 90) radiation patterns for different nanosphere sizes are

demonstrated in the right-hand side of Fig. 8.6. As can be seen from Fig. 8.6(C.3)

and (D.3) for the elevation plane and 6(C.4) and 6(D.4) for the azimuth plane, high

radiation is observed at wavelength ranges from 500 to 600 nm for sphere radius

60 and 80 nm. Thus, a sphere with radius from 60 to 80 nm could be considered as

an optimized candidate for an optical antenna in these ranges.
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Fig. 8.5 Directivity for a y-oriented dipolar emitter in (a) free space and (b) coupled

to the pentamer antenna, (c) and (d) the directivity in the two major planes for dipole emitter.

(e) and (f) is the directivity in the two major planes for dipole emitter coupled to the pentamer

antenna. The schematics show the location of the emitter and the orientation of the emitter and

pentamer antenna relative to the image plane. The distance between the emitter and the antenna

cluster is 200 nm. The emission of the emitter coupled to the pentamer antenna is highly directed
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Fig. 8.6 (Left side) Monomer reflection of (A.1) 20 nm sphere radius (B.1) 40 nm sphere radius

(C.1) 60 nm sphere radius (D.1) 80 nm sphere radius (E.1) 100 nm sphere radius (left-side figure
inset) Monomer E-field distribution of (A.2) 20 nm sphere radius (B.2) 40 nm sphere radius (C.2)

60 nm sphere radius (D.2) 80 nm sphere radius (E.2) 100 nm sphere radius (right side) elevation
(Φ¼ 0) radiation pattern of (A.3) 20 nm sphere radius (B.3) 40 nm sphere radius (C.3) 60 nm

sphere radius (D.3) 80 nm sphere radius (E.3) 100 nm sphere radius (right side) azimuth (Φ¼ 90)

radiation pattern of (A.4) 20 nm sphere radius (B.4) 40 nm sphere radius (C.4) 60 nm sphere radius

(D.4) 80 nm sphere radius (E.4) 100 nm sphere radius
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8.4.2 Fano Resonance Analysis

The origin and polarization-independent nature of Fano resonance has been previ-

ously reported [60], wherein the authors provided formal and rigorous definitions of

the distinct electric and magnetic eigenmodes present in their investigated systems.

Verification of the Fano resonance model introduced here was aided by the trans-

mission and reflection profiles of a dipole in the vicinity of pentamer and heptamer

with spectra as plotted in Figs. 8.7(A.1) and (B.1) respectively. Analogously to

nanoshell symmetry breaking [31], the signature of the subradiant mode became

more apparent when the distance between two nanospheres in a pentamer or

heptamer was reduced to 20 ~ 35 nm. The calculated subradiant mode reflection

(Eq. (8.15)) and superradiant mode reflection (Eq. (8.14)) are demonstrated by the

green dash-dotted and blue dotted line respectively. The superposition of the

calculated radiated field at the subradiant and superradiant modes (Eq. (8.16))

was responsible for the resulting transmission and reflection spectra. Reflection

and transmission profiles due to dipole radiation are shown by the red dashed line

and solid black line respectively, for which sphere radii was set at 70 nm. The

existence of Fano resonance in a pentamer or heptamer also led to the formation of

the subradiant mode, and this mode could be observed from reflection spectra in an

asymmetric line shape at around 600 nm in Figs. 8.7(A.1) and (B.1) for pentamer

and heptamer respectively. As detailed in the previous section, coupling between

subradiant and superradiant modes contributed to phase shifting across a 0 to π
range, and Fano resonance appeared when the combined phase shift was equal to π.
Characteristics of the Fano resonances in the pentamer are explained by examina-

tion of the electric field distributions at the respective spectral positions as shown in

Figs. 8.7(A.2) and (A.3). All of the nanoparticles oscillated in phase as a result of

the charge distributions in the nanoparticles at the superradiant mode, as observed

by reference to Fig. 8.7(A.2). The E-field distribution pattern at the Fano resonance

wavelength of 600 nm is plotted in Fig. 8.7(A.3). Phase shifts of spheres 1, 3, and

5 with respect to spheres 2 and 4 led to the formation of the superradiant and

subradiant modes [20]. As in the case with pentamers, heptamers having a

superradiant mode experienced the oscillating plasmon in the seven nanoparticles

as in-phase, and exhibited significant mode broadening due to radiative damping.

The trend of the transmission and reflection profiles in Fig. 8.7(B.1) for the

developed model agreed well with those of an earlier report [60].

In order to analyze the behavior of Fano resonance, the curves of phase change

versus the E-field wavelength were established, and are shown in Fig. 8.7(A.4) for

quadrumers and pentamers, and in Fig. 8.7(B.4) for hexamers and heptamers. For a

quadrumer or hexamer, the phase shifting across a 0 to π range that contributed to

the external electric field was a – π phase before the resonance, then a 0 phase after
the resonance [46]. As shown by the red dashed line in Fig. 8.7(A.4) and (B.4) when

the subradiant and superradiant modes were being invoked near the Fano resonance

dip, a phase shift of π appeared at the Fano resonance wavelength. This phenom-

enon was a consequence of the subradiant mode canceling the polarization of the
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superradiant mode, and resulted in a narrow window of transparency in the trans-

mission spectrum [45].

In order to see the effect of geometrical symmetry breaking on the optical

properties of a pentamer, the distance between nanospheres 1 and 5 was decreased

to 10 nm with a simultaneous increase of 30 nm in distance between nanospheres

3 and 5. This alteration caused the appearance of the second Fano resonance in the

reflection spectrum. This phenomenon resulted from an increased local E-field

strength between nanospheres 1 and 5 (Fig. 8.8).

8.5 Element Optimization

8.5.1 Directivity Analysis

Determining the optimum directivity of the subradiant mode in a pentamer

nanoantenna required attention on three variables, these being nanoparticle radius,

distance between the dipole resonator and nano-particles, and gap between each

nanoparticle in the model structure as shown in Fig. 8.9. The resonance wavelength

was set at maximum directivity of the subradiant mode. Figure 8.9a illustrates the

variations of directivity at the subradiant mode when the nanoparticle radii was

varied from 50 to 100 nm and gap between two adjacent nanoparticles changed

from 120 to 220 nm, while the distance from the dipole remained constant at

200 nm. The highest directivity could be observed at 5.8 dBi, which corresponded

to a distance of 160 nm between nanoparticles of 70 nm radii. As the pentamers

moved apart from each other (i.e. the outer ring became larger), the coupling factor

between the nanospheres decreased drastically. Figure 8.9b shows the effects of

varying nanoparticle radius when the pentamer was repositioned away from the

dipole and gap distance between the nanoparticles remained at 20 nm. Observation
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of Fig. 8.9b confirms that directivity at the changes in subradiant mode was rather

subtle when nanoparticle size was varied within a 50–75 nm range. This phenom-

enon could be explained by consideration of the coupling factor (γ), in which the

subradiant mode was seen as less affected by a variation in sphere radius than

variation of the gap distance.

Figure 8.9c shows the change of directivity at subradiant mode for distance

between the nanospheres when varied from 120 to 240 nm and for the pentamer

when moved away from the dipole by 100–350 nm. As expected from Eqs. (8.8) to

(8.13), the effect of the subradiant mode became less effective as the nanoparticles

became increasingly separated from each other. The effect of subradiant mode

vanished when the nanosphere gap distance was fixed while the dipole distance

from nanoparticles increased; the situation was a consequence of the lower local

intensity of the optical state. This phenomenon resulted in the directivity decreasing

when the pentamer was moved away from the dipole. Consideration of Eqs. (8.14)

and (8.15) along with the results illustrated in Fig. 8.9 led to a conclusion: changes

of nanoparticles radii within a reasonable range was not as effective in comparison

to variation of gap between the nanoparticles. The most effective dipole distance

from the nanoparticles was measured at 200 nm while the optimum size was 70 nm

and distance of nanoparticles in a state of subradiant directivity was 160 nm. Based

on Fig. 8.9b and c when the dipole distance is lower than 130 nm (hot spot), the

effect of subradiant mode on directivity vanished and the cluster functioned as a

nanosphere. This outcome at a short dipole distance from the cluster is due to the

effect of the dipole E-field at the center sphere polarization being stronger than at

the outer spheres, and led to a low coupling effect between nanospheres and lower

subradiant mode at those regions.

8.5.2 Bandwidth Analysis

The S11 parameter, i.e. the ratio of the reflected wave to the incident wave as a

function of the operation frequency, was investigated for dipole optical

nanoantennas in order to find the frequency bandwidth of each model. The fre-

quency bandwidth for pentamer nanoantennas was calculated for conditions of

S11<�10 dB while varying three parameters within reasonable ranges. These

parameters consisted of the gap between the nanoparticles, the distance of the cluster

from the dipole, and the radii of the involved nanoparticles. Figure 8.10a–c illustrate

the variations of bandwidth (THz) when these aforementioned parameters were

varied with respect to each other. Figure 8.10a shows the bandwidth variation of the

antenna when the pentamer was moved away from the dipole and nanoparticle

radius was increased from 50 to 90 nm. Nanosphere radius was observed to have a

minor effect on the bandwidth of the antenna, which is in line with the

directivity results. The highest peak of bandwidth was achieved at a 200 nm dipole

distance for different nanosphere sizes. Figure 8.10b shows the bandwidth of

pentamer structures when distance from the dipole and the gap between

nanospheres were varied from 100 to 350 nm and 10 to 100 nm respectively. The
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radii of these nanoparticles were fixed at 70 nm. In agreement with Fig. 8.10a, the

highest peak of bandwidth was achieved at a 200 nm dipole distance. Bandwidth

could be observed at a maximum value of 80 THz when nanoparticle gap distance

was 165 nm. Bandwidth dramatically decreased as the gap distance of nanoparticles

increased above 175 nm, and the behavior was due to the smaller effects of the

subradiant mode at higher nanosphere gap distances. The highest bandwidth was

obtained when the nanosphere gap distances and sphere radii were 170 and 70 nm

respectively, and this case is depicted in Fig. 8.10c.

8.6 Directivity Analysis

The maximum directivity as a function of wavelength for a quadrumer is depicted

in Fig. 8.11a and for a pentamer structure with four different nanosphere gap values

in Fig. 8.11b–e. Such results confirmed the analysis described prior to this section.

Emission patterns at 490, 560, 600, and 690 nm wavelengths were established with

the results of this adaptive directivity. As explained previously, the geometry of a

configured array of nanostructures strongly influenced the transmission and reflec-

tion properties, which subsequently resulted in the directivity of each antenna being

related to the nanosphere size and gap distances between the nanospheres in each

model’s structure. A well-separated configuration of nanospheres resulted in the

structure behaving similarly to monomers, with spectra peaks of a broad

superradiant mode being centered within the vicinity of 560 nm wavelength as

seen in Fig. 8.11(A.3). The spectral range of calculation did not indicate directivity

resonance at the vicinity of 560 nm (Fig. 8.11(A.2)) and 690 nm (Fig. 8.11(A.4)),

and this situation was due to the absence of a subradiant mode in the quadrumer

dipole. The optimized sphere radius of 70 and 200 nm dipole distance from the

nano-particles was set in this configuration.

Pentamer directivity and relative radiation patterns for four different distances

between the centers of two adjacent nanospheres are depicted in Fig. 8.11b–e.

Reducing the distance between ring nanospheres in pentamers and heptamers to

20 ~ 60 nm caused the coupling factor and charge distributions to increase and

invoke a subradiant mode centered within the vicinity of 690 nm. The pentamer

models, in comparison to the quadrumer model, have the directivity at subradiant

spectra increased significantly by optimizing the distances between two adjacent

nanospheres. As can be seen from Fig. 8.11b and c, the subradiant mode was

dominated by the superradiant mode at 160 and 175 nm distance between the

outer ring and centered core (Fig. 8.11(B.2)–(B.5)) and Fig. 8.11(C.2)–(C.5)), and

was due to higher values of the coupling factor rather than polarizability function

αn(ω). This conclusion was reached by examination of Eqs. (8.4) and (8.5) respec-

tively. Increasing the outside ring’s nanosphere distance from the centered

nanospheres caused the coupling factor to decrease, with the coupling factor

being inversely proportional to the cube of the distance between nanospheres.

This phenomenon led to a dramatic decrease of the superradiant mode at a
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200 nm distance between the central nanosphere and outer rings, as depicted in

Fig. 8.11d and Fig. 8.11(D.2)–(D.5). Effects from a superradiant mode vanished

beyond a 240 nm distance between central and outer ring nanospheres, and in such a

case the cluster could be regarded as an array of monomers (Fig. 8.11e and (E.2)–

(E.5)). The destructive effect of Fano resonance is demonstrated in Fig. 8.11(B.4),

(C.4) and (D.4). A low coupling factor at a 200 nm distance between central

nanospheres led to a dramatic increase of the Fano dip and week emission patterns,

as depicted in Fig. 8.11(D.4).

The same explanation could be extended to hexamer and heptamer structures as

shown in Fig. 8.12. The maximum directivity of hexamer (sub-figure A) and

Fig. 8.11 (Left side) directivity of (a) quadrumer and (b) pentamer with 160 nm gap space from

center of each nanosphere (c) pentamer with 175 nm gap space from center of each nanosphere

(d) pentamer with 160 nm gap space from center of each nanosphere (e) pentamer with 175 nm gap

space from center of each nanosphere (right side) radiation pattern of (A.1) monomer at 490 nm

(A.2) monomer at 560 nm (A.3) monomer at 690 nm (B.1) pentamer (160 nm) at 490 nm (B.2)

pentamer (160 nm) at 560 nm (B.3) pentamer (160 nm) at 690 nm (C.1) pentamer (175 nm) at

490 nm (C.2) pentamer (175 nm) at 560 nm (C.3) pentamer (175 nm) at 690 nm (D.1) pentamer

(160 nm) at 490 nm (D.2) pentamer (160 nm) at 560 nm (D.3) pentamer (160 nm) at 690 nm (E.1)

heptamer (175 nm) at 490 nm (E.2) pentamer (175 nm) at 560 nm (E.3) pentamer (175 nm) at

690 nm
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heptamer structures with four different geometry structure values as a function of

wavelength is depicted in Fig. 8.12 sub-figures B, C, D and E. Similarly to the

quadrumer case, a well-separated configuration of nanospheres in an hexamer

resulted in the structure behaving similarly to monomers with spectra peaks of a

broad superradiant mode (Fig. 8.12(A.2)–(A.4)). Reducing the distance between

ring nanospheres to 20 ~ 60 nm increased both the coupling factor and the charge

distributions, and furthermore invoked and increased a sub-radiant mode centered

within the vicinity of 690 nm (Fig. 8.12b–d). As can be seen from Fig. 8.12b and c,

the subradiant mode was dominated by the superradiant mode at 160 and 175 nm

Fig. 8.12 (Left side) directivity of (a) hexamer (b) heptamer with 160 nm gap space from center

of each nanospher (c) heptamer with 175 nm gap space from center of each nanosphere (d)
heptamer with 160 nm gap space from center of each nanosphere (e) heptamer with 175 nm gap

space from center of each nanosphere (right-side) radiation pattern of (A.1) hexamer at 490 nm

(A.2) hexamer at 560 nm (A.3) hexamer at 690 nm (B.1) heptamer (160 nm) at 490 nm (B.2)

heptamer (160 nm) at 560 nm (B.3) heptamer (160 nm) at 690 nm (C.1) heptamer (175 nm) at

490 nm (C.2) heptamer (175 nm) at 560 nm (C.3) heptamer (175 nm) at 690 nm (D.1) heptamer

(160 nm) at 490 nm (D.2) heptamer (160 nm) at 560 nm (D.3) heptamer (160 nm) at 690 nm (E.1)

heptamer (175 nm) at 490 nm (E.2) heptamer (175 nm) at 560 nm (E.3) heptamer (175 nm) at

690 nm
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distance between the outer ring and centered core. An increase in the outside ring’s
nanosphere distance from the centered nanospheres caused a dramatic decrease of

the superradiant mode at a 200 nm distance between the central nanosphere and

outer rings, as depicted in Fig. 8.12d. The effect of a superradiant mode vanished

beyond a 240 nm distance between central and outer ring nanospheres, and in such a

case the cluster could be regarded as an array of monomers (Fig. 8.12e and (E.2)–

(E.4)). The destructive effect of Fano resonance at a 600 nm wavelength (a Fano

resonance dip) is demonstrated in Fig. 8.12(B.4), (C.4) and (D.4).

By comparison to published numerical results regarding the plane wave effect on

pentamer and heptamer clusters, there is a minor change on Fano dip wavelength

and superradiant mode peak wavelength observed in the dipole-coupled model.

Based on the authors’ founding, increasing the outer nanospheres distance from

center nanosphere, causes the dipole polarization effect on the outer nanospheres to

decrease accordingly. This results in a different Fano resonance wavelength

whereby the π phase shift related to subradiant and superradiant modes is achieved.

8.7 Mass Spring Model

A mass spring model provides an explanation of the optical responses of Fano

resonance in plasmonic nanoparticles. Masses represent the superradiant and

subradiant modes while a spring represents the coupling between them. Figure 8.13

illustrates the basic model of Fano resonance in a pentamer plasmonic material

by using the analogy of masses connected to bases by springs with a fractional

constant of γ. The spring connecting the masses together has an oscillation coupling

of Ω [46]. This model is an extension of the classical two-oscillator system used to

model electromagnetic induced transparency. Oscillator
		1i is driven by a periodic

harmonic force F tð Þ ¼ Feiωtð Þ and is analogous to optical excitation of the

superradiant mode.

Fig. 8.13 Mass spring analogy of Fano resonance (a) Five coupled interacting oscillators

representing the pentamer optical responses (b) simplified three coupled oscillators
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The mass spring model of a pentamer can be simplified to a three-coupled

interacting oscillators system as shown in the Fig. 8.13 sequence. A number of

pentamer simplifications are applied on the basis of the following observed results

[30, 31], and these considerations allow the motion equations of the pentamer to be

written as:

€x1 tð Þ þ γ1 _x2 tð Þ þ ω2
1x2 tð Þ �Ω2

1x1 tð Þ ¼ 0 ð8:18Þ
€x2 tð Þ þ γ2 _x2 tð Þ þ ω2

2x2 tð Þ � Ω2
2x1 tð Þ ¼ aeiωt ð8:19Þ

€x3 tð Þ3 þ γ3 _x3 tð Þ þ ω2
3x3 tð Þ � Ω2

3x1 tð Þ ¼ aeiωt ð8:20Þ

where ω1, ω2 and ω3 correspond to 1, 2, and 3 oscillator frequencies respectively

that are defined as subradiant and superradiant mode wavelengths. Ω represents

coherent coupling frequencies between interconnected oscillators. γ1, γ2 and γ3 are
friction coefficients relating to the energy dissipation between nanospheres for |1>,

|2> and |3> respectively. The motion equations (Eqs. (8.18), (8.19) and (8.20)) can

be solved by a steady-state function xi(t) whereby the term ae�iωt is incorporated

into these equations. In order to show the accuracy of the mass spring model, a

calculation of the normalized extinction power versus wavelength of the oscillator

system was performed and subsequently compared with CST Microwave Studio

results [30, 31, 44]. A Plasmon superradiant mode was modeled with ω12¼ 2.2 eV

as representative of the resonance frequencies of the 1, 2, 3 and 4 nanospheres, and

the resonance frequency ω13¼ 1.87 eV represented the central nanosphere fre-

quency. Substitute coupling between modes (Ω2¼ 0.85) and other parameters

(γ1¼ 2.1, γ2¼ 0.43, γ3¼ 0.52 and a¼ 1.4) allowed the normalized absorption

power versus energy of the oscillator system to be calculated and compared with

CST Microwave Studio result, as shown in Fig. 8.14.
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8.8 Circuit Model

8.8.1 Plasmonic Nanosphere Circuit Model

Several circuit models of plasmonic nanoparticles as circuit elements have been

recently proposed [61–69]. A complete paradigm and theoretical frame work for the

quantities description regarding the complex electromagnetic response of

nanospheres is described by Nader Engheta’s group [61, 62, 67, 70]. This theory

is based on the observation that the small size of the particle in comparison to the

wavelength leads to lumped-impedance representations under the quasi-static

approximation. Such a method stipulates the wavelength of light must be larger

than the size of the particle; thus the method only works for very small particles

lower than 15 nm radii whereupon phase changes are considered negligible. A

quasi-static limitation on the nanoparticle size has led to a proposal of a time-

varying approach to circuit modeling of plasmonic nanospheres based on radial

considerations [69]. This time-varying approach uses vector wave functions to

derive accurate resonance frequency and impedance expressions for the metallic

nanospheres at and around the plasmon resonance. In comparison to the quasi-static

model, this proposed approach can more accurately predict the dependence of the

resonance frequency on nanoparticle size, and yield more precise expressions for

the equivalent capacitance and inductance lumped elements. The derived circuit

model, with the constituent equivalent internal and external impedances and reso-

nance frequency for a nanosphere, is demonstrated in Fig. 8.15:

Fig. 8.15 Plasmonic nanosphere circuit model. (a) Internal circuit diagram (b) External circuit
diagram impedance (c) Source impedance
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In these circuit diagrams, the value of (a) is spherical radius, which is charac-

terized by a material of complex permittivity εr(ω) and embedded in a dielectric

medium. Parameters k1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εr ωð Þμ1

p
, k2 ¼ ffiffiffiffiffiffiffiffiffi

ε2μ2
p

and η2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
μ2=ε2

p
. ε2 and μ2 are

the material constants of the external medium and possess positive real values.

8.8.2 Fano Resonance Circuit Model

Different circuit diagrams for Fano resonance effects are generated by analogy to

quantum EIT in [45, 63]; the phenomenon is based on the Stark effect in a DC-field,

and constitutes a design in the form of 2 electric circuits coupled by constant mutual

inductance k as developed via [71]. An analogy of single and double EIT three-level

quantum atoms circuit using three coupled RLC circuits is discussed in

[72]. Designing the accurate circuit model requires calculation of the equivalent

superradiant RLC circuits coupled by a so-called coupling capacitor to the

subradiant mode circuit. An equivalent circuit diagram for a pentamer is demon-

strated in Fig. 8.16, with response of the left and right loops being analogous to the

superradiant plasmon mode. The basis for this analogy is broadness due to the

resistive loss, and a direct connection to the excitation source. The middle circuit

diagram is analogous to the dark plasmonic mode, since no radiative loss occurs and

there is no direct connection to the excitation source.

The two equal impedance ZS refer to nanospheres with 73 nm diameter, in

parallel with external impedance (Zext) and internal impedance (Zsphere), are

shown in the bright plasmon mode circuit diagram. The external impedance

consisted of an external capacitor, Cext¼ 70 aF in series with parallel external

inductor Lext¼ 10 pH representing a large cross sectional area of a large sphere,

and free space impedance Rext¼ 376.8 Ω. The sphere internal components

consisted of internal sphere capacitor series with three parallel inductors: L1 sphere,

L2 sphere and L3 sphere. The electromagnetic field incident on the designs was

modeled as a time harmonic voltage source, Vs tð Þ ¼ Re Vejωt
� �

, which represented

the dipolar mode that was excited by the incident E-field. The dark plasmon mode

Fig. 8.16 Circuit diagram of pentamer
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circuit model consists of coupled capacitances CC1 and CC2 that corresponded to a

coupling between dark and bright plasmon modes. The coupled capacitance coef-

ficients two or more conductors are hypothesized by the John Lekner model [73],

whereupon capacitance coefficients between spheres of radii a and b are defined as:

�Cc ¼ ab

c
sinh u

X1
n¼1

sinh nu½ �
�1

ð8:21Þ

where c ¼ aþ bþ s, in which s is distance between surface of spheres and u is an

auxiliary dimensionless positive parameter defined by:

cosh u ¼ c2 � a2 � b2

2ab
ð8:22Þ

When a¼ b this parameter u is:

u � 2
s

a

� �1=2

ð8:23Þ

The equivalent capacitance (assuming other loops are open) is labeled as Ceq and

given by:

1

Ceq1

¼ 1

CS
þ 1

CC1

ð8:24Þ

1

Ceq2

¼ 1

CS
þ 1

CC2

ð8:25Þ

Figure 8.17 shows the 3D graph of the equal capacitance between two-closed

conduct spheres (Ceq1 and Ceq2), where sphere radii (a) and (b) varies from 60 to

100 nm and spheres surface distance s varies from 10 to 50 nm. As expected from

published works [73], distance s has a greater effect on capacitance than spherical

radius. Increasing distance results in higher capacitance and hence a lower

subradiant mode rather than superradiant mode.

Applying the Kirchhoff law for voltage to each of the loops in the direction of the

arrows as shown in Fig. 8.16 yielded a coupled system of equations:

1

jωCS
I1 þ jωL1I1 þ 1

jωCC1

I1 � 1

jωCC1

I2 þ 1

jωCC2

I1 � 1

jωCC2

I3 ¼ 0 ð8:26Þ

ZTI2 þ 1

jωCC1

I2 � 1

jωCC1

I1 ¼ V ð8:27Þ

ZTI3 þ 1

jωCC2

I3 � 1

jωCC2

I1 ¼ V ð8:28Þ

where Ii represents the current on loop i, with i¼ 1, 2 or 3.
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Accuracy of the proposed model was evaluated by comparing these results to the

calculated impedance from S11 and S21 parameters. The circuit model impedance is

presented alongside calculated impedance from reflection and transmission of

tetramer for real and imaginary magnitudes in Fig. 8.18a and b respectively.

Significant separation of nanospheres caused the value of Cc1 to increase to 17 aF

and behave as a short circuit. The effect of the coupling on the Fano resonance was

represented solely as a broad superradiant mode resonance peak, as presented in

Fig. 8.18a.

Figure 8.17 indicates that reducing the distance between two nanospheres in

pentamer down to 20 nm causes the symmetry condition (Ceq1¼Ceq2), coupling
capacitors to decrease to 10 aF. The superradiant mode circuits were coupled to the

subradiant mode loop, and a pronounced Fano dip appeared in the impedance

spectra due to destructive interference between the two resonant loops. In order

Fig. 8.17 Variations of coupling capacitance for variations of both distance and spherical radius
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to find the optimum distance and radius, the genetic algorithm Matlab toolkit was

used. Figure 8.19a and b show the pentamer impedance magnitude and phase value

respectively. The optimum radius of spheres was determined as 73 nm, with a

20 nm distance between the spheres.

In order to see the effect of geometrical symmetry breaking on the optical

properties of a pentamer, the distance between nanospheres 1 and 5 was decreased

to 10 nm along with a simultaneous increase of 30 nm in distance between

nanospheres 3 and 5. This offset led to different equivalent capacitor of 10 and

12 aF for Ceq1 and Ceq2 respectively. The magnitude and phase functions of

impedance for a symmetry-broken pentamer are depicted in Fig. 8.20a and b

respectively. As expected from the S11 and S12 magnitude spectrum, the second

Fano resonance in the same reflection spectrum appeared when an offset was

applied to the center nanosphere. Approximations on S parameters measurements

and impedance conversion were mainly responsible for the discrepancies between

circuit model and S parameter calculated values.

The calculated capacitances from S11 and S21 parameters are depicted in

Fig. 8.21, with the equivalent capacitance for tetramers, pentamers and
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symmetry-broken pentamers demonstrated in curves a, b and c respectively. Curve

a concerned a single a1 capacitor which was related to sphere impedance. Curve

b was in complete agreement with the calculated Ceq from Eq. (8.4), wherein a

sphere capacitance at 600 nm and a 10 aF capacitance at Fano dip of 680 nm

emerged in the pentamer. The symmetry breaking produced a third capacitor as

shown by c2 in curve c. This offset led to different equivalent capacitors of 12 and

10 aF at 650 and 700 nm respectively. As can be observed, these results were in

total agreement with the circuit model presented in Fig. 8.8.

8.9 Conclusion

This paper describes a detailed analysis of the various aspects of the directivity

properties of arrays of metamaterial or plasmonic particles, with a specific focus on

pentamer and heptamer nanoparticle models. In-depth analysis was performed on

the transmission, reflection, and directive properties of pentamer and heptamer

structures, these being key properties for nanoantenna functionality. The perfor-

mance properties of analytically-designed nanoantennas were numerically simu-

lated using Matlab. Results for the pentamer modeling described in this paper

showed directivity was at a peak when the gap between the nanospheres was

30 nm and the space between the pentamer and dipole was 200 nm, whilst

bandwidth was observed to be at a peak when the gap between nanospheres was

35 nm and the space between the pentamer and dipole was 200 nm. The reflection

and transmission properties of the pentamer were improved with respect to other

models by placing the nanospheres 30 nm apart and the cluster 200 nm from the

emitter dipole. These findings are potentially valuable in considerations of func-

tionality for far-field plasmonic gold nanoparticle array configurations, especially
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in the context of light radiation patterns, emission, reflection and control of arbi-

trary ranges for directivity and bandwidth. Space variation between nanoparticles in

pentamers and heptamers allowed for the radiation pattern governed by overlap

coupling between two involved modes to be optimized, so as to ensure an enhanced

LDOS phenomenon by constructive interference. The parameter of distance from

dipole emitter was utilized to optimize the Fano resonance and interaction intensity

for far-field plasmonic gold molecules. Simultaneous adjustment and optimization

of a model’s geometrical parameters was required for the model to achieve best

performance. The mass spring model was used as a basis for the presentation of the

circuit diagram of a pentamer with coupled capacitance in order to couple the

subradiant and superradiant modes. The effect of symmetry breaking, invoked by

offsetting a central nanosphere from a nearest neighbor nanosphere, for a pentamer

was investigated by means of accurate circuit modeling. Results showed such

symmetry breaking led to the spectral appearance of a second Fano resonance.

Circuit model impedance results for tetramers were in good agreement with the

calculated impedance from S parameters and mass spring model. The approach

described in this article for modeling the numerical and analytical representation of

pentamer and heptamer nanoantennae array configurations resulted in a strong

agreement between the numerical and analytical aspects, along with good align-

ment with existing literature.
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Chapter 9

Elongated Nanostructured Solar Cells
with a Plasmonic Core

Marcel Di Vece

Abstract In this chapter the effects of the plasmonic response in an elongated

nano-scale solar cell with a silver nanoneedle core are explored by measuring

photocurrents. The silver nanoneedles formed the support of a conformally grown

hydrogenated amorphous silicon (a-Si:H) n-i-p junction around it. A spherical

morphology of the solar cell functions as a nano-lens, focusing incoming light

directly on the plasmonic silver nanoneedle. We found that plasmonics, geometric

optics, and Fresnel reflections affect the nanostructured solar cell performance,

depending strongly on light incidence angle and polarization. Besides the

plasmonic effects, nano-focusing, and orthogonalization of carrier and photon

pathways are simultaneously present at illumination of this structure. In this chapter

the photovoltaics characterization techniques and simulations are explained and

discussed as well. This work provides valuable insight in solar cell processes in

which novel concepts such as plasmonics, elongated nanostructures, and nano-

lenses are used.

Keywords Nanostructures • Photovoltaics • Nanoneedles • Thin films • a-Si:H •

Finite difference time domain simulations • Nanolensing • Light orthogonalisation

9.1 Introduction

Light management forms a crucial component in high efficiency solar cells. Tex-

tured surfaces at the front or back contact of a solar cell that cause increased light

trapping yield important improvement of the over-all efficiency. Plasmonics, the

electronic response of light interacting with metal nanostructures, is a promising

novel concept in the quest for photovoltaic devices with high efficiencies with low

cost materials [1, 2]. Interest in plasmonics, which merges optics with electronics

[3, 4] at very small scales, has increased considerably since about a decade. The

potential of plasmonics in photovoltaics is recognized and there has been a
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considerable research effort in this field [1–4]. Five main effects are distinguished

with the metal plasmon and optically active neighbouring materials [5–14]: (1)

Plasmonic field enhancement [6, 7, 11, 12], (a near-field effect) increases the

electromagnetic field close to the metal surface by orders of magnitude. This is the

result of dipole radiation of the metal nanoparticle in response to illumination. This

is particularly interesting for thin film solar cells as light concentration has a

significant effect on the overall absorption. (2) Scattering (a far field-effect)

at/by the metal nanoparticle [15] increases the light path length in a solar cell and

is therefore an important mechanism to increase efficiency. Incident light is

scattered off the object into a distribution of optical modes within the semiconduc-

tor. (3) Coupling of the plasmon resonance to waveguide modes in thin semicon-

ductor slabs. (4) The coupling of an emitter to plasmon modes also affects both

the radiative and non-radiative decay rates. This phenomenon is based on the

principle that the strength with which an emitter couples with an electromagnetic

field depends on its environment [16–18]. (5) Energy transfer from the absorber/

emitter to plasmon modes of a nearby nanoparticle can occur by for example

Forster Energy Transfer (FRET) [19] or vice versa. This energy will be partially

dissipated or coupled to radiation [20, 21]. The balance between these effects

depends strongly on the geometry, shape, size and distance [22]. One of the first

experimental investigations of plasmonic enhancement for photovoltaics involved

silver nanoparticles in an organic solar cell [23, 24]. An absorption increase of

10–15 % was found to be feasible by using such nanoparticles [25]. In the system

(ITO/metal-clusters/CuPc/In) it has been shown that the incorporation of copper or

gold clusters increases the photocurrent by a factor of more than two. The first

papers to explore the potential of localized surface plasmon resonance (LSPR) in

solid state photovoltaics were published in the late 1990s by Stuart and Hall

[14]. Their device consisted of a thin silicon-on-insulator wafer, where the Si was

165 nm thick, and since the absorbing Si layer was separated from the Si substrate

by a layer of SiO2, it acts as a thin waveguide. Metal island formation was achieved

by depositing a thin metallic film and annealing under N2 so that the film coalesced

into discrete islands. A recent work by Barnard et al. [26] shows the enhancing

effect of silver nanostructures on photocurrent in silicon. Underneath a metal nano-

antenna the field intensity is enhanced by a factor of 2.8 while locally the field

enhancement can be significantly higher (up to 20) in “hotspots” under the corners

of the antenna. A theoretical study of nanoparticles for solar cells shows that an

absorption increase of 10–15 % is easily feasible [25].

In nano-engineered plasmonic back reflectors that scatter strongly, light is

coupled into guided modes of an ultra-thin a-Si:H solar cell [27] which results in

an increase of the external quantum efficiency (EQE) between 600 and 800 nm of

about 8 %. The spatial order of such patterned nanostructures has a strong effect on

its plasmonic performance [28].

With systematically designed pseudorandom arrays of nanostructures based on

their power spectral density, the spatial frequencies are correlated with measured

and simulated photocurrent. Integrated cell designs consisting of patterned
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plasmonic back reflectors and a nanostructured semiconductor top interface give

broadband and isotropic photocurrent enhancement. An example of a viable nano-

structured three-dimensional solar cells employing an ultrathin hydrogenated amor-

phous silicon a-Si:H n-i-p junction uses a zinc oxide nanorod arrays as substrate

[29]. The ZnO nanorods were prepared by aqueous chemical growth at 80 �C. The
photovoltaic performance of the nanorod/a-Si:H solar cell with an ultrathin

absorber layer of only 25 nm yields an efficiency of 3.6 % and a short-circuit

current density of 8.3 mA/cm2, significantly higher than values achieved for planar

or even textured counterparts with three times thicker absorber layers.

Because metals have electric resistance, the electron movement of a plasmon

experiences such resistance by which optical energy can be converted into heat.

A study of these Ohmic losses in various materials shows that silver has relatively

low loss compared to metals such as aluminum and copper [30].

The promising approach in photovoltaics by using elongated nano-structured

solar cells has the advantage of enhanced charge collection by short charge carrier

paths and increased light absorption due to orthogonalization of light and carrier

paths [31]. This is the category of nanocoax [32], nanocone [33, 34], nanodome

[35], nanopillar [36, 37], nanorod [29, 38–41], and nanowire [42–47] solar cells.

Employing hydrogenated amorphous silicon (a-Si:H) as light absorbing material,

an efficiency of up to ~9 % [18] has been reported for such nanostructured solar

cells.

To obtain the best of both worlds, the elongated solar cell can be combined with

a plasmonic feature. A plasmonic core inside the elongated solar cell could provide

effects such as described above to enhance the absorption efficiency. Here we

discuss an optical nano-antenna in the form of a silver nanoneedle which is

embedded in an a-Si:H solar cell [48]. This is achieved by remarkably conformal

growth using hot wire chemical vapor deposition (HWCVD) [49]. A semi-sphere

on top of the nanoneedle is formed, which acts like a plano-convex lens, focusing

light directly on the silver nanoneedle antenna. The pointy shape of the nano-

antenna provides a wide range of plasmonic resonance conditions which satisfy

excitation by light of different wavelengths, i.e. increasing the optical mode

density. The elongated metal nanostructure potentially enables transport of surface

plasmon polaritons (SPP) [17] towards the bottom of the solar cell. In this device

the photocurrents are used to measure the effect of the nano-lens combined with

plasmonic nano-antenna inside the protruded solar cell. Illumination under an

angle, which provides an asymmetric geometry for s- and p-polarized light, pro-

vides detailed information. S-polarized light affects the free electrons in the radial

direction while p-polarized light has a main resonance along the nanoneedle length.

The experimental results are explained by using finite-difference time-domain

(FDTD) calculations, which provide insight into the plasmonic and photonic

properties. In this work the unique combination of plasmonics, nano-focusing,

and orthogonalisation in an elongated solar cell are explored.
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9.2 Experimental Procedures and Setups

9.2.1 Sample Fabrication

Silver nanoneedles are formed by thermal evaporation on polycarbonate

nucleopore track-etch membranes (Whatman) with a pore size of 200 nm. The

polycarbonate is dissolved in chloroform after which the nanostructured silver foil

was transferred on a glass substrate [50]. During the silver deposition the pores are

partially filled, resulting in the nanoneedle structure as shown in Fig. 9.1. The silver

nanoneedles have a wide range of values for the length and width but are on average

650 nm high and have a base width of 90 nm. The silver film with needles is covered

with a 20 nm ZnO:Al (2 %) transparent conductive layer by magnetron sputtering to

prevent inter diffusion with the semiconductor and optimize the reflective proper-

ties. Then, the deposition of an a-Si:H n-i-p layer stack was carried out in a multi-

chamber deposition system which is described elsewhere [51]. To provide confor-

mal coverage, the intrinsic (i-) layer was deposited by HWCVD [52] using SiH4:H2

(30:60) as source gasses, whereas plasma-enhanced CVD was employed for the

deposition of the p- and n-layers. B(CH3)3 and PH3 were utilized for p- and

n-doping, respectively. The n-layer, i-layer, and p-layer had a nominal thickness

of 60, 400, 50 nm respectively. The arrays were sputter-coated with 2.1 mm

diameter circles of transparent conducting indium tin oxide (ITO) layer with a

thickness of 80 nm after the deposition of the a-Si:H n-i-p layers to provide window

contacts to the cells. In Fig. 9.2 the nanoneedle solar cell is schematically depicted

(left) as well as the final real solar cells (right).

High resolution scanning electron microscopy (HRSEM) imaging was

performed with a Philips XL30SFEG microscope.

To obtain a working solar cell by deposition on the pointy silver nanoneedles

(Fig. 9.3a), the active film thickness (i-layer thickness) has to be carefully chosen.

When the active layer is too thin, shunting prevents normal operation; when the

active film is too thick, light will not reach the silver nanoneedle. By using

HWCVD, a conformal growth of the n-i-p solar cell around the silver nanoneedle

was achieved. A minimal thickness of the i-layer of 400 nm was required to prevent

shunting and still have sufficient transparency. Conformal growth of all layers is

demonstrated in the HRSEM micrographs in Fig. 9.3b. The silver nanoneedles are

uniformly covered with the ZnO, n-i-p and ITO layers. From the cross sections of

purposely broken nanoneedle solar cells the diameter after deposition was found to

be about 400 nm while the height is about 1 micrometer. As the position of

nanoneedles is randomly distributed the distances to each other vary. Independent

of this distance, the nanoneedles were always fully covered. Patches of flat solar

cell cover the area in between the nanoneedles that are further apart.
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9.2.2 Solar Simulator

Characterization of the solar cells is initially performed by using a solar simulator

(Wacom WXS-140-S). It is equipped with a halogen lamp and a xenon arc lamp to

be able to simulate the power of one sun corresponding to the AM1.5 spectrum

(1000 W/m2). Dark and light current measurements are measured through a com-

puter controlled Keithley 238 ammeter which is used as voltage source and current

meter. Losses occur in different forms such as shunts, bad contacts and pinholes.

These losses are represented as the parallel and series resistance, Rp. and Rs

Fig. 9.1 The different stages to fabricate silver nanoneedles and the conformal deposition of a

solar cell

Fig. 9.2 (left) Schematically depicting the nanoneedle solar cell with angle of incidence and

polarization directions. (right) Photograph of the nanoneedle sample with solar cells (pink dots)
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respectively, as indicated in Fig. 9.4. This results in a current density-voltage (J-V)

dependency:

J Vð Þ ¼ �Jph þ J0
�
exp

e
�
V � JRs

nkbT
� 1

� �
þ V � JRs

Rp

With:

J0¼ dark saturation current

Jph¼ photo current density

n¼ diode quality factor

kb¼Boltzmann constant

T¼ absolute temperature

e¼ elementary charge

V¼ applied voltage

Fig. 9.3 High resolution SEMmicrographs of (a) silver nanoneedles on a silver film and (b) silver
needles and film plus ZnO, n-i-p and ITO. (c) after purposely damaging the sample the inside of

the nanoneedle solar cell becomes visible. The scale bar corresponds to 1 micrometer
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J0 and n are obtained from dark J-V measurements (Jph¼ 0). Figure 9.5 shows

the IV-characteristics of a typical amorphous silicon solar cell. The short-circuit

current density (Jsc) is measured at AM1.5. The slope at this point is 1/Rsc,

associated with the parallel resistance Rp and the slope at the Voc is 1/Roc,

associated with the series resistance Rs. The value of the diode quality factor is

1 if the cell is assumed to be an ideal diode with only band to band recombination.

When recombination also occurs in the depletion region (junction) a value of 2 is

applicable.

The dark characteristic (Fig. 9.5, right) illustrates the contribution of the parallel

and series resistances by three red lines. The resistances influence the current and

cause a further deviation of the J-V curve from the ideal shape. The contribution can

be explained as follows:

1. Voltages below 0.3 V, the current density are dominated by the parallel

resistance.

2. Voltages above 0.4 V, the current density behavior corresponds with exponen-

tial, diode-like behavior.

3. Voltages above 0.9 V, the curve starts to deviate from the diode line, due to the

increasing influence of the series resistance and space charges.

9.2.3 Spectral Response

In a spectral response measurement the external quantum efficiency (EQE) of the

solar cell is determined at each wavelength. The EQE is defined as the number of

collected electrons per incident photon with reflection and transmission losses

included. A monochromatic light beam from a Xenon arc lamp is used to illuminate

the solar cell. Backlight is filtered using a lock-in amplifier. By measuring the

photocurrent of a solar cell and comparing it with the reference photodiode, the

EQE is calculated with the following equation (at 0 V):

Fig. 9.4 Schematic figure

of a solar cell with indicated

resistances, current, and

voltage
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ηcol λð Þ ¼ Jph λð Þ
eϕph λð Þ ð9:1Þ

With η the EQE, ϕph the photon flux, e electron charge and Jph the photo current.

Absorption and reflection losses can be analyzed from spectral response measure-

ments. Short wavelengths are absorbed in the top layers. A low response indicates

losses in the front contact, p-layer and/or p-i-interface. The band gap, thickness of

the absorber layer and light scattering properties at the metal back contact deter-

mine the spectral response at longer wavelengths, red light in particular.

9.2.4 Angle and Polarization Resolved Measurements

In order to obtain isolated effects of plasmonic resonances, for example along or

perpendicular to the nanoneedle axis, a distinction between different angles of

incidence and polarization of the light has to be made. Dependencies on the polar-

ization angle and light intensity are well known in plasmonics, therefore angle and

polarization dependent measurements are appropriate. A schematic illustration of the

experiment is depicted in Fig. 9.6. On the sample, which is attached to the holder,

each purple dot is an individual solar cell. A monochromatic polarized light beam

illuminates the sample. The current is measured by placing one probe at the back

contact, top left of the sample, while the front contact is positioned at the edge of a

solar cell.

9.2.5 Specular Reflection and Scattering

The optical reflection and scattering of a surface provides information about how

light is absorbed by the solar cell. Reflection and scattering experiments are

Fig. 9.5 Characterization plots of a typical amorphous silicon solar cell in the dark (right) and
under AM1.5 conditions (left). The dark characteristics include the different contributions of the

parallel and series resistances (Adapted from [53])
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performed with an integrating sphere, which enables the distinction between specular

and diffusive reflection. The total reflection is measured by placing a sample at a

small angle. With a perpendicular mounted sample diffusive reflected light is

detected. In this case scattered reflection (Rs) is measured. A mirror, evaporated

aluminium on glass, is used to calibrate for total reflection and a rough white reflector

for scattering. It is important to measure with the spectrometer (Perkin-Elmer

Lambda 2S UV–VIS) in a wide range (from 200 to 1000 nm).

9.3 Experimental Study of a Silver Nanoneedle Plasmonic
Core Inside an Elongated a-Si:H Solar Cell

Optical scattering measurements of the bare and n-i-p covered nanoneedles show a

strong effect due to the presence of nanoneedles as shown in Fig. 9.7. The silver

nanoneedles scatter much stronger than the flat silver film after the onset of the

plasmon resonance wavelength (340 nm). The scattering of the silver nanoneedles

has a maximum around 600 nm, which is attributed to the plasmon resonance

corresponding to the specific silver nanoneedle size and shape. The scattering

spectrum of the nanoneedle n-i-p a-Si:H solar cell exhibits a significant reduction

in scattering intensity around 600 nm, which is caused by absorption at the a-Si:H

band gap. At longer wavelengths the scattering intensity is much stronger because

most of the light in the red and infra-red is not absorbed and reaches the

nanoneedles. An important condition for observing a significant plasmonic effect

in the solar cell is that the plasmon resonance energy is at or larger than the a-Si:H

band gap. Only then the radiation absorbed and re-emitted by the plasmonic silver

nanoneedle can be detected by measuring photocurrents.

Fig. 9.6 Experimental setup for angle and polarization dependent measurements of the EQE.

With two focus lenses (1, 4), polarizer (2), diaphragm (3), sample holder (5), sample angle adjuster

(6) and sample height adjuster (7). A sample inset (8) is also shown with attached probes. The

projection of a 550 nm beam is visible on the surface of the cell. Probes are attached to measure the

induced current
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The current density-voltage (J-V ) characteristics of the nanoneedle solar cells

were measured using a solar simulator under one sun illumination (AM1.5G,

100 mW/cm2) as shown in Fig. 9.8. The nanoneedle solar cells have a higher JSC
as compared to the flat reference. This can be the result of plasmonic interaction or

simply by increased surface area. Simulations can provide more insight into the

origin of this increased current. The VOC values of the nanoneedle solar cells are

significantly lower as a result of an increase in the defect density. These defects can

be cured by anneal treatment which will increase the VOC. However, annealing may

also create shunting in the solar cell, making experiments impossible.

The overall electrical quality of the nanoneedle solar cells as indicated by the fill

factor (FF) is lower for the nanoneedle solar cells, probably caused by more

shunting pathways. The growth around the nanostructure may not be completely

uniform due to the presence of sharp points and deep corners. The energy conver-

sion efficiencies are somewhat lower for the nanoneedle solar cells than for the flat

reference solar cells taking into account the inaccuracy of 10 % due to unavoidable

error margins in the calibration of the simulator and the solar cell active areas. The

lower VOC neutralizes the gains in JSC, which leaves room for improvement.

The effectiveness of the silver nanoneedles under illumination depends strongly

on light absorption within a-Si:H. At low wavelengths most light will be absorbed

near the upper silicon surface of the nanoneedle solar cell, not reaching the silver

nanoneedle, which renders it inactive. At the large wavelengths most light passes

undisturbed by a-Si:H, which makes the detection of the nanoneedle interaction

with light immeasurable. Therefore, only between those spectral ranges in the

window between about 550 and 670 nm a measurable effect of the nanoneedle

will be possible.

To investigate the effect of the plasmonic properties of the silver nanoneedles on

the surrounding solar cell, s- and p-polarized light are used to excite different

plasmon resonance modes in the nanoneedle (as shown in Fig. 9.2), which can be

considered as a Fabry-Perot resonator. Particularly under glancing incidence, the

plasmon resonance modes for s- polarized light is radial while for p-polarized light

300 400 500 600 700 800 900
−20

0

20

40

60

D
iff

us
iv

e 
re

fle
ct

io
n 

%

Wavelength (nm)

Ag needles
Ag film

−20

0

20

40

60

80

100

Ag needle + solar cell
Ag film + solar cell

A
bs

or
pt

io
n 

%
 

Fig. 9.7 Left axis: diffusive
scattering of the silver

nanoneedles (solid), flat
silver film (dotted). Right
axis: optical absorption of

nanoneedles and solar cell

(dashed) and flat silver film

+ solar cell (dashed dotted)

234 M. Di Vece



they have a strong component along the nanoneedle length. In Fig. 9.9. the

experimental spectral response of the silver nanoneedle and flat solar cell is

shown for s- and p-polarized light at normal incidence and under an incidence

angle of 30�. For normal incidence the spectral response profile on the Ag

nanoneedle and the flat solar cells does not depend on the polarization of light

(blue curve in Fig. 9.9a, b) due to symmetry. The flat solar cell has two shoulders at

560 and 610 nm, which can be explained by constructive interference inside the

layer. This is not present in the nanoneedle solar cell because the optical path length

within the layers varies considerably because of the wide range of incidence angles

with respect to the solar cell surface. Because the nanoneedle solar cell surface

angle is varying so strongly, the light passing through experiences different thick-

nesses, which obscures such spectral features.

The spectral response curves of the nanoneedle and flat reference solar cells

taken at an incidence angle of 30� depend strongly on the polarization of light. The

dependence of the EQE on light polarization of the flat reference solar cells is

explained by the Fresnel reflection and Brewster angle (62� for air to ITO), which

results in a reflection coefficient of s-polarized light of about 0.3 while it is close to

0 for p-polarized light. This results in different light transmission for different

polarizations at the solar cell surface leading to the observed difference in EQE.

The flat solar cell has a higher EQE value for s-polarized light as compared to

p-polarized light at 600 and 670 nm. Because of the stronger transmission for

s-polarized light due to Fresnel reflection this light interferes constructively. The

absorption spectrum of the flat solar cell as calculated by FDTD (Fig. 9.11a)

confirms this polarization dependence at 30� incidence. At the higher wavelengths
s- and p-polarized absorption spectra have optima at alternating wavelength posi-

tions due to constructive interference.

At 30� incidence angle on the nanoneedle solar cell the blue and red part of the

EQE spectrum are not significantly different between the two polarizations. The
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smaller EQE values of the nanoneedle solar cell for s-polarized light between

460 and 570 nm must be related to the presence of the silver nanoneedle.

