
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.
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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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