In Fig. 9.9b the EQE maximum at normal incidence is positioned approximately

26 nm blue-shifted as compared to that at 30� incidence. This indicates that

relatively less light is absorbed in the red at normal incidence due to a loss

mechanism. To clarify this loss, the optical absorption in the a-Si:H layer of a

nanoneedle solar cell was calculated with FDTD as a function of wavelength for s-

and p-polarization at normal and 30� incidence for a nanoneedle solar cell

(Fig. 9.11c).
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Fig. 9.10 Yee cell. In FDTD simulations the Maxwell’s Equations at the Yee cell positions are

solved. For each cell, the Electric field is calculated at four positions per axis, namely one for each

cell edge. The magnetic fields are calculated at two positions for each axis, namely the cell faces
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9.4 FDTD Simulations on the Ag Nanoneedle Inside a a-Si:
H Core-Shell Structure

9.4.1 The Finite-Difference Time Domain Method

The FDTD method utilizes the Maxwell’s equations to calculate the properties of

electromagnetic waves as they propagate through space and interact with the object

of interest. In principle the FDTD method can provide accurate results to problems

where complex structures, small structures, and complex materials like metals are

involved. Classical ray-based method cannot achieve such versatility and accuracy

[54]. Yee proposed an algorithm to solve the propagation of electromagnetic waves

in a certain configuration over time numerically [55] The FDTD method is devel-

oped further since then, but it still works based on above principle.

A FDTD simulation setup contains energy (light) sources, structures of interest

and monitors. Once these are defined, the simulation space is divided in to small

cells (Yee Cell) [56]. The values and flows of the electric and magnetic fields are

calculated by including the refractive index of the material in each cell. When the

values for all cells are calculated, a step forward in time is taken and the process of

calculating the electric and magnetic fields of all the cells is restarted using the new

starting values. This cycle repeats itself until certain conditions are met. For

example, these conditions can be a certain amount of simulation or a minimum or

maximum amount of energy present in the simulation box.

In the Yee algorithms the Maxwell’s Equations are used as a basis. These

equations are modified in such a way that they can be used for the simulation:

Maxwell’s Equations are:

∇ � ~D ¼ ρfree Gauss’ Law for electric fields

∇ � ~B ¼ 0 Gauss’ Law for magnetic fields

∇� ~Eþ ∂~B
∂t ¼ ~M Faraday’s Law

∇� ~H � ∂~D
∂t ¼ ~J Ampere’s Law

Where

~M Equivalent magnetic current density [V m�2]

These Maxwell equations are modified as follows [57]:

1. “Replace all the derivatives in Ampere’s Law and Faraday’s Laws with finite
differences. Discretize space and time so that the electric and magnetic fields are
staggered in both space and time.”

2. “Solve the resulting difference equations to obtain “update equations” that
express the (unknown) future fields in terms of (known) past fields.”

3. “Evaluate the magnetic fields one time-step into the future so they are now
known (effectively they become past fields).”
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4. “Evaluate the electric fields one time-step into the future so they are now known
(effectively they become past fields).”

5. “Repeat the previous two steps until the fields have been obtained over the
desired duration.”

The algorithm makes certain assumptions concerning constructive relations,

sources and losses. The materials are considered linear, isotropic and

non-dispersive so their electric and magnetic properties are independent of field,

direction and frequency. In formulas, this results in the following:

~D ¼ ε~E ¼ ε0εr~E

~B ¼ μ~H ¼ μ0μr~H

~J ¼ ~Jsource þ σ~E

~M ¼ ~Msource þ σm~H

Where

ε Electric permittivity F m= �½
ε0 Electric permittivity of free space 8:854E�12 F m= �½
εr Relative electric permittivity

μ Magnetic permittivity H m= �½
μ0 Magnetic permittivity of free space 4:0πE�7 H m= �½
μr Relative electric permittivity

σ Electric conductivity S m= �½
σm Equivalent magnetic loss Ω m= �½

Including the assumptions to Maxwell’s equations and rewriting them in such a

way that they are direction dependent, result in the following equations for the

electric and magnetic flux. The y and z directions are obtained by replacing the

indexes.

∂Hx

∂t
¼ 1

μ

∂Ey

∂z
� ∂Ez

∂y
� σmHx �Msource x

� �
ð9:2Þ

∂Ex

∂t
¼ 1

ε

∂Hz

∂y
� ∂Hy

∂z
� σEx � Jsource x

� �
ð9:3Þ

These formulas are applied to all cells as given in Fig. 9.11. All cells together form a

3D grid, which is the simulation area. It is important to keep the cells relatively

small since no effects can be calculated within the cell. This is an important

limitation, for instance, when the cell is located at the edge of the skewed surface

of a nanostructure.
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9.4.2 Simulation Details

The structure of interest can be exposed to energy sources such as the Dipole,

Gaussian, Plane wave, Total-field, scattered-field or a custom source. The response

monitors include the refractive index, field time, movie, frequency-domain field

profile, frequency-domain field and power, mode expansion, and/or several analysis

groups build from these components. A selection of these sources and monitors

should be inserted in the defined simulation region. The boundaries of this region

can be set to absorbing all of the radiation, using the Perfect Absorbing Layer

(PML) boundary, or use periodicity. There are several options for periodic bound-

ary conditions: Periodic, Symmetric, Anti-Symmetric and Bloch. Periodic bound-

aries simulate an infinite periodicity of the structure within the boundaries. Thus

fields that pass through a periodic boundary at the one side come back into the

simulation at the other side. Symmetric and Anti-Symmetric boundaries are bound-

ary conditions that make use of symmetry in the simulation. It simulates only one

half and due to symmetry it calculates the other half. This is useful for reducing the

required simulation time and resources. Which one should be used depends on the

direction of the electric and magnetic field. Bloch boundary conditions are the most

advanced boundary conditions. They do not feature symmetry, but are able to

handle periodic EM fields. The most common type of simulation that requires

Bloch BC is periodic structures with a plane wave source at non-normal angles of

incidence.

An optimum has to be found between simulation accuracy and calculation time

which results in a few important options:

– Size of the simulation region: the size should be as small as possible, but cannot

always be so small that all the components precisely fit in the region, e.g. a

monitor should not be located against a PML layer. Near PML layers artefacts of

practical implementations of the FDTD method occur, resulting in inaccurate

results when a monitor is placed in that region. Therefore, there should be

enough distance between structures and PML layers. ‘Enough’ is generally

half the maximum wavelength involved. Using a larger simulation region does

however result in more Yee cells and thus longer calculation time.

– Size of the Yee cells: the smaller the Yee cells, the more spacially precise the

simulation can be performed.

– Simulation time and auto-shutoff levels: The auto shutoff level is an indicator of

the field strength with respect to the maximum field strength of the source. When

this level becomes too high, the simulation should be stopped due to an error.

When this level becomes very low, typically 10�5, the simulation is considered

finished, at the point where more calculations do not contribute significantly any
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more. In addition, a maximum simulation time can be set. The shut-off condition

which is first reached will terminate the simulation.

The optimum parameters are determined by using convergence tests which

consist of a series of simulations where the value of one parameter is changed

until an optimum is reached.

9.4.3 FDTD Simulation Results and Comparison
with Experiment

Finite-difference time-domain (FDTD) calculations were performed with commer-

cial software (Lumerical Solutions Inc.) on a cluster super computer consisting of

several hundreds of multi-core nodes. In line with the averaged nanoneedle dimen-

sions as obtained from SEM, a silver nanoneedle of 600 nm high and 80 nm wide at

the base, covered with 20 nm ZnO, 400 nm a-Si:H and 80 nm ITO was modeled.

The optical absorption is calculated by integrating the optical absorption over the

a-Si:H structure and over the time a monochromatic light pulse resides in the

structure.

In agreement with the experimental results at normal incidence the nanoneedle

solar cell has considerably lower absorption in the red as compared to 30� inci-

dence. A likely mechanism is Ohmic loss by which the moving free electrons in the

metal result in the dissipation of electromagnetic energy into heat [58]. This is

confirmed by comparing the FDTD calculated optical absorption of the nanoneedle

solar cell with and without silver nanoneedle inside. The optical absorption slope in

Fig. 9.11c at normal incidence is positioned 75 nm to the blue for the nanoneedle

solar cell as compared to the bare solar cell in Fig. 9.11b. This can only be explained

by the nanoneedle presence leading to losses in the red part of the spectrum. The

EQE difference at the short wavelengths between experiment (Fig. 9.9) with low

EQE and FDTD calculations (Fig. 9.11) with strong absorption is explained by

optical losses in the p-layer, which was not included in the calculations.

In Fig. 9.11b and c the FDTD calculations confirm that s-polarized light at 30�

incidence is much less absorbed than p-polarized light between 500 and 600 nm

while at other wavelengths the absorption is comparable. A slight shift of the

position of this gap of about 30 nm is explained by a slight mismatch between the

average nanoneedle size in the experiment and calculation. Because this lower

absorption for s-polarized light is also present in the bare solar cell (without

nanoneedle, Fig. 9.11b), the morphology in combination with Fresnel reflection is

the most likely cause.

The cross sections of the light absorption in the a-Si:H with and without the

nanoneedle are shown in Fig. 9.12. The wavelength of 580 nm is chosen as it allows

a full pass through the entire active layer. Pockets of high absorption are clearly

distinguishable within the solar cell. Side and top view cross sections at normal and

30� incidence show that most of the light is absorbed in the central region of the
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nanostructured solar cell. Comparison of the side cross sections with (Fig. 9.12a–d)

and without (Fig. 9.12e–h) nanoneedle shows clearly that the light is focused onto

the nanoneedle.

The distance between high absorption spots in the cross sections is about

100 nm. Since the wavelength of 580 nm light inside the a-Si:H medium is

164 nm a constructive interference pattern has a periodicity of half that wavelength:

82 nm. Therefore these strong absorption spots are the result of constructive

interference caused by the incident light interacting with its own reflections and

scattering. Top view cross sections at 340 nm (Fig. 9.12c, d) show that the

nanoneedle forms a dipole scattering profile. At 540 nm (Fig. 9.12d) this scattering

strongly influences the absorption intensity profile. This demonstrates the activity

of the nanoneedles plasmonic response in the far field (scattering), which must

affect overall light absorption.

In Fig. 9.13 the absorption cross section of the nanoneedle solar cell structure are

shown for light with an incidence angle of 30�. At this angle of incidence the focal
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point is not positioned at the nanoneedle, therefore the light-plasmon interaction is

much weaker. This is particularly well illustrated by Fig. 9.13b where the construc-

tive interference pattern also has an angle of 30� with the nanoneedle and therefore
is positioned mainly inside the a-Si.

To illustrate the effect of the incident light polarization, in Fig. 9.13c the

difference of the optical absorption for s and p polarized light is shown along the

plane of incidence. Bright red indicates a stronger p-polarized absorption while

dark blue represents a very small difference in absorption between the two polar-

izations. In agreement with Fig. 9.13b, the main absorption occurs at an angle of

30� with the nanoneedle. However, on this line spots of a high difference (stronger

p-polarisation) are present. This is in agreement with Fig. 9.9a, b where a difference

in overall absorption was measured, likely caused by the effect of Fresnel reflec-

tions at the surface of the structure. In Fig. 9.13 f the loss of symmetry in the optical

absorption profile is well illustrated. The complex interactions which occur under

wide angle incidence, results in an absorption profile which does not strongly

resemble a dipole response.

The nanoneedle has a small radius at the top and a large radius at the base

resulting in different responses to incoming electromagnetic fields. At the silver
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nanoneedle tip the size is so small that visible light fully penetrates until about

27 nm [57] (the quasi-static regime). For silver particles of comparable size, about

30 % of the incident energy is absorbed and lost as heat [59]. At the lower part of the

nanoneedle the radius is too large for light to cross, instead retardation effects

become important. A wide range of plasma resonance wavelengths are possible as

shown by calculations on nanorods [60]. Although no significant effect is observed

here, energy transport via SPPs to the bottom of the solar cell is in principle

possible [17].

Concluding, an a-Si:H solar cell was conformally grown around a silver

nanoneedle providing a unique device to measure plasmonic activity. The spherical

top of the solar cell provided a unique nano-lens, focusing polarized light on the

silver nano-antenna. The EQE for s- and p-polarized light at normal incidence and

under an angle of 30� shows that the nanoneedle solar cell has a lower absorption
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for red light at normal incidence. This is confirmed by FDTD calculations. The

electromagnetic field is captured by the silver nano-antenna and via the motion of

free electrons (plasmons) converted into heat. Differences in EQE as a function of

polarization are attributed to the nanostructured morphology in combination with

Fresnel reflections. This work demonstrates that even in an optimized geometry,

where light is directly focused on a nano-antenna, the combination of plasmonics

and geometrical optics needs to be finely tuned to obtain solar cell efficiency gain.

9.5 Future Possibilities

The here described results of combining plasmonics in elongated nanostructured

solar cells are only a first step. The choice of metal is important for future

improvements. Silver has the advantage that it has a sharp and strong plasmon

resonance. Although the plasmon resonance is positioned in the visible, by embed-

ding silver in a solar cell medium, the plasmon resonance may shift to wavelengths

which are less interesting. Instead Aluminium could be an interesting alternative

[61]. Although Aluminum has its bulk plasmon resonance in the far UV around

150 nm, it is a cheap alternative since the plasmon resonance frequency can be

shifted. The plasmon resonance wavelength of aluminum nanoparticles can be

shifted towards the visible by selection of size, shape and configuration [62–

67]. This plasmon resonance shift makes the aluminum particles suitable for solar

cells. A theoretical study by Akimov at al. [68] has demonstrated that aluminum

particles increases the optical absorption in a-Si:H over a wide wavelength range,

better than silver particles.

The plasmonic effect of local field enhancement occurs only a few tens of nm

away from the metal surface. Therefore, ultra-thin solar cell absorbers are required

to optimize the benefits from that effect. Recent work on Au-Cu2O core-shell

nanowires [69] with a very thin absorber shows clear photovoltaics properties.

Although the detrimental effects of plasmonics, such as Ohmic losses and

stimulated radiative losses are not desired, they need to be studied in order to

optimize the benefits. It is known from photoluminescence experiments that the

distance between an emitter and the plasmonic structure makes the difference

between enhancement or quenching [18, 70]. Therefore, thin transparent layers

are likely necessary between the plasmonic structure and optical absorber in a solar

cell. Besides the plasmonic benefit, this also reduces the effect of defects, intro-

duced at the interface between the metal and optical absorber. Such defects can

form strong recombination centers, reducing the photocurrent and voltage.

Extending the random silver nanoneedle pattern to regular or periodic

nanoneedle patterns would change the optical response considerably. If the

nanoneedles are in close proximity, an interaction will occur between the electro-

magnetic fields of the plasmon resonances. This will enhance or inhibit the strength

of the plasmon resonance, depending on the distance and periodicity. Complicated

interactions are also likely giving rise to meta properties.
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Controlling the density of nanoneedles on the surface and the dimensions of the

nanoneedles even further, would provide the possibility to optimize the structure for

light absorption in the solar cell. In the here described work, only one such

configuration has been explored, leaving ample space for more detailed studies.
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Chapter 10

Controlled Assembly of Plasmonic
Nanostructures Templated by Porous Anodic
Alumina Membranes

Xingce Fan, Qi Hao, and Teng Qiu

Abstract Non-lithographic template-based approach, especially the porous anodic

alumina (PAA) template, owing to its long-range ordering self-assembly hexagonal

cells, facile controllability of various configuration shapes, excellent reproducibil-

ity, easy fabrication and modest cost, have attracted much attentions these days.

Recent research interests of our group are based on this promising template. Several

plasmonic nanostructures based on the PAA membranes were successfully fabri-

cated, which were applied to surface-enhanced Raman scattering sensing, the

process of tailoring fluorescence as well as surface-enhanced fluorescence cellular

imaging. Our recent plasmonic research results based on the PAA membranes and

their applications are reviewed here.

Keywords Porous anodic alumina • Plasmonics • Surface-enhanced Raman

scattering • Surface-enhanced fluorescence • Cellular imaging

10.1 Introduction

Localized surface plasmons resonance (LSPR) is collective oscillations of free

electrons confined to metallic nanoparticles and nanostructures [1]. LSPR is usually

excited by an electric field (light) at an incident wavelength where resonance

occurs, resulting in strong light scattering, in the appearance of intense surface

plasmon absorption bands, and an enhancement of the local electromagnetic fields

[2]. The frequency and intensity of the SP absorption bands are characteristic of the

type of material (typically, gold, silver, platinum and aluminum) and are highly

sensitive to the size, size distribution, shape of the nanostructures, as well as their

surrounding environments [3, 4]. The extraordinarily intense local electromagnetic

field enhancements at certain interstitial sites, so-called ‘hot-spots’ or ‘hot-junc-
tions’ in the nanostructures, consist of two or more coupled metallic nanoparticles

or nanostructures with closely spaced features [5].
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The fact that particle plasmons allow the direct coupling of light to resonant

electron plasmon oscillations has spurred tremendous research activities in the

design and fabrication of highly plasmonic active substrates in metallic nanostruc-

tured films and nanoparticles [6, 7]. The conventional plasmonic substrates were

mostly produced by electrochemical oxidation and reduction cycles [8, 9], vacuum

deposition [10] as well as colloidal metal particles [11]. The substrate surface

produced by such methods are either non-uniform or irreproducible, thus the

hot-spots are unevenly distributed. However, highly ordered plasmonic substrates

are required for the application of Surface-enhanced Raman Scattering (SERS)

sensing, Surface-enhanced Fluorescence (SEF) and others, to achieve the collection

of reliable, stable and uniform signal spanning a wide dynamic range [12].

To produce highly ordered plasmonic substrates, several new strategies, includ-

ing electron beam lithography [13], nanosphere lithography [14] and self-assembly

template method [12, 15–22], have been proposed. However, electron beam lithog-

raphy suffers from low throughput and high cost as well as nanosphere lithography

inhomogeneity of close-packed nanosphere with pattern resolution less than

100 nm.

In contrast, non-lithographic template-based approach, especially the porous

anodic alumina (PAA) template [12, 16–22], owing to its long-range ordering

self-assembly hexagonal cells, facile controllability of various configuration

shapes, excellent reproducibility, easy fabrication and modest cost, have attracted

much attentions these days.

A typical structure of PAA membranes is illustrated in Fig. 10.1a (pore surface)

and Fig. 10.1b (bottom surface). By using electron microscopy, Keller et al. [23]

found that the pore surface of PAA membranes consisted of predominately close-

packed hexagonal cells of alumina in shape and each cell contained a single

cylindrical pore in the center which is perpendicular to the surface of the underlying

aluminum substrate. It should be noted that there are small protrusions along the

surface of pore wall, and a dent exists between every two neighboring protrusions

[12]. The pore extends down to an alumina barrier layer (a layer of hemispherical

alumina, composing the inner bottom of cylindrical pore, so-called barrier layer)

which is between the pore bottom and the aluminum substrate, and the bottom

surface of PAA consists of periodically hexagonal cells which show an array of

partial hemispheres, one-by-one corresponding to the pore surface geometry.

So far, many efforts have been made to improve the arrangement of the pore

patterns [24, 25], for instance by optimizing the experimental conditions such as

temperature and pre-texturing to initiate pore growth on the aluminum surface and

enhance the order of the patterns [26, 27]. To produce highly ordered PAA films, a

two-step anodization process in conjunction with pre-texturing have been proposed

by Masuda and co-workers [25, 28]. Later on, Li et al. [29] reported that self-

assembly hexagonal pore arrays with a 50–420 nm interpore distance (the average

distance between two neighboring pore center) in PAA membranes have been

obtained by anodizing aluminum foils in oxalic, sulfuric and phosphoric acid

solutions. The interpore distance increases linearly with anodic potential
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(or anodic voltage). The pore diameter of PAA can be enlarged via a pore enlarging

process by emersion in some electrolyte solutions (typically, phosphoric acid) [28].

Recent research interests of our group are based on this promising template.

Several plasmonic nanostructures based on the PAA membranes were successfully

fabricated, which were applied to SERS sensing, the process of tailoring fluores-

cence as well as SEF cellular imaging. Our recent plasmonic research results based

on the PAA membranes and their applications are reviewed here.

10.2 Highly Ordered Plasmonic Nanostructures
Templated by PAA Membranes

Figure 10.2 shows the fabrication of highly ordered hemispherical silver nanocap

arrays [12] templated by the PAA pore surface (as shown in Fig. 10.1a) as robust

and cost-efficient plasmonic substrates, which will be detailed in Sect. 10.2.1.

The bottom surface of PAA membranes also consist of highly ordered hexagonal

PAA cells, which can be utilized to fabricate plasmonic nanostructures as well.

Generally, the PAA membranes obtained by previous anodic procedures do not

have the underlying aluminum substrate removed. By dissolving this layer of

aluminum, the bottom surface of PAA membranes (as shown in Fig. 10.1b) can

be uncovered. Herein, silver nanocap superlattice arrays [30] and silver nanovoid

arrays [31] templated by the bottom surface of PAA membranes were successfully

fabricated by our group, which will be detailed in Sect. 10.2.2.

Later on, our group proposed a new strategy to fabricate nanostructures by using

single step direct imprint process [32]. The highly ordered, close-packed, hexagonal

PAA patterns can be precisely transferred to the substrate materials. This new

method will be detailed in Sect. 10.2.3.

Fig. 10.1 (a) The pore surface of PAAmembranes and (b) the bottom surface of PAAmembranes

10 Controlled Assembly of Plasmonic Nanostructures Templated by Porous Anodic. . . 251



10.2.1 Plasmonic Nanostructures Templated by the Pore
Surface of PAA Membranes

It is well known that highly ordered PAA can be partially exposed with electrode-

position techniques to form regular nanowire and nanoelectrode [33, 34]. In a later

study, Wang and colleagues adopted a similar approach to produce PAA templated

silver nanoparticle arrays with a precisely controlled variation of interparticle gaps

of between 5 and 25 nm [17]. Their work represented the first quantitative obser-

vation of the SERS effect on a substrate with controlled hot junctions in the sub-10-

nm regime, and confirmed the theoretical prediction of interparticle coupling

induced Raman enhancement. In another work, Ko and Tsukruk introduced three-

dimensional (3D) SERS substrates using PAA membranes with inner walls deco-

rated with gold nanoparticles [35]. These works have a similar feature that they all

utilize uniformly aligned, vertical cylindrical pores of PAA to fabricate SERS-

active nanostructures to maintain the uniformity of the nanostructures and realize

reliable, stable, and uniform SERS signal.

As aforementioned, with the exception of ordered hexagonal pore arrays in PAA

templates, there are small protrusions and dents one-by-one arranging along the

surface of the PAA pore wall [12]. A typical structure of PAA pore surface is shown

Fig. 10.2 (a) A 3D AFM image of the PAA surface. (b) Section analysis along the white line in
(a). The two arrows correspond to those in (a). (c) Schematic representation of a planar PAA

surface with dimensional parameters D, G1, G2 and G3, where D is the island diameter and G1,G2

and G3 are the ortho-, meta-, and para-island gap, respectively

252 X. Fan et al.



in Fig. 10.2a (3D AFM image). A protrusion with a diameter of approximately

20 nm occurs at each corner of each hexagonal cell and a concave shape can be

observed between every two adjacent protrusions. A section analysis was

conducted along the white line in Fig. 10.2a and the corresponding result is

presented in Fig. 10.2b. Top-to-bottom fluctuations of the cell boundary between

the two protrusions are obvious. The planar geometry of the PAA substrate is shown

schematically in Fig. 10.2c, in which D is the island (protrusion) diameter and G1,

G2, and G3 are the ortho-, meta-, and para-island gap, respectively.

Figure 10.3 shows the procedure of fabricating arrays of hemispherical silver

nanocaps separated by tunable gaps on the PAA substrates. Silver was deposited

onto the pore surface of the PAA substrates using conventional direct-current

magnetron sputtering system. And highly ordered silver nanocap arrays (SNAs)

can grow on the protrusions along the PAA pore walls. The geometry of SNAs can

be modified by tuning the anodic voltage and silver depositing parameters

(as illustrated in Fig. 10.3), thus realizing the strongest coupling among adjacent

silver nanocaps. The plasmonic enhancing capability of SNAs was evaluated by

applying Rhodamine 6G (probe molecules: R6G) to the SNAs substrate. Enhanced

R6G Raman signals can be detected by using a He-Ne laser to excite the coupled

surface plasmon resonance arising from a hybrid mode at the air-silver interface.

The intrinsic fluorescence of R6G molecule was quenched by coupling with SNAs,

owing to the F€orster resonance energy transfer mechanism [36] (this resonance

energy transfer mechanism will be detailed in Sect. 10.3.2). Therefore, the

plasmonic capability of SNAs can be qualitatively analyzed from SERS signals.

The strongest Raman enhancement was observed from the sample in Fig. 10.3c

compared with other samples, which can be attributed to the fact that the nanocap

arrays are assembled with a favorable gap configuration (G3� 35 nm, G2� 25 nm,

G1< 10 nm) and a highly ordered arrangement. These, as well as a high density of

both silver nanocaps (�1� 1010 cm�2) and hot spots (�1� 1011 cm�2), are

necessary for intense SERS enhancement. Although mass particle aggregation

Fig. 10.3 A series of SEM images acquired from the silver-coated PAAmembranes formed under

different constant DC voltages: (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 V. The scale bar is 100 nm.

The sputtering times for the silver are all set to be 10 min (Reprinted with permission from

[37]. Copyright (2011) American Chemical Society)
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can be observed in samples a and b (Fig. 10.3a, b), the values of G2 and G3

decrease, thus not reducing the SERS enhancement significantly.

Apart from tuning the gap between neighboring silver nanocaps, silver nanocaps

size can be modified by adjusting the silver depositing time to optimize the

plasmonic capabilities. The results show that there is a favorable silver depositing

time to produce the most enhanced Raman signals, when the fabrication anodic

potential of PAA membranes is fixed.

Therefore, this highly ordered hemispherical SNAs plasmonic substrate is very

promising owing to its flexibility when spectrally tuning the SP resonance and

controlling the size of interparticle gaps in sub-10-nm regime, as well as easy

fabrication, excellent reproducibility, modest cost and large area production. The

applications of this novel plasmonic substrate will be discussed from viewpoints of

SERS trace sensing and SEF cellular imaging in Sect. 10.3.

10.2.2 Plasmonic Nanostructures Templated by the Bottom
Surface of PAA Membranes

Different from the hemispherical SNAs templated by the small protrusions along

the PAA pore wall, another convenient approach to fabricate plasmonic

nanostructures was proposed and experimentally achieved by our group. The

bottom surface of PAA membranes were acquired by the two-step anodization

process, subsequently dissolving underlying aluminum substrate by immersing in

saturated solution of copper sulfate with copper tape as a protective layer. Then,

silver was directly deposited on the bottom surface of PAA membranes by conven-

tional direct-current magnetron sputtering system with proper depositing time, thus

silver nanocap superlattice arrays (SNSAs) were acquired (the fabrication process

as shown in Fig. 10.4) [30]. If the silver depositing time was prolonged, silver

nanovoid arrays (SNVAs) could be uncovered by dissolving PAA template (the

fabrication process as shown in Fig. 10.5) [31].

By adjusting the anodic potential and subsequent silver deposition parameters, a

series of SNSAs and SNVAs with different sizes were obtained. The shape of the

silver nanocap resembles a cap based on the ratio of the height to radius of the

alumina protrusions, and the silver nanovoid has the complementary shape with the

nanocap. The size of each silver nanocap (or nanovoid) is consistent with the one of

protuberance on the bottom surface of PAA membranes. That is, the value of D (the

silver nanocap or nanovoid diameter) is almost unchanged after silver deposition.

Moreover, the average size of nanocap or nanovoid can be tailored from 60 to

150 nm, and the functional relationship between D and the anodic potential is

approximately linear (as shown in Fig. 10.6). Thus, combined with the adjustion of

silver deposition parameters, the plasmonic properties of SNSAs and SNVAs can

be tuned to achieve the strongest coupling between adjacent silver nanocaps or

nanovoids.
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Fig. 10.4 Schematic of the fabrication method of silver nanocap superlattice arrays (SNSAs): (a)
pretreated aluminum sheets, (b) PAA templates, (c) reinforced and inversed PAA templates, (d)
the bottom surface of PAA, (e) SNSAs and (f) alumina cell (Reprinted with permission from

[30]. Copyright (2011) American Chemical Society)

Fig. 10.5 Schematic illustrating the fabrication process for the silver nanovoid arrays (SNVAs):

(a) pretreated aluminum sheets, (b) PAA templates, (c) reinforced and inversed PAA templates,

(d) PAA templates with alumina protrusion arrays, (e) silver films which are deposited on the

alumina protrusion arrays, (f) SNVAs protected by the barrier layer of PAA, (g) SNVAs and (h)
void structure (Reprinted with permission from [31]. Copyright (2012) American Chemical

Society)
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10.2.3 Plasmonic Nanostructures Patterned by Single Step
Direct Imprint Process

The traditional lithography preparation methods to fabricate metallic patterns are

indirect, that is, the nanoscale features are first patterned on a polymer by common

lithography techniques such as photolithography, electron-beam lithography or

focused ion beam, and subsequently metal deposition as well as lift-off or etching

are performed [38, 39]. However these fabrication procedures tend to be complex

and labor-intensive due to the multiple steps and special conditions. Consequently,

alternative methods such as transfer printing [40, 41], imprinting without melting

the metals [42, 43], pulsed laser melting [44], electrochemical nanoimprinting

[45, 46] or direct micro-scale imprinting [47] have been proposed to produce

metallic patterns directly. Although some of these techniques suffer from poor

resolution, direct metal patterning has immense potential in next generation micro-

scale and nanoscale manufacturing because of the low cost and high throughput.

Herein, our group recently developed a novel metal direct imprinting technique

[32], called single step direct imprint (SSDI) process, which resembles stamping on

a piece of paper. The “stamp” is PAA, and the “paper” is metal or other hybrid

multi-layer materials.

The periodic hexagonal geometry on the pore surface of PAA membrane

(“stamp”) was successfully transferred to the metals (“paper”) by mechanically

pressing the stamps into the substrate. The protrusions along the PAA pore wall are

favorable to nanoimprint process because they are too sharp to press into the

substrates easily in a short time and at a small pressure. The transferred patterns

show one-to-one correlation with the features of the pore surface of PAA stamp.

The mean value of gaps in the transferred patterns of G1 and G2 are approximately

6 and 15 nm respectively (as shown in Fig. 10.7a), where G1 is the ortho-island gap

and G2 is the size of the nanopit among adjacent three islands. This narrow size

distribution (Fig. 10.7b) suggests the capability to fabricate small features (less than

10 nm), which is extremely necessary for plasmonic applications.

Fig. 10.6 Average size D as a function of VPAA and corresponding SEM images of (a) SNSAs and
(b) SNVAs. The scale bar is 200 nm in (a) and 100 nm in (b). The inset of (a) shows large-area
SNSAs with size of about 1 cm2
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A long-range ordered hexagonal cell arrays in the PAA with dimensions of

millimeters or even centimeters and pore density of 1010 cm�2 are produced. Our

results illustrate that metallic nanostructures with dimensions of the order of

centimeters can be constructed by this SSDI process, and it can be used to replicate

large area metallic nanostructures with resolution down to a few nanometers as well

as good trade-off between resolution and throughput.

With this novel SSDI process, various metal nanopatterns with different hard-

ness and elastic moduli (Sn, Zn, Al, Ag, Mg and Cu) were precisely replicated. By

adjusting the cell size and pore diameter of PAA stamps, metal nanoislands

(or nanopits imprinted with relatively small pressure) with well-defined size

(or spacing) between 75 and 150 nm can be readily replicated and the sizes or

spacing of transferred patterns increase monotonically as the anodic voltage is

increased, as shown in Fig. 10.8.

The impacts of pressure on the height of transferred patterns were investigated.

We found that the height increases monotonically with pressure (as shown in

Fig. 10.9, different nanopattern height with different imprint pressure), and it can

be easily understood how the PAA stamp cavities are gradually filled with the

substrate materials. Moreover, low error height indicates that the imprint process

has good spatial uniformity.

Later on, this SSDI process was further developed by our group. Polymers and

metal/polymer multi-layer structures were chosen as substrate materials (“paper”).

The underlying soft polymer layer is employed to reduce the imprinting pressure in

SSDI process.

Gold semi-shell arrays [48] with controllable dimensions were fabricated by

using Au/PMMA bilayer structure as substrate. Figure 10.10 schematically illus-

trates the formation steps of close-packed gold semi-shells (both nanocaps and

nanobowls); the left route corresponds to the fabrication of nanocaps by using the

pore surface of PAA stamp and the right route nanobowls by using the bottom

surface of PAA stamp.

Fig. 10.7 (a) Representative SEM image of metallic nanostructures during pattern transfer. The

inset is a schematic representation of nanopatterns with dimensional parameter G1 and G2, where

G1 is the ortho-island gap and G2 is the size of the nanopit among adjacent three islands. (b) The
width of G1 and G2
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The imprinting pressure of SSDI process is only about 1 % that of the previous

direct imprint method [49], making it compatible with conventional imprinting

processes. The low imprinting pressure results in an extended service life of PAA

stamps, which can be reused several times nearly without abrasion or loss of

resolution. After SSDI process, the low adhesion between noble metal and PAA

stamp surface makes it easy to demold without further surface treatment.

Another approach to fabricate gold semi-shell arrays [50] was performed by only

using polymer as substrate and subsequently depositing gold on the transferred

Fig. 10.8 Average spacing as a function of voltage and corresponding SEM images of aluminum

nanoislands (above) and nanopits (below) templated by SSDI process

Fig. 10.9 (a) Typical load-displacement curve of aluminum substrate on smooth surface (inset).

(b–f) SEM top and side views (inset) of transferred patterns under different imprinting pressures:

(b) 0.1 GPa, (c) 0.2 GPa, (d) 0.3 GPa, (e) 0.4 GPa and (f) 0.5 GPa. (g) Average height as a function
of working pressure. The inset is the legend to the height
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patterns (as shown in Fig. 10.11). Polyethylene terephthalate (PET) was chosen as

substrate material (“paper”). The gap spacing between neighboring two protuber-

ances on the patterned PET substrate can be controlled in sub-10-nm regime. The

gold semi-shell arrays were templated by subsequent gold depositing procedure and

the thickness of gold layer can be adjusted from 5 to 25 nm for further tailoring the

geometries, thus the average gap spacing between adjacent gold semi-shells can be

adjusted. Hence, the LSPR supported by these gold semi-shell arrays can be tuned

to achieve the strongest coupling between adjacent gold semi-shell [30].

10.3 Applications

10.3.1 Surface-Enhanced Raman Scattering (SERS) Sensing

SERS has been demonstrated as a promising way to overcome the poor efficiency of

inelastic scattering processes and weak signals inherent to normal Raman spectros-

copy [51], as well as drawn widespread attention as a powerful spectroscopic

technique capable of nondestructive and ultrasensitive characterization down to

single molecular level [5, 52].

Fig. 10.10 Representation of the SSDI process for patterning gold semi-shell arrays by using

PAA stamps
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It is important to note that, after much debate, it is currently widely accepted that

the SERS can be discussed in terms of electromagnetic and chemical enhance-

ments, in which the former term is responsible for the major portion of SERS

enhancement [7]. Hence, the following discussion about SERS would be only

focused on electromagnetic enhancement mechanism.

Electromagnetic enhancement is caused by the excitation of SPs, resulting in

enhancement of the local field experienced by a molecule adsorbed on the surface

of the nanoparticles (or nanostructures) [53]. Although the increase in the local

electrical field is usually modest, the enhancement in the inelastically scattered light

intensity scales to the fourth power, causing a remarkable SERS effect, that is, the

enhancement factor (EF) of SERS signal¼ (Eloc/E0)
4, where (Eloc/E0) is the local

electrical filed enhancement ratio.

For the application of routine SERS online trace sensing, SERS substrates are

required to be stable with a high concentration of giant Raman cross-section hot

spot and also be reproducibly prepared, inexpensive and easy to make

[12]. Although conventional method, spraying Ag or Au colloids onto a substrate

leads to an extremely high SERS signal at some local hot spots, due to particle

aggregation, it is not easy to achieve a reliable, stable, and uniform SERS signal

spanning a wide dynamic range. Popular approaches to remedy the problems of

poor control over the particle aggregation states include immobilization at surfaces

[54], entrapment within stable matrices [55], or fabrication of complex surface

structures (e.g., with microfabrication), but these processes can be demanding in

Fig. 10.11 Schematic illustrating the fabrication process for the gold semi-shell arrays: (a)
pretreated PET substrate; (b) SSDI process; (c) patterned PET substrate; (d) gold semi-shell

arrays (Reprinted with permission from [50]. Copyright [2013], AIP Publishing LLC)
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terms of labor and cost, and it is sometimes impossible to extend them to large

dimensions [13, 56]. Precise control of the gaps between the nanostructures on a

SERS-active substrate, with interparticle-gap dimensions in the sub-10-nm regime

is extremely necessary for intense SERS enhancement.

Three approaches to fabricate plasmonic nanostructures based on PAA mem-

branes have been described above [12, 30–32], all of which overcome the disad-

vantages discussed above, that is, PAA-based plasmonic nanostructure can provide

a stable, reliable and reproducible platform for SERS sensing application. Besides,

low costs and easy fabrication procedures make it a promising candidate for

practical applications. All these three approaches can control the interparticle-gap

dimensions of metallic nanostructures in sub-10-nm regime by simply adjusting the

PAA fabrication conditions, metal depositing parameters or nanoimprint pressure.

Additionally, the dimensions of PAA-based long-range uniform plasmonic

nanostructures can be extended to the centimeter scale.

The Raman enhancing capabilities of these plasmonic nanostructures can be

depicted by assessing the EF values. In our experimental researches, the probe

molecules were placed near the “hot spots” by drop-coating technique, maintaining

in the solution of probe molecules with subsequent rinsing, or other methods. The

EF values were empirically estimated by ratios of the average SERS peak intensity

(typically, one conspicuous Raman peak of the probe molecule) to the

corresponding average unenhanced Raman signals (the same Raman peak with

enhanced one).

For instance, the Raman enhancing capabilities of silver nanocap superlattice

arrays (SNSAs) [30] were evaluated by applying an aqueous solution (10�5 M) of

R6G to the substrates. Figure 10.12 shows the typical Raman spectrum of the R6G

solution obtained on the SNSAs (VPAA ¼40 V, where VPAA is the anodic potential

of PAA template) which is compared to that acquired from the flat silver sheet

(unpatterned one). However, the normal Raman signature of 10�2 M of R6G on the

flat silver sheet is barely recognizable. The empirical EF is estimated to be larger

than 105 by comparing ratios of the average SERS peak intensity (at 1510 cm�1) of

R6G to the corresponding average unenhanced signals (at 1510 cm�1).

By employing the finite-difference time-domain (FDTD) simulations, this

intense SERS enhancement can be confirmed arising from the enhanced local

electrical field. FDTD is a kind of calculation method which has recently been

demonstrated to be highly useful in the study of the electromagnetic properties of

metallic nanostructures for almost arbitrary complexity [57]. A typical planar and

cross sectional view of the calculated radial EM field components of the SNSAs

(VPAA¼ 40 V, tAg¼ 15 min) [30] is displayed in the inset of Fig. 10.12. Calculation

shows that these localized resonant plasmon modes are able to produce maximum

SERS EF as large as 3.5� 1010 in the Raman signal of the molecules adsorbed at

the V-shaped gaps between two adjacent nanocaps. The SERS performances of

other SNSAs formed under different VPAA (tAg is fixed at 15 min) were also

experimentally and theoretically conducted, demonstrating good correlation

between experiments and theories. The results show that there exists a favorable

VPAA and tAg parameters for the most intense SERS enhancement.
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Moreover, the homogeneity of plasmonic substrates is of great significance for

realizing stable, reliable and uniform signals spanning a wide dynamic range, which

can be evaluated by means of 2D point-by-point Raman mapping. It can visualize

the spatial distribution of Raman intensity by monitoring some finger print Raman

peak of probe molecules. For instance, excellent uniformity of hemispherical SNAs

[37] over a large area of 20.0� 20.0 μm is confirmed by measuring the SERS

signals of 400 points with a regular scanning step of 1 μm (as shown in Fig. 10.13).

The map is obtained from the integrated intensity of the 612� 10 cm�1 band of

10�5 M R6Gmolecules adsorbed on the substrate. The relative SERS peak intensity

of the collection spots is centered in a narrow range, and the spot-to-spot relative

standard deviation is calculated to be 5 %. This relative standard deviation value

can be used to evaluate the homogeneity of the plasmonic substrates, that is,

relatively smaller value stands for a better homogeneity, and vice-versa.

Hence, our group proposed a brief analytical methodology to evaluate the

dispersity of adsorbed multi-walled carbon nanotubes (MWNTs) with different

ultra-low concentrations by 2D point-by-point Raman mapping strategy, based on

a highly SERS-active substrate with excellent homogeneity [58]. Figure 10.14

shows a series of 2D Raman mappings of MWNTs on hemispherical SNAs

compared with those on Si chips, with different concentrations of R6G molecules.

The variation in the intensity of Raman signals around 1575 cm�1 can be observed

according to brightness, with brighter spots representing higher Raman intensity in

each Raman mapping images.

In Fig. 10.14a–c, an obvious weakening trend of intensity in the normal Raman

mappings on decreasing the concentration of MWNTs can be observed, and

MWNTs with concentration below 3 ppm on Si chip exhibit no visible Raman

bands. However, intense SERS enhancement can be observed even at 3 ppm in

Fig. 10.12 SERS spectral comparison of R6G adsorbed on the SNSAs and the flat silver sheet.

The inset shows a typical simulated EM-field distribution map of the SNSAs (VPAA¼ 40 V,

tAg¼ 15 min) (Reprinted with permission from [30]. Copyright (2011) American Chemical

Society)
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SERS mappings (as shown in Fig. 10.14f). The SERS mappings of MWNTs for ppb

level are also tested (as shown in Fig. 10.14g–i). In our experiment, the detection

limit reaches as low as 3 ppb which is proved by the result of SERS mapping shown

in Fig. 10.14i.

This design of SNAs with uniform SERS-active properties may open a new

framework for the fabrication of robust, cost-effective, large-area SERS-based

sensors for trace detection of inorganic nanostructures.

10.3.2 Fluorescence Process Tailoring and Surface-
Enhanced Fluorescence (SEF) Cellular Imaging

Since the early 1980s, enhancement of fluorescence from molecules near a metal

nanostructure has been regarded to be associated with modification of the molecule

excitation as well as the radiative and non-radiative decay rates [59, 60]. Nowadays,

improved nanofabrication methods allow precise control of the nanoparticle shape

and arrangement of nanoparticle ensembles thereby opening the possibility to

flexibly tailor specific molecule-nanoparticle couplings [6, 7].

Herein, our group recently reported several researches of tailoring light emission

properties of organic emitter by coupling to resonance-tuned silver nanocap arrays

(SNAs) which support LSPR at optical frequencies.

In our research [61], Poly-[2-methoxy-5-(20-ethyl-hexyloxy)-p-phenylene
vinylene] (MEH-PPV) was chosen as the organic emitter. The PAA membrane

was cut into two pieces, one being a fresh sample and the other sputtered with Ag to

Fig. 10.13 SERS mapping (20.0� 20.0 μm) obtained from the hemispherical SNAs with

VPAA¼ 40 V and tAg¼ 15 min. The map is obtained from the integrated intensity of the

612� 10 cm�1 band of 10�5 M R6G molecules adsorbed on the substrate. Each point in the

map was taken using 20 mW 514 nm excitation with a 1 s integration time (Reprinted with

permission from [37]. Copyright (2011) American Chemical Society)
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form the SNAs, and subsequently with MEH-PPV solution dropped onto the

sample.

The PL spectra of MEH-PPV coupled two samples, acquired by excitation with

the wavelength of 500 nm, are compared in Fig. 10.15a. The peak intensity of the

PL spectrum of the MEH-PPV coupled SNAs is about 6 times higher than that of

the MEH-PPV on the PAA membrane and the PL peaks at 575 nm are almost the

same. The enhancement of the PL spectrum of the MEH-PPV coupled SNAs were

confirmed by the UV-visible absorbance spectra in Fig. 10.15b, which was originated

from the energy transfer effect in the SPR coupling.

The PL spectrum of MEH-PPV and the large absorption spectrum (surface

plasmon resonance spectrum) of the SNAs are well overlapped (as shown in

Fig. 10.15b). Similar to the donor-acceptor energy matching in F€orster resonance
energy transfer between two fluorophores, the critical matching of the localized

resonating plasmon energy in SNAs with the electron transition energy from ground

Fig. 10.14 Raman mappings of MWNTs with different concentrations adsorbed on Si chips ((a)
300 ppm, (b) 30 ppm, (c) 3 ppm) and on hemispherical SNAs ((d) 300 ppm, (e) 30 ppm, (f) 3 ppm,

(g) 300 ppb, (h) 30 ppb, (i) 3 ppb). The scale bar is 10 μm. NR represents normal Raman signal
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to excited state in MEH-PPV permits the plasmon resonance energy transfer

process. Then, the resulting resonance (LSPR coupling due to the hybrid junction

of MEH-PPV and SNAs) could lead to energy transfer from the SNAs to the light-

emitting MEH-PPV with the irradiating wavelength of 500 nm, which created more

excitons in the light-emitting MEH-PPV [62].

Besides, another important factor responsible for the PL enhancement may be

the enhanced local electromagnetic field of nanogaps between the SNAs in the

background of light-emitting organic emitter (as shown in Fig. 10.16). As afore-

mentioned, the local EM field enhancement can be tuned to achieve the strongest

coupling between adjacent nanocaps by varying the anodic voltage of the PAA

templates [12]. The maximum PL enhancement ratio was observed from the sample

with anodic potential of 40 V, which can be attributed to the fact that the SNAs

(under the anodic potential of 40 V) is assembled with the favorable gap configu-

ration, a high density of both Ag nanocaps and hot gaps as well as the highly

ordered arrangement.

Very similar with MEH-PPV coupled SNAs system, in another work of our

group, Poly-[3-(2,5,8-trioxanonyl) thiophene] (P3TT) and poly (2,5-dioctyloxy-p-

phenylene) (PPP) were chosen as the organic emitters, with the absorption peaks of

~500 and ~345 nm, respectively [63]. The conjugated polymers were spin-coated

on the SNAs films and quartz substrates under the same conditions.

The PL intensity of the P3TT coupled SNAs is more than 9 times higher than that

of P3TT film on quartz for excitation at 490 nm (as shown in Fig. 10.17a). The

plasmon resonance energy transfer plays a much more important role in the large

PL enhancement of the P3TT coupled SNAs than the increased absorption of

coupled P3TT. The absorption spectrum of P3TT and that of the SNAs well

overlap, which permits the plasmon resonance energy transferring from the latter

Fig. 10.15 (a) Comparison of PL spectra of the MEH-PPV coupled silver nanocap arrays (SNAs)

and MEH-PPV coupled PAA membrane. (b) Normalized UV-visible absorption spectra of the

MEH-PPV and SNAs (Reprinted with permission from [61]. Copyright [2009], AIP Publishing

LLC)
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Fig. 10.16 PL spectra of MEH-PPV coupled SNAs formed under different constant dc voltages

((a) 20 V, (b) 30 V, (c) 40 V, (d) 50 V and (e) 60 V). The sputtering times of silver are all set to be

10 min. The dependence of the PL enhancement ratio of MEH-PPV coupled SNAs to MEH-PPV

coupled PAA membrane is shown in the inset (Reprinted with permission from [61]. Copyright

[2009], AIP Publishing LLC)

Fig. 10.17 (a) PL and PLE of the P3TT coupled SNAs (solid line) and the P3TT film (dashed
line), the PL spectra were obtained by photoexcitation at 490 nm and the PLE spectra were

measured at the monitoring emission wavelength of 620 nm. (b) PL and PLE of the PPP coupled

SNAs (solid line) and the PPP film (dashed line), the PL spectra were obtained by photoexcitation

at 340 nm and the PLE spectra were measured at the monitoring emission wavelength of 420 nm

(Reprinted with permission from [63]. Copyright [2011], AIP Publishing LLC)
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to the former. This energy resonance transfer process is very similar to MEH-PPV

coupled SNAs system discussed above [61]. That is, if the absorption of the

conjugated polymer matched that of the SNAs, the emission intensity of the

conjugated polymer would be largely increased.

Totally different from P3TT, the emission from the PPP coupled SNAs is much

weaker than that of the PPP film on quartz, as shown in Fig. 10.17b. By comparison,

the PL spectrum of PPP well matches the absorption spectrum of the SNAs (surface

plasmon resonance spectrum). Hence, the energy transfer occurs from PPP to the

SNAs, resulting in the fluorescence quenching of coupled PPP [64]. And experi-

mental evidences indicate that the energy transfer process does not directly quench

the excited states in PPP, that is, the energy transfer is radiative rather than

non-radiative F€orster type in the PPP coupled SNAs system [65]. Therefore, if

the emission from the conjugated polymer matched the absorption of the SNAs, the

fluorescence quenching of the conjugated polymer would be observed.

Our results discussed above indicated that it is achievable to optimize the

geometry of the SNAs in order to maximize the emission intensity of light emitters.

Hence, we further applied these results to the SEF cellular imaging of biomolecules.

Cellular imaging is especially useful to non-invasive monitoring of diseases,

evaluation of drug effects, assessment of the pharmacokinetic behavior of drugs,

and identification of molecular biomarkers for diseases [66]. In order to accurately

study the progress, a multi-color biological labeling method is needed for mem-

brane protein imaging. Cellular fluorescence imaging meets the requirement due to

the large range of fluorophores with distinctive spectral characteristics suitable for

clinical practice. Moreover, it offers the specific, targeted imaging contrast needed

for the study of specific cellular processes. Hence, cellular fluorescence imaging is

now an irreplaceable tool in biomedical science. The advent of fluorescence

microscopy has enabled routine studies of dynamic processes in living cells.

These fluorescence techniques can deliver the necessary resolution to image certain

cellular organelles and track proteins in for example, the nucleus, endoplasmic

reticulum, and Golgi apparatus, and other biomolecules in living cells [67], so that

valuable information about the dynamics of intracellular networks, signal transduc-

tion, and intercellular interactions can be obtained.

In spite of recent advances, the spatial and temporal resolution of cellular

fluorescence microscopy is limited by traditional organic fluorescent dyes. When

using fluorophores as dyes, the signal cannot be easily discerned [68, 69] from the

background of autofluorescence, which is natural emission from biological entities

[70]. Autofluorescence can be problematic in fluorescence microscopy due to

several reasons. First of all, the unwanted signals may interfere with specific

fluorescent signals especially when the latter are very dim. Secondly, the emission

lifetime on the order of 2–4 ns is very close to that of the cell autofluorescence

background, and thirdly, organic fluorophores are known to emit signals with poor

stability and strong blinking [37, 71]. In many instances, the sensitivity is limited by

autofluorescence from the sample rather than lack of signal. Hence, one of the main

challenges is to improve the sensitivity and photostability.
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In order to further improve the sensitivity, there are continuous attempts to lower

the detection limits. Detection of a fluorophore is usually limited by the quantum

yield, autofluorescence from the sample, and photostability of the fluorophore. And

as aforementioned, there is increasing use of metallic nanostructures to modify the

spectral properties of fluorophores and to overcome some of these photophysical

constraints. Depending on the geometry and the distance between the metal and

fluorophore, these metallic surfaces can result in fluorescence enhancement by

factors of up to 103 [72, 73].

In our results, the silver nanocap arrays templated by the PAA membranes can

obtain reliable, stable, and uniform signals spanning a wide dynamic range from the

surface of SNAs [12, 37]. This uniform geometry of SNAs is necessary to make

sure that different parts of the sample can have the same degree of amplification and

enable the use of SEF cellular imaging in the study of intracellular processes at the

single-molecule level.

Our recent work reported that this novel plasmonic substrate was successfully

utilized to high-sensitivity and stable cellular fluorescence imaging [37]. -

Phalloidin-fluorscein isothiocyanate (P-FITC) is used as fluorophore to label the

biomolecules. Spectral analysis suggests that the SNAs can create more excitons in

the light-emitting P-FITC because of plasmon resonance energy transfer from the

SNAs to the nearby P-FITC. They can also act as plasmonic antennae by converting

a part of the non-radiative near-field emission from the fluorophores to the far field

consequently enhancing the emission. AG1522, a normal human fibroblast culture

derived from foreskins of 3-day-old male, and Chinese Hamster Ovary cells are

labeled by P-FITC on the cytoskeletons and the fluorescence signals from the

fluorophores bound on the cell cytoskeletons on the SNAs are enhanced 8-fold

compared to those on glass used in conventional imaging, as illustrated in

Fig. 10.18.

It is known that fluorescence is enhanced only when the fluorophore is localized

at an optimal distance close to the surface of the metal nanoparticle with a certain

distance over 5 nm [74, 75]. In this case, because the membranes of the cells are

about 7 nm thick [76], some fluorophores on the cell cytoskeletons that adhere to

the metal substrate may be localized within this enhancement region. Hence, it can

be inferred that enhancement of the emission signals from the cell cytoskeletons

observed in this study is due to the coupling effect between the P-FITC and SNAs.

In addition to the intensity enhancement, the photostability is improved dramat-

ically, as illustrated in Fig. 10.19. Fluorescence from the P-FITC labeled Chinese

Hamster Ovary cells on glass is quenched in 2 min. In contrast, fluorescence from

the P-FITC-labeled Chinese Hamster Ovary cells on the SNAs diminishes to half of

its original intensity in 3 min, after which fluorescence is maintained for more than

12 min. The results suggest that the fluorophores near the glass are destroyed,

whereas those near the SNAs are more photostable.

Apart from the geometry of plasmonic substrates, another significant factor

dominating the fluorescence intensity is the distance between the metal and

fluorophores. LSP works only at a very short distance range of no more than

100 nm and is influenced by the dielectric layer. In another work [77], optical
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properties of R6G molecules on SNAs are tailored by precisely controlling the

distance between the dyes and SNAs by coating MgF2 film with different thick-

nesses. The fluorescence signal of R6G molecules depends on the distance and the

largest enhancement of 10 folds is achieved when the distance between R6G

molecules and SNAs is 10 nm. This result is applied in SEF cellular imaging by

coupling SNAs with P-FITC staining on cytoskeleton of the rat bone mesenchymal

stem cells. The strongest emission from the 5 nm thick MgF2 film covered SNAs

increases by a factor of 10.4 compared to the glass slide. As the membrane

thickness of the cell is about 3–7 nm [76, 78], the distance between SNAs and

dyes here should be modified from 5 to 8–12 nm, as shown in Fig. 10.20.

Fig. 10.18 Representative confocal images of AG1522 cells labeled with P-FITC adhered to the

cytoskeleton protein f-actin on the (a) glass slide and (b) SNAs excited by the 488 nm laser line.

Both images are in pseudo color and the scale bar is 20 μm (Reprinted with permission from

[37]. Copyright (2011) American Chemical Society)

Fig. 10.19 Photostability

tests on P-FITC labeled

Chinese Hamster Ovary

cells on the SNAs and glass

slide. The excitation source

is a mercury lamp operated

at 450–490 nm (Reprinted

with permission from

[37]. Copyright (2011)

American Chemical

Society)

10 Controlled Assembly of Plasmonic Nanostructures Templated by Porous Anodic. . . 269



We have discussed the geometry and distance dependence of the fluorophores

coupled SNAs system [37, 77]. The result that the emission intensity of specific

fluorophores could be dramatically increased is successfully applied to the SEF

cellular imaging of biomolecules. And the results show that SNAs are good

replacements for traditional glass slide. This method could be further developed

in intrinsic fluorescence imaging [79] and sensor applications [80].

10.4 Summary

The use of PAA membranes as template to produce plasmonic nanostructures is very

promising considering their easy fabrication, excellent reproducibility, modest cost,

large area production, as well as the flexibility when spectrally tuning the SPR and

controlling the ratio of the scattering to absorption cross sections. We have success-

fully fabricated several types of plasmonic nanostructures based on the pore surface

or the bottom surface of the PAA template. Moreover, we can precisely control the

assembly of nanostructures with the interparticle gap dimensions in the sub-10-nm

regime, which permit achieving the strongest coupling among the adjacent

nanoparticles (or closely spaced nanostructures). These novel plasmonic substrates

with uniform and highly reproducible signals were successfully applied to SERS

trace sensing, fluorescence process tailoring as well as SEF cellular imaging.

Fig. 10.20 Representative

confocal images of cell

cytoskeletons labelled with

P-FITC on the PSNAs with

different MgF2 thicknesses:

(a) 0 nm, (b) 5 nm, (c)
15 nm, (d) 35 nm and on

glass slide (e). P-FITC is

excited by the 488 nm laser

line. The images are in

pseudo color and the bar

chart shows the

fluorescence enhancement

compared to that on the

glass slide
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Chapter 11

Origin of Shifts in the Surface Plasmon
Resonance Frequencies for Au and Ag
Nanoparticles

Sandip Dhara

Abstract Optical properties of noble metal (Au, Ag) nanoclusters are of remarkable

interest owing to the understanding fundamental issues of electronic properties in the

small metallic clusters and their applications in nonlinear optics. The surface plasmon

resonance (SPR), defined as resonance frequency of coherently oscillating free

electrons with the exciting light, occurring in the near-UV-Visible region leads to

the major applications. We discuss results, both experimental and theoretical,

reporting the red or blue shift of the SPR frequency with decreasing noble metal

cluster size as an effect of embedding matrix and surrounding porosity as well as in

free noble metal nanoclusters without matrix. Reduction of the electron density

(spillout effect) in the small nanoclusters and the interband screening of electrons

in noble metals for larger nanoclusters shift the frequency of light absorbed either to

the red or blue region, respectively, with decreasing cluster size. A strong dependence

of the cluster size with the SPR frequency is discussed using time dependent local

density approximation (TDLDA) with the consideration of porosity of surrounding

medium. As the most recent report, quantum effect is also considered to understand

blue shift of the SPR frequency of individual Ag nanoclusters with reducing size.

Keywords SPR • Noble metal • Spill out effect • TDLDA • Red shift • Blue shift •

Nanocluster

11.1 Introduction

Optical properties of noble metal (Au, Ag) nanoclusters have attracted considerable

attention in recent years mainly owing to the understanding fundamental issues

related to the electronic properties in the small clusters [1] and their applications in

nonlinear optics [2], optical switching [3, 4], including improved photovoltaic

devices [5], cancer therapy [6] and catalysis [7] as well as surface enhanced
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spectroscopic studies at single molecule level [8–10]. In the present context, the

central feature in the optical response is the surface plasmon excitation with

coherent oscillation of the conduction electrons which results in a resonance band

in the absorption spectra. The other interesting fact about it that for Au, Ag as well

as for the other noble metals, the surface plasmon resonance (SPR) occurs in the

near-UV-Visible (UV-vis) region leading to its application with visible light. A

large number of experimental and theoretical results were reported for the red or

blue shift of the SPR frequency with decreasing noble metal cluster size as an effect

of embedding matrix and surrounding porosity [1, 11–14] as well as in free noble

metal nanoclusters without matrix [15]. Reduction of the electron density (spillout

effect) in the small nanoclusters and the screening of the interaction of valence (s)
electrons by core (d)-electrons in noble metals for larger nanoclusters shift the

frequency of light absorbed either to the red or blue region, respectively, with

decreasing cluster size.

Though strong dependence of the cluster size with the SPR frequency is

predicted by time dependent local density approximation (TDLDA) [1], only a

few experimental evidences are available for the shift in the SPR frequency for Au

clusters with different sizes embedded in alumina [12] and MgO [16, 17] matrices

without any elucidation to the shift as an effect of size. As a matter of fact, few

studies failed to report any shift in the SPR frequency of Au in silica [18–20]. Effect

of porosity surrounding Au clusters is taken into consideration in the TDLDA

calculation to support the experimental observation [1, 13]. A red shift, originating

from the spillout effect with increasing polarizability in the system, was predicted

by TDLDA calculation for embedded Au clusters in alumina [13]. The study in

fully embedded Au nanoclusters in crystalline dielectric matrix showed first exper-

imental evidence of red shift of the plasmon frequency with decreasing cluster size

for clusters with ~157–427 number of Au atoms [21]. Experimental observations of

blue shift of SPR frequency was also reported for Ag [1] and Au [12] clusters

embedded in porous alumina matrix and in case of Au clusters (>5 nm) embedded

in silica matrix [22]. Most recently quantum effect is also envisaged to understand

blue shift of the SPR frequency of individual Ag nanoclusters with reducing size in

the range of 2–20 nm [15, 23].

11.1.1 Red Shift of SPR Frequency: Spillout Effect

A red shift of the SPR frequency, measured using the UV–vis spectroscopy with

decreasing cluster size was reported in the small sized Au clusters (diameter ~1.7–

2.4 nm) embedded in crystalline alumina matrix [21]. The Au nanoclusters were

grown in crystalline alumina matrix using 1.8 MeV Au++ implantation at various

fluence ranges and subsequent annealing at high temperatures. The results of fully

embedded Au nanoclusters in crystalline alumina matrix differ completely from other

studies where clusters were grown in porous alumina matrices by co-deposition

process using pulsed laser ablation technique [12] and sol–gel process [16].

276 S. Dhara



Dipolar Mie resonance of a spherical metal cluster,ωSPR¼ωP/[2εm+ εd(ωSPR)]
½

where Drude free-electron plasma frequency ωP¼ (n2/ε0me*)
1/2 with n as the

electron density, ε0 as the dielectric function of bulk metal, me* as the effective

mass of electron and εd(ω)¼ (1+ χd) is the core-electron contribution [χd the

interband part of dielectric susceptibility (core d electrons)] to the complex dielectric

function of the noble metal ε(ω) ¼ 1+ χs(ω)+ χd(ω) [χs the Drude-Sommerfeld part

of dielectric susceptibility (valence s electrons)]. The dielectric function of matrix

εm� 3.1 for crystalline alumina in the relevant energy range. The Mie frequency in

the large-size limit can be approximately calculated by solving

ε ωð Þ þ 2εm ¼ 0 ð11:1Þ

in the classical limit, and resulting in

ωSPR 1ð Þ ¼ ωP=
�
2εm ω1ð Þ þ Re εd ω1ð Þð �½ ð11:2Þ

The Mie frequency in the large-size limit for embedded Au nanoclusters in

crystalline alumina is approximately calculated to be ~2.3 eV (539 nm) using Eq.

(11.1). Plasmon frequencies around ~2.14–2.21 eV (~579–561 nm) are observed in

the UV–vis absorption study of the post-annealed samples for two different

annealing conditions 1273 and 1473 K (Fig. 11.1) indicating formation of Au

nanoclusters [21]. Cluster sizes were calculated to be in the range of ~1.72–

2.4 nm (157–427 number of Au atoms¼ 32.6–45.4 atomic unit, a.u. ~0.0529 nm)

using acoustic phonon confinement model in low frequency Raman spectroscopic

(LFRS) studies [24]. The LFRS study for clusters in the small range (<10 nm) were

performed for the determination of the size and the shape of clusters. Low-fre-

quency Raman modes in the vibrational spectra of the materials arises due to the

confined surface acoustic phonons in metallic or semiconductor nanoclusters. The

Raman sensitive spheroidal motions are linked with dilation and strongly depend on

the cluster material through vt, the transverse and vl, longitudinal sound velocities.

These modes are characterized by two quantum indices l and n, where l is the

angular momentum quantum number and n is the branch number. n¼ 0 represents

the surface modes. The surface quadrupolar mode (l¼ 2, eigen frequency η2
s)

appears in both the parallel and perpendicularly polarized Raman scattering

whereas, the surface spherical mode (l¼ 0, eigen frequency ξ0
s) appears only in

the parallel polarized configuration. Considering the matrix effect in the limit of

elastic body approximation of small cluster (core-shell model) [25], eigen frequen-

cies for the spheroidal modes at surface (n¼ 0; l¼ 0, 2) of Au nanocluster in

alumina matrix is calculated to be ηs2¼ 0.84 and ξs0¼ 0.40. The surface

quadrupolar mode frequencies corresponding to l¼ 0, and 2 are expressed by,

ω s
0 ¼ ξ s0vl=Rc;ω

s
2 ¼ η s

2vt=Rc ð11:3Þ

where vl¼ 3240 m/s, vt¼ 1200 m/s in Au and c is the velocity of light in vacuum.

Average cluster radii (<R>� 0.86–1.2 nm� 16.3–22.7 a.u.), calculated using
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Eq. (11.2), corresponding to l¼ 0, 2 are found to be nearly the same conforming to

the indirect technique used for the calculation of very small clusters [21]. For both

the annealed samples a clear red shift of the SPR frequency was observed with

decreasing fluence. For these spherical clusters in the smaller size range, a red shift

was observed with decreasing cluster size (Fig. 11.2a). Though the red shift effect

was predicted to be quenched in case of free Au clusters [1], the large matrix-

induced charge screening lead to a large electron spillout in case of embedded

cluster [13]. A red shift is observed for very small clusters because of the reduction

of average electron density with an increasing electron spillout effect with decreas-

ing cluster size. The physics of the blue shift trend observed in noble metal clusters

(discussed in the subsequent section) is based on the assumption that because of the

localized character of the core-electron wave functions, the screening effects are

less effective over a surface layer inside the metallic particle. Close to the surface,

the valence electrons are then incompletely embedded inside the ionic-core back-

ground. In two-region dielectric model, this hypothesis is taken into account by

assuming that the effective polarizable continuous medium responsible for the

screening does not extend over the whole cluster volume, where χd(ω)¼ εd(ω)� 1

vanishes for radius >R� r; where R is the cluster radius and r is a thickness

parameter of the order of a fraction of the nearest-neighbor atomic distance

(Fig. 11.2b).
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for embedded Au
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Dashed vertical line is a
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observed red shift of the

SPR frequency with

decreasing fluence (Ref.
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Plasmon frequencies fall in between the values calculated using TDLDAmethod

with r¼ 0 and 1 a.u. in the specific size limit. The red shift trend with decreasing

cluster size is clearly depicted for 1> r� 0 as the trend is reversed for r> 1 with

increased screening effect of s and d electrons [13]. Normally spillout effect is

realized in very small clusters where electron density reduces from its bulk value.

Charge density for the clusters upto 170 atoms also showed deviation from its bulk

value in the density functional theory (DFT) based LDA calculations applied to the

spherical jellium-background model (SJBM) [26]. The SJBM at an infinite flat

surface was implemented for high symmetrical potential applicable to significantly

large cluster size. However, charge densities and self consistent potentials for 170

atoms vary in their values across the infinite flat surface due to the nature of

electronic level filling in the spherical potential. The solution to the problem by

introducing lattice structure via pseudo-potentials was limited in the presence of

high lattice symmetry for specific elements. The effect of spin using local spin-

density approximation was found to be important in this context. However, it was

the first effort to address optical response related issues in the DFT-LDA formalism.

The model was later on improved up to 440 atoms in the TDLDA calculation

(Fig. 11.3) [13]. In the two-region dielectric model, in addition to the electron

density beyond the radius R, the magnitude of the red shift was found to depend also

on the surface electron density profile. It is analogous to SJBM model [26],

involving localized pseudo-potentials. Larger red shift was anticipated with softer

surface electron density, as estimated for dielectric function εd in the range 5–10,

and was compared the results with those of the standard SJBM. The surface profiles

of the mean-field potential and electron-density were found quite identical when

Fig. 11.2 (a) Size dependence of the SPR frequency for the samples annealed at 1273 and 1473 K

(unfilled symbols) and estimated values from TDLDA calculations ( filled symbols) (Ref. [13])
corresponding to r¼ 0 and 1 a.u. are presented. Experimental values show a red shift with

decreasing cluster size (Ref. [21]; Copyright (2004) by the Elsevier Science B.V.) (b) Schematic

of two region dielectric model with nanoclusters radius R and screening length r. The reduction in
the electron density as a function of r, n(r) is shown to reduce with decreasing R (spillout effect)
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εm¼ 1. It suggested similar magnitude of red shift of the plasmon frequency for

embedded system as compared to that for free clusters. With number of atoms,

N ~ 427 (<440) for largest cluster of radius R ~ 1.2 nm and 157 for the smallest

cluster of R ~ 0.86 nm (~16.3 a.u.), in the report [21], definitely support the claim

that the observed red shift of SPR frequency with decreasing size is due to electron

spillout effect in the small Au clusters fully embedded in crystalline alumina

matrix. Unlike co-ablated growth of Au in alumina [12], the effect of porosity

leading to the blue shift of SPR frequency with decreasing cluster size was proposed

to be negligible in our study as the samples were grown in a well crystalline alumina

Fig. 11.3 (a–d) Photoabsorption spectra of free gold clusters within the two-region dielectric

model, for different thicknesses of the skin region of reduced polarizability. Thick line curves:
d¼ 2 a.u.; dashed line curves: d¼ 1 a.u.; thin line curves: d¼ 0. The short vertical line in (d)
indicates the dipolar Mie resonance energy in the large-particle limit (Ref. [13]; Copyright (1998)
by the EDP Sciences, Springer-Verlag)
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matrix. Carrier escape by interband tunneling, as observed in semiconductor

heterojunction nanostructure where electron dynamics of localized Wannier–

Stark states [27, 28], was reported in the presence of electric field [29, 30]. In this

context dephasing of electron leading to a dynamic localization of electron in

metallic nanoclusters, however was not considered as the coherence lifetime of

electron (limited by scattering centers, e.g., point defects and surface states in the

nanocluster) was expected to be much smaller than the period of oscillatory motion

of electron for all reasonable value of applied electric field.

11.1.2 Blue Shift of SPR Frequency: Screening Effect

The optical response of free and matrix-embedded Au nanoclusters was reported in

the framework of the TDLDA [13]. The characteristics of the SPR frequency with

cluster size showed strong influence of the frequency-dependence of the 5d core-

electron dielectric function in the vicinity of the interband threshold. The size

evolution of the Mie-frequency in free Au nanoclusters exhibited a prominent

blue shift with decreasing cluster size than that for Ag nanoclusters (Fig. 11.4).

Experimental data corresponding to five different particle-size distributions were

shown on composite films consisting of low-concentration (~7 %) of Au

nanoclusters embedded in an amorphous alumina matrix (black squares) [12].

The experimental data were positioned between the extrapolated theoretical curves

corresponding to free and fully-embedded clusters (empty triangles), suggesting

that the experimental results might be explained by taking into account the matrix

porosity. Neglecting volume change in these nanoclusters and with a mean porosity

of about 45 % with respect to crystalline Al2O3 two kinds of model calculations

were carried out to understand and quantify the effect of matrix-porosity in these

systems. Results obtained for εm¼ 2, assuming a fine-grained homogeneous porous

matrix, showed a value corresponding to a decrease of the matrix polarizability by a

factor 2 in the visible spectral range (εm ~ 3.1) (crosses in Fig. 11.4). In spite of the

quantitative agreement for large clusters, the slope of the size evolution was

significantly underestimated and the predicted porosity effects might be too small

for medium and small clusters. As a matter of fact εm¼ 2, corresponding to a large

value of matrix porosity, can be assessed by calculating the dielectric function of

the porous alumina matrix using the Bruggeman effective medium theory [31]. The

experimentally-determined dielectric function of porous alumina films showed a

decrease of ~17 % with respect to that for crystalline in the visible spectral range

(εm~ 2.6). At the cluster matrix interface the porosity is important because of the

fact that the short-scale heterogeneity of the porous matrix in the vicinity of the

interface will play a crucial role as the changes in the induced electron density by

the oscillating external field are mostly confined to the surface. Model calculations

involving a perfect vacuum “rind” were carried out for εm¼ 1 in the radial range

R< r<R+ dm. The size evolutions over the entire studied size range were

displayed (black triangles in Fig. 11.4). For a given mean porosity, matrix porosity

11 Origin of Shifts in the Surface Plasmon Resonance Frequencies. . . 281



effects were found stronger in this model. With the slope of the curves in good

agreement with the experimental size trend, the deviation from the experimental

data was minimized with a vacuum-rind thickness dm (<< Fermi wavelength, λF).
Assessment with recent experimental data obtained with composite films of AgN
and alumina (black circles in Fig. 11.4) provides evidence for both the relevance of

the porosity effects and suitability of the two-region dielectric model for Au and

Ag. The results of TDLDA calculations on AgN clusters embedded in alumina,

involving the values dm¼ 2 a.u. and dm¼ 4 a.u., were plotted (empty circles in

Fig. 11.4). An agreement between theory and experiment, for both Au and Ag, in

using the same model parameters, proved the correctness of the model for investi-

gating the size effects in the location of the surface plasmon frequency. In case of

matrix embedded noble metal nanoclusters, however the blue shift trend is largely

reduced. Agreement with recent experimental results on size-selected Au clusters

embedded in an alumina matrix was achieved by taking into account the porosity

effects at the metal and matrix interface. The SPR frequencies of Ag nanoclusters,

calculated in the TDLDA framework, were in good agreement (Fig. 11.5) with

experimental data on free AgN
+ clusters [32] and on AgN clusters embedded in solid

Ar [33]. The size effects were found weak and very sensitive to the matrix, the

Fig. 11.4 The size evolution of the surface plasmon energy of gold clusters within different

models. Black triangles: TDLDA results obtained with an outer vacuum “rind” at the metal/

alumina matrix interface. dm is the thickness of the outer rind. Empty triangles: TDLDA results for

free (upper curve, dm¼1) and alumina matrix-embedded clusters (lower curve, dm¼ 0). Crosses:
TDLDA results with a homogeneous surrounding matrix characterized by a constant dielectric

function εm¼ 2. In all calculations the thickness d of the inner skin of reduced polarizability is

equal to 2 a.u. Black squares: experimental results (Ref. [12]). The short horizontal line at 2.25 eV

indicates the surface plasmon energy in the large-particle limit for fully-embedded AuN clusters.

The circles correspond to experimental (black) and TDLDA (empty) results for alumina matrix-

embedded AgN clusters (model parameters: d¼ 2 a.u. and dm¼ 4 a.u.) (Ref. [13]; Copyright
(1998) by the EDP Sciences, Springer-Verlag)
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porosity at the interface, and the cluster charge. It is shown that the core-electron

contribution to the metal dielectric function is mainly responsible for the quenching

of the size effects in the optical response. In a phenomenological two-region

dielectric model for the thickness of the layer of reduced polarizability, the blue

shift trend is observed for r> 1 as the cluster radius decreases (Fig. 11.2b). Thus,

depending on the experiment, a blue shift [34], or a quasi-size-independent evolu-

tion [22, 35] is exhibited.

The surface plasmon energy of Au nanoclusters formed by Ar+ ion beam mixing

of Au/silica was investigated for the size effect [22]. Core-electron contribution to

the metal dielectric function was mainly responsible for the blue shift with decreas-

ing cluster size in case of nanocluster diameter >5 nm (Fig. 11.6a). This is because

of the fact that at ωSPR>ωmax (Fig. 11.6b) a reduction of Re[εd(ω)], residing in the
denominator of the Eq. (11.2), with increasing ω will further enhance the blue shift.

The effect was depicted as quenching of size effect in the optical response [1]. The

nonzero contribution of Im[εd(ω)] in Au (Fig. 11.6b) was reported to broaden the

resonance peak by coupling with the interband transition [12]. The broadening of

the resonance peak for Au clusters were also reported earlier [11, 18, 19]. A blue

shift of SPR frequency with reducing cluster size was also reported for Au-Ag alloy

nanoclusters grown by laser ablation of an alloy target Au-Ag 1:1 atomic compo-

sition in the size range of 1.9–2.8 nm [36]. The alloy nanoculsters were embedded

with a low concentration in an alumina matrix. Theoretical calculations in the frame

work of the TDLDA, including an inner skin of ineffective screening and the

porosity of the matrix, were in good agreement with experimental results

(Fig. 11.7). In the standard Mie theory, with a single interface no size effects

occur in the dipolar regime (λ>>R), except for a mere volume scaling factor.
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Finite-size effects result when the surface skins (thickness dm) of ineffective

screening are included in the embedded-cluster model. However, these results are

noticeably different from those calculated within the TDLDA-based quantum

model (Fig. 11.7a). This discrepancy originates from the large value of the

λF� 3.3rs (Wigner radius, rs) relative to dm. The comparison with experiment has

been achieved by attributing to the experimental Mie-band maximum the size

corresponding to the mean diameter. A noticeable difference was observed between

theory and the experiment for large Agn clusters. The asymptotic values correspond

to a metal sphere embedded in a porous alumina matrix in the experimental
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findings. Comparing the experimental data of the pure alumina sample with the

theoretically calculated value, it was found that the SPR frequency of mixed

(Au0.5Ag0.5)n clusters was slightly overestimated in the model. The qualitative

analysis, however was quite applicable.

11.1.3 Blue Shift of SPR Frequency: Quantum Effect

A blue shift of SPR frequency for free Ag nanoclusters is described as quantum

plasmonic property for the first time by Scholl et al. [15]. They have excited

plasmons for individual particles using a scanning tunneling electron microscopic

tip where fast electrons are focused on Ag nanoparticles precisely from surface to

the central region. It may be noted that the interaction between electromagnetic

wave corresponding to fast electrons and plasmons is equivalent to the interaction

of light with plasmons. They could differentiate bulk- and surface-plasmon com-

ponents and a blue shift in the frequency of surface plasmons with decreasing

cluster size (Fig. 11.8). The classical electrodynamics does not predict size
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dependence of the SPR frequency in the free Ag cluster [11]. The conduction

electrons respond to electromagnetic fields as a classical electron gas for

nanoparticles with size>10 nm. In this size range, the contribution of each electron

to the plasmons cannot be observed and the SPR frequency is uncertain because of

collisions of the electrons with each other and with the atomic lattice of noble

metal. However, a clear blue shift was observed for the SPR frequency of the

smallest nanoparticles of ~2 nm as compared with 10 nm, along with a significant

(50 %) decrease in the plasmon lifetime. The conduction electrons moving at a

Fermi velocity (vF) of ~10
6 m/s [21] take approximately 10 s to travel across a

10 nm Ag particle. Observed plasmon lifetime of ten plasmon periods of such

particles is close it. However, the blue shift could not be explained using the

concept of reflections of the electrons at the surface for the reduction in the plasmon

lifetime [11]. The electrons appear at a discrete set of energy levels in nanoparticles

smaller than 10 nm, with relatively few conduction electrons (250 electrons for

Fig. 11.8 Correlating Ag nanoparticle geometry with plasmonic EELS data. (a) Collection of

normalized, deconvoluted EELS data from particles ranging from 11 to 1.7 nm in diameter and the

corresponding STEM image of each specimen. The electron beam was directed onto the edge of

the particles so that only the surface resonance is shown. (b) Plot of the surface plasmon resonance

energy versus particle diameter, with the inset depicting bulk resonance energies. Horizontal error

bars indicating 95 % confidence intervals were generated with a curve fitting and bootstrapping

technique (see Methods). Vertical error bars are contained within the size of the data points (Ref.

[15]; Copyright (2012) by the Nature Publications)
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2 nm nanoclusters) participating in the plasmons. These energy levels are increas-

ingly separated from one another as the particle size is reduced and termed as

quantum confinement effect. The individual electron transitions between occupied

and unoccupied degenerate electron energy levels increases the uncertainty about

the SPR frequency leading to the reduction of plasmon lifetime [37]. In fact,

individual transitions cannot in general be resolved owing to the uncertainty

produced by the collisions mentioned previously. Considering the effects of indi-

vidual electron transitions, an analytical quantum mechanical model is described to

understand the blue shift due to a change in particle permittivity (Fig. 11.9). The

model also considers catalytic effect, and surface enhanced techniques SERS and

TERS effects as manifestation of the quantum plasmon mechanical behavior of tiny

noble metal nanoclusters with evanescent field are restricted only to small number

of atoms corresponding to the ‘hot spot’ [38]. Similar observation of blue shift of

SPR frequency with decreasing cluster size (Fig. 11.10), larger than that predicted

in the theory, was also reported for isolated spherical Ag nanoclusters dispersed on

a Si3N4 substrate in the diameter range 3.5–26 nm [23]. A semi-classical model

corrected for an inhomogeneous electron density associated with quantum confine-

ment, and a semi-classical nonlocal hydrodynamic description of the electron

density was used to understand the observed blue shift (Fig. 11.11).

In another report, a blue shift of the quantum SPR frequency with decreasing

size (Fig. 11.12) is reported for 2–10 nm Ag nanoclusters embedded in SiO2 matrix
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given by the dashed white line. The experimental data begin to deviate significantly from classical
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[14]. Reduction in the size with increasing fluence, as explained by the thermal

spike model, was achieved by high-energy Si5+ ion-irradiations in the embedded Ag

nanoclusters substrate. In the noble alloy system optical properties of mixed

(AuxAg1�x)n clusters in the diameter range 1.5–5 nm of various relative composi-

tions embedded in an alumina matrix were also reported [39]. Two simple phe-

nomenological models were developed in estimating the effective dielectric

function εd(ω) of the Au-Ag ionic background, as the optical properties of the

mixture depend strongly on the topological non-uniformity in the length scales of

the heterogeneities . In one model (Model 1), εd(ω) of the ionic mixture AuxAg1-x is

assumed to be the composition-weighted average of the interband contributions of

bulk Au and Ag metals. The model 1 assumes the mixture as the stacking of small

homogeneous Au and Ag grains, whose optical properties are close to those of the

Fig. 11.10 Aberration-

corrected STEM images of

Ag nanoparticles with

diameters (a) 15.5 nm, (b)
10 nm, and (c) 5.5 nm, and

normalized raw EELS

spectra of similar-sized Ag

nanoparticles (d–f). The
EELS measurements are

acquired by directing the

electron beam to the surface

of the particle (Ref. [23];

Copyright (2013) by the
Science Wise Publishing
and De Gruyter)
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corresponding bulk materials. In the second model (Model 2), relations under band

structure formalism were derived from a the experimental data obtained from

transmission experiments in the energy range of 2.4–4.4 eV [40], and reflection

experiments in the energy range of 0.5–6.5 eV [41] on thin homogeneously alloyed

Au/Ag films of various compositions. The imaginary components Im[εd(x,ω)] are
plotted for both models (Fig. 11.13). The prominent differences are (i) the interband

threshold is independent of the composition in model 1, while it evolves with x in
the second model; (ii) in model 1 the Im[εd(x,ω)] exhibits a two-step pattern, while

a single rising edge is exhibited in model 2, as observed for pure Au and Ag. For a

given relative composition, the blue shift of SPR frequency with increasing size

was reported to become more important as the Au content increases in the alloy

(Fig. 11.14). The size and concentration effects in the optical properties were

investigated in the light of quantum effect. These spectra were compared with

model calculations, considering quantum mechanical description of s conduction
electrons within the TDLDA formalism including both the porosity of the matrix

and an inner skin of reduced ionic-core polarizability. Different models of alloy

Fig. 11.11 Nanoparticle SPR energy as a function of the particle diameter. The dots are EELS

measurements taken at the surface of the particle and analyzed using the Reflection Tail (RT)

method, and the lines are theoretical predictions. We use parameters from Ref. [42]:

�hωp¼ 8.282 eV, �hγ¼ 0.048 eV, n 0¼ 5.9� 10 28 m�3 and νF¼ 1.39� 106 m/s. From the average

large-particle (2R> 20 nm) resonances we determine εB¼ 1.53 (Ref. [23]; Copyright (2013) by
the Science Wise Publishing and De Gruyter)
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Fig. 11.12 (Top panel) Optical absorption spectra of Ag ion-implanted (5� 1016 ions cm�2) SiO2

samples followed by Si ion irradiations (ion dose as indicated) are displayed. Blue shifts of SPR
peak and systematic decrease of the resonance intensity with increase of Si ion fluence may be

observed. (Bottom panel) Graphs A and B display the optical absorption spectra of Ag particles in

SiO2 samples before and after Si ion-irradiations (5� 1015 ions cm�2), respectively. Ag ion-

implantation fluence is 1� 1016 ions cm�2. (Inset) Graph C displays the optical absorption spectra

of Ag particles in SiO2 samples after Si ion-irradiations (5� 1015 ions cm�2). Ag ion implantation

fluence is 3� 1016 ions cm�2. Subsequent annealing (400 �C, 1 h) the SiO2 sample in an inert gas

atmosphere brings back the SPR characteristics of larger Ag nanoparticles (see graph D). Quantum

nature of surface plasmon resonances in fine Ag particles vanishes, revealing ripening of the Ag

particles on thermal annealing (Ref. [14]; Copyright (2014) by the Elsevier Science B.V.)
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morphology were introduced to describe the effective dielectric function of the

ionic background in the noble metal alloy nanocluster. A multi-shell model showed

predominant quantum effects. In classical calculations involving a multi-shell

cluster of simple metals of different electronic densities, the spectra were structured

with as many peaks as the number of interfaces. On the other hand, quantum

TDLDA calculations within the jellium model (spillout effect) display only one

main resonance peak in the spectra.

Fig. 11.13 Spectral

dependence of the

imaginary part of the

dielectric function of the

core electrons in the

(AuxAg1�x) alloy, with

x¼ 0, 0.25, 0.5, 0.75, 1 from

top to bottom, within two

different hypotheses (see

text), (a) model 1 (b) and
model 2 (Ref. [39];

Copyright (2001) by the
American Physical Society)
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Fig. 11.14 Size evolution of the peak plasmon maximum for (AuxAg1-x)n clusters (x¼ 0–1)

embedded in an alumina matrix, assuming two hypotheses for the dielectric function associated

with the core electrons (see text): model 1 (a) and model 2 (b). TDLDA results, open symbols

connected with lines; experimental results, large black symbols. Owing to the rather tiny effects

(all the values lie in the energy range 2.3–3 eV) a finer increment Δω, ten times smaller than the

increment involved in the spectra in Fig. 6 of Ref. [39], has been used over the resonance spectral

range in order to unambiguously determine the maximum locations, and thus the size evolution

(Ref. [39]; Copyright (2001) by the American Physical Society)
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Chapter 12

Quantum Plasmonics: From Quantum
Statistics to Quantum Interferences

Giuliana Di Martino

Abstract Plasmons are characterized by losses into the metal, here we want to

investigate the effect of these losses on their quantum properties. This is a field not

yet fully investigated and the work presented here will give us the possibility to

understand the effect of losses on the plasmons quantum properties. This will allow

us to see how plasmons can be used in the quantum information technology field,

since they keep the quantum information regardless of their lossy character.

Another key property yet here investigated is the bosonic character of single surface

plasmon polaritons (SPPs). The quasi-particle nature of SPPs, consisting of a

photon (boson) coupled to a charge density wave of electrons (fermions), makes

them an unusual type of quantum excitation. Here, we will show the bosonic

character of plasmons, making use of interference experiments. We describe the

first direct observation of quantum interference in the Hong-Ou and Mandel

quantum interference effect for single SPPs, demonstrating by this way the bosonic

nature of plasmons. This study opens opportunities for controlling quantum states

of light in ultra-compact nanophotonic plasmonic circuitry.

Keywords Quantum plasmonics • Plasmon losses • Hong-Ou and Mandel

quantum interference • Quantum information

12.1 Introduction

Since its formulation in the early 1920s, quantum mechanics has played a funda-

mental role in our understanding of how Nature behaves on the microscopic scale

and smaller. ‘Puzzling’ and ‘non-intuitive’ are words that were often used by

scientists to describe quantum theory when it was first proposed and these senti-

ments are still held by researchers in the field of quantum physics today. However,

compelling evidence for its correctness has been found over the last century in the

form of its predictive power in a wide range of experimental settings. It has been

successful in explaining many physical phenomena, such as experiments probing
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the structure of the atom during the 1930s, nuclear fusion in stars in the late 1930s,

the behaviour of elementary particles since the 1940s and superconductors since the

1950s, to name only a few examples. Quantum mechanics is in essence a mathe-

matical framework or set of rules that can be applied in order to describe a given

physical system. Its use is not always necessary and depends on various factors such

as the scale of the system and how well it is isolated from everything else. Since the

1970s, the ability to investigate the behaviour of single quantum systems has

become possible. Scientists have developed the capability to control and manipu-

late these systems with numerous methods in a range of different experimental

setups. The invention of the Laser [1] and its development over the years has played

a crucial role in this. Techniques such as trapping single atoms in ‘atom traps’ [2–8]
have allowed atoms to be isolated from the rest of the world and their individual

behaviour to be studied by probing with laser light. Devices that enable the transfer

of single electrons [9, 10] and photons (quanta of light) [11] have also been

demonstrated experimentally with great success. These advances have stimulated

theoretical interest in the use of quantum controlled devices for investigating and

probing deeper into the intricate features of quantum physics. This interest, together

with the development of quantum mechanics from a new information-theoretic

point of view, has led physicists to the possibility of using quantum-based devices

for carrying out information processing tasks. Technologies such as quantum

computing (QC) and quantum cryptography have also emerged, offering unique

advantages over their classical (non-quantum) counterparts. These advantages

include a vast decrease in the running time of various mathematical algorithms

and significantly higher levels of security for communication. The properties of

quantum physics that at first seemed strange and rather curious to its founders are

now being exploited in the design of novel schemes for quantum information

protocols. The development of quantum information theory has also led to new

fundamental insights into quantum physics itself, such as the roles of entanglement

(quantum correlations) and measurements in the dynamics of quantum systems,

both isolated and in contact with the rest of the world. Apart from the potential

advantages quantum information processing (QIP) offers, there are practical rea-

sons why microscopic scale information protocols based on quantum mechanics are

needed. In 1965 Moore predicted [12] that the number of transistors per integrated

circuit (for minimum component cost) would double every 2 years. This rate has

now been maintained for over 40 years, with the size of the transistors becoming

smaller and smaller. There will come a point, within the next decade, when

quantum effects in the circuits will be unavoidable. It was first recognised by

Benioff [13–15] in the early 1980s that quantum mechanical computational pro-

cesses could be at least as powerful as classical computational processes. Around

the same time, Feynman [16] suggested that computers based on the principles of

quantum mechanics could actually overcome the essential difficulties faced when

trying to simulate complex quantum systems on classical computers. In 1985,

Deutsch [17] was naturally led to consider computational devices based on the

framework of quantum mechanics. This work, together with Benioff’s and

Feynman’s insights, laid the foundations of modern-day quantum computing.
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The great progress of quantum cryptography is due largely to the minimal

quantum resources that the protocols require. Quantum computing on the other

hand requires much larger resources for performing its algorithms and numerous

problems still need to be overcome, both at the experimental and theoretical level.

From an experimental perspective, physically scalable qubit systems need to be

identified and developed. The systems also need to allow universal sets of opera-

tions to be implemented and have the ability to initialise and read out the informa-

tion being processed [18]. Unavoidable errors occur in many places in quantum

systems. Effects such as decoherence (environment-induced noise) and the imper-

fect operation of key components in the setup act to destroy or modify the quantum

information in a way that produces undesired protocol outcomes. However, it

remains to be seen how these methods can be implemented in practice, given the

high demand of control and isolation that even small quantum resources require.

Scaling to larger resources in order to perform more computationally useful tasks

also increases the quantum system’s susceptibility to imperfections. There is still

much work to be done before QC can be put to practical use.

It is in this framework that a new and very promising field can be introduced.

Quantum plasmonics is a rapidly growing field of research that involves the study of

the quantum properties of light and its interaction with matter at the nanoscale. Here,

surface plasmons – electromagnetic excitations coupled to electron charge density

waves on metal-dielectric interfaces or localized on metallic nanostructures – enable

the confinement of light to scales far below that of conventional optics. Nanophotonic

systems based on plasmonic components are currently attracting considerable

attention due to the novel ways in which the electromagnetic field can be localised

and controlled [19, 20]. In the classical regime, a wide range of applications are being

actively pursued, including near-field nano-imaging [21], biosensing [22] and solar

cells [23]. Recently, researchers have also started to investigate plasmonics in the

quantum regime [24]. Devices have been proposed for a variety of applications in

quantum information science such as single-photon sources [25], transistors [26] and

ultra-compact quantum circuitry [27].

12.2 From Quantum Optics to Quantum Plasmonics

Photonic circuits can be much faster than their electronic counterparts, but they are

difficult to miniaturize below the optical wavelength scale. Nanoscale photonic

circuits based on surface plasmon polaritons (SPPs) are a promising solution to this

problem because they can localize light below the diffraction limit.

Surface plasmon polaritons are electromagnetic excitations propagating at the

interface between a dielectric and a conductor, evanescently confined in the direc-

tion perpendicular to the interface. These electromagnetic surface waves arise via

the coupling of the electromagnetic fields to oscillations of the conductor’s electron
plasma. Surface plasmons propagate along the interface with electromagnetic

fields, energy and charges highly localized and possessing maximum intensity at
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the interface. These properties depend strongly on the optical properties of both the

metal (complex dielectric function, corrugations, roughness) and the dielectric

(refractive index).

Recent works have shown that SPPs can maintain certain quantum properties of

their exciting photon field, with the demonstration of assisted transmission of

entangled photons [28, 29], sub-Poissonian statistics [25], energy-time entangle-

ment [30], quantum superposition [31], quadrature squeezing [32], wave-particle

duality [33], and single plasmon detection [34]. These results suggest that many

principles of quantum optics can be transferred to the field of plasmonics, enabling

novel devices, such as single photon switches, to be realized [26].

In [35] the authors described a new all-electrical SPP detection technique based

on the near-field coupling between guided plasmons and a nanowire field-effect

transistor. On-chip electrical detection has been demonstrated using organic pho-

todiodes, gallium arsenide structures and germanium wires. However, none of these

techniques has provided single plasmon sensitivity. By coupling a plasmon wave-

guide to a superconducting single-photon detector (SSPD), the authors in [34]

demonstrate on-chip electrical detection of single plasmons. Plasmons preserve

many key quantum mechanical properties of the photons used to excite them,

including entanglement [28] and sub-Poissonian statistics [25].

Despite recent progress in using quantum optical techniques to study plasmonic

systems, adapting them to realistic structures will require a much more detailed

understanding of the quantum properties of SPPs when loss is present. An important

goal is to extend the knowledge already existing in the field of quantum optics, and

with it all its applications, to the plasmonic field. For instance, understanding how

loss affects the quantum properties of SPPs may open up a route toward the realistic

design and fabrication of nanophotonic plasmonic circuits for quantum information

processing. With this goal in mind, we will report in the following section a study

on the quantum statistics of SPPs in metallic stripe waveguides [36], assessing the

realistic potential of building plasmonic waveguides for nanophotonic circuitry that

operates faithfully in the quantum regime.

Another key property yet to be fully investigated is the bosonic character of

single surface plasmon polaritons. This knowledge may open up new opportunities

for controlling quantum states of light in ultra-compact nanophotonic plasmonic

circuitry. The quasi-particle nature of SPPs, consisting of a photon (boson) coupled

to a charge density wave of electrons (fermions), makes them an unusual type of

quantum excitation. The bosonic character of photons was explicitly verified in the

seminal work of Hong, Ou and Mandel via the observation of bunching in the

output field of a 50:50 beamsplitter with identical, indistinguishable photons inci-

dent on its two input ports [37]. In the following sections, we report an investigation

by Di Martino et al. [38] that confirms the bosonic nature of single SPPs in the

quantum regime.
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12.3 Quantum Statistics of Surface Plasmon Polaritons
in Metallic Stripe Waveguides

Despite the significant progress made so far, there are many fundamental aspects of

quantum plasmonic systems that remain unexplored. Plasmons are characterized by

losses into the metal, therefore a crucial step is to investigate the effect of these

losses on their quantum properties. This understanding is necessary for being able

to show that plasmons can be used in the quantum information technology field,

since they keep the quantum information regardless their lossy character [36].

Using single photons produced by parametric down conversion, Di Martino

et al. [36] excited quanta of leaky SPPs in thin metallic stripe waveguides, one of

the fundamental building blocks for plasmonic circuits. After having created the

two heralded photon beams, light from one of the IR beams (the idler) is used as a

gating beam. The detection of a photon on the idler arm signals the presence of a

photon into the other arm. The other beam (the signal) is focused onto the

in-coupling grating of the waveguide probed (Fig. 12.1). At the grating, the

generated photons are converted into SPPs due to phase-matching conditions.

These propagate along the waveguide until they reach the outcoupling grating, at

which point they are converted back into light, as previously depicted in Fig. 12.2.

The output is selected by an iris and injected into a multimode fiber (MMF) for

analysis. Finally, the multimode fiber directs the output to a Hanbury Brown and

Twiss interferometer (BS and detectors B and B0) used to measure the second-order

quantum coherence function, g(2) (τ).
The coherence function g(2) is a measure of the correlation of the intensity of a

field at a time t¼ 0 and at a later time t¼ τ for a fixed position. By measuring g(2)

(0) for a given field, we can determine whether or not it is in the nonclassical regime

(g(2) (0)< 1). In particular, for number states |n>, if g(2) (0)< 0.5 is measured in an

experiment, we can be confident that the field is within the single excitation regime.

Experimentally, a beamsplitter is used to symmetrically split the field into modes B

and B0. In this case one can show that the definition of g(2) (τ) is equivalent to

[39, 40]:

g 2ð Þ τð Þ ¼ NBB0

NBNB0

T

Δt

� �

where T the averaging (integration) time of the measurement, NBB0 is the number of

coincidence detections at detectors B and B0 within a coincidence time window t,

and NB and NB0 are the number of independent detections at detectors B and B0

respectively. All detections at B0 are delayed by time t. All measurements are

conditioned on the detection of a photon in mode A. Therefore, we use the

conditional the previous equation, given by
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gc
2ð Þ τð Þ ¼ NANABB0

NABNAB0

where NABB0 is the number of coincidence detections at detectors A, B, and B0, with
detections at B and B0 occurring within a coincidence time window Δt centred on

the detection at A. NAB is the number of coincidence detections at detectors A and B

within the coincidence time window Δt and similarly for NAB0. NA is the number of

independent detections at detector A. All measurements are taken over an integra-

tion time T, which does not appear explicitly in equation. The value of g(2)c (τ) at
zero time delay provides us with a measure of conditioned single-arm statistics in

mode B. Additional information about the quality of the field intensity correlations

can then be obtained by measuring g(2)c (τ) over a range of different time delays τ.
An example of g(2)c (τ) is shown in Fig. 12.3. The rate of triples observed at zero

Fig. 12.1 Schematic of the experimental setup including a single-photon source stage, waveguide

probing stage, and final analysis stage

Fig. 12.2 (a) Scanning electron microscope image of a selection of waveguide lengths from 5 to

20 μm. All waveguides have been explored in the quantum regime, however a further time-domain

analysis of the quantum statistics has been performed for the 7.5 μmwaveguide highlighted by the

dashed red box. Inset: detail of one of the in/out-coupling gratings. The scale bars denote 5 μm. (b)
Sketch of the SPP excitation and propagation through the waveguide. Inset: fundamental SPP

mode in our stripe waveguide electric field profile along the cross section of the waveguide,

calculated using the Finite Element Method (FEM) for an infinitely long waveguide
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delay agrees very well with the value expected for solely accidental coincidences.

Additionally, these accidental coincidences lead to a value of g(2)c(0) higher than

zero. One can show [40] that the off set on g(2)c (0) due to accidental coincidences is:

g 2ð Þ
acc 0ð Þ ¼ ΔtRA

RB

RAB
þ RB0

RAB0

� �

The measured g(2)c (τ) for the single photon source is presented in Fig. 12.3.

Using the count rates values observed at each detector, Di Martino et al. [36]

calculate the value of g(2)acc(0)¼ 0.23 for t¼ 2 ns, which is the value experimen-

tally observed and shown in Fig. 12.3: the nonzero value of g(2)(0) is solely due to

accidental coincidences. Moreover, here the width and shape of the dip in g(2)c (τ) is
only linked to the coincidence window used.

At this point, the effects of loss on the quantum statistics of waveguided SPPs

can be characterized. The results from the single-photon source before and after the

waveguides are shown in Fig. 12.4a (respectively, black and red curves). The time

window Δt used for the measurement is 2 ns, and the integration times are adjusted

to obtain reasonable error bars. The statistics obtained after the waveguide are

identical to that of the source itself. One can see that the value of g(2)c (0)< 0.5 in

both cases which unambiguously demonstrates that we are in the single plasmon

excitation regime. Note g(2)c (0) is not identically zero in either case. The finite

value, however, originates solely from accidental coincidences. In Fig. 12.4b we

show the unconditioned g(2) (τ) as a function of time delay for the single photon

source only and after a 7.5 μm length waveguide (resp. black and red). This plot

shows the vital role of the detection of photons in mode A for the conditional

measurements of the statistics of the out-coupled light from the waveguides.

Without this ‘heralding’ of the photons, the statistics of the light arriving at the

detectors are those of a thermal field [40]. It should be noted that the theoretically

expected peak of g(2)c (0)¼ 2 for a thermal field is challenging to observe in

quantum optics experiments [41], as instead of reaching the value of 2, its height

above unity is effectively proportional to the ratio of the coherence time of the

Fig. 12.3 Conditional

second-order quantum

coherence function, g(2)c
(τ), for the down-converted
light. The time window Δt
used for the measurement is

2 ns, and the integration

times are adjusted to obtain

reasonable error bars
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single photon source to the response time of the detection, which in our experiment

is� 10�5.

We now turn our attention to the effect of losses in the single excitation regime.

As the SPPs propagate along the waveguide, the finite conductivity of the metal

results in ohmic losses, while radiation into the substrate and surface roughness

results in radiative losses. For a reasonably smooth waveguide surface and a thick

gold layer, ohmic losses are the main source of damping. At the single excitation

level there may be correlations between and within the different damping channels,

such as excited phonons, background ion-cores, electron gas collisions and

interband transition processes (involving electron-hole pairs), that cause the

damping to depart significantly from the classical model. In this case we may be

able to see such effects manifest themselves through a change in the behaviour of

the second-order quantum coherence. Indeed, such a change is well known when

light-matter scattering and absorption processes are involved [39]. Taking a simple

linear loss model with uncorrelated Markovian noise, for this particular loss model,

the second-order quantum coherence should remain unchanged [42]. Indeed, closer

to the plasmon wavelength, the SPP character becomes more electron-like and such

effects may become important. This regime remains to be investigated. To explore

the quantum statistics in the presence of loss, Di Martino et al. [36] first measured

the mean excitation rate over a range of waveguide lengths. To do this they

measured the counts NB at detector B for an attenuated laser at a fixed intensity

and then the conditional counts NAB at detectors A and B for the single photon

source. In both cases, the effect of loss from the beam splitter in the analysis stage

was included in the overall detection efficiency, enabling us to disregard the data

Fig. 12.4 (a) Conditional second-order quantum coherence function, g(2)c (τ), for the down-

converted light in mode B before the waveguide (black), along with the out-coupled light when

single photons are injected into a waveguide of length 7.5 μm (red). The classical limit is

illustrated by the blue data points, corresponding to the unconditioned second-order quantum

coherence, g(2)(τ), for an attenuated laser injected in the waveguide. (b) g(2)(τ) for the

downconverted light in mode B (black) and injected into the waveguide (red). Blue: g(2)(τ) for
the attenuated laser injected in the waveguide
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from detector B0. In Fig. 12.5a Di Martino et al. [36] show NB against waveguide

length for the injected attenuated laser. Figure 12.5b presents NAB at zero delay for

injected single photons and as the length of the waveguide is increased. The NAB

trend matches NB, providing evidence that the effect of loss on the field of the single

SPPs is consistent with the classical exponential behaviour. The SPP propagation

length l, defined as the length at which the intensity (mean photon number <ni>)

decreases to 1/e of its original value, extracted from Fig. 12.5a is l¼ 8.9� 1.7 μm, a

value similar to l¼ 9.8� 0.6 μm obtained from Fig. 12.5b. Both values are in good

agreement with each other but smaller than the propagation length expected from

finite element method (FEM) calculations of 16.7 μm, due to imperfections intro-

duced by the fabrication of the waveguides. In Fig. 12.5c, g(2)c (0) is shown for the

out-coupled light for injected single photons as the length of the waveguide is

increased. The value of g(2)c (0) for the down-converted photons only is plotted as a

dashed black line for reference. One can clearly see that indeed the values remain

unchanged for the lengths investigated. These results therefore provide evidence for

the validity of a linear uncorrelated Markovian loss model for SPP damping at the

single quanta level. This complements well and goes beyond previous studies

looking into the preservation of entanglement via localized plasmons [28] and

nonclassicality via long-range surface plasmons [43], where elements of plasmon

loss were considered.

This result [36] implies that building longer and more complex SPP waveguide

structures operating in the quantum regime is realistic and opens up the possibility

for future studies of new types of functioning devices based on quantum

plasmonics, assessing the realistic potential of building plasmonic waveguides for

nanophotonic circuitry that operates faithfully in the quantum regime.

Fig. 12.5 Count rate statistics of the light out-coupled from the surface plasmon waveguides. (a)
NB for injected attenuated laser as the length of the waveguide is increased.Dashed black line is an
exponential fit, yielding a propagation length l¼ 8.9� 1.7 μm. (b) Same for NAB at zero delay for

injected single photons. Here, l¼ 9.8� 0.6 μm. (c) g(2) c (0) for single photons injected in

waveguides of varying lengths (green) and unconditioned g(2)(0) for a laser injected in the

waveguides (blue). The black dashed line indicates the value found for the single-photon source

and the blue dotted line the classical limit

12 Quantum Plasmonics: From Quantum Statistics to Quantum Interferences 303



12.4 Quantum Interference in the Plasmonic Hong-Ou-
Mandel Effect

An important property to discuss is the bosonic character of SPPs. The quasi-

particle nature of SPPs, consisting of a photon (boson) coupled to a charge density

wave of electrons (fermions), makes them an unusual type of quantum excitation. It

is, therefore, important to understand whether SPPs are bosons, fermions, or a

hybrid mixture [44]. Here, we will see the bosonic character of plasmons, making

use of interferences experiments. It is important to notice that this property of SPPs

open opportunities for controlling quantum states of light in ultra-compact

nanophotonic plasmonic circuitry.

The bosonic character of photons was explicitly verified, in 1987, in the seminal

work of Hong, Ou and Mandel via the observation of bunching in the output field of

a 50:50 beamsplitter with identical, indistinguishable photons incident on its two

input ports [37]. They showed the destructive interference between two single

photons without a phase relationship at a beam splitter. This benchmark study

directly proved the bosonic nature of the photons and allowed to probe the length

of their photon wave packets with unprecedented precision.

With the current rising interest in the quantum behaviour of SPPs, our goal is to

show this result with SPPs instead of free space photons [38]. Previous work using

plasmonic waveguides has hinted that SPPs are bosons by observing the Hong-Ou-

Mandel (HOM) effect, both indirectly using a photonic beamsplitter [45] and

directly using a plasmonic beamsplitter [46]. However, the question as to whether

quantum interference is involved remained for long time open due to the modest

HOM interference observed in previous studies, which can also be obtained using

classical light [47–51].

In the following pages, we will show how plasmonic waveguides can be used to

prove that SPPs are bosons by observing the Hong-Ou-Mandel (HOM) effect. We

will first understand HOM effect in the photonic case when using a conventional

beamsplitter cube. After that, we will show the results obtained from the plasmonic

HOM experiment.

Figure 12.6a shows the experimental setup used to perform the HOM effect

investigation in the photonic case. Here, photon pairs are generated at a wavelength

of 808 nm. Interference filters (IFs) with a central wavelength of 800 and 22 nm

bandwidth are placed in both paths to spectrally select out the down-converted

photons. The photons are then injected into single mode fibers (SMFs). After

collimation of the output from the fibers, the photons pass through polarizers

(Pol) in order to remove from the beams any random polarization introduced by

the travel into the fibers. Their polarization is then adjusted using half-wave plates

(HWPs). In order to vary the amount by which the photons from a given pair are

able to interfere with each other a time delay is introduced in one path by extending

it over a distance d with respect to the other using a motorized delay line. This

provides a variable delay of Δt¼ d/c between the single-photon wavepackets in

each path. The two photons are sent to a conventional beamsplitter to make them
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interfere. It is crucial to tune their polarization in order to ensure their indistin-

guishability at the beam splitter level. To do so, the two beams are sent through a

polarizer and a HWP in order to have both the beams horizontally polarized. Multi-

mode fibers (MMFs) collect the light coming out from the beam splitter and direct it

to silicon avalanche photodiode detectors B1 and B2, which monitor the arrival of

the photons from a given output of the splitter. All detection events are time-tagged

and coincidences are evaluated within a tc¼ 2 ns time window. In order to first

confirm that the single photons generated by our source exhibit the above-described

HOM effect when using a conventional beamsplitter cube, we measured the output

port coincidences, as a function of the time delay between the arrival of the input

port photons. At zero delay the coincidence rate drops to a minimum value, Nmin, as

expected (Fig. 12.7). This drop is quantified using the visibility, VP , defined as the

percentage drop of the coincidences from their maximum value far from the dip

center, Nmax, where the photons do not interfere, i.e. VP¼ (Nmax�Nmin)/Nmax

[50, 52]. The expected coincidence rate is given by N(Δt)¼NtP(Δt), where Nt is

the rate of correlated pairs. Nt(ηinηout)2/2 is obtained by measuring Nexp(Δt>> τc).
Here, there is a contribution from uncorrelated (accidental) pairs, Nacc, which arrive

at the APDs within tc. Thus, N
exp(Δt>> τc)¼Nt(ηinηout)2/2þNacc. A large pro-

portion of Nacc is given by [36] Nm
acc¼ tcNB1NB2, with the rest as

Nr
acc¼Nacc�Nm

acc, leading to N(Δt)¼Nr
accþ (Nexp(Δt>> tc)�Nacc)

(1� sinc2(Δt*Δω/2)), where Nr
acc¼Nexp(0)�Nm

acc.

The photonic HOM dip obtained is shown in Fig. 12.7. It has a visibility

VP¼ 0.67� 0.05. The value is limited mainly by the deviation of the beamsplitter

from the ideal case of R¼T¼ 0.5. We emphasize here that for a classical input

Fig. 12.6 (a) Photon pair generation. Photon pairs are generated via spontaneous parametric

down-conversion using a 404 nm pump laser beam focused onto a Beta Barium Borate (BBO)

crystal and are filtered using interference filters (IF) to narrow the bandwidth to 800� 11 nm. Each

photon from a pair is coupled into a single-mode fiber (SMF). (b) Photonic beamsplitter. The

photons pass through polarizers (Pol) in order to remove from the beams any random polarization.

The half wave plates (HWPs) turn the polarization so that both the photons have the same

polarization when they reach the beam splitter. The photons interfere at the beam splitter level

and at the output they are then collected by two 10�microscope objectives and coupled into multi-

mode fibers (MMFs). A delay line introduces a time delay Δt in one of the photon paths. (c)
Detection and analysis stage. The outputs of the MMFs are collected by avalanche photodiodes, B1

and B2, where coincident detection events within a time window tc are collected
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field, a drop in coincidences corresponding to a visibility of up to V¼ 0.5 can be

observed [47, 49]. In fact, classical electromagnetic waves superposition theory

provides a HOM dip with a visibility that reaches a maximum of 0.5 [51]. Thus, the

visibility of V¼ 0.5 in HOM interference is usually considered as the border

between classical and quantum physics. However, with a visibility larger than 0.5

we can confirm that the drop is due to quantum interference [49, 50]. The compar-

ison between the experimental photonic HOM dip, in black, and the expected

theoretical curve, in red, for a top-hat shaped spectrum of Δλ¼ 22 nm is shown

in Fig. 12.7a. We can see a very good agreement between theory and experiment.

The reason the theory does not match on the ‘wings’ at the top left and right of the

curve is due to the shape of the spectrum not being exactly a top-hat shape. In

addition, different HOM experiments can be performed varying the bandwidth of

the IFs used, therefore varying the value of Δλ. As we can see in Fig. 12.7b, for

smaller Δλ we have a wider HOM dip.

For the conduction of the plasmonic HOM experiment, the photons need to be

sent to a plasmonic beam splitter. The sample is attached to a triaxis piezo stage to

allow a fine positioning. In the experiment, the photons need to reach the sample be

focused onto separate gratings (spot size 2 μm) at the inputs of an X-shaped

plasmonic beamsplitter, shown in Fig. 12.8c, by a microscope objective (100�,

NA 0.8). The same microscope objective is also devoted to the collection of the

light coming from the output gratings. The plasmonic beamsplitter consists of two

2 μm wide, 70 nm thick gold stripe waveguides that cross at a right angle at their

middle point, as shown in Fig. 12.9a. These asymmetric waveguides support a

single low-loss, albeit leaky, SPP mode [53] and a number of short-range bound

modes [54]. The waveguide X-shaped structure was defined on a glass substrate by

electron beam lithography (EBL). A second EBL step is used to overlay 90 nm

thick input/output gratings and the central scattering elements. The splitting oper-

ation is obtained via scattering process. The scattering element is a semi-transparent

Bragg reflector, consisting of an arrangement of ridges, deposited on the top of the

central part of the X-shaped splitter, as shown in Fig. 12.9a. Plasmonic Bragg

Fig. 12.7 (a) Comparison between the experimental photonic HOM dip, in black, and the

expected theoretical curve, in red, for a top-hat shaped spectrum of Δλ¼ 22 nm. (b) Experimental

photonic HOM dip with different input spectra, in black Δλ¼ 3 nm, in red Δλ¼ 22 nm
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mirrors, such as the one we use have been studied extensively in the literature,

mostly as effective mirrors in the one-dimensional case of normal incidence, both

on an infinite interface and on plasmonic waveguides [55]. We check the splitting

ratio for a range of wavelengths for optimal splitting. As shown in Fig. 12.9d, a

Bragg reflector with ridges having a period of 500 nm gives T¼ 0.49� 0.05 for

incident SPPs at λ0¼ 808 nm – the wavelength of the photons used in our

experiment.

The plasmonic beamsplitter was then probed as depicted in Fig. 12.8. The target

is to see whether the HOM effect could be observed and whether or not single SPPs

interfere with each other like bosons by bunching together. When the coupling of

single photons into the SPP waveguides is optimized, the count rate due to SPPs

scattered by the output grating and detected by APD B1,2 is NB1,2 ~ 3.6 · 10
6 counts

per hour (cph), as shown in the inset of Fig. 12.10.

A big challenge of this measurement is the acquisition procedure. We need to

measure the coincidence rate for a range ofΔt, by moving the motorized translation

stage. Since we have low intensities, each position of the translation stage needs to

be integrated for a few hours. The time-resolved correlation data give an average

number of coincidences of 54.8� 1.4 cph far from zero time delay and

30.2� 2.4 cph at zero delay. However, a proportion of these counts are due to

accidental coincidences from uncorrelated pairs of photons. These uncorrelated

pairs are part of the field coupled into the plasmonic beamsplitter but they do not

correspond to true correlated photon pairs generated by the source and, therefore,

they are subtracted from the overall counts. In principle, these photons could be

actively removed by better spectral filtering and reducing the coincidence time

window tc. However, this reduces the overall count rates and leads to extended data

Fig. 12.8 (a) Photon pair generation. Photon pairs are generated via spontaneous parametric

down-conversion by using a pump laser focused onto a BBO crystal and filtered by using

interference filters (IFs). Each photon is coupled into a single-mode fiber (SMF). (b) Microscopy.

The photons from the SMFs are collimated and half-wave plates (HWPs) are used to optimize SPP
excitation. A time delay is introduced on one path. (c) Plasmonic beam splitter. The photons are

focused onto separate spots on the input gratings by using a microscope objective. The beams at

the output gratings are collected and coupled into multimode fibers (MMFs). (d) Detection and

analysis. The outputs of the MMFs are sent to avalanche photodiodes B1 and B2, where coincident

detection events are measured
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integration times which cause stability issues in our setup due to fluctuations in the

coupling efficiency. The contribution of coincidences due to accidentals is mea-

sured by introducing an electronic time delay between the events at both detectors

larger than the coincidence window, thus capturing the coincidence counts from

uncorrelated pairs. After subtracting these measured accidentals the average coin-

cidence rate far from zero delay is then 39.4� 0.9 cph, as shown in Fig. 12.10. The

average number of coincidences far from the region of zero time delay is a weighted

Fig. 12.9 Plasmonic beam splitter. (a) Optical image of the beam splitter. The in and out gratings

consist of 11 ridges, each being repeated at an increment of g¼ 620 nm from the waveguide end.

The distance between gratings is L¼ 12.5 μm. The Bragg reflector is made out of three ridges with

a center-to-center distance of p¼ 500 nm. (b) Intensity outcoupled from a single waveguide as a

function of length when excited by a laser at 808. (c) Optical image of the splitter when the SPPs

are excited by a laser at 808 nm focused on the top-left grating. Light is outcoupled at the top right
and bottom right with almost identical intensity. The integration time is adjusted to give a

reasonable contrast for the output, leading to a saturation at the input caused by the scattered

field. (d) Transmission T and reflection R as a function of wavelength
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mean over the 12 data points present in the off dip region (6 on the left and 6 on the

right of the HOM dip), where the weights are the standard deviation of each data

point shown in Fig. 12.10. On the other hand, at zero delay the detected coinci-

dences drop to 10.7� 5.1 cph, where the reported error bar corresponds to its

standard deviation. This leads to an overall visibility for the plasmonic HOM dip

of VSPP¼ 0.72� 0.13. The observed dip confirms that single SPPs bunch together

as bosons and as the visibility is larger than 0.5 in our experiment this also confirms

that quantum interference is involved in the bunching process [49, 50]. The

plasmonic visibility is again limited mainly by the large bandwidth of the IF’s in
our experiment and the resolution of the time delay used. Any loss due to radiative

scattering at the beamsplitter (measured to be less than 10 %) can be included

within the coefficient ηout and therefore does not play a role in reducing the

visibility [48]. Finally, note that when the coincidence rate drops as the single

SPPs are interfering, the count rate at each APD remains unchanged, as shown in

the inset of Fig. 12.10. This is due to the small proportion of pairs of single

excitations (as compared to the total count rate) that survive the entire process of

Fig. 12.10 Plasmonic Hong-Ou-Mandel dip. Black squares: coincidence rate as a function of time

delay Δt. The red curve is a theoretical fit, N(Δt), based on the coincidence probability P(Δt)
corrected for accidentals. From the theory fit we extract a coherence time for the single SPPs of

~0.1 ps, which is consistent with the coherence time obtained from our measured photonic dip.

This confirms that during the photon-SPP conversion process the coherence properties of the

single-photon wavepackets and the single SPPs are similar, and that the wavepacket has not been

significantly altered by either the conversion process or propagation in the plasmonic media. The

bottom-right inset shows the singles rates (in cph) as a function of fit: red disks for detector B1 and

black circles for B2. The visibility obtained from the plasmonic dip is VSPP¼ 0.72� 0.13
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propagation, splitting and out-coupling: in most cases at least one of the excitations

from a pair will be lost in the process. Therefore, the count rate at each APD allows

the efficiency of the system to be monitored to ensure the HOM dip is not caused by

loss fluctuations.

In conclusion, in this work the SPPs interact via a scattering process and the

HOM effect is directly observed. The SPPs showed a distinct bunching behaviour

as expected for bosons, with the results clearly showing quantum interference is

involved in the process. This investigation confirms the bosonic nature of single

SPPs in the quantum regime and opens up new opportunities for controlling

quantum states of light in ultra-compact nanophotonic plasmonic circuitry.

12.5 Conclusions

In this chapter, we gave a brief overview of the physics of SPPs at metal/insulator

interface focusing our attention on the excitation of SPPs and their propagation

along metal stripes. We used this knowledge in order to introduce the work done on

quantum statistics of surface plasmon polaritons in metallic stripe waveguides and

on quantum interference in the plasmonic Hong-Ou-Mandel effect.

We have seen how the effect of losses incurred during propagation of the single

SPPs is consistent with the classical exponential behaviour and does not change the

value of g(2), providing evidence that a linear uncorrelated Markovian loss model is

valid for SPP damping at the single quanta level, implying that building longer and

more complex SPP waveguide structures operating in the quantum regime is

realistic and opens up the possibility for future studies of new types of functioning

devices based on quantum plasmonics.

Therefore, we moved onto more complicated stripe designs, such as X shaped

stripes, in order to observe nonclassical effects in the interference of two plasmons.

Over the past few years there have been many works on constructing different types

of scattering/interaction scenario for surface plasmons. Performing an experiment

probing the interaction of two single surface plasmons with each other is an

important step along the way to understanding better the behaviour of single surface

plasmons at the quantum level and how one can build more complicated quantum

interference networks, such as plasmonic-based quantum logic gates. A natural

thing to probe in the most basic type of scatterer (a 50/50 beamsplitter) operating

quantum mechanically is how it acts on two separate single surface plasmons. Here,

we showed how to focus single photons onto separate gratings at the inputs of an

X-shaped plasmonic beamsplitter, and convert into SPPs due to phase-matching

conditions. We made them interact via a scattering process and we directly

observed the plasmonic HOM effect. The SPPs show a distinct bunching behaviour

as expected for bosons, with the results clearly showing quantum interference is

involved in the process [38]. This investigation confirms the bosonic nature of

single SPPs in the quantum regime and opens up new opportunities for controlling

quantum states of light in ultra-compact nanophotonic plasmonic circuitry.
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Chapter 13

Lasers and Plasmonics: SPR Measurements
of Metal Thin Films, Clusters and Bio-Layers

Saif Ur Rehman, Muhammad Saleem, Rizwan Raza, Ahmad Shuaib,

and Zouheir SEKKAT

Abstract An extensive research has been carried out in synthesizing and characteriz-

ing single and double layer metal thin films of different thicknesses including ultrathin

films. We discuss the experimental data of surface plasmon resonance (SPR) occurring

at the interface between air, single and bimetallic thin layers of gold (Au) and silver

(Ag) prepared on glass substrates. The bilayer configuration allowed for the measure-

ments of the optical constants of metallic films that are ultra thin; e.g., below 10 nm of

thickness since SPR modes on such thin films in a single layer configuration are

shallow. In addition, using SPR technique, the optical constants of a natural biological

thin layer (Allium cepa) is also estimated. Thickness and refractive index of metallic

films were determined by matching experimental SPR curves to the theoretical ones.

Thickness and roughness of the films were also measured by atomic force microscopy.

The results obtained by experimental measurements are in good agreement with AFM

analysis. It is estimated that the value of the real part of the dielectric constant of an

onion epidermis is existing between the dielectric constants of water and air.
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13.1 Introduction

Plasmonic excitation and the associated sub-wavelength light-matter interaction has

opened new and fascinating avenues for research that originates from the observa-

tions and theoretical predictions of several unique properties of surface plasmons

(SPs). Plasmons are collective charge density oscillations of the nearly free electron

gas in a metal [1], and surface plasmons (SPs) or surface plasmon polaritrons are

surface electromagnetic waves that propagate along a metal/dielectric interface

associated with high field intensity enhancement allowing for studies of surfaces

and interfaces and adjacent regions [2]. Excitation of surface plasmons in

Kretschmann configuration [3] is based on propagation of incident p-polarized light

under total internal reflection condition through structure comprising high refractive

index dielectric media, an electrically conducting metallic layer, and an external

medium (gas or liquid) with low refractive index (Fig. 13.1). In a setup, the light

passes through a prism reflects off the back side of the sensor chip surface and into the

detector. At a given incident angle, which is called resonance angle, surface plasmon

has maximal propagation length and therefore maximal absorption at the metal-

dielectric interface. This results in a minimization of the intensity of the reflected

light. The resonance behavior of SPs is sensitive to changes in the optical properties

and thickness of the metal film, as well as of the medium which is adjacent to the

metal surface allowing precise measurements of thin film properties [4].

For example, surface plasmon resonance (SPR) sensing has emerged as a powerful

optical detection technique for studying label free bio-molecular interaction in real time

with in a verity of diverse applications such as life science, electrochemistry, chemical

vapor detection, food and environmental safety and beyond [5–7]. In this regards,

bilayers of metal films of Silver (Ag) and Gold (Au) are sometimes used for biosensor

applications, e.g. few nanometers of Au coating onAg to protect Silver from oxidation.

Compared to Silver, Gold is chemically stable upon exposure to atmospheric condition

and it has better chemical affinity with biomolecules, and SPR modes on Silver are

sharper andmore sensitive to interface changes that those of Au at 632.8 nm excitation

wavelength; a wavelength which is widely used in SPR sensing [8]. Furthermore, the

study of ultra-thin metal films is interesting for plasmonics research. For example, long

range surface plasmons are achieved when the thickness of the metal is very small [9],

and plasmon excitation coupling can be tuned by using very thin metal films [10], and

plasmonic coupling has been achieved in plasmonic cavities with very thin metal

films [11]. It is the aim of this chapter to characterize optically very thin metal films;

e.g. few nanometers metal coating. We show that SPR coupling in the bilayer config-

uration allows for the measurements of the optical constants of metallic films that are

ultra-thin; e.g. below 10 nm of thickness. Atomic force microscopy (AFM) is used to

measure the thickness and roughness of the metal films.

The use of surface plasmons in biorelated research is of great interest for

biorecognition and biosensing. In this section, we use surface plasmons to study

the bulk of a biomaterial; e.g. onion epidermis, and show that most of its

constituants are water and air. If we look into the onion epidermis cells symmetry,

each cell has an average length around 200 micron and it consists of a cell wall, cell
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membrane, cytoplasm, nucleus and a large vacuole. The vacuole is prominent and

present at the centre of the cell. It is surrounded by cytoplasm. Cytoplasm com-

prises cytosol and is basically the substance that fills the cell. It is a jelly-like

material that is about 70 % of the cell volume and is composed of water, salts and

organic molecule [12]. In this part of work, we are mainly interested in determining

the dielectric constant values of fresh, natural thin epidermis of onion by SPR

spectroscopy to approach such a biomaterial from an optical point of view.

The study of a bio thin layer (onion epidermis) as a ligand is interesting for

plasmonics research. For example, Kumar et al. [13] used inner epidermis of onion

bulb scales as a natural support for immobilization of microbial cells for biosensor

application. Vanstreels et al. [14] used onion epidermal peels as a model system to

study the micromechanical behaviour of plant tissue in relationship to the structural

parameters of the cells in the tissue. Groff et al. [15] described an experiment

suitable for introductory physics where principles of wave optics are applied to

probe the size of onion epidermal cells. The roughness of onion epidermis thin layer

is high due to its natural cells structure as revealed in Fig. 13.2. The onion

epidermal cell provides a protective layer against unwanted viruses that may

harm the sensitive tissues. Because of its simple structure and transparency it is

often used to introduce students to plant anatomy [16].

These properties also make it useful for demonstrations of plasmolysis [17]. The

clear epidermal cells consist of a single layer and contain chloroplasts, because the

onion fruiting body (bulb) is used for storing energy, not for photosynthesis.

We will go on, to discuss our experimental results. Many researchers have

measured the optical constants of thin metal films by using the surface plasmon

resonance curve fitting method for various thicknesses of metal thin films and have

compared with other experimental techniques. In [18], the measurement of optical

constants of evaporated gold films of different thicknesses was reported. The results

Fig. 13.1 The excitation of

surface plasmons in

Kretschmann geometry

13 Lasers and Plasmonics: SPR Measurements of Metal Thin Films, Clusters and. . . 317



that were obtained by surface plasmon resonance measurement were in good

agreement with those obtained by ellipsometry. The first application of surface

plasmon polaritons (SPPs) was to measure changes in the index of refraction and

thickness of metal films. Kretschmann [3] obtained the refraction index of metal

films of various thicknesses in the visible range. Innes and Sambles [19] also

measured the optical constants of a thin gold film of about 45 nm thickness over

the visible region of the spectrum. Using SPs to determine optical constants and/or

thickness of metal films is important from both fundamental and industrial point of

view. The method is a part of the more general issue of optical characterization of

thin films and structures [20].

The thickness and optical properties of the Au layers determine the SP sensor

performance. Therefore, it is important to know how accurately these parameters

can be deduced from SP measurements and what factors affect the precision of the

measurements. M. Yao et al. [8] discussed about the widths of the SPR curves

affected by many factors. The dielectric constant and thickness of the metal film

have very strong effects on the features of the resonant curve. It is widely recog-

nized that silver (Ag) results in the sharpest resonance curve [21]. The wavelength

of the incident light also has a strong effect on the resonant characteristics. A longer

wavelength results in a lower resonant angle and a sharper resonant curve. Brink

et al. [22] suggested that working in the near-infrared range would result in greater

sensitivity. Yan et al. [23] investigated that the real metal films cannot be perfectly

flat, and the influence of surface/and interfaces roughness on an SPR curve has been

studied extensively. Investigations demonstrated that in the presence of surface

roughness, SPs are attenuated by two processes: radiation into the vacuum, or

scattering into other surface-polariton states; and the former is responsible for

increase in the resonant curve angular width, the latter leads to resonant curve

shift. Until now, using SPs to determine optical constants and/or thickness of thin

metal films still attracts considerable attention, which is, to a great extent, due to the

requirements of developing the SPR technique itself. Thin metal films are an

integral part of the SPR-based devices, such as the SPR sensors, the metal-clad

waveguide, and the long range SPP waveguide, and the performances of these

optical devices are determined dominantly by the optical and geometrical proper-

ties of the metal films. Furthermore, parameters of the over layer (or over layers)

deposited above the metal films are often required to be determined correctly, and it

is evident that the metal films must first be characterized accurately. In fact, the

Fig. 13.2 Light microscope images of onion epidermis
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effective optical constants of the metal films also depend on their thickness, which

is related to the internal structure, owing to the variation in film density and

resistivity [24–26].

In a recent research of our group, we estimated the resolution of sensing in water

solution by surface plasmon resonance sensors based on Kretschmann configura-

tion by numerical simulation for different thicknesses of combinations of silver

(Ag), copper (Cu), and aluminum (Al) metallic layers (single layers) with a gold

coating layer on top of these meals (bimetallic layers) in the ultraviolet, visible, and

infrared regions using material dispersion taken from literature. It showed that the

gold SPR biosensors have minimum resolution at 650 nm wavelength, Ag bio-

sensors – at 500 nm, and Al biosensors – at 260 nm [27, 28]; and in the present work

that describes in this chapter is consisting of two main sections. In Section I, we

investigated experimentally the optical properties of ultra-thin layers of Silver and

Gold, and those of single layers of Au and Ag films; as well as double layer Ag/Au

and Au/Ag films of different thicknesses [29]. AFM measurements were performed

for characterizing the thickness and roughness of the films. Using the measured

thicknesses we study the refractive indices of the films as well as parameters of SPR

curves and field enhancement of the films by numerical simulation. In Section II,

we explored experimentally e.g. we compared the optical properties of bare thin

films of gold (Au) and silver (Ag), and those of bio-thin layer (onion epidermis)

along with Au and Ag films using surface plasmon resonance spectroscopy

[30]. We show that SPR coupling in the bilayer configuration allows for the

measurements of the optical constants of metallic films as well as bio thin layers

(onion epidermis) when it is stacked on Au and Ag thin films. Again AFM is being

used to characterizing the thickness and roughness of bare Au and Ag thin films.

Using the measured thicknesses we study the dielectric constants of biological/

organic thin layer by numerical simulation. The present study is focused on the

modeling of ideal thin films using rigorous electromagnetic theory of wave prop-

agation through layered media [28].

13.2 Experimental Details

For the convenience of experiment, the three-layer & four-layer Kretschmann

configuration consisting of a prism-gold/silver film-air is considered. A home-

constructed apparatus of SPR, based on Kretschmann geometry, was built for this

study. In Section I, single layer combination (30, 45, 50 and 70 nm) and bilayer

(30/30, 45/5 and 45/10 nm) thin film assemblies of (Au and Ag) were deposited on

glass substrates cleaned by consecutive soaking in acetone and isopropanol for

20 min and rinsed with distilled water. In Section II, metal thin films of gold

(Au) and silver (Ag) of 45 nm thickness were prepared on glass substrates and

fresh, inner natural layer of onion epidermis is used as a bio layer. Generally, it

would be better to deposit the metal layers directly onto the prism surface in order to

achieve the lowest insertion loss and highest sensitivity. However, from the
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practical application point of view, it is highly desirable to implement a separate

test sample into the system and keep the prism intact. Since the glass prism is a key

component of the test system, the quality and mounting condition of the prism are

very sensitive to the test results. Separate test samples with metal layer deposited

onto a glass substrate are easy to prepare and easy to use. Glass substrate samples

are cheap and disposable. It would be better to use glass substrates with the same

refractive index as the prism and keep the sample substrate in close contact with the

prism. To minimize the mismatch effect of the air gap between the glass substrate

and the prism, matching oil with the same refractive index as the glass substrate and

the prism is used to mount the test samples into the test system. The samples were

evaporated by using NEXTDEP resistive thermal evaporation system (ANG-

STROM ENGG.). Evaporation is one of method to deposition thin films. This

method have purpose to get thin film which have good quality. In this experiment

evaporation done at 1.5� 10�6 torr vacuum pressure. The deposition rate was

0.5 Å/s at room temperature and the thickness of prepared films was measured to

be between 30 and 70 nm. Later on, thickness of these thin films was also measured

by Atomic Force Microscope AFM (Bruker).

The experimental arrangement is shown in Figs. 13.3 and 13.4 respectively. The

setup consists of 632.8 nm wavelength, 15 mW He-Ne laser (Melles Griot) used as

a light source. The power of the incident light was reduced to appropriate level for

detection by a neutral density filter ND. By passing the beam splitter BS the

reflected part of the laser beam is measured by photodetector PD1 to be used as

reference intensity. The p-polarized light by passing the transmitted laser beam

through a polarizer propagates through a right angle BK7 prism mounted on a

goniometer allowing the prism to be rotated with 0.01� precision. The substrate

with metal layer was put into optical contact with the prism through index matching

oil. The reflection surface of the prism is placed on the rotation axis of the

goniometer. The reflected beam is then focused by a lens on the photodiode PD2

Fig. 13.3 3D schematic plan of the constructed setup
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mounted on second goniometer. Then, the intensity of the light interacted with the

sample and measured by PD2 is normalized by the intensity measured by PD1.

Winspall software package was also used for simulation of surface plasmon

resonance phenomenon based on the Fresnel equations [31]. The thickness and

dielectric constant values can be matched according to the fitting of calculated and

experimental SPR curves [32]. The surfaces of the films are assumed to be planar in

the software package, so the roughness of the samples is ignored. In software, the

parameters of all material ofmultilayer system are entering into the layer system table.

13.2.1 Thin Films Deposition Technique

Thin films prepared in this research work serves as an introduction to Thermal

evaporation deposition – In which the material to be deposited is heated to a high

vapor pressure by electrical resistive heating. NEXTDEP 400 resistive thermal

evaporator (ANGSTROM ENGG.) has used for preparing single and double layer

metal thin films. Resistive evaporation is a commonly used vacuum deposition

process in which electrical energy is used to heat a filament which in turn heats a

deposition material to the point of evaporation. The process can be performed at

very high levels of vacuum allowing for a long mean free path and therefore fewer

tendencies to introduce film impurities. High deposition rates can be achieved and

lower energy particles can reduce substrate damage.

Fig. 13.4 A snapshot of constructed experimental setup
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13.2.1.1 Introduction to Physical Vapour Deposition (PVD)

Thermal evaporation is one of the most widely used techniques of physical vapor

deposition (PVD). It is a type of thin film deposition, which is a vacuum process

wherein coatings of pure materials are applied over the surface of many different

objects. The deposited coatings or films usually have a thickness in the range of

angstroms to microns and are composed of a single material or layers of multiple

materials. The coating materials can be either molecules, including nitrides and

oxides, or pure atomic elements such as both metals and non-metals. The object to

be coated is called the substrate, which can be many different things, including

semiconductor wafers, optical components, and solar cells.

13.2.1.2 Thermal Evaporation

Thermal evaporation is a process wherein a solid material is heated inside a high

vacuum chamber to a temperature which generates some vapor pressure. Inside the

vacuum, even a very low vapor pressure is adequate to create a vapor cloud within

the chamber. This evaporated material now consists of a vapor stream, which passes

through the chamber, and strikes and sticks onto the substrate as a film or coating as

shown in Fig. 13.5.

Since, in a majority of cases, the material becomes liquid by heating it to its

melting temperature, it is normally placed in the bottom of the chamber, often in

some form of upright crucible. The vapor then rises above from this bottom source

and reaches the substrates that are held inverted in suitable fixtures at the top of the

chamber, with surfaces to be coated facing down toward the rising vapor to acquire

their coating.

Crystal
Monitor

Substrate

Vacuum
chamber

Material

Voltage Supply

Pressure
Monitor

Fig. 13.5 A schematic of

thermal evaporation
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Various measures may have to be taken in order to ensure film adhesion and

control different film properties as desired. The evaporation system design allows

process engineers to adjust a number of parameters to obtain desired results for

variables such as grain structure, uniformity, thickness, stress, adhesion strength,

optical or electrical properties, and much more. Angstrom Engineering has devel-

oped thin film deposition systems based on this technique (Fig. 13.6) which can

deposit a wide range of materials including metals, organic, and inorganic poly-

mers. The process can be controlled using quartz rate sensor, temperature, or optical

monitoring systems to ensure consistent high-quality results.

NEXTDEP 400 resistive thermal evaporator can be operated at high level

(1.5� 10�6 torr) vacuum pressure for achieving high quality films. This vacuum

system has four thermal resistive evaporation sources and one substrate shutter with

which deposition is achieved the interior outlook of evaporator chamber is revealed

in Fig. 13.6b. To access the evaporation sources, substrate holder, or deposition rate

sensors, the chamber must be open.

13.2.2 Thin Films Preparation

Regarding thin films preparation, there are two main sections to describe here in this

chapter.

Section I In Section I the following combinations of single and double layer films

are prepared on glass substrate.

Single Layers. Ag: 30 nm, 45 nm, 50 nm and 70 nm

Au: 30 nm, 45 nm, 50 nm and 70 nm

Fig. 13.6 (a) NEXTDEP 400 vacuum evaporator (b) Interior outlook of evaporator chamber
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Double Layers. Ag+Au: 30 + 30 nm, 45 + 5 nm and 45 + 10 nm

Au+Ag: 30 + 30 nm, 45 + 5 nm and 45 + 10 nm

Figure 13.7a, b, and c illustrates different thickness combinations of metal thin

films prepared on glass substrate.

Section II In this section, single layer films of bare Au and Ag of 45 nm are

prepared on glass substrate by thermal evaporation. Later on we peeled off the fresh

onion inner thin epidermis and stacked it on metal thin films as shown in Fig. 13.8.

13.2.3 Thin Films Characterization (Morphology)

13.2.3.1 Atomic Force Microscopy (AFM)

Introduction

Atomic force microscopy (AFM) is a technique to obtain images and other informa-

tion from a wide variety of samples, at extremely high (nanometer) resolution. AFM

works by scanning a very sharp (end radius ca. 10 nm) probe along the sample

surface, carefully maintaining the force between the probe and surface at a set, low

level. Usually, the probe is formed by silicon or silicon nitride cantilever with a sharp

integrated tip and the vertical bending (deflection) of the cantilever due to forces

acting on the tip is detected by a laser focused on the back of the cantilever. The laser

is reflected by the cantilever onto a distant photo detector. The movement of the laser

spot on the photo detector gives a greatly exaggerated measurement of the movement

of the probe. This set-up is known as an optical lever. The probe is moved over the

sample by a scanner, typically a piezoelectric element, which can make extremely

precise movements. The combination of the sharp tip, the very sensitive optical lever,

and the highly precise movements by the scanner, combined with the careful control

of probe-sample forces allow the extremely high resolution of AFM.

Principle of Operation

The basic principle of AFM is that a probe is maintained in close contact with the

sample surface by a feedback mechanism as it scans over the surface, and the

movement of the probe to stay at the same probe-sample distance is taken to be the

sample topography. A variety of probes have been used but the most commonly

used are micro-fabricated silicon (Si) or silicon nitride (Si3N4) cantilevers with

integrated tips. The tips can be very sharp.

Typically, probe radius varies from 5 to 20 nm. The bending of the cantilever

normal to the sample surface is usually monitored by an optical lever, although
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Fig. 13.7 (a) Ag single layer thin films of different thicknesses (b) Au single layer thin films of

different thicknesses (c) Ag/Au and Au/Ag double layer thin films of different thicknesses
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other methods have been investigated. This system magnifies the normal bending of

the cantilever greatly, and is sensitive to Angstrom-level movements. There are a

variety of modes of scanning but in the simplest mode, the probes gently touch the

sample as it moves over the surface. The movement of the probe over the surface is

controlled by a scanner. This is normally made from a piezoelectric material, which

can move the probe very precisely in the x, y, and z axes, although other types of

actuator are also used. The signal from the photo detector passes through a feedback

circuit, and into the z-movement part of the scanner, in order to maintain the probe-

sample distance at a set value (Fig. 13.9). Because the cantilever acts as a spring,

this fixed cantilever deflection means a fixed probe-sample force is maintained. The

amount by which the scanner has to move in the z-axis to maintain the cantilever

deflection is taken to be equivalent to the sample topography.

A great advantage of AFM compared to for example TEM or SEM, is that it is

simple to operate in almost any environment, such as aqueous solutions, but also

other solvents, in air, vacuum, or other gases. Depending on the details of the

experiment, the resolution can be very high. Z (height) resolution is extremely high

and can be sub-Angstrom, whereas lateral resolution could be of the order of 1 nm.

Fig. 13.7 (continued)
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To obtain such high resolution work, the state of the sample, the levels of acoustic

and electronic noise and experimental conditions must all be highly optimized.

In a present research, thickness of thin films has measured by Atomic Force

Microscope AFM. Dimension Icon AFM system (Bruker) delivers uncompromised

performance, robustness, and flexibility to perform nearly every measurement at

scales previously obtained by extensively customized systems. Utilizing an open-

access platform, large- or multiple-sample holders, and numerous ease-of-use

features. With more features than any other AFM, the new NanoScope-based

control system sets the standard for power and flexibility. At the same time, the

software’s simplified work flow and ergonomic system design make the Icon ideal

for multi-user environments. The Dimension Icon AFM system and overall instru-

ment view are shown below in Fig. 13.10.

Fig. 13.8 (a) Au and Ag single layer thin film attached with bio-thin layer (onion epidermis)

(b) Ag single layer thin film attached with bio-thin layer (onion epidermis)
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13.3 Results and Discussion (Section I)

13.3.1 Single Layer Films

We deposited three samples of Au and Ag thin films with thicknesses ranging from

30 to 60 nm on glass substrates. We performed SPR experiments to find out the

mode position and shape versus the thickness. Experimental data was obtained in

case of Au and Ag thin films. Computer simulation has been extensively used in the

bimetallic layer SPR and comparison with monolayer SPR sensors. Data fitting was

used throughout the simulation. It is a software package for simulation of surface

plasmon resonance performance based on the Fresnel equations [33]. The thick-

ness, refractive index can be entered, the dielectric constant is calculated according

to the Fresnel’s equation and the SPR curve is plotted [32]. However, the assump-

tion that the surface of the SPR sensor chip is planar results in that the roughness of

every layer on the surface of the SPR sensor chip is ignored in the software package.

Therefore, in the simulation of the bimetallic layer system, all the layers on the

surfaces of the SPR sensor chips are assumed to be planar.

Simulation was carried out by assuming that the total thickness of metal layers

on the surface of sample are between 30 and 70 nm in case of single and double

layer. The measured reflectivity versus incident angle for the Au and Ag samples

and corresponding fitted SPR curves are shown in Fig. 13.11.

The thicknesses and surface roughness of the films were also measured by

atomic force microscope (AFM), Dimension Icon AFM (Bruker) in tapping mode

for confirming the validity of the SPR technique. Figure 13.12 shows the AFM

image of Ag(2) single layer sample.

The thicknesses obtained by the two approaches and corresponding estimated

refractive indices of single metal layers, the roughness of the samples are

Position-
sensitive
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Laser Diode

Cantilever Spring

Tip
Sample

Fig. 13.9 Block diagram of

atomic force microscope

using beam deflection

detection
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summarized in Table 13.1. The thickness difference between two methods is less

than 0.8 nm for Au and less than 6.5 nm for Ag samples, and the roughness of Ag

single layer is higher compared to Au samples; a feature which could be caused by

the chemical instability and oxidization of silver thin films.

The refractive index values for Au(3) film of 0.198 – i3.182 and for Ag(1) film of

0.119 – i4.010 are in agreement with those given in the literature [34] at

λ¼ 632.8 nm wavelength.

As we mentioned above, during data fitting, the roughness of layers of the SPR

structure is not considered in the simulations. From Table 13.1, it can be seen that

roughness almost does not depend on thickness of the single layer films. The real

part of refractive index decreases in both gold and silver single layer cases with

increasing thickness.

Fig. 13.10 (a) Dimension icon AFM system (b) overall instrument view
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We examined the following parameters of SPR curve for each sample presented

in Table 13.2, resonance angle, full width at half maximum (FWHM), height of

curve and α parameter which equals to the relation of the height to the FWHM of

the curve; and calculated values of field enhancement based on the estimated

refractive indices. It can be seen that Au(2) with 46.7 nm thickness and Ag

(3) with 57.5 nm thickness samples indicate deeper SP dip, narrowest FWHM

values, and maximal values of α as compared to other samples. Moreover, the

field enhancement of these samples is highest.

Ag SPR curves are narrower compared to Au ones that is indicating in the

Table 13.2. Au samples have longer SP wavelengths compared to Ag samples.

13.3.2 Double Layer Films

Silver and gold perform differently in plasmon resonance when they are used as

coating materials on glass slides. Silver produces a narrower SPR curve compared

Fig. 13.11 Measured SPR data (dots) and their fitted curves (solid line) for the Au(a) and Ag

(b) samples

Fig. 13.12 The AFM micrograph of Ag(2) sample
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to gold, as we have discussed in ‘Single layer films’ section. But it is chemically

unstable and tends to be oxidized. Gold is chemically stable. One way to take

advantages of the both metals is to manage deposition with a silver layer at the

bottom and a thin gold layer on the top to reduce oxidation. We use this approach to

characterize ultrathin films of Au and Ag by depositing of 5, 10 and 30 nm thick

layers of each metal over second metal.

We deposited three sets of Au/Ag and three sets of Ag/Au (double layer) thin

films of different thicknesses onto glass substrates. In case of double layer samples,

the thicknesses estimated by SPR technique were again matching with the thick-

nesses measured by AFM. Table 13.3 shows the thickness of each metal estimated

by SPR fitting and it is in good agreement with the combined double layer structure

deliberated by AFM. It means in case of double layer samples, we can characterize

metal clusters or ultra small thickness (less than 10 nm) by SPR technique.

In case of double layer thin films, the real part of refractive indices in both cases

of Au/Ag and of Ag/Au having thicknesses of 30/30, 45/5 and 45/10 nm show

unstable behaviour. This instability might be caused by surface roughness of

sample and oxidation of silver films. Moreover, in case of double layer thin films,

by increasing gold thickness more than 10 nm as a top layer it might broad the SPR

response curve (see Fig. 13.13). It can be clearly seen from Fig. 13.13 that the

reflectivity curves are different for the two configurations; e.g. Au/Ag and Ag/Au; a

feature which puts in evidence the evanescent character of the SPR mode. Even

Table 13.1 The characterization of Au and Ag single layer thin films

Sample

AFM thickness,

nm

Real part

(n)

Imaginary part

(k)

SPR thickness,

nm

AFM roughness,

nm

Au(1) 30.76 0.2492 3.3041 30.00 1.7–2.2

Au(2) 46.69 0.2151 3.4352 46.57 1.6–2.2

Au(3) 53.11 0.1985 3.1821 53.00 1.8–2.9

Ag(1) 38.60 0.1194 4.0097 39.00 2.2–2.8

Ag(2) 55.30 0.1007 4.0360 57.55 2.3–2.9

Ag(3) 57.50 0.0606 4.0809 64.00 2.6–3.3

Table 13.2 Parameters of SPR of Au and Ag single layer structures

Sample

Resonance

angle, degree

SP

wavelength,

nm

FWHM,

degree

Height of

curve

α,
degree�1

Field

enhancement

Au(1) 44.75 446 2.70 0.39 0.14 13.5

Au(2) 43.88 439 1.42 0.70 0.49 21.5

Au(3) 44.37 443 1.61 0.57 0.35 19.6

Ag(1) 43.26 434 0.90 0.61 0.68 46.0

Ag(2) 43.05 432 0.28 0.88 3.14 63.8

Ag(3) 43.00 432 0.20 0.93 4.65 114.9
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though the total thickness and individual thicknesses of the metal layers are the

same, the wave feels more the metal that is in direct contact with the glass. The

measured reflectivity versus incident angle for Au/Ag(1) and Ag/Au(1) double

layer samples and corresponding fitted SPR curves are shown in Fig. 13.13.

The parameters of SPR curve of double layer films are presented in Table 13.4.

Au/Ag(2) with 56.0 nm overall thickness and Ag/Au(2) with 51.4 nm overall

thickness samples indicate deeper SP dip, narrowest FWHM values, and maximal

Table 13.3 The characterization of Au/Ag and Ag/Au double layer thin films

Sample

AFM thickness,

nm

Real part

(n)

Imaginary part

(k)

SPR thickness,

nm

AFM roughness,

nm

Au/Ag

(1)

61.64 0.1423

0.4739

3.9746

3.2723

31.00

30.00

0.8–1.1

Au/Ag

(2)

56.00 0.1900

0.2317

3.6643

3.0340

46.00

09.00

1.6–2.1

Au/Ag

(3)

59.55 0.1996

0.1976

3.5131

2.5566

46.00

13.00

2.6–3.3

Ag/Au

(1)

62.15 0.1560

0.2611

4.3338

3.3940

31.00

31.00

1.1–1.5

Ag/Au

(2)

51.40 0.1314

0.4412

4.0770

3.2769

46.00

05.00

1.7–2.2

Ag/Au

(3)

55.97 0.1359

0.3479

4.2483

3.2371

47.00

10.00

1.6–2.0

Fig. 13.13 Measured SPR data (dots) and corresponding fitted curves (solid line) of Au/Ag

(31/30 nm) and Ag/Au (31/31 nm) double layer samples
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values of α as compared to other samples. The field enhancement of these samples

is highest.

It is shown in Table 13.3 that the refractive index values of silver are in

agreement with those given in the literature [34] at λ¼ 632.8 nm wavelength

when it is behaving as a bottom/base layer and gold is on top. This is confirming

that gold layer on top of silver may protect silver layer to be oxidised.

SPR structures coated with silver produce narrower and sharper SPR response

curves, due to the real part of refractive index which is slightly higher than that of

gold. It can be seen in Table 13.4 that SPR structure with 45 nm thick silver and

5 and 10 nm thick gold layers on top produce narrower SPR response curves than

45 nm single gold layer. On contrary, we have also examined experimentally 45 nm

thick gold layer coated by 5 and 10 nm silver layers. Due to very thin silver layer on

top it produces narrow SPR curves compared to single gold layer. It is noted that

Au/Ag configurations have longer SP wavelengths compared to Ag/Au configura-

tions due to influence of metal under layer to SP propagation.

The efficiency of detection of the presence of small amount of the absorbing

dielectric, such as fluorophores or fluorophore-labeled molecules, by employing the

surface-plasmon field-enhanced fluorescence is proportional to the intensity of

generated SP field [35]. The ratio of the field intensity I at the analyte-metal

interface to the incident wave intensity I0 is referred to as field enhancement. As

can be seen from Table 13.2, the maximum enhancement of Au-based structure is

about 22� for 47 nm thickness; about 115� for Ag-based structure of 57.5 nm

thickness (see Table 13.4). The maximum field enhancement of bimetallic struc-

tures does not exceed 23� due to higher overall thickness (see Table 13.4).

13.4 Summary (Section I)

We have measured the thickness and optical constants of metal thin films and ultra-

thin metal clusters (sub 10 nm layers) by SPR spectroscopy. We have also measured

the variation of the refractive indices of gold and silver films of single and double-

Table 13.4 Parameters of SPR by Au/Ag and Ag/Au double layer structures

Sample

Resonance

angle,

degree

SP

wavelength,

nm

FWHM,

degree

Height of

curve

α,
degree�1

Field

enhancement

Au/Ag(1) 43.95 439 1.60 0.30 0.19 4.5

Au/Ag(2) 43.97 439 1.07 0.60 0.56 19.5

Au/Ag(3) 44.68 445 1.27 0.63 0.50 15.6

Ag/Au(1) 43.68 437 0.81 0.38 0.47 9.4

Ag/Au(2) 43.26 434 0.66 0.73 1.11 22.7

Ag/Au(3) 43.38 435 0.69 0.53 0.77 14.0
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layer structures for a set of film thicknesses ranging from 30 to 60 nm by using the

SPR measurements at 632.8 nm wavelength. The thicknesses of the metal films

estimated by SPR technique are in good agreement with those measured by AFM.

Thus, we showed that the SPR technique is confirmed to be a simple method for the

measurement of the optical constants at ultra-thin film thicknesses (5 nm in case of

bimetallic layers). The narrowest resonant curves with deeper surface plasmon dip

are observed for both gold and silver 45 nm thin films. In case of bimetallic films,

silver/gold layers produced narrower SPR response curves compared to single gold

layer as well as 5 and 10 nm gold as a top layer, protected silver layer to be

oxidized.

13.5 Results and Discussion (Section II)

We prepared single layer thin films of bare Au and Ag of 45 nm thickness on glass

substrates by thermal evaporation. Later on we peeled off the fresh onion inner thin

epidermis and stacked it on metal thin films as shown in Fig. 13.14. SPR experi-

ments were performed using single layer (metal) and double layer (metal/onion

epidermis) assemblies and Winspall curve fitting methodology was carried out to

determine the thickness and optical constants of bare Au and Ag thin films and

dielectric constant values of onion epidermis. We assume that the total thickness of

all single and double layer thin films on the surface of prism is between 45 and

70 nm.

The measured reflectivity versus incident angle for single and double layer

samples and corresponding fitted SPR curves at 632.8 nm wavelength are illustrated

in Fig. 13.15a and b. Resonance angles and shift of single layer (bare Au and Ag),

and of double layer (Au/onion epidermis and Ag/onion epidermis) thin films were

studied from SPR curves. Resonance angles of bare Au 45 nm and Au/onion

epidermis thin layers were found to be 43.90� and 44.18� respectively. So, the

shift in resonance angle was deliberated as 0.28�. On the other hand, resonance

angles of bare Ag 45 nm and Ag/onion epidermis thin layers were found 43.62� and
44.38� so the shift in resonance angle was observed 0.38�. The thickness and

dielectric constant values of single layer (bare Au and Ag), and double layer

(Au/onion epidermis and Ag/onion epidermis) thin films obtained by SPR method

and atomic force microscopy (AFM) are set out in Table 13.5.

The thicknesses and surface roughness of the films were also measured by

atomic force microscope (AFM), Dimension Icon AFM (Bruker), in tapping

mode for confirming the validity of the SPR technique. Figure 13.16 spectacles

the AFM image of bare Ag 45 nm sample. The surface roughness of onion

epidermis is high due to natural asymmetrical structure of the epidermis cells.

That is already observed in Fig. 13.2, the average diameter of one onion cell is

around 200–250 micron and it varies from cell to cell. The surface of epidermis
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Fig. 13.14 Ag and Au films of 45 nm with fresh onion epidermis layer

Fig. 13.15 (a) Measured SPR data (dots) and their fitted curves (solid line) for bare Au and

Au/onion epidermis (b) bare Ag and Ag/onion epidermis samples excited at 632.8 nm wavelength

Table 13.5 The characterization of single and double layer thin film assemblies

Sample, (thin films)

AFM

thickness, nm Real(ɛ) Imag.(ɛ)
SPR thickness,

nm

AFM roughness,

nm

Au 46 �11.80 1.567 45.0 1.5–2.1

Ag 50 �12.80 0.835 50.7 2.3–2.8

Au/Onion

epidermis

46 �11.89

1.2

1.59

0.515

62.2

7.8

1.5–2.1

Ag/Onion

epidermis

50 �12.80

1.2

0.83

0.60

63

9

2.3–2.8
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layer was not smooth that’s why AFM could not be helpful to measure the layer

thickness.

The thickness difference found between two methods is 1.6 nm in case of Au

single layer sample and 0.1 nm in case of Ag single layer sample. The roughness of

the Ag thin film is higher compared to the Au thin film. It might be originated by the

chemical instability and oxidization of silver film. The dielectric constant values for

bare Au and Ag thin films are in agreement with those given in the literature

[36]. SPR thickness of onion epidermis loaded on Au film comprises 7.8 nm

while SPR thickness on Ag film is found to be 9 nm. The dielectric constant values

of onion epidermis have also been determined. The real part of dielectric constant,

Real(ɛ) of onion epidermis is estimated to be 1.2 and imaginary part of dielectric

constant, Imag.(ɛ) of onion epidermis is 0.515 when it is stacked onto Au thin film

surface. While the Real(ɛ) of onion epidermis is found to be 1.2 and Imag.(ɛ) of
onion epidermis is 0.600 when it is loaded onto Ag thin film surface.

To describe the general behavior of onion epidermis, water and air in terms of

optical constants, we assume that these components (water and air) are individually

stacked onto the surface of bare Au and Ag 45 nm thin films. The standard dielectric

constant values of water and air have been taken from [37]. Since, the values of real

part of the dielectric constants, Real(ɛ) of water is 1.744, air is 1.000 and of onion

epidermis is found to be 1.20. In the light of above discussion, optical constant

value of onion epidermis is laying between water and air which is confirmed by

[12]. On the other hand, the comparison of the imaginary part of the dielectric

constants, Imag.(ɛ) of water is 0.00 and of air is also 0.00 while Imag.(ɛ) of onion
epidermis has some values that are estimated to be 0.515 and 0.600 respectively as

shown above in Table 13.5. It might be possible due to the surface roughness of

natural cells symmetry of onion epidermis. As the surface of onion epidermis layer

is not smooth light scattering takes place and we observed shallow dips and non

zero imaginary part of dielectric constants.

Fig. 13.16 The AFM micrograph of Ag thin layer sample
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13.6 Summary (Section II)

Surface plasmon resonance technique is found to be simple and excellent to

investigate a natural transparent, thin layer of a biological material (Allium Cepa)

the inner epidermis of onion bulb. The dielectric constant values of this thin

bio-film e.g., (onion epidermis) were measured. We found that the values of the

real part of this dielectric constant is between water and air, a feature which

suggests that thin onion epidermis is mostly composed of water and air.
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Chapter 14

Plasmon Assisted Luminescence in Rare
Earth Doped Glasses

M. Reza Dousti and Raja J. Amjad

Abstract Incorporation of metallic nanoparticles in rare earth doped oxide glasses

has been introduced as an interesting method to enhance their optical properties.

Controlling the size and shape of metallic nanoparticles is a challenging issue which

depends strongly and ambiguously on concentration, time and temperature of heat-

treatments. In this chapter, we firstly revisit the importance of materials science in

general and the rare-earth doped glasses in particular. The performance of rare earth

ions in glassy matrices, the probable interactions and the related theories are

discussed. Moreover, the incorporation of metallic nanoparticles and their effect on

modification of optical properties of rare earth doped glasses is reviewed. Finally,

several examples of enhancement and quenching of stokes and anti-stokes lumines-

cence of rare earth ions doped in different glasses are summarized. The incorporation

of the metallic nanoparticles is a promising method to improve the optical properties

of different oxide glasses for diverse applications such as amplifiers, solid state lasers,

sensors, etc. However, to understand the complete role of metallic nanoparticles and

control their size distribution and shape, further research is necessary.

Keywords Rare earth doped glasses • Metallic nanoparticles • Amorphous

nanocomposites • Optical materials

The necessity to develop noble materials for various applications – from decorative

objects, optoelectronic devices, and military facilities, to medical interferences

such as drug-deliverers, artificial bones and sturdy dental ceramics – has motivated

the materials engineers and scientists to demand for new materials, with low-cost,

high efficiency, long durability and recyclability. Glass and glass-ceramic technol-

ogy is classified to be among the most important branch in the materials science

since these composites could provide a wide range of optical, chemical, thermal,
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electrical and magnetic properties due to the large diversity in their structure and

compositional elements. Glasses, by definition, are non-crystalline solids which

show glass transition temperature and can form the glass-ceramics by the controlled

heat-treating procedures. Glasses have emerged in various fields and show signif-

icant contribution in development of new functional materials. Glass-ceramics

show typically better mechanical, thermal and optical performance than their

mother counterpart, due to the partial presence of nano- or micro-crystalline

structures. The glasses and glass ceramics can be used as solders, laser hosts,

memory planes, switching panels, optical fibers, sensors, lenses, optical limiters,

waveguides, army devices, medical devices and dental materials etc. The research

on the glassy materials shows a rapid growth as evaluated by a recent analysis of the

major scientific databases. The glasses are widely used as optical materials as they

usually show a wide transparency in the ultraviolet (UV) to near-infrared

(NIR) region and non-linear optical absorption, which could be combined with

their other promising properties to obtain novel materials. When doped with rare

earth (RE) ions, the glasses can emit in a wide range of spectral energy; from

ultraviolet to visible and to near-infrared and far-infrared regions. The intensity,

peak wavelength, excited state lifetime and quantum efficiency of those emissions

are determinant characteristics of the RE-doped materials which could be

engineered by selection of the host glass, concentration of RE ions, the co-doping

species, heat-treatments etc. For example, the selection of the glass hosts with low

phonon energies, can reduce the nonradiative losses, and increases the quantum

efficiency, while upconversion emissions could occur to generate a high energy

photon, through the excitation of the RE ions by two incoming photons. The

upconversion (anti-Stokes) and normal (Stokes) emissions in the RE-doped glasses

are mainly favored by the various energy transfer mechanisms among the neigh-

boring ions. Such energy transfer processes are listed in this review paper and

discussed in details. Moreover, the Judd-Ofelt formalism as the most important

theoretical approach to evaluate the radiative properties of RE ions is also revisited.

The radiative properties such as emission cross-section of most of the RE ions in the

current glasses is not very effective to obtain a high quantum yield device, and in

most of the cases, increasing the concentration of RE ions results in the concentra-

tion quenching effect. Therefore, improving the emission efficiency of the RE ions

is the current issue and several proposals have been demonstrated to optimize the

latter properties. For example, the incorporation of Yb3þ ions or metallic species as

the sensitizers, or addition of shells or OH-removers which could decrease the

quenching centers.

On the other hand, the incorporation of metallic particles (such as nanoparticles,

clusters, atoms, dimers, ions, etc) has attracted a large interest due to the remarkable

interaction of the excitation beam with the electronic structure of the metal.

Meanwhile, in the last decade, nanoscience and nanotechnology has been merged

as a new filed of science which attempt to synthesize the particles having dimen-

sions in the order of few nanometers to a hundred of nanometers and to embed and

confine such particles in several functional materials. In the nanosized metallic

particle, the interaction of the light with metal results in the so-called surface

plasmon resonance which is the collective oscillations of the electrons of the
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metal, thereby, it modifies the optical, electrical and structural properties of the

containing host, especially the dielectric glassy media which will be discussed in

this work. The glass containing metallic nanoparticles has gained a large interest

thanks to their potentiality to develop waveguides, optical limiters, micro-lenses,

non-linear devices, solid state batteries, electrochemical sensors etc. On the other

hand, it has been also proposed that the optical properties (emission intensity) of the

RE doped glasses could be altered by embedding the metallic nanoparticles. The

latter application is the main aim of this chapter. Beside a great number of reports

on the enhancement and quenching of the emissions of the RE ions doped glasses

by incorporation of metallic species, the origins of both enhanced or quenched

luminescence is still not fully understood and needs further attention. Several works

have shown that the metallic nanoparticles could improve the emission intensity of

RE ions (e.g. Eu3þ, Er3þ, Nd3þ, Tb3þ etc) doped glasses. The size of particles

observed in those reports could vary from a few angstrom to tens of nanometer,

while in many cases the plasmon resonance absorption band are not observed. On

the other hand, the quenching in the luminescence of some RE ions (mainly Dy3þ,
and Sm3þ etc) has been observed in presence of metallic nanoparticles, while there

are several reports which attributed the enhancement of the luminescence to other

metallic species such as ions, dimers, clusters, etc, rather than the nanoparticles.

However, up to this stage, the contribution of each species in luminescence

intensification is not clearly understand. Therefore, in this work, we would like to

review the existing literature, up to our knowledge and time, on the history of the

glass science and technology, the optical properties of rare earth doped glasses and

their relevant theories, which would be followed by an introduction on the impor-

tance of the nanoscience with an emphasizing on the optical properties of the

nanoparticles in an dielectric media. We will also discuss the important character-

istics of the metallic nanoparticles, such as size and shape of them, which could

alter their optical properties. The Mie theory, and related theories to understand the

optical properties of nanoparticles, their formation and growth mechanisms are also

discussed in this review paper. Later, the most utilized spectroscopic and imaging

techniques to characterize the nanoparticles will be quickly overviewed. At the end,

the effect of metallic species (mainly nanoparticles) on the absorption and lumi-

nescence characteristics of the RE doped glasses will be discussed according to the

existing literature.

14.1 Glasses and Glass Ceramics

Nowadays, materials science is a crucial area of research due to the limited range of

organic materials on earth to supply fuels and power for living, factories and

technology. Therefore, lot of efforts have been put on the design of new materials

to alternate inorganic sources. Solar cells are good example of those substances.

Polymers, ceramics, glasses and new light sources based on lasers, amplifiers in

networking, Li-ion batteries, etc are some of the new materials which emerged to

14 Plasmon Assisted Luminescence in Rare Earth Doped Glasses 341



assist the “green energy” agenda. Currently, glasses exist all around the world and

on our daily life, starting from drinking cups to the dressing mirrors, from electric

lamps to the communication fibers, from window glass to wine bottle and many

attractive decorative jams. There are magnificent collections and museum of

glasses which inspire the human mind by those timeless and limitless colorful

and shaped objects of art. The first glass on the earth, indeed, has been made by

nature. The ashes of overflowed volcanoes get cooled down slowly and made

natural glasses, containing aluminum silicon, sodium, potassium, calcium and iron.

But, what is a glass? Glass is an amorphous solid (non-crystalline) material

which has no long- or short-range order. It shows a glass transition, which is the

reversible transition from a rigid and relatively brittle state into a molten or rubber-

like state. Glasses are usually fragile and preferably transparent in visible region.

Glasses can be formed by cooling a melt rapidly to glass transition temperature such

that the quenching time is insufficient to form any crystalline phase. In discipline,

the glass is referred to all non-crystalline solids (with an amorphous structure),

exhibiting a glass transition when heated towards the liquid state. Therefore, glasses

can be classified to various sorts of materials, such as ionic melts, metallic alloys,

aqueous solutions, molecular liquids, and polymers.

On the other hand, glasses can be transformed to glass-ceramics (polycrystalline

materials) by controlled crystallization process. Glass-ceramics possess versatile

properties of both glasses and ceramics. The structure of a glass-ceramic includes

an amorphous phase and one or more crystalline phases (usually between 30 % and

90 % of whole bulk). Glass-ceramics are among interesting materials since they can

be fabricated as easy as glasses, while having advantageous properties of ceramics,

such as low porosity, high toughness, strength, low or even negative thermal

expansion, high temperature stability, good chemical durability, resorbability, ion

conductivity, superconductivity, isolation capabilities, low dielectric constant and

loss, better optical and emission properties when doped with rare earth ions, high

resistivity and break down voltage. These properties can be engineered by appro-

priate base glass composition and controlled heat treatment/crystallization process.

Glass-ceramics are usually obtained in two steps: Firstly, a glass is formed by the

melt-quenching or sol-gel techniques. Then, it is cooled down and is again reheated

at an appropriate temperature for a certain time. As a consequence, the glass partly

crystallizes. In most cases nucleating agents are added to the base composition of

the glass-ceramic. These nucleation agents can speed-up and control the crystalli-

zation process. Unlike sintered ceramics, glass-ceramics have no pores, because of

no pressing and sintering procedures. They can be mass-produced and their nano-

structure can be designed to combine a variety of properties [1].

The history of glasses made by man has started since 4000 B.C. in Mesopotamia,

western Asia. These glasses were glazed due to application of copper compounds.

Colorful glasses have been prepared between fourteen and sixteen century B.C. in

Egypt. However, the art of glass transferred to Syria, Cyprus and Palestine at

eleventh century B.C. All nations have used same technique to prepare the glasses;

the glasses were melted, drown out and winded around a clay core which was kept

by an iron rod. Around 4000 B.C., Greek and Macedonia become centers of glass
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makers. They used new approaches such as sandwiching techniques, adding gold

layers and colorful mosaics. At third and second century B.C., Roman Empire was

emerged which also continued glass blowing up to a new revolution which occurred

in Greek Empire and Muslims countries, especially in Syria and Palestine at

seventh century A.D. On the other side of the earth, China (second century B.C.)

and India (fifth century B.C.) also were heading in blowing the glasses containing

barium and lead. In the ninth century, Baghdad was on the headline of art of glass

blowing. Persia also became famous in preparing the glasses and grinding the

glassy surfaces. In the thirteenth century, once again, Syria became the center of

glasses due to conquest of Persia by Chengis Khan, and fantasy mosque lamps in

Damascus were built up. However, the war of Timur in Damascus contributed to

immigration of many glass makers from Syria to Samarkand. In this time, large tax

reliefs and social recognition from European governments pushed the glass makers

to develop the techniques of glass blowing. Addition of calcia to make shinier and

brilliant glasses (Crystallo-glasses) and “ice glasses” methods were two biggest

achievements of that time. After immigration of glass workers from Italy, Germany

became a center of glass blowing. Patronage of Church helped the regime to prepare

new glasses such as “waldglas” and “potash-lime”. In the nineteenth century,

Europe, United States, Bohemia and many other countries developed the techniques

of glass blowing. In that time, crystals became very popular. Next, fluorescent

glasses, Opaline, HF-etched glasses and cobalt blue glasses were prepared [2].

In the twentieth century, by developments of chemistry and physics of inorganic

materials, glasses were also grown, not only for decorative objects, and daily life

facilities, but for scientific purposes. Silica glass is the first production of this

century which was mixed with other oxides such as CaO, PbO and CoO. By

understanding the amorphous nature of glasses, study of the local structure and

bonding in glasses were acknowledged as important factors. On the other hand,

glass blowing became industrialized where the sheets of few millimeters in thick-

ness, couple of meters in width with desirable length were seen using developed

machines. The cutting, polishing and coating methods led to develop glass pieces

potential for microscope, telescope, glass-fibers (cables), electronic bulbs and

beverage bottles [2]. Nuclear wastes are also cleared using borosilicate glasses

and calcium phosphate and silicate were emerged in repairing the bones and

bio-techniques [3, 4].

More recently, zinc phosphate and lead borate glasses were used as solders [5–

7]. Phosphate and fluro-phosphate glasses were applied as laser hosts [8]. Memory

panels and switching materials, which turn from resistive to conductors at a certain

voltage, were prepared by chalcogenide glasses [9]. Superior transparency of halide

glasses made them, recently, a good candidate to be substituted for silica fibers

in telecommunication technology [10, 11]. Modern glasses are versatile, from

soda-lime silicate, borosilicate and alumina-silicate to borofluorite, phosphate,

germanate, antimony and tellurite glasses. They show different physical and

optical properties due to their specific structures which make them excellent

candidates for applications in different branches of science and technology. In a

scientific approach, tellurite glasses attracted large interest due to its significant
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optical, thermal and physical properties [12]. Moreover, oxyfluoride glasses have

attracted a large attention for optical properties because they provide comparatively

low phonon energies and high chemical and mechanical stabilities [13].

Providing diverse applications from solar cells, optical amplifiers, solid state

lasers, army tools, and medical devices, the necessity of research on glasses is

increased to understand their structure, optophysical properties and functionality.

An exponential increase in number of publications in the field of glasses in general

and tellurite glass (as an example) in particular is an evident of such needs.

Figure 14.1 presents the number of publication on “glasses” and “tellurite glasses”

indexed by SCOPUS database from 1930 up to the end of June 2014 [14]. The

increased number of publications on the glass technology was also highlighted by

Mauro and Zanotto [15]. Analyzing the data given by SCOPUS, they concluded

that the China and United States are the frontiers in glasses in terms of number of

publications, while Journal of Non-Crystalline Solids is the most significant journal

which publishes “glass-related” papers.

Glasses are excellent candidates to host the so called rare earth ions (lantha-

nides), since they possess large refractive index, wide transparency window, high

RE solubility, etc. Rare earth ions show exceptional optical properties such as long

lifetimes, sharp absorption intensities, and excellent coherence properties due to

their 4fN to 4fN optical transitions and other significant properties like large

oscillator strengths, broad absorption and emission bands and short lifetimes due

to their 4fN to 4fN-15d transitions [16]. Special optical properties of the RE ions and

their photonic applications in addition to nonradiative (NR) energy transfer

(ET) processes led to a wide study on REs. In principle, ET processes may favor

particular applications (such as operation of anti-Stokes emitters) but it may be

detrimental as in the case of RE based lasers because interactions among the active

ions contribute for the increase of the laser threshold. In particular the study of ET

processes in glasses having frequency gap in the visible region deserves large

attention because when doped with RE ions some glasses may present efficient

visible luminescence. Visible and infrared (IR) emissions of RE ions in glasses and

glass-ceramics are known to be applicable in solid state lasers and broadband

communications, respectively [17].

Many efforts have been done to enhance the intensity and gain of emissions in

RE-doped glasses. First, it was reported that increment of concentration of REs in

the system could intensify the Stokes and/or anti-Stokes luminescence intensities.

However, a quench is observed often, after the introduction of 1–2 mol% of the RE

ions [18, 19]. This happens due to further energy transfer among the RE ions, which

results to increase the lifetime. Another approach was demonstrated to increase the

absorption cross section of REs by introduction of second dopant, commonly

trivalent ytterbium ions. The tripositive ytterbium ion shows large absorption

cross section, therefore the large concentration of Yb3þ in vicinity of Er3þ provide

larger absorption and emission gain, through energy transfer from {2F5/2: Yb
3þ} to

{4F7/2:
4F9/2:Er

3þ} [20]. In order to overcome such deficiencies, it has been demon-

strated that metallic nanoparticles (NPs) may enhance the RE luminescence doped

glasses and improve their nonlinear optical properties [21, 22]. In majority of the
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studies, the presence of NPs contributes to enhance the material’s luminescence

efficiency either due to ET from the NPs to the RE ions or by influence of the large

local field on the RE ions positioned in the vicinity of the metal. Indeed, the

presence of nanostructures in the glass alters the luminescence efficiency. It is

expected that RE doped glassy systems may be optically and thermally optimized

by appropriate doping with metallic NPs.

14.2 Trivalent Rare Earth Ions Doped Glasses

Rare earth ions with their exclusive unfilled 4f shells are promising dopants in

glasses to obtain optical fibers and solid state lasers [17]. At the atomic number of

57, 5s and 5p shells are full and 4f is unfilled. By increasing the atomic number in

lanthanide group, the radius of 4f shell decreases gradually [23]. The outer 5s and

5p shells shield the 4f electrons and sensitize their environment so that several laser

transitions are available in RE ions. For instance, there are 11 electrons in trivalent

erbium ions (Er3þ:[Xe]4f11), and 12 in Tm3þ ions. The schematic energy level of

Er3þ ion is shown in Fig. 14.2. Russell-Saunders symbols (2Sþ1LJ) are used to label

the energy levels, where L, S and J are the orbital angular, spin angular and total

angular momentums, respectively.

Fig. 14.1 Number of Scopus-index publications on glasses and tellurite glasses (Data taken from

Scopus on 15 July 2014 [14])
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Energy levels of rare earth ions can be explained by following Hamiltonian

operator [24]:

H ¼ Hfree�ion þ H}Crytal�field} ð14:1Þ

where

Hfree�ion ¼ � h2

2

XN

i¼1 ∇
2
i ¼

XN

i¼1
Z*e2

ri
þ
XN

i<j

e2

rij

þ
XN

i¼1 ζ rið Þ~si:~li þ negligible terms: ð14:2Þ

Here, N is the number of electrons in 4f, Z* is the effective nuclear charge, including
the inner electrons and nuclei, ζ(ri), si and li are the spin-orbit coupling efficiency, and
spin and orbit angular momentum, respectively. The terms in this equation (from left

to right) define the kinetic energy, Coulomb interaction, mutual Coulomb repulsion

and spin-orbit interaction of the 4f electrons. The last two terms are responsible for

the broadening of energy level structure of RE ions in a host, which lift the

degeneracy of the 4fN electron configuration. A non-spherical symmetric crystal

field in solids splits the energy levels of ion, which is frequently called as “Stark

splitting”. Due to shielding by 5s and 5p electrons, the crystal field Hamiltonian is

100 times weaker than electrostatic and spin-orbit interactions, in 4f electrons [24]. It

is worth to mention that electric-dipole intra 4fN transitions are forbidden due to

matching parity of all levels, however they became allowed as a result of mixture into

the 4fN configuration of a small amount of excited opposite parity configuration.

In the presence of magnetic field, and considering the ion-ion interaction, two

more terms will be added into the Eq. 14.1

H ¼ Hf�ion þ HCF þ VEM þ Vion�ion ð14:3Þ

Fig. 14.2 Energy level of

free-Er3þ ions and Er3þ-
doped in a solid medium
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where VEM is the Hamiltonian of interaction of light by ion, and the last term

represent the interaction of two neighboring ions. VEM is responsible for absorption

transitions, when frequency of incoming magnetic field is in resonance or near-

resonance with transition between different energy levels of RE ions.

The efficient emission intensity of REs embedded in glasses is limited to

particular concentration so that further introduction of REs results in clustering of

dopants or inefficient energy transfers. The formation of such clusters increases the

nonradiative transfer rates between REs; therefore “concentration quenching”

phenomena may occur [19, 25]. Several methods have been proposed to avoid the

quench phenomena by increasing the efficiency of RE emissions. Enhancements

through the effect of co-dopants on local symmetry of RE, adjusting the local

interaction with suitable crystal structure, reduction of quench centers, semicon-

ductor induced ET and introduction of noble metallic NPs are some of appropriate

proposals [26].

14.2.1 Radiative Properties and Judd-Ofelt Theory

Judd [27] and Ofelt [28], independently and simultaneously formulated the theory

of absorption and emission of lanthanides. Interestingly, approaches, assumptions

and results of both theories were one and the same; however there are some

differences in definitions. Judd defines the theory as the optical absorption while

Ofelt referred to crystal spectra of RE ions [29]. Judd-Ofelt theory defines the

properties of the radiative transitions in REs. Using this theory, radiative transition

probabilities, branching ratios and intrinsic lifetime of an excited state to its lower

states can be determined by assessing the three intensity parameters,Ωi (i¼ 2, 4 and

6). The calculated oscillator strength ( fcal) of an electric-dipole absorption from the

ground state |(S,L)J> to the excited state |(S0,L0)J0> depends on the Judd-Ofelt

intensity parameters by

f cal S; Lð ÞJ; S
0
; L
0

� �
J
0

h i
¼ 8π2mc

3hλe2 2J þ 1ð Þ
n2 þ 2ð Þ2

9n
Sed þ n3Smd

" #
ð14:4Þ

where α is the absorption coefficient (cm�1), N is the number of active ions (mol.

L�1), e, m, c, h and λ have their common definitions in physics. Here, Sed and Smd
are electric dipole and magnetic dipole linestrenghts, respectively.

Sed ¼ e2
X

t¼2,4, 6Ωt S; Lð ÞJ U tð Þ�� ��D
S
0
; L
0

� �
J
0
E��� ���2 ð14:5Þ
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Smd ¼ e2h2

4m2c2
S; Lð ÞJ J~Lþ 2~S

�� ��D
S
0
; L
0

� �
J
0
E��� ���2 ð14:6Þ

Thus, three intensity parameters can be evaluated by a least square fitting to

equalize the calculated and experimental ( fexp) oscillator strengths,

f exp ¼
4:318� 10�9

N

ð
α ωð Þdω ð14:7Þ

The reduced matrix elements, ||U(t)||2 (t¼ 2, 4 and 6) [30, 31] are consistent from

host to host, and Ωt (t¼ 2, 4 and 6) are known as Judd-Ofelt intensity parameters

that can be estimated by a least-square fitting method of experimental oscillator

strengths on calculated ones. Magnetic dipole term is resulted from orbit-spin

coupling and its different probabilities, considering the selection rules, are

discussed and given in Ref. [32]. The transition probabilities A, branching ratio β
and radiative lifetime τ can be calculated by

AJ!J
0 ¼ 64π4

3h 2J þ 1ð Þλ3 χSed þ n3Smd
� � ð14:8Þ

β ¼ AJ!J
0X

J
0AJ!J

0
and τ ¼ 1X

J
0AJ!J

0
ð14:9Þ

The Judd-Ofelt intensity parameters of Er3þ ions in different glassy hosts are

tabulated in Table 14.1. The lifetime of excited states of RE ions is an important

parameter that defines the possibility of achieving the population inversion and

efficiency of pumping in amplifiers and laser applications. For a particular excited

sate, transition rate is given as inverse of the lifetime. Transitions from a state

include both radiative and NR decays. Radiative transitions are due to absorption

and emission of a photon, while nonradiative transitions correspond to the interac-

tion of ions with lattice quantized network; the phonons and energy transfers etc.

Nonradiative decay rates from excited states play a significant role to choose the

suitable host for different applications. For example, multi-phonon (MP) relaxation

rate in borate and phosphate glasses in 4I11/2(Er
3þ) excited states is large which

reduces the radiative emissions and quantum efficiency of 4I13/2(Er
3þ) excited state.

On the other hand, tellurite glass possesses lower phonon energy which is favorable

to enhance the lifetime of 4I11/2 level in Er3þ; therefore, the efficiency of the

tellurite glass is large enough to develop the erbium doped fiber amplifiers

(EDFA), pumping at 980 nm, as well as solid state upconverters.

The RE-doped glasses have many technological applications. They can be used

as solid state lasers, sensors, optical fibers, amplifiers and etc. It is just at 1961 that

Snitzer [36] reported the first fiber prepared by Nd3þ ions in solid state flash lamp

pumped laser, which operates at 1061 and 1062 nm. In 1969, Koester and Snitzer

reported on the near single-Nd3þ-doped fiber laser. Kao and Hockham [37] devel-

oped the theory of propagation in core-clad fibers and studied the structured optical
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fiber. In 1972, Sandoe et al. [38] reported the first phosphate glass containing Er3þ

ions which emits at 1530–1560 nm regions. In addition, Stone and Burrus [39]

studied the 800 nm emission of Nd3þ fibers (CW laser). Mears et al. presented the

first tunable and Q-switched fiber laser which operates in two regions;

1528–1542 nm and 1544–1555 nm. First Transatlantic fiber optic TAT-8 cables

were developed in 1990 and later Svendsen developed the optical network WDM

system and he installed this system for the first time on long-haul routes in Norway

on 1997 [40].

Broad and flat stimulated emission cross-section in communication band and

large amplifications gain in L-band of Er3þ-doped tellurite glass, introduced them

as promising materials for broadband applications. The cross-section of this broad-

band in heavy metal oxide glasses such as bismuth and tellurite glasses (having

refractive index >2 and low phonon energy) is larger than phosphate, silicate and

fluoride glasses (see Table 14.2). Solubility of RE ions is another factor to select the

suitable host matrix. The solubility of a dopant directly depends on the strength of

the structural bonding. For instance, in silicate glass four oxygen atoms are tightly

bounded to silicon atom by the strong covalent linkages. Therefore, the incorpora-

tion of RE ions in silicate glass is weak, and uniform distribution is difficult. Due to

this fact, remarkable amount of modifiers (usually alkalis) are required to break the

covalent bonds, weakening the network structure and to form the non-bridging

oxygens (NBO) [41]. Phosphate glasses are also based on tetrahedral structure.

However their covalency is five. The double bond between phosphorus and oxygen

increases the number of NBOs. Therefore phosphate glasses show better spectro-

scopic properties and emissions than silicates when doped with REs [42]. On the

other hand, tellurite glass shows a 2-dimensional system, where the Te-O linkage is

significantly weaker than Si-O bond in silicate glass. Thus, it is much easier to break

the atomic network of tellurites. Moreover, the atomic/ionic diameter of Te is larger

than Si, therefore the network is not tightly closed. The open and weak network in

tellurite glass facilitates the incorporation of RE ions and formation of uniform

doped glasses is easier than silicate and phosphate glasses [43].

Table 14.1 Judd-Ofelt

parameters of the Er3þ ion in

various glasses (�10�20 cm2)

[33]

Glass type Ω2 Ω4 Ω6 Ω4/Ω6

Silicate 5.59 1.42 0.87 1.63

Phosphate 4.67 1.37 0.77 1.78

Tellurite 5.34 1.75 0.94 1.86

Germanate 5.72 0.91 0.32 2.84

Fluoride 2.91 1.27 1.11 1.14

Borate [34] 4.11 1.45 1.42 1.02

Phospho-tellurite [35] 4.25 1.50 0.43 2.44
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14.2.2 Energy Transfers and Cooperative Process

The neighboring active ions in short distances can interact with each other in two

different approaches, (i) by summing up the photon energy by energy transfer (ET),

and (ii) cooperative effects due to emission, absorption or sensitization. Given in

Fig. 14.3 is the first proposal of the energy transfer processes, where activator ion is

in its ground state and sensitizer ion is in an excited state.

Auzel introduced the situations when activator ion is excited, considering the

exchanging of energy due to difference between ions energy, not only absolute

energy [45]. He also presented and discussed different 2-step absorption, 2-photon

excitation, cooperative luminescence, second harmonic generation (SHG), and

cooperative sensitization. Cooperative upconversion (CUC) includes both cooper-

ative sensitization and cooperative luminescence mechanisms. In high concentra-

tion of rare earth ions, the interaction between two electric dipole moments of ions

is effected by short distance neighboring. CUC depends greatly on pumping

intensity and concentration of ions. At low laser intensity, the CUC is not efficient.

Cross-relaxation process is the reverse mechanism of CUC as shown in Fig. 14.4.

The transition of two electrons in high and low energy levels leads to populate the

Table 14.2 Full-width at half maximum, emission cross-section and lifetime of 1.5 μm broadband

of Er3þ ion in different hosts (AFP stands for alumina fluorophosphates) (All data taken from [44])

Glass FWHM (nm) σe (�10�20 cm2) FWHM� σe Lifetime (ms)

AFP 53 0.60 3.18 7.6–8.4

Silicate 40 0.55 2.2 5–8

Phosphate 37 0.64 2.37 6–10

Tellurite 65 0.75 4.88 2.5–4

Bismuth based 79 0.70 5.54 1.6–2.7

Fig. 14.3 Different energy transfer processes from a sensitizer (S) to an activator (A) in its ground

state. Resonant radiative transfer (a), resonant energy transfer (b), Energy transfer assisted by

phonons (c), and example of quenching of the fluorescence of S by energy transfer to A (d)
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middle energy state. Second-order cross-relaxation of excited levels is negligible

due to low concentration of ions, in this excited state.

14.2.3 Non-linear and Upconversion Processes

Excited state absorption or 2-step absorption is shown in Fig. 14.5. An ion in its

metastable level can absorb a second photon and be excited to higher energy levels.

Normally, nonradiative decays through multi-phonon relaxations will help to pop-

ulate lower metastable levels where the absorption of second or third photons may

excite the ion, gradually.

The so-called “energy transfer” up-conversion is the general form of Dexter energy

transfer [46] when the activator is in a metastable excited state. In a Dexter ET process,

two ions, or two molecules or two parts of a molecule mutually swap their electrons.

Increasing the distance between two particles result in an exponential decrease in the

rate of process. This exchange mechanism is also named as “short-range” energy

transfer. In addition, the interaction of activator and sensitizer should be weaker than

the vibronic interaction of two parties. The latest circumstance, suggest the coupling of

Fig. 14.4 Cooperative

upconversion and cross-

relaxation process in a

schematic energy levels

diagram of rare earth ions

Fig. 14.5 Schematic energy transfer mechanism for different two photon upconversion processes.

APTE effect in YF3:Yb:Er (a), 2-steps absorption in SrF2:Er (b), cooperative sensitization in YF3:
Yb:Tb (c), cooperative luminescence in Yb:PO4 (d), Second harmonic generation in KDP (e), and
2-photon absorption excitation in CaF2:Eu

2þ (f)
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single-ion level to the host network. By and large, this situation is more probable in

high-concentration of REs in glass or crystal, where the splitting of pairs’ level is as
small as 0.5 cm�1 [47]. Besides, the transfer probability of such ET processes must be

faster than radiative and nonradiative transitions from the metastable level. Therefore,

two or three photons lead to generation of only one metastable state ion. The excited

state absorption depends strongly on the pump intensity.

14.3 Optical Properties of Metallic Nanoparticles

Starting from early 1980, the field of nanoscience has been rapidly extended. It is a

branch of science which deals with phenomena of 1–100 nm scales. Many basic

sciences such as chemistry, physics, materials science, medicine, biology and also

engineering are subjected with nanoscience and nanotechnology applications. The

term, nanotechnology is the knowledge of produce, control and operate such small-

sized particles to create noble materials, applicable for different area of science. Small

particles firstly were used to color the metallic or glassy decorative subjects during the

mediaeval times [48]. Lycurgus cup is an ancient Roman artifact – which relates to the

fourth century – are appeared red in transmission and pale green in reflected light, due

to incorporation of gold or silver or an alloy of both (average sizes of ~70 nm) [48]. In a

scientific effort, initially Faraday (1857) studied the colloidal gold to determine the

origin of its red color in compare to yellowish bulk gold [49]. However, it is just in

recent decade that nanotechnology emerged as a basic and important science to

develop scanning probe microscope and scanning tunneling microscope (STM)

[50, 51] to study the isolated nanoclusters. In 1980, the first clusters of alkali metals

with hundred atoms were produced and studied [52]. Present nanoscience techniques

aimed to study the catalysts and to optimize the reaction rate, which reduce the

iteration of experiments by trial and errors. More recently, nano-biology and

nanomedicine used the nanoscience to overcome the cancer cells [53] and solid tumors

[54]. Data storageswith high capacity are developed by tunneling of themagnetization

of a cluster through a magnetic anisotropy barrier [55].

The shape and the size of NPs affect their optical properties, such as surface

plasmon resonance (SPR) absorption band position and shape [56]. By and large,

formation of non-spherical metallic NPs results in red-shift of SPR peak and

changes its Gaussian shape. Practically, any desirable shape of NPs can be created,

such as nano-rods, nano-wires, nano-cages, aggregates, nano-prisms, nano-spheres,

nano-sheets and plates [57–59] which show different absorption spectrum and

optical properties. Complicated structures like nano-prisms and aggregates showed

broad spectrum peaks due to large non-degenerate resonance modes. The non-

degeneracy increases with lowering the symmetry of system [60]. Besides, the size

of NPs, refractive index of environment medium and other proximal NPs are

important factors to determine the SPR band. Therefore, the chief challenge is to

optimize the optical properties of nanostructure by adjusting the frequency,

FWHM, and shape of the SPR absorption band as shape, size, dielectric function,

electron density and effective mass of nanoparticles changes.
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14.3.1 Interaction of Light with Nanoparticles

The study of optical properties of metallic nanoparticles interacting with light has

rapidly grown and become known as plasmonics [61, 62]. Nanoparticles undertake

diverse response under the excitation by light due to scattering or absorption of

photons. The photons with efficient energy can either excite the electrons by an

internal electronic transition (optical absorption) or ionize the particle by emitting

an electron from NP at high energy levels (photoemission spectroscopy). The

absorption takes place due to SPR in the particles with sizes d, where d<<λ, and
λ is the wavelength of excitation light. The electrons of the metal are subjected into

the electric field of incoming light which relocates them with respect to positive

charge of nuclei. On the other hand, static Columbic force between positive and

negative charges resist to this shift. Therefore, electrons of metal begin to oscillate.

The resonant phenomena, typically is determined with a peak in visible region of

absorption spectrum. Mie used the classical concept of dielectrics to develop a

theory based on this behavior [63]. If the particle is not spherical, the absorption

spectrum will be complicated (Fig. 14.6).

GustavMie developed the theory on the interaction of NPs with light [63]. Strong

absorption band accompanies temperature increment of the particle. Large

enhancement of the electric field in particle and its adjacent environment can be

observed by near resonance excitations. Optical properties of metallic NPs strongly

depend on the dielectric function of the host matrix (environment). The optical

properties of a metal can be described by a simple Drude-Lorentz-Sommerfeld

model [64]. The effect of an external field E¼E0exp(�iωt) on an electron with

mass, m and charge, �e, can be written as

m
d2~r

dt2
þ mΓ

d~r

dt
¼ �e~E ð14:10Þ

where Γ is the damping constant which is metal-dependant parameter. The polar-

ization is ~P ¼ �ne~r, where n is the density of the electrons. Dielectric function,

thereby, is given as

ε ¼ 1þ 4πP

E
ð14:11Þ

in cgs system. Dielectric function is related to frequency as follow

ε ¼ 1� ω2
P

ω2 þ iΓω
ð14:12Þ
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where ωP is the frequency of plasma,

ω2
P ¼

4πne2

m
ð14:13Þ

Dielectric function is intrinsically an imaginary function, ε¼ ε1þ iε2, where

ε1 � 1� ωP

ω

� 	2
and ε2 � 1� ωP

ω

� 	2Γ
w

ð14:14Þ

for damping constant smaller than frequency, Γ<<ω. The absorption coefficient is
given by¼ 2ωk=c, where nþ ik¼ ε. In the case of clusters, the nuclei are static and
electrons are assumed to move freely in an external field. For the particle sizes

smaller than wavelength of light, at any time, the electric field is uniform around the

cluster. For a cluster embedded in a medium, the electric field inside the cluster is

E

E0

¼ 3εm
εþ 2εm

ð14:15Þ

where E0, ε and εm are the static electric field, dielectric constant of the sphere

cluster and dielectric constant of medium, respectively. Mie frequency is defined as

ω2
M ¼

ω2
P

1þ 2εM
ð14:16Þ

Having the volume of the particle Vp, the extinction cross section for a particle is

σext ¼ 9ε3=2m

ω

c

� �
Vp

ε2

ε1 þ 2εmð Þ2 þ ε22
ð14:17Þ

Fig. 14.6 Schematic

interaction of light with

metallic particles (surface

plasmon resonance) for

spherical nanoparticles (a),
hallow nano-spheres (b) and
nano-rods (c) [61]. In
addition, this figure exhibits

the increase number of

resonant modes with

decreasing the symmetry
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According to Mie [63], in a medium with refractive index, n, containing the NPs

smaller than excitation wavelength, λ, the absorption coefficients can be determined

by free electron approximation as

α ¼ 9πpn3cλ2

σdc λ2m � λ2
� 	2 þ λ2 λ4m

λ2a

h i ð14:18Þ

where p, σdc, c and λm are the volume fraction of the metal spheres in the glass

matrix, the dc electrical conductivity, the velocity of the light, and the wavelength

at maximum absorption, respectively. Reduced length scales are defined as

λa ¼ 2λ2cσdc
c

and λc ¼ 2πcð Þ2m
4πNcε2m

ð14:19Þ

Here, m, Nc and εm are the electron mass, the number of electrons per unit volume

and the complex form of dielectric function of metallic NPs. The wavelength at

which the maximum absorption takes place is given as

λm ¼ λc ε0 þ 2n2
� 	1=2 ð14:20Þ

where ε0 is the frequency dependent part of εm. FWHM of this band can be found as

FWHM ¼ λ2m
λa
¼ ε0 þ 2n2ð Þc

2σdc
ð14:21Þ

and the dc conductivity is given by

σdc ¼ Nce
2L

2muF
ð14:22Þ

where e, L and uF are electron charge, diameter of NP and Fermi velocity.

uF ¼ 2EF

m


 �1=2

ð14:23Þ

14.3.2 Preparation and Observation of Metallic
Nanoparticles

There are several physical and chemical techniques to synthesize the NPs. One of

the important physical techniques is to evaporate the metal from a source and

deposit the gas on a substrate [65]. This method is more efficient since controlling

the shape and size of the NPs are more facile. One of the important chemical

14 Plasmon Assisted Luminescence in Rare Earth Doped Glasses 355



techniques is to reduce the metal ions or metal salts with a suitable reducing agent.

This method is known as most suitable technique to produce the spherical NPs

[57, 58, 66, 67]. For example, Xu et al. [68] embedded the silver NPs into the

sodium-silicate glass through an ion exchange method and subsequent heat-

treatments. There are also many other approaches such as electrochemistry tech-

niques which are beyond the scope of this chapter [69].

Synthesis of the NPs includes two processes [70]: (i) formation of small seeds

(nucleation) and (ii) growth process. The capping material plays an important role

to determine the shape and size of NPs during the growth. If the capping material is

very weak, the growth will continue to produce big crystallized particles. Contrary,

if it is too strong, it may reduce or prevent the growth. Therefore, nanomaterial,

capping material or reduction agent and medium are important factors to increase

the efficiency of synthesize. Moreover, the concentration of agent is another factor

to determine the concentration of initial seeds of metallic particles.

The clustering of the NPs can be discussed by following suggested models [71]:

(1) Coagulation process; in which the pairwise particles will be destroyed

through the collisions and larger particles will be formed. In a simple model [72],

by considering the identical probability of collision (KD) for different particles, one

can describe the coagulation process by

∂Zn

∂t
¼ �1

2
KDZ

2 ð14:24Þ

where, Zn is the concentration of particles of kind n. The solution for given time

evaluation equation is

Z tð Þ ¼ Z0

1þ 0:5KDZ0

ð14:25Þ

And the required time for coagulation is

tc ¼ 2

KDZ0

ð14:26Þ

For the coagulation of two particles with radius R1 and R2 and respective diffusion

velocity of u(R1) and u(R2), the probability constant is:

KD ¼ π R1 þ R2ð Þ2 u R2ð Þ � u R1ð Þ½ �: ð14:27Þ

(2) Ostwald ripening process; in which the large particle will be grown through

feeding by smaller particles. Therefore, the smaller particles start to vanish

[73]. The matter in its thermodynamic balance consists of surrounding gaseous

cloud. The bigger the particle is, the lower number of particles in cloud exists. The
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diffusion from cloud to matter and vice versa is consistent with growth and

disaggregation of particles, respectively.

(3) Coalescence of particles; in this process, the particles grow due to a strong

chemical or physical bonding which is consistent with coagulation in first step and

the consequent Ostwald ripening effect. The critical size of particle to grow or

dissolve is [74]

r* ¼ 2Vγ

3kBTln Srð Þ ð14:28Þ

where V, γ and S are the molecular volume, surface free energy per unit surface area

and saturation ratio. Therefore, for a given S> 1 and temperature (T ), the particle
with radius r< r* starts to grow, while the particles with r> r* will dissolve.

Properties of NPs are characterized by their extremely small size which needs

appropriate apparatuses to be probed. The first instrument to observe the NPs is

usually UV-Vis absorption spectroscope since NPs show strong absorption peak at

near-UV to near-infrared region. Up to now, many instruments were developed to

characterize/observe the structure of NPs such as X-Ray diffraction (XRD), atomic

force microscopy (AFM), scanning electron microscopy (SEM), transmission elec-

tron microscopy (TEM), X-Ray absorption spectroscopy (XAS) and its fine

extended device (EXAFS), dynamic light scattering, energy dispersion X-ray

(EDX), IR and Raman [75–77].

XRD technique can be used to determine the crystalline phases, average inter-

particle distances, and atomic structure of the nanoclusters. The size of particles,

defects and strains of nanocrystals can be defined by measuring the width of

diffraction lines. The broadening of the diffraction linewidth is directly related to

reduction of nanocrystal size.

AFM, STM, and chemical force microscopy are usually called in a group named:

the scanning probe microscopy (SPM). It can be applied on versatile organic and

inorganic materials in their gassy or liquid phases. AFM captures the image of

specimen through the difference between the atomic forces in short-range and long-

range which are repulsive and attractive, respectively [78]. Scanning force micros-

copy (SFM) also is a useful tip to measure the electrostatic and magnetic interac-

tions between the molecules. SEM is another commanding technique to observe the

surface of any type of materials with a resolution of 1 nm [77]. The principle of

SEM is based on the interaction of incoming electron with the sample, which will

be captured by its backscattered electron. Therefore, both structural and topological

properties can be defined through two captured beams.

TEM is also another powerful instrument to characterize the chemical compo-

sition and spatial structure [76]. Recently, high-resolution-TEM is developed which

allow the imaging of crystals as small as 1Ả. TEM is usually used to determine the

shape, size, crystallinity and inter-particle interactions in nanomaterials.
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14.3.3 Surface Enhanced Raman and Fluorescence
Spectroscopy (SERS, SEFS)

Raman spectroscopy is a powerful technique to study the vibrational modes of

molecules through an elastic scattering of a monochromatic excitation source in the

routine range of 200–4000 cm�1. Molecular vibrations are either infrared (IR) and/

or Raman active. Therefore, Raman technique is mainly used to complement the IR

measurements. The critical issue in Raman spectroscopy is the small cross section

which requires lot of molecules to achieve valuable results. The efforts to develop

the detection ability by Raman spectroscopy have been yield to introduce the

Surface-Enhanced Raman Spectroscopy (SERS) [79], where the enhancement

factor up to 1010 ~ 1011 times may aim to detect single molecules [80–82]. The

enhancement results from the enhanced localized electromagnetic field in the

surface of metallic NP and dielectric environment. Furthermore, topological change

of NPs in dielectrics adds promoted electric field by lightening rod effects (LRE) in

non-spherical (elliptical, cube, pyramid shapes and so on) surface of NPs which

enhances the intensity of scattered Raman beam up to 1014 times [82]. Messinger,

Wang and Kerker developed the theory of the SERS [83, 84]. Fleishmann et al. [85]
reported the first SERS using roughened metal electrodes.

The enormous localized electric field between two NPs, firstly, enhances the

excitation light, and as the result, the Raman modes of probing molecular will

enhance by a factor of η2, where η is the enhancement factor. Moreover, the emitted

Raman signals experience further enhancement by same SPR effect. Therefore,

output Raman signal is enhanced by a factor of η4 [86]. The maximum enhancement

happens near the plasmon frequency (ωP) [87]. Even if, the plasmon resonance may

not be efficient in special cases, LRE aims to confine the large electric field in the

sharp edges of metal surface or at curved surfaces.

The SERS effect is reported for the first time in a glassy system by Dousti et al.
[88]. The incorporation of silver NPs as small as 12 nm into the zinc tellurite glass

increases the Raman signals as large as eight times. However, controlling the

resonance frequency, shape and size of the NPs is still a controversial subject

which effectively determines the enhancement factor. For instance, the addition

of concentration of NPs can result in a red shift of SPR band and evolution of

enhancement factors of Raman and photoluminescence (PL) signals [89].

On the other hand, the presence of metallic NPs in vicinity of luminescent

centers can alter the radiative emission properties of such dopants, so called surface

enhanced fluorescence spectroscopy (SEFS). Large electromagnetic field can be

localized in vicinity of the metallic NPs. Therefore, they can trap the photons

(photon catchers). One of the advantages of such system is fluorescence enhance-

ments due to controlling the light and enhancing the local field around the

fluorophores. Such enhancement by SPR was firstly reported by Malta et al.
[21]. The application of SEFS on RE-doped glasses containing noble metallic

NPs shows significant results which are promising to develop the optical amplifiers,

solid state lasers, color displays and versatile nanophotonics devices [90–92].
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The enhancements of emissions in the hosts containing metallic NPs with

average size of D and separated by the distance d, are mainly attributed to enlarged

local electric field. The enhancement factor η, of the system can be evaluated by

η ¼ Eloc

Ei
¼ Dþ dð Þ

d
ð14:29Þ

where Eloc and Ei are the amplified local field (effective field, Eeff) and the incident

field, respectively [62]. The effective field is interpreted by Malta et al. [21] as

~Eeff ¼ ε0 þ 2ð Þ 1þ qω2
p

3ε0 1� qð Þ ω2
p=3εo

� �
� ω2 þ iγω

n o
2
4

3
5~E0

3
ð14:30Þ

where ε0 is the dielectric constant in the presence of external electric field E0, and γ
is the damping coefficient of plasmon resonance.

Radiative decays of any fluorophore (e.g. RE ions) can be modified by

plasmonics approach. Various shapes, sizes, corresponding local field of metallic

NPs and distances between the fluorophore and NP can result in different enhance-

ment order of emissions and quantum efficiency. Modification of radiative decay is

usually called as “radiative decay engineering” [62]. In the next section, we review

some of the available reports on the optical properties of the rare earth doped oxide

glasses containing metallic nanoparticles.

14.4 Rare Earth Doped Glasses Embedded
with Metallic NPs

Glasses are superior candidates to embed the RE ions and metallic NPs due to their

high transparency, mechanical strength, and simple preparation in any size and

shape and high energy stretching vibration which extinct the interaction of ligand

with metals. Therefore, metallic glasses composites containing nanoclusters or NPs

are introduced as potential substrate materials (hosts) for significant local field

enhancement to increase the luminescence of RE ions [90, 93–95]. Moreover, the

introduction of metallic NPs may modifies the thermal and structural properties as

well as chemical durability of oxide glasses [96, 97], which are beyond the scope of

this chapter. Thermal features of glasses can be also modified by incorporation of

metallic NPs and may result in considerable increase in thermal diffusivity and

thermal conductivity [98]. This is particularly important considering that cooling is

one of the most challenging technical issues to be overcome in the areas of

microelectronics and solid-state lighting. It has been reported that the thermal

diffusivity of materials doped with metallic NPs depends on the size and concen-

tration of NPs, even though the subject is still a matter of controversy in the

literature. The large nonlinear absorption of silver nanoclusters and NPs are
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recently reported in the silicate, borate and oxyfluoride glasses, which are promis-

ing for applications in optical limiting and object’s contrast enhancement due to the

non-saturated and saturated nonlinear absorptions [99–101].

The formation of NPs in the glass commonly carries out by thermodynamic

reduction of NPs in the presence of an oxidant agent. Som and Karmakar showed

the feasible reduction process of silver [90] and gold [95] in antimony glass, as

follows

Sb5þ=Sb3þ, E0 ¼ 0:649 V ð14:31aÞ
Au3þ=Au0, E0 ¼ 1:498 V ð14:31bÞ
Agþ=Au0, E0 ¼ 0:7996 V ð14:31cÞ

3Sb3þ þ 2Au3þ ! 3Sb5þ þ 2Au0,ΔE0 ¼ 1:05V ð14:31dÞ
Sb3þ þ 2Agþ ! Sb5þ þ 2Ag0,ΔE0 ¼ 1:02V ð14:31eÞ

They suggested that the reduction of gold is faster than the silver ions. This idea

led to preparation of goldcore@silvershell nanoparticles [102]. Wu et al. [103]

investigated the reduction of silver ions to neutral NPs in a bismuth-borate glass

system, and the possible reduction is proposed as

Bi3þ=Bi0, E0 ¼ 0:3172 V ð14:32aÞ
Agþ=Ag0, E0 ¼ 0:7996 V ð14:32bÞ

Biþ 3Agþ ! Bi3þ þ 3Ag0,ΔE0 ¼ 2:0816V ð14:32cÞ

Dousti et al. [104] illustrated the reduction of silver ions to silver NPs in Er3þ-
doped zinc tellurite glass. The reduction of Agþ particles to Ag0 NPs can be

discussed by the reduction potential (E0) of redox system elements. The E0 values

of each component in this system are:

Te6þ=Te4þ, E0 ¼ 1:02 V ð14:33aÞ
Agþ=Ag0, E0 ¼ 0:7996 V ð14:33bÞ
Er3þ=Er0, E0 ¼ �2:331 V ð14:33cÞ
Er3þ=Er2þ, E0 ¼ �3:0 V ð14:33dÞ

Probable reduction process and their total potentials are as following:

Te4þ þ 2Er3þ ! Te6þ þ 2Er2þ ΔEo ¼ �7:02 ð14:34aÞ
3 Te4þ þ 2 Er3þ ! 3 Te6þ þ 2 Er0 ΔEo ¼ �7:722 ð14:34bÞ
Te4þ þ 2 Agþ ! Te6þ þ 2 Ag0 ΔEo ¼ þ0:5792 ð14:34cÞ

Therefore, from the thermodynamic point of view, only the last redox reaction

(14.34c) is feasible. The reduction of Agþ ions to Ag0 neutral particles and growth

360 M.R. Dousti and R.J. Amjad



of silver NPs are also reported by addition of other reducing agents such as

SnO [105].

In the past decade, there were group of authors who contributed in the studies of

effect of the metallic NPs on optical properties of RE-doped glasses, glass-ceramics

and thin films. The effect of asymmetric silver NPs reduced in an antimony glass

system is reported by Som and Karmakar [90], where intense SPR peak were

probed in UV-Vis-IR absorption spectra. They concluded that the decrease in

NP-NP distances by increasing the concentration of Ag NPs enhances the localized

electric field and broadens the plasmon peak by a red-shift up to 1100 nm. The

formation of NPs with different shapes and size ranging between 4 and 31 nm was

discussed as an Ostwald’s ripening process.

Upconversion of only Ag NPs (without any RE ion in system) is also reported by

few authors [90, 106]. Som and Karmakar [90] presented the upconversion of Ag

NPs on antimony glass under 798 nm excitation wavelength where the SPR band

was observed around 598 nm in UV-Vis absorption spectrum. The upconversion

emission wavelengths were located at ~536 and 654 nm. Dousti et al. [106] also
observed same behavior of Ag NPs in tellurite glass while broad emission band

centered at 500 nm originated due to 786 nm excitation wavelength. Luminescence

of metallic NPs are also observed by different research groups [107]. Such radiative

emissions from metallic NPs can either contribute to further enhance or quench of

the neighboring luminescent ions through energy transfer mechanism.

14.4.1 Eu3þ-Doped

The introduction of metallic NPs into the glassy hosts was first reported by Malta

et al. [21]. A large enhancement in the order of 5.6 for luminescence of Eu3þ in

borate glass (emission at 612 nm and under 312 nm excitation wavelength) has been

observed due to the presence of small silver particles by a concentration around

7.5 wt%. The absorption peak of small silver particles in this study showed a sharp

peak at 312 nm. In 1999, Hayakawa et al. [108] reported on the enhanced lumines-

cence of Eu3þ ions doped in silica glass in presence of Ag NPs having sizes of about
4.3 nm (surface plasmon band was observed at 394 nm). The enhancement of
5D0! 7FJ (J¼ 0, 1, 2, 3 and 4) emissions of Eu3þ ions doped borosilicate glass

(derived by a sol-gel method) in vicinity of polymer-protected gold NPs is also

reported by Hayakawa et al. [109], where 6 times enhancement is observed under a

long UV excitation light.

The luminescence of Eu3þ-doped lead-tellurite glass embedding gold NPs were

characterized by Almeida et al. [110]. The sample containing 0.5 wt% Au NPs and

annealed for 41 h (average particle diameter ~4 nm) show largest enhancements in

Eu3þ spectra under 405 nm excitation. Since, the electric dipole transitions such as
5D0! 7F4,2(Eu

3þ) are sensitive to polarizability and environment around the RE,

rather than those magnetic dipoles (5D0! 7F1,3), the presence of metallic NPs alert

them progressively. They concluded that the presence of small NPs cannot result in
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to the energy transfer process, hence the main contribution for such intensification

is attributed to increased local field around the Eu3þ ions. Such enhancements are

also observed in Eu3þ-doped GeO2-Bi2O3 glasses containing Au NPs by the same

research group [111], where SPR band of NPs observed at 500 nm and contributes

to 1000 % and 500 % enhancement of 5D0! 7F2,4 and 5D0! 7F1,3 emissions,

respectively.

The luminescence enhancements of Eu3þ-doped zinc-tellurite glass and lead-

tellurite glass are also reported. Two-times enhancement is observed for Eu3þ-
doped ZnO-TeO2 [112] and PbO-TeO2 [113] glasses after 12 and 9 h of heat-

treatments which lead to formation of silver NPs with an average size of 14 and

10 nm, respectively. Such enhancements are attributed to intensified local field in

distances between NPs and RE ions, induced by surface plasmons. In both reports,

the silver NPs are grown along (200) crystallographic direction (JCPDS

no. 030931), as revealed by TEM images (lattice constant of about 2–2.05Ả).
Jimenez at al. also reported on the enhanced UV-excited luminescence of Eu3þ

ions in silver/tin-doped glass [114]. However, such enhancements are attributed to

Agþ ions, and not Ag NPs. Moreover, the quenched PL is caused by Ag NPs, by

providing “the paths for the nonradiative loss of excitation energy in europium ions

through coupling with plasmon resonance modes”. Eu3þ-doped aluminosilicate

glasses containing different Ag species are reported by Li et al. [115]. The observed
broadbands in UV-Vis absorption, photoluminescence excitation and emission

spectra of the glasses suggest the presence of Ag ions and molecular-like Ag

species. However, after 30 and 120 min of heat-treatments, the silver NPs are

formed in the glasses and are discussed in terms of following redox reaction; Eu2þ

þAgþ!Eu3þþAg0. The surface plasmon band of the silver NPs in this glass is

observed at 440 nm by taking the difference between absorption spectra of samples

with and without NPs. Although the excitation lines of Eu3þ ions are suppressed in

the spectra of Ag NPs-doped samples, the luminescence emissions in the visible

region enhances under 350 nm excitation wavelength. The authors concluded that the

observed enhancement can be purely associated to the energy transfer from silver

aggregates to Eu3þ ions and not an enlarged local field by SPR of Ag NPs (Fig. 14.7).

Jiao et al. [116] investigated the effect of concentration of Eu3þ ions on the

formation and growth of silver NPs. They concluded that increasing the Eu2O3

content led to increase the Eu2þ ions and increasing the concentration of Eu3þ ions

and Ag NPs as; Eu2þþAgþ!Eu3þþAg0. In this regard, the enhancement and

quenching of Eu3þ emissions are observed under 280 and 340 nm excitation

wavelengths, respectively. These results are in good agreement with Riano et al.
[117] reporting on the intense surface plasmon band of Ag NPs in presence of Eu3þ

ions, rather than Pr3þ ions. However, they observed quenching of the luminescence

of Eu3þ ions, an indicative of energy transfer from Eu3þ ions to Ag NPs. Wei et al.
[118] also worked on the preparation of Ag NPs-embedded Eu3þ-doped oxyfluoride
glasses. The enhancement in emissions of Eu3þ ions are attributed to presence of

silver NPs, small-molecular like silver and isolated Agþ ions under 464, 350 and

270 nm excitation wavelengths, respectively.
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Kumar et al. reported on the enhancement of the luminescence of Eu3þ-doped
titanosilicate glass by introduction of silver NPs [119]. The silver NPs with average

particle size of 14.9 nm and TiO2 polycrystalline are observed in SAED and XRD

pattern of the glass samples. A broad absorption band in the 300–400 nm region is

assigned to SPR band of NPs. The photoluminescence emissions (λexc¼ 393 nm)

and excitations (λemi¼ 612 nm) showed enhancements after incorporation of silver

NPs. The asymmetry ratio (AS, the ratio of integrated emissions bands of Eu3þ

ions) are given as (
Ð
5D0! 7F2 dλ)/(

Ð
5D0! 7F1 dλ), which varies by the addition of

silver NPs due to modification of (i) ligand filed and (ii) refractive index around the

RE ions. AS factor increases from 2.627 to 3.615 for singly-doped and co-doped

samples, respectively.

Culea et al. [120] also reported on the effect of Ag2O and Ag NPs on the

spectroscopic and structural properties of lead-tellurite glasses. Enhancement of

red-emissions of Eu3þ ions by Ag NPs is also reported in other medium [121] under

a green light excitation which is known to be promising materials for solar cell and

nano biotechnology. Moreover, white light emission is observed in Eu3þ-doped
oxyfluoride glass containing molecular-like (ML) silver, where no proof was

observed to attribute the enhancement of photoluminescence to plasmonic silver

NPs [122].
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Fig. 14.7 (a) Luminescence spectra of Eu3þ ions in tellurite glasses embedding (A) 0 mol%,

(B) 0.5 mol% and (C) 1 mol% silver nanoparticles (NPs) under 460 nm excitation wavelength. (b)
Schematic partial energy level diagram of Eu3þ ions in vicinity of silver NPs showing localized

surface plasmon resonance (LSPR), nonradiative (NR) and radiative decays (Figures are adapted

from [113])
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14.4.2 Er3þ-Doped

In 2002, Strohhofer et al. [123] reported on the enhanced emission of Er3þ in a

borosilicate glass by an ion-exchange process. They observed 70 and 220 times

enhancements in broadband line under 488 and 360 nm excitation wavelength.

They concluded that such enhancement can be attributed to the silver ions/atoms

defects and an ET to Er3þ ions. Chiasera et al. [124] reported on the silver-sodium

exchange process in soda-lime silicate glass containing Er3þ ions. The plasmon

band of silver was observed in blue region, and its intensity increased by further

heat-treatments. The silver exchange has no effect on the broadband emission of

erbium; however, it increased the lifetime of this metastable state, which was in

disagreement with some older reports [123, 125]. The increase in lifetime of 4I13/2
was attributed to silver-induced radiation trapping [124], while the decrements is

featured by silver-induced defects in glassy hosts [123, 125]. Using the gold NPs in

an Er3þ-doped SiO2 thin film, prepared by sol-gel method, the optical absorption

and emission at 1.54 μmwere characterized by Fukushima et al. [126]. One hundred
times enhancement emissions of sample with 1 mol% Au NPs were attributed to

strong filed originated from confined surface plasmon, while the excitation wave-

length were selected to line in the Au plasmon band region, located at 520 nm. Lin

et al. [127] fabricated the Au NPs-doped erbium optical fiber in a germane-silicate

glass which showed plasmon resonance band around 498.2 nm, and the net gain of

broadband emission at 1535.6 and 1551.2 nm experienced enhances under 980 nm

excitation wavelength. The quenches are observed under 488 nm excitation wave-

length and are attributed to absorption of the incident energy by Au NPs. They

discussed the observed loss by an ET from Au NPs to lattice, and not to Er3þ ions.

The effect of the temperature on XRD pattern, absorption and emission spectra and

Judd-Ofelt parameters in a Er3þ-Au NPs co-doped alumina-silicate glass is inves-

tigated byWatekar et al. [128]. A blue shift in plasmon absorption band of gold NPs

is observed by increasing the annealing temperature. The radiative lifetime and

integrated emission cross-section of infrared emissions of Er3þ ion decreased after

introduction of Au NPs. Such quenches in non-resonance excitation process is

attributed to ET from Er3þ ions ro Au NPs. Singh et al. [129] studied the effect of

annealing time interval on the size of Ag NPs in Er3þ-doped tellurite glasses. They

exposed the samples containing Ag NPs under the temperature below the glass

transition temperature for different periods of time. They observed increased size

of NPs and enhancements in up-conversion emissions in visible range (green and red

lines) by increasing the annealing time.

The introduction of Au NPs in Er3þ-doped antimony glass raise up to prepara-

tion of dichroic nanocomposite [95], showing different colors in transmittance and

reflecting surfaces. The enhancements in the order of 3.4 and 7.5 times in green

(536 nm) and red (645 nm) bands through an upconversion luminescence were

attributed to the enlarged local field by asymmetric Ag NPs. Diffraction peaks of

Au NPs in XRD pattern was in good conformity with SAED results for NPs with
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sizes about 11–30 nm. Once more, broadening of plasmon peak (612–664 nm) was

observed due to presence of non-spherical metallic NPs. They conclude that

optimized upconversion intensity of Er3þ-doped antimony glass occurs with

0.03 wt% of Au. However, further increase of Au concentration results in quenched

luminescence, showing the ET from Er3þ ion to Au NPs and reabsorption due to

SPR of gold NPs [95].

Rivera et al. [130] showed that by exciting the Er3þ ions doped in tellurite glass

containing silver NPs upon 980 nm laser, a blue shift occurs in the peaks of

broadband emission (~1.55 μm). The modification of Stark energy levels (blue

shift) was attributed to oscillator strengths of NPs which results in the ET from NP

to Er3þ ions. The small SPR peaks were revealed in an Er3þ-free Ag NP-doped

tellurite glass centered at 479 and 498 nm for 3 and 6 h annealed samples,

respectively. The peaks in XRD pattern of tellurite glass containing silver NPs

(2θ¼ 44.8� 0.4�, where d’¼ 2.0231� 0.0169 Å) belongs to the (hkl – 200) dif-

fraction planes of Ag crystals (JCPDS Card File No. 4–0783.). Slight increase in

FWHM and intensity of broadband emission of Er3þ ion (~1.55 μm) were observed

by increasing the annealing time interval. The lifetime of 1.55 μm decreases by

introduction of Ag NPs in their system comparing to Er3þ-single-doped tellurite

glass. In another study, Rivera et al. [131] showed that the lifetime of 4I13/2 level

increases due to presence of heat-treated gold NPs. Therefore, the upconversion

luminescence (2H11/2! 4I13/2, 805 nm) upon the 980 nm excitation enhances

drastically (~75 times) due to presence of annealed Au NPs up to 7.5 h. The large

enhancement is attributed to LSPR of Au NPs which is located at 800 nm, as

evidenced in UV-Vis-IR absorption spectrum, which modifies the local electric

field through an electric coupling by Er3þ ions. The XRD peaks of Au NPs are

revealed at 2θ¼ 38.3� 0.4� and 44.6� 0.3�, respectively corresponding to (111)

and (200) diffraction planes of gold [131].

de Campos et al. [132] investigated the Er3þ-doped bismuth-tungsten-tellurite

glasses containing silver NPs and heat-treated for 1, 24, 48 and 72 h. The maximum

enhancement in upconversion luminescence were observed for sample with 24 h

of heat-treatments, due to presence of NPs with average size of 35 nm. There was

no plasmon peak reported in this study, however, they conclude that a tail on the

absorption spectrum in the blue region belongs to SPR which is not clearly

observable due to small amount of silver NPs.

Amjad et al. prepared the Er3þ-doped magnesium phosphate [133, 134] and

magnesium-tellurite [135] glasses embedding silver NPs. Introduction of silver NPs

with average size of 37 nm enhanced the upconversion intensities of Er3þ ions

under 797 nm excitation wavelength by a factor of 2.04 and 1.99 for 540 and

634 nm emission bands, respectively. SPR band of Ag NPs was observed in an

Er3þ-free phosphate glass to be centered at 528 nm [133]. The enhancement is

mainly attributed to enhanced local field and partly discussed in terms of ET from

Ag NPs to Er3þ ions. HR-TEM imaging revealed the cubic closed pack structure of

the silver NPs as the lattice constant were measured to be 2.13Ả which is attributed

to d200 crystallography characterize of silver (d200¼ 2.05Ả, JCPDS No.030931).
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The effect of heat-treatment on Ag NPs-Er3þ-co-doped phosphate glass is also

investigated [134]. The enhancement in visible bands up to 2.2 times was reported

due to annealing the glasses up to 40 h at 300 �C. Comparing to their previous report

[133], the plasmon peak shows a blue-shift (observed at 488 nm) and the size of

NPs are clearly smaller, about 5 nm in average. However, HR-TEM image confirms

the presence of Ag NPs with d200¼ 2.17Ả. In the case of Er3þ-doped magnesium

tellurite glasses, the addition of 0.5 mol% Ag NPs resulted in more efficient

enhances in upconversion emission up to 3.33 times for the red emission after

24 h of annealing [135]. The silver NPs with average size of 12 nm were observed

with SPR band located at ~534 nm. However, it is reported in their work that

luminescence intensities in whole visible range quenched due to over-heat-treat-

ments. The ET from Er3þ ions to Ag NPs and reabsorption by SPR were mentioned

as main explanations for such quenches (Fig. 14.8).

The effect of silver NPs on the optical and structural properties of Er3þ-doped
zinc tellurite glass is investigated by Dousti et al. [96, 106, 136]. The absorption

bands of Er3þ ions are located at 445, 488, 522, 654, 800, 976 and 1526 nm and

ascribed to the electric transitions from the 4I15/2 ground state to 4F3/2/
4F5/2,

4F7/2,
2H11/2,

4F9/2,
4I9/2,

4I11/2 and
4I13/2 excited states, respectively. The introduction of

Ag NPs enhanced the upconversion emissions of green and red bands centered at

520, 550 and 640 nm by 4–6 times. The enhancement is attributed to the presence of

silver NPs with average size ~10 nm and with SPR localized at 522 nm. By

introduction of 0.5 mol% of Ag NPs with an average size of 12 nm, 3.5-fold

enhancement was observed for green emission (2H11/2! 4I15/2) due to formation

and growth of NPs after 8 h of annealing (Fig. 14.9) [136]. After 2 h annealing, two

peaks in UV-Vis-IR spectra were attributed to SPR, centered at 550 and 580 nm.

After 8 h annealing, they observed three SPR peaks which are ascribed to different

modes of oscillating particles. In the case of 1 mol% of Ag NPs in the same glassy

system, enhances up to 6.5 folds were observed for upconversion emissions after

4 h annealing at temperatures above the Tg. Average size of manipulated Ag NPs
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Fig. 14.8 (a) TEM, (b) size abundance, and (c) HR-TEM microscopic images of silver NPs

embedded phosphate glass having average size of about 5 nm and grown along (200) crystallo-

graphic plane (Micrograph is taken from [134])
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were 14 nm, with two SPR bands at 560 and 594 nm, an indicative of formation of

non-spherical NPs.

Qi et al. [137] showed that presence of silver NPs enhances the 1.53 μm emission

of Er3þ-doped TeO2-Bi2O-TiO2 glasses under 980 nm LED excitation. SPR band is

observed at 537 nm and size of NPs was found to be ~13 nm. Er3þ-doped lead-

tellurite glass containing silver ions (using Ag2O) and silver nanoparticles (using

AgNPs) are also studied by Culea et al. [138]. The structural and optical properties

of these sets of glasses are investigated using different techniques. However, there

is no evidence of existence of Ag NPs using XRD, UV-Vis absorption and

photoluminescence spectroscopic techniques.

The influence of gold NPs on the upconversion emission and Judd-Ofelt param-

eters of Er3þ-doped tellurite glass is investigated by Awang et al. [139, 140] and
Sazali et al. [141]. However, the correlation of upconversion and Judd-Ofelt

parameters is still not clearly understood. Refractive index, density, the quality

factor, and thermal stability of this glassy system are also increased by addition of

Au content. Upon heat-treatments at various temperatures, the glasses showed

further enhancements of upconversion luminescence due to formation of

non-spherical Au NPs [142]. The effect of the heat-treatment duration on the

same glass shows improvement of green emission [143]. Surface plasmon band

of silver NPs in the bismuth glass is observed at 555 nm [144]. In this glass, the

infrared emission of Er3þ ions centered at 1554 nm experienced an enhancement in

the order of 7.2 times due to local filed enhancement by SPR. Judd-Ofelt intensities

parameters of these glasses are also increased by addition of Ag NPs. The enhance-

ment of upconversion luminescence of Er3þ ions in zinc boro-tellurite glass is also

Fig. 14.9 (a) Upconversion emission of Er3þ-doped tellurite glasses is enhanced in presence of

silver nanoparticles and heat-treatment up to 20 h (Adopted from [104]) (b) TEM image of silver

nanoparticles with average size of about 12 nm which are formed by heat-treatment up to 8 h

(Micrograph is taken from [136])
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reported [145]. Surface plasmon band is observed at 630 nm for silver NPs with

average size of 4.5 nm as captured by TEM imaging for 0.1 mol% of silver NPs

doped tellurite glass. In another study, the luminescence of Er3þ ions enhanced by

4 times due to introduction of silver NPs which are embedded through an heat-

treatment of borate glass, where SPR band is observed at 410 nm [146]. They

showed that extra heat-treatments results in decrease of the size of NPs, as observed

by a blue-shift (380 410 nm) in SPR band of Ag NPs.

Similar to above-mentioned reports, the effect of noble metallic NPs on the

optical properties of Er3þ-doped in various glasses are investigated wide and

large [147–150]. The effect of gold and silver NPs on the upconversion emissions

of Er3þ/Yb3þ co-doped glasses are also reported by different authors, and evident
enhancements are observed [151–154].

14.4.3 Nd3þ-Doped

Nd3þ-doped antimony glass embedding goldcore@silvershell NPs are studied by

different spectroscopic techniques [155]. XRD and SAED showed the formation

of core-shell NPs by diffraction patterns along the (111) and (200) crystal planes.

TEM imaging confirmed the presence of NPs by average size of about 22–107 nm.

The plasmon peaks of NPs are observed by UV-Vis-IR absorption spectroscopy in

the range of 532–675 nm, which showed a red-shift by increasing the concentration

of goldcore NPs. Five-fold intensity enhancement of upconversion emissions of

Nd3þ ion is observed under 805 nm excitation wavelength. The enhancements

of two-major bands centered at 540 nm (4G7/2! 4I9/2; green) and 649 nm

(4G7/2! 4I13/2; deep-red) are attributed to local field effect induced by

plasmonic core-shell metallic NPs.

Frequency upconversion emissions in Nd3þ-doped lead-germanate glass

containing silver NPs are enhanced under 805 nm excitation wavelength

[156]. The absorption band of silver NPs are not observed due to the low concen-

tration of this specie, however, TEM showed the nanoparticles with varying size

from 2 to 50 nm. Enhancement of upconversion emissions of Nd3þ-doped lead-

tellurite glass under 800 nm excitation wavelength is also reported by Dousti

[157]. Sixteen-fold enhancement is attributed to large local field in vicinity of

silver NPs having an average size of 18 nm. Different interactions and growth

process is also described and silver crystalline peaks are observed in XRD patterns

of glassy system at 2θ¼ 44� (Fig. 14.10).

14.4.4 Sm3þ-Doped

The effect of noble metallic NPs in antimony glass and glass-ceramic containing

Sm3þ ions were reported by Som and Karmakar [155, 158–160], and enhanced
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luminescence in samarium emissions were observed. The red upconversion lumi-

nescence (centered at 636 nm) of Sm3þ ions is studied in presence of core-shell

bimetallic nanoparticles (Au-Ag NPs) in an antimony glass system. Two-fold

enhancement is observed under the excitation at 949 nm and the surface plasmon

band is observed in the range of 554–681 nm for various concentrations of metal

[102]. Similar results are observed by addition of silver NPs in Sm3þ-doped silicate
glass, where Ag ions are reduced to Ag neutral particles by antimony oxide as the

oxidant agent [161].

Li et al. [162] also investigated the effect of silver NPs on optical properties of

Sm3þ-doped silicate glasses. Different silver species are formed in the silicate glass

by an Agþ-Naþ ion exchange process. Although enhancement of luminescence

under 270/250 and 355 nm is observed due to energy transfer from Agþ and Agþ-
Agþ to Sm3þ ions, respectively, the presence of NPs quenches the luminescence

under 401 excitation wavelength. They concluded that the competitive absorptions

by Sm3þ ions and Ag NPs (SPR ~ 420 nm) suppress the luminescence of Sm3þ ions.
Jimenez and Sendova [163] studied the effect of silver species (Ag NPs and

non-plasmonic clusters) on the luminescence intensity of Sm3þ-doped
aluminophosphate glass as a function of holding heat-treatment time. The SPR

band is not observed up to 50 min of heat-treatments, however the luminescence

enhances gradually. The SPR band emerges and intensifies by further heat-

treatments up to 120 min, while the luminescence intensity of Sm3þ ions quenches

progressively. They concluded that the enhancements and quench in the lumines-

cence are associated to the presence of non-plasmonic clusters and NPs,

respectively.

In a recent study, the effect of the heat-treatment on the upconversion lumines-

cence of Sm3þ-doped borosilicate glasses containing silver NPs are examined

[161]. The silver ions are reduced by Sb3þ ions as oxidation agents and NPs are

grown gradually by increasing the time of heat-treatments up to 20 h. It is stated that

Fig. 14.10 (a) Enhancement in upconversion emission of Nd3þ-doped tellurite glass by increas-

ing the concentration of silver nanoparticles from 0 to 0.1, 0.5 and 1 mol%. (b) SPR band of silver

NPs in tellurite glass is centered at 522 nm [157]
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the further heat-treatments result in a translucent glassy component which is not

favorable for optical applications. The surface plasmon band of silver NPs in this

glass is observed at ~436 nm which red-shifts to 450 nm by increasing the heat-

treatments, indicative of a growth in the size of NPs from 8 to 14 nm (Fig. 14.11).

The effect of annealing temperature on the surface plasmon band position of

silver NPs embed in Sm3þ-doped lithium borate and sodium borate glasses are also

investigated [164]. The SPR band shows a disordered shift in the range of

425–445 nm with varying the annealing temperature from 430 to 510 �C. However,
the plasmonic effect of silver is too diminutive and causes a small improvement of

emissions from Sm3þ ions.

The enhancement in the luminescence of Sm3þ-doped tellurite glass by intro-

duction of silver NPs is also given in Ref. [165]. The author showed that under

406 nm excitation wavelength, the emission line at 645 nm enhances up to 130 % by

addition of concentration of Ag NPs up to 1 mol%. The increased luminescence of

the Sm3þ ions are attributed to localized surface plasmon resonance of silver NPs.

The effect of the silver NPs on the Sm3þ-doped different media are also

available. For instance, Kaur et al. [166] reported on the enhanced luminescence

of Sm-complex (PVA) where the Ag NPs were formed by laser irradiation at

355 nm. The SPR band is observed around 402–405 nm and emissions in the

visible range are enhanced for both 355 and 400 nm excitation wavelengths. The

lifetime of 595 nm emission of Sm3þ ions under 355 nm is increased in presence of

Ag NPs. Although, there are not many reports on the effect of noble metallic NPs on

the Sm3þ-doped glasses and glass-ceramics, different authors contributed to study

the influence of other NPs (such as CdS NPs) on the luminescence of Sm3þ ions

doped glasses [167].

Fig. 14.11 (a) UV-Vis-NIR absorption spectra of Sm3þ-AgNPs doped borosilicate glass without

(HT0) and after 6 (HT6), 12(HT12) and 20 h (HT20) heat-treatments. (b) Schematic partial energy

level diagram of Sm3þ ion in vicinity of silver NP where two-photon absorption mechanism results

in upconversion emission of this ion. Probable energy transfer (ET) and nonradiative (NR) decay

mechanisms are also illustrated. (c) Emission spectra of Sm3þ-doped glasses without (Sm) and

after incorporation of Ag NPs (Data are adopted from [161])
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14.4.5 Dy3þ-Doped

The influence of Ag NPs on the luminescence decay of Dy3þ-doped
aluminophosphate is reported by Jimenez [168]. Although the incorporation of

metallic NPs in this system quenched the luminescence of Dy3þ ions under

450 nm excitation wavelength, the new concept of “plasmonic diluents”

highlighted this work as a worthy publication to think over. The mechanism behind

the plasmonic diluents is similar to lowering the effective concentrations of ions,

where lower absorptions takes place in the system. On the other word, the resonance

excitation of the system results in an energy transfer from ion to particle (silver

NPs) which is a detrimental factor for subsequent PL processes, and results in

luminescence quenching. Moreover, Jimenez showed that the increasing the vol-

ume fraction of the silver NPs by increasing the heat-treatment durations, prolongs

the fast and slow decay times of Dy3þ ions.

On the other hand, in another study, the upconversion emissions of Dy3þ-doped
tellurite glasses are enhanced by heat-treated silver NPs [169]. Four-time enhance-

ment is observed for visible emissions under 800 nm excitation wavelength. Silver

NPs having an average size of 18 nm are observed and the enhancement in

photoluminescence feature is described as the modification of local field due to

difference between dielectric constant of medium and metallic particle (Fig. 14.12).

There are not many reports on the influence of noble metallic NPs on the optical

properties of Dy3þ-doped glasses or glass-ceramics. However, the influence of Cu

NPs on the luminescence of Dy3þ-doped barium-phosphate glasses is studied

[170]. Cu2þ and Cuþ ions are reduced to Cu0 NPs as Cu2þþ Sn2þ!Cu0þ Sn4þ

and 2Cuþþ Sn2þ! 2Cu0þ Sn4þ, respectively. The glasses are annealed for 30, 60
and 120 min, but all the observed photoluminescence emissions are quenched under

350 and 450 nm excitation wavelength. The quench is attributed to nonradiative

loss of excitation energy in Dy3þ ions with an energy transfer from ion to NP. The

effect of gold is also reported on the optical properties of Dy3þ- and Eu3þ-doped
silica nanoparticles [171].

14.4.6 Tm3þ-Doped

Assumpcao et al. [172] studied the upconversion emission of Tm3þ-doped zinc

tellurite glasses containing silver NPs. In the latter work, they investigated the

infrared-to-visible and infrared-to-infrared upconversion process under 1050 nm

excitation wavelength and the observed enhancements of luminescence is attributed

to the increased local field by silver NPs after heat-treatments. Assumpcao et al.
[173] also studied the frequency upconversion emissions from Tm3þ-Yb3þ

co-doped germanate glasses embedding silver NPs. They showed that infrared

(980 nm)-to-visible (480 nm) upconversion emission in the current system is due

to the energy transfer from Yb3þ ions to Tm3þ ions. They concluded that the
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absorption of two, three, and four photons result in upconversion emissions at

800, 652–477 and 542 and 455 nm, respectively. Presence of silver NPs is con-

firmed by TEM technique and NPs with average size of about 10 nm (isolated) and

80 nm (aggregated) are captured. Intensity of the upconversion emissions at vicinity

of SPR band are enhanced up to 30 %. Moreover, Assumpcao et al. [174] showed
that the SPR band for this glassy system can be observed by annealing the samples

at higher temperature (T> 480 �C) for 6 h. As reported, the intensity of SPR

absorption band and upconversion emissions increases by increasing the heat-

treatment temperature up to 540 �C.
The influence of silver NPs on upconversion emission of Tm3þ-Yb3þ co-doped

zinc tellurite glass is also reported [175]. However, there is no SPR band observed

for this glass system up to 72 h of heat-treatment at 325 �C. Upconversion

emissions in this system are associated to the energy transfer from Yb3þ ions to

Tm3þ ions, with only 2 and 3-photons absorption mechanism for bands at infrared

and visible regions, respectively. Silver NPs enhances the upconversion emissions

in order of 300 % under 980 nm excitation wavelength. Kassab et al. [176] reported
that the large Judd-Ofelt intensity parameters of Tm3þ ions

(Ω2¼ 15.65� 10�20 cm2) in Tm3þ�Yb3þ-co-doped zinc-tellurite glass containing

silver NPs can nominate them as optically stimulated quantum electronic devices

and optically operated fibers.

Singly Tm3þ-doped PbO-GeO2 oxide glasses containing silver NPs are also

investigated by the latter group [177]. Upconversion emissions are enhanced in

presence of silver NPs under 1050 excitation wavelength for heat-treatment up to

24 h. Further heat-treatments (up to 72 h) resulted in a quenching in luminescence
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Fig. 14.12 (a) Upconversion emissions of Dy3þ-doped tellurite glasses are enhanced and

quenched after 9 and 15 h of heat-treatments (HT), respectively, under 800 nm excitation
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spectra. Moreover, they concluded that the continuous heat-treatments stimulate the

NPs to aggregate while non-continues heat-treatments with a step of 12 h prevents

the aggregation of NPs. In another study, Qi et al. [178] observed significant

enhancement in emissions of Tm3þ ions due to participation of Ag NPs in the

bismuth germanate glasses.

Triply doped Tm3þ-Er3þ-Yb3þ lead germanate oxide glasses containing silver

NPs is also investigated [179]. The SPR band is observed at 400–500 nm region and

the broad FWHM of this band is attributed to presence of NPs with different sizes

and shapes. For excitation at 980 nm, enhancements of about 60 % are observed for

five emission bands. Two bands are associated to Tm3þ ions which are centered at

477 and 652 nm, and three bands located at 530, 550 and 660 nm are originated

form Er3þ ions. Energy transfers among these species are discussed in latter

reference. Figure 14.13 shows a schematic partials energy level diagram of this

tri-doped glass. The same doping system embedded in a tellurite glass containing

silver NPs is also reported by the same group [180] where efficient mid-infrared

emissions from Er3þ (1.55 μm) and Tm3þ ions (1.86 μm) are observed. Moreover,

efficient energy transfer from Yb3þ ions to Er3þ and Tm3þ ions are concluded

by time-resolved luminescence investigations. The decay lifetime of 4F3! 3H6

(Tm3þ) shortened from 3.4 to 2.9 ms by addition of silver NPs and lifetime of
4I13/2! 4I15/2 (Er3þ) decreased from 2.4 to 1.7 ms. Tm3þ/Yb3þ/Er3þ tri-doped

oxyfluorogermanate glasses containing silver NPs are also reported [181]. The

authors showed that the introduction of silver NPs reduces the glass thermal

stability as well as glass transition and crystallization temperatures. A broad

absorption band around 400–500 nm is attributed to surface plasmon band of silver

which is extended up to 800 nm for further annealing time intervals. Silver NPs are

grown from 4 to 10 nm by increasing the annealing time from 34 to 51 h. The

intensity of all the observed upconversion emissions (emissions at 476, 524,

546 and 658 nm, and excitation at 980 nm) increases by increasing the annealing

time up to 34 h, while it quenches for further heat-treatments. All the emissions

originate from a two-photon absorption process. The effect of Ag2O concentration

on the upconversion emission of the Tm3þ/Yb3þ/Er3þ doped oxyfluorogermanate

glasses is also studied by the same research group [13]. They showed that by

increasing the molar concentration of Ag2O up to 1.5 mol%, the upconversion

luminescence of both Tm3þ and Er3þ ions increases, whereas further introduction

of Ag NPs result in the quenching of emissions. The presence of non-spherical NPs

in this study is emerged by appearance of two SPR bands; transverse and longitu-

dinal modes located at 344 and 425 nm, respectively.

14.4.7 Tb3þ-Doped

A photoluminescence enhancement of about 1.6 times is observed in Tb3þ-doped
silicate glass due to incorporation of silver NPs [182]. Under excitation at 488 nm,

the emissions of Tb3þ ions at visible region (537, 578 and 612 nm) are enhanced
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thanks to the increased local field by metallic silver NPs. Tb3þ-doped silicate glass

containing silver NPs are also investigated by Piasecki et al [183, 184]. SPR band is

observed at 480 nm and the luminescence lines are enhanced under 325 nm

excitation wavlenegth. Maximum enhancement of 1.8 times is obtained for sample

containing 0.5 mol% of silver after 3 h of heat-treatments.

The SPR band of silver NPs embedded Tb3þ-doped silicate glass is located at

420 nm and its intensity increases by increasing the concentration of silver NPs

[185]. The emissions of Tb3þ ions in the range of 400–700 nm are enhanced for the

sample containing 3 mol% of AgNO3 and quenched in the glass sample embedding

5 mol% of silver NPs. The enhancement of about 35 % in emission intensity of

Tb3þ ions (543 nm) in a silica system is also observed as the lifetime of this

fluorescence reduces. Such fluorescence enhancement and increased radiative

decay rates are attributed to the increased local filed induced by silver NPs [186].

Verma et al. [187] investigated the effect of silver NPs on the fluorescence of

Tb3þ-doped aluminosilicate glass. Silver NPs are prepared by laser ablation in

distilled water, and embedded in the glass following a sol-gel technique. Surface

plasmon resonance band of silver is observed at 404 nm, and their radius is

estimated to be ~6.48 nm by measuring the FWHM of SPR band. The lifetime of

the 5D4 level of terbium is increased from 310 to 420 μs in the presence of silver

NPs. The emission intensity of rare earth ions enhances up to 100 % which is a

result of the energy transfer from the excited silver NPs to Tb3þ ions.

Sodium-lead-zinc-tellurite glass doped with Tb3þ/Eu3þ ions and silver NPs

showed a plasmon peak centered at 490 nm after a long heat-treatment [188]. The

large enhancement in luminescence of Eu3þ ions (centered at 590 and 614 nm) is
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attributed to simultaneous contributions of (i) energy transfer among Eu3þ-Tb3þ

ions and (ii) intensified local field in vicinity of Ag NPs and Eu3þ ions. They

observed that the integrated emission of Eu3þ ions increases by increasing the

annealing time of sample up to 62 h.

In addition, Tb3þ-Yb3þ doped aluminosilicate glasses containing silver NPs are

investigated by Pan et al. [189]. The SPR peak is observed at 420 nm which shows

no shift by further annealing. However, the presence of silver NPs with size of

about 3–7 nm is confirmed by TEM. Upconversion luminescence of Tb3þ ions is

enhanced after 5 h of heat-treatments, but longer treatments quenched the intensity

of PL spectrum. Moreover, the normal luminescence under 488 nm excitation

wavelength is quenched due to the quantum cutting effect.

14.4.8 Pr3þ-Doped

Kassab et al. [94] reported that the luminescence characteristics of Pr3þ in lead-

tellurite glass enhances due to presence of silver NPs with average size around

3.5 nm, which are formed by annealing at 350 �C for 7 h. Rai et al. also studied the

influence of silver NPs on the optical properties of Pr3þ-doped zinc-tellurite glasses
[190]. Upconversion emission of Pr3þ ions centered at ~482 and ~692 nm are

observed under the excitation with a nanosecond laser operating at 590 nm. An

enhancement of about 120 % is achieved for the integrated intensities of those

emissions after heat-treating the sample containing silver NPs up to 40 h. Enhance-

ment in luminescence of Pr3þ-doped PbO-GeO2 glasses are also observed in

presence of isolated silver particles and aggregated silver NPs with an average

diameter of 2 nm and less than 100 nm, respectively [191]. They showed that the

amplitude of surface plasmon band of silver NPs is centered at 464 nm in this glass

and increases by increasing the heat-treatment durations. Both energy transfer

mechanism from nanoparticle to ion and modified local filed around the Pr3þ ions

are discussed as the factors of enhancement, however the exact contribution of each

phenomenon was not concluded. Enhancement in emissions from Pr3þ ions doped

zinc-tellurite glass containing silver NPs is also reported [192]. The influence of

large local field on the Pr3þ ions is discussed as the major factor for enhancements

of visible emission under both 470 nm (Stokes) and 586 (anti-Stokes) excitation

wavelengths.

Furthermore, the effect of silver NPs on the luminescence of Pr3þ-doped borate

glass is investigated [117]. Both excitation and luminescence spectra showed

enhancement in the emission line centered at 558 nm and excitation at 442 nm,

respectively. The increased intensity of luminescence is attributed to “the resonance

between the energy band with the levels of the Pr3þ ions”. As mentioned before

(see 4.1), the formation of silver NPs in this system is slower than its counter-

part Eu3þ-doped glass, and the size of NPs are 4 times large in the case of Eu3þ-
doped samples.
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14.4.9 Ho3þ-Doped

The enhancement in the upconversion emissions of Ho3þ/Yb3þ co-doped tellurite

glass is also observed [193] by incorporation of silver NPs which are formed by

addition of AgNO3 to the glassy host, melted at 900 �C for 30 min and annealed

above its glass transition temperature. Silver NPs with average diameter size of

about 3–12 nm show a SPR absorption band centered at 560 nm and contribute to

~2.5 times enhancement in intensity of emissions at 546 and 657 nm under 980 nm

excitation wavelength.

Although there are not many reports on the effect of noble metallic NPs on the

luminescence of Ho3þ-doped glasses, some research group investigated the effect

of nanocrystals on such systems. For instance, Zhang et al. [194] reported on the

enhanced 2.0 μm emission of Ho3þ-Tm3þ-co-doped glass ceramics containing

BaF2 nanocrystals. Efficient energy transfer from Tm3þ to Ho3þ ions is attributed

to low phonon energy environment and reduced ionic distance of lanthanide species

after incorporation into nanocrystal embedding glass ceramics.

14.5 Summary

Improving the optical and thermal properties of glasses, glass-ceramics and crystals

is of supreme importance in order to develop the smart optical devices, such as solid

state lasers, amplifiers, undersea cameras, telecommunication devices, color dis-

plays and so on. The aim of this chapter was to revisit the current achievements on

the state of art in understanding the role of metallic NPs on the optical properties of

some rare earth-doped oxide glasses. Until now, various studies have been done to

enhance the properties of glasses containing RE ions. Incorporation of larger

concentrations of RE ions, introduction of second dopant, thermal treatments,

different synthesizing methods and varying the glass host matrix are among the

common techniques in order to modify the environment of the RE ions, which

significantly can alter its optical properties. Room temperature optical properties of

RE-doped glasses containing metallic NPs synthesized by a melt quench technique

have been studied by many researchers. Analytical techniques such as UV-Vis

absorption and photoluminescence spectroscopy have been used to optically char-

acterize the glasses and the data showed that Stokes and anti-Stokes luminescence

of most of the proposed glassy systems has improved by addition of metallic NPs.

In this chapter, initially, a short introduction on the importance of material

science, glass and glass-ceramic technology was explained in the first section. It

was followed by a chronological study on the history of glasses during the last

centuries. This section was continued by a review on spectroscopic properties of

rare earth ions in materials in general and glasses in particular. The developed

theories and models on optical properties of rare earth ions and interactions between

light and ions and ion-ion interactions were explained. The energy level diagram of
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electronic configuration of rare earth ions and probable mechanisms, such as energy

transfer and relaxation processes were summarized. Section 14.3 was devoted to

study the interaction of light with metallic NPs in the dielectric media. The effect of

shape and size of NPs on the optical behavior of the system are given. The custom

methods to prepare and observe the NPs and widespread applications of plasmonic

phenomenon were asserted. Finally, recent results on the influence of metallic NPs

on the glasses containing RE ions are listed in Sect. 14.4. Based on the results, the

potentiality and applicability of these studies are concluded in current section and

the new achievements and importance of the research is ascertained. However,

there are many characteristic analyses which are not provided in the literature.

Different preparation methods and environmental situations may alter the function-

ality and potentiality of the samples and several suggestions are listed for further

research as follows:

(i). Structural properties of the studied glass samples can further be investigated

through Raman spectroscopy, NMR, and ESR.

(ii). Thermal properties can be analyzed to correlate the nucleation of NPs with

thermal characteristics of glasses, especially at the heat-treatment

temperatures.

(iii). Trivalent rare earth ion possesses various excited states. The optical investi-

gation while doped with different co-dopants can be interesting where the

system can provide white-light emissions through the second and third

non-linear processes, and energy transfers.

(iv). Various preparation techniques are suggested by different authors to synthe-

size a glass. The usage of different melting and annealing temperature, and

pouring in different environments may also modify the structural and conse-

quently the thermal and optical properties of glasses.

(v). Ceramics show completely different structural, thermal and optical properties

with respect to amorphous glass system. Therefore, the preparation of

ceramics and glass-ceramics with the same compositions can be also

recommended to observe the behavior of a noble system. One may arise for

preparation of thin films by same composition.

As the final point, it is of utmost importance to recall that the controlling the size

and shape of the NPs is an imperative factor to establish an optically favorable

glassy system with enhanced optical properties. As revealed in this chapter, the

incorporation of metallic NPs can enhance the optical properties of the RE-doped

oxide glasses. Therefore, further investigations are suggested to provide a suitable

glassy system and to correlate the controlling parameters with size, shape and

performance of the NPs in such optical materials.
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(2014) Effect of Ag nanoparticles on the radiative properties of tellurite glasses doped with

Er3þ, Yb3þ and Tm3þ ions. Opt Mater 2:6–11

181. Hu Y, Qiu J, Song Z, Yang Z, Yang Y, Zhou D, Jiao Q, Ma C (2014) Spectroscopic properties

of Tm3þ/Er3þ/Yb3þ Co-doped oxyfluorogermanate glasses containing silver nanoparticles. J

Lumin 145:512–517

182. Bi G, Wang L (2012) Photoluminescence enhancement induced from silver nanoparticles in

Tb3þ -doped glass ceramics. Chin Opt Lett 10:092401

183. Piasecki P, Piasecki A, Pan Z, Ueda A, Aga R Jr, Mu R, Morgan SH (2010) Plasmon

enhanced luminescence of Tb3þ doped Li2O-LaF3-Al2O -SiO2 glass containing Ag

nanoparticles. Proc SPIE 7757:77572M

184. Piasecki P (2010) Formation of Ag nanoparticles and enhancement of Tb3þ luminescence in

Tb and Ag Co-doped lithium-lanthanum-aluminosilicate glass. J Nanophotonics 4:043522

185. Li L, Yang Y, Zhou D, Xu X, Qiu J (2014) The influence of Ag species on spectroscopic

features of Tb3þ-activated sodium–aluminosilicate glasses via Agþ�Naþ ion exchange. J

Non Cryst Solids 385:95–99

186. Zhang D, Hu X, Ji R, Zhan S, Gao J, Yan Z, Liu E, Fan J, Hou X (2012) Influence of Ag

nanoparticles on luminescent performance of SiO2: Tb3þ nanomaterials. J Non Cryst Solids

358:2788–2792

187. Verma RK, Kumar K, Rai SB (2010) Pulsed laser ablation synthesis of silver nanoparticles

and their use in fluorescence enhancement of Tb3þ-doped aluminosilicate glass. Solid State

Commun 150:1947–1950

188. Kassab LRP, De Almeida R, da Silva DM, De Assump̧~ao TAA, De Araújo CB, de
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Chapter 15

Surface Enhanced Fluorescence by
Plasmonic Nanostructures

Jun Dong, Hairong Zheng, Zhenglong Zhang, Wei Gao, Jihong Liu,

and Enjie He

Abstract The optically generated collective electron density waves on metal-

dielectric boundaries known as surface plasmons have been of great scientific

interest since their discovery. Being electromagnetic waves on noble

nanostructure’s surface, surface plasmons resonance can strongly enhance the

electromagnetic field. These strong electromagnetic fields near the metal surfaces

have been used in various applications like surface enhanced spectroscopy,

plasmonic lithography, plasmonic trapping of particles and plsmonic catalysis

etc. Resonant coupling of localized surface plasmons to fluorescent emitters can

strongly modify the emitted intensity, the angular distribution and the polarization

of the emitted radiation and even the speed of radiative decay, which is so-called

surface/metal enhanced fluorescence (MEF/SEF). In this chapter, we illustrate

current progress in design of metallic nanostructures for efficient fluorescence

signal amplification that utilizes propagating and localized surface plasmons, and

also some critical parameters in SEF, such as spacer, wavelength dependence effect

are also discussed.
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15.1 Introduction

Since Prof. Ritchie firstly predicted that the existence of self-sustained collective

oscillations at surface of metallic nanostructure by treatment of energy losses

characteristic of fast electrons passing through thin metal films in 1957

[1, 2]. Many researchers are devoted to study the properties of metallic nanostruc-

ture from theoretical and experimental aspect [3–5]. And it shows that the band

intensity and wavelength position of SPR strongly depend on geometrical param-

eter of the nanostructures, such as the size, shape et. al, as well as the such as the

composition of the nanostructure, and also the dielectric properties of the surround-

ing environment [6–8]. The corresponding properties enabled researchers to tailor

design surface topographies on the nanoscale which revealed new aspects of their

underlying science, and in-doing so, inspired and encouraged new groups to join the

ever-growing field of plasmonics [9, 10]. With the help of excitation of Surface

Plasmon (SP), the electron-photon interaction and fluorophore photonic state can be

modulated. Therefore, the study on the coupling effect among plasmonic metallic

nanostructure and surface enhanced fluorescence (SEF) have been one of most

active and important topic, particularly since the firstly classical observation of the

effect of media on the emission properties of a molecular excited electronic state by

Drexhage [11]. As a result, manipulation of optical nanostructure substrate with

plasmonic properties is considered as the mostly promising direction in the SEF

research area, and it has been widely used in the diagnosis, biological detection and

so on [12–14].

As we know that, in order to pursue a more convenient and controllable avenue

is still of great interest for the application of SEF, deeply understanding of coupling

and inter-conversion mechanism among free electrons, surface plasmon, photons

and fluorophores in SEF effect is still should be highlighted. In this regard, many

methods have been developed for fabrication of metal substrate with various

surface configurations recently, which including the polish of the surface, vapor

deposition method, self-assembly of metal colloids method, chemical reduction

method and so on [9, 15, 16]. In this chapter, we present the latest developments of

this fast growing field boosted, in particular, by the ability to design nanometric

plasmonic structures and objects. We address the case of surfaces as well as that of

nanoparticles with respect to their enhancement properties. The whole chapter is

divided into four parts. The first part introduces the concepts and principles of

plasmonics and SEF. The three other parts are devoted to SEF for fluorophores

coupled to propagating surface plasmons existed on periodical metallic

nanostucture substrate (Sect. 15.3.1), and to SEF for fluorophores coupled to

localized enhancement of the EM field existed non-periodical metallic nanostucture

substrate (Sect. 15.3.2), and to SEF for the distance and wavelength dependence

factor (Sect. 15.3.3).
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15.2 SEF Principles

15.2.1 Principles of Fluorescence

Luminescence is the emission of light from any substance that has absorbed energy,

and do not care that the excited source, so it is a generally concept. And fluores-

cence is the property of some luminescent center, such Re-earth ions and organic

molecules, to absorb a particular wavelength photon and to subsequently emit a

longer wavelength photon after a brief interval. The processes which occur between

the absorption and the emission of light are usually illustrated by a Jablonski

diagram, as shown in Fig. 15.1.

Figure 15.1 shows a simplified version of the diagram which illustrates the

electronic transition processes of some molecular which occur in the excited states.

The fluorescence process can be divided with three important processes. Firstly,

excitation of a susceptible molecule by a photon to a higher vibrational energy

level, that is, electronically excited state S1 and S2, which happens in femtoseconds.

Secondly, while vibrational relaxation of excited state electrons to the lowest

energy level is much slower and can be measured in picoseconds. And the final

process, emission of a longer wavelength photon from the excited singlet states to

the ground state, occurs in the relatively long time period of nanoseconds or longer.

There are two important parameters are used in consider the properties of emission

processes, that is, fluorescence lifetime τ and the quantum efficiency

Q. Fluorescence lifetime τ can be defined as the average relaxation time to the

electronic ground state, and quantum efficiency Q can be defined as the ratio of the

number of photons emitted over the number of excited photons absorbed. As we

know, the excited electron transition from the upper energy level to ground level,

often by two methods, one is emit photon, and the other way is relaxation of energy

into phonon [15, 17, 18].

With the condition of weak excitation, that is, far from saturation of the excited

state, [9, 15–19] the fluorescence emission rate γ0em can be regarded as the excitation

S1

S2

S0

Absorption

Internal Conversion

Fluorescence

Fig. 15.1 Simplified

Jablonski diagram

illustrating the molecular

process involved during a

fluorescence excitation and

emission cycle
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from ground state to excited state and the subsequent relaxation back to the ground

state via emission of a fluorescence photon, i.e

γ0em ¼ γ0excQ
0
i ð15:1Þ

where γ0exc is the excitation rate and Q0
i is the quantum yield. The superscripts ‘0’

specify that the molecule is in free space and does not couple to the local environ-

ment. The subscript ‘i’ indicates that the quantum yield is defined by the intrinsic

properties of the molecule.

As indicated before, Q0
i is the probability of relaxing from excited to ground

state by emission of a fluorescence photon. In terms of the radiative decay rate γ0r
and the non-radiative decay rate γ0nr, so the intrinsic quantum yield with more

general definition for Q0
i can be defined as follows:

Q0
i ¼

γ0r
γ0r þ γ0nr

ð15:2Þ

If the local environment of the fluorophore has been changed, the excitation and

decay rates will be changed corresponding. Then the Eqs. (15.1) and (15.2) get

modified as

γem ¼ γexcQ ð15:3Þ

and

Q ¼ γr
γr þ γnr

¼ γr
γr þ γ0nr þ γabs þ λm

ð15:4Þ

Here, γabs accounts for dissipation to heat in the environment and γm accounts for

coupling to non-radiative electromagnetic modes, such as the emitted energy is

dissipated into heat through the interaction between the electron and lattice. The

total decay rate γ ¼ γr þ γnr defines the lifetime τ ¼ 1=γ of the excited state. In a

homogeneous non-absorbing media, such as a fluorophore ions in water, the

definition 1 of Q is equivalent to the classical one. In general, the fluorescence

emission is not only a function of the fluorophore properties but also of external

parameters accounting for the local environment of the emitter.

For a conventional fluorescence technique measurement, pursuing the brighter

and more stable signals of the fluorophore performed at the minimization of the

internal and environmentally conditioned non-radiative processes, increasing

higher spontaneous-emission rate mainly depending on its nature properties

[15]. Though the fluorescence is known as one of the best choice optical method

for the detection of chemical and biological species, typical disadvantage for the

conventional fluorescence technique is the relatively low signal-to-noise (back-

ground) ratio which restrict its applicationsto important areas of medical
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diagnostics, food control, and security, particularly realization the purpose of the

detection of a wide range of adsorbate molecules down to the single molecule

detection limit and boost the emission efficiency of Re-earth ions. So the exploring

a proper solution to overcome the disadvantage mentioned before which has

attracted much attentions because of their potential application in many fields.

15.2.2 Interaction of Fluorophores with Surface Plasmons

Since the pioneering work of Purcell [20], many researches have been demonstrated

that the lifetime of an excited atomic state is critically dependent on the inner

properties of the atom and its environment both from experimental and theoretical

aspect [17–19]. Due to the interaction of the fluorophore with its environment

nearby, the fluorescence processes including both the excitation and the emission

processes, can be modulated through the modification of its local EM field. As a

result, pushing fluorescence detection to the limit of sensitivity, in order to over-

come the disadvantage of the convention fluorescence technique, can be performed

by controlling the local electromagnetic (EM) environment of the fluorophores.

Fluorophore labels are coupled with the tightly confined field of surface

plasmons-collective oscillation of charge density and associated electromagnetic

field on a surface of metallic films and nanostructures. With the help of the coupled

effect of light with localized surface plasmons (LSPs-supported by single

nanoparticles or nanoperodical typed metallic nanostructure) and surface plasmon

polaritons (SPPs-traveling along periodical typed metal nanostructure), which can

provide strong confinement of electromagnetic field intensity. These confined EM

fields can interact with fluorophores at their absorption λab and emission λem
wavelengths which alter respective transitions between the ground state and higher

excited states (see Fig. 15.2). It is reported that the internal conversion process

depends mainly on the electronic configuration of the fluorophore through the

wave-functions overlap of the fluorophore [9]. As a result, the internal conversion

process is insensitive to the modification of the local EM environment to a first

approximation. The effect of enhanced fluorescence which is critical dependence

on the local EM field is defined as surface enhanced fluorescence. It is important to

understand the energy transfer between the fluorophore and the metallic surface

through near-field component, which will help us to study the contributed effect of

the modification of the relaxation rate of a fluorophore towards the radiative

emission rate.

Based on the EM mechanism, the cross section of SEF from the metal nano-

structure can be defined as σSEF(λL, λ, dav), where λL and λ are the excitation and

emission wavelengths, respectively, dav is the average distance between a molecule

and metal surface. The total enhanced effect was induced by coupling of plasmon

resonance with incident light and with fluorescence light, then the following

equation could be obtained [21]
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MEM λL; λ; davð Þj j2 ¼ Eloc λL; davð Þ
Ein λLð Þ

����
����
2

� Eloc λ; davð Þ
Ein λð Þ

����
����
2

¼ M1 λL; davð Þj j2 M2 λ; davð Þj j2 ð15:5Þ

While |MEM|
2 is total EM enhancement factors, |M1|

2 and |M2|
2 are the EM enhance-

ment factor, corresponding to the coupling interaction between plasmon resonance

with the incident light and with Raman scattering plus fluorescence light,

respectively.

In the case of σSEF(λL, λ), the decay rate of fluorescence is also enhanced by a

factor of |Md|
2 through energy transfer from a molecule to an metal surface. Thus,

1/|Md|
2 is multiplied with fluorescence scattering cross section σFL(λL, λ) of a

molecule in free space. Note that the use of σFL(λL, λ) is the first approximation

for evaluation of SEF and assumes that a quantum yield of fluorophore is unity

located in free space [22]. Thus

σSEF λL; λ; davð Þ ¼ MEM λL; λ; davð Þj j2 � σFL λL; λð Þ
Md λ; davð Þj j2 ð15:6Þ

From Eq. (15.4), the fluorescence enhanced effect shows a competition of several

processes including a increase of the excitation rate by the local field enhancement,

an enhancement of radiative decay rate by the surface plasmon-coupled emission

(SPCE) and quenching that reduces the efficiency caused by the non-radiative

energy transferring from the fluorophore ions to the metal surfaces, all of which

will be greatly dependent on the spacing distance between the fluorophore ions and

the metal [23]. Since the balance between dissipation and coupling to radiation

depends strongly on distance, the introduction of various typed spacer to isolated

them plays a crucial role in the optimization of plasmon-enhanced luminescence.

From the point of view above, we know that SEF is a multiprocess system, and

the enhanced effect depended on many critical factors. In order to simplify the

+ - + - + - + -

Metallic nanostructure

Periodical typed

Nm

Nonperiodical typed

SPP

Nd

+ -
LSP

External EM wave
Fluorophore
S1

S0

lemlab

Fig. 15.2 Schematic of

confined field of SPP and

LSP modes coupled with a

fluorophore excited with

external EM field
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interaction of fluorophore in the vicinity of the metal surface, we will review the

latest recent progress of surface enhanced fluorescence and related research works

from the geometrical shape of metal nanostructure, the selective of excitation

condition and fluorophore and the tip enhanced fluorescence.

15.3 SEF from Various Geometrical Metallic Plasmonic
Nanostructure

Plasmons lead to large enhancements of the local electromagnetic field in the

proximity of metal plasmonic nanostructure surface, an essential aspect of surface

enhanced spectroscopy. An investigation of the relationship between the

plasmonics properties with geometry of nanostructure enables the rational design

and fabrication of composite plasmonic nanostructures tailored for specific appli-

cations such as SEF, where one seeks to increase the near-field electromagnetic

field across a wide frequency range, where location of SPR dip and a high sensing

sensitivity to the changes of the dielectric environment nearby are desirable. In this

sections, we will review the recently progress of enhanced fluorescence effect from

the periodical and nonperiodical typed plasmonic nanostructure.

15.3.1 Fluorescence Enhancement from Periodical Metallic
Plasmonic Nanostructure

SPPs are transverse magnetic polarized electromagnetic surface modes associated

with delocalized collective electron oscillation propagating along the interface

between a metal and a dielectric materials. With the highly efficiently coupled

with incident light, SPR has been applied for label-free biosensing and as an

excitation field for sensitive fluorescence detection. So a conventional enhanced

substrate, where a flat metal coated glass surface, has been developed for enhanced

fluorescence bioassay and fluorescence imaging of cells. In general, due to the

existence of momentum mismatch between the wave vector of the SPPs and the

incident EM wave, the excitation of SPPs on a flat continual metal surface is

difficult to realize [24]. So the flat metal surface morphology limits the plasmonic

coupling and fluorescence enhancement efficiency. It is showed that the mismatch

can be overcome by introduction of an external periodical metal surface such as

gratings, nanohole arrays, nanocaps arrays, and so on. As a result, the precise

fabrication of nanostructure surfaces with a large area to provide high plasmonic

coupling efficiency and high enhancement factors remains a challenge therefore for

application platforms in biosensing and imaging. Here we will review the applica-

tion of the various shaped periodical distributed nanostructure in SEF (Fig. 15.3).
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15.3.1.1 Surface Enhanced Fluorescence from Nanograting Substrate

Anomalies in the intensity distribution of light spectrum diffracted from a grating

were first observed by Wood’ in 1902 [25], and latterly interpreted in terms of an

interaction between the incoming photon and a surface plasmon resonance in the

grating surface [26]. So patterning the metallic surface with a periodic wavelength

scale corrugation provides an excellent candidate, which can break the translational

invariance of the thin film and allows one to relax the momentum conservation

restriction. For the excitation of grating-coupled SPR, the wave vector of the

incident EM wave is increased by the grating vector as the wave vector of the

light in air is smaller than that of the SPs. The excitation condition is defined as

Ksp ¼ Kpx þ G ¼ 2π

λ

ffiffiffiffiffiffiffiffiffiffiffiffi
εm ωð Þ

p
sin θ þ 2π

Λ
m ð15:7Þ

Where Λ is the diffraction grating pitch, λ is the wavelength of incident EM wave,

m is an integer, is the diffraction order, and εm(ω) is the wavelength-dependent

dielectric constant of metal given by the classical Drude free-electron model.

The mismatch in wave vector between the in-plane momentum Kx ¼ K sin θ of

impinging photons and can also be overcome by using diffraction effects at a

grating pattern on the metal surface. As a result, the moderated diffraction on

periodically corrugated metallic surfaces provides an alternative methods for

simultaneous SPP-enhanced excitation at λab and excitation of SPP-driven emission

of fluorescence light at λem. By fabricating series of tailored silver plasmonic

grating nanostructure, Prof. K. Tawa systematically investigated the relationship

between the grating parameters (depth and duty ratio) and the fluorescence

enhanced effect [27, 28], and found that with the condition of depth equal to

20 nm and duty ratio equal to 0.43, the fabricated grating substrate achieve optimal

fluorescence enhancement. They also observed the distinguish transfect GFP cell

binding with an antibody-Cy5 conjugation on the grating-typed substrate, which

has a great potential for cell-imaging application.

+++ - - -- - -++ ++

Metallic nanostructure

Dielectric media

y

z

K0 Ksp

w = ckw

Ky

a b

Fig. 15.3 SPs at the interface between a metal and a dielectric material have a combined

electromagnetic wave and surface charge character (a), and the dispersion curve for a SP mode (b)
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It is found that the fluorescence enhancement mechanisms from grating arise from

both the SPP enhanced absorption and SPCE. Prof. Sun also adapted silver sinusoidal

nanograting as the enhanced substrate to boost the Rh6G dye molecules, and obtained

maximal fluorescence enhancement factor is more than 30-fold [29, 30]. By increas-

ing the thickness of the metal film in the grating-based SPCE system, the enhanced

spectra was demonstrated significantly affect by both depth and gold thickness.

Higher angular sensitivity will be achieved at short wavelengths [31]. The wave-

length resolution ability of SPCE makes it potential for the applications such as

wavelength-ratiometric measurements and fluorescence sensing [32].

Recently, rare-earth (RE) doped upconversion nanoparticles (UCNP) have

attracted remarkable attentions due to their potential applications in ion sensing

and biomedical systems. To enhance the upconversion efficiency, surface plasmon

has been employed but the reported enhancements vary widely and the exact

enhancement mechanisms are not clearly understood. [33] By deposition of

NaYF4:Yb
3þ, Er3þ nanocrystals on silver nanograting with polyelectrolyte-

mediated layer-by-layer deposition technique. The green and red photolumi-

nescence intensity of UCNPs on nanograting was up to 16 and 39-fold higher

than the reference sample deposited on flat silver film were experimentally

obtained. By analyze the absorption, emission (Purcell effect), and F€orster energy
transfer effect towards the fluorescence enhancement, the author found that the

absorption enhancement plays the dominant role in general, the enhancement of

F€orster energy transfer is important only under weak excitation conditions, and the

Purcell effect is unimportant [34] (Fig. 15.4).

15.3.1.2 Surface Enhanced Fluorescence from Nanohole Arrays

Substrate

Enhanced extraordinary optical transmission (EOT) effect was firstly observed in

the metallic films perforated with a tiny hole. Compared with the expectation from

classic diffraction theory, the transmitted of light can be greater than the percentage

area occupied by the holes [35]. As a result, the periodic arrays of subwavelength

holes in optically metallic films act as an excellent antenna to couple the incident

light into SPs at a given frequency. Both the position and the width of the

transmission peak can be tuned by adjusting the period and the symmetry.

For a square array of period a0, the position of transmission peaks λmax for

normal incidence can be identified approximately from the dispersion relation [36],

and they are given by:

λmax

ffiffiffiffiffiffiffiffiffiffiffiffiffi
i2 þ j2

q
� a0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εmεd

εm þ εd

r
ð15:8Þ

where indices i and j are the scattering orders from the array [37].
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For a free-standing hole array, incident light coupled with the SPs in order to

enhance the fields associated with the evanescent waves, thus producing a way to

increase the transmittance. As a result, continuous metallic film perforated with

arrays of nanoholes that can both supports the excitation of SPP and LSP. And the

enhanced EM field which will help to increase fluorescence efficiency of the

fluorophore located in vicinity of substrate. In order to obtain the largest enhanced

fluorescence signal, the LSPR resonance peak should be about 40–120 meV higher

in energy than a dye’s emission peak, and the plasmonic spectral shape should

coincide with the dye’s excitation spectrum [38]. The plasmon coupling conditions,

Fig. 15.4 (a) TEM of as-synthesized β-phase NaYF4:Yb3þ, Er3þ UCNPs. The mean lateral size

was 32 nm. The inset shows the TEM of PMAO-coated UCNPs showing a uniform 2 nm thick

coating. The scale bar applies to both TEM images. (b) SEM of silver nanograting with period of

830 nm and line width of 410 nm. (c) Energy levels of Yb3þ and Er3þ ions relevant to the energy-

transfer upconversion process. (d) Experimental reflectance spectra of as-fabricated nanograting

(gray) and nanograting-Si3N4-UCNP structure (blue). The simulated reflectance spectra for the

two structures are also plotted with red and green lines. The inset shows the field profile at the

resonance wavelength for the nanograting-Si3N4-UCNP sample under normally incident plane

wave excitation with a power density of 1.2 MW/m2 adapted with permission from [34]. Copyright

(2014) American Chemical Society
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such as angle of incidence, metal composition, laser frequency and excitation/

emission properties of fluorophores, are play an important role in plasmon

enhanced fluorescence on metallic nanohole arrays. By tuning the transmission

and localization of laser excited conditions using various geometric parameters of

the arrays in the Au film, Prof. Brolo obtains a significant enhanced fluorescence

effect relative to that obtained from unpatterned identical films coated onto glass

slides. The results suggest that Au films decorated with nanoholes arrays at reso-

nance condition can improve both the sensitivity and the limit of detection of

fluorescence-based analysis [39]. In order to avoid the fluorescence quench effect,

Prof. Zhu designed a nanoarray nanostructure decorated with 30 nm SiO2 dielectric

film as spacer to separate the fluorophore from substrate, as shown in Fig. 15.5

[40]. The detected fluorescence is strongly dependent on the nanohole radius. When

an array period of 550 nm and a nanohole radius of 100 nmwere optimized to match

the most efficient fluorescence excitation and emission of a boron-dipyrromethene

fluorophore (BODIPY 630/650) on the array region, the maximum fluorescence

enhancement of 11-fold on a silver nanohole array region in reflection mode was

obtained experimentally.

Combining template-stripping with atomic layer deposition (ALD) method,

Prof. Sang-Hyun Oh fabricate periodic nanohole arrays in smooth and optically

thick Ag films, which are subsequently encapsulated with an ALD grown Oxide

layer, such as silica shell or alumina, to prevent fluorophore quenching

[41, 42]. Selecting Rh6G-Quasar670™ FRET pair as acceptor molecule, by tuning

the plasmon wavelength with the maximal overlap of the donor’s emission and
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acceptor excitation, the mostly efficiency enhancement effect was achieved on the

nanohole arrays [43].

Due to the front side illumination provides a stronger coupling between the

incident electromagnetic field and the nanostructure as compared to back side

illumination [44], the investigation of the relationship between the incident angle

and the fluorescence enhancement on gold nanohole arrays has been reported

[45]. Furthermore, Bai’s group systematically studied the plasmonic responses of

four plasmonic metals (Au, Ag, Cu, Al) and three composite plasmonic metals

(Ag/Au, Cu/Au, Al/Au) nanohole arrays in the plasmon enhanced fluorescence

spectroscopy biosensing setup.[46] By taking advantage of the enhanced electro-

magnetic field generated in metallic nanohole arrays at resonance, the dramatic

plasmonic enhancement of UC luminescence with 35-fold in Yb3þ and Er3þ

co-doped NaYF4 nanocrystals was observed, as shown in Fig. 15.6. The increased

UC emission come from the combined effects of enhancement in the excitation of

sensitizers and increase in radiative decay rate of emitters, which is further

supported by the measured decrease in the rise and decay times of the UC

nanoparticles in nanohole arrays [47].

15.3.1.3 Plasmon Enhanced Fluorescence from Nanoparticle Arrays

Substrate

It is well known that the plasmonic properties determining the final enhancement or

quenching of the fluorescence depend not only on the characteristics of the NP (its

nature, shape, and dimension) but also on the position and orientation of the

fluorophore with respect to the NP as well as on the interparticle distance if a

multi-NP system is used. Prof. Benedetta Mennucci studies the effect of solvent

properties and plasmon couplings on the fluorescence intensity of fluorophore

Fig. 15.6 (a) SEM images of the fabricated nanohole arrays, and (b) Upconversion luminescence

spectra of NaYF4:Yb
3þ, Er3þ UCNPs in a Au nanohole array under 980 nm excitation (adapted

with permission from [47]. Copyright (2013) American Chemical Society)
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positioned within a four-metal NP square array. and also the effects of the metal

nature, period constant of NP arrays, fluorophore/particle distance, fluorophore

orientation, and addition of a solvent (dimethylformamide) on the SEF intensity

of the dye and on the various quantities that determine such enhancement (radiative

and nonradiative decay times, absorption) are systematic analyzed theoretically

[48]. Prof. Lu developed a chemistry-based method to prepare silver nanoparticle

(SNP) arrays by means of a combination of nanoimprint lithography (NIL) and

electrochemical deposition (ECD). And he demonstrated that these SNP arrays

show strong fluorescence enhancement because of coupling between the emission

of the fluorophores and the SPR band of the metallic nanostructures. In addition, the

intensity of SEF can be tuned by varying the pattern features of the SNP arrays [49].

Though the deposition of metal nanoparticles onto the substrate often produce

some local “hot spot” randomly, which will helpful to obtain a high fluorescence

signal, it is hard to obtain a reliable, stable, and uniform signal with a large area due

to particle aggregation. Prof. Qiu reported a convenient method to fabricate highly

ordered hemispherical silver nanocap arrays templated by porous anodic alumina

membranes suitable for robust and cost-efficient enhanced fluorescence substrates,

as shown in Fig. 15.7 [50]. Compared to those on glass used in conventional

imaging, eightfold enhancement factor was obtained. Spectral analysis suggests

that the PSNAs can create more excitons in the light-emitting P-FITC because of

plasmon resonance energy transfer from the silver nanocaps to the nearby P-FITC.

Fig. 15.7 (a) SEM image

and (b) 3D AFM image

acquired from the PSNAs.

The inset in (a) shows large-
area PSNAs with the size

exceeding 3 cm2. (c)
Simulated electromagnetic

field distribution map of the

PSNAs with parameters

D¼ 50 nm and G¼ 1 nm.

The inset in (c) shows the
k-vector and polarization of

the incident light in the

simulation (adapted with

permission from [50].

Copyright (2010) American

Chemical Society)
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15.3.1.4 Plasmon Enhanced Fluorescence from Nanorod Arrays

Substrate

LSPR excitation are associated with a strongly enhanced electromagnetic

(EM) field in the vicinity of the particles, which is the key mechanism in enhanced

EM field and exploited in enhanced spectroscopy such as surface enhanced Raman

scattering (SERS)[51] and enhanced fluorescence. The shape and arrangement of

the metal nanostructures play a major role on the LSPR properties. Therefore, their

precise tuning is very important to get a coupling of the molecular resonance and

the enhanced EM field near metal nanostructures [52]. Compared with local

enhanced EM field generated in randomly distributed metal nanostructures or

nanoscale roughness of metallic films, the near-field hybrid coupling among parti-

cle pairs can lead to shifts in the resonant wavelength and anomalously large fields

for a array of nanostructure. By using an electrodeposition method with an AAO

template, the highly regular nanorod arrays were fabricated. The author reports that

considerable enhancement in fluorescence of up to a factor of two orders of

magnitude was observed as compared to the emission on the controlled

substrate [53].

Recently, Abdulhalim et al. has performed a comparative study of SEF on the

Glancing angle deposition (GLAD) thin films of different materials like silver,

gold, copper, and silicon. However, further research and experiments are still

required to improve the enhancement factor for sensitive studies as well as under-

standing the effect of film morphology on the SEF phenomenon. The effect of silver

nanorods arrays morphology on the SEF has been investigated. And the author

found that with increasing the nanorod length, a significant rise in SEF enhance-

ment factor up to 32-fold was observed with respect to the conventional silver film.

The variation of SEF efficiency was qualitatively explained using lightning-rod and

surface plasmon resonance effects [54].

15.3.2 Non-Periodical Metallic Plasmonic Nanostructure

Spatial correlations and distribution of EM field and intensity have been extensively

investigated in the context of EM wave propagation in nonlinear disordered sys-

tems and are indicative of the nature of wave transport in random media [55]. In

disordered metallic nanostructure, the enhancement of local EM intensity correla-

tions due to the localized surface plasmons and the lightning-rod effect which

governed by structural inhomogeneities, has been widely studied, as reviewed by

Prof. V. M. Shalaev [56, 57]. Due to the resonant dipolar excitations in disorder

nanostructures localized in subwavelength sized regions and exhibited strong

frequency and polarization dependence of their spatial location, the near-field

intensity distribution across a semicontinuous metal film, such as rough, fractal-

like and so on, near the “percolation threshold” is extremely inhomogeneous with
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giant local field maxima (hot spots). So the spatial location of light-induced dipole

excitations is determined by both the local topography and the large-scale geomet-

rical structure [58]. For the giant local EM field excited in the nonperiodical

structure, the spectrum properties of molecules located in the vicinity of “hot

spots” existed in the plasmonic nanostructure can be moderated. As a result, the

investigation of enhanced fluorescence effect of many typed nonperodical nano-

structure, such as silver island film (SiF), fractal-like, and et. al. on fluorescence

have been widely performed.

15.3.2.1 Plasmon Enhanced Fluorescence from Metallic Silver Island

Substrate

Fluorescence enhancement on substrates with metallic islands film was subject to

research since the 1980s [59]. This approach offers the advantage of a relatively

simple preparation method and provides moderate enhancement factors through the

combined effect of Plasmon enhanced fluorescence excitation rate and increased

quantum yield. With the help of thermal vapor deposition method, different thick-

nesses of copper films from 1 to 5 nm were deposited onto glass slides has been

used to study the enhanced fluorescence effect. The experimental observations

show that fluorescence intensity of fluorophores located in close proximity to the

Cu films critical dependence on the Cu thickness, and reaches a maximum 2.5-fold

at 3 nm. The surface plasmons from Cu film can radiate and therefore enhance a

fluorophore’s spectral properties, dedicating to the fluorescence enhancement

[60]. Furthermore, a bimetallic island film (Ag/Cu) was fabricated to study the

enhanced fluorescence. This simple procedure yielded a silver overlayer with

features ranging from random silver nanoparticles to silver thin films on top of

the copper thin films. Compared with free-space emission of fluorophore, the

largest enhancement in PFE was obtained with the silver island deposited for 50 s

onto copper film. The angle of SPCF emission was shifted to smaller angles was

also observed, which is predicted by the Fresnel calculations. So the Ag/Cu

bimetallic combination has enormous implications for SFE-based bioassays than

that using fluorophores emitting over a broad range of wavelengths on a single

assay platform [61].

15.3.2.2 Surface Enhanced Fluorescence from Metallic Fractal-Like

Substrate

The nonlinear electrical and optical properties of disorder metal nanostructured

composites, including thin fractal like films, colloidal aggregates, etc., have been

attracted much attention in recent years. Nanostructured composite materials are

potentially of great practical importance as media with intensity-dependent dielec-

tric functions. Due to the strong fluctuations of the local fields, and these fluctua-

tions of the optical response could be tuned by controlling the volume fraction and
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morphology of constituents [57, 62]. Nonperiodical nanostructures have different

surface plasmonic modes that can interact and form collective surface plasmons

[63]. With the selection of proper EM frequencies, the delocalized surface Plasmon

excitations were created extending over the whole substrate. And also the locali-

zation of plasmon excitations in small areas with giant EM field named as

“hotspot”. Due to localization of optical excitations in fractal, with the strong

morphology-dependent resonances of nanostructure, dedicating to the EM field

concentration, nonperiodical metal nanostructures with fractals-like type have the

potential to strongly amplify a range of effects associated with EM radiation, such

as SFE. As we know, the resonant excitation of plasmons in metallic nanostructures

can generate intense electromagnetic field on the surfaces of metals, which in turn

provide dramatic increases in the detected spectroscopic signals for molecules

located in the close vicinity of metal surfaces. It is has been shown that fluorescence

enhancement effect fluorophore emission was observed on “hotspots” in silver

fractal-like nanostructure [64]. The combination of extended fractals’ area and

strong interactions of the excited-state fluorophores with the collective surface

plasmons of the fractal-like structure are contributed to the fluorescence enhance-

ment on silver fractals nanostructure. Prof. Tanya Shtoyko study the enhanced

fluorescence effect from the silver fractal-like nanostructures fabricated by electro-

chemical reduction of silver on the surface of glass slides [65]. A significant

enhancement (more than 100-fold) of the signal was detected on fractals compared

to bare glass. It is demonstrated that such fractal-like structures can assist in

improving the signals from assays used in medical diagnostics, especially those

for analytes with molecular weight under 100 kDa (Fig. 15.8).

The fluorescence enhancement effect is very sensitive to the topography and

dielectric property of metal substrate. Prof. Zheng investigated enhanced fluores-

cence effect from the metallic substrates with complex structures, which are made

of silver fractal-like structure and nanoparticles, are prepared through electrochem-

ical reduction followed by physical deposition [66]. The surface enhanced fluores-

cence of Rh6G monolayer molecules deposited on the prepared complex substrates

are investigated with laser spectroscopic technique. The experimental results show

that the fractal-like structure decorated with silver nanoparticles presents stronger

fluorescence enhancement, as high as 12.0-fold, comparing with silver

nanoparticles or pure silver fractal-like structure. The better enhancement effect

from the fractal-like sample was attributed to the fact that localized plasmons

created more “hot spots” in the formed three dimensional nanostructure.

Furthermore, the experimental observation of surface enhanced spectroscopy,

including SERRS and SEF, from Rh6G monolayer deposited on the electrochem-

ically fabricated fractal-like silver substrate is presented [67]. Based on the AFM

characterization of fractal nanostructure substrate, we numerically study the EM

field distribution of fractal substrate with finite element method (FEM), it shows

that giant local EM enhancement is formed on the prepared substrate, which boosts

Raman and fluorescence signals simultaneously. When the fractal-like silver nano-

structure composing constituent particles are illuminated by incident light, oscilla-

tion of dipole moments are induced which interact strongly via dipolar interactions,
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resulting in the formation of collective optical mode. Since the enhanced optical

process is proportional to the local EM field in the silver fractal-like surfaces, the

resulting enhancement associated with the “hotspots” can be extremely large.

Specifically, because the local enhancement factor / Ej j4 for SERRS and / Ej j2
for SEF, it can reach giant local enhancement factor, making Raman and fluores-

cence spectroscopy of adsorbed fluorophore located in vicinity of fractal-like

structure could be experimentally observed. The result is helpful for exploring the

possibility of studying the properties of the molecules with both vibrational and

electronic transitions simultaneously (Fig. 15.9).

As reported in Ref. [68], the diffusion-limited aggregation model is widely used

to explain the growth of silver dendrites. The evolution of the silver aggregates to a

thermodynamically stable flower-like dendrite nanostructure attributed to strong

anisotropic growth. Based on the galvanic displacement reaction method, with

properly controlled experimental condition, such as reaction time and solution

Fig. 15.8 High-magnification laser scanning confocal microscope images; the images of the

immunoassay performed on a glass slide with fractal-like structures (left column), the immunoas-

say performed on a clean glass slide (middle column), and a nonspecific binding performed on a

glass slide with fractal-like structures (right column): (a) the fluorescence images of the immuno-

assay prepared on the glass slide with fractal-like structures, (c) the immunoassay prepared on a

clean glass slide, and (e) a nonspecific binding performed on a glass slide with fractals; (b) the
images in transmission mode of the immunoassay prepared on the glass slide with fractals, (d) on a
clean glass slide, and (f) on a glass slide with fractal-like structures with nonspecific protein

binding. The bars on all images represent 5 μm (adapted with permission from [65]. Copyright

(2010) American Chemical Society)
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concentration, a heterogeneous silver flower-like dendrites nanostructures with

well-crystallized separate hexagonal plates was fabricated, which exhibits very

good fluorescence enhancement capabilities [69]. According to the distance depen-

dent nature of the SEF effects, Prof. Li study the distance effect on the enhanced

fluorescence by introduction of stimulus-responsive PAA/PDDA multilayer film as

an interlayer, the distance between the fluorophores and the silver dendrites

nanostructures could be tuned by immersing the substrates into solutions of differ-

ent ionic strength or pH [70].
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Fig. 15.9 (a) AFM image of silver fractal nanostructure, (b) the simulated model of fractal

nanostructure marked with red line circle, (c) the electrical field with 532 nm (up) and 633 nm

(down), and (d) enhanced spectra of Rh6G molecules on (a) reference glass substrate, and (b)
silver fractal-like substrate (adapted with permission from [67])
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15.3.2.3 Surface Enhanced Fluorescence from Deposited Metallic

Nanoparticle Substrate

Noble-metal (such as Cu, Ag, and Au) nanoparticles have been the subject of

extensive studies due to their extraordinary geometrical-dependent optical proper-

ties. Specifically, these nanoparticles exhibit strong UV-visible absorption band

that is not present in the spectrum of the bulk metal. This absorption band results

when the incident photon frequency is resonant with the collective electrons and is

known as LSPR, which is strongly depends on the nanoparticle size, shape, and the

surrounding medium. With the help of LSPR, the local enhanced EM field can be

formed. As a result, by introduction of nanoparticles with properties geometrical

shape, the emission of fluorophore can be moderated. However, Due to

non-radiative decay rat is critically depends on the fluorophore–metal particles

distance, SPR do not always enhance the emission properties of the fluorophore

[71]. So the investigation of the coupling effect between the resonance of the metal

particle and the emission of the fluorophore is extremely importance.

In order to prepare the enhanced fluorescence substrate with uniform distribution

of metal nanoparticles, the self-assembly method are often adapted in the sample

fabrication process. For example, when the silanized glass substrate coated with

3-aminopropyltrimethoxysilane (APS) immersed into a colloidal solution, the silver

or gold nanoparticles can be immobilized on the surface, and the density of silver

nanostructures could be controlled by both the amount of time the substrate was

immersed in the colloidal solution and the concentration of the colloidal solution.

Prof. E. M. Goldys [72] has been developed for the deposition of uniform silver-

coated nanoparticles on glass substrate and demonstrate that the Au core-Ag shell

nanostructures on glass surfaces are promising substrates for fluorescence enhance-

ment with outstanding macroscopic. The origin of this enhancement for appropriate

size nanoparticles is attributed to the effect of an increased excitation rate from the

local field enhanced by the interaction of incident light with the nanoparticles

and/or higher quantum yield from an increase of the intrinsic decay rate of the

fluorophore. By employing sequential surface modification method, Prof. C. D.

Geddes employed polycarbonate (PC) films as substrate to deposit silver

nanoparticles on it [73]. It was found that the silver nanoparticles were deposited

more homogeneously onto PC films etched by UV-radiation as compared to PC

films etched with sodium hydroxide. And Enhanced emission of fluorescence from

FITC was observed from the silver-deposited side of the PC film as compared to the

non-silvered side. By comparing the fluorescence enhancement of dyes on different

shaped silver nanoparticle self-assembled films, such as spherical, rod-shaped,

nanotetrahedral and prismatic silver NP SA films, with a proper thickness poly-

electrolyte spacing layer, the localized plasmon controlled fluorescence has been

systemically investigated [74]. It is found that the strategy of LSPR band coupling

with the excitation band of dyes is more efficient than the strategy of the LSPR band

overlapping the emission band.
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Due to the Plasmon enhanced fluorescence is a property of the near-field

interaction of an excited state fluorophore with the enhanced local EM field

generated on the metal nanoparticle, the coupled metal NPs could produce larger

enhancement when the fluorophore is located in the proper position [75]. Silver

nanopartilce arrays were prepared by means of combining nanoimprint lithography

and electrochemical deposition methods. Due to the different coupling efficiency

between the emission of the fluorophores and surface plasmon resonance band of

the metallic nanostructures, the fluorescence intensity can be tuned by engineering

the feature size of the SNP arrays. It is found that the fabrication of effective SEF

substrate with high local EM field or “hot spots” will produce better fluorescence

enhancement. Prof. Zheng observed the simultaneous enhanced Raman and fluo-

rescence spectrum from the gold dimers and trimers nanostructure [76]. Particularly

the dimensional of enhanced substrates play an important role for enhancing the

fluorescence emission. It is shown that two-dimensional (2D) silver nanoparticle

(AgMy) sheets can enhance the fluorescence only when the excitation wavelength

overlaps with the plasmon resonance wavelength [77]. Compared to 2D nanostruc-

ture, the larger enhanced local EM field with further deposition of SNPs on the top

of monolayer SNPs structure, more “hot spots” are produced and larger enhanced

local EM field were formed in the 3D nanostructured substrate. When the dye

molecules located nearby the 3D nanostructure, giant enhanced fluorescence emis-

sion will be observed. The result suggests that a metallic substrate with 3D

nanostructures can produce better fluorescence enhancement, which is important

for studying the mechanism and expanding the potential applications of enhanced

fluorescence effect [78] (Fig. 15.10).

It is reported that the luminescence enhanced effect from Ln-doped NCs situated

near noble metal nanostructures is generally attributed to the local field enhance-

ment associated with the excitation of SPR in the metal nanostructures [79, 80],

which under favorable circumstances can increase the sample’s absorption and

emission cross sections. As in SERS, the plasmonic metal NPs act as antennas

which concentrate (and therefore increase) the strength of the optical fields exciting

the transitions in the luminescent NCs (and also the upconversion process).

Recently, the enhancement of lanthanide-based UC and downshifting

(DS) luminescence were experimental observed simultaneously on metal

nanodisk� insulator�metal (MIM) nanostructure fabricated via a nanotransfer

printing method [81]. The optimized Ag nanodisk array and conversion layer

thickness of the structure matched the MIM resonance mode, which resulted in

174- and 29-fold enhancement of UC and DS luminescence, respectively. The

proposed MIM structure is a promising way to harness the entire solar spectrum

by converting both ultraviolet and near-infrared to visible light concurrently

through resonant-mode excitation (Fig. 15.11).

The robust DS and UC luminescence enhancement in lanthanide ions residing on

silica hybrid nanostructures (LaF3:Yb
3þ, Er3þ@SiO2) decorated with varying

quantities of Ag NPs was also studied recently [82]. By using an appropriate
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model for the fluorescence enhancement and the simultaneous quenching effects

induced by the presence of the plasmonic metal NPs, the luminescence enhance-

ment as a function of Ag nanoparticle (NP) loading with the rates of luminescence

buildup and decay are observed.
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Fig. 15.10 AFM image of prepared substrates (a) 2D nanostructure with SNP monolayer and (b)
3D nanostructure with double-layer SNPs, and the simulation of EM field distribution in 2D (d),
3D (e) nanostructure with FDTD method (Lumerical FDTD solutions 7.0.0), and (c) is the 3D

model (adapted with permission from [78])
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15.3.3 The Spacer and Wavelength Effect Towards
the Fluorescence Enhancement

The enhanced and quenched effect of fluorescence are critically effect by the

separation distance between fluorophore and plasmnoic nanostructure and spectra

characteristics (absorption and emission of the fluorescence materials and LSPR

wavelength of the plasmon nanostructures) [84]. Tuning of the spacing between the

fluorophore and metallic substrate is also expected to change the coupling between

LSPR and excited state fluorophore. As a result, many researches have been done to

precisely modulate the distance with high resolution, such as adapted SiO2 [83],

TiO2 [85], Al2O3 [86], LB monolayer [87] and DNA molecules [88] as spacers.

Prof. Stuart Lindsay and Yan Liu Using stoichiometrically controlled 1:1

functionalization of gold nanoparticles with fluorescent dye molecules (Cy3 and

Cy5 molecules) in which the dye molecule is held away from the particle surface by

a rigid DNA spacer allows precise determination of the distance-dependent effect

of the metal nanoparticles on fluorescence intensity [88].

Prof. Lukas Novotny investigates the fluorescence rate of a single molecule as a

function of its distance to a laser-irradiated gold nanoparticle from experimental

and theoretical aspect. By varying the distance between molecule and particle, they

Fig. 15.11 (a) Energy diagram of UC material (NaYF4:Yb
3þ,Er3þ) and comparison of the

plasmonic effects of the MI and MIM structures simulated using the FDTD method. Distribution

of the squared intensity of electromagnetic field in the x,y plane measured at different z positions
(color-coded), ∑H/2|E|

2 (r,z), for the (b) MI and (c) MIM structures, respectively. Vertical dotted
lines guide the position of the top of the Ag nanoparticle (NP). Integrated ∑H/2|E|

2 (r,z) over the
z space occupied by the UCNPs, ∑d,H/2|E|

2 (r), for the (d) MI and (e) MIM structures, respectively.

Color-filled circles guide the array of the UCNPs (sized to scale) (blue for active and brown for

nonactive under the plasmonic effect) (adapted with permission from [81]. Copyright (2015)

American Chemical Society)
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realized that the continuous transition from fluorescence enhancement to fluores-

cence quenching, as shown in Fig. 15.12. It is proved that the local field enhance-

ment leads to an increased excitation rate whereas nonradiative energy transfer to

the particle leads to a decrease of the quantum yield (quenching) [89].

Besides to the spacer effect, the spectra dependence of plasmon enhancement for

fluorescence is also important. Prof. C. D. Geddes study the metal-enhanced

fluorescence (MEF) from 6-propionyl-2-dimethylaminonaphthalene (Prodan) in

different solvents when placed in close proximity to silver island films (SIFs),

surface-deposited nanoparticles [90]. They observe that MEF is wavelength depen-

dent, that is, the enhanced emission of Prodan on SIFs in different solvents changes

from 1.5- to 3-fold as compared to a glass control sample containing no silver

nanoparticles. Our findings strongly suggest that MEF of Prodan in different

solvents is correlated with the scattering portion of the extinction spectrum for

metallic particles, i.e., the fluorophore couples and radiates through that scattering

mode, which further confirms our laboratories current interpretation of the MEF

effect. Several works have been reported that the investigation of the distance and

Fig. 15.12 (a) Fluorescence rate as a function of particle-surface distance z for a vertically

oriented molecule (solid curve: theory, dots: experiment). The horizontal dashed line indicates

the background level. (b) Fluorescence rate image of a single molecule acquired for z� 2 nm. The

dip in the center indicates fluorescence quenching. (c) Corresponding theoretical image (adapted

with permission from [89])
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Plasmon Wavelength dependent Fluorescence of fluorophore via nanorod or nano-

particle substrate [91, 92]. Prof. Udo Bach invesitgate the fluorescence quenching

of four different dye molecules, which absorb light at different wavelengths across

the visible spectrum and into the near infrared, is studied using a rigid silica shell as

a spacer for the first time [92]. A comprehensive experimental determination of the

distance dependence from complete quenching to no coupling is carried out by a

systematic variation of the silica shell thickness. The plasmonic field enhancement

in the vicinity of the 13 nm gold nanoparticles is calculated as a function of distance

and excitation wavelength and is included in all calculations. Electrodynamic

theory predicts the observed quenching quantitatively in terms of energy transfer

from the molecular emitter to the gold nanoparticle.

Recently, Lin’s group report a novel plasmon-enhanced fluorescence system in

which the distance between UCNPs and nanoantennae (gold nanorods, AuNRs) was

precisely tuned by using layer-by-layer assembled polyelectrolyte multilayers as

spacers [93]. By modulating the aspect ratio of AuNRs, localized surface plasmon

resonance (LSPR) wavelength at 980 nm was obtained, matching the native exci-

tation of UCNPs resulting in maximum enhancement of 22.6-fold with 8 nm spacer

thickness. These findings provide a unique platform for exploring hybrid

nanostructures composed of UCNPs and plasmonic nanostructures in bioimaging

applications.

15.4 Conclusion

Placing luminescent center (Ln-doped NCs or fluorescent molecules) near

plasmonic nanostructure (with resonances close to the absorption and/or emission

frequencies of the fluorohphore), by tailoring the electromagnetic environment and

mastering the local environment, offers additional channels for luminescence

quenching (and enhancement) over and above what occurs with bulk metal sur-

faces. SPP and LSPR excited in periodical and nonperiodical metal nanostructures

provide also very intense electromagnetic enhancement (for instance in ‘hot spots’).
So the spectrum emission from the fluorophore in the vicinity of nanostructured

metallic surface can be modified by controlling the geometrical shape, composition

of the metallic nanostructure and dielectric properties of the surrounding media.

This chapter described for emission control and enhancement of the fluorophores

are readily applicable to other sources of fluorophore luminescence (such as

chemiluminescence, electroluminescence and phospholuminescence) and their

applications in point-of-care medical diagnostics, food control, and safety.
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Chapter 16

Remote Spectroscopy Below the Diffraction
Limit

James A. Hutchison and Hiroshi Uji-i

Abstract The ability to confine and direct light propagation at the surface of

metals via surface plasmon polaritons has been at the centre of the growth in

interest in nanoscale engineering of noble metals over the past decades. This

chapter reviews the recent development in our laboratories of novel techniques

for remote Raman and fluorescence sensing using sub-diffraction limit diameter

metallic nanowires as plasmonic waveguides. Applications of remote sensing for

chemical and live cell spectroscopy are discussed as well as insights into super-

resolution imaging of metallic nanostructures.

Keywords Remote excitation • Sub-diffraction limited plasmonic waveguide •

Live cell spectroscopy • Super-resolution imaging

16.1 Introduction

The ability to confine and direct light propagation at the surface of metals needs

little introduction and has been at the centre of the growth in interest in nanoscale

engineering of gold and silver over the past two decades. Surface plasmon

polaritons (SPPs), the coherent coupling of an electromagnetic field with the free

electron plasma at the metal surface, are at the origin of this surface confinement

[1, 2]. The optical response of silver and gold (>550 nm) in the visible region, that

is, a negative, real permittivity, defines the SPP at an interface with a dielectric

material. The intensity of the SPP is maximal at the interface and decays into both

the metal and the dielectric media (1/e decay length ~20 nm into the metal medium

and several hundreds of nm into the dielectric medium). The high field intensity
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directly at the interface makes SPPs of extreme interest for spectroscopic studies of

surfaces.

The SPP propagation distance along the interface is mostly determined by

absorption in the metal (i.e., the magnitude of the imaginary part of the metal

permittivity). The origin of this absorption is primarily Ohmic heating however

losses can also occur via radiative channels, specifically the scattering of the SPP

into far field radiation by surface imperfections (roughness) [3, 4]. The latter can in

principle be reduced by careful growth of atomically flat metal surfaces or by using

crystalline nanoparticles. Nevertheless, even for intrinsically low-loss metals like

silver and gold at red-to-near-IR wavelengths, the characteristic propagation length

of the SPP is typically in the micron-to-millimetre range. Though much progress

has been made in the area of gain assisted SPP propagation [5, 6], and while the

practical development of intrinsically low-loss negative index materials remains in

its infancy [7, 8], the transport of optical signals over distances greater than

millimetres will remain the prerogative of dielectric waveguides.

Nevertheless, techniques which benefit from the confinement and transport of

light as SPPs over micron distances remain eminently practical, and an entire field

has emerged to make use of SPPs for optical nano-circuitry (plasmonics) [9, 10]. In

early 2009, Ujii-i, Hofkens, Hutchison, and co-workers pioneered another tech-

nique, the concept of remote sensing on sub-diffraction limit diameter metallic

nanowires [11]. They demonstrated the detection of surface-enhanced Raman

scattering (SERS) [1] from molecules adsorbed at points of nanoparticle adsorption

on a silver nanowire many microns away from the point of laser excitation, with the

excitation light delivered to the hotspot via SPP propagation. The technique was

dubbed remote excitation SERS or RE-SERS, shown conceptually in Fig. 16.1, and

was a logical connection of two areas of very active research.

These were, firstly, the enormous body of work focusing on SERS from mole-

cules in the vicinity of gold and silver nanoparticles begun decades earlier with the

first observation of anomalously intense Raman scattering from pyridine on rough-

ened silver films by Fleishmann, Hendra and McQuillan in 1973 [12]. It is now

well-established that localized SPP resonances, particularly coupled resonances

between two nanoparticles, provide very large EM field enhancements in a

few-nanometre region, or hotspot, in the gap between the nanoparticles, which

can enable detection of few or even single molecule SERS [1, 13, 14]. These

hotspots can provide a SERs enhancement factor (EFSERS) as high as 1011 for two

silver nanoparticles of 25 nm diameter and separated by a 1 nm gap when optically

pumped at the coupled SPP at ~650 nm [1]. Label-free sensing of the vibrational

signatures of even a single molecule makes SERS potentially the most powerful

molecular sensing technique available if SERS hotspots can be reproducibly fabri-

cated and brought to the point of interest effectively.

Secondly, the study of the propagation and in/out-coupling of SPPs on crystal-

line metallic nanowires was also well advanced. Dickson and Lyon were the first to

show the launching of SPPs by focused laser excitation at one end of a silver or gold

nanowire, showing that the propagation efficiency depended on the excitation

wavelength (governed by the frequency dependence of the imaginary part of the
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metal permittivity), and coupling SPPs from one wire to another [15]. Sanders

et al. also showed that propagating SPPs could fan out into several nanowires at

wire intersections allowing them to estimate a propagation length of 3 μm for

830 nm excitation of a 100 nm diameter nanowire [16]. Kreibig, Krenn, Ditlbacher

and co-workers observed SPP decay along a silver wire using both near-field and

fluorescence imaging, finding a propagation length of ca. 10 μm for 785 nm

excitation of a 100 nm silver nanwire [4, 17]. Nordlander, Halas, and co-workers

had shown that nanoparticles adsorbed on the surface of a nanowire could effi-

ciently in-couple light into SPPs along the wire and vice versa [18], as predicted

earlier by Hao and Nordlander [19]. Lukin and co-workers showed that a single

quantum dot could in-couple its emission to surface plasmons along a

nanowire [20].

In 2008, both Nordlander, Xu and co-workers, and Moskovits and co-workers,

reported SERS from molecules at the junction between a nanoparticle and a

nanowire in which excitation and detection were directly at the junction

[21, 22]. Finally, in early 2009, Ihee, Kim and co-workers reported SERS from a

hotspot between a metal film and a nanowire, again with excitation directly at the

point of SERS detection [23].

Fig. 16.1 The concept of remote spectroscopy on sub-diffraction limit diameter metallic

nanowires. In this case SERS hotspots at points of nanoparticle adsorption along the nanowire

are excited by SPP propagating along the wire. Separating the excitation laser focus from the

detection volume reduces the spectroscopic background and photo-degradation of the sample.

(Figure adapted from Ref. [11])
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In light of all these works on SERS sensing using localized SPPs, and nanowire

plasmonics using propagating SPPs, our demonstration of remote excitation of a

SERS hotspot between a nanoparticle and a nanowire using propagating SPPs

launched far away from the hotspot was a natural next step. Just months after our

publication [11], Nordlander, Xu, and co-workers published their own demonstra-

tion of remote excitation SERS [24], confirming all our conclusions. The funda-

mental advantages of separating by many microns the focused excitation source and

the detection volume in remote spectroscopy using propagating SPPs are:

1. A dramatic improvement in signal-to-noise ratio of spectra measured by remote

excitation. This is because the excitation volume is reduced from the diffraction-

limited focused laser spot to the sub-diffraction limit dimensions of the SPP

mode volume, reducing concomitantly background scattering and emission.

2. A reduction in photo-degradation of the sample at the point of interest. The

reduced photo-thermal damage is again due to a reduction in the excitation

volume, this is shown most clearly in the studies of remote spectroscopy studies

of biological specimens in Sect. 16.4.

3. An increase in the spatial resolution for sensing due to the highly confined nature

of the SPP mode volume.

4. A reduction in the mechanical damage done by the probe to the environment

being probed. This is because metallic nanowires of diameters down to 20 nm

can function as efficient SPP waveguides. The advantage of using

sub-diffraction limit diameter probes is shown most clearly in Sect. 16.4

where endoscopy of live biological specimens is undertaken.

16.2 General Methods for Remote Spectroscopy on Silver
Nanowires

Before discussing various studies undertaken in our laboratories employing remote

spectroscopy on metallic nanowires, a brief explanation of some general methods

are presented herein.

We employed chemically synthesized crystalline silver nanowires for remote

spectroscopy experiments. The nanowires were synthesized using the well-known

polyol method in which ethylene glycol acts as both solvent and a weak reductant

[25]. Growth of long aspect ratio rods and nanowires occurs due to selective

binding and passivation of the {100} side facets of the nanowire by poly(vinylpyr-

rolidone), PVP. The {111} facets at the end of the wire do not bind PVP as strongly

and remain relatively reactive to further growth. The resulting nanowires have a

5-fold twinned structure with a pentagonal cross-section, and are typically

50–300 nm (average 100 nm) in diameter with lengths of 2–30 μm. There are

always other nanoparticle types such as spheres and cubes that are also present in

the final suspension and which can be partially removed by centrifugation or

filtration. We modified the polyol method to improve the yield of nanowires over
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other particle types by irradiating the solution at the nucleation stage with a

tungsten halogen lamp (wavelengths 400–800 nm). This was shown to improve

the nanowire yield by fast nucleation of multiply-twinned decahedral nanoparticles,

likely due to plamon-associated thermal effects [26].

Experimentally remote spectroscopy can be easily implemented on a standard

confocal optical Raman/fluorescence microscope, with the addition of a piezostage

recommended to aid in correct nanostructure positioning. A remote spectroscopy

experiment can then be simply performed by the following steps:

– The metallic nanowire should be moved until the point of interest for spectro-

scopic detection along the wire is aligned with the detection optics of the

microscope.

– The focused excitation laser which would normally be aligned to overlap with

the detection volume for conventional spectroscopy (referred to as ‘on-particle
excitation’ herein), should then be deliberately ‘misaligned’ such that it excites

instead an end of the nanowire several microns away from the point of detection.

This can be easily achieved by manipulating the final mirror directing the laser

into the microscope.

– Once these two alignment steps have been achieved, normal imaging/spectro-

scopic detection (Raman, fluorescence) is undertaken.

A schematic of the relative alignment of the excitation laser spot and the

detection volume for ‘on-particle’ and remote excitation of a silver nanowire is

shown in Fig. 16.2 for the case where the nanowire serves as an endoscope for

sensing inside a biological cell. The Raman signals were collected by a spectro-

graph equipped with an array detector/cooled electron multiplying charge-coupled

device (CCD) camera combination allowing both spectroscopy and imaging to be

performed.

16.3 Remote Excitation Surface Enhanced Raman
Scattering (RE-SERS)

In this pioneering work [11], silver nanowires were treated with an ethanolic

solution containing the small aromatic Raman reporter, 4-aminothiophenol

(4-ATP). Covalent binding of the reporter molecule to the metallic wire occurred

via the thiol group and the nanowires were then dispersed onto glass substrates and

all non-bound 4-ATP rinsed away. Then a solution of spherical silver nanoparticles

was spin-cast on the sample such that a few nanoparticles were bound to each

nanowire lying on the glass substrate. In this way 4-ATP molecules would be likely

positioned at the junction between the nanowire and the adsorbed nanoparticle, the

optimal position for SERS. An AFM image of a typical nanoparticle-decorated

silver nanowire is shown in Fig. 16.3g.
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Two excitation configurations were employed, wide-field excitation in which the

whole field of view was excited by a 632.8 nm laser, and focused excitation with the

laser focused at the left end of the nanowire to launch SPPs. White light transmis-

sion images and Raman images for 4-ATP nanowires with and without adsorbed

nanoparticles are shown in Fig. 16.3. For the 4-ATP bound nanowire without

attached nanoparticles, no SERS due to 4-ATP is observed above the background

during wide-field excitation (Fig. 16.3b). For focused excitation, scattering can be

Fig. 16.2 Schematic comparing the alignment of the focused excitation laser spot and the

confocal detection volume of the microscope. (a) For conventional (‘on-particle’) microspec-

troscopy, the laser excitation and detection volume are overlapped. (b) For remote microspec-

troscopy, the laser spot is focused many microns away from the detection volume at a launching

point for SPPs on the nanowire. In these experiments the nanowire was fixed to a micromanipu-

lator and used as an endoscope to probe inside live biological cells (see Sect. 16.4) (Figure adapted

from Ref. [28])

Fig. 16.3 White light transmission images of two 4-ATP-bound nanowires, without (a) and with

(d) adsorbed nanoparticles. Raman images of the same nanowires under wide-field excitation,

without (b) and with (e) adsorbed nanoparticles. Raman images under focused excitation at the left

end of the wire, without (c) and with (f) adsorbed nanoparticles, the latter is the RE-SERS

configuration. (g) AFM image of a typical nanoparticle-adorned silver nanowire used in experi-

ments (Figure reproduced with permission from Ref. [11])
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observed at the excited end and decaying away within 2 μm of the wire end, and

scattering from the end of the wire can also be faintly observed, evidence that SPPs

were launched from the excited end of the wire (Fig. 16.3c).

For the 4-ATP-bound nanowire with nanoparticles attached under wide-field

excitation (Fig. 16.3e), bright spots of 4-ATP SERS were observed along the length

of the nanowire. When the excitation light was focused at the left end of the

nanowire, the same 4-ATP SERS hotspots were observed decaying in intensity

with distance from the excited end (Fig. 16.3f). The latter image was good evidence

that SERS hot-spots could indeed be excited when the propagating SPP on the wire

is scattered by an adsorbed NP.

For SERS spectra recorded at the same hotpot for both wide-field (on particle

excitation) and remote excitation, a clear difference was observed. The RE-SERS

spectrum, for which the focused laser light excitation is far from the point of SERS

detection, has much less background (Fig. 16.4 top). This is because the excitation

volume for remote excitation is reduced to the sub-diffraction limit dimensions of

the SPP mode volume and is an example of the fundamental advantages of the

RE-SERS technique listed in Sect. 16.1. The background typically observed in

SERS spectroscopy is due to Raman signals from carbon contamination, enhanced

fluorescence or image-molecule/electronic continuum coupling [1].

It was important to establish beyond doubt experimentally that the SERS

observed from 4-ATP at points of nanoparticle adsorption on the nanowire did

indeed come from remote excitation of SPPs at the end of the wire, and subsequent

SPP propagation along the wire. We conducted several experiments to prove this

beyond doubt. Firstly, we established that intense Rayleigh scattering of the

excitation light during wire-end excitation was not responsible for the SERS

excitation at hotspots along the wire (i.e., a through-space excitation mechanism).

Two nanowires in close proximity were excited independently by focused laser

light at the wire ends (Fig. 16.5). Even if a SERS ‘hotspot’ on one wire was very

close to the end of another wire being excited, no obvious through-space excitation

could be observed. SERS was only observed on the wire being directly excited,

strongly suggesting propagating SPPs were the excitation source.

The second important confirmation was the distance dependence of RE-SERS

intensity during wire-end excitation (see Fig. 16.6). The SPP field intensity decays

as a function of distance from the nanowire end excited due to radiative and Ohmic

losses as already discussed in Sect. 16.1. The characteristic 1/e decay length of

SPPs on silver nanowires of ~100 nm diameter is in the range of several microns for

785–800 nm excitation [16, 17], thus the intensity of SERS at various hotpots along

a nanowire would be expected to decay similarly as a function of distance from the

excited end. We studied RE-SERS on nanowires with multiple nanoparticles

attached, to measure the exponential decay of SERS intensity as a function of

distance from the wire end. The experiments were complicated by the well-known

SERS blinking phenomenon [1]. Fluctuations in SERS intensity as a function of

time from a single hot-spot are thought to occur due to orientation changes or

diffusion of molecules in or out of the hot-spot region over the time of measurement
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(typical image integration times were 1–5 s). Nevertheless, studying a single

nanowire over time, and several different nanowires, we could estimate an average

characteristic 1/e decay length for RE-SERS intensity of ~2.7 μm, in good agree-

ment with that observed previously for SPP decay (Fig. 16.6e).

Fig. 16.4 SERS spectra

due to 4-ATP at a nanowire/

nanoparticle junction during

remote excitation (upper
spectrum) and during ‘on-
particle’ excitation (lower
spectrum)
(Figure reproduced with

permission from Ref. [11])

Fig. 16.5 (a) White light

transmission image of two

closely spaced nanowires.

(b, c) Raman images of the

same two nanowires

separately excited by

focused laser light at the

wire end (Figure reproduced

with permission from Ref.

[11])
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Finally both the excitation polarization and wavelength dependence of

RE-SERS were also consistent with the known efficiencies of SPP launching and

propagation on nanowires. RE-SERS was more efficient during 633 nm laser

excitation than during 488 nm laser excitation, which reflects the wavelength

dependence of the imaginary part of the permittivity of silver and thus the higher

absorption of Ag at near-UV frequencies. RE-SERS signal intensity was also much

greater when the focused laser was polarized along the long axis of the nanowire

compared to when the polarization was parallel. This agrees with the known

polarization dependence of in-coupling efficiency for incident light focused at the

end of a metallic nanowire [17].

Just months after the publication of our work, Xu, Nordlander and co-workers

published a confirmation of the RE-SERS technique [24], measuring RE-SERS of

malachite green isothiocyanate (MGITC) on silver nanowires. They employed an

MGITC concentration such that, on average, less than one molecule was likely to be

located at any single nanoparticle/nanowire junction along the wire, thus the work

was an important demonstration of the sensitivity of the technique. Their theoretical

studies confirmed our conclusions that SERS hotspots between a nanoparticle and a

nanowire could be efficiently excited by propagating SPPs running along the wire.

They estimated a 1/e decay length of the SPP field to be 4.4 μm, very similar to our

experimental result, and an enhancement factor, EFSERS, of 10
7–108. Finally their

Fig. 16.6 A 4-ATP-bound nanowire with multiple nanoparticles adsorbed. (a) White light

transmission image, (b) Raman image under wide-field excitation, and Raman image under

focused excitation at left end of the wire in (c) 2-D, and (d) 3-D. Multiple hotspots are numbered

1–5 as indicated by arrows. (e) Semi-log plot of RE-SERS intensity at each hotspot as a function of

distance from the excited end of the wire. (f) 4-ATP spectra at the hotspots indicated, the

background is reduced as the distance between the hotspot and the point of excitation increases

(Figure reproduced from Ref. [11])
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SEM studies corroborated our AFM studies proving that the RE-SERS hotspots

along the nanowire did indeed exactly correspond to points of nanoparticle

adsorption.

Since our initial report in 2009, the use of metallic nanowires for remote

spectroscopy has expanded dramatically, and a very recent review has detailed

the experiments showing dual remote excitation of RE-SERS on coupled

nanowires, remote sensing of Raman optical activity, remote excitation of

SPP-induced catalysis, live cell endoscopy, and much more [27].

16.4 Applications of RE-SERS: Live Cell RE-SERS
Endoscopy

For remote spectroscopy using sub-diffraction limit nanostructures to fulfil its

ultimate promise, the probe must be able to be controllably placed on or near a

region of interest with high precision. In this section the application of metallic

nanowires as probes for remote Raman sensing in live cells is presented [28]. The

work clearly demonstrates the advantages of remote spectroscopy on

sub-diffraction limit nanostructures listed in Sect. 16.1. A sub-diffraction limit

diameter probe is required to penetrate the cell membrane causing as little stress

as possible, while the separation of the excitation and detection regions avoids

photo-thermal damage to the cell during RE-SERS and improves the signal-to-

noise ratio of the SERS spectra.

Non-invasive, high spatial resolution, live cell spectroscopy using nanowires has

enormous potential application for in vitro disease diagnostics and for sensing the

intracellular distribution and chemistry of bioactive compounds [29]. SERS spec-

troscopy is well suited to this task as it is label free, it emanates from a hotspot of a

few nanometers diameter, and it can provide well-resolved spectral signatures for

identification of compounds with near-single molecule sensitivity. Live cell SERS

endoscopy, in which a SERS probe is precisely positioned at intracellular regions of

interest, is thus a powerful technique if it does not alter normal cell function. To this

end we developed a cost efficient, high throughput method for attaching silver

nanowires of 50–150 nm diameters to a tungsten tip, as shown in Fig. 16.7, for use

in SERS endoscopy of live cells.

Briefly the nanowires were attached to an electrochemically etched tungsten tip

using the alternating current dielectrophoresis (AC-DEP) method (shown schemat-

ically in Fig. 16.7a). High throughput was ensured by adhering many tungsten wires

to an ITO glass electrode using silver paste (Fig. 16.7b). The tungsten tips were

immersed in a solution of silver nanowires in a water/ethanol mixture and an AC

voltage applied (frequency 1 MHz, amplitude 8 V) between the tungsten tip and a

ring-shaped platinum wire electrode for ~10 s. The silver nanowires were thus

attached in a bundle to the end of the tungsten tip, with a single nanowire normally

protruding from the bundle to serve as the SERS endoscope. By chance, a few small
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nanoparticles adsorbed to the nanowire during the AC-DEP process, which could

then act as hotspots for RE-SERS spectroscopy (see SEM images, Fig. 16.7c, d).

Following annealing and gluing conductive epoxy on the silver nanowire bundle/

tungsten tip, the probe was ready for use in live cell endoscopy experiments.

The target for the endoscopy measurements were living HeLa cells grown in a

glass bottom dish. The dish could be placed on an inverted fluorescence microscope

such that both SERS excitation and imaging/spectroscopy could be undertaken in

epi-configuration using an ordinary high NA objective (see schematic in Fig. 16.2).

The cell growth solution was replaced by Hank’s balanced salt solution (HBSS) just
before endoscopy commenced. The live cell was approached from above by the

silver nanowire/tungsten probe attached to a micromanipulator and live endoscopy

studies undertaken.

Fig. 16.7 (a) Schematic of the alternating current dielectrophoresis (AC-DEP) method for

attaching silver nanowires to an electrochemically etched tungsten tip. (b) Multiple tunsgsten

tips arrayed on an ITO support to aid throughput. (c, d) SEM images of a SERS endoscope

protruding out from a bundle of silver nanowires glued to a tungsten tip, with some silver

nanoparticles attached (Figure adapted from Ref. [28])
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As already mentioned, a challenge for live cell endoscopy is to be able to

penetrate the cell and undertake analyses without unduly stressing the cell. An

increase in the concentration of Ca2þ in the cytoplasm is an indicator that the cell

membrane has been damaged. Here we assessed cell membrane stress using the

fluorescent dye Calcium GreenTM-1, which exhibits a strong increase in fluores-

cence quantum yield when bound to Ca2þ (the Calcium Green-1 was added to the

growth solution earlier together with Chremaphore EL to enhance uptake).

The nanowire probe was brought to the cell at an angle of 30� to the horizontal

with the micromanipulator and gently inserted through the cell membrane. For a

comparison stress test, a typical conical probe used in tip-enhanced Raman scat-

tering studies (TERS), i.e., the electrochemically etched tungsten wire, was also

inserted into HeLa cells. The fluorescence images before, during and after probe

penetration in each case are shown in Fig. 16.8. For conical probe insertion,

Calcium Green-1 fluorescence was increased ~20 times at the point of insertion.

For the silver nanowire probe however, insertion did not lead to any significant

increase in Calcium Green-1 emission during insertion or following withdrawal.

Nanowires with diameters between 50 and 150 nm showed similar results,

suggesting endoscopy with sub-diffraction limit diameter probes does not unduly

modify the normal behaviour of the cell.

Live HeLa cell endoscopy was then undertaken using the two configurations

shown in Fig. 16.2. Conventional (‘on-particle’) SERS spectroscopy/imaging was

undertaken, in which the excitation laser (632.8 nm) and the detection volume were

overlapped. The circularly polarized laser excitation was focused either at the wire

end or at positions of nanoparticle adsorption along the nanowire within the cell,

and SERS detected from the same position. For the RE-SERS spectroscopy/imag-

ing configuration, excitation was focused on a part of the nanowire outside the cell,

launching SPPs that then propagated into the cell for SERS hotspot excitation.

Laser excitation was focused either at an adsorbed nanoparticle on the nanowire but

outside the cell, at the nanowire end outside the cell, or at a junction between the

nanowire probe and another nanowire outside the cell.

SERS spectra at hotposts along the nanowire in different cell compartments

during ‘on-particle’ excitation are detailed in Fig. 16.9a–d. Spectra taken in the cell
cytoplasm showed very little signal, similar to spectra taken from hotspots in the

HBSS carrier solution. This is not surprising since the cytoplasm contains a dilute

mixture of salts and other species with low Raman cross-sections. SERS spectra

from hotspots positioned in the nucleus showed much stronger signals in the

fingerprint region from 900 to 1700 cm�1, likely due to aromatic species with

large Raman cross-sections associated with proteins or DNA. Exact identification is

impossible however due to the high background of the spectrum when taken using

‘on-particle’ excitation.
A more serious consequence of conventional SERS endoscopy, with direct laser

excitation of the probe inside the cell, was that following a SERS experiment parts

of the cell typically become strongly adhered to the probe. Continuing to withdraw

the nanowire then destroyed the cell, pulling its contents into the buffer solution

(Fig. 16.10a–c). The cell then typically became round in shape and floated to the top
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of the buffer solution indicating cell death. This is likely due to photo-thermal

degradation of the cell due to direct irradiation by the focused laser on the probe and

surrounds (typical power density employed was 1–10 kW/cm2, and the image

integration time was ~5 s).

RE-SERS endoscopy overcomes both of the issues exemplified in Figs. 16.9 and

16.10. Transmission and RE-SERS images of a live Hela cell are shown in

Fig. 16.11a–c. Laser excitation is focused at the probe outside the cell, launching

SPPs which travel down the wire and into the cell, exciting SERS at an adsorbed

nanoparticle inside the cell. Transmission and RE-SERS images show that point of

excitation and point of SERS detection are clearly separated (Fig. 16.11c). In this

case SERS spectra can be taken and the probe removed typically without damaging

or destroying the cell. Furthermore the spectra have much better signal-to-noise

ratio compared to ‘on-particle’ excitation. An example is shown in Fig. 16.11d, for

a RE-SERS spectrum taken from a hotspot inside the nucleus. The peaks are clearly

distinguishable which could allow identification species, though this task is not

undertaken here.

These experiments are an excellent demonstration of the unique advantages of

remote spectroscopy on sub-diffraction limit diameter nanostructures.

Low-background SERS spectra can be taken from different compartments of a

cell with minimal damage to the cell either mechanically during probe penetration/

removal, or by photo-thermal effects during the SERS measurements. The great

limitation of RE-SERS endoscopy is the limitation of all SERS experiments, that is,

that the hotspot for SERS enhancement is highly spatially localized within a few

nm2 right in the nanogap between the nanoparticle and the nanowire [1]. Thus this

hotspot is not always easily accessible to analytes in solution. Future work to

Fig. 16.8 White light transmission image of the tungsten probe (a) and fluorescence images of a

Calcium Green-1-stained HeLa cell before (b), during (c), and after (d) probe insertion. (e–h) The
corresponding images but using a 50 nm diameter nanowire probe (Figure adapted from Ref. [28])
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improve these RE-SERS endoscopy experiments would focus on making the SERS

hotspot more reproducible, perhaps by on-wire etching, and also making it more

specific for biomolecules of interest by binding a receptor at the hotspot. Finally, we

recently extended remote spectroscopy using silver nanowire probes by using them

in Tip-enhanced Raman Scattering (TERS) experiments where they reduced

tip-sample convolution effects compared to conventional conical tips [30].

Fig. 16.9 (a) Schematic of the different regions (buffer solution, HeLa cell nucleus, HeLa cell

cytoplasm) from which were recorded the conventional ‘on-particle’ SERS spectra shown in (b, c,
and d), respectively (Figure adapted from Ref. [28])
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16.5 Remote Excitation of Single Molecule Fluorescence

The perturbation of atomic and molecular photophysics within the near field of a

metal surface has been a topic of interest for more than 70 years. Purcell was the

first to predict that the lifetime of emission depends on the photonic mode density of

the metallic structure in the vicinity of the molecule, confirmed by Drexhage when

he observed oscillations in the lifetime of a europium complex’s luminescence as it

was brought close to a metal mirror [31]. Viewed classically, the modification of the

luminescence lifetime is due to the emitted field being reflected and re-interacting

with the molecule, either damping or driving the transition dipole depending on the

relative phase of the reflected field. From the quantum mechanical viewpoint the

presence of the metal perturbs the continuum of vacuum states into which the

excited molecule can transfer energy, thus the probability of emission fluctuates

proportionally with that modulated density of vacuum states.

Drexhage also showed that when the molecule approaches within 10 nm of the

surface, its emission is strongly quenched, either by energy transfer to surface

plasmons, or to non-optical modes in the metal [31]. Thus the optimum distance

for molecular fluorescence enhancement is typically in the region 10–20 nm from

the metal surface. This surface-enhanced fluorescence (SEF) near metallic inter-

faces, whether planar or a metallic nanoparticle, has seen intense research

[32, 33]. SEF is most effective where non-radiative processes dominate a molecules

Fig. 16.10 (a–c) White light transmission images during retraction of a Ag nanowire after

conventional ‘on-particle’ excitation of SERS inside a HeLa cell (Figure adapted from Ref. [28])
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photophysics such that the enhancement in the radiative rate has the strongest effect

on the fluorescence quantum yield.

The enhancement or damping of the radiative rate of a molecule is not the only

perturbation that occurs near a metal interface. The typical free space sin2θ angular
distribution of emission about the transition dipole is also modified due to scattering

off the metal surface/particle, a process that depends strongly on the orientation of

the molecule at the interface [31]. The result of this angular distribution when

imaged in the far-field, the point spread function of emission, is particularly

important in light of recent advances in super-resolution optical imaging, in

which a molecule is localized to sub-diffraction limit certainty by fitting the point

spread function of its emission [34]. Super-resolution imaging involves the con-

struction of an image by localizing the emission of many single molecules sepa-

rately over time if conditions are adjusted such that only one molecule in a sample is

emitting within a diffraction-limited radius at any time.

Therefore super-resolution always requires an assumption about the fluores-

cence point spread function of a molecule in order that it may be adequately fit

Fig. 16.11 (a–c) White light transmission and Raman images of RE-SERS endoscopy and (d) a
RE-SERS spectrum from a hotspot in the HeLa cell nucleus (Figure adapted from Ref. [28])
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and the emitter localized. As mentioned already, if the emitter is immersed in an

environment of homogenous permittivity, the distribution is radially symmetrical

and the point spread function can be well fit by a 2-D Gaussian for localization.

However, given the strong scattering properties of metallic nanoparticles and their

potential effect on the emission point spread function of molecules [31], it is not

obvious that super-resolution imaging could be successfully applied to image

sub-diffraction limit diameter metallic nanostructures.

In 2012 we published the first studies that attempted to use fluorescence local-

ization of emitters in the vicinity of metallic nanostructures for imaging of metallic

nanoparticles [35]. Silver nanowires were imaged as well as arrays of polycrystal-

line gold nanotriangles fabricated by the well-known nanosphere lithography

technique [36]. The metallic particles were then decorated with the photo-

switchable green fluorescent protein derivative DRONPA via a biotin linker.

DRONPA can be photo-switched reversibly from a fluorescent state to a dark

state by alternating excitation at 488 and 405 nm. Thus only one protein could be

switched on in isolation from other emitters adsorbed within a diffraction limit-

radius around it. Each frame containing single protein fluorescence point spread

functions was fit to a 2D-Gaussian function and localised to build up a reconstructed

super-resolution image of the nanopartcles.

It was immediately apparent during these studies that the super-resolution

reconstructed image did not perfectly reproduce the dimensions of the

nanostructures as shown by electron microscopy. As the laser excitation overlapped

the detection volume, scattering and broad emission from the metallic nanostruc-

ture itself made it difficult to resolve the single molecule fluorescence spot above

the background. Some of the point spread functions appeared elongated rather than

Gaussian, but due to the high background it was difficult to make a more accurate

assessment of the true form of the point spread function. Following this early work,

others have also noticed that super-resolution reconstruction imaging can fail to

give a faithful representation of metallic nanoparticle dimensions [37, 38].

To gain a clearer understanding of the nature of molecular fluorescence point

spread functions in the vicinity of metallic nanoparticles we turned once again to

remote spectroscopy on metallic nanowires to avoid the problems of high back-

ground due to direct excitation [39]. Firstly we modified the technique for super-

resolution imaging, employing stochastic switching for fluorescence localization,

the so-called DSTORM technique [40, 41]. The latter relies on the random

switching on of dye emission due to its (photo)chemical environment. In this case

we employed Alexa647 whose intersystem crossing rate to a non-emissive triplet

state is excitation intensity dependent. The Alexa647 was bound by biotin linker to

silver nanowires (Fig. 16.12a). The lifetime of the Alexa647 on the nanowires was

around 1.2 ns, slightly shorter than that measured away from the metal. The biotin

linkage holds the Alexa647 molecules on average ~15 nm from the silver surface,

thus it is not surprising that the relaxation rate of the molecule is perturbed as

discussed above.

Excitation either directly on the nanowire (wide field excitation) or by remote

excitation focusing the laser at one end of the nanowire to launch SPPs, which then
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Fig. 16.12 (a) Schematic of the binding of Alexa647 to silver nanowires. (b) Fluorescence image

of an Alexa647-bound nanowire under wide-field excitation. (c) Absorption (blue curve) and

emission (red curve) of Alexa647 in bulk solution. The fluorescence spectrum of an Alexa647-

bound nanowire (black dots) and a bare silver nanowire (greens dots) is also included. (d–g) High
resolution reconstructed images of silver nanowires following wide-field excitation assuming that

each emission spot is due to a single Alexa647 molecule localised at its centroid. (d, e) Localised
single molecule density maps for 110 and 250 nm diameter nanowires respectively as shown in SEM

images inset. (f, g) Localised single molecule intensity maps. (h, i) Cross sections of the single

molecule density maps perpendicular to the nanowire long axis, the grey shading indicates the true

diameter of the nanowires in each case (Figure reproduced with permission from Ref. [39])



excited molecules in the SPP near field further along the nanowire, was used to

image the fluorescence point spread functions of the bound Alexa647. In each case

the excitation intensity was adjusted such that only a few Alexa647 molecules were

emitting at any one time, thus allowing single molecule localization to be

performed.

In Fig. 16.12b is shown a fluorescence image of an Alexa647-decorated silver

nanowire under wide-field excitation. The bright spots that appear as satellites

along the nanowire are spots of single molecule emission along the wire. What is

also clear is that the nanowire itself shows strong emission (see Fig. 16.12c). The

large background obscured the single molecule emission such that it had to be

assumed such that each fluorescent spot was due to a single molecule at its centroid.

High resolution reconstructed images built up in this way are shown in Fig. 16.12d–

g for nanowires of diameters 110 and 250 nm respectively. The reconstruction

imaging suggests the diameter of the 110 nm nanowire is 205 nm, and completely

fails to represent the true form of the nanowire with 250 nm diameter (see cross-

sections of the density maps perpendicular to the nanowire long axis in Fig. 16.12h,

i in which grey shading indicates the true diameter of the nanowire in each case).

When the same experiment is done utilizing remote excitation, much clearer

images of the fluorescence point spread functions emerge (Fig. 16.13). They appear

as bright spots clearly discernable against the weak background emission, demon-

strating once again the benefit of using remote excitation for reducing spectroscopic

background. Importantly, some groups of spots clearly blink on and blink off again

at the same time. That is to say, they are actually multi-spot emission point spread

functions due to a single Alexa647 molecule.

The point spread functions of single molecules of Alexa647 thus identified form

a family of patterns including: symmetrical, single 2-D Gaussian spots located

directly on the wire; elongated spots on the side of the nanowire (running along the

long axis); two-spot 2-D Gaussian patterns in which the spots are on one side of the

wire, two-spot 2-D Gaussian patterns in which the spots are on opposite sides of the

wire; and finally four spot 2-D Gaussian patterns with two spots on either side of the

wire (see Fig. 16.14 for examples).

Having collected fluorescence images of the single molecule point spread

functions consisting of complex, multi-spot patterns, finite-difference time-domain

(FDTD) calculations were undertaken to model the far field emission patterns

expected if a fluorescent molecule was located on the nanowire at a certain facet

or corner, and with a certain orientation [39]. The single molecular emitter was

modelled as an oscillating point dipole. Figure 16.15 shows a selection of simulated

far-field emission patterns, all of which were found experimentally (Fig. 16.14).

The angular distribution of emission is also shown in radial plots next to each

simulated point spread function. The close agreement between experiment and

simulation suggests that fast identification of a molecule’s binding orientation and

position on a nanoparticle could be determined directly from the emission pattern, if

the size and shape of the particle is known. Some binding positions are predicted to

be particularly sensitive, for instance when the molecule is located at the apex of the
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Fig. 16.13 (a,b) Fluorescence images of Alexa647-bound nanowires under remote excitation at

the left end of the wire at different times. The synchronous blinking on and off of multiple

emission spots are indicated (Figure reproduced with permission from Ref. [39])
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Fig. 16.14 (a–h) Examples of emission point spread functions for single molecules on a silver

nanowire under remote excitation (wire position indicated by white dashed lines)
(Figure reproduced with permission from Ref. [39])

Fig. 16.15 (a) Schematic of a ca. 280 nm diameter pentagonal Ag nanowire on glass and

immersed in buffer solution (refractive index 1.33) with a single point dipole emitter (double-

headed arrow) located 10 nm from the wire, as modelled in FDTD calculations. (b–e) Simulated

emission point spread functions for a single dipole emitter placed at various positions and

orientations relative to a silver nanowire. Plots of angular emission intensity are also shown in

each case (Figure reproduced with permission from Ref. [39])
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nanoparticle, the symmetry of the resulting four-spot pattern depends critically on

the orientation of the molecules transition dipole [39].

By deliberately incorrectly assuming that even complex multi-spot fluorescence

point spread functions due to single molecules were due to several molecules

localized at the centroid of each fluorescent spot, one can build up a reconstructed

image that fails to represent the true structure of the nanowire in exactly the same

way as in Fig. 16.12d, e. Thus we confirmed the origin of the poor estimation of a

nanoparticle’s true dimensions by optical super-resolution imaging, that is, the

assumption that each bright emission spot is due to a single molecule at its centroid.

These experiments show once again the advantage of using remote spectroscopy

on metallic nanowires for minimizing background emission/scattering. In this case

remote excitation revealed a complex array of multi-spot emission point spread

functions for single molecules that were otherwise obscured during direct excita-

tion. The results also suggest a fundamental paradox for the goal of taking super-

resolution optical images of metallic nanoparticles. Normally the technique is used

to assess the size of an unknown object of interest. Unfortunately, for molecules

near metallic nanoparticles it is not possible to know the form of the point spread

function without some a priori knowledge of the nanoparticle dimensions! This

work has consequences also for counting (for instance) single molecule catalytic

turn over events on metallic nanoparticles using fluorescence imaging.

16.6 Conclusions

This short review has retraced work in our laboratories over the last 6 years, from

our first report of remote excitation SERS on silver nanowires [11], to recent

applications including live cell SERS endoscopy and super-resolution fluorescence

imaging of metal nanowires [28, 39]. The combination of fluorescence and Raman

sensing with metallic nanowire plasmonics is clearly a powerful one, and the many

new applications continuing to appear in the literature [27] suggest a bright future

for this remote spectroscopy technique.
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broadband applications, 349
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noble metal nanoparticles, 52
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sensor operation, 55, 56
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Localized surface plasmons resonance (LSPR),

249
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LSP. See Longitudinal surface plasmon (LSP)
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Maxwell’s classical theory, 133
Mei theory, 194

Metal-enhanced fluorescence (MEF), 409

Metal-insulator oxide-metal (MOM), 8
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Metallic NPs, 111–115

analytical and bioanalytical sensors, 52

array of fields, 52
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cancer cells and solid tumors, 352

capping material, 356
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electric field, 353
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free electron approximation, 355

FWHM of LSPR band, 54

ionizing radiation, 52
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applications, 352
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Metallic NPs (cont.)
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wavelength, 355
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electrodynamics coupling model, 194–198
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laser photon-energy, 154
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photoinduced energy transfer, 158
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chemical potential, 178

graphene sheet, 178, 179

SPP, 180

Nanoimprint lithography (NIL), 399

Nanoparticles (NP)

assemblies
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complex partial extinctions, 24

individual particle extinction

cross-sections, 24

phase relations, 24, 25

resonance curves, 24

total optical losses, 24

Au and Ag, 55

metallic (see Metallic NPs)

Noble metal systems, 1–3

non-spherical, 365

photoexcited metal, 139–150

plasmonic, 215, 216

PMA stabilized-Ag, 63

PVP stabilized-Au, 56–62

silver, 226, 362, 366, 367

substrate, 405, 406

surface vibrations, 159–162

Nanostructured solar cells

absorption efficiency, 227

angle and polarization resolved

measurements, 232

a-Si, 233–236

H solar cell (see Hydrogenated
amorphous silicon (a-Si:H))

coupling, 226

emitter to plasmon modes coupling, 226

energy transfer, 226

integrated cell designs, 226

light and carrier paths, 227

light management, 225

metal island formation, 226

nano-engineered plasmonic back reflectors,

226

Ohmic losses, 227

optical mode density, 227

plasmonic field enhancement, 226

reflection and scattering experiments, 232

s- and p-polarized light, 227

sample fabrication, 228–230

scattering, 226

silver NPs, organic solar cell, 226

solar simulator, 229–231

spectral response, 231–232

NBO. See Non-bridging oxygen (NBO)

Nd3+-doped antimony glass, 368

Near-field enhancement, 37–39

Noble metal NP systems

electric dipole, 3

metal–oxide–metal tunnelling junctions, 3

nanoclusters, 2

optical switching, 1, 3

plasmonic vibration, 2

spectroscopic, 2

Non-bridging oxygen (NBO), 349

Nonlinear spherical metamaterial cloaks

Cartesian equivalent tensors, 83

complex tensor profiles, 83

positive/negative sign, 82

O
Optical nanoantennas

clusters (see Nanoclusters)
external electric field, 194

superradiant mode, 193, 194

Optical nonlinearities

CA configuration, 152

gold nanorods, 153

SEM images, 152

ultrafast response, 151

P
Particle size analyzer (PSA), 54

Perfect absorbing layer, 240

Perfectly matched layers (PMLs), 71

P-FITC. See Phalloidin-fluorscein
isothiocyanate (P-FITC)

Phalloidin-fluorscein isothiocyanate (P-FITC),

268

Physical vapor deposition (PVD), 322

Plasmonic Hong-Ou-Mandel effect

bandwidth, 306

beamsplitter, 304, 305, 307, 308

HWPs, 304

IFs, 304

nanophotonic plasmonic circuitry, 304

time delay, 304, 308

wavepackets, 304

Plasmonic NPs, 215, 216

Plasmonic nanostrucutres

chemical and physical synthesis, 132

dielectric properties, 388

electromagnetic field, 133

experimental studies, 134

femtosecond laser pulse, 132

fluorophore photonic state, 388

metal films, 388

metal NPs, 134

microscopic dynamical changes, 132

NPs (see Porous anodic alumina (PAA)

membranes)

photoexcited metal NPs

absorption, 143

analytical solution, 143

Boltzmann equation, 141
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Plasmonic nanostrucutres (cont.)
dielectric function, 141, 142

dynamical physical effects, 141

gold nanorods, 145, 147–150

internal dynamical process, 139

pump-probe spectroscopy, 139, 140

quantitative modelling, 140

silver nanospheres, 144

SPR, 145, 146

thermalization, 143

transient differential transmission,

143, 144

TTM, 142

ultrafast kinetics, 143

SP (see Surface plasmons (SP), metal NPs)

surface vibrations, NPs

coherent acoustic vibrations,

160, 161

gold nanorods, 160, 162
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159, 160

optical techniques, 159

rapid thermal expansion, 159

THz spectroscopy, 161, 162

thermal and elastic properties, 133

Plasmons, 176–178

PMA. See Polymethacrylate (PMA)

PMLs. See Perfectly matched layers (PMLs)

Polymethacrylate (PMA), 63

Porous anodic alumina (PAA) membranes,

256, 259–263

barrier layer, 250

bottom surface

anodization process, 254

average size D function, 254, 256

SNSAs, 254, 255

SNVAs, 254, 255

3D AFM image and section analysis, 251,

252

hot-spots/hot-junctions, 249

LSPR, 249

plasmonic substrates, 250

pore surface

electrodeposition techniques, 252

SERS-active nanostructures, 252

silver nanocaps, 254

silver-coated PAA membranes, 253

SNAs plasmonic substrate, 254

SEF cellular imaging, 251

self-assembly hexagonal pore arrays, 250

SERS (see Surface-enhanced Raman

scattering (SERS)) (see also Step

direct imprint process)

surface membranes, 250, 251 (see also
Surface-enhanced fluorescence

(SEF))

temperature and pre-texturing, 250

Pr3+-doped glass, 375

PSA. See Particle size analyzer (PSA)
PVD. See Physical vapor deposition (PVD)

PVP stabilized-Au NPs

H2O2 estimation, 56–58

Hg2+ ion estimation, 57, 59

uric acid estimation, 58–62

Q
QIP. SeeQuantum information processing (QIP)

Quantum effect

aberration-corrected STEM images, 287,

288

Ag nanoparticle geometry, plasmonic

EELS data, 285, 286

alloy morphology, 289

description, 285

experimental data with quantum theory,

287

nanoparticle SPR energy, 287, 289

optical absorption spectra, 287, 290

spectral dependence, core electrons, 289,

291

Quantum information processing (QIP), 296

Quantum interference, 309

Quantum plasmonics

atom traps, 296

mechanics, 295

metal-dielectric interfaces, 297

metallic stripe waveguides, 310

nanoscales, 297

quantum cryptography, 296, 297

quantum information, 296, 297

quantum optics

diffraction limit, 297

metallic stripe waveguides, 298

nanophotonic plasmonic

circuits, 298

nanowire field-effect transistor, 298

quadrature squeezing, 298

wavelength, 297

qubit systems, 297

superconductors, 296

Quantum statistics

metallic stripe waveguides

dashed black line, 303

error bars, 301

MMF, 299
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ohmic losses, 302

photon beams, 299

plasmonic circuits, 299

quantum information, 299

scattering and absorption, 302

time delays, 300

R
Rare earth doped glasses

applications, 339
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concentration quenching, 347

definition, 340

Dy3+-doped, 371

E0 values, 360

effective nuclear charge, 346

efficient emission intensity, 347

electric-dipole intra 4fN transitions, 346

electrostatic and spin-orbit interactions, 346

emission efficiency, 340

energy level structure, 346

energy transfer and relaxation processes,

377

energy transfer process, 340

energy transfers and cooperative process,

350–351

Er3+-doped (see Er3+-doped glass)

Eu3+-doped (see Eu3+-doped glass)

glasses and glass ceramics, 340

Hamiltonian operator, 346

Ho3+-doped, 376

luminescence, 341

magnetic field, 346, 347

metallic NPs, 341

metallic particles, 340

metals, 359

microelectronics and solid-state lighting,

359

Nd3+-doped, 368

near-infrared and far-infrared regions, 340

non-linear and upconversion processes,

351–352

non-spherical symmetric crystal field, 346

optical fibers, 345

optical materials, 340

optical properties, 341

Ostwald’s ripening process, 361

Pr3+-doped, 375

preparation methods and environmental
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probable reduction process and total

potentials, 360

radiative emissions, 361

radiative properties, 340

and Judd-Ofelt theory, 347–350

Russell-Saunders symbols, 345

silver and gold, 360

silver nanoclusters and NPs, 359

Sm3+-doped, 368–370

SnO, 361

solid state lasers, 345

spectroscopic and imaging techniques, 341

stark splitting, 346

surface plasmon resonance, 340

Tb3+-doped, 373–375

thermal and structural properties, 359

thermodynamic reduction, 360

Tm3+-doped, 371–373

trivalent erbium ions, 345

upconversion

Ag NPs, 361
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spectroscopy, 376

UV-vis-IR absorption spectra, 361
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Red shift
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carrier escape, interband tunneling, 281
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size dependence, SPR frequency, 278, 279

SJBM, 279

SPR frequencies, 277, 278

surface quadrupolar mode frequencies, 277

TDLDA method, 279

Remote excitation

single molecule fluorescence
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DSTORM technique, 433

fluorescence spot, 433

luminescence, 431

metallic NPs, 433
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multi-spot emission, 435
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surface plasmons/non-optical modes,

431

Remote excitation surface enhanced Raman

scattering (RE-SERS)

ethanolic solution, 421

laser light excitation, 423

live cell endoscopy

aromatic species, 428

bioactive compounds, 426

HeLa cells, 427, 428
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Remote excitation surface enhanced Raman

scattering (RE-SERS) (cont.)
metallic nanowires, 426

ring-shaped platinum wire, 426

silver nanowires, 426

sub-diffraction limit, 426, 428, 429

tungsten tip, 426

metallic nanowires, 425, 426

Ohmic losses, 423

silver nanowires, 421, 422, 425

spherical silver NPs, 421

sub-diffraction limit, 423

wide-field excitation, 422

Remote spectroscopy

centrifugation/filtration, 420

crystalline

metallic nanowires, 418

nanoparticles, 418

silver nanowires, 420

dielectric material, 417

laser spot, 421

metal film, 419

metallic nanowires, 418–420

nanowire plasmonics, 420

optics microscope, 421

polyol method, 420

radiative channels, 418

Raman/fluorescence microscope, 421

remote sensing, 418

SERS sensing, 420

signal-to-noise ratio, 420

sub-diffraction limit, 418–420

S
Sample fabrication

angle of incidence and polarization
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high resolution SEMmicrographs, 228, 230

silver nanoneedles and conformal

deposition, 228, 229

Saturation dose, 53

Scanning tunneling microscope (STM), 352

Screening effect

Bruggeman effective medium theory, 281

Mie-resonance peak, size evolution, 282,

283

peak plasmon, size evolution, 283, 285

surface plasmon energy, size evolution,

281, 282

surface plasmon resonance peaks, 283, 284

TDLDA framework, 281

Second harmonic generation (SHG), 1, 350

SEF. See Surface-enhanced fluorescence (SEF)
SEF principles

electron and lattice, 390

femtoseconds, 389

fluorescence excitation and emission cycle,

389

fluorescence photon, 390

fluorophore, 390, 392

low signal-to-noise, 390

luminescence, 389

nanoseconds/longer, 389

picoseconds, 389

radiative decay rate, 390

surface plasmons

electromagnetic field, 391

EM mechanism, 391

fluorophore ions, 391, 392

metallic surface, 391

Purcell, 391

radiative emission rate, 391

wavelength photon, 389

Sensing and solar cell technology,

127–128

SERS. See Surface-enhanced Raman scattering

(SERS)

SHG. See Second harmonic generation (SHG)

Silver nanocap superlattice arrays (SNSAs),

255

Silver nanoparticle (SNP), 399

Silver nanovoid arrays (SNVAs), 255

Single metal configuration, 122–124

Single mode fibers (SMFs), 304, 307

SJBM. See Spherical jellium-background

model (SJBM)

Sm3+-doped glass, 368–370

SMFs. See Single mode fibers (SMFs)

SNSAs. See Silver nanocap superlattice arrays

(SNSAs)

SNVAs. See Silver nanovoid arrays (SNVAs)

Solar simulator

characterization plots, 231, 232

dark and light current measurements, 229

voltages, 231

with resistances, current and voltage, 230,

231

Spacer and wavelength effect

fluorescence quenching, 409

fluorescent dye molecules, 408

fluorophore and plasmnoic nanostructure,

408

nanorod/nanoparticle substrate, 410

SPCE. See Surface plasmon-coupled emission

(SPCE)
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Spectral response, 231–232

Spherical jellium-background model (SJBM),

279

Spherical transformation-based metamaterial

cloaks

cloaked and uncloaked PEC sphere, 92, 93

description, 80

FEM-MoM model, 88, 89

linear (see Linear spherical metamaterial

cloaks)

nonlinear (see Nonlinear spherical
metamaterial cloaks)

normalized HH scattering, 92, 93

PEC sphere with lossless and lossy linear

cloaks, 89–91

Spillout effect. See Red shift

SPPs. See Surface plasmon polaritons (SPPs)

SPR. See Surface-plasmon-resonance (SPR)

SSPD. See Superconducting single-photon

detector (SSPD)

Stark splitting, 346

Step direct imprint process

average spacing, 257, 258

direct metal patterning, 256

fabrication process, 259, 260

gold semi-shell arrays, PAA stamps, 257,

259

lithography preparation methods, 256

load-displacement curve, 257, 258

metallic nanostructures, pattern transfer,

256, 257

SSDI process, 256

STM. See Scanning tunneling microscope

(STM)

Strongly coupled systems. See Fano-like
resonances

Superconducting single-photon detector

(SSPD), 298

Surface enhanced fluorescence (SEF),

388, 392

Surface enhanced Raman scattering (SERS),

400

Green’s function relation, 125

oscillation and corresponding shift, 125

Raman active molecule, 124

rutile TiO2 nanocrystalline film, 126, 127

Surface plasmon polaritons (SPPs), 2, 8, 9,

11, 124, 297, 298, 301, 303, 304,

307–310, 318, 417, 420, 423,

424, 429

ATR configuration, 104

description, 104 (see also Dispersion)

double metal configuration, 121–123

emission rate, luminescent dyes, 104

(see also Fiber optic based sensors)

metal-air and metal-dielectric interfaces,

104

metallic NPs, 111, 115

multilayer thin films configuration,

108–111

sensing and solar cell technology,

127–128

SERS (see Surface enhanced Raman

scattering (SERS))

single metal configuration, 122–124

Surface plasmon resonance (SPR), 3, 7,

276–285, 316, 352

Au clusters, 276

blue shift (see Blue shift)
UV-vis region, 276

red shift (see Red shift)

Surface plasmon-coupled emission (SPCE),

392

Surface plasmonic polariton (SPP), 170

Surface plasmons (SPs)

AFM, 334

behavior, 336

bimetallic films, silver/gold layers, 334

bio thin layers, 317, 319

biological material, 337

biomaterial, 316

biorecognition and biosensing, 316

bulk dielectric functions, 136

chemical instability and oxidization, 336

Clasusius-Mosotti relation, 135

constructed experimental setup, 320, 321

cytoplasm, 317

density oscillations, 316

dielectric constant, 336, 337

and thickness, 318

dielectric function, 134

double layer films, 335, 336

characterization, Au/Ag and Ag/Au,

332, 333

glass slides, 330

parameters, by Au/Ag and Ag/Au, 333

3D schematic plan, 320

Drude model, 138

electronic density, 135

electron–phonon interaction, 139

ellipsometry, 318

epidermal cells, 317

epidermis cells, 334

evaporation, 320

external electromagnetic field, 135

geometrical factors, 136
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Surface plasmons (SPs) (cont.)
glass substrate, 320

gold nanorods, 137, 138

goniometer, 320

Kretschmann configuration, 316, 317, 319

measurement, 317

metal films, 316

micromechanical behaviour, 317

Mie theory, 137

nanoclusters (see Nanoclusters)
numerical simulation, 319

onion epidermis, 317–319, 334, 335

optical characterization, 318

optical nonlinearities, 151–153

optical properties, 134, 319

plasmolysis, 317

power, 320

p-polarized light, 320

process, 318

resonance angles, 316, 334

sensor chip surface and detector, 316

sensor performance, 318

single and double layer thin film,

335, 336

AFM micrograph, Ag(2), 328, 330

Au and Ag thin films, 328

bimetallic layer system, 328

characterization, Au and Ag, 329, 331

computer simulation, 328

data fitting, 328

Fresnel equations, 328

parameters, 330, 331

refractive index values, 329

SPR data and fitted curves, 328, 330

spectrum, 318

SPR data and fitted curves, 334, 335

SPR spectroscopy, 317, 333

thermal evaporation, 334

thin film properties, 316

thin metal films, 318

ultra-thin film, 334

ultra-thin layers, 319

ultra-thin metal films, 316

UV-visible absorption, 137

wavelength, 318

winspall software package, 321

Surface-enhanced fluorescence (SEF)

autofluorescence, 267

cell cytoskeletons, 269, 270

cellular imaging, 267

P-FITC, 268, 269

photostability tests, 268, 269

PL and PLE, 266, 267

PL spectra comparison, 264–266

principles (see SEF principles)

radiative and non-radiative decay rates, 263

SNAs, 263

Surface-enhanced Raman scattering (SERS), 2,

192, 418, 423, 426, 428, 429

EF values, 261

electromagnetic and chemical

enhancements, 260

FDTD simulations, 261

inelastic scattering processes and weak

signals, 259

mapping, 262, 263

MWNTs, 262, 264

particle aggregation, 260

reliable and reproducible platform, 261

SNSAs, 261, 262

Surface-plasmon-resonance (SPR), 2

Symmetric and anti-symmetric boundaries,

240

T
Tb3+-doped glass, 373–375

TDLDA. See Time dependent local density

approximation (TDLDA)

TEM. See Transmission electron microscopy

(TEM)

TERS. See Tip-enhanced Raman scattering

studies (TERS)

Thin films

double layers, 324

PVD, 322

single layers, 323

thermal evaporation, 322–323

thermal evaporation deposition, 321

vacuum deposition process, 321

Time dependent local density approximation

(TDLDA)

peak plasmon, size evolution, 285

photoabsorption spectra, free gold clusters,

279, 280

plasmon frequencies, 279

size evolution, Mie-resonance peak, 282,

283

SPR frequency, 276

Time-domain terahertz (THz) spectroscopy,

161, 162

Time-resolved spectroscopy, 163

Tip-enhanced Raman scattering (TERS), 428,

430

TPA. See Two photon absorption (TPA)

Transformation electromagnetics/optics, 74
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Transmission electron microscopy (TEM), 54

Transverse surface plasmon (TSP), 136

TSP. See Transverse surface plasmon (TSP)

TTM. See Two temperature model (TTM)

Two photon absorption (TPA), 1

Two temperature model (TTM), 142

U
Ultra-broadband rainbow capture

chemical potential, 181, 182

|E| field distribution, 181

plasmon, 180, 182, 183

propagation, 181, 182

trapped frequency span, 182, 183

Uric acid estimation

degradation of, 59, 60

low uric acid levels, 58

purine breakdown, humans, 58

TEM micrograph and particle size

distribution, 61

UV–vis spectra, 59, 60

zeta potential, 61, 62

W
Weak coupling

coupled, isolated dimers and Coulomb

interactions, 40, 42

interacting dimers vs. gap of horizontal

dimers, 38, 39

resonance characteristics, 40, 41

WGMs. See Whispering-gallery-modes

(WGMS)

Whispering-gallery-modes (WGMS)

advantages, 184

Ag-coated dielectric nanocavity, 187

Au-coated nanocavity, 186

azimuthal number, 187

dielectric nanowire cavity, 185

effective mode area, 186

eigenvalue, 185

electric field, 185

nanowire cavities, 187, 188

Q factors, 186, 187

structure, 184

X
X-ray diffraction (XRD) analysis, 54

XRD. See X-ray diffraction (XRD) analysis

Z
Zero-thickness graphene monolayer model

boundary conditions, 172

characterization, 171

dielectric constant, 171

effective dielectric constant, 171

metallic layer, 171

non-zero components, 173

traditional waveguide theory, 171, 172

ultra-thin film, 171
